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The Electron Cyclotron Resonance (ECR) plasma thruster is an electric propulsion
device that combines the high ionization performances of an ECR source and the
simultaneous acceleration of electrons and ions in a magnetic nozzle. A coaxial ECR thruster
under development at ONERA is tested using xenon and argon as the propellant gas. The
influence of mass flow rate and microwave power on ion current and ion energy distribution
is evaluated and the performances with the two gases are compared. Mass utilization
efficiency up to 45% and ion energy up to 350 eV have been obtained with a microwave
power around 50 W for xenon.
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magnetic field, T
conductance, L/s
distance between the probe and the thruster
ion energy, eV
elementary charge, C
electron cyclotron frequency, Hz
acceleration of gravity, m/s2
total ion current, A
specific impulse, s
ion current density, A/m2
electron mass, kg
ion atomic mass, kg
propellant gas mass flow rate, kg/s
ion mass flow rate, kg/s
pressure in ECR source, mbar
microwave power, W
throughput of propellant gas, mbar.L/s
effective pumping speed, L/s
thrust, N
gas temperature
thrust density, N/m2
thrust-to-power ratio [mn/W]
electron energy, J
ion velocity, m/s
magnetic moment, J/T
mass utilization efficiency
energy efficiency
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divergence factor
thruster efficiency
angle to thruster axis

I.

Introduction

Electric propulsion has become widespread for satellites control and deep space scientific missions, where there is a
need for propulsion systems with a high specific impulse (Isp). Several technologies have been developed (the most
mature being Hall Effect Thruster, Gridded Ion Engine, High Efficiency Multistage Plasma Thruster), which are all
based on ionization of a propellant gas in plasma source and electrostatic acceleration of the positive ions with an
externally applied electric field. The positive ion beam that exits the thruster then needs to be neutralized with an
auxiliary electron emitter to avoid charging of the satellite.
For this reason, quasi-neutral thrusters have gained interest in the last years. Magnetoplasmadynamic (MPD)
thrusters have shown the potential for the production of high thrusts with a good efficiency, but the erosion of the
electrode could reduce the lifetime of the thruster. Other concepts of electric propulsion have been developped by
using a magnetic field to radially confine the plasma and to accelerate simultaneously ions and electrons in the
plume. Helicon plasma sources for example have been intensively studied for electric propulsion purposes because
of their simple design and their robustness [1,2,3,4,5].
Another electrodeless propulsion system, the Gas Dynamic Mirror (GDM), is based on plasma confinement
between two magnetic mirrors [6]. As the ions gain energy and the plasma density increases, the ion-ion mean free
path becomes such that the plasma can be considered as a fluid. GDM has been used with electron cyclotron heating
from a right-hand circularly polarized wave (RHCP). An ion acceleration region due to ambipolar electric field was
identified at the exit of the mirror [7]. Because the principle of the magnetic nozzle is critical in all quasi-neutral
thruster technologies, its theoretical study and numerical simulation have been paid a great attention in order to
understand how the thrust is produced [8,9,10,11]. The conversion of electron thermal energy into ion kinetic energy
by the ambipolar potential has been studied, and several detachment schemes have been proposed.
Finally, the Variable Specific Impulse Magnetoplasma Rocket (VASIMR) combines electron heating in a
helicon plasma source and ion cyclotron heating in a resonant RF stage [12]. High temperature electrons and ions
are then accelerated in a diverging magnetic nozzle. Unlike previously mentioned quasi-neutral thruster, no
ambipolar electric field is necessary to increase the ion velocity and produce a thrust. Recently, the VX-200 engine
operated with argon has shown thruster efficiency higher than 50% with a total power of 100 kW [13].
In this paper, we present another type of quasi-neutral electric propulsion system, namely the Electron Cyclotron
Resonance (ECR) plasma thruster. Several studies on the application of ECR sources to electric propulsion have
been led in the past [14,15,16,17]. They use micro-waves in TE modes (RHCP or planar waves) with high power
(several hundreds to several thousands W). The originality of the ECR plasma thruster developed at ONERA lies in
its coaxial geometry, its magnetic field configuration and the low power consumption (50 W). The principle of the
thruster and its design are presented in section II. Section III describes the experimental setup, the diagnostics used
and the thruster performances evaluation parameters for argon and xenon. The experimental results are presented in
Section IV, and Section V summarizes the results and gives concluding remarks.

II.

Description of ECR thruster

A. Principle of ECR thruster
The thruster is based on electron heating by ECR effects and plasma acceleration in a magnetic nozzle.
In a radially confined magnetized plasma, the electrons gyrate around the field lines at the frequency fce defined
by:
eB
(1)
f ce =
2πme
where B is the magnetic field strength, e the elementary charge and me the mass of the electron.
When applying a micro-wave (MW) EM field at the frequency fce, resonance effects are obtained: the electrons
are efficiently heated to high temperatures. Inelastic collisions between electrons and neutral then lead to high
ionization of the gas. For a standard magnetron frequency of 2.45 GHz, ECR conditions are met with a magnetic
field of 875 Gauss.
In the magnetic nozzle, the acceleration of the charged species rest upon the magnetic mirror principle. The
electron gyrokinetic energy is converted to longitudinal kinetic energy under the effect of the divergent magnetic
field. This is illustrated by conservation of the electron energy ε and of the magnetic moment µ:

1
m v 2 + µB ( z ) (2)
2 e
m v2
µ = e ⊥ (3)
2B
where v║ is the electron longitudinal velocity (parallel to the magnetic field lines), and v┴ is the electron
perpendicular velocity (i.e. the electron temperature).
Ions, which are much heavier and colder than electrons, are only partially magnetized, so they can be considered
as static. A space charge is formed while the electrons exit the thruster, thus producing an electric field that
accelerates the ions downstream.
An ECR thruster has two main advantages over existing electric propulsion technologies:
_ the plume is electrically neutral, so there is no need for a cathode neutralizer downstream. Moreover, the plume
is not space-charge limited, which theoretically enables to produce very high current density, i.e. a high thrust per
unit area.
_ the ion acceleration is only due to the ambipolar electric field formed in the magnetic nozzle. Therefore there
is no need for accelerating grids and the only power supply that is required is the microwave generator.

ε=

B. ECR Source design
The ECR thruster under development at ONERA is based on a compact coaxial geometry [18], as shown in Fig.
1. The coaxial line is connected to an antenna 1.5 mm in diameter and to a cylinder 13 mm in diameter and 15 mm
long. A DC-block is inserted on the coaxial line in order to enable the antenna and the cylinder to be floating at their
own potential. A dielectric material plate is used to insulate the back of the cavity from the plasma. The gas is
injected radially through two tubes 1 mm inner diameter. The electric field generated by the MW power at 2.45 GHz
is therefore purely radial in the cavity: only TEM modes are allowed to propagate, with an azimuthal MW magnetic
field. The coaxial geometry enables to reduce the size of the thruster: with conventional rectangular or circular
waveguides systems, dimensions on the order of magnitude of the wavelength would be required for MW
propagation. Coaxial ECR sources have already been successfully used to produce high energy ion beams for
molecular beam epitaxy or for ECR ion source (ECRIS) [19,20,21,22], but the process rest upon electrostatic
acceleration of ions with grids. Our source is designed to enable the ejection of electrons and ions.

Fig. 1 Schematic diagram of the ECR source.

The resonant magnetic field is provided by a set of Neodyme permanent magnets placed upstream the ECR
source. The magnetic field was chosen as to ensure a purely divergent magnetic field in the ECR source and the
magnetic nozzle, as shown in Fig. 2. The magnetic field is measured on the source axis with a gaussmeter. The
resonant magnetic field at 2.45 GHz, which is indicated by the green line, is the middle of the ECR source (grey
region) where the oscillating electric field is applied.
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Fig. 2 Axial magnetic field strength Bz and magnetic field gradient dBz/dz in the electron cyclotron source
and the magnetic nozzle.
The resonant magnetic field for the MW frequency of 2.45 GHz is located in the middle of the source. If we
consider electrons in gyration around the magnetic field lines in a narrow zone around this resonant field, and
assuming that electrons gain energy from the electric field only in this zone, two advantages arise from this magnetic
field topology:
_ electrons with a positive longitudinal velocity (with respect to the z axis in Fig. 2) are continuously accelerated
downstream by the divergence of the magnetic field.
_ electrons with a negative longitudinal velocity are for the most part reflected by the magnetic field
convergence and comes back in the ECR zone where they follow the divergence of the magnetic field. According to
equations (2) and (3), the electrons that can travel through the magnetic peak and are collected by the dielectric
backplate are such as:
1
m e v 2 0 > µ ( Bbp − B0 )
2
where v║0 is the initial longitudinal velocity (in the ECR zone), Bbp and B0 are the magnetic field strengths at the
location of the backplate and the resonance zone, respectively. This is very unlikely to happen, because the electrons
gain only gyrokinetic energy in the resonance process. It is noteworthy that this simple approach does not take into
account the ambipolar potential profile.

III.

Experimental apparatus

A. Facility
All experiments were carried out in B09 facility at ONERA center of Palaiseau. B09 (Fig 3) is a cylindrical
vacuum tank 2 m long and 0.8 m in diameter equipped with three Pfeiffer HiPace 2300 turbomolecular pumps (total
pumping speed: 3000 L/s in argon) that ensures a base pressure below 10-7 mbar. An MKS 999 Quattro multi-sensor
transducer is used to monitor the pressure in the tank. The xenon and argon flow into the thruster is regulated with a
Bronkhorst El-Flow mass flow controller. In the conditions of the experiments, the thruster was operated with flow
rates in the range [0.06-0.3 mg/s], and the background pressure was [4x10-6-2x10-5 mbar]. The effective pumping
speed of the vacuum system is estimated at about 2500 L/s for xenon and 4000 l/s for argon.
The thruster is powered by a SAIREM magnetron source with a fixed frequency (2.45 GHz) and an adjustable
output power. A circulator with 50 Ohms load is used to dissipate the reflected power to the generator. The power
transmitted to the plasma load was monitored with a bidirectional coupler and diode detectors. It should be
mentioned that the forward and reflected power were measured between the generator and the microwave
feedthrough on the tank. Therefore the transmitted MW power values indicated in this paper include the power

losses in the cables, the feedthrough, the DC block, and all connectors and adapters. Recent measurements on the
microwave chain lead us to estimate the total power attenuation of these components at a level of at least 2 dB.

Fig 3. B09 vacuum chamber at ONERA Palaiseau.
B. Plume characterization
The ECR thruster is mounted on a rotation stage inside the vacuum chamber in order to perform angular scans of
the plume properties: the total ion current Ii, the angular profile of ion current density Ji(θ), and the ion energy
distribution function (IEDF). These parameters, which are currently measured in plasmas with electrostatic probes,
determine the thrust and the efficiency of the propulsion system. However, electrostatic measurements in the ECR
plume are made difficult by the properties of the beam that is composed of ions and electrons, both of them with a
high energy. Two electrostatic probes were developed for the ECR plume characterization: a gridded Faraday probe
for ion current measurements, and a retarding potential analyzer (RPA) for IEDF.
In a standard planar Faraday cup, the collector is biased at a negative potential in order to repell all incoming
electrons and to collect only ions. However, in the case of high kinetic energy electrons, the potential to be applied
to the collector in order to work in the ion saturation region is so large that it can significantly disturb the plume: a
sheath is created around the probe, which increases its effective collection area and leads to an overestimation of ion
current. This effect is further increased with a higher electron density in the plume. In order to overcome this
problem, a gridded Faraday probe has been developed at ONERA: the collector is placed behind a grid whose
potential is floating. The grid acts as an electrostatic screen between the collector and the plume. The collected ion
current is measured with a Keithley picoammeter, and the ion current density is then obtained dividing this current
by the ion collection aperture (6 mm in diameter), taking into consideration the grid transmission (50%).
The retarding potential analyzer consists of four polarized grids and a collector. The first grid (floating) acts as
an electrostatic screen,. The second grid is negatively biased in order to repel all electrons from the plume. The
potential of the third grid (analysis grid) is scanned positively to filter the ions as a function of their kinetic energy.
The role of the fourth grid is to repel secondary electrons produced by impact of ions on the grids inside the RPA.
The ion energy distribution function is then obtained by derivation of collector current versus analysis grid potential.

The 4-grids RPA is well known for IEDF measurement in RF plasmas [23], and has also already been used for the
characterization of very high energy ion beams [24], and of quasi-neutral helicon thruster plume [4]. An example of
I-V curve obtained with our RPA and the corresponding IEDF are shown in Fig. 4. The results of the RPA were
validated using a Hiden PSM Ion Analyzer, which can perform simultaneous scans of energy up to 1000 eV (for a
given m/Z) and mass up to 300 amu (for a given ion energy).
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Fig. 4 Typical ion current-voltage curve measured with the RPA (blue) in the thruster plume and
corresponding IEDF (red).

The electrostatic probes are installed on a three axis translation stage system that enables to change the
measuring probe. The probes are placed at 30 cm from the thruster for all measurements presented in this paper.
C. Performance evaluation
From the experimental measurements (angular profile of ion current density and IEDF), several typical thruster
parameters listed below can be calculated [25].
Total ion current Ii is obtained by integration of ion current density Ji(θ) over the plume profile (assuming the
axisymetry of the plume):
π

Ii =

2

∫πJ (θ )πD
i

2

sin(θ )dθ

(4)

θ =− 2

where D is the distance between the probe and the thruster, and θ the angle to the thruster axis.
The mass utilization efficiency ηm is the ratio of ion mass flow over gas mass flow. It represents the fraction of
propellant gas that is effectively used for the thrust:
IM
m&
(5)
ηm = i i = i
m& g e m& g
where Mi is the ion atomic mass, and g is the propellant gas mass flow.
The thrust T can be estimated from the ion current density profile and the mean ion velocity vi at centerline
(assuming that the ion velocity is uniform over the angular profile):
π

T=

2

∫π

θ =− 2

J i (θ )

Mi
viπD 2 sin(θ ) cos(θ )dθ
e

with vi =

2 Ei
Mi

(6)

where Ei is the mean ion energy determined from the IEDF at centerline.

The energy efficiency ηe compares the power necessary for ion acceleration and the power supplied to the
thruster P:
IE
ηe = i i
(7)
P
The divergence factor ηD is used to correct the divergence of the plume that causes a decrease of the produced
thrust:
T
ηD =
(8)
&
mi vi
The thruster ηT efficiency is defined by:
T2
(9)
ηT = η mηeη D 2 =
2m& g P
The specific impulse Isp (in seconds), which is the ration of the thrust to the rate of propellant consumption, is
another typical measure of the thrust efficiency:
T
(10)
I sp =
&
mg g

IV.

Results

The performance of the ECR thruster was investigated as a function of MW power (up to 51 W) and xenon and
argon mass flow rate (between 0.06 and 0.3 mg/s). The MW power that is indicated in this part refers to the
transmitted power, i.e. the difference between forward and reflected power measured with the coupler. A typical
plume produced by the ECR thruster is shown in Fig. 5.

Fig. 5 View of ECR thruster plume in argon.

Fig. 6 shows an example of angular profiles of ion current density measured for different MW powers and mass
flow rates. Similar profiles are obtained for all MW powers for both gases, with a constant plume half-angle at
current half-maximum around 25°. The ion current density at the center of the plume is seen to increase with MW
power.

45

Qm(Xe) = 0.2 mg/s

40
35

50

40

25

Ji (µA/cm2)

Ji [µA/cm2]

30

0.2 mg/s 35 W
0.2 mg/s 47 W
0.1 mg/s 39W
0.1 mg/s 45 W

60

29.1 W
34.4 W
41.8 W
51.2 W

20
15

30

20
10

10

5
0
-100

-80

-60

-40

-20

0

20

40

60

80

100

Angle °

0
-80

-60

-40

-20

0

20

40

60

80

Angle °

Fig. 6 Angular profile of the ion current density for a xenon (left) and argon (right).

The evolution of total ion current and mass utilization efficiency with the MW power is shown in Fig. 7. For all
MW powers, the ion current increases with mass flow. At 0.2 and 0.3 mg/s, Ii increases almost linearly with MW
power, while the increase is less significant at 0.1 mg/s for xenon and no effect of the MW power is seen at 0.06
mg/s for xenon. The transmitted power could not be increased above 40 W at this flow rate because of the poor
matching of the plasma.
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Fig. 7 Total ion current vs MW power for xenon (left) and argon (right). Flow rates are in mg/s.

The mass utilization efficiency is shown for xenon in Fig. 8. Better performances are achieved when the thruster
is operated with xenon flow rates of 0.1 and 0.2 mg/s. The highest mass utilization efficiency of 45% is obtained
with a mass flow rate of 0.2 mg/s and a power of 51 W. The transmitted power could not be further increased
because of heating of the cables and MW components due to losses, but it seems reasonable to think from the curve
trend that higher ηm could be reached with higher power.
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Fig. 8 Mass utilization efficiency of ECR thruster vs MW power for different xenon mass flows.

The energy distribution on the thruster axis strongly depends on the mass flow rate, as illustrated in Fig. 9. All
IEDFs are measured for the same MW power transmitted to the load (~36 W for xenon, ~27W for argon). The
distributions have a narrow peak of high energy (with a FWHM less than 15 eV), and a smaller peak of low energy
at around 10-15 eV. The low energy peak corresponds to slow ions produced in the plume by charge exchange or
electron impact of the background gas. The contribution of slow ions to total current is negligible below about
0.2 mg/; at 0.3 mg/s, the background pressure in the tank is high enough to produce a significant effect. The high
energy ion peak is shifted to higher energies when the mass flow rate is reduced. The width of the peaks are broader
for argon.
1,0

0,1 mg/s
0,2mg/s
0,4 mg/s

Qm(Xe):
0.06 mg/s
0.1 mg/s 0,8
0.15 mg/s
0.2 mg/s 0,6
0.3 mg/s
0,4

0,2

0,0
0

100

200

300

400

0

Ion energy [eV]

100

200

300

Ion energy [eV]

Fig. 9 Dependence of IEDF (normalized) on the xenon mass flow (left) and on the argon mass flow (right).

V.

Discussion

A summary of ECR plasma thruster performances is shown in Table 1 for xenon and table 2 for argon. The
xenon total efficiencies are typically 3 times higher than for argon. One of the most important results is the high ion
energy values measured in the plume of ECR plasma thruster. It is noteworthy that the acceleration of ions is only
due to the ambipolar electric field, i.e. the conversion of electron temperature into ion kinetic energy in the magnetic
nozzle. The influence of the propellant gas mass flow rate could be understood as the effect of the pressure inside
the ECR source. As the pressure in the ECR source increases, the collision rate of electrons increases, which results
in a decrease of electron gyrokinetic energy. The pressure in the middle of ECR source pS can be calculated from the
effective pumping speed of the turbomolecular pumps Seff, the throughput of gas Q and the conductance of the
cylinder C:

π 8kTg D 3
+ 1 ) , with C =
,
Seff
C
12 πM L
where Tg is the gas propellant temperature, D is the source diameter (13 mm) and L is taken at 10 mm. For xenon
mass flow between 0.06 and 0.3 mg/s, the source pressure is found to vary in the range [8x10-4 - 4.1x10-3 mbar].
A comparison with helicon thrusters results show that lower energy values are encountered in these propulsion
systems: ion energy in HDLT (operated with various gas) is typically 20 to 50 eV, as reported by the group of
Boswell [1,26].Batishchev observed argon ion beams up to 100 eV in the mini-helicon thruster [5], and Wiebold et
al. measured argon ion energy up to 165 eV in the MadHeX helicon source [4]. Recently, Shabshelowitz and
Gallimore developed a kW radio-frequency plasma thruster with an ion energy up to 100 eV [27]. The higher ion
energy observed in our ECR plasma thruster is probably due to higher electron energy in the source. The vacuum
level during operation of the thruster is also important. In our case it is at most 5x10-5 mbar, which is often lower
than the other experiments in literature, and may lead to the better performance.
pS = Q ( 1

ṁXe [mg/s]
0.06
0.1
0.1
0.2
0.2
0.3

Table 1 Performances of ECR plasma thruster operated with xenon
P [W] Ii [mA] Ei [eV] T [mN] Isp [s] Isp_ion [s]
ηm
ηe
40
11.2
350
0.29
488
2298
26.2% 11%
33
26.5
215
0.45
454
1801
36.5% 17%
51
29.7
280
0.58
585
2055
40.9% 16%
34
49.0
110
0.59
298
1288
33.7% 16%
51
65.4
125
0.85
429
1373
45.1% 16%
51
80.3
90
0.86
289
1165
36.7% 14%

ṁAr [mg/s]
0.1
0.2

Table 2 Performances of ECR plasma thruster operated with argon
P [W] Ii [mA] Ei [eV] T [mN] Isp [s] Isp_ion [s]
ηm
ηe
ηD
45
29.4
235
0.31
313
3420
12.2% 15% 75%
47
66.7
125
0.5
252
2500
13.9% 18% 73%

ηD
79%
70%
70%
69%
70%
70%

ηT
1.7%
3.0%
3.3%
2.5%
3.5%
2.4%

ηT
1.07%
1.33%

The specific impulse in Table 1 is calculated from the estimated thrust and the propellant gas mass flow, while
Isp_ion is the ideal specific impulse, i.e. the Isp that would be achieved for an axial beam of ions with a mass
utilization efficiency of 1. The best specific impulse (at 0.1 mg/s and 51 W) is close to 600 s, but higher Isp (>2000 s)
could theoretically be obtained by improving the mass utilization efficiency and the divergence factor. The ECR
thruster efficiency remains quite low (less than 4%) in comparison with a Hall Effect Thruster or a Gridded Ion
Engine. However, according to studies on xenon thrusters, the mass utilization efficiency can be increased by a
factor of 2, and a significant improvement of the energy efficiency can be expected by optimizing the electric field
amplitude in the microwave cavity (amplitude of the electric field) and the configuration of the magnetic field to
reduce losses of ions on the walls.

VI.

Conclusion

In this paper, we have described an electron cyclotron resonance (ECR) plasma thruster under development at
ONERA, remarkable by the compact coaxial configuration of the ECR source and the purely divergent geometry of
the applied magnetic field. The performances were evaluated in terms of ion current, ion energy and mass utilization
efficiency using ion current density profiles and ion energy distributions measured with electrostatic probes. The ion
current is seen to increase with microwave power, and mass utilization efficiencies as high as 45% have been
achieved for a MW power of 51 W. The conversion of electron thermal energy into ion kinetic energy in the
magnetic nozzle leads to the acceleration of Xe+ ions up to several hundreds eV. It was found that the ion energy
strongly decreases when the xenon mass flow rate is increased. The thrust was estimated at 0.85 mN with 0.2 mg/s
of xenon. Better performances were obtained with xenon compared to argon, probably due to the lower ionization
potential and larger ionization cross-section.
These promising results show the potential of the coaxial ECR thruster for spacecraft propulsion. Moreover,
substantial improvements of the performances could be obtained by optimizing the thruster configuration. For
instance, the mass utilization efficiency could be increased with a larger resonance region in the source. An
optimization of the magnetic nozzle topology could also improve the ion acceleration.

Future works will include thrust measurements on ONERA microNewton thrust balance to verify electrostatic
probes measurements. The measurement of the absolute ion velocity profile by laser induced fluorescence will
provide crucial information for a better understanding of the ion acceleration mechanism.
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