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ABSTRACT

The thrust of an electric propulsion device estimated from electrostatic probe measurements may be different from direct thrust measurements.
In order to reduce this discrepancy for electron cyclotron resonance thrusters (ECRT), a new diagnostic is presented: the directional Faraday
cup (FCDi). Thanks to a peculiar design, it assesses the angular distribution of ion current density in the plume of plasma thrusters. First, a
theoretical model of the angular selectivity of the FCDi is introduced. It is validated with both simulations and experiments. Guidelines are
given to use the FCDi in the plume of ECRT. Second, the observed discrepancies between direct thrust measurements made on a thrust stand
and indirect ones are reduced when using the FCDi instead of a planar Faraday probe with a guard ring (FPGR). Relative errors come down to
10% with the FCDi, which are compared to 20%–30% observed with the FPGR. An analysis demonstrates that it is not due to the effect of local
ion trajectories but comes from the magnitude of the ion current measured. A large sheath in front of the negatively biased FPGR seems to be
the cause of this phenomenon. The grounded opening of the FCDi reduces this phenomenon and improves the ion flux measurement accuracy.
This new probe, with angular selectivity characteristics, allows for the comparison of the ion flux ejection direction with the magnetic field line
and contributes to a better description of ion population dynamic in the magnetic nozzle of the thruster.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0190318

I. INTRODUCTION

The rise of the new space industry in the last few decades has
been accompanied by a reduction in spacecraft size and an evolution
of their means of propulsion. For more than 30 years,1 electric propul-
sion (EP) has been a serious alternative to the conventional chemical
propulsion for station keeping or orbit raising missions. Despite gener-
ating less thrust force, it has the advantage of having a higher specific
impulse and a greater overall efficiency, reducing significantly the mass
of propellant necessary for a given mission. An EP system uses electri-
cal power to generate a plasma and accelerate it at a high speed in
order to produce a thrust force. Among the different types of EP sys-
tems that exist and constitute an active area of research, the most com-
monly used are the Hall effect thrusters (HET) and the gridded ion
thrusters (GIT) but other devices also exist, either in flight or still in
the prototype stage.2 Among them, some use a diverging magnetic

field to accelerate a plasma and produce thrust.3–5 This is the case of
the electron cyclotron resonance (ECR) thruster developed at Office
National d’�Etudes et de Recherches A�erospatiales (ONERA) and the
object of the present study.

To compare EP systems and assess their performance, several
quantities are commonly used.6 The thrust is among the most impor-
tant. However, other quantities and different thrust production effi-
ciencies can also be evaluated. First, the specific impulse (ISP)
accounts for the velocity of ejection of the accelerated particles. It is
proportional to the ratio between the thrust and the propellant mass
flow rate. Second, the mass efficiency is the ratio of ionized and, there-
fore, accelerated particles to the propellant mass flow rate injected, and
is critical for long lasting missions. Third, when the electric power
onboard the spacecraft is limited, the produced thrust to consumed
electrical power ratio (TTPR) is central. Fourth, the divergence
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efficiency accounts for the ratio of the thrust actually produced com-
pared to the thrust that would be produced if all of the particles were
ejected in the thrust direction. Therefore, the thrust is necessary to
evaluate many of the performance indicators of EP devices. It is then
crucial to measure it with great precision.

The direct way to measure the thrust of an EP device is to use a
thrust balance, also referred to as a thrust stand. This diagnostic pro-
vides an integrated value of the produced thrust. One way to realize
this measurement is to mount the thruster on a pendulum arm and
measure the displacement of this arm when the thruster is firing. This
diagnostic offers a calibrated measurement with a precision up to
0.1lN.7 However, it has the disadvantage of being complex and
expansive to develop, bulky, and subject to environmental vibrations
and perturbations in the lab. It can be used only in the laboratory and
cannot be easily moved from one facility to another. Moreover, it is
difficult to bring much electrical power or cooling fluids on the arm of
a thrust balance without deteriorating its sensibility and accuracy.

The thrust of an EP device can also be indirectly estimated from
the properties of the plasma ejected that are measured with electro-
static probes. More specifically, the thrust is estimated by integrating
the local ion pressure on a close surface of the plume of the thruster
(i.e., the plasma ejected by the thruster). To do so, one type of electro-
static probe, designed to measure the ion flux of EP devices and called
Faraday probe, is used. It consists of an electrode facing the flux of
charged particles which is biased at a voltage sufficiently low to repel
the electrons and collect only the ions. The measured current flowing
from the plasma to the probe divided by the collection surface area is
called the ion current density. This quantity is typically measured at
different positions in the plasma ejection region of an EP device by
mounting the probe on translation or rotation stages. Together with
the ion ejection velocity, measured either by an ion energy analyzer, a
retarding potential analyzer, or by laser-induced fluorescence (LIF), it
allows to compute the local pressure applied by the plasma and the
thrust produced by the thruster. Contrary to thrust stands, the use of
electrostatic diagnostics also gives access to key parameters of the oper-
ation of the thruster, such as the total ion current, the mass efficiency,
or the divergence efficiency. However, unlike optical diagnostics, elec-
trostatic diagnostics and Faraday probes are perturbative and a special
care must be taken in their design and usage.8 Recent studies showed
that cup-shaped Faraday probes, called Faraday cups, seem more
suited than planar probes to provide precise measurements of the ion
current density.9 In fact, they offer more control of the plasma sheath
and their design allows the recollection of secondary electron emission
(SEE), which are two of the main issues encountered when measuring
the ion current density with the value of the plasma parameters
involved in the context of low power EP. Active research concerning
Faraday cup depth, shape, or material was conducted in recent years in
the plume of field emission electric propulsion thrusters (FEEP) and
HET in view of accuracy improvement and standardization of ion cur-
rent measurements for EP systems.10–16

In the case of EP devices, such as HET, GIT, or FEEP thrusters,
direct and indirect measurements of the thrust are in good agree-
ment.17 However, this comparison is not valid for the ECR thruster. In
Ref. 18, the author recovered the thrust of a HET measured with a
thrust balance thanks to measurements made with a Faraday probe
with guard ring with a relative error below 5%, while more than 20%
was observed for the ECR thruster under the same conditions. An

assumption is that the non-local acceleration of the ions, in the diverg-
ing magnetic field of the magnetic nozzle, produces bent ion trajecto-
ries that are the source of the discrepancy observed. The investigation
and reduction of this discrepancy would be of great interest in the under-
standing of plasma behavior in expansion in a magnetic nozzle. In order
to tackle this problem and get rid of certain assumptions believed to be
too restrictive in the estimation of the current density, a new diagnostic,
the directional Faraday cup (FCDi), has been thought and designed.

This paper has two main objectives: to present and characterize the
behavior of this new diagnostic in the plume of the ECR thruster and to
give the elements necessary to understand why the Faraday probe with
guard ring (FPGR) is not suited to the study of this EP device. It is orga-
nized as follows. To begin with, Sec. III presents the FCDi. A theoretical
study is conducted and experimentally validated. Simulation results con-
firmed by experiments demonstrate that this probe allows meaningful
measurements of the ion current density. In Sec. IV, the advantages of
this new Faraday cup design over a classical design are justified with the
comparison between direct and indirect thrust measurements of the
ECR thruster over a wide range of operating conditions. Section V dis-
cusses the results obtained and gives insights on the overestimation of
ion current density obtained with the FPGR. Eventually, Sec. VI con-
cludes the paper and gives perspectives on the utilization of the FCDi in
the study of the ion expansion in a magnetic nozzle.

II. EXPERIMENTAL APPARATUS
A. The B09 facility

Experiments have been conducted at ONERA in the B09 vacuum
facility represented in Fig. 1. This vacuum tank is a cylinder of 80 cm
in diameter and 2 m in length. The pressure inside the chamber can be
brought down to a few 10�7 mbar with a pumping speed of
12000 L � s�1. These pumping capabilities are achieved by the combi-
nation of a roughing pump, three turbo-molecular pumps, and a cryo-
genic pump and are measured with a MKS999 Quattro vacuum
transducer. When the ECR thruster is firing, the pressure inside
the B09 is 1:1� 10�6 mbar at 1 sccm of xenon mass flow rate and
1:7� 10�6 mbar at 2.5 sccm. Inside the chamber, the ECR thruster is
hung to a thrust balance specifically designed for this facility.19

The vessel is equipped with a rotation arm that allows to move a
probe along an arc in front of the thruster with a precision under 0.1�.
The location of the probe with respect to the thruster is then defined
by a couple of values ðq and hÞ, q being the distance to the thruster
and h the angle formed by the rotating arm and the axis of the thruster
as pictured in Fig. 1.

FIG. 1. Schematic cross section view of the B09 facility.
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A PSM003 ion analyzer from Hiden Analytical is mounted on the
port opposite to the thruster. This mass spectrometer measures the
energy of the ions emitted by the thruster. The ion analyzer can be
removed to replace it with the ion source mentioned later in the paper.

B. The ECR thruster

The electron cyclotron resonance (ECR) thruster (Fig. 2) is an EP
device for satellites developed at ONERA. Among its advantages, this
thruster has a very simple design and is electrodeless. A gas, mainly
xenon, is introduced in a cylindrical cavity of 27mm in diameter and
20mm in length called the source, closed at one end by a dielectric
piece called the backplate. Inside the source, an inner conductor of
2mm in diameter has the role of an antenna. A 2.45GHz microwave
with a power around 30W is fed through this coaxial chamber which
is evenly filled with xenon at a controlled flow rate. Around the source,
an annular permanent magnet generates a strong magnetic field that
forms a diverging magnetic nozzle (MN) downstream the source. The
value of the magnetic field near the backplate is chosen so that
the cyclotron frequency of the electrons at this location matches the
microwave frequency, creating a plasma by ECR heating. Electrons
and ions expand and accelerate in the diverging MN before detaching
from the magnetic field lines through processes that are beyond the
scope of this paper. This is the ejection of the plasma at high velocity
which is at the origin of the thrust of the device. Since 2010, the ECR
thruster has been the object of much research at ONERA,18,20–22 yield-
ing an innovative design with high performances. Moreover, it gained
maturity on several points: stability of operation, design robustness, or
performance improvement.

C. Ion source

An ion source is used in this work to verify the acceptance angle
of the directional Faraday cup (see Sec. III). It is mounted on the B09
facility to benefit from its pumping capabilities. This source is com-
posed of a wire anode running through a cylindrical cavity (the cath-
ode) filled with xenon at low pressure. A high voltage power supply
imposes a voltage drop between the anode and the cathode, noted as
Vd. It results in the generation of a plasma inside the cavity. Thanks to
a second voltage supply, the whole device is floated at a positive voltage
Vf with respect to the B09 vacuum tank tight to ground. A hole pierced
in the cathode lets an ion beam flow out of the device inside the

vacuum chamber. This beam is nearly mono energetic, with an energy
peaked around Vd þ Vf , because ions are produced near the anode. A
preliminary work not presented in this paper has been carried out
beforehand to characterize and control the ion source. It showed that
the radius of the beam a few centimeters away from the source exit is
between 0.75 and 1 cm depending on the ion energy and the diver-
gence angle is below 10�. This is sufficiently low to consider the ion
beam to be mono directional. A complete description of this device
operation can be found in Ref. 23.

D. Faraday probe with guard ring

The Faraday probe available at the beginning of this work has
been designed following the guidelines of Ref. 8. It is composed of a
collector of diameter dc ¼ 5:9 mm and a guard ring of diameter
dGR¼ 50mm, both made of molybdenum to reduce secondary elec-
tron emission. The gap between the collector and the guard ring is
100lm, which is negligible compared to dc and dGR. The purpose of
the guard ring is to flatten the sheath that forms in front of the probe
when biased at high negative voltage so that the ion collection area in
front of the collector remains a disk, therefore, limiting the overestima-
tion of ion current density. The biasing voltage is �350V for both the
collector and the guard ring (see Sec. III C 1 for more details).

E. Data acquisition

Figure 3 represents the electrical circuit used to measure the ion
current drawn by a Faraday probe while biasing it. Such a circuit is
duplicated for every part of the probe that needs to be biased indepen-
dently. The value of Rshunt is of a few tens of kX and needs to be adjusted
to the current measured to protect the data acquisition system. Data are
acquired thanks to a National Instrument PCIe 6323 acquisition card
connected to a PC. For Faraday probe measurements, data points are
acquired with a sampling rate of 939Hz during 2 s and averaged over-
time to increase the precision. The acquisition card is also used to output
the control voltage fed to an Applied Kilovolt HPZ series power supply
which biases the electrodes of the Faraday probes. Good care was taken
to power this amplifier with external batteries to reduce noise and cur-
rent leaks to the ground. The ECR thruster monitoring signals, such as
source temperature and floating potential as well as thrust balance sig-
nals, are acquired continuously with a sampling rate of 40Hz.

FIG. 2. The ECR thruster and the magnetic nozzle. FIG. 3. Schematic drawing of biasing and acquisition of electrical circuit.
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III. THE DIRECTIONAL FARADAY CUP
A. Probe description

The directional Faraday cup (FCDi) has been designed to capture
the angular distribution of ion current density in the plume of EP devices.
In fact, it collects only the particles whose trajectory make a small angle
with the probe axis. With respect to the notations displayed in Fig. 4, the
dimensions of the FCDi are ‘ ¼ 34, rp ¼ 2:95, and ro ¼ 1:5 mm. Its
conception is based on a Faraday cup design. However, as pictured on
the computer assisted design view in Fig. 4 and contrary to a classic
Faraday cup, this diagnostic has the peculiarity of having two distinct col-
lectors electrically disconnected from each other: the plate made of
molybdenum and the cylinder made of graphite, that can be biased inde-
pendently. Therefore, particles that hit those two collectors generate two
distinct signals. The probe can then be used in twomodes: the directional
mode, for which the plate and collector signal are looked at indepen-
dently, and the cup mode, for which the two signals are summed. Finally,
a third piece placed at the probe entrance called the ring can also be
biased, grounded, or left floating. Such a probe has been designed to be
mounted on a small stepper motor. Thus, it can rotate around its own
axis, adding a degree of freedom for ion current density measurements.

The angular selectivity of this probe is investigated in this section
before its application to the indirect estimation of the thrust produced
by an ECR thruster. To do so, the trajectory of ions impacting the
probe is studied under two regimes: an ideal regime, where ions are
not subject to electric fields, collisions, or sheath effects, and a plasma
regime, where electric fields generated by the probe biasing and the
sheath formation are taken into account. Several approaches will be
used for each of these regimes and will be described, together with
associated results, in the next two subsections.

B. Probe collection in the ideal regime

1. Theoretical definition of acceptance and opening
functions

The directionality of a probe is quantified by its acceptanceA. This
function is defined as the proportion of the plate area impacted by a rec-
tilinear particle beam entering the probe at an angle b with respect
to the probe axis, as pictured in Fig. 4. The opening area O is the
proportion of cup (plate and cylinder) impacted by this beam. For a
given geometry of the probe, the acceptance function depends on its
opening radius ro, its plate radius rp, and its length ‘. It is normalized
by the area of the entrance hole of the probe so thatAðb ¼ 0Þ ¼ 1.

Analytical forms for A and O can be found. When the probe
rotates in front of an observer with an angle b, the ring and the plate
observed are two ellipses separated by a distance D ¼ j‘ sinðbÞj with a
semi-major axis ro and rp and a semi-minor axis ro cosðbÞ and
rp cosðbÞ, respectively. An approximation of the acceptance, calledA0,
neglecting the thickness of the opening ring, is defined as the intersec-
tion area of those two ellipses as pictured in Fig. 5.

FIG. 4. Cross section view of the directional Faraday cup with a mono directional
plasma beam.

FIG. 5. Observation of the recovering area of the ellipses formed by the collector
and the opening of the probe for angles illustrating the different cases to consider.
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The equations of those two ellipses, Eo and Ep, for the area of the
opening and the plate, respectively, projected in the plane normal to
the direction defined by the angle of approach b of an ion beam, are
expressed as follows:

EoðbÞ : ðx; yÞ j y ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2o �

x2

cos ðbÞ2
s8<

:
9=
;;

EpðbÞ : ðx; yÞ j y ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2p �

ðx � DÞ2
cos ðbÞ2

s8<
:

9=
;;

EoðbÞ and EpðbÞ are plotted in Fig. 5 for different values of b. For
more readability, CbðxÞ is introduced in this figure. This function rep-
resents the envelope of the intersection between Eo and Ep. Hence, the
overlapping area is

A0ðbÞ ¼ 2
pr2o

ðþ1

�1
CbðxÞdx: (1)

Three cases are to be distinguished to compute Eq. (1).
In the first case, noted as A in Fig. 5, the opening ellipse is inside

the collector one. This case stands for small angles b that satisfy the fol-
lowing relation:

D� rp cosðbÞ þ ro cosðbÞ � 0

() jbj � arctan
rp � ro

‘

� �
:

The acceptance then takes the following value, AEo , as the area of the
opening ellipse:

A0ðbÞ ¼ AEo
pr2o

¼ pr2o cosðbÞ
pr2o

¼ cosðbÞ:

In the second case, noted as B in Fig. 5, the two ellipses are disjointed
and b satisfies the following relation:

D� rp cosðbÞ � ro cosðbÞ � 0

() jbj � arctan
rp þ ro

‘

� �
:

In that caseA0 ¼ 0.
In the third case, noted as C in Fig. 5, when the ellipses partially

overlap, the proper resolution of Eq. (1) is as follows:

A0ðbÞ ¼ 2
pr2o

ðþ1

�1
CbðxÞdx;

() A0ðbÞ ¼ 2
pr2o

ðb
a
minx foðxÞ; fpðxÞ

� �
dx;

a ¼ D� rp cosðbÞ;
b ¼ ro cosðbÞ;

foðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2o �

x2

cos ðbÞ2
s

;

fpðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2p �

ðx � DÞ2
cos ðbÞ2 :

s

8>>>>>>>>>><
>>>>>>>>>>:

This integral is calculated numerically.

However, the opening ring has a non-negligible thickness, ‘0 ¼ 1
mm, as shown in Fig. 4. To find the opening areaO, a similar geomet-
rical problem is to be solved, finding the intersection area between two
ellipses of major axis ro and minor axis ro cosðbÞ separated by a dis-
tance D ¼ j‘0 sinðbÞj. O is then multiplied with A0 to get the true the-
oretical acceptance functionA of the directional Faraday cup.

The theoretical value of A and of O is plotted in Fig. 6. To verify
the exactitude of this description of the probe acceptance, both numer-
ical computations using the software SIMION and measurements
using an ion source are led. These results are presented in the two
upcoming subsections.

2. The software SIMION in ideal regime

We use the software SIMION24 to get a better understanding of
the particle behavior inside and around the FCDi. This software simu-
lates the trajectories of charged particles with a given energy distribu-
tion in a potential array defined by the user. A mesh of the FCDi is
generated, respecting its physical dimensions. The potential of the
plate, cylinder, and ring can be adjusted and the domain is surrounded
by walls at potential 0V far from the probe (>103ro). To perform
meaningful simulations, we simulate the trajectory of a significant
quantity of Xeþ ions with a Gaussian initial energy distribution cen-
tered at 190 eV and with a standard deviation of 15 eV. Such a distri-
bution is representative of the ion energy distribution measured using

FIG. 6. Theoretical acceptance and opening functions of the FCDi (black solid lines)
compared with ballistic simulation (scattered symbols) and experimental measure-
ments during an a scan in front of a calibrated ion source (gray solid line).
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an ion energy analyzer in the plume of the ECR thruster at 1 sccm of
flow rate and 30W of microwave power. The initial direction of the
particles can be adjusted to make a certain angle with the probe
entrance. When it hits a surface, a particle disappears and its position
is recorded. The number of particles that hit the plate and the cylinder
is then counted and divided by the number of particles that should the-
oretically have entered the probe at normal incidence. These two num-
bers define the simulated acceptance and opening. In the ideal regime,
no bias is applied to the electrodes. Consequently, there are no poten-
tial arrays simulated and all ions have then a linear trajectory which is
not modified by any effect.

3. Experimental approach with the ion source

The ion source introduced in Sec. IIC is used to produce experi-
mental material and confront the theory. A Xþ

e mono directional and
mono energetic beam with an energy of 300 eV is generated. In front
of the source, the FCDi is mounted on a stepper motor, and both the
plate and the cylinder are biased at �100V while the opening ring is
grounded. The value of this bias voltage is chosen sufficiently low so
that no remaining electrons can enter the probe, but not too low, so as
not to affect the trajectory of the ions. The objective of this experiment
is to be as close as possible to the ideal regime. The current drawn by
the probe during its rotation in front of the ion beam is recorded.

4. Comparison of the different approaches in ideal
regime

As the theoretical description of the acceptance and opening
functions of the FCDi are purely geometric, the ideal regime is best
suited to compare the theory with simulations.AðaÞ andOðaÞ derived
in Sec. III B 1 are plotted in Fig. 6. On those figures, the scattered sym-
bols are the simulation results obtained with the software SIMION.
The gray lines, labeled Experiments, are the measurements of the cur-
rent flowing, respectively, to the plate and the collector of the FCDi
during a scan in front of the ion source (i.e., an a scan). The signals are
normalized to allow a comparison with the theory.

A good agreement is observed between the model and the simula-
tions. It confirms that the implementation of the dimensions and the
mesh of the probe into the software as well as the number of simulated
particles is sufficient to produce a meaningful behavior of the FCDi.
Moreover, the comparable results obtained experimentally with the ion
source prove that the FCDi is able to select the particles according to
their trajectory in the presence of a mono energetic beam of ions. This
feature is due to the narrow shape of the acceptance (half width at half
maximum of 4.6�) and must remain valid in the plasma regime to assess
the angular distribution of the plasma ejected in the magnetic nozzle of
the ECR thruster. In fact, due to plasma effects, the shape of the accep-
tance in the plasma regime is a priori different from the theoretical value
and may not be as narrow. This point is verified in Sec. IIIC. Guidelines
concerning the probe utilization and bias voltages are given to ensure
that the acceptance in the plasma regime is sufficiently narrow to enable
the probe to select particle with their direction.

C. Probe collection in plasma regime

In the plasma regime, the electron population will interfere in the
ion current collected by the probe in several ways. First, electrons can

be collected by the probe, virtually reducing the measured ion flux. To
prevent this, the probe collections have to be biased negatively.
However, differences in the biasing applied to the probe collectors are
the source of electric fields inside and outside the probe, modifying the
trajectory of the ions impacting it, i.e., modifying the acceptance and
opening functions. Second, the presence of electrons implies the for-
mation of a plasma sheath in front of the probe and modifies the value
of the ion flux and the ion trajectories. These two effects are studied
experimentally and numerically, and the findings are detailed in the
Secs. IIIC 1–III C 3.

In the remainder of the paper, an a scan (or angular scan) stands
for the measurement of the ion current density in the plume of the
ECR thruster during a rotation of the directional Faraday cup around
its axis with the stepper motor. In the plasma regime, the ion current
density is not a priori mono-directional and has an angular distribu-
tion noted as U. The asymptotic cases are an isotropic U, where the
probe would measure an identical current for every a positions and a
mono-directional U, where the acceptance and opening function
would be retrieved along the alpha scan. Because the acceptance has a
certain width, a one dimensional mathematical approximation of the
quantity actually measured by the probe plate is the convolution
between the acceptance of the probe andU. It reads as follows:

jiðaÞ ¼
ðp

2

�p
2

UðbÞAðb� aÞdb (2)

¼ U � A½ 	ðaÞ: (3)

With such a formulation, it shows that a wider acceptance translates
into a wider function jiðaÞ measured by the FCDi during an angular
scan.

1. Probe collector biasing

To determine at which voltage to bias the plate of the FCDi dur-
ing an a scan, a current–voltage curve in cup mode (sum of the plate
and cylinder current) is realized. The bias voltage of the plate and the
cylinder is swept with the cup placed in front of the ECR thruster.
Results are presented in Fig. 7 for several operating conditions of the
thruster. The y-axis represents the current normalized by the ion satu-
ration current, which is determined thanks to a linear fit of the ion

FIG. 7. Current normalized by the ion saturation current vs biasing voltage of the
FCDi in cup mode facing the ECR thruster for different operation conditions.
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saturation region (left part of the I-V curve). In this figure, it appears
that under a normal thruster operating condition (1 sccm 30W) as
well as for high mass flow rate (2.2 sccm 30W), a biasing voltage lower
than �350V is sufficient to collect only the ions and repel all of the
electrons. However, at high power (1 sccm 53W), a biasing voltage
lower than �500V must be applied to the FCDi. It is due to the high-
energy tail of the electrons’ energy distribution function. In the
remainder of this paper, the bias voltage of the plate of the FCDi is set
to Vb ¼ �350V for all the thruster operating conditions except for
the data point made at 1 sccm 53W, where it is set to Vb ¼ �500V.
The influence of the cylinder and the ring bias voltages different from
Vb on the current collected by the plate is assessed in Sec. III C 2.
Considering that the ion energy in the plume of the ECR thruster is
typically between 100 and 200 eV, particle deflections inside and
around the FCDi are to be expected when its collectors are biased at
low voltage. Therefore, it is reasonable to think that the true acceptance
and opening functions of the probe vary when changing the bias vol-
tages of its different parts. Two effects should be considered. On the
one hand, deflections that happen inside the probe modify the accep-
tance and opening functions but leave the current collected in cup
mode unaffected. On the other hand, particles are also likely to be
deflected in front of the probe due to the formation of a plasma sheath
whose depth is not negligible compared to the probe dimension. These
questions will be assessed in the next two subsections by means of
numerical simulations and experimental measurements.

2. Numerical simulation of the plasma regime with the
software SIMION

The software SIMION is not intended to simulate the plasma–
wall interactions and even if electrons are introduced and sent to the
probe, no plasma sheath is computed by the software. The electric
fields present in the simulation domain are computed based on the ini-
tial potentials of the collectors in vacuum. Therefore, to reproduce the
effect of a sheath that forms in front of the probe, a grid fully transpar-
ent to particles with a potential fixed at 0V is placed in front of the
probe to ensure that the potential fall occurs within a few probe open-
ing radii. Given the plasma parameters in the plume of the ECR
thruster, it corresponds to several Debye lengths. The distance between
the grid and the probe can be adjusted to simulate different sheath
thicknesses.

Four simulation cases illustrate the behavior of the FCDi
immersed in a plasma for different parameters of operation to be
tested and are reported in Fig. 8. The bias voltages of the plate Vplate,
the cylinder Vcyl, and the ring Vring are changed between the different
simulations and the amount of current extracted by the different col-
lectors are analyzed.

(i) The plate and cylinder are biased at different voltages, �300
and �100 V, respectively, and the ring is left at 0 V. An electro-
static lens is present at the bottom of the probe [Fig. 8(b)],
bending the particle trajectories and increasing the current
drawn on the plate. This configuration is then discarded and
the condition Vplate¼Vcyl is verified in the remainder of the
paper.

(ii) The plate and the cylinder are both biased at �300 V as well as
the ring. Two cases are simulated, without and with the
grounded grid. Without the grid, a large electrostatic lens

develops in front of the probe that increases the amount of
ions entering the probe by focusing the beam [Fig. 8(c)]. The
particle deviation in front of the probe induces an artificial
increase in the opening function and the level of current col-
lected by the collectors. With the grid, the electrostatic lens

FIG. 8. Simulation cases illustrating the behavior of ions entering the FCDi for several
biasing conditions. The red lines represent the ion trajectories. Iso-potentials are repre-
sented in green (a) Vplate ¼ Vcyl ¼ Vring ¼ 0 V: ideal regime, (b) Vplate ¼ �300 V;
Vcyl ¼ �100 V; and Vring ¼ 0 V, (c) Vplate ¼ Vcyl ¼ Vring ¼ �300 V (no sheath),
(d) Vplate ¼ Vcyl ¼ Vring ¼ �300 V, and (e) Vplate ¼ Vcyl ¼ �300 V Vring ¼ 0V.
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outside of the probe is suppressed but another one appears at
the probe entrance that diffracts the ion beam inside the probe
[Fig. 8(d)]. Even though this effect does not change the current
collected in the cup mode, it strongly affects the acceptance
function and induces a loss of angular selectivity of the probe
in directional mode.

(iii) The plate and the cylinder are biased at the same voltage
(�300 V), the ring is grounded (0 V), and the simulation is
performed with the grid. In this case, the electrostatic lens
effect is limited due to the ratio between the entrance size of
the probe and the diameter of the lens [Fig. 8(e)]. This configu-
ration seems to be the best way to measure a meaningful ion
current in cup mode while keeping the angular selectivity of
the probe in directional mode.

To allow the confrontation of cases simulated in Figs. 8(d) and
8(e) to experiments, complete acceptance functions are simulated with
SIMION for four different opening ring voltages bias and with the
plate and cylinder biased at �300V. A transparent grid kept at 0V is
placed in front of the probe entrance at a distance equal to the opening
radius [same configuration of Fig. 8(e)]. Results are presented in Fig. 9.
As expected, the more negatively biased the opening ring, the wider
and lower the acceptance. This phenomenon is due to the burst of the
beam inside the probe that is more pronounced when the ring bias
voltage becomes more negative.

3. Experimental approach with the ECR thruster

To verify the simulation outcomes, a scans are performed in front
of the ECR thruster at h¼ 0. The opening ring is biased at various neg-
ative voltages as done in the simulations. Results presented in Fig. 10
are angular scans realized in the thruster plasma, they represent the
local ion current density expressed by jiðaÞ measured by the FCDi.
Only a qualitative agreement with the numerical simulations, consist-
ing in similar evolution of profiles, could be expected. The ion current
density is also measured with a guard ring Faraday probe (FPGR) at
the same location with normal incidence of the ECR thruster (a¼ 0,
h¼ 0).

As observed in the simulations, when the biasing of the opening
ring is getting more negative and closer to the plate and cylinder bias-
ing, the measured plate current scan is decreasing in the center of the

scan (a¼ 0) and widening on its sides. This result is in line with the
burst of the ion beam observed in Fig. 8(d) and with a wider accep-
tance function. These measurements do not ensure that the acceptance
function has remained unperturbed while going from the ideal case to
the plasma case but allow to select the operation regime of the probe
that limits an eventual perturbation. In addition, the cup current, i.e.,
sum of the plate and cylinder currents, remains constant at the scan
center (a¼ 0). It confirms the fact that particle deflections induced by
the biasing of the opening ring mainly occur inside the probe. On the
contrary, the cup current increases at high a angles (about 30� and
above) as the ring biasing decreases. This is believed to be due to ion
deflection toward the probe at high approaching angles. Finally, the
current collected by the FPGR biased at �350V and placed in front of
the thruster exit is larger than the FCDi current in cup mode at a¼ 0.
This point will be examined in more detail in Sec. V.

Results presented in Sec. III suggest that the FCDi can be used to
characterize the local ion current density produced by the ECR
thruster. The probe plate and cylinder must be biased at the same volt-
age and sufficiently negatively to ensure ion saturation current collec-
tion, namely, �350V (�500V at high thruster power). The ring must
be kept close to 0V and will be tight to ground in the remainder of this
paper to minimize perturbation of the acceptance function of the
probe. These developments will be used in Sec. IV to investigate the
accuracy of the indirect estimation of the thrust produced by the ECR
thruster by comparing it to direct thrust measurements.

IV. DIRECT AND INDIRECT THRUST MEASUREMENTS
OF THE ECR THRUSTER
A. Direct thrust measurement methodology

The thrust stand used in this study to measure the thrust of the
ECR thruster is a simple pendulum balance where eight thin beryllium
copper strips ensure a single degree of freedom. It is represented in
Fig. 11. The arm of the balance, where the ECR thruster is mounted, is
332mm long and kept in position thanks to a magnet and a coil whose
voltage is regulated by a Proportional–Integral–Derivative (PID) sys-
tem. When the thruster generates a horizontal force, the voltage
needed to keep the arm steady increases. Therefore, a PID voltage
drop is observed when the thruster is shut off.FIG. 9. Acceptance of the FCDi simulated with SIMION for several values of Vring.

FIG. 10. a scans performed with the directional Faraday probe at h¼ 0 for several
values of Vring.
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The PID voltage drop VPID is related to the thrust T of the
thruster by the linear relation T ¼ cVPID, where c is a calibration fac-
tor obtained thanks to the deposition and the retrieval of five well
known weights on the arm of the balance at precise locations. As the
mass and position of each weight are known, the force imparted on
the arm after the deposition and retrieval of the weights is linked to a
drop of VPID to get c. This calibration phase takes place before each
batch of thrust measurements. More details on the thrust balance setup
and operation can be found in Ref. 19. This balance has been proven
reliable in several studies, therefore, it is considered to give a reference
of the thrust of the ECR thruster throughout the remainder of the
paper. The relative error on direct thrust measurements is below 5%. It
is due to the thermal equilibrium of the system, the mass and the posi-
tion of the weights during the calibration phase.

B. Indirect thrust measurements methodology

The thrust of the ECR thruster can be evaluated from ion current
density and velocity measurements. Indeed, it is due to the ejection of
the plasma from the source at high velocity. A reasonable assumption
is to consider that the contribution of electrons to the thrust is negligi-
ble regarding their weak mass compared to the ions. The neutrals’ con-
tribution to the thrust can also be neglected because they are not
accelerated in the magnetic nozzle and have, therefore, a small velocity
compared to the ions. The elementary thrust dTz is written as the force
of the plasma pressure produced on a small surface dS located down-
stream of the thruster ejection.20 It reads as follows:

dTz ¼ dT cosðhÞ ¼ PplasmadS cosðhÞ
¼ miniv

2
i cosðhÞdS; (4)

wheremi, ni, and vi are the ion mass, density, and velocity, respectively.
It is supposed here that the presence of multiple charged ions is negli-
gible. Moreover, vi is taken to be the most probable ion velocity from
ion energy analyzer measurements. The thrust T is obtained by inte-
grating dTz over half a sphere of radius q noted as Sq. Considering the
cylindrical geometry of the plasma source, we suppose that the ejection

region is axisymmetrical so T is retrieved from only one angular scan
of the ion current density along h as follows:

T ¼
ð
Sq

dTz;

¼
ð/¼p

/¼0

ðh¼p
2

h¼�p
2

dTzq
2 cosð/Þj sinðhÞjd/dh

¼ pq2
ðp

2

�p
2

miniv
2
i cosðhÞj sinðhÞjdh

¼ pq2
mivi
e

ðp
2

�p
2

jiðhÞ cosðhÞj sinðhÞjdh: (5)

Here, ji ¼ enivi is the ion current density and the axisymmetry
hypothesis is made. The ion velocity is supposed not to depend on the
angle h, this hypothesis has been proven valid for h 2 ½�45; 45	 with
retarding field energy analyser21 and more recently with LIF
measurements.

Equation (4) implies that ions are ejected from the thruster with a
radial trajectory. This assumption may be satisfactory for EP technolo-
gies such as GIT and HET, where the acceleration of ions occurs in a
small region close or inside the discharge region. After they exit the
thruster, the ions then propagate following a straight trajectory almost
purely radial from an ejection point located at the center of the thruster
in its exit plane. Equation (4) also neglects the effect of charge exchange
collisions. However, in the case of the ECR thruster, and this may be gen-
eralized to magnetic nozzle (MN) thrusters, ions may not be ejected radi-
ally from the thruster source. In fact, the plasma may stay magnetized
along a certain distance from the thruster in the MN and charges may
follow a bent trajectory according to the geometry of magnetic field lines.

Figure 12 shows a scans measured with the plate of the FCDi at
positions h ¼ �15�, h¼ 0�, and h ¼ 12:5� in the plume of the ECR
thruster operating at 1 sccm of xenon mass flow rate and 20W of
power. To determine the most probable ion flux direction at a given
position h, an algorithm finds the middle between the ascending and
descending slopes of the a scan. It is more precise than the position of
the maximum of current because a scans are not a priori symmetrical.
The function ameanðhÞ, thus determined, is plotted in Fig. 13. It shows
that the hypothesis of radial ejection of the ions is not valid. Indeed,

FIG. 11. The thrust stand in the B09 facility. Reproduced with permission from Vialis
et al., J. Propul. Power 34, 1323–1333 (2018). Copyright 2018 American Institute of
Aeronautics and Astronautics, Inc.

FIG. 12. Example of three a scans made at different angular positions of h and the
most probable ion direction associated.
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amean would be 0 for every position h in this case. Instead, amean varies
from �10 to þ 10� along the h scan for this experimental condition.
This observation is further discussed in Sec. V F.

To take into account the fact that ions do not follow the radial
direction, three different variations of the integral term of Eq. (5) are
introduced to compute the indirect thrust of the ECR thruster with
several degrees of complexity. They account for the direction of the
probe when the measurement is done and the projection along the
most probable direction of the ion flux; the variations are expressed as

TA /
ðp

2

�p
2

jiðh; 0Þ cosðhÞjsinðhÞjdh; (6)

TB /
ðp

2

�p
2

jiðh; ameanðhÞÞ cosðhÞjsinðhÞjdh; (7)

TC /
ðp

2

�p
2

jiðh; ameanðhÞÞ cosðhþ ameanðhÞÞjsinðhÞjdh: (8)

In Eq. (6), the Faraday probe current is taken at a¼ 0 for each
position h and the projection is radial. With the same projection, the
Faraday probe current is taken at a ¼ amean in Eq. (7). Eventually, the
expression that most precisely takes into account the ion trajectories is
Eq. (8), where the Faraday probe current is taken at a ¼ amean and
projected along the ion direction hþ amean.

C. Comparison between direct and indirect thrust
measurements

A reliable indirect thrust measurement method should output
results comparable with direct thrust measurements over the whole
range of xenon mass flow rate and microwave power accessible to
the operation of the thruster. These two operation parameters are
then varied on large intervals of accessible values, from 20 to 48 watts
for the microwave power and from 0.6 to 2.4 sccm for the flow rate.
The version of ECR thruster used in this study has been shown to be
most efficient at 1 sccm of xenon mass flow rate and 30W of power.

The relative errors between direct and indirect thrust measure-
ments for a range of microwave power at a constant mass flow rate of
1 sccm and a range of mass flow rate at a constant power of 30W are
displayed on Figs. 14(a) and 14(b), respectively. Data points labeled

FCDi A, B, and C correspond to the current density being measured
using the FCDi and thrust computed expressions TA, TB, and TC of
Eqs. (6)–(8), respectively. Data points labeled FPGR correspond to
Eq. (5) where the ion current density has been measured with the
Faraday probe with guard ring.

To compare those four cases of study between each other, the
mean of the relative errors in absolute value is represented with dashed
lines. The values are also recalled in Table I to ease the analysis.

The three levels of complexity (A, B, and C) for the computation
of the thrust from directional Faraday cup data lead to an average
value of the absolute errors of the same order and close to 10%. These
measurements largely improve the level of error obtained with the

FIG. 13. Most probable direction of ions determined for each a scan made at differ-
ent angular positions of h.

FIG. 14. Relative errors between direct and indirect thrust measurements. Dashed
lines indicate the mean of the absolute value of the data points for each cases.
(a) Constant mass flow rate of 1 sccm. (b) Constant power of 30W.

TABLE I. Relative errors (in %) made on the thrust for different indirect thrust mea-
surement methods.

FPGR FCDi A FCDi B FCDi C

Constant mass flow rate 21.70 8.10 10.68 7.24
Constant power 31.84 8.65 10.14 8.35
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measurements obtained with the Faraday probe with guard ring that is
about 20% and 30% for the two datasets. It is also observed that the
errors for the FPGR measurements present trends with thruster power
and mass flow rate that are largely damped by the usage of the FCDi.
Outlying points up to 35% and 60% for the FPGR datasets are reduced
to 10% for the measurements with the FCDi.

Comparing more closely the errors computed from the three
ways of estimating the indirect thrust (A, B, and C), very similar aver-
aged errors are obtained with expressions TA and TB, and a small
decrease in the average error is observed for TC (Table I).

V. DISCUSSION
A. Improvement of indirect thrust measurement
accuracy

This work demonstrated, by the development and testing of a
new type of Faraday cup, that the ion flux ejected from an ECR
thruster is not radially emitted. The modification of the indirect thrust
measurement expression to take into account this phenomenon and
the comparison with direct thrust measurement shows that this char-
acteristic does not contribute significantly to indirect thrust measure-
ments errors. In fact, taking into account the ion flux in the most
probable direction of ejection amean at each h does not improve signifi-
cantly the measurement accuracy [comparison between TA and TB in
Figs. 14(a) and 14(b) and Table I]. Similarly, taking into account the
local most probable angle of the ion flux seems to improve very mar-
ginally (about 1.5%) the accuracy of the indirect thrust measurements
[comparison between TB and TC in Figs. 14(a) and 14(b) and Table I].
As Fig. 13 shows, ameanðhÞ is always the same sign as h, meaning that
cosðhþ ameanðhÞÞ < cosðhÞ. Thus, taking into account the ion flux,
local direction has the effect of decreasing marginally the indirectly
estimated thrust. These two conclusions invalidate the initial hypothe-
sis supporting that the non-radial ejection of ions in the ECR plume
might be the cause of the overestimation of the thrust by indirect mea-
surements using FPGR.

Comparing the indirect thrust obtained from FPGR and FCDi
measurements demonstrates a drastic improvement in the accuracy of
the indirect thrust measurements with an overall reduction of the esti-
mated thrust. The dataset obtained with the FPGR and the dataset pre-
senting TA indicate that FPGR measurements are likely to
overestimate the ion current in the plume of the ECR thruster. These
results allow to define a recommendation to measure the thrust of an
ECR thruster by means of probes which is to use a Faraday cup instead
of a planar Faraday probe. Such usage reduces the uncertainties below
10%, which represents a great improvement with respect to a previous
situation. The possible reason for such an improvement of the accu-
racy is analyzed in Sec. VB.

B. Origin of the discrepancy resulting from Faraday
probe with guard ring measurements

Results presented in Figs. 14(b) and 14(a) and Eq. (5) suggest that
the differences observed in the comparison between direct and indirect
thrust measurements is due to an overestimation of the current density
by the FPGR. Figure 15 compares the integrand of Eq. (5) for the
FPGR and FCDi measurements in the plume of the thruster firing at
20W and 1 sccm. The results are normalized to 1 at the maximum to
show the different shapes of the signal measured with the FCDi and

the FPGR. The overestimation of current induced by the FPGR mainly
occurs at large values of h in the plume of the ECR thruster.

The FPGR was designed according to the recommended practice
of Ref. 8 that advises to take a guard ring diameter 1FPGR superior to
50 times the Debye length kD of the plasma. However, in the condi-
tions of biasing potential of the FPGR presented here, the size of the
sheath forming in front of the probe may be governed by the Child–
Langmuir sheath law. The thickness of the sheath sCL that forms in
front of a wall at potential V0 is as follows:

sCL ¼ 2
3

ffiffiffiffi
�0
ji

r
2e
mi

� �1=4

V3=4
0 : (9)

It defines another criterion that should be satisfied which is that the
Child–Langmuir sheath thickness must be low compared to the guard
ring radius, i.e., 1FPGR=sCL 
 1. If not, border effects induce a non-
flat sheath that is likely to bend the trajectories of the ions approaching
the surface of the probe and induce an artificial increase in the current
collected.

To investigate the effect of a sheath in front of the FPGR, simula-
tions are carried out with the software SIMION as presented in Sec.
III. The acceptance of the FPGR is simulated for several 1FPGR to
ssheath ratios, where ssheath is the position of a transparent grid biased at
0V placed all around the probe. The results are presented in Fig. 16
along with the simulation in an ideal regime (no bias applied) and the
theoretical acceptance of the FPGR, which is a cosine in the range
�p=2 � b � p=2 and 0 elsewhere.

Figure 16 shows that the ratio1FPGR=ssheath should be at least six
to neglect effect of the sheath thickness on the acceptance function of
the FPGR. This value is only an order of magnitude, a quantitative
analysis of the error induced by the presence of a sheath in front of the
FPGR would require more precise simulations involving a thorough
plasma behavior description. This would be achieved with particle in
cell (PIC) simulations for example.

The comparison between the Debye length and the Child–
Langmuir sheath thickness with the diameter of the probe is shown in
Fig. 17 along with the h scan of the experimental conditions of 20W of
power and 1 sccm of mass flow rate. Two hypothesis are made to

FIG. 15. Comparison between the integrand of Eq. (5) where ji is the current mea-
sured with the Faraday probe with guard ring (FPGR) and the directional Faraday
probe (FCDi) at 20W and 1 sccm.
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compute kD. One the one hand, the ion energy is not supposed to
depend on the angle h, therefore, the ion velocity is vi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eEi=mi

p
.

On the other hand, the ion and electron densities are supposed to be
equal. Hence, because ji ¼ enivi, the Debye length is as follows:

kD ¼
ffiffiffiffiffiffiffiffiffi
�0Te

ene

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffi
�0Tevi
ji

s
: (10)

Figure 17 shows that the criterion 1FPGR=50kD > 1 is satisfied
only for low electron temperatures and at the center of the plume of
the ECR thruster, where the plasma density is higher. Moreover, the
criterion 1FPGR=sCL 
 1 is not verified for the whole range of ion
current density when the bias voltage of the probe is very low.
Moreover, the dependence on 1=

ffiffiffi
ji

p
of both the Debye length and the

Child–Langmuir thickness implies that the FPGR is likely to overesti-
mate the ion current density where the ion density is low, i.e., far from
the center of the plume for high values of h. This is in line with the
results presented in Fig. 15 and discussed above.

C. Secondary electron emission

The secondary electron emission (SEE) is often cited as a term to
be corrected in electrostatic probe measurements. In fact, if electrons
emitted are not recollected by the Faraday probe, which is likely with a
planar FPGR biased at �350V, the current measured by the probe is
artificially increased. The SEE yield coefficient for Xeþ and Xe2þ ions
on molybdenum is around 0.02 and 0.2, respectively, for energies
below 1 keV.25 It induces an error of 2%–10% depending on the ratio
of doubly ionized ions. Moreover, the cylinder of the FCDi is made of
graphite, with an SEE yield coefficient lower than the molybdenum.26

With the cup design, SEE is more likely to be recollected by the probe,
which lowers the influence on the signal measured in cup mode. The
influence of SEE cannot entirely explain the overestimation of the ion
current density by the FPGR; however, it may be a contribution to the
thrust estimation reduction obtained with the FCDi.

D. Presence of multiple charged ions

To assess the influence of the presence of multiple charged ions
to the indirect thrust, the plasma can be considered to be constituted
of singly charged ions of density nI, velocity vI, and energy EI and dou-
bly charged ions of density nII, velocity vII, and energy EII. The parame-
ter g is defined as the ratio between the densities of the two
populations such that nII ¼ gnI . Due to the assumptions made in Sec.
IVB, the ratio between the indirect thrust estimated from ion current
density measurements and the direct thrust is Kmulti ¼ 1þ2

ffiffi
2

p
g

1þ2g .
Measurements performed with an ion analyzer indicate that g is

comprised between 0 and 0.1 in the range of thruster operating condi-
tions tested. It leads to values of Kmulti between 1 and 1.069, with an
average of 1.03 that could explain the general overestimation of the
indirect thrust observed in Fig. 14. These measurements also reveal
that the presence of ions charged three times or more is negligible in
the plume of the ECR thruster. The details of the calculation of Kmulti

are presented in the Appendix.

E. Evolution at high mass flow rates

It appears in Fig. 14(b) that at a high mass flow rate (2.4 sccm)
the indirect thrust measurements computed using either the FPGR
and the FCDi are lower than the direct thrust measurements, whereas
they are generally higher in the other cases. A possible explanation of
this observation is the rise of the vacuum chamber pressure and the
diminution of the ion energy when the mass flow rate increases. These
two factors increase both the neutral density encountered by the ion
flux and the charge exchange cross section.27 The mean free path of
Xeþ is then reduced and the ions are more likely to encounter a charge
exchange collision during their acceleration in the magnetic nozzle of
the thruster. Therefore, the plume of the thruster may contain a signifi-
cant amount of neutrals at a high velocity that could contribute to the
thrust without being measured by any ion collection probe.

The correction factor to apply to the thrust estimated with the
indirect method due to the charge exchange collisions is Kcex ¼ 1þs

ffiffi
j

p
1þs ,

where s and j are the ratio of the densities and energies, respectively,
between the slow ions resulting from a charge exchange collision and
the fast ions.

The factor Kcex is estimated for a range of thruster mass flow rates
at a microwave power of 30W. For mass flow rates lower than 1.6
sccm, Kcex is comprised between 0.91 and 0.97. However, for high

FIG. 16. Theoretical acceptance function (black solid line) of the FPGR with accep-
tance simulated with SIMION in ideal regime (black squares) and in the presence of
a grounded grid for several1FPGR=ssheath ratios.

FIG. 17. FPGR guard ring diameter to fifty Debye length ratio (Brown criterion8) and
Child–Langmuir sheath thickness to FPGR guard ring diameter ratio for several
electron temperatures and probe bias voltages.
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mass flow rates greater than 2 sccm, Kcex drops down to 0.75. Hence,
the presence of neutrals at high velocity due to charge exchange colli-
sions could explain the underestimation of the thrust calculated by the
indirect method of more than 20% and the tendency observed in
Fig. 14(b). This discrepancy between indirect and direct thrust mea-
surements observed on both probes may then be due to the test condi-
tions and not to the probe performances.

The notations and details of the calculation of Kcex are presented
in the Appendix.

F. Ion trajectories in the magnetic nozzle

In Fig. 13, representing the function ameanðhÞ for the 1 sccm,
20W of power operation of the thruster, the angle aBðhÞ is also repre-
sented. This angle is defined as the local angle a magnetic streamline
makes with the radial direction at a given angular position h on the arc
of radius q. Moreover, the dashed lines labeled LMFL corresponds to
the angle h at which the last magnetic field line crosses this arc. The
last magnetic field line is defined as the most diverging magnetic field
line that does not intersect physically the source of the thruster (see
Figs. 1 and 2 for the notations).

This figure reveals that there is no range of angles h for which the
value of amean is null. It demonstrates that the ions are not ejected radi-
ally from the thruster. Instead, for absolute values of h smaller than
17�, corresponding to the center of the plasma plume, the ion flux
direction is aligned with magnetic field lines. The ion trajectories are
then strongly coupled to the MN topology, even 30 cm away from the
thruster exit plane. At the edges of the plume, for h angles larger than
17�, the angle between the ion flux direction and the radial direction is
different and smaller than the angle between the magnetic field and
the radial direction. It demonstrates that the ion trajectories are not
governed by the MN topology in this region and that the plasma have
undergone a demagnetization at smaller distance from the thruster.
The fact that for positive values of h, we have amean < aB (and con-
versely for negative values of h) indicates that this detachment is con-
verging. This preliminary result is in line with an inward detachment
observed in the magnetic nozzle of the VASIMR thruster with a differ-
ent approach3 and is predicted by some numerical and theoretical
work.28–30 A more thorough analysis of this phenomenon is beyond
the scope of this paper and will be the object of future investigations.

VI. CONCLUSION

A new type of electrostatic probe, the directional Faraday cup
(FCDi) is introduced to study the plume of the ECR thruster developed
at ONERA. This diagnostic benefits from an innovative design that
allows to assess the angular distribution of ion current density in the
plume of electric propulsion devices.

In the first part of this paper, a theoretical study of the FCDi is
proposed. It is supported by both simulations and experiments and
confirms the ability of the probe to select the ions collected according
to their direction. Guidelines are given to choose the bias voltages that
must be applied to the different parts of the probe in order to ensure
the measurement of a meaningful ion current density. The opening
ring must be grounded, while the plate and the cylinder must be biased
at the same voltage with a value sufficiently low to ensure the collection
of only ions. In the plume of the ECR thruster, for high power to mass
flow rate ratio, the value of the bias voltage can be as low as�500V.

The second part of the paper presents the first application of the
FCDi. Direct and indirect thrust measurements are compared, with
ion current measured with a planar Faraday probe with guard ring
(FPGR) and with the FCDi. The overestimation of the thrust by the
FPGR is confirmed with thrusts 20%–30% higher than direct thrust
measurements. The usage of the FCDi allows to reduce this overesti-
mation to 8%–10%. Results indicate that taking into account the local
trajectories of the ions in the computation of the thrust gives a more
accurate estimation by only 1%–2%, which suggests that the discrep-
ancy originates from an overestimation of the current measured by the
FPGR. The investigation indicates that this behavior comes from the
large plasma sheath in front of the probe when biased at very low vol-
tages. Secondary electron emission (SEE) does not appear to be a
major effect in the indirect overestimation of the thrust by the Faraday
probes since they are made of low SEE yield materials.

The presented data, acquired using the FCDi, also contributes to
demonstrate that the ion flux ejected from the thruster is strongly
affected by the magnetic nozzle. At 30 cm from the thruster, in the cen-
tral part of the plume (for h < 17�), the ion flux direction is still co-
linear to the magnetic field. For angles larger than 17�, the ion flux is not
co-linear to the magnetic field but does not exhibit a trajectory typical of
a radial ejection from the thruster source. It suggests that the ions may
have been magnetized for smaller distances to the thruster but are
demagnetized at 30 cm. Further analysis with measurements performed
at different distances and with different thruster operating conditions
could contribute to a better description of this phenomenon.
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APPENDIX: COMPUTATION OF THE THRUST
CORRECTION FACTORS

1. Multiple charged species

To assess the influence of the presence of multiple charged
ions on the indirect thrust, we consider a plasma composed of singly
charged ions of density nI, velocity vI, and energy EI and doubly
charged ions of density nII, velocity vII, and energy EII. We intro-
duce the parameter g such that nII ¼ gnI . The ion energies of these
two populations are considered equals,

EI ¼ EII ) mi

2e
v2I ¼

mi

4e
v2II

) vII ¼
ffiffiffi
2

p
vI :

On the one hand, the thrust estimated from the Faraday cup
measurements is

Tmes ¼ pq2
mivI
e

ðp
2

�p
2

enIvI þ 2enIIvIIð Þ cosðhÞjsinðhÞjdh

¼ 1þ 2
ffiffiffi
2

p
g

� �
TI ;

where TI is the contribution of the singly charged ions to the thrust.
On the other hand, the total thrust, measured with the thrust

stand, is the sum of the contribution of the singly and doubly
charged ions such that

T tot ¼ TI þ TII

¼ 1þ 2gð ÞTI :

The correction factor, defined as the ratio of Tmes and Ttot is then
expressed as

Kmulti ¼ 1þ 2
ffiffiffi
2

p
g

1þ 2g
:

2. Charge exchange collisions

To assess the contribution of charge exchange collisions to the
indirect thrust, we consider that some ions have encountered a charge
exchange collision during their acceleration in the magnetic nozzle of
the ECR thruster. These collisions result in a population of slow ions, of
density ni;s and energy Ei;s, and in a population of fast neutrals of den-
sity nn;f in addition to the main (and fast) population of ions of density
ni;f and energy Ei;f . We introduce the parameters s and j, such as
ni;s ¼ sni;f and Ei;s ¼ jEi;f . The fact that every charge exchange colli-
sion results in one fast neutral per slow ion is given as

nn;f ¼ ni;s:

Moreover, the energy of a fast neutral depends on the energy of the
ion before its collision with a slow neutral. The energy gain in the
magnetic nozzle of the slow ions is Ei;s, therefore, the energy of
the fast neutrals is Ei;f � Ei;s. We then have

nn;f ¼ ni;s ¼ sni;f ;
En;f ¼ Ei;f � Ei;s ¼ ð1� jÞEi;f :

�

On the one hand, the thrust estimated from Faraday cup mea-
surements takes into account the contribution of slow ions resulting
from a charge exchange collision only in the ion current density
measurement. The ion velocity term in Eq. (5) captures only the
energy of the fast ions. The thrust measured is then expressed as

Tmes ¼ pq2
mivi;f
e

ðp
2

�p
2

e ni;svi;s þ ni;f vi;fð ÞcosðhÞjsinðhÞjdh

¼ 1þ s
ffiffiffi
j

p� �
Ti;f ;

where Ti;f is the contribution of the fast ions to the thrust.
On the other hand, the total thrust measured with the thrust stand,

Ttot, is the sum of the contributions of the fast ions, slow ions, and fast
neutrals to the thrust, respectively, Ti;f ; Ti;s, and Tn;f , such that

T tot ¼ Ti;f þ Ti;s þ Tn;f

¼ 1þ sjþ s 1� jð Þð ÞTi;f

¼ 1þ sð ÞTi;f :

FIG. 18. Ion energy scan performed in the plume of the ECR thruster for
(a) 1.6 sccm and (b) 2.4 sccm for a thruster power of 30W.
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The correction factor defined as the ratio of Tmes and Ttot is then
given as

Kcex ¼ 1þ s
ffiffiffi
j

p
1þ s

:

Figures 18(a) and 18(b) show measurements performed with an
ion analyzer for two different mass flow rates. For each signal, two
peaks are observed, the high- and low-energy peaks correspond to the
fast and slow ions population, respectively. The factors s and j are mea-
sured as the ratio between the integral of the two peaks and the ratio
between the average energy of the two peaks, respectively. To simplify
the calculations, signals are fitted with the sum of two Gaussian func-
tions. Figures 18(a) and 18(b) demonstrate the evolution of the relative
populations of fast and slow ions with the mass flow rate. The slow ion
population becomes dominant at 2.4 sccm.

The evolution of Kcex with the thruster mass flow rate is shown
in Fig. 19. Two things are to be considered to distinguish the influ-
ence of the slow ions and the fast neutrals on Kcex. First, it is clear
from the above-mentioned equations that Tmes > Ti;f þ Ti;s. This is
due to the assumptions made in Sec. IV B, where the ion velocity is
taken only from the energy of the fast ions. Second, Fig. 19 shows
that Tmes < T tot ¼ Ti;f þ Ti;s þ Tn;f . This result shows that not tak-
ing into account the fast neutrals induces an underestimation of
Tmes that is significantly greater than the overestimation induced by
the presence of slow ions.

Ionization outside the source of the thruster could also account
for the presence of a low-energy peak in the ion analyzer signals.
However, this phenomenon is discarded in this analysis because the
frequency of ionization is smaller than the frequency of charge
exchange collisions.
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