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Abstract

This paper deals with plasma diagnostic in the frame of the
plume study of low power electric propulsion (EP) devices.
The work introduces information enabling optimization and
standardization of an electrostatic plasma diagnostic known as
Faraday Cup (FC). This instrument is used to accurately map
in two or three dimensions the ion beam profile produced by
an electric propulsion (EP) device [1, 2, 3, 4]. Results focus
on the design of a Faraday cup in terms of probe aperture
diameter, collection solid angle and material exposed to the
ion beam. Additionally, modification of the equipotential field
lines inside the probe are studied. The goal is to contribute to
the effort towards repetitive and reliable determination of an
EP device performance map (i.e. thrust, divergence angle,
ionization efficiency and propellant utilization).

1 Introduction

The demand for low-power electric propulsion devices
(<200 W) enabling precise, cost-effective orbital manoeuvres
(orbit and attitude control, orbit transfer) for small satellites
has increased for the last years [5, 6, 7]. Hence, many thruster
manufacturers provide their own solution/technology (Hall
Thrusters, Gridded Ion Engines, FEEPs) to satellite manu-
facturers and operators to fulfil their needs [8, 9, 10, 11].
As each technology relies on different parameters (propellant,

ion energy, current density, ionisation, and acceleration pro-
cesses) it is currently difficult to assess plume properties and
provide accurate performance comparison in terms of thrust
level, propellant utilization, beam energy and divergence an-
gle. One technique to determine the ion flow properties of
an electric thruster, therefore accessing performance informa-
tion is to use electrostatic probes [1]. It basically consists of a
conducting electrode, termed the collector, polarized to a high
negative voltage with respect to the local floating potential to
repel electrons and capture ions. There are various configura-
tions of probes from a simple metal disk to architectures with
collimator, filters and guard rings. The following paper deals
with the investigation of the ion flow properties produced
by two types of electric thrusters, namely Field-Emission-
Electric-Propulsion (FEEP) devices and Hall Thrusters (HT)
with a specific type of electrostatic probe, Faraday cups (FC).
In this work, the FEEP thruster is the 40 W-class ENPUL-
SION NANO laboratory unit from ENPULSION [12, 13, 14]
and the Hall thruster is the 200 W-class ISCT200 from the
CNRS-ICARE laboratory [15, 16]. Together, these two tech-
nologies cover a wide range of ion energy (0.2 keV — 10 keV)
and ion current density (from pA/cm? to mA/cm?) for dif-
ferent ions species such as indium (FEEP) and xenon (HT).
Faraday cups measurements are sensitive to these parameters
since they play a role in charge exchange collisions (CEX),
ion induced electron emission (IIEE), sputtering and material
deposition. Those phenomena have a direct impact on the
Faraday cup output. The same Faraday cup design was used
while different parameters (material, geometry, applied poten-
tial) were tested. First, different electric field inside the cup
were used. Combination of different potentials applied to the
cup and to the collimator were studied to maximize ion col-
lection and minimize IIEE due to highly energetic ion impact
on the cup. To the same end, different materials (molybde-
num, graphite and aluminium) for the collimator were stud-



ied. Finally, different collimator/cup aspect ratios were cho-
sen to study the impact of the FC diameter on signal output.
Combining all results allows optimization of the FC design
for high precision measurements and definition of a universal
FC architecture able to cover of broad range of plasma plume
characteristics.

2 Experimental apparatus

2.1 Vacuum chambers, mechanical interface
and instrument

The FEEP thruster ENPULSION NANO plume was studied
at ENPULSION at the FH Wiener Neustadt’s electric propul-
sion laboratory in Austria. Measurement in the Hall thruster
ISCT200 plume was performed at the ICARE EP laboratory
in France.

Experiments with the HT were performed in the cryogenically
pumped NEXET (New Experiments on Electric Thrusters)
vacuum chamber. NEXET is based on a 1.8 m in length and
0.8 m in diameter stainless steel tank [17]. The overall pump
stack warrants a background pressure as low as 2 x 107>
mbar-Xe during operation of a 200 W input power plasma
source. In the case of the FEEP thruster, the latter was studied
while firing inside a cylindrical stainless-steel vacuum tank of
0.67 m in diameter and 1.32 m in length. The residual pres-
sure in the tank goes down to 10”7 mbar. During operation
of the FEEP thruster the pressure level is typically 4 x 1076
mbar. The grounded vacuum chambers are used as potential
reference for each thruster experiment series.

Both test campaign use similar set-up. The Faraday cup is
attached to an aluminium structure designed to automatically
align the probe with the thruster equatorial plane. The me-
chanical frame is mounted on a URS1000BCC motorized ro-
tation stage and controlled by a SMC100 unit provided by
Newport. The pivot point of the rotating structure is aligned
with both the thruster axis and exit plane. The system en-
able a 180° scan on the horizontal plane with respect to the
thruster. Its centreline is referred to as the 0° angular position
of the probe. An in-house program is used to synchronize
all devices to enable accurate control, to record and to save
measured data. Note that all current density profiles scan the
ion beam from -90° to 90° with step size of 2° and 1° for the
FEEP and HT respectively .

The distance between the FC entrance and the thruster exit
plane (R) is here limited by the vacuum chamber diameter.
Consequently, For the ISCT200 R is fixed at 27.4+£0.2 cm
(~6 thruster mean channel diameters). For the ENPULSION
NANO laboratory unit R is 26.1 cm. There, R is in excess
of 15 emitter crown diameters. The far field plume is usu-
ally defined as the region where R is greater than four thruster
diameters [18]. In the far-field plume domain the thruster is
assumed to be a point ion source [19, 20, 3]. Therefore, the
point source hypothesis is valid for both thruster studies. In
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both cases the entire mechanical structured is refereed to the
experiment ground.

Calibrated Keithley 2410 and 2050 sourcemeters in voltage
source mode have been used to measure the ion current col-
lected by the Faraday cup collector and the collimator elec-
trode. All instruments are referenced to the experiment com-
mon ground.

2.2 Laboratory unit thrusters: The ISCT200
and ENPULSION NANO

Hall thrusters are electrical propulsion devices that use a
plasma discharge with magnetized electrons to ionize and ac-
celerate a propellant gas [3, 21, 8, 22]. The principle relies
upon a magnetic barrier and a low-pressure dc discharge gen-
erated between an external cathode and an anode, see figure
1 (top). The latter is located at the upstream end of a coaxial
annular dielectric channel that confines the discharge. A frac-
tion of the electrons emitted by the thermionic cathode flows
downstream to neutralize the ion beam. The remaining part
travels toward the anode to maintain the plasma discharge.
The propellant gas, typically xenon, is introduced at the back
of the channel. Magnetizing coils or permanent magnets, in-
corporated into a magnetic circuit, provide a radially directed
magnetic field of which the strength is maximum in the vicin-
ity of the channel exhaust. The magnetic field is chosen to
be strong enough to make the electron Larmor radius much
smaller than the discharge chamber characteristic dimensions,
but weak enough not to affect ion trajectories. The electric po-
tential drop is mostly concentrated in the final section of the
channel owing to the low axial mobility of electrons in this re-
stricted area. The electric field governs the propellant atoms
ionization and the ion acceleration. The combination of the
radial magnetic field with the axial electric field generates an
ExB electron drift in the azimuthal direction, the so-called
Hall current. The latter is responsible for the very efficient
ionization of neutral atoms inside the channel.

The ISCT200 Hall thruster is a 200 W-class HT with a clas-
sical magnetic field topology, using xenon as propellant. De-
tails about the ISCT200 series and thruster architecture can
be found in [3, 15]. During operation, the thruster body is
floating. A heated 5 A-class hollow cathode with a disk-
shaped LaB¢ emitter was used to generate the electron cur-
rent [23, 24]. The cathode is located outside the channel with
its orifice in the vertical plane that contains the channel out-
let, tilted towards the thruster. The cathode, which is operated
with a constant xenon mass flow rate of 0.3 mg/s, is electri-
cally connected to the thruster anode and floating. Note that
the thruster plume slightly deviates from the the thruster axial
direction, see figure 2. It results in a deviation of the ion beam
measured by the FC as seen in figure 12.

The ENPULSION NANO is a 10 x 10 x 10 cm® EP device
engineered and produced by the company Enpulsion GmbH
[12, 13, 25]. Itis designed to be easily implemented into satel-
lite structure. It is a 40 W-class thruster all systems included
(i.e. heating, ion emission, neutralization). It is built from
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Figure 1: Working principle of the ISCT200 Hall thruster
(top) and ENPULSION NANO FEEP (bottom). The ISCT200
uses xenon (Xe) as propellant while the ENPULSION NANO
uses indium (In).

the heritage over 20 years of development done at FOTEC
GmbH [26, 27, 28, 29, 2]. The thruster working principle is
based on FEEP physics [30, 31, 32], see figure 1 (bottom).
A strong electrostatic field (10° V/m) is applied at the tip of a
porous, sharp and wetted structure [33, 34]. There, the surface
is deformed and the fluid will turned into a cone-like structure
as described by Sir Taylor [35]. The so called Taylor cone
[36] permits to emit ionized particles from the tip of the wet-
ted structure [37]. To provide E fields exceeding the emission
threshold, called onset voltage, a counter electrode termed ex-
tractor is used. It aids in both ionization and acceleration pro-
cess. It enables to reach electric fields exceeding 10 kV. The
core of the ENPULSION NANO is a passively fed, porous ion
emitter consisting of 28 sharp needle tips, also called injec-
tors, see figure 2 (middle). The extractor is placed around
the crown of needle to reach homogeneous fields. It is fu-
elled with indium. The molten metal can be used in its liquid
states when the thruster reservoir is higher than 156.6°C. The
thruster does not need cathodes to operate. The unit used in
this experiment series is an ENPULSION NANO laboratory
unit (ENP-LU), see figure 2 (right). The ENP-LU is operated
with its own digitally controlled power processing unit (PPU)
[25]. It allows accurate control and measurement of the emis-
sion voltage (V,,,) and current (/,,,). The ENP-LU fires with
16 well distributed injectors. The reduced amount of firing
needles is due to the production process used on this labora-
tory unit [14]. Tt will result in a slight deviation of the ion
beam to the positive side of the thruster angular distribution
visible in figure 11.

The ENP-LU is operated in direct current control mode.
Therefore, the ion current corresponds to the emission current
measured on the PPU. To reduce uncertainties due to small
current oscillations during operation (~ 1%), the so-called
known ion current I, results from an average of emission
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Figure 2: The ISCT200 (left), the ENPULSION NANO flight
unit (middle) and its laboratory unit, ENP-LU (right), in op-
eration.

Table 1: ISCT200 and ENP-LU operation points. Both
thruster fire at constant current for different ion energies.

Thruster I, (mA) V., (V)
ENP-LU 2 5000
ENP-LU 2 6000
ENP-LU 2 7000
ENP-LU 2 8000
ENP-LU 2 9000
Thruster 1; (A) U; (V)
ISCT200 0.66 200
ISCT200 0.66 250

current measured on the PPU over 800 s. In this manner, we
can compare the experimental ion current I,-exp to 1., and de-
termine the FC collection efficiency and reliability, see sec-
tion 4.2 and 5.3. The ISCT200 is operated in current control
mode as well. However, here the current corresponds to the
discharge current /;, which is the sum of the electrons and
ion contribution to the current. Therefore, it is not possible to
know the real ion current unless we use a reliable plasma diag-
nostic. Consequently, data obtained with ENP-LU will help
to optimize the FC in order to accurately map the ISCT200
ion beam.

For both thrusters, all ion current measurements were done
at constant emission current for different ion energies, see ta-
ble 1. The ENP-LU was operated at 2 mA with emitter volt-
ages (V) varying from 5 kV to 9 kV. The ISCT200 fired with
a discharge current of 0.66 A and with U; equals to 200 V and
250 V. Note that in the case of FEEP thruster, the acceleration
voltage is assumed to be equal to the emitter potential and
energy loss are not considered [29].

3 Faraday cup

3.1 Architecture

Measurements of the ion current density in the plasma plume
or ion beam of electric propulsion devices is of great relevance
as the flux of ejected ions determines the thruster properties
such as the thrust level, beam divergence, the specific impulse,
the propellant utilization and it plays a key role in thruster



overall performances. Moreover, an accurate and comprehen-
sive knowledge of this quantity is critical for the validation of
plume modelling and numerical simulations, for thruster ac-
ceptance tests, for the study of facility effects and for under-
standing the interactions between plasma plume and space-
craft elements. A Faraday Cup (FC) is a special kind of elec-
trostatic planar probe. It is basically an isolated conductive
cup dedicated to the detection of charged particles in a low-
pressure or vacuum environment [1]. When a Faraday cup op-
erates as an ion collector, which means the cup is negatively
biased with respect to the floating potential, the ion current in
the probe direction can be accurately measured. Contrary to
other electrostatic probes, edge effects due to plasma sheath
formation are negligible with a FC owing to the closed geom-
etry.

In this study all Faraday cup configurations share a common
base architecture showed in figure 3. The pod or housing (4) is
grounded and shields the electrodes from the ambient plasma.
It is electrically isolated, with PEEK material, from any con-
ductive part of the probe. Inside, the collimator electrode (3)
is used to define the ion flux going through the diagnostic.
Hence, it needs to have the smallest area of the system. It
screens electrons and acts as a filter for ion velocity vector.
In this manner, it avoids saturation of the measurement chain
when the FC is placed in the centre of the ion beam. More-
over, it helps to minimize CEX effect on the FC output [38].
It is the most exposed part to the ion beam. Then, it needs to
support high level of stress such as local heating, pulveriza-
tion, deposition. The collimator sits right behind the housing
front. To minimize confusion between collector and collima-
tor electrodes, the latter will be termed repeller in the next sec-
tions. Finally, the collector electrode, composed of a disk and
a cup (1+2), is used to collects the collimated ion flux. The
collector is subject to heavy ion bombardment and sensitive
to the resulting ion induced electron emission. The collec-
tor material property and geometry are not part of the study.
Based on different studies which aimed to enhance ion collec-
tion and minimize SEE events [39, 40, 41, 42, 43], the collec-
tor diameter is fixed to 12 mm and the bottom of the cup is
a AlSi7Mg open-cell foam disk (Nr.4) provided by Exxentis
[44]. Note that IIEE are minimized but not suppressed with
such collector properties. PEEK insulators (5) are used to pre-
vent electrical connection between these three components.
Figure 3 shows as well the different architectures studied in
this work. To enable a good comprehension through this study
a nomenclature (ID) is used to identify all Faraday cup de-
signs. Each ID is split in four components and can be found
as X.X.X. The first label refers to the material facing the beam
used in front of the probe. It can be either graphite (G),
molybdenum (Mo) or aluminium (Al). Then, the second one
informs on the inlet aperture diameter. It can be 10, 07, 05, 03
or 01 mm. Finally, the third label gives information upon the
position of the collimator electrode. If the repeller is exposed
to the ion beam and collimates the ion flux, then the letter £
is used. On the contrary, in the case the repeller is placed be-
hind the housing, and the pod front aperture d,q is smaller
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Al.05

Figure 3: 3D model of all Faraday cup designs tested

than the repeller one d,, the repeller is considered protected
from the ion beam, then the letter P is used. For example,
the FC identified as G.07.E refers to a Faraday cup where the
part of the probe facing the ion beam is graphite, the opening
diameter is 7 mm and the collimator is in the configuration
where it is exposed to the plasma. Furthermore, a FC called
ALOS.P has its front material in aluminium, its aperture is 5
mm and the collimator is in a "protection” configuration.

3.2 Perturbations

Using a Faraday cup to assess beam properties of an EP
device generates plasma - probe interactions. They might
disturb and corrupt the data obtained with the plasma di-
agnostic. The material (housing, collimator and collector)
undergoes important level of stress when bombarded with
highly energetic ions. In such conditions any material might
experience three phenomena: Ions rebound or reflection,
atoms (i.e Neutral) sputtering and ion induced electron
emission (IIEE). The latter is the most critical.

Secondary or ion induced electron emission (IIEE) are the
predominant perturbation during ion current measurements
with a Faraday cup. Once the primary ion is collected an
electron can be ripped off the target surface and ejected.
Consequently, the measured ion current [;, , is artificially
increased and reads Ly, +11EE, with I the current contri-
bution of ion induced electrons. It is related to the ion current
I,'exp with Iyjgg = Yiee X I,'exp. The factor Y;;gE informs on the
capacity of a material to retain secondary electron emissions.
The lower the yield the more efficient the material. There
are two possibilities to minimize the effect of IIEE on the
measured ion current. On the one hand, one can optimize
the cup geometry (length, form) of the FC to increase the
probability to recapture secondary electrons. On the other
hand, one can use different potential field lines inside the
cup to redirect secondary electrons back to the collector and
completely suppress the IIEE effect. The second option is
studied in this work and introduced in section 5.2.
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Figure 4: Schematic of the cylindrical coordinate system used
to compute the experimental ion current /;,,,, from the current
density angular distribution profile.

4 Ion current

4.1 Total ion current /;,,
The ion current /;,,, corresponds to a flux of positive charges
going through a surface per unit of time. It is expressed in A

[C/s]. It reads:
L., ://jidS.

The ion current density j; (A/mz) is here assumed to be
collinear to the outward pointed unit normal vector to the sur-
face. A spherical coordinate system is often used to deter-
mine dS and compute /;,,. The probe is usually fixed at a
distance R and the thruster is supposed to be a point source at
the centre of a sphere. To compute I, , it is needed to know
Ji(6,¢), where 6 is the latitude and ¢ the longitude. When
the current density is solely recorded in a plane that contains
the thruster axis, e.g. following the angle 6 from —7/2 to
7/2, one can assume a cylindrical symmetry of the ion beam
around the thruster axis to determine j;(6,¢) and compute
li,,- It is in fact easier to use a cylindrical coordinate sys-
tem to solve equation 1. In that case the coordinate system
is depicted in figure 4 along with the elementary arc ds. The
thruster exit plan points toward the x axis. Measurements are
performed at a fixed distance R and defined by the angle 6.
Cylindrical symmetry implies a constant j; inside the element
with radius y and thickness ds. The sum of these elements,
each weighted with j;(0), gives the ion current:

ey

R
luy = || itxy)2myds @
with ji(x,y) = ji(0). With the help of several mathematical
convention and simplification we obtain the general final form
of the ion current [45]:

I, = 27K /O * ji(0)sin(6)de. 3)
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This form is also used by Brown et al. [18] in his recom-
mended guidelines for use of Faraday probes. In the case of
perfect symmetry around the x axis we can use the form pro-
posed in equation 3. If the ion beam is not symmetric, one
must use an integral from —x/2 to /2. Therefore, equation
3 is split into the sum of two terms that represents positive and
negative angles:

L, = nR? [/02 j,-(G)sin(G)dGJr/ozj,-(@')sin(@')d@'] )
4)

This comes down to take the absolute of the sinus inside the
integral as followed:

T

o2 2
I,'exp—TCR/E

2

Ji(8) | sin(6) | d6. )

4.2 Probe efficiency

The probe efficiency of the Faraday cup (1) is used to evalu-
ate and compare FC designs between each other. As explained
in section 2.2, the ENP-LU thruster is operated in direct emis-
sion current mode. Therefore the measured experimental ion
current J;, , should ideally be equal to the emitted ion current
Loy Mp corresponds to the ratio between these two values and
it reads:

iex,)

Np = (6)

Iem

For a perfect collection efficiency the ratio equals 1. In re-
ality systematic errors only allow to have an experimental
ion current approximately equal to the known emitted current.
Therefore, the goal is to optimize the FC design to bring 7,
close to 1 as expressed in equation 6.

4.3 Beam divergence

The divergence half-angle 6,;, refers to the width of the beam.
It quantifies the beam deviation from a straight ion beam. The
thrust is directly impacted and it significantly decreases when
the divergence angle gets large. The divergence half-angle
6, of the ion beam is defined as the angle for which the ion
current corresponds to a given fraction of the total ion cur-
rent. In general, the ratio is 0.95. Therefore, the half-angle is
mathematically related to I; according to:

ediv
lyy, =77 [ 5(6) sin(0)-d0 = 095-1,,. ()

exp*

Equation 7 shows that the way [;,,, is calculated, as well as
the treatment of the angular distribution of the ion current den-
sity (smoothing, fitting, filtering, interpolation), greatly influ-
ence the value of 0, for a given dataset. Appropriate design
of a FC must reduce at maximum the need for data processing.



4.4 Current and propellant utilization

The current utilization (7)) is of importance for Hall thrusters
as those devices are not operated with direct ion current con-
trol. A Hall thruster provides thrust when delivering a dis-
charge current (/;) that incorporates both ion and electron
contribution. The current utilization is the ratio between the
experimental ion current and /.

iexp

7 ®)

M=

This ratio is around 0.8 for HTs [3, 46]. That means about
20% of the current is produced by electrons which do not con-
tribute to the thrust.
The propellant utilization « is the ratio of the ion mass flow
rate to the propellant mass flow rate. It corresponds to the
fraction of the propellant mass flow rate injected into the dis-
charge channel that is ionized. This quantity directly charac-
terizes the ionization efficiency, hence it has to be maximized.
Note that multiply-charged xenon ions with charges up to 5+
have been detected in the plume of high-power Hall thrusters.
As the multiply-charged ion fraction is often unknown, the
ion beam is assumed to be solely composed of singly-charged
ions. The propellant utilization reads [47, 48]:

o= l Ilgim )

n e

Where i1 is the propellant mass flow rate, m is the atomic
mass, e is the elementary charge and /;,,, the experimental ion
current. In all cases accurate FC measurements are used to
get more precise and reliable values for the current ionization
as this quantity plays a key role in HT optimization.

S Faraday cup characteristics

5.1 Faraday cup beam exposure

Often, Faraday cups equipped with a repeller [38, 1, 2] are
similar to configuration X.X.E where the repeller is directly
exposed to the plasma. Therefore, this electrode undergoes
high level of stress (local heating, sputtering, IIEE) which can
corrupt the data measured by the collector sitting right behind.
Moreover, the Faraday cup principle relies on the good insula-
tion of its collector, collimator and housing. Therefore, using
a design where the repeller is exposed to the beam increase the
probability to create a short-circuit between two electrodes af-
ter a long time of operation as pictured in figure 5. The left
side of the photograph shows the front of a FC in configu-
ration X.X.E after operation under indium ion bombardment.
The PEEK insulator which electrically separates the repeller
from the housing sits behind the housing front. The right side
shows indium deposition on this PEEK insulator. We observe
the absence of deposition on the part of the probe constantly
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Figure 5: Faraday cup front cleanness (left) and Indium de-
position on PEEK insulator (right) observed on Faraday cup
configuration X.X.E after being exposed to the highly ener-
getic ion beam of the ENP-LU.

X.X.E X.X.P
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Figure 6: Numerical simulation of the potential filed lines in-
side a Faraday cup obtained with the software SIMION.

exposed to the ion beam. However, parts which are never di-
rectly exposed to the plume show propellant deposition (side
part of the probe and PEEK insulator). Using the configura-
tion X.X.P will prevent any deposition inside the Faraday cup.
Note that specific care must be taken on the material chosen
to equip the FC front, see section 5.4, as it will now be used
to collimate the ion flux going through the cup.

Additionally, Ion beams examined in this study cover a wide
energy range, 10 eV to 10000 eV. One must minimize the per-
turbation to the plasma plume induced by potential field lines
due to voltage applied to the cup electrodes. An academic
version of the software SIMION is used to simulate the field
lines created by the cup when different potential are applied.
SIMION is a simulation program that models ion optics prob-
lems. Two Faraday cup configurations (X.X.E and X.X.P) are
presented in figure 6. For each configuration the collector po-
tential is set to -50 V while the repeller is either kept grounded
(top) or bias to -75 V (bottom). For both configurations the
filed lines are confined inside the Faraday cup when the re-
peller is grounded. However, when a potential is applied on
the repeller the field lines created are completely invading the
vicinity of the probe with the configuration X.X.E while they
are kept confined with the other design. The larger the poten-
tial the more the intrusion. As we want to study the effect of
modifying the electric field inside the probe to minimize IIEE
effects the configuration X.X.P seems preferable to use.



5.2 I-V curves

Prior to experimental ion current determination, current-
voltage (I-V) characteristic curves must be acquired to ver-
ify the proper design and functioning of the probe. An I-V
curve consists of a potential sweep on the Faraday cup collec-
tor at different angular position in the EP plume. The sweep
goes from negative to positive value. When the collector is
negatively bias, the probe collects ions and the so-called ion
branch can be measured and quantify. On the positive side
of the I-V curve, the current measured refers to the electronic
branch. There, one can determines plasma and electron prop-
erties such as plasma and floating potentials as well as elec-
tron density and temperature. In this work we will focus on
the ion branch of an I-V curve.

Upstream geometry optimization, we assess the feasibility to
modify the electric field inside the Faraday cup to minimize or
suppress ion perturbation such as IIEE (section 3.2). There-
fore, I-V curves for different repeller potentials have been ac-
quired within the ENP-LU and ISCT200 plasma plumes, see
figure 7. Measurement are acquired with the Faraday cup con-
figuration Al.05.P to reduce field perturbation in the plasma
vicinity. There, the repeller is either grounded or biased to
20V, 25V, -50 V, -75 V or -100 V while the collector
potential is swept from -180 V to 10 V. The current density
measured on both thruster axis (i.e. 0°) is express in gA/cm?
and mA/cm? for the ENP-LU and ISCT200 respectively. In
figure 7 we observe two different behaviours. The top plot
shows the ion branch measured with the ENP-LU while the
bottom one displays measurement done with the ISCT200.
The modification of repeller potential does not impact the ion
branch amplitude measured on the ENP-LU. In contrast, for
the ISCT200 Hall thruster, one can note the diminution of ion
current measured by the FC collector when the repeller poten-
tial is biased more negatively. The ENP-LU operates with ion
energies of the order of its acceleration potential (i.e. several
kV) [29], therefore, they are not affected by the weak potential
field lines created inside the probe. Similarly, ions travelling
within the ISCT200 beam can’t excess its discharge voltage
which is only in the order of few hundreds volts (i.e 250 V).
Moreover, the ion energy distribution of a HT is large [3] com-
pared to the beam of a FEEP thruster [29]. Consequently, the
velocity vector of those ions is subject to perturbations when
an electric field is created in its vicinity. Ions not captured by
the probe collector are instead attracted by the repeller.
Figure 8 shows two I-V curves from the ENP-LU when oper-
ated at 2 mA with ion energies in the order of 7 keV. The plot
located at the top of the figure represents a current measured
by the collector. The second plot, displays a current measured
on the repeller. Both curves are acquired simultaneously when
the collector potential is swept from -180 V to 10 V and the
repeller potential (V) is fixed at -100 V. First of all, we note
that both currents are positive which reflect ions collection on
both electrode. Nevertheless, the ion current seen on the re-
peller corresponds to maximum ~5% of the ion current mea-
sured by the collector. Secondly, it is seen that both I-Vs can
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Figure 7: Ion branch of I-V curves from the ENP-LU thruster
(top) and the ISCT200 Hall thruster (bottom). In both plot the
electric field inside the Faraday cup is modified.

be separated in three zones. Zone 1 shows current obtained
when the collector potential is lower than the repeller one (V,
< V,). There, the ion induced electron emitted by the col-
lector are attracted by the repeller potential, hence increasing
the current seen on the collector. Then, zone 2 represents the
current acquired once the collector voltage overtakes the re-
peller one (V. < V). Note that in zone 2 both electrodes are
still negatively biased. Here, IIE which were lost in zone 1
are now redirected toward the collector, then properly recol-
lected. The IIE recollection is represented by a current drop
on the collector and a current increase on the repeller. Finally,
zone 3 shows ion current acquired when the collector voltage
is positive. Another current drop is observed on the collector
while an important increase is seen on the repeller current. In
this zone the collector is now capturing thermal electrons from
the ambient plasma and IIE created by the probe front. The
repeller current measured in zone 3 is three times higher than
the one seen in zone 2. This shows the importance of shield-
ing the collector from ambient electrons. Consequently, in
the case of FEEP thrusters, the collector FC should be biased
negatively to properly screen thermal and secondary electron
present in the probe vicinity. Its potential should be greater
than the repeller one to recollect all secondary electrons from
the collector. Therefore, zone 2 is the appropriate area to
set the FC to compute the total ion current delivered by the
thruster. In the case of Hall thrusters, the working principle
of such thrusters does not allow to use strong electric fields to
recapture IIE. Moreover, zone 3 cannot be used as well since
primary electrons are travelling along with ions. Additionally,
since no current drop is observed on I-V curves measured on
the ISCT200 axis, see figure 7, one can agree that the length
of the cup (50 mm) is long enough to recollect all IIE. There-
fore, zone 1 is preferable to measure the ion current of these
EP devices.
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Figure 8: Determination of appropriate Faraday cup settings
to measure and compute the experimental ion current of an
electric thruster plume.

5.3 Faraday cup accuracy and reliability

Data obtained with a Faraday cup is mainly influenced by the
energy of ions travelling within the thruster plume. To a cer-
tain extent the ion density which characterizes the population
of ions per unit of area can impact the FC output as well. To
enable reliable thruster performance characteristics one must
show the robustness of a FC design against ion energy and
density perturbations. To this end, we first operated the ENP-
LU at 2 mA of current emission (/) with acceleration poten-
tial (V) from 5 kV to 9 kV. Secondly, we set (V,,;,) to 8 kV
while 7., was fixed to 1, 2 and 3 mA. For each firing config-
uration a plume scan was performed as described in section
2.1. The Faraday cup was in configuration Al.05.P. Figure 9
displays the probe efficiency (7),), computed as described in
section 4.2, for each firing operation. The blue colour rep-
resent efficiencies obtained when the thruster fires at constant
current while the red colour concerns efficiencies computed at
equal acceleration potential. First, we observe that 7, is sta-
ble for both constant current and voltage thruster operation.
Moreover, the standard deviation between each 7, computed
is less than 0.5%. Additionally, we note that with this Faraday
cup design the probe is able to collect ~ 95% of the ion cur-
rent from the thruster plume. Both data set give a collection
efficiency average of 94.5 £ 3%.

From these results we can argue that the Faraday cup de-
sign enable to measure more than 95% of the real ion current
with a degree of confidence below 5%. Moreover, figure 9
proves the reliability and robustness of the FC ion collection
for different current densities and ion energies.
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Figure 9: Faraday cup ALOS.P ion collection efficiency ob-
tained from current density angular distribution of the ENP-
LU plume.

5.4 Faraday cup front material

As explained in section 5.1 the front part of a Faraday cup is
the most exposed to direct ion and electron impact. Therefore,
the material must be able to withstand high level of stress.
In the case of low power (<200W) EP devices, heat load
experienced by the plasma diagnostic is less important than
with high power electric thruster. Nevertheless, low power
thrusters still carry energetic ions within their plume making
these stresses not negligible. We assessed the impact of the
material used to equip the front of a Faraday cup. Firstly,
we used the Faraday cup configurations G.05.E, M.05.E and
ALOS.E for the ENP-LU. For the ISCT200 configurations
G.10.E and Mo.10.E were tested. The first plot displayed in
figure 10 represents the ion collection efficiency obtained with
the ENP-LU. On the second plot the current and propellant
utilization for the ISCT200 are shown. For the FEEP thruster
efficiency decreases when the probe front is made of molyb-
denum. It drops even more with aluminium. We observe a
decrease for the current and propellant utilization in the case
of the HT when the FC is equipped with Mo. As explained
in section 4.4, these two parameters depend directly on the
ion current measured. For a given FC design both parame-
ters are computed with only a modification of /;, ,. There-
fore, a variation on these figures would induces a variation
of the ion current collected. For the FEEP thruster we note
a maximum variation of 6% in collection efficiency between
FC configuration. In contrast, 1, and & can drop by by 14%
and 12.5% respectively in the case of the HT. The third plot in
figure 10 displays 1, (FEEP), 1, (HT) and o (HT) obtained
with FC configurations X.X.E and X.X.P. In the case of the
FEEP (red), we compared the probe ion collection efficiency
between FC configuration Al.05.E and Al.05.P, where the ma-
terial facing the plume is identical (aluminium). We observe
that the efficiency increases when the FC is in configuration



B 1, (ENP-LU) L np (1SCT200) ¢ «(ISCT200)

Np
0000 A==

W

PPOOOO =
Sooooo
(]
HIH
HiH

G Mo Al
Faraday Cup front mateiral (X.05.E)

G Mo
Faraday Cup front mateiral (X.10.E)

g !

Expésed Protected
Faraday Cup front design

Nb, &
OO0~~~
QONOOO -

Np

0000
DPOOOO=
[SIststatstars)

00000~
QONO0OO—
Np, &

Figure 10: Evolution of the normalized ion current measured
on the ENP-LU and ISCT200 plume with different FC con-
figuration.

X.X.P. In the same manner, the current (blue) and propellant
utilization (green) computed with configuration G.05.E and
AL.05.P are plotted as well. The same behaviour is observed.
Note that with the X.X.P configuration the top of the collector
cup is further away from the probe entrance since we use the
front of the probe, not the repeller, to collimate the ion flux.
Therefore, the distance between the ambient plasma and the
collector increases by few millimetres. Moreover, with con-
figuration X.X.P the repeller is physically shielding the col-
lector from undesirable particle created by the probe front.

Results presented in this section reinforce the analysis done
in section 5.1. A Faraday cup in a configuration where the
housing front collimates the ion flux while a secondary elec-
trode called repeller is placed behind, and protected from di-
rect ion impact, increases the accuracy and reliability of the
probe ion collection.

5.5 Faraday cup front aperture

The aperture diameter of a Faraday cup is of great impor-
tance as it defines the collection area used to obtain the ion
current density. Faraday cup configurations G.01.E, G.03.E,
G.05.E, G.07.E and G.10.E were used to measure the angular
ion current density distribution of the ENP-LU (figure 11) and
ISCT200 plume (figure 12). The first plot in figure 11 dis-
plays the ion beam profiles of the ENP-LU for different ion
energy and constant current emission (2 mA) for a given FC
configuration (G.07.E). In order to keep I, constant for dif-
ferent acceleration potential, the extractor potential (V,,) must
ba adjusted which modified the beam width. The smaller V,,
the more focus the ion beam. It results with higher current
densities measured on the thruster axis and less at the thruster
wings. We know from section 5.3 that it does not impact the
ion collection efficiency of the probe, therefore the experi-
mental ion current will be identical in all cases. The second
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Figure 11: Current density profiles of the ENPULSION

NANO laboratory unit for different thruster operating points
(top) and aperture diameters of 10 mm and 1 mm (bottom).

plot (bottom) in figure 11 shows the ion beam shape at con-
stant current and voltage emission acquired with configura-
tion G.10.E and G.01.E. The latter reads less current density
on the thruster axis. Figure 12 displays the ion beam profile
of the ISCT200 Hall thruster plume firing at 0.66 A with 200
V (top) and 250 V (bottom). Once more the intensity of the
ion current density decreases with the aperture diameter of the
probe with a major drop when d, <5 mm. On the face of it,
the relation between the angular current density distribution
and the aperture diameter of the Faraday cup looks more im-
portant in the case of a Hall thruster than for a FEEP.

From the beam profiles showed in figure 11 and 12 the ion
current is computed. Figure 13 presents the values obtained
for n, (red) with the ENP-LU, 1, (blue) and o (green) with
the ISCT200. In the case of the ENP-LU we observe a small
decrease of the collection efficiency when the diameter is re-
duced. Almost no differences are noticed between 10 mm
and 7 mm as well as between 5 mm and 3 mm. Overall, 7,
decreases by 5% when d, is reduced by a factor 2 and by
10% when reduced by 10. For the ISCT200, the ion collec-
tion losses of the Faraday cup is even more visible and pro-
nounced. 1 and o can drop by ~10% if d, decreases by
a factor 2 and by ~50% if decreased by 10. Note that the
front of a Faraday cup also acts as an ion velocity vector fil-
ter. It means reducing the probe aperture increases ions se-
lection with directions collinear to the probe axis to reach the
collector. Moreover, for smaller aperture diameter, the probe
alignment requires more accuracy when performed. The un-
certainty and possible error will increase and be added to the
ion selection process which strengthen the losses to the ion
collection. The major drop of 1), in the case of the ISCT200
could be explained by the invalidity of the point source as-
sumption, for a given collection surface, that is often found in
the literature. Ions originate from an extended region of space
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thruster measured for discharge voltages of 200 V (top) and
250 V (bottom) and constant I; with different FC aperture di-
ameters.

that has an annular geometry. Moreover, the velocity vector
dispersion is large in the case of Hall thrusters due to the over-
lap between the ionization and acceleration zones combined
with many scattering and charge exchange collision events.
These phenomena are strongly reduced or even absent from

a FEEP plume as it mainly consists of an ion beam where
ionization and ion acceleration are localized on a small region
and happen one after the other. For those reasons the collected
ion current strongly depends on the FC aperture dimensions.
Note that this work reveals the thruster to probe distance nec-
essary for the point source assumption to be valid is much
longer than 4 thruster diameters, a classical value often en-
countered, when the probe aperture diameter is lower than 5
mm.

Finally, in the same manner than the collection efficiency, the
divergence angle 6, computed for each aperture diameter is
plotted in Figure 14. This parameter can be influenced by
the extractor potential and the mas flow rate for the ENP-LU
and the ISCT200 respectively. Therefore, for each data point
the entire controllable firing conditions for each EP device are
plotted. On the opposite of 1, it is clearly seen that 6y, is
not impacted by the value of the Faraday cup collection area.
One could argue that the ratio of ions missed by the collector
probe is constant over the entire angular distribution profile.

6 Conclusion

In this study we compared for the first time the effect of a
Faraday cup design upon the determination of crucial plume
parameters such as ion current, beam divergence, current and
propellant utilization. The focus was on the impact of the
Faraday cup front architecture. The work revealed that the
efficiency of ion collection of an electric thruster plume, in-
dependently from its specific operation characteristic, can be
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optimized if one uses the right materials, aperture dimensions
and operate the probe with the right potentials.

Moreover, we compared the output obtained with two dif-
ferent EP technologies namely a Hall Thruster and a FEEP
thruster. These two thrusters differ in many points such as
propellant, beam current density and ion energy. It appeared
that despite their differences similar behaviours are observed
when the same plasma diagnostic is used to study their beam.
Indeed, for a FC configuration where the repeller is exposed
to the plume, the material used is of great importance. It
is preferable to use a material with low sputtering yield and
weakly impacted by secondary electron emission. Using a de-
sign where the front of the probe housing collimates the ion
flux and the repeller is placed behind and protected from di-
rect ion impact increases the probe reliability. In this manner,
the probe is shielded against particle deposition and its po-
tential field lines do not penetrate the ambient plasma in the
probe vicinity. Additionally, it prevents background particles
and undesirable ones to travel through the collector electrode
and disturb the collected current.

Nevertheless, despite their similarities some design parame-
ters are more impacted depending on the EP device studied.
For EP devices operating with highly energetic ions, the probe
needs to be operated with specific potential applied to all elec-
trodes. The collector and repeller need to be negatively biased
with V. < V.. This way, all secondary electrons are recol-
lected. In the case of EP devices firing with lower are more
disperse ion energy, the repeller should be left grounded while
only the collector is negatively biased. For these thrusters
only the probe architecture can be optimized to recollect the
IIE. Finally, the ion collection efficiency strongly depends on
the probe aperture diameter, for a given thruster-to-probe dis-
tance. We observed that for distances larger than 15 times the
thruster mean diameter the relation between the experimental
ion current and probe entrance diameter is drastically reduced.
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To improve plasma diagnostic standardization and reliability
further studies should be carried out on the relation between
the Faraday cup collector material and geometry with the ion
collection efficiency.
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