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ion
Firstly, since no neutralizer is needed, this thruster
would not suffer from hollow cathode lifetime
limitations, which affect other, more mature
thruster technologies. Moreover, this cathode-less
design allows to scale down the thruster, both in
size and power, without important propellant
utilization efficiency losses (a neutralizer, on the
contrary, would require a minimum neutral gas flow
to work, regardless of the thruster size). Finally, an
electron-less plasma plume presents several
advantages for a newly proposed technique for
active, contactless space debris removal, known
as ion beam shepherd [6], and which largely
benefits from very low divergence plasma plumes
at relatively large distances from the thruster (1020 m). In fact, the absence of light electrons makes
the plume expansion almost insensitive to the
Earth’s magnetic field (which might distort or affect
the expansion of a plasma plume containing
electrons in non-trivial ways) and, at the same
time, the divergence growth due to the residual
electron pressure (the major source of divergence
increase in electric thruster plumes, as
demonstrated in [7]) is effectively cancelled.

ABSTRACT
Ion thrusters based on the alternate acceleration of
positive and negative ions are receiving an
increasing attention in the electric propulsion
community, as they can work in steady state with
no external neutralizer, a critical element for most
ion thrusters. PEGASES (Plasma propulsion using
Electronegative GASES) is one of these thrusters
and, given its low maturity level, it still requires
some fundamental investigation of its working
physical principles. This paper describes the
results of an experimental campaign, carried out at
the Laboratoire de Physique des Plasmas, aimed
at characterizing the plasma plume, both in space
and time, thus trying to provide a better
explanation of the physics behind an alternate ions
plume expansion and neutralization. The evolution
with distance of time averaged plume parameters
has been obtained and evidence of localized
travelling beam packets has been found.
1. INTRODUCTION

While the working principle of PEGASES has
already been demonstrated by testing a prototype
at LPP, as reported in [1] to [5], some phenomena
still need to be further investigated. While some
advances in the modelling of an alternate ions
plume have been recently achieved, especially for
what concerns the near region, as shown in [8],
from an experimental point of view, this field
remains almost completely unexplored. This paper
then describes the most recent experimental
activities carried out to characterize the PEGASES
plasma plume, both in space and in time.

The alternate extraction and acceleration of
positive and negative ions for propulsion is a new
concept, proposed and validated experimentally at
the Laboratoire de Physique des Plasmas (LPP),
as shown in references [1] to [5]. This innovative
thruster concept is named PEGASES, acronym for
Plasma propulsion using Electronegative GASES,
and achieves the alternate acceleration of positive
and negative ions through an ion optics system
that switches its potential in time.
As explained more in detail in the next section, a
square voltage waveform with a frequency of
hundreds of kHz is applied to the screen grid, while
the acceleration grid is grounded. By controlling
the duty cycle (ratio between the positive voltage
and the total wave periods), an overall neutral
beam can be extracted, as shown in [3], thus
requiring no further neutralization. The resultant
plasma plume is composed only of positive and
negative ion beam packets with (theoretically) no
electrons, a characteristic which makes this
thruster concept interesting for several reasons.

The paper is then divided in the following sections.
In section 2, the thruster elements and its working
principles are presented. In section 3, the
experimental setups are described. In section 4,
the results of respectively the spatial and time
resolved characterization campaigns are presented
and discussed, while the conclusions are
summarized in section 5.

1

2. PEGASES ELEMENTS AND WORKING
PRINCIPLES

plume made of alternated beam packets, as shown
in Figure 1. For the experimental campaign
described here, a frequency of 250 kHz was
considered with a duty cycle of 0.5 (negative and
positive voltage half periods are equal). These
conditions are very close to the optimal frequency
for current extraction, as shown in [3].

Figure 1 shows a vertical cross section of the
PEGASES thruster. This has an external metal
housing, which is 12 cm long and a rectangular
cross section, of dimensions 8x12 cm. An internal
metal source tube is coupled inductively to an RF
antenna through a ferrite core and a ceramic
window. The plasma is generated close to the
ceramic window through an inductive discharge, by
injecting propellant through 8 injection holes,
distributed axially along the thruster length. The
internal metal housing, in contact with the plasma,
is electrically insulated from the external grounded
one by means of a Teflon piece.

While ideally no electrons should be extracted, in
reality, some of them reach the screen grid region
and are extracted during the negative voltage half
period. In fact, as observed in [11], one lateral
surface of the thruster presents a relative geometry
between the plasma sheath electric field and the
transversal magnetic field, that yields an E cross B
drift towards the screen grid, as shown in Figure 2.
For this reason, in the following experiments, in
order to minimize the amount of co-extracted
electrons, the screen grid half surface close to this
lateral thruster surface has been blocked. So, the
active screen grid area or the initial plume cross
section is a 6x6 cm square.

A transversal magnetic field, generated by external
permanent magnets allows to reduce the electron
temperature downstream by approximately a factor
of 10, as shown in [9].

3. THE EXPERIMENTAL SETUP
The vacuum chamber used for the experimental
campaign is a cylindrical chamber of 60 cm radius
and 80 cm length. The PEGASES thruster is
connected to one side of this chamber, through a
dedicated flange, as shown in Figure 2. The
vacuum is achieved through a rotative primary
pump and a magnetic levitated turbo-molecular
pump, which permit to achieve a downstream
pressure as low as 2∙10-6 mbar, with zero mass
flow rate. With the thruster on, the downstream
pressure was always higher than 6∙10-5 mbar,
reaching a maximum value around 2∙10-4 mbar, for
the highest tested mass flow rate.

Figure 1: Schematic of the PEGASES thruster

If an electro-negative gas is used as propellant, the
resulting low energy electrons, instead of crossing
the magnetic field lines through collisions, tend to
be captured by the gas atoms and form negative
ions, which can traverse easily the magnetic field
barrier, together with the positive ions, thus
maintaining the plasma quasi-neutrality.

3.1.

Spatial diagnostics

The spatial characterization campaign had the
major goals of determining:


Thus, an ion-ion plasma with a very high
electronegativity (ratio between negative ion and
electron number densities) can be achieved close
to the screen grid. Such plasma is electrically
insulated from the electron plasma close to the RF
antenna, where the electron density is not
negligible, by means of an insulating tape. In this
way, the ion-ion plasma potential can follow more
freely the applied screen grid voltage, avoiding
some problems encountered in a previous thruster
design, as shown in [5] and [10].




the amount of electrons downstream,
identifying their major source
the time-averaged profiles of ion density,
electron temperature and plasma potentials
along the plume centerline
any evidence of downstream recombination

The experimental setup is schematically shown in
Figure 2, while Figure 3 shows a photo taken
inside the vacuum chamber with an active plume.
As previously mentioned, one half of the screen
grid was blocked to prevent the extraction of the
electrons from the thruster lateral surface that was
characterized by the E cross B drift (right side
lateral surface in Figure 2). The diagnostics were
then aligned along the centerline of the effective
plume, of initial size 6x6 cm. Such diagnostics
consisted of two Langmuir probes and a Magnetic
Retarding Field Energy Analyzer (MRFEA), fully

By applying a square voltage waveform of a
sufficiently high frequency (hundreds of kHz) to
the screen grid, in order to prevent the formation of
an excessive space charge region and hence
beam stalling, it is finally possible to alternatively
extract positive or negative ions, thus forming a
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described in [12]. The Langmuir probes consist of
a tungsten wire and an insulating alumina tube.
One probe is located at the plume centerline
(internal Langmuir probe or ILP), and another is
located out of the main plume at a distance higher
than 10 cm from the beam centerline (external
Langmuir probe or ELP).

Referring to Figure 2, the diagnostics could be
moved axially by 20 cm with the use of a
translation arm.
All experimental cases were run with a constant
power from the RF generator of 200 W. Four
different mass flow rates were tested, as
summarized in Table 2, and corresponding to
either 3 or 6 SCCMs of Argon or SF6. Argon was
also considered for cases 1 and 2, as it is the gas
currently used to ignite the thruster (a direct
ignition with the electronegative SF6 cannot be
achieved). For each of the 4 cases, 2 different
screen grid square voltage amplitudes were
considered (250 and 350 V).
Table 2: Experimental cases of the spatial
characterization campaign

Figure 2: Spatial characterization campaign setup.
Horizontal cross section of the vacuum chamber and
thruster

1
2
3

Voltage
Amplitudes
(V)
250, 350
250, 350
250, 350

SF6 mass
flow rate
(mg/s)
0.652
0.326
0.652

Argon mass
flow rate
(mg/s)
0.178
0.089
0.000

4

250, 350

0.326

0.000

Case N.

Regarding the MRFEA, this is a retarding field
energy analyzer, with one grounded grid, a varying
voltage collector and a magnetic system
generating a homogeneous transversal magnetic
field in the entrance slit. Such field prevents
electrons from being collected, while letting the
ions (positive and negative) flow through. As
shown in reference [12], the MRFEA grid
transparency above ion energies of 200 eV can be
considered almost constant and equal to 30%.

The downstream chamber pressure and the ion
mean free paths corresponding to the above
defined experimental cases, are finally reported in
Table 3. The latter have only been roughly
estimated, as the real plasma is a mixture of many
ionic types (as it is typically the case for SF6) and
limited collisional data is available.
Table 3: Plume and vacuum parameters for the 4
considered spatial characterization cases

Figure 3: Photo of the PEGASES plume during the
spatial characterization campaign

Case
N.

Downstream
pressure
(mbar)

1
2
3
4

2.00∙10-4
1.06∙10-4
1.13∙10-4
6.00∙10-5

3.2.

Downstream
ion mean
free path
(cm)
140
270
250
480

Ion mean
free path at
thruster exit
(cm)
37
75
57
114

Time-resolved diagnostics

Diagnostics properties

Values

The time resolved characterization campaign had
the major goals of determining:
 whether the beam packets are localized in
space and if this changes with the distance
from the thruster
 the peak to peak and time averaged values of
the plasma potential in the plume

ILP tip length
ELP tip length
ILP and ELP diameter
ILP and ELP material

81.8 mm
13.0 mm
0.5 mm
Tungsten

The experimental setup modified for time
characterization campaign is shown in Figure 4,
while Figure 5 shows a photo of the plume taken
during this campaign.

MRFEA collector area

1 cm2

MRFEA transparency

30%

The properties of the above described diagnostics
are summarized in table 1.
Table 1. Properties of the spatial characterization
diagnostics

In order to measure the plasma potential inside the
3

plume as a function of both space and time, a
special capacitive potential sensor was designed
for this campaign, consisting of a copper square
ring of cross section 6x6 cm, equal to the initial
beam size, and with a depth of 2 cm.

of alternating voltage 𝑉𝑝 , coupled to the sensor
through the plasma sheath capacity 𝐶𝑟𝑖𝑛𝑔 , which
depends on the total lateral surface of the ring and
on the sheath depth (unknown a priori). Of course,
a proper modelling of the conduction current to the
ring also requires adding a parallel resistance to
the model. However, at the frequencies considered
here, the contribution of the conduction current can
be neglected and, in any case, by doing so, we are
considering a worst case scenario (the conduction
currents have the effect of improving the quality of
the measured signal). Other important elements of
the circuit are the feedthrough capacity 𝐶𝑓𝑒𝑒𝑑 and
the oscilloscope equivalent circuit, consisting of a
resistance 𝑅𝑜𝑠𝑐 in parallel with a capacity 𝐶𝑜𝑠𝑐 .

Figure 4: Time resolved campaign setup. Horizontal
cross section of vacuum chamber and thruster

A rough estimation for this sheath depth can be
obtained by inverting the Child Langmuir’s space
charge formula and assuming some rough
estimations for the voltage drop 𝑉𝑠ℎ𝑒𝑎𝑡ℎ and the
current density 𝑗𝑖 𝑠ℎ𝑒𝑎𝑡ℎ across the sheath. The
plasma sheath depth is given by Equation 1, where
𝑚𝑖 is the ion mass and 𝜖0 is the dielectric constant
of a vacuum.
3

𝑑𝑠ℎ𝑒𝑎𝑡ℎ

1/2

2
4
2𝑒 𝑉𝑠ℎ𝑒𝑎𝑡ℎ
= ( 𝜖0 √
)
9
𝑚𝑖 𝑗𝑖 𝑠ℎ𝑒𝑎𝑡ℎ

(1)

By assuming 𝑉𝑠ℎ𝑒𝑎𝑡ℎ = 10 V, and 𝑗𝑖 𝑠ℎ𝑒𝑎𝑡ℎ = 𝑣𝑏 𝑛𝑖 𝑒 ≃
19 mA/m2, where 𝑣𝑏 is the expected ion Bohm’s
velocity, 𝑛𝑖 is the expected plasma density and 𝑒 is
the electronic charge, the sheath depth is
approximately 3 mm, so that the coupling
capacitance can be roughly estimated as:

Figure 5: Photo of the PEGASES plume during the time
characterization campaign. Different shapes of potential
sensors were tested, although the results shown here
have been obtained with the sensor to the right.

Such a sensor was aligned with the PEGASES
plume, as shown in Figure 4, and its distance from
the source could be changed with a translation arm
by as much as 20 cm. This ring was connected to
the arm through an insulating Teflon piece. In
short, such a sensor should follow closely the
evolution in time of the plasma potential, provided
that its coupling capacity with the plume is
sufficiently high. To better understand this concept,
refer to Figure 6.

𝐶𝑟𝑖𝑛𝑔 =

2𝜖0 𝑆𝑟𝑖𝑛𝑔
≃ 28 pF
𝑑𝑠ℎ𝑒𝑎𝑡ℎ

(2)

where 𝑆𝑟𝑖𝑛𝑔 is the lateral surface of the sensor in
contact with the plasma. According to the
equivalent circuit of Figure 6, if we assume that the
oscilloscope series resistance is very large and
that we can neglect the current flowing through it,
then the measured potential 𝑉𝑜𝑢𝑡 is given by:
𝑉𝑜𝑢𝑡 = 𝑉𝑝 ⋅ (1 −

𝐶𝑓𝑒𝑒𝑑 + 𝐶𝑜𝑠𝑐
)
𝐶𝑓𝑒𝑒𝑑 + 𝐶𝑜𝑠𝑐 + 𝐶𝑟𝑖𝑛𝑔

(3)

So, if 𝐶𝑟𝑖𝑛𝑔 ≫ 𝐶𝑜𝑠𝑐 + 𝐶𝑓𝑒𝑒𝑑 , the output voltage
measured by the oscilloscope would coincide with
the plasma potential inside the plume. The value of
the oscilloscope input capacitance is a
manufacturer provided value, 9.5 pF for the
oscilloscope probes used here, while the
feedthrough capacity can be generally neglected
(lower than 1 pF). By connecting in parallel to the
oscilloscope a known capacity of 150 pF, as shown

Figure 6: Schematic and equivalent circuit of the plasma
potential sensor

The alternating ion beam packets act as a source
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rectilinear. Here 𝑛𝑒 and 𝑇𝑒 represent respectively
the electron density and temperature. Then, the
plasma potential 𝜙𝑝 was computed by assuming a
Maxwellian population of electrons as:

in Figure 6, it was then straightforward to obtain an
indirect measurement of the ring capacity. In fact, it
turns out that the ratio between the output voltage
amplitude 𝑉0 measured without this capacitance
and the output voltage amplitude 𝑉1 measured with
it, is a direct function of the ring-plasma mutual
capacitance, as shown by Equation 4:
𝐶𝑜𝑠𝑐 + 𝐶𝑟𝑖𝑛𝑔 + 150pF
𝑉0
=(
)
𝑉1
𝐶𝑜𝑠𝑐 + 𝐶𝑟𝑖𝑛𝑔

𝑚𝑖
𝜙𝑝 = 𝜙𝑓 + 𝑇𝑒 ⋅ [0.5 + ln (
)]
2𝜋𝑚𝑒

(5)

This approach is also justified by the fact that the
Langmuir probe characteristics showed a positive
saturation region clearly dominated by electrons,
either extracted from the PEGASES or created
downstream by secondary processes (ionizing
collisions of ions against neutral gas atoms or ion
bombardment secondary emissions with the
chamber walls).

(4)

In this way, we estimated it to be 20.5 pF, a value
which is not very different from the one previously
obtained. Since the oscilloscope input capacitance
is 9.5 pF, the resulting measured voltage should
correspond to approx. 70% of the real plasma
potential. For the purposes of this characterization,
this was considered enough to get representative
electric potential evolutions in space and time.

The evolution of the floating potential with the
distance from the thruster exit 𝑑, for an applied
voltage of 250 V and 350 V, is respectively shown
in Figures 7 and 8.

Finally, for the time-resolved characterization
campaign, we considered only the case N.4 of
Table 2: 0.326 mg/s of pure SF6, with applied
voltages of either 250 or 350 V. The distance
between the sensor center and the thruster exit
was initially 6.1 cm and it could be extended, once
again, up to 26.1 cm with the use of the translation
arm.
4. EXPERIMENTAL CAMPAIGN RESULTS
AND DISCUSSION
Before, proceeding with the presentation of the
results, it is paramount to say that the observed
measurements were dominated by electrons.
Therefore, no ion-ion plasma theory has been
used here to post-process the measurements.
Moreover, as mentioned before, the plasma is a
mixture of many different types of ions (both
positive and negative), due to the use of SF6 as
electronegative propellant. Therefore, in the
following, we have assumed an “average” ion
mass 𝑚𝑖 =100 AMUs (atomic mass units) as a first
approximation for the considered SF6-Argon
mixture.
4.1.

Figure 7: Time-averaged floating potential Vs distance
from the thruster for 250 V grid voltage. Filled markers
refer to the internal probe, empty markers to the external
one. Case N.1 is shown with red upwards triangles, case
N.2 in magenta downwards triangles, case N.3 in blue
squares and case N.4 in black circles

Spatial Characterization Campaign

From Langmuir probe measurements, it was
observed that the probe current first derivative was
very noisy close to the plasma potential and that, in
general, it did not reach a saturation value. So,
computing the plasma potential as the maximum of
the collected current first derivative or as the first
zero (after the floating potential point) of the
second derivative, produced large errors. For this
reason, we followed a different approach. First of
all, the floating potential 𝜙𝑓 was determined as the
probe voltage for which a zero current was
measured, and, secondly, the electron temperature
was obtained from the portion of the I-V
characteristic where the ln(𝑇𝑒 ) vs ln(𝑛𝑒 ) was

Figure 8: Time-averaged floating potential Vs distance
from the thruster for 350 V grid voltage. Filled markers
refer to the internal probe, empty markers to the external
one. Case N.1 is shown with red upwards triangles, case
N.2 in magenta downwards triangles, case N.3 in blue
squares and case N.4 in black circles

The time-averaged floating potential is slightly
negative (as low as -10 V) close to the thruster
exit, meaning that the negative ion current density
should be slightly higher than the positive ion
5

current density. This implies that the 50% duty
cycle used here, seems to favour the extraction of
negative ions. As we get farther away from the
thruster,
however,
the
floating
potential
approaches 0, meaning that the plume eventually
neutralizes. Moreover, the floating potential seems
to depend dimly on both the mass flow rates and
the applied voltage magnitude and it is always
higher for the external Langmuir probe, by
approximately 10 V. This behaviour suggests that
the main source of surface charging inside the
plume is represented by negative ions, absent for
the external Langmuir probe, which thus requires a
higher voltage to draw no current.

With the time-averaged floating potential and
electron temperature evolutions, we could then
determine the plasma potential and it is shown in
Figures 11 and 12, for the 2 voltage cases.

The time-averaged electron temperature evolution
with the distance, on the other hand, is shown in
Figures 9 and 10, for the 250 and 350 V cases.
The electron temperatures are generally higher
inside the main plume than outside and they are
between 4 and 5 eV very close to the thruster exit.
The electron temperature inside the plume tends to
decrease with the distance from the thruster,
reaching a value around 3 eV, at a distance of 25
cm. The external plume electron temperature is
less dependent on the distance from the thruster
and it varies between 3 and 3.5 eV.

Figure 11: Time-averaged plasma potential for 250 V
grid voltage. Filled markers refer to the internal probe,
empty markers to the external one. Case N.1 is shown
with red upwards triangles, case N.2 in magenta
downwards triangles, case N.3 in blue squares and case
N.4 in black circles

Figure 12: Time-averaged plasma potential for 350 V
grid voltage. Filled markers refer to the internal probe,
empty markers to the external one. Case N.1 is shown
with red upwards triangles, case N.2 in magenta
downwards triangles, case N.3 in blue squares and case
N.4 in black circles

Figure 9: Time-averaged electron temperature for 250 V
grid voltage. Filled markers refer to the internal probe,
empty markers to the external one. Case N.1 is shown
with red upwards triangles, case N.2 in magenta
downwards triangles, case N.3 in blue squares and case
N.4 in black circles

The plasma potential behaves differently inside
and outside of the main plume. For the outside
ambient plasma, the plasma potential increases
slightly at the beginning to reach a plateau around
25 V, for both voltage cases. The plasma potential
inside the plume, on the other hand, increases at
the beginning, probably due to some ion focussing
(which makes the plasma density increase with the
distance), to later start decreasing monotonically,
as for a standard diverging plasma plume. The
peak plasma potential is reached at a distance of
approximately 15 cm from the thruster exit. The
fact that the plasma potential is higher outside of
the main plume is hard to explain and should be
further tested and investigated in future work. A
possible explanation could be that a high negative
ion density inside the plume, bigger than the
positive ions density for the considered thruster
operational point, results into an inwards ambipolar
electric field, which is opposite to the one normally
found in a conventional neutral plasma plume
(directed outwards).

Figure 10: Time-averaged electron temperature for 350
V grid voltage. Filled markers refer to the internal probe,
empty markers to the external one. Case N.1 is shown
with red upwards triangles, case N.2 in magenta
downwards triangles, case N.3 in blue squares and case
N.4 in black circles
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From the knowledge of the plasma potential and
the Langmuir probes geometry, we then computed
the electron density inside and outside of the
plume. This is shown in Figures 13 and 14.

experimental case N.3, which also shows the
corresponding exponents.

Figure 15: Time-averaged electron temperature Vs
density in a log-log plot. 𝑇𝑒 is in eV, while 𝑛𝑒 is in m-3.
The corresponding polytropic coefficients, which are the
slopes of the linear fittings, are shown as well. Data for
the 250 and 350 V cases has been merged together

Figure 13: Time-averaged electron density for 250 V grid
voltage. Filled markers refer to the internal probe, empty
markers to the external one. Case N.1 is shown with red
upwards triangles, case N.2 in magenta downwards
triangles, case N.3 in blue squares and case N.4 in black
circles

The effective polytropic exponents for the other
experimental cases are summarized in Table 4.
The reported values are compatible with
electropositive plumes values found in literature,
which are between 1 and 1.3, as shown in [13] to
[16]. Moreover, the lower the SF6 mass flow rate
(cases 2 and 4, featuring 3 SCCMs), the higher the
polytropic coefficient for the internal electrons. This
suggests that some phenomenon strictly correlated
with the mass flow rate of SF6, is taking place. The
lower this mass flow rate, the faster the electrons
cool down (a higher polytropic exponent means
faster cooling, as shown in [7]).
Table 4: Polytropic coefficients for the different
experimental cases

Figure 14: Time-averaged electron density for 350 V grid
voltage. Filled markers refer to the internal probe, empty
markers to the external one. Case N.1 is shown with red
upwards triangles, case N.2 in magenta downwards
triangles, case N.3 in blue squares and case N.4 in black
circles

Case
N.
1
2
3
4

Once again, for the external probe, the electron
density does not vary much with the distance and
is around 2∙1013 m-3 (for 250 V) and 3∙1013 m-3 (for
350 V). Inside the plume, on the other hand, the
electron density rapidly decreases with the
distance. This means that electrons are drawn
towards the centre of the plume to compensate, on
average, the total space charge and this
compensation is higher, the denser the plume. In
all cases, at a distance between 15 and 20 cm, the
electron density inside the plume drops below its
value outside of the plume, as dictated by the fact
that the electric potential inside the plume is lower
than the one outside. Regarding the effect of the
mass flow rate, the cases with the highest total
mass flow rates (cases N.1 and 3, painted
respectively in red and blue) also present the
highest electron densities, as clearly expected.

Polytropic
exponent for the
external electrons
1.05
1.32
1.32
1.28

Polytropic exponent
for the internal
electrons
1.12
1.34
1.19
1.35

Let us now consider the results obtained with the
MRFEA. Some difficulties were encountered when
trying to characterize the ion energy distribution
function for the positive ions, as some films due to
SF6 deposition were constantly forming on the
collector. The positive voltage sweep of the
MRFEA then induced constantly a breakdown of
this film, thus contaminating the quality of the
measurements. An example of an experimental ion
energy distribution function for the case N. 4 is
shown in Figure 16. The ion energy distribution
function can be simply computed as the derivative
of the collected MRFEA current with respect to the
voltage. The mentioned film formation/destruction
effects make the positive ion energy distribution
function reach much higher peaks than that of the
negative ions. Given this difficulty, we have opted
to analyse solely the IEDF of the negative ions.

The electron densities and temperatures can be
plotted in a log-log plot to verify if a polytropic law
is applicable. This is done in Figure 15 for the
7

Figure 16: Normalized ion energy distribution function for
case N.4, with 250 V and at a distance of 6.5 cm

Figure 18: Time-averaged negative ion current density
for 250 (empty markers) and 350 V (filled markers) grid
voltage. Case N.1 is shown with red upwards triangles,
case N.2 in magenta downwards triangles, case N.3 in
blue squares and case N.4 in black circles.

The evolution of the time-averaged negative ion
energy distribution function with the distance is
shown in Figure 17 for a 300 V grid voltage case
with 0.326 mg/s of pure SF6. The negative ion
energy distribution function shows some interesting
features. First of all, since its peak increases
between 6.5 and 8.5 cm distance, it shows some
evidence of beam focussing. Secondly, its peak
tends to shift to lower voltage (or energies) with the
distance. This can be due to an electrostatic
deceleration, instabilities (two-stream for example)
or the effect of collisional processes.

Figure 19: Time-averaged negative ion density for 250
(empty markers) and 350 V (filled markers) grid voltage.
Case N.1 is shown with red upwards triangles, case N.2
in magenta downwards triangles, case N.3 in blue
squares and case N.4 in black circles.

If we compare these density results with Figures
13 and 14, we see that the time-averaged
electronegativity in the plume is between 1 and 5.
Inside the instantaneous negative ion beam
packets, however, this ratio could be higher. Low
values of the electronegativity are compatible with
the Langmuir probe measurements, which were
dominated by the electron current contribution and
did not show the typical ion-ion plasma shape.

Figure 17: Evolution with distance of the negative IEDF
for a 300 eV plume with 0.326 mg/s of pure SF6

The first reason seems to be unlikely (unless there
is some important time averaging effect of some
strongly correlated phenomena) because the timeaveraged electric potential variations with distance
are of the order of 10 V, as shown in Figures 11
and 12, while the voltage shifts identified in Figure
17 are much bigger. Therefore, we do not exclude
that some inelastic processes (like recombination
for example) between fast positive and negative
ions or some plume instabilities are responsible for
the observed behaviour of the ion energy
distribution evolution with distance.

4.2.

Time resolved campaign

During the time resolved campaign, some thruster
instabilities were clearly observed. In fact, by
decreasing the applied positive voltage amplitude
below 150-200 V, a transition to a “dark mode” was
observed, in which the plume was almost invisible
and, in addition, hardly measurable because of the
very low level of the signal from the probes. Such a
mode persisted if we then returned to the original
symmetric applied voltage conditions. A transition
of this type is shown in Figure 20, where the
normal mode of operation is referred to as a “bright
mode”. As it can be clearly seen, the timeaveraged voltage changes from a positive to a
negative value. Further investigation on the
reasons of such a mode transition should be
carried out in the future. For what concerns this
work, the dark mode was no longer analysed.

If the IEDF of the negative ions is integrated in the
voltage, the evolutions of the time-averaged
negative ion current densities can be obtained for
all experimental cases, as shown in Figure 18.
With the knowledge of the expected ion velocity
and the current density, an estimation of the timeaveraged negative ion density can be finally
obtained and it is shown in Figure 19.
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Figure 22: Measured voltages at different distances from
the thruster with bright mode and 350 V of applied
voltage. Black straight lines refer to the half periods of
the applied waveform

Figure 20: Transition in measured plasma potential
voltage between bright (red) and dark (blue) mode. The
applied voltage is shown in black and the time is
measured from the start of the positive voltage half
period

An interesting picture of the electric potential as a
function of the distance from the thruster can be
obtained if we consider the voltage measurements
of Figure 22 at specific instants of time. If we take
them at 4, 4.5 and 5 μs, we obtain the plot of
Figure 23. It is apparent that a travelling beam
packet is displacing to the right at a constant
velocity. Since the distance between the minima in
Figure 23 is 2 cm and the required time is 0.5 μs,
we deduce that the travelling beam packet is
moving at approx... 40 km/s, an intermediate
velocity between the 20 km/s (for SF6 negative
ions) and the 60 km/s (for F ions), corresponding to
ions energies of 350 eV.

In the normal (bright) mode, it was possible to
study the evolution of the measured signal as a
function of the distance from the thruster, as shown
for the 250 V case in Figure 21. It can be clearly
observed that the plasma oscillations become
smaller as we get farther away (from an initial
value of 60 V down to 20 V at distances higher
than 10 cm). In addition, no clear signal shift can
be observed with the distance, indicating that there
is no clear sign of ion beam packets. The fact that
all curves drop together at the start of the negative
half period (at 2, 6 and 10 μs), indicates that
electrons are still being extracted from the thruster
and that, given their extremely high mobility, they
smooth out the electric potential everywhere.

Figure 23: Measured voltage as a function of the
distance at three instants of time: 4, 4.5 and 5 μs
Figure 21: Measured voltages at different distances from
the thruster with bright mode and 250 V of applied grid
voltage. Black straight lines refer to the half periods of
the applied waveform

5. CONCLUSIONS AND FUTURE WORK
The work presented in this paper has permitted to
characterize experimentally, for the first time, the
peculiar alternate ions plume of the PEGASES
thruster. This has been carried out through two
dedicated campaigns: a spatial characterization
and a time resolved characterization campaign.

For the 350 V case, the results are shown in Figure
22. In this case, there is a clear shift of the
measurements with the distance from the thruster,
indicating that the electric potential is affected by
some travelling ion beam packet. Nevertheless,
during the negative voltage half periods, any
evidence of beam packets is immediately
cancelled, thus confirming the fact that electrons
are still being emitted by the thruster.

With the first one, it has been possible to obtain
the time-averaged 1-D evolutions with the distance
from the thruster of plasma potential, floating
potential, electron density and temperature and
negative ion density. It has been found that the
electronegativity inside the plume is very low,
indicating that either the electrons are generated
outside the thruster by secondary processes or
that they are directly extracted from the thruster
grids. The evolution of the negative ion distribution
function has also been obtained with a dedicated
magnetic retarding field energy analyser. This has
9

permitted to find that the ion energy distribution
function shifts to lower and lower energies, while
becoming wider and wider. A possible explanation
of this behaviour is that of the collisions between
the plume ions and the neutral atoms, however,
given the expected mean free paths for ions, this
phenomenon alone cannot fully explain the
measurements. It is not excluded, therefore, that
some recombination between positive and
negative ions is taking place at distances between
5 and 25 cm from the thruster exit.
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With the time resolved characterization campaign,
on the other hand, the evolutions in time and
space of the plasma potential inside the plume
have been obtained. Measurements have shown
that electrons are certainly being extracted from
the thruster during the negative voltage half period.
So, the strategy of blocking the half of the thruster
grids close to the lateral surface, from which
electrons are expected to come, has proved not to
be very efficient. In any case, measurements have
provided some evidence of well localized ion beam
packets, during the positive voltage half periods.
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Regarding future work, the two operating modes of
the PEGASES thruster, identified during the time
resolved characterization campaign, should be
further investigated, as a transition from a bright to
a dark mode yields an abrupt change in
performance and should be avoided.

7. Merino, M., Cichocki, F. and Ahedo, E,
Collisionless plasma thruster plume expansion
model, (2015), Plasma Sources Science and
Technology, 24.

Moreover, the MRFEA measurements should be
repeated with a new probe design, not affected by
the
film
formation/destruction
phenomenon
observed during this campaign. In this way, the
evolution of the positive ion energy distribution
function and density would be obtained and would
help understanding the overall plume physics.
Repeating the experiments with a different
propellant like Iodine, instead of SF6, should also
be seriously considered as it might simplify
enormously the interpretation of the experimental
results.

8. Oudini, N., Rafalskyi, D., Lafleur T. and
Aanesland A. (2016), Near-field plume
properties of an ion beam formed by alternate
extraction and acceleration of oppositely
charged ions, submitted to Plasma Sources
Science and Technology.
9. Aanesland, A., Bredin, J., Chabert, P., and
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across magnetic filters, Applied Physics Letters,
100, 044102.

Finally, regarding the electron extraction from the
thruster grids, some alternative measures to
prevent it from happening, should be investigated
and tested.
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