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ABSTRACT
An atmosphere-breathing electric propulsion system
(ABEP) [1] captures the residual atmosphere of
a planet and uses it as propellant for an electric
thruster to counteract the drag.
The system
would theoretically allow orbiting for unlimited time
without on-board propellant storage. A new range
of altitudes, e.g. 120-250 km in Earth orbit, the
Very-Low Earth orbit (VLEO), for permanent orbiting
can be accessed, thereby enabling new scientific
missions. ABEP can be conceptually applied to any
planet with atmosphere. IRS has several decades
of heritage on the development of inductively
heated plasma generators (IPG) [2] [3].
Such
devices are electrodeless, removing the issue of
electrode erosion that reduces performance over
time (see RIT, HET). Aggressive gases such as O
as propellant, highly present in VLEO, will cause
even faster erosion. IRS is currently developing an

inductive plasma thruster (IPT) for ABEP application
within the H2020 DISCOVERER project [4].

1

ATMOSPHERE-BREATHING
ELECTRIC PROPULSION

VLEO is a very interesting altitude range for many
scientific, civil, and military purposes.
ESA’s
mission GOCE ended in 2013; it provided detailed
information of the Earth’s geomagnetic field by
orbiting as low as 229 km [5] using GIT to
compensate the drag. The amount of propellant on
board has been the limiting lifetime factor for the
mission. If conventional propulsion is used, drag
is also a limiting factor in terms of costs, as this
translates in an increased amount of propellant to
be carried on-board, leading to high total payload
mass. The lifetime of a S/C orbiting in LEO can
be increased significantly by applying an efficient
propulsion system that compensates the drag. The
basic idea of an ABEP is of using the residual
atmosphere as propellant to generate thrust. This
will decrease, ideally nullify, the on board propellant
requirement and will partially or fully compensate the
drag, for finally allow continuous operation of a S/C
in VLEO. A conceptual scheme of a S/C with ABEP

2. IPG6-S FACILITY

is shown in Fig. 1.

Figure 1: ABEP Concept [1].

2

IPG6-S Facility

The candidate test-bed ABEP IPT is IPG6-S. This
is a smaller scale IPG compared to the ones
available at IRS, in terms of discharge channel
size and power level. The main advantage of
such a device is its electrode-less design. No
critical components are in direct contact with the
plasma, therefore any issues concerning erosion are
eliminated. In addition, IPG do not employ a grid
system that could suffer from erosion. The IPG
functional principle enables ignition also at very low
densities. The plasma leaving the discharge channel
is already neutral, removing the issue of designing
a neutralizer operating on atmospheric propellant.
These characteristics are even more important as
the atmospheric propellant for VLEO application, will
be mostly N2 , O, and O2 [1], the latter two highly
chemically aggressive for things such as electrodes
and grids. The advantages as propulsion system,
are can be summed up:

Figure 2: IPG6-S

The facility at its whole is shown within the
schematics in Fig. 3.

Figure 3: IPG6-S Facility Scheme

• Electrode-less design, no accelerating grids;
• No neutralizer needed, plasma already neutral;
• Less sensitive in terms of minimum pressure
and mass flow for ignition.
IPG6-S, see Fig. 2 has been chosen for its size and
power levels that are scalable to a small S/C [1].
The facility of IPG6-S is provided with the following
subsystems:
• Vacuum;
• Power supply;
• Gas supply;
• Water cooling.

2.1

IPG6-S

IPG6-S, see Fig. 2, is composed by a discharge
channel made of quartz with an internal diameter of
φint. = 37 mm, and a length of 180 mm. A 5.5-turn
internally water cooled copper coil is wrapped
around the discharge channel. The top injector
head, the bottom flange, and the de Laval nozzle
are made of brass, all of them are water cooled.
The IPG6-S housing is made of acrylic and holds
together the structure. The de Laval nozzle has
a modular design [6] and is currently with a throat
diameter of 20 mm, and an outlet diameter of 40 mm.

2. IPG6-S FACILITY

2.2

Vacuum Subsystem

The vacuum chamber, named Tank 7, has a
cylindrical shape, with a length of 4.8 m and a
diameter of 2 m. The vacuum chamber is connected
to the central IRS vacuum facility, on the side. The
central vacuum facility can provide a total pumping
speed of more than 250 000 m3 /h. An additional
system of two oil diffusion pumps is dedicated only
to this vacuum chamber, directly connected at the
bottom of it. Each of the oil diffusion pump provides
50 000 L/s of suction rate, enabling a final minimum
background pressure of 8 × 10−4 Pa without mass
flow. The initial testing phase of IPG6-S on the
refurbished facility has been possible only with the
central vacuum facility. IPG6-S is mounted on a
flange on the top of the vacuum chamber directing
the plasma downwards. The sliding valve V2 made
of aluminum is protected from the plasma jet by a
graphite shield. Pressure is measured by two Pfeiffer
PKR 251 Full-Range gauges, one for the vacuum
chamber, and one at the injector head of IPG6-S.
With the main vacuum system, a base pressure of
< 1 Pa is achieved. Currently, with the maximum
mass flow of > 26.35 mg/s applied to IPG6-S, the
vacuum chamber pressure does not increase above
1.6 Pa.

2.3

Power Supply

The electrical power is provided by the RF generator
Himmelwerk HGL 20-4B, that provides a maximum
of 20 kW power at a frequency of ∼ 4 MHz,
dependent on the impedance of IPG6-S. It is
composed of two main elements, the first is the high
voltage DC power supply, air-cooled, located on the
side of the vacuum chamber, and the second is the
oscillator that produces the RF signal for IPG6-S,
located on the top of the vacuum chamber close to
IPG6-S. The oscillator is provided with a tetrode and
the resonant circuit that includes the IPG6-S coil,
both of them are water cooled. The high voltage
DC power supply receives the three phase energy
from the grid, raises its voltage with a transformer
and by a rectifier produces a DC high voltage of
7.7, 8.2, 8.5 kV, that directly feeds the tetrode in the
oscillator. In parallel a voltage between −150 and
200 V is delivered to the triode in the power supply,
the latter serves to produce the DC voltage from 0 to

1700 V that regulates the screen grid of the tetrode
in the oscillator. The higher the applied screen
grid voltage is, the larger is the current allowed to
flow through the tetrode, with a maximum of IA =
4 A. The output current flows through the resonant
circuit that determines, together with the IPG6-S coil,
the operating frequency, in the current configuration
at 3.3 MHz. At the power supply anode current IA
that flows through the tetrode is shown together with
the screen voltage. The third analog displays shows
the active power PRF,active that is finally delivered, it
is the regulated value of the power supply. Anode
current and active power measurements have been
connected to the datascan to provide more precise
and reliable values for comparison.

2.4

Gas Supply Subsystem

The gas supply subsystem is composed by two
pressure regulators connected to the main gas
facility of the IRS laboratory, and two mass flow
controllers - MFC. The system is flexible such that
can work with the main gas facility, or autonomously
with single gas bottles. The current available gases
are N2 and O2 . The gas flow is provided by two
Tylan FC-2900, one for each gas, The facility can
run with either one of the two gas, or with a mixture.
The total maximum mass flows reached by the two
flow controllers operating together is, in the current
configuration of 26.35 mg/s. An additional Bronkhost
F-201CV MFC has been placed for higher N2 mass
flow testing.

2.5

Water Cooling Subsystem

The water subsystem is required to remove the
heat from many components that during operation
are heated up by the electrical power. Water is
feed through the system by two water pumps. One
pump provides independent cooling for the tetrode
of the power supply. The second one provides
water for the cooling of the IPG6-S quartz tube,
the injector, the nozzle, the cavity calorimeter, and
the resonant circuit that includes the IPG6-S coil.
A panel of manual water valves is available, water
flow is currently measured at the calorimeter inflow,
generator outflow, and resonant circuit outflow (that
includes the coil cooling). Water flow has been

3. POWER BALANCE

in Fig. 5 and with O2 as working gas, see Fig 6.
To the mass flow corresponds a discharge channel
pressure pdisch , that increases as the applied power
is incremented, this is shown within Fig. 7, where,
for example, pdisch = 45.53 − 76.44 Pa. PRF,active is
quite noisy during operation, and it might be the sign
of interference and/or high power reflection from the
plasma back into the power supply. An interesting
condition has been observed while operating with
O2 at 4.63 mg/s, corresponding to pdisch = 21.78 −
22.22 Pa. The signal from PRF,active , see Fig. 6,
and 8, has the least noise when compared to all
the others tests, which may suggests that there is an
optimum condition for the minimized reflected power
for a given pdisch and IA and PRF,active , this requires
further testing.

Power, kW

measured for the cooling of the tetrode and is used
as fixed value since there is no valve controlling it.
Water temperature is measured by Pt100 located at
different points on the circuit. At the main inlet the
reference temperature is taken. Moreover, Pt100 are
place at each water outflow line, as close as possible
to the heat source, so that the cooling power balance
can be monitored. Pt100 close to the IPG6-S have
been placed outside of the Faraday cage to avoid
unwanted RF-coupling. For the calorimeter, the
Pt100 is located inside the vacuum chamber, close
to the calorimeter. The water cooling subsystem is
shown within Fig. 4.
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Figure 5: IPG6-S Power Balance for 20 mg/s N2
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Figure 4: Water Cooling Subsystem Scheme

The water temperatures are used to estimated
the heating powers of the different components of
the facility as in Eq. 1.
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Pi = ṁw,i Cp,w (Twarm,i − Tcold,i )

(1)

Where ṁw,i is the water flow in the desired section
i, Cp,w is the specific heat of water at 20 ◦C, and
Twarm,i , Tcold,i are the water temperatures.
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Figure 6: IPG6-S Power Balance for 4.36 mg/s O2
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Testing of IPG6-S have been performed to evaluate
the power balance of the facility after the recent
refurbishment [1]. The testing procedure consisted
in a setting of mass flows of propellant, and to apply
different active power levels PRF,active . Preliminary
results are shown for 20 mg/s propellant flow of N2
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Figure 7: IPG6-S Power vs Current vs Pressure
Discharge Channel, for 20 mg/s N2
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power spectra, and the resistive loading. This is
aimed to help the designing RF plasma sources and
experiments, and serves only as initial evaluation of
the plasma properties.
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Figure 8: IPG6-S Power vs Current vs Pressure
Discharge Channel, for 4.36 mg/s O2

From the precedent plots can be clearly seen that
the power measured by the calorimeter is very low,
< 100 W for most of the cases, translating in a very
low coupling efficiency ηcouple of the electric power
into the jet power. ηcouple , see Eq. 2, is 30% for most
of the testing conditions at ṁN2 = 20 − 200 mg/s, and
at ṁO2 = 4.63 mg/s.
ηcouple =

4

INDUCTIVELY
THRUSTER

HELIC Description

Pgen + Pcal
PRF,active

(2)

HEATED

PLASMA

Within the EU-funded DISCOVERER project, the
IRS aim is to develop an intake and a thruster for
an ABEP system. The thruster, the IPT, has to
operate in the operational conditions given by the
intake design in terms of collected propellant and
pressure at the thruster. The power requirement
is set between 0.5 − 5 kW. Since a major design
is necessary to create an efficient plasma source
and, second, an efficient acceleration stage for the
plasma, we have chosen to investigate the design
an efficient plasma source considering most of the
major parameters free, included considering a new
power supply. Huge research has been done in the
past over IPG, ICP and ionization sources that take
advantage of Helicon waves, in particular the very
late research from Francis Chen [7], [8] proposed
very optimized designs of plasma sources with
respective description of the influencing parameters.
For the optimization procedure the software tool
HELIC has been utilized, it is based on the work
of Arnush and Chen [9], [10], [11] able to calculate
plasma parameters such as the wave variables, the

A complete description of the HELIC tool can
be found in the theory developed by Chen and
Arnush [9], [10], [11], here a briefly explanation will
be presented. HELIC is a software written in C++.
It resolves four coupled differential equation for each
wave number k along the axis of symmetry of the
plasma cylinder z. These are Maxwell’s equation for
a radially uniform plasma with standard cold-plasma
dielectric elements, that are manipulated to be in
the form for the Fourier transformed variables. Two
different waves are obtained that are later combined
together by applying algebraically the boundary
conditions. The geometry of the HELIC software tool
is shown in Fig. 9.

Figure 9: HELIC Geometry

The restriction are the followings:
• the applied DC magnetic field has to be
uniform;
• plasma creation
considered;
• plasma is
symmetry.

and

assumed

transport

to

have

are

not

cylindrical

The magnetic field strength B0 , plasma density n,
electron temperature Te , and neutral pressure p0 (r)
are given as input to the tool. The antenna is
considered as an infinitely thin sheet at r = b that
carries the a sheet current where its divergence
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is 0.
The antenna type can be chosen, and
to each shape it correspond an azimuthal mode
number m. HELIC accounts for electron-neutral
and electron-ion collisions, arbitrary radial profile of
n, Te , and p0 (r), reflections from end boundaries,
arbitrary antenna shape, displace current, and finite
ions and electron masses (fundamental for the
Trivelpiece-Gould mode). According to [7], the rate of
deposition of the RF energy, depends on the loading
resistance RP at the output of the matching network.
To achieve most of the power to be deposited into
the plasma, as RP is proportional to the deposition
of RF energy into the plasma, is that RP must be
much larger than RC , which is the resistance of the
circuit. In small discharge tubes, RP tends to be too
low, < 1 Ω, unless it is made use of the low-field peak
of RP over n. The power that is actually reaching the
plasma is as according to Eq. 3.
Pin = PRF

RP
RP + RC

HELIC Input Parameters

Proper choice of input parameters is fundamental
for reliable results, therefore this subsection is
dedicated to the parameters choice. First, Te , p0 (r),
have been set to the standard values suggested by
Chen [7] of Te = 3 eV, and pg0 = 105 mTorr = 1.33 Pa.
Radial steps N have been set to 99 according to the
instructions for more resolution. The cavity type has
been set to ”bounded”, so that its size and shape will
determine the range of k of the waves. Parameters
not mentioned in this section have been kept to
default. To be kept in mind that length, radius are
to be given in meter, B0 in Gauss, n in cm−3 , f0 in
Hz, and pressure in mTorr.

4.2.1

4.2.2

Ion, Frequency, Azimuthal Mode

Ar has been set at working gas.
f0 is the
frequency, this has been set to 3.3 (current IPG6-S
configuration), 13.56, 27.12, and 40.68 MHz. Wave
number m depends on the antenna that is used.

(3)

Finally, as the parameters are normalized to a
current of 1 A. The first design approach is to look
at RP >> 1 Ω as a function of B0 , f0 , a, b, and
antenna shape, over a given plasma density range
that is interesting for propulsion purposes.

4.2

the internal diameter of the discharge channel φ of
φ = 2a = 18.5, 37, 74 mm, where the discharge
channel thickness tdc = 1.5 mm. b is the radius of
the antenna, the distance from the axis at which
the current is flowing. At first approximation b =
a + tdc + 1.5 mm = a + 3 mm. c is the radius of
a bounding conductive cylinder set to 0.2 m so that
c >> b to make the results insensitive to it.

Plasma, Antenna & Cavity Radii

Three different sizes have been set for the
simulations to see their influence, in particular a is
the plasma radius that has been assumed equal to

4.2.3

Antenna Type

An antenna shape similar to that of IPG6-S has
been chosen, a t-turn Helix m = 1 with 5 turns
(no half turns are possible as input), and a length
of 80 mm. A Half Helix had also been tested, with
a length of LA = 75 mm but provided significantly
lower performances for the given geometries, and,
finally a 1-Loop m = 0 antenna according to Chen
suggestions [8], but since for our application P <
5 kW, we opted for more turns coil.

4.2.4

Cavity length, Image sign,
distance from center

Antenna

The cavity length has been set to 2 m such that
ejection of the plasma is simulated by giving a
very long cavity, see 9. The image sign has
been tested both to be +1 and −1 so to simulate
the eventual discharge improvement by placing a
conductive rather than an insulating top plate. A
conductive one should, under certain conditions,
provide constructive wave reflection and increase
RP . The antenna distance from the center ZA has
been in first simulations set to 0, in the latest it has
been moved to the current IPG6-S-like configuration,
considering the same antenna length.

5. HELIC RESULTS

4.2.5

Plasma Density, Magnetic Field, Plasma
Density Profile

0.4

0.3

A plasma density range has been estimated starting
from the intake performances [12], [13], [14], given
that this can be highly enhanced by the use of
specular reflecting surfaces, and from electrodeless
thruster literature that locates the value of the plasma
density between 1018 −1019 m−3 , this range has been
however extended to provide a broader view of the
plasma behavior. Multiple software runs showed
a magnetic field between 0.02 and 0.5 T to provide
the required performance in terms of RP . Very
small values of B0 can be used to simulate ICP
performance. The plasma density profile has been
tested uniform and, later, with a plasma profile that
has a peak in the symmetry axis z such that s =
2, t = 4, and fa = 0.1 [7].
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Figure 10: RP vs n vs B0 , Insulating Top Plate. φ =
2a = 18.5 mm, f = 3.3 MHz.
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HELIC Results

The HELIC results of RP over n, B0 , f0 , a are
presented in this section. Usually, a RP vs n curve
has a peak, the so-called low-peak field, for a given
B= and n, which should be the best point for that
condition for good operation. The first simulations
show that for larger diameters φ = 2a or higher
frequencies f0 the peak shifts to lower n but the
overall RP is higher. Concerning the diameter, this
is most probably due to the chosen uniform plasma
density profile. The magnetic field B0 strength is
shown to increase RP and move the peak to higher
plasma densities n. Variation of discharge channel
diameter φ = 2a, together with a sweep of B0 =
0.02 − 0.1 T is shown in Fig. 10, 11, and 12 for
f0 = 3.3 MHz that of the IPG6-S current facility
set-up, the antenna is a half-helical of 7.5 cm of
length. The effect is to increase RP but the PRF
required might be too high to fill the entire discharge
channel [15]. Moreover, the position of the low-field
peak is influenced by the position and length of the
antenna.

1E+20

4E+20

Figure 11: RP vs n vs B0 , Insulating Top Plate. φ =
2a = 37 mm, f = 3.3 MHz.
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Figure 12: RP vs n vs B0 , Insulating Top Plate. φ =
2a = 74 mm, f = 3.3 MHz.

In Fig. 13 the effect of the variation of different f0
is shown for an applied B0 = 0.0015 T to simulate
an ICP discharge. For the given n range, discharge
channel, antenna geometry, an increase in f0 leads
to an increase in RP .

5. HELIC RESULTS
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Figure 13: RP vs n vs f0 , Insulating Top Plate. φ =
2a = 37 mm, B0 = 15Gauss, m = 1 Helix
5-turns.
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Figure 15: RP vs n vs B0 , Insulating Top Plate. φ =
2a = 37 mm, f = 13.56 MHz, m = 1 Helix
5-turns.
7
6
5

Given the availability at the institute of discharge
channel of φ = 2a = 37 mm, we have been focusing
on this size, and an Helix antenna of 5 turns m = 1
has been applied, as it was observed to provide
better performance than the half-helical antecedently
applied. Within Fig. 14, 15, 16, and Fig. 17 the effect
of variation of f0 and B0 is shown. RP increases
and presents sharper profile with increasing f0 for
the given B0 applied. The frequency variation
directly influences the Trivelpiece-Gould wave [15],
that is a slow, rapidly damped, electrostatic wave at
the boundary where most of the power is coupled.
According to [7], RP increases with f0 due to
TG-damping, as this finally increases with f0 [7] [16].
TG-wave couples with the helicon mode at the
center, therefore for higher f0 , there are larger and
wider TG power absorption peaks. Additionally,
an advantage of higher frequencies is according
to [16] and [17], suggesting that ignition is easier
obtained for higher frequencies.
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Figure 14: RP vs n vs B0 , Insulating Top Plate. φ =
2a = 37 mm, f = 3.3 MHz, m = 1 Helix
5-turns.
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Figure 17: RP vs n vs B0 , Insulating Top Plate. φ =
2a = 37 mm, f = 40.68 MHz, m = 1 Helix
5-turns.
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Figure 16: RP vs n vs B0 , Insulating Top Plate. φ =
2a = 37 mm, f = 27.12 MHz, m = 1 Helix
5-turns.
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Figure 18: RP vs n vs B0 , Conducting Top Plate.
φ = 2a = 37 mm, f = 40.68 MHz, m = 1
Helix 5-turns.

6. CONCLUSION

Finally, the difference given by the presence
of a conductive top plate instead of an insulating
one is shown between the Fig. 18 and 17. The
low-peak field becomes sharper and a second peak,
lower, appears at lower densities, showing a possible
wider efficient operating range of the plasma source.
This is due to the constructive wave interference
caused reflection of the waves by the conducting top
plate [7].
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CONCLUSION

Within this paper the first step into the design of
an IPT for ABEP application has been presented.
The refurbished facility has been briefly introduced
together with the first measurements on the power
cooling balance. This serves as test-bed for the
development of the ABEP-based IPT. The software
tool HELIC is introduced and the input parameters
detailed discussed. The results from the simulations
allowed to have a better idea on how the main
parameters, such as a, f0 , n, B0 , RP , influences
the design of the plasma source for obtaining an
efficient discharge. An optimized configuration is
possible. Key requirement for the development of
the IPT is an efficient plasma discharge. To achieve
high exhaust velocities ce and specific impulse Isp ,
since the propellant mass flow is limited by the
intake [12], [13], [14], electromagnetic acceleration
is required. An efficient thrust production requires
both efficient ionization and acceleration. Only if the
ionization efficiency is high enough, such that the
maximum amount of particles can be influenced by
the em-fields, and the acceleration efficiency as well,
makes possible to accelerate most of the propellant
to the required very high ce for thrust production.

7

OUTLOOK

Finally, a new power supply included an
auto-matching network is to be procured given the
limitation of the old one, and the assembling of the
first step IPT has to begin already in May 2018. This
first IPT will be without water cooling, and based on
the HELIC simulations for first verification.
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