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ABSTRACT 
 
To extend missions lifetime at very low altitudes, an efficient propulsion system is required to compensate 
for aerodynamic drag. One solution is Atmosphere-Breathing Electric Propulsion (ABEP). It collects 
atmospheric particles to be used as propellant for an electric thruster. The system ideally nullifies the 
requirement of onboard propellant storage. An ABEP system can be applied to any celestial body with 
atmosphere (Mars, Venus, Titan, etc.), enabling new mission at low altitude ranges for longer times. 
Challenging is operation of the thruster on reactive chemical species, such as atomic oxygen (AO), that is 
highly present in low Earth orbit, as they cause erosion of (not only) propulsion system components, i.e. 
acceleration grids, electrodes, neutralizers, and discharge channels of conventional EP systems. For this 
reason, a contactless plasma thruster is developed: the RF helicon-based plasma thruster (IPT). The paper 
describes the thruster design, implementation, and first ignition tests. The thruster presents a novel antenna 
called the birdcage antenna that is implemented for decades in magnetic resonance imaging (MRI) 
machines. The design is supported by the simulation tool XFdtd®. The IPT is aided by an externally applied 
static magnetic field that provides the boundary condition for the helicon wave formation within the plasma 
discharge. The antenna working principle allows to minimize losses in the electric circuit and provides, 
together with the applied magnetic field, acceleration of a quasi-neutral plasma plume. 
 
Keywords: Atmosphere Breathing Electric Propulsion, Plasma Thruster, Very Low Earth Orbit, Helicon, 
Birdcage. 
 
Acronyms/Abbreviations 
AO: Atomic Oxygen 
ABEP: Atmosphere-Breathing Electric Propulsion 
EP: Electric Propulsion 

 
IPT:  RF Helicon-based Plasma Thruster 
VLEO: Very Low Earth Orbit 
S/C: Spacecraft 

 
INTRODUCTION 

 
 

The RF Helicon-based Plasma Thruster (IPT) is 
designed within the EU H2020 DISCOVERER 
project [1], that aims to redesign very low Earth 
orbit (VLEO < 450 km) platforms by researching 
low drag materials, aerodynamic attitude control, 
and Atmosphere-Breathing Electric Propulsion 
(ABEP) see Figure 1. 
Orbiting in VLEO can open a new range of space 
missions [2], however, the mission lifetime is a 
limiting factor due to aerodynamic drag. To 

extend it, an efficient propulsion system is 
required, but the lifetime is then limited by the 
amount of propellant on board. An ABEP system 
collects the atmospheric particles in VLEO by an 
intake and feeds an electric thruster which ionizes 
and accelerates them to generate thrust. This can 
counteract the drag and at the same time remove 
to requirement of carrying propellant on-board. 
Such system can be applied to any planet with 
atmosphere given that enough electric power is 
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provided. Within DISCOVERER an RF contact-
less thruster, the IPT, is developed. The contact-
less nature removes any issue of erosion of 
component in contact with the plasma due to the 
use of atomic oxygen O as propellant (dominant 
alongside N2 in VLEO), as well as it produces a 
quasi-neutral plasma plume, removing the 
requirement of a neutralizer working on 
atmospheric propellant as well. The IPT is based 
on a birdcage antenna, a device developed 
decades ago for magnetic resonance imaging 
(MRI) machines [3]. The design is such to 
minimize losses in the electric circuit as well as 
producing a convenient electromagnetic field 
configuration for quasi-neutral plasma 
acceleration. 

 

 
Figure 1 ABEP Concept [4]. 

 
RF HELICON-BASED PLASMA THRUSTER 

(IPT) DESIGN 
 
The requirements set within DISCOVERER 

are to develop an RF contactless plasma thruster 
to be operated with variable mixtures of N2 and 
atomic oxygen AO as propellant with 𝑃!" < 5	𝑘𝑊.  

The contactless nature of the thruster is crucial 
to cope with the chemically aggressive AO, one of 
the main species in VLEO. In conventional EP 
systems, such as gridded ion and Hall-effect 
thrusters, erosion of grids and discharge channels 
will reduce thruster’s performance over time 
rapidly [7,8]. Moreover, the IPT plasma plume is 
to be quasi-neutral and therefore does not require 
a neutralizer, another challenging device to 
design for atmospheric propellant operation 
[9,10].  

The first version of the IPT is a model for 
laboratory testing, designed for maximum 
(technical) flexibility to allow for easy 
modifications for optimization purposes. 
Following the design of mechanical and vacuum 
interfaces [9], the crucial element of the IPT 
design is the antenna and its respective tuning 
which will be described in the following sections.  
 

 
 
 

RF CIRCUIT DESIGN 
 

According to results from HELIC and 
ADAMANT presented in [10] a frequency higher 
than 𝑓 = 27.12	𝑀𝐻𝑧 is preferable, as it leads to 
easier ignition, important for ABEP operation, and 
better power absorption at higher plasma 
densities when associated with an applied static 
magnetic field [10,11]. The acquired RF-
Generator and auto-matching network operates 
at 𝑓 = 40.68	𝑀𝐻𝑧  input frequency, and the IPT 
discharge channel is of 𝜙 = 37	𝑚𝑚  inner 
diameter. In general, antenna and plasma are 
seen in the RF circuit as an equivalent impedance 
𝑍 , with both real (resistance 𝑅 ) and imaginary 
(reactance 𝑋) components, see Eq.(1) [13]. 

 
𝑍 = 𝑅;⃑ + 𝑗𝑋⃑	

𝑋 = 𝑋# + 𝑋$ = 2𝜋𝑓𝐿 + @−
1

2𝜋𝑓𝐶C 

 
(1) 

From the thruster electrical point of view, the 
system as a whole, including the RF generator, its 
matching network, connectors, and connecting 
cables must be optimized [14]. In an RF circuit, 
the power transfer from a source (RF generator) 
to its load (IPT) is maximized only if the load’s 
impedance 𝑍# is matched to that of the source 𝑍%. 
RF generators industrial standard is of  
𝑍% = 50	 + 	𝑗0	𝛺  purely resistive output. The 
matching network dynamically creates a resonant 
circuit with the load, matching it to 𝑍% by a system 
of variable inductors and capacitors. This reduces 
the reflected power reaching the RF generator, 
but it does not improve the load itself. Finally, an 
optimum design of the antenna is required to 
minimize losses. Plasma is a variable impedance 
that would need a further dynamic fine-tuning 
control. Within the IPT design, first, an accurate 
selection of cabling, connectors is done, and 
second, an optimized antenna is built, the 
simplified schematics of the IPT RF circuit is 
shown in Figure 2. 

 
Figure 2 Schematics of IPT RF circuit [4]. 
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THE BIRDCAGE ANTENNA 
 
The birdcage antenna is a device originally 

developed for Magnetic Resonance Imaging 
(MRI) [3]. When operated at one of their 
resonance frequencies, the antenna generates a 
homogeneous transversal magnetic field that can 
be either linearly or circularly polarized. Birdcage 
antennae operate on the principle that a 
sinusoidal current distribution over a cylindrical 
surface induces a homogeneous transversal 
magnetic field within the volume itself. They are 
made of two end-rings, connected by equally 
spaced legs. The legs and/or the end-rings have 
capacitors in between to tune the antenna to the 
desired the resonance frequency. Birdcage 
antennae can be designed as low-pass, high-
pass, or band-pass frequency response 
depending on the capacitor locations, see a 
schematic representation in Figure 3. 

 

 
 
Figure 3 Birdcage Antenna: high-pass (left), low-pass 

(middle), band-pass (right) (adapted from [15]). 
 
Birdcage antennae operate at one of their 

resonance frequencies, where 𝑋 = 0	Ω  and the 
impedance 𝑍 is purely real. In such way, the load 
is already partially matched and only the 
resistance needs to be further matched. 
Moreover, at such condition, the electromagnetic 
(EM) fields are perpendicular to each other and 
homogeneous within the cross section of the 
discharge channel. Depending on the feed, such 
fields can be linearly or circularly polarized.  

Each antenna has 𝑘 = 𝑁/2  resonance 
frequencies. The current distribution along the 
antenna follows the law described in Eq. (2), 
where I&' is the normalized current at the j-th loop 
for the 𝑘 mode of a birdcage antenna with 𝑁 legs. 

 

𝐼() = K
𝑐𝑜𝑠 @

2𝜋𝑗𝑘
𝑁 C , 𝑘 = 0,1,2, … ,𝑁/2

sin	 @
2𝜋𝑗𝑘
𝑁 C , 𝑘 = 1,2, … , @

𝑁
2 − 1C

 

(2) 
Therefore, the more legs, the more the current 

distribution matches a sinusoidal curve, see 

Figure 4. Birdcage antennas are modeled by self 
and mutual inductances of legs and end-rings 
𝐿#*+  and 𝐿,- ,  plus the applied capacitors of 
capacitance 𝐶	 [20,21]. Resonance frequencies 
for the high pass design are given in Eq. (3). 

 

 
 

Figure 4 Current distribution along a 10-leg birdcage at a 
given time (top), current amplitude over time on a single leg 
(bottom) [4]. 

 
The high pass design has one resonance 

mode more (𝑘	 = 	0)  at the highest frequency 
named anti-resonant, AR.  

𝜔)!" = W𝐶 @𝐿,- + 2	𝐿#*+ sin.
𝜋𝑘
𝑁 CX

/0.
	

 
(𝑘 = 0,1,2, … ,𝑁/2) 

(3) 
Only the resonant mode 𝑘	 = 	1 produces the 

required homogeneous EM fields configuration.  
In terms of EM fields, the magnetic field 

created by the birdcage, see Figure 5, is 𝐵;⃑ 0 along 
𝑦, the respective electric field 𝐸;⃑0 is perpendicular 
to 𝐵;⃑ 0, along 𝑥. Since 𝐵;⃑ 0 is linearly polarized, its 
direction will switch along 𝑦 on each cycle, and so 
will 𝐸;⃑0  along 𝑥. An additional external static 
magnetic field is provided along the 𝑧 axis, 𝐵;⃑ 1, to 
provide the boundary condition for the formation 
of helicon waves. Indeed, at EPFL helicon plasma 
are generated for fusion research using birdcage 
antennae operating at 13.56	𝑀𝐻𝑧 for RF powers 
up to 10	𝑘𝑊 [17]–[19]. 
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Figure 5 Birdcage EM fields 𝑩𝟏, 𝑬𝟏, externally applied 

magnetic field 𝑩𝟎 [4]. 
 
The resulting EM fields created by the antenna 

can provides a drift velocity 𝑣⃑, = 𝐸;⃑ × 𝐵;⃑  imparted 
to both ions and electrons in the same direction 
along 𝑧. This can provide thrust, together with the 
magnetic nozzle effect provided by the static 
applied magnetic field, while producing a quasi-
neutral plasma exhaust that does not require a 
neutralizer, see Eq. (4). Such results support the 
use of a birdcage antenna for a contactless 
plasma thruster application. 

 
(4) 

 
IPT DESIGN, INTEGRATION, AND 

VERIFICATION 
 
The main components of the IPT are: propellant 
injector, discharge channel, birdcage antenna, 
Faraday shield, solenoid, and the support 
structure, see Figure 6. The injector is movable 
along the symmetry axis 𝑧,  it is made of 
conductive material and used for fine-tuning the 
thruster. The solenoid is located externally to 
produce the static magnetic field. It is designed to 
produce a magnetic field up to 70	𝑚𝑇 with 15	𝐴 
current. At such current, more than 30	𝑚𝑖𝑛 
operation is possible without overheating to allow 
for future plasma diagnostic measurements. 
The birdcage antenna has 8 legs in a high pass 
configuration, designed to resonate at 40.68	𝑀𝐻𝑧. 
The feed is at one point, to provide linearly 
polarized EM fields. The commercial 3D EM 
software Remcom Inc. XFdtd® 7.8.1.3 is used to 
evaluate the resonance spectrum and the 
corresponding impedances to support the 
antenna design, especially the choice of the 
correct capacitance. The IPT structure is made of 
brass to minimize Eddie currents due to the RF 
fields, as well as to minimize interactions with the 

applied static magnetic field. The birdcage 
antenna is enclosed within a brass Faraday shield 
that isolates the outer environment from the EM 
fields created by the antenna and vice versa.  

  
 
The resonance study results with XFdtd® are 
shown in terms of 𝑆00 (scattering parameter), and 
impedance 𝑍 in Figure 8 and Figure 9. Each peak 
of 𝑆00	is a resonant frequency, correspondingly, 
𝑋 = 0	Ω.  To verify that the 𝑘 = 1  is the correct 
one, the EM fields are visualized in 3D, see Figure 
9, compared to that of the other peaks, and 
verified to be linearly polarized and homogeneous 
within the transversal section [20]. At each RF 
cycle the EM fields reverse their directions. Once 
the correct resonance peak is identified, the 
capacitance is swept until the peak is at 
40.68	𝑀𝐻𝑧 , finally requiring a capacitance of  
𝐶 = 785.51	𝑝𝐹.  The applied static magnetic field 
is expected to aid the formation of helicon waves 
within the discharge channel therefore providing 
a higher degree of ionization [22,23]. 
 

 
 

Figure 7 𝑆## vs Frequency IPT, XFdtd® Simulation [4]. 
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Figure 6 IPT rendering with the external solenoid [4]. 
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RESONANCE TUNING 

 
The integration of the IPT carries uncertainties 
and shifts from the desired resonance frequency 
and impedance due to tolerances in 
manufacturing, assembly, and non-ideal electrical 
components, such as the capacitors. Finally, the 
IPT requires to be further tuned tuning, and finally 
fine-tuned once everything is in place. While 
further tuning is achieved in the birdcage antenna 
integration phase, the fine-tuning is built-in the 
IPT. This is achieved by the moving conductive 
injector: it fine-tunes the resonance frequency 
once the IPT is fully integrated. After ignition, a 
frequency shift and a corresponding impedance 
change will still happen, but it is expected to be 
minimal due to the small size of the discharge 
channel. The assembled IPT is shown in Figure 
10.  

 
 

Figure 10 IPT assembled, [20]. 
 

TESTING 
 
The assembled IPT is connected to the 

calibrated NanoVNA v2 network analyser to verify 
its performance in terms of 𝑆00 and impedance 𝑍. 
The final tuning is presented in Figure 11, 
resulting in an 𝑆00 = −24.8	𝑑𝐵 corresponding in >
99% of the power coupled in the antenna. 

 

 
Figure 11 𝑆## and 𝑋 vs Frequency IPT, measured with a 

NanoVNA v2. 
 
The first discharge characterization campaign 

of the IPT has been completed at the end of 
September 2020. While data are currently being 
analysed, three exemplary conditions are hereby 
shown, with the IPT operating on Argon, Nitrogen, 
and Oxygen, see Figure 12, Figure 13, and Figure 
14. All the pictures were taken through a quartz 
window and with the same camera exposure 
settings. The input parameters are a forward 
power 𝑃2 = 60𝑊,  input current for the solenoid 
𝐼% = 6.7𝐴,  a particle flux equal for the three 
conditions of 20.30	1/𝑠,  and a background 
pressure of 𝑝34 = 0.12 − 0.23	𝑃𝑎.  
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Figure 8 𝑍 vs frequency IPT, XFdtd® Simulation [4]. 

Figure 9 Magnetic Field (top) and Electric Field (bottom): 
linear polarization [4]. 
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Figure 12 IPT operating on Argon. 

 

 
Figure 13 IPT operating on Nitrogen. 

 

 
Figure 14 IPT operating on Oxygen. 

 
CONCLUSION 

 
The IPT is a RF contactless plasma thruster 

based on a birdcage antenna. This has been 
designed, assembled, and tested. The birdcage 
antenna operating at resonance ensures a 
partially matched load by having 𝑋 = 0	Ω. 
Moreover, the EM field configuration produces a 
drift velocity for ions and electrons towards the 
same direction resulting in a quasi-neutral plasma 
plume that does not require a neutralizer. The 
movable injector is used for fine-tuning the 
resonance frequency. First ignition has been 
achieved in March 2020 and the discharge 
characterization test campaign is in the post-
processing phase. The IPT has been tested for 
different propellants and flows, powers, and 

magnetic field strengths. The IPT has shown so 
far easy ignitability, also at very low propellant 
flow rates, with very low input power required. 
Further tuning has also been achieved by 
adjusting the applied magnetic field. To verify the 
presence of helicon waves within the discharge, 
B-dot probe measurement will be performed. 
Moreover, in the near future the plasma will be 
evaluated by RF compensated plasma 
diagnostics such as Langmuir and Faraday 
probes at first, and then using a Retarding 
Potential Analyser (RPA) and optical emission 
spectroscopy (OES). 
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