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• Electrodeless EP technologies

• Flexible propellant compatibility

• Longer lifetime

Advantages and Features

Advanced EP Concept Development in DLR
Motivation and Challenges

Stéphane Mazouffre 2016 Plasma Sources Sci. Technol. 25 033002
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• Complex physics of plasma-wave interaction

• Low propellant utilization efficiency

▪ Loss on HF power transmission line

▪ Energy coupling between antenna and plasma

▪ Loss to the wall

• Complicate plasma acceleration mechanism

Challenges and Obstacles 

    

Decentralized Power Supplied Electric Propulsion 
Yung-An Chan @ ABEP Workshop, Gießen, 29.09.2025



Capacitively Coupled Plasma 
(CCP)
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Wave-heated plasma
Inductively Coupled Plasma 

(ICP)
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RF/MW Antenna and Plasma Source 
Plasma Generation Approach via Antenna

• RF voltage applied across two plates.

• Oscillating Electric field

• Electrons gain energy from this field 

• Ionize neutral atoms via collisions.

• RF-powered coil with high AC current

• Time-varying magnetic field induces an 
electric field inside the chamber

• Electrons gain energy from this field 

• Ionize neutral atoms via collisions.

• high-density plasma.

• Plasma is generated by absorbing
energy from EM waves using
waveguides, antennas, or resonant
structures.

• Electrons absorb energy resonantly
(e.g., matching cyclotron frequency in
ECR), which leads to efficient
ionization.



RF/MW Antenna and Plasma Source 
Plasma Generation Approach via Antenna - Wave-heated plasma
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Dispersion 𝜔 versus 𝑘 for the principal waves and plasma 
interaction under magnetic field. 

Cyclotron frequency 𝝎𝒄 :

𝜔𝑐 =
𝑒𝐵

𝑚

Wave number 𝒌:

𝑘 =
2𝜋

𝜆 𝑘 = 𝑘∥ Ƹ𝑧 + 𝑘⊥ Ƹ𝑟

Fundamentals

𝑒 Electron charge
𝜆 Wavelength of the wave
𝐵 Magnetic flux density
𝑚 Mass of charged particle

𝑐2𝑘2

𝜔2 = 1 −
Τ𝜔𝑝𝑒

2 𝜔2

1 − Τ𝜔𝑐 𝜔

Wave Absorption by Charged Particle

𝑐 Speed of light
𝜔𝑝𝑒 plasma oscillation frequency
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Electron-cyclotron-resonance Helicon wave heating

RF

RF/MW Antenna and Plasma Source 
Plasma Generation Approach via Antenna - Wave-heated plasma

• Heating occurs at where the wave and 

particle resonate 

• Electrode-less design

• High plasma densities (i.e., 1012 –1013 cm⁻³).

• Magnetic nozzle for plasma confinement and 

acceleration

• Operation at ultra-low pressure.

• Require higher magnetic field strength 

(i.e. 87.5 mT @ 2.45 GHz)

• Require higher mechanical tolerance

• Higher power loss in the transmission line 

• Require lower magnetic field strength 

(i.e., range from 10 mT – 50 mT)

• Require lower mechanical tolerance

• Lower power loss in the transmission line 

• Lower frequency for coupling electron from antenna 

to plasma

𝑓 ෨𝐸 ~ few GHz 𝑓 ෨𝐸 ~ 1 to 30 MHz (HF)

𝜔𝑐 =
𝑒𝐵

𝑚



DLR Wave-based Electric Propulsion Concept 
ALFVEN - Advanced Linear-Field Vector Excitation Network

Features and Design Goal

𝑩𝟎,𝒛Static B field

Transverse E field ෩𝑬𝟏,𝒙

ො𝑥

Ƹ𝑧 ො𝑦

Permanent magnet

Magnetic field guide

EMC shield

Transverse B field ෩𝑩𝟏,𝒚
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1. Advanced Linear-Field Vector Excitation Network

• Improve energy coupling from antenna to plasma 

• Reduce the loss on the antenna and transmission line

• Simplify the complicity of the plasma-wave coupling

2. Plasma generating & heating based on RF wave

3. Emulate ECR discharge @ VHF

4. Magnetic nozzle for plasma acceleration

5. Propellant selection flexibility

Xe
131.29

AirKr
83.798

Ar
39.998

Yung-An Chan @ ABEP Workshop, Gießen, 29.09.2025
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Bird Cage Antenna (BCA)

• Resonant network antenna with multiple resonant modes 

• Avoid high extremely high voltages occur at input 
terminals even at high power condition 

• Scalable on dimension, frequency, and impedance

• Flexible on the design geometry

• Uniform EM field distribution with the antenna

• Commonly used in Magnetic-resonance image (MRI)

Philips N.V., MRI coil - Dual tuned head coil

Ph Guittienne et al 2021 Plasma Sources Sci. Technol. 30 075023

Ahmad, S.F.; Kim, Y.C.; Choi, I.C.; Kim, H.D. Recent Progress in Birdcage RF Coil 
Technology for MRI System. Diagnostics 2020, 10, 1017. 
https://doi.org/10.3390/diagnostics10121017

Daniel Hernandez, Taewoo Nam, Eunwoo Lee, Jae Jun Lee, Kyoung-Nam Kim; Extended 
curvature birdcage coil design for localized magnetic field in 9.4 T MRI for multiple mouse 
imaging. AIP Advances 1 June 2024; 14 (6): 065228. https://doi.org/10.1063/5.0204004

DLR Wave-based Electric Propulsion Concept 
ALFVEN - Advanced Linear-Field Vector Excitation Network

https://www.usa.philips.com/healthcare/product/HCNMRF438/multi-nuclei-mr-for-30t-ib-nmrf438-multi-nuclei-mr-ib
https://doi.org/10.3390/diagnostics10121017
https://doi.org/10.1063/5.0204004


Birdcage Antenna Working Principle

9
Yung-An Chan @ ABEP Workshop, Gießen, 29.09.2025

𝑖 𝑛+1𝑖 𝑛

DLR Wave-based Electric Propulsion Concept 
ALFVEN - Advanced Linear-Field Vector Excitation Network

Ph Guittienne et al 2021 Plasma Sources Sci. Technol. 30 075023



Simulation

Measurement
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RF Power Circuit ALFVEN - 4050

DLR Wave-based Electric Propulsion Concept 
ALFVEN - Advanced Linear-Field Vector Excitation Network

• Frequency: around 40.82 MHz

• Impedance: around 50 Ω

• Power: 50 W to 150 W

• Antenna: Square-loop antenna (SLA)

Resonant antenna

Configurable 
magnetic strength

118 mm

Gas Injector and 
RF power feeding

Static B field

Transverse E field ෩𝑬𝟏,𝒙

Transverse B field ෩𝑩𝟏,𝒚

𝑩𝟎,𝒛
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Chan, YA., Takahashi, K., Grabe, M. et al. Development and characterization of 

the ALFVEN thruster. J Electr Propuls 4, 25 (2025). 

https://doi.org/10.1007/s44205-025-00123-3

https://doi.org/10.1007/s44205-025-00123-3


Recent Research and Approach
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• What is the main driven factor caused the low efficiency in RF plasma thruster?

➔ Magnetic field topography? Thruster potential? Or other impacts?

➔ How is the input power budget share by the discharge and acceleration processes?

➔ Test at the critical power condition to limit power budget for the discharge and acceleration processes

Yung-An Chan @ ABEP Workshop, Gießen, 29.09.2025

Yung-An Chan, Christopher Geile, Felix Plettenberg, Jens Schmidt, Kazunori Takahashi, “Discharge and Plume Characteristics 
of the ALFVEN Thruster,” 39th International Electric Propulsion Conference, IEPC-2025-594, London, 2025

Yung-An Chan, Christopher Geile, Felix Plettenberg, Jens Schmidt, Kazunori Takahashi, “Investigation of the Magnetic Nozzle 
Configuration on the ALFVEN Thruster Performance,” 39th International Electric Propulsion Conference, IEPC-2025-595, 
London, 2025

Chan, YA., Takahashi, K., Grabe, M. et al. Development and characterization of the ALFVEN thruster. J 
Electr Propuls 4, 25 (2025). https://doi.org/10.1007/s44205-025-00123-3

https://doi.org/10.1007/s44205-025-00123-3


DLR STG-MT Vacuum Facility

Test Implementation
Vacuum facility and Test conditions
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Dimensions: 𝜙1 m × 1 m

Pumping speed: 2000 L/s (N2)

Ultimate pressure: 3 × 10−6 mbar

Gas: Argon and Krypton (Grade: 5.0) 

Flowrate: 2-50 sccm, Uncertainty: 1.5%

Configuration: Standard and Div. magnetic nozzle

Thruster potential: TT-HV 200, BW: 300 MHz, up to 2 kVpk

Power supplying system: ~100 W, class-A power amplifier

RF Circuit Properties: Octiv Poly 2.0, 𝑉-𝐼-𝜃 sensor, 

Performance: Thrust balance

Plasma diagnostics: Langmuir probe and RPA

Test Description 
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Magnetic Field Configuration

Standard configuration (STD)

➔ Uniform 𝐵 across the cross-section of
the discharge chamber

➔ Ring-cusp 𝐵 field forms at the exit of
the discharge chamber,

Divergent magnetic nozzle (DMN).

➔ Enable similar 𝐵 at the upstream
discharge chamber

➔ Downstream has a divergent magnetic
field configuration

𝑩 @ Center plane

• STD :148 G ± 1.5 G

• DMN: 131 G ± 1.5 G

Test Implementation
Configurations
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Verification Activities for ALFVEN-4050
Plasma Plume Properties

Standard 
Configuration

DMN 
Configuration

𝑇𝑒,eff 𝑛𝑒,

ො𝑥

Ƹ𝑧 ො𝑦

Thruster Axis

Langmuir Probe Measurement

Probe tip (𝑑 × 𝑙) : 𝜙1 mm ×10 mm

𝑉bias: -200 to 50 V 
161 𝑉bias pts,

smallest Δ𝑉bias = 0.05 V
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Verification Activities for ALFVEN-4050
Ion Beam Energy Distribution Function (IEDF) – in Argon

Standard Configuration DMN Configuration
• In STD, main peak ℰAr+ ≈ 90 𝑒𝑉 was 

observed @ ሶ𝑚Ar < 5 sccm

• ℰAr+ become dual-populations @ 
ሶ𝑚Ar > 5 sccm

➔the formation of a double-layer (DL) in 
the RF plasma thruster*

• In DMN, main peak ℰAr+from 100 eV
to 150 eV was identified @ ሶ𝑚Ar <
5 sccm

• ℰAr+ drop rapid with increasing ሶ𝑚Ar, 
saturated around 50 eV

• Dominated low ℰAr+ population

➔ different beam acceleration mechanism 
than the double-layer (DL)

Yung-An Chan, Christopher Geile, Felix Plettenberg, Jens Schmidt, Kazunori Takahashi, 
“Investigation of the Magnetic Nozzle Configuration on the ALFVEN Thruster 
Performance,” 39th International Electric Propulsion Conference, IEPC-2025-595, London, 2025
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Verification Activities for ALFVEN-4050
Ion Beam Energy Distribution Function (IEDF) - in Krypton

• In STD, dual-populations ℰKr+

• ℰKr+,high ≈ from 50 eV to 30 eV

• ℰKr+,low ≈ from 18 eV to 10 eV

➔the formation of a double-layer (DL) in 
the RF plasma thruster*

• In DMN, main peak ℰKr+ from 100 eV to 
60 eV was identified @ ሶ𝑚Kr < 5 sccm

• ℰKr+ drop with increasing ሶ𝑚Kr, saturated 
around 40 eV

• Dominated low ℰKr+ population. 

➔ different beam acceleration mechanism, 
possibly driven by high 𝑇𝑒,eff

➔ high amount of the low-energy 
population might due to the wall loss

Standard Configuration DMN Configuration

Yung-An Chan, Christopher Geile, Felix Plettenberg, Jens Schmidt, Kazunori Takahashi, 
“Investigation of the Magnetic Nozzle Configuration on the ALFVEN Thruster 
Performance,” 39th International Electric Propulsion Conference, IEPC-2025-595, London, 2025
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Verification Activities for ALFVEN-4050
Thrust Efficiency (𝜂T)

• The best 𝜂T appears @ low ሶ𝑚. 

➔ Energy conversion to the acceleration 
works better at low ሶ𝑚. 

• 𝜂T is DMN is much higher then in STD 
@ low ሶ𝑚

• Similar 𝜂T evolution trend for Ar and Kr 
in DMN configuration

• 𝜂T dropped rapidly when ሶ𝑚 increases in 
both configurations, and start saturated 
when the ሶ𝑚 ≥ 7.5 sccm in STD but 
continuously decay in DMN

➔ low efficiency might be related to the 
loss of ℰKr+ to the wall due to the 
increasing collisional frequency between 
heavy particles

Standard Configuration DMN Configuration

Yung-An Chan, Christopher Geile, Felix Plettenberg, Jens Schmidt, Kazunori Takahashi, 
“Investigation of the Magnetic Nozzle Configuration on the ALFVEN Thruster 
Performance,” 39th International Electric Propulsion Conference, IEPC-2025-595, London, 2025



Summary
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General:

▪ Very good ionization performance can be achieved in ALFVEN concept. 

▪ The 𝑛𝑒 and IEDF is mildly affected by the float or ground configuration. 
➔ Different circuit doesn’t affect too much on discharge behavior and ion acceleration. 

▪ The float/ground configuration has significant impact to the plume EEDF. 
➔ Floated condition can have more aligned 𝑇𝑒,eff corelation when using different gas.

▪ Effective electron heating at low flow rate case. 
➔ effective energy coupling from antenna to plasma

▪ Formation of double-layer (DL) when operated at high ሶ𝑚, accompanying with high 𝑛𝑒 and 𝜂T saturation 
➔ suggests the discharge behavior dominate the energy budget share

▪ Better performance appears at the low ሶ𝑚Ar

➔ energy budget to the acceleration processes is not overly drained by the discharge



Summary
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STD vs DMN:

▪ Both confs has single high energy ion (up to ℰAr+ = 150 eV and ℰKr+ = 100 eV ) at low ሶ𝑚Ar, and shift to dual-
populations IEDF when 𝑛𝑒 boost observed ➔ related to the DL formation

▪ High 𝑇𝑒,eff for both gases regardless of the flow rate, especially in DMN configuration

▪ Much better performance at the low ሶ𝑚 with though general efficiency is still low 
➔ possible due to wall loss

▪ Similar 𝜂T evolution trend for Argon and Krypton ➔ the energy budget share for acceleration is likely 
independent from gas species



Conclusion and Outlook
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• Wave-heated type plasma source is selected for space propulsion 
application because:

• Electrode-less design

• High electron densities

• Efficient heating mechanism

• ALFVEN features in a nutshell

• Inherit the feature of birdcage antenna  

• Resonant network antenna working at VHF and UHF

• Emulate ECR discharge at a lower magnetic field strength 

• Scalable on dimension, frequency, and impedance

• Excellent discharge performance and beam acceleration

• High density plasma generated at low power

Xe
131.29

Air

Kr
83.798

Ar
39.998



Conclusion and Outlook
Application of ALFVEN for ABEP

▪ High plasma density

▪ Efficient discharge performance

▪ Lower electron temperature

➔ suitable for ATOX source application

▪ Lower plasma density

▪ Higher electron temperature 

▪ Better plasma acceleration and higher beam 
energy

➔ suitable for plasma thruster application

ALFVEN-STD ALFVEN-DMN

Yung-An Chan @ ABEP Workshop, Gießen, 29.09.2025
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Conclusion and Outlook
Application of ALFVEN for ABEP

22

• More test needed, C-scanner and ExB probe. 

• Effect of the impedance variation and matching

• Effect of the input power

• Operation of ALFVEN with oxygen

Yung-An Chan @ ABEP Workshop, Gießen, 29.09.2025



Thanks for your attention

Dr.-Ing. Yung-An Chan

Tel: +49 551 709-2740

Email: yung-an.chan@dlr.de

Plasma Dynamics and Space Propulsion Group

Spacecraft Department 

Institute of Aerodynamics and Flow Technology
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