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Abstract: High Power Electromagnetic Thrusters are being widely developed to meet a 
variety of space propulsion requirements for future robotic and manned space missions. 
Recently, A 5 kW electromagnetic thruster prototype with a radio-frequency plasma source 
and a rotating magnetic field acceleration section is being developed at Lanzhou Institute of 
Physics (LIP). The plasma source is magnetically enhanced and inductively coupled with an 
RF antenna driven at 13.56 MHz. This paper presents the modeling, simulation and testing 
of the RF Xenon plasma source. A two-dimensional axial-symmetric model is established 
and a parameter of modified electron mobility is applied to simulate the RF discharge of the 
plasma source. Furthermore, the characteristics of the plasma source with varying the RF 
power, applied magnetic flux density and gas flow rate is tested in a vacuum chamber. It is 
demonstrated experimentally and theoretically that, with the applied magnetic flux of 100 G 
and the RF power up to 500 W, the electron number density and electron temperature are 
nearly 8×1018 - 4×1019 m-3 and 2.2 eV plasma can be achieved, which is suitable for the next-
stage RMF acceleration. 

Nomenclature 
Bz = axial static magnetic flux density 
Bω = RMF magnetic flux density 
De = electron diffusion coefficient 
Dε = electron energy diffusion coefficient 
E = electric field strength vector 
H = magnetic field strength vector 
Isp = specific impulse 
LA = effective length of RMF acceleration section 
ne = plasma density 
nε = electron energy density 
Qabs = absorbed RF power by plasma 
R = effective radius of RMF acceleration section 
RMF = rotating magnetic field 
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rp = plasma radius 
Se = source or sink term of electrons 
Sε = the energy loss or gain due to inelastic collisions 
T = thrust of an electric thruster 
ωRMF = angular driven frequency of RMF 
μe = electron mobility tensor 
με = electron energy mobility tensor 
μdc = DC electron mobility 
Γe = electron flux 
Γε = electron energy flux 

I. Introduction 
He requirements on the high performance in-space propulsion system of spacecraft is becoming increasingly 
higher due to the he rapid increasing of space missions like deep space exploration, Mars landing, asteroid 

exploration and large-scale orbit transfer. For instance, higher Isp is beneficial not only to substantially decreasing 
the propellants of the propulsion system and the launching mass of the rocket, but also to increasing the quantities of 
the payloads. For manned deep space exploration, high thrust is also indispensable to reduce the mission time and 
hence guarantee the astronauts’ living and safety. High Isp and high thrust, therefore, require the electric thruster to 
operate with high input power. 

To meet the above requirements, several high power electric propulsions such as MPDT1, PIT2, NHT3, VASIMR4 
and ELF5 have been studied and developed extensively in past decades. Among these thrusters, ELF show great 
potentials to operate up to MW power levels due to its essential high energy density, which is derived from the 
Rotamak6, 7, a concept of magnetic confinement nuclear fusion. Besides, beneficial from its electrodeless design, 
lightweight and compaction, ELF has extremely long operation lifetime while operating in such high power. 
Meanwhile, based on the pulsed creation, confinement and acceleration of a high-density, magnetized Field 
Reversed Configuration (FRC) plasmoid by employing a Rotating Magnetic Field (RMF), ELF thrusters can 
perform steadily over a very wide range of high power while keeping relatively high efficiencies. 
   A 5kW downscaled thruster prototype call Electrodeless Plasmoid Thruster (EPT) consisting of an inductive 
preionization (PI) stage and a RMF acceleration stage 
has been designed, fabricated and tested at Lanzhou 
Institute of Physics (LIP) in past few years as shown 
in Figure 1. The PI system is a RF plasma source 
with an inner diameter of 40 mm which is 
magnetically enhanced and inductively coupled with 
an RF antenna driven at 13.56 MHz. In order to 
optimize the PI system, a two-dimensional 
axisymmetric MHD model based on COMSOL has 
been established and some numerical calculations 
have been carried out. Besides, a preliminary 
experiment has been performed to verify and correct 
the simulation results. In this paper, the numerical 
model and calculation results are respectively 
presented in Sec. II and Sec. III, which is followed by 
the ignition experiment of PI system in Sec. IV. 
Finally, a conclusion is presented in Sec. V. 
 

II. Model description 
The 2D axisymmetric simulation model established by COMSOL is shown in Figure 2. A 5-trun RF antenna 

driven at 13.56 MHz with a length of 30 mm is applied to couple with the plasma. The background axial magnetic 
field and gas pressure are both uniformly distributed with values of 100 Gauss and 2 Pa. The gas used in the 
simulation is Xenon. 

A. Equations for Fluid Plasma Model 

T 

 
Figure 1. Schematic of the EPT. 
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For the inductively RF plasma discharge, the momentum 
transfer collisional frequency is larger than the radio frequency 
(RF) driving frequency which is 13.56 MHz here. Thus the 
general flux balance equation for electrons can be instead by 
drift-diffusion (DD) approximation8 which can be expressed as 𝜕𝑛௘𝜕𝑡 ൅ 𝛻 ⋅ 𝜞௘ ൌ 𝑆௘ (1)𝜕𝑛ఌ𝜕𝑡 ൅ ∇ ⋅ 𝜞ఌ ൅ 𝑬 ⋅ 𝜞ఌ ൌ 𝑆ఌ ൅ 𝑄௔௕௦ 𝑒⁄  (2)

where 𝑆௘  is the source terms for electrons and 𝑆ఌ  is he energy 
loss or gain due to inelastic collisions. 𝑬 ⋅ 𝜞ఌ is the change of the 
electron energy caused by the electric field 𝑬. The electron flux 𝜞௘ and electron energy flux 𝜞ఌ are respectively defined as 𝜞௘ ൌ െ𝑛௘ሺ𝝁௘ ⋅ 𝑬ሻ െ 𝑫௘ ⋅ 𝛻𝑛௘ (3)𝜞ఌ ൌ െ𝑛ఌሺ𝝁ఌ ⋅ 𝑬ሻ െ 𝑫ఌ ⋅ ∇𝑛ఌ (4)
here E is the electric field strength which causes electrons movement with an electron mobility 𝝁௘ and an electron 
energy mobility 𝝁ఌ , 𝑫௘  and 𝑫ఌ  are electron diffusion coefficient and electron energy diffusion coefficient which 
causes electrons diffusion, in respectively. Assuming that the electrons have a Maxwellian distribution in the 
velocity phase space and the applied magnetic field only has a component in axil direction, the mobility here which 
is a tensor9 satisfy 𝜇௘ ൌ 𝜇ௗ௖1 ൅ 𝐵௭ଶ𝜇ௗ௖ଶ ቌ 1 𝐵௭𝜇ௗ௖ 0െ𝐵௭𝜇ௗ௖ 1 00 0 1 ൅ 𝐵௭ଶ𝜇ௗ௖ଶ ቍ (5)

where 𝜇ௗ௖ ൌ 𝑒 𝑚௘ሺ𝜈௘ ൅ 𝑗𝜔ሻ⁄  is the scalar electron mobility10 in the absence of the applied magnetic field and 𝐵௭ is 
the axial component of the magnetic field vector, 𝜈௘ is electron collisional frequency both including electron-ion 
collision and electron-neutral collision which can be calculated using the equations expressed in Ref. 11. 

   As the skin depth of RF current driven at 13.56 MHz is only 18 μm in the copper antenna, the computation will 
be quite huge and slow with proper meshing. Fortunately, an impedance boundary condition can be introduced to 
dramatically reduce the computation. In this boundary condition, the electromagnetic field induced by a current 
source can be written as 

(6)

where 𝜇௥, 𝜀௥ and 𝜎 are respectively relative permeability, relative dielectric constant and conductivity of the helicon 
antenna, 𝜔 is the angular frequency of RF current. 

Meanwhile, the electron flux boundary satisfy12 𝛤௘ ൌ 14 𝑛௘𝑣̅௘ (7)𝛤ఌ ൌ 53 𝑛ఌ𝑣̅௘4  (8)

where 𝑣̅௘ ൌ ඥ8𝑘𝑇௘ 𝜋𝑚௘⁄  is average thermal velocity of electrons. 

B. Plasma Chemical Reaction 
During the RF PI plasma discharge processes for Xenon gas, there are 25 particle collision reactions and 4 

surface reactions are under consideration as listed in Table 1, whose cross section data can be found in this 
literature13. 

No. Formula Reaction type Δε (eV) 

1 e+Xe→e+Xe elastic collision 0 

2 e+Xe→e+Xe1 excitation 8.315 

3 e+Xe1→e+Xe de-excitation -8.315 

4 e+Xe→e+Xe2 excitation 9.447 

5 e+Xe2→e+Xe de-excitation -9.447 

 
Figure 2. 2D simulation model of PI system. 



 
 

The 36th International Electric Propulsion Conference, University of Vienna, Austria 
September 15-20, 2019 

4

6 e+Xe→e+Xe3 excitation 9.58 

7 e+Xe3→e+Xe de-excitation -9.58 

8 e+Xe→2e+Xe+ ionization 12.13 

9 e+Xe1→2e+Xe+ ionization 3.785 

10 e+Xe2→2e+Xe+ ionization 2.653 

11 e+Xe3→2e+Xe+ ionization 2.52 

12 e+Xe1→e+Xe2 excitation 1.132 

13 e+Xe2→e+Xe1 de-excitation -1.132 

14 e+Xe2→e+Xe3 excitation 0.133 

15 e+Xe3→e+Xe2 de-excitation -0.133 

16 2e+Xe+→e+Xe3 excitation -0.133 

17 Xe3+Xe→Xe2+Xe de-excitation / 

18 Xe2+Xe→Xe1+Xe de-excitation / 

19 Xe1+Xe1→e+Xe+Xe+ ionization / 

20 Xe2+Xe2→e+Xe+Xe+ ionization / 

21 Xe1+Xe2→e+Xe+Xe+ ionization / 

22 Xe1→Xe de-excitation / 

23 Xe2→Xe de-excitation / 

24 Xe3→Xe de-excitation / 

25 Xe3→Xe1 de-excitation / 

26 Xe1→Xe surface de-excitation / 

27 Xe2→Xe  surface de-excitation / 

28 Xe3→Xe  surface de-excitation / 

29 e+Xe+→Xe recombination / 

III. Simulation Results 
The typical simulated electron density and energy distributions are shown in Figure 3 while the RF power ranges 

from 100 to 500 W and the axial magnetic field ranges from 0 to 300 Gauss. The profile along the radial direction of 
the electron energy and plasma potential is shown in Figure 4. 

  
Figure 3. Electron density (a) and energy (b).    Figure 4. Profile of electron energy and plasma potential 
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   According to the RF plasma theory, the plasma potential drop in the plasma pre-sheath and sheath can be 
respectively calculated by  𝑉௣௦ ൌ 12 𝑇௘𝑒  (9)

𝑉௦ ൌ 12 𝑇௘𝑒 ln ൬ 𝑀௜2𝜋𝑚௘൰ (10)

For Xenon, Eq. (10) is nearly to5𝑇௘ 3𝑒⁄ . The average electron energies in the plasma pre-sheath and sheath are 
1.9 eV and 2.3 eV as illustrated in Figure 4. 
Therefore, the total plasma potential drop is 
approximately equal to 13.14 V, which show great 
consistent with the simulation result 11.9 V as shown 
in Figure 4. 
    The effect of axial magnetic field to RF plasma 
discharge is shown in Figure 5 while the RF driven 
power is 300 W. On can see that higher density 
plasma can be obtained due to more efficient 
discharging when the applied magnetic field 
becoming much more intense. However, very high 
density is adverse to plasmoid acceleration in the 
RMF stage because the rotating magnetic field only 
penetrates in the very thin edge of the plasma column 
thus can not drive enough azimuthal plasma current 
to supply powerful Lorentz force. In this case, an 
applied magnetic field of nearly 100 Gs is enough for 
the next stage plasmoid acceleration. 

IV. Preliminary ignition experiment 
The  preliminary ignition experiment of PI system is carried out in the TS-6S vacuum chamber at LIP as shown in 

Figure 6(a). A single Langmuir probe located at the exit of the thruster is used to measure the plasma density and 
temperature of the plasma plume in the experiment as shown in Figure 6(b). 

   Figure 7(a) illustrate a typical image of the PI system plasma plume. The profiles of normalized plasma densities 
along z direction in the axis with different RF power are shown in Figure 7(b). The measured plasma densities at the 
exit of the thruster with different RF power are illustrated in Figure 8. The experimental results show great 
consistent with the simulation results which give some critical parameters of the PI system. Both experimental and 
simulation results also give a very important reference to develop the EPT thruster in the following work. 
 

 
Figure 5. Variations of electron energy and density 

along with the magnetic field.     

    
Figure 6. TS-6S vacuum chamber and Langmuir probe used in the experiment.     



 
 

The 36th International Electric Propulsion Conference, University of Vienna, Austria 
September 15-20, 2019 

6

 

V. Conclusion 
A 500 W RF PI source driven at 13.56 

MHz has been designed and optimized by 
numerical solutions and verified by a 
preliminary experiment. The simulation 
results show that 8×1018 - 4×1019 m-3 and 
2.2 eV plasma can be achieved, which is 
suitable for the next-stage RMF 
acceleration. Besides, the simulation 
results show great consistent with the 
experimental results and also give a very 
important reference to develop the EPT 
thruster in the following work. The PI 
plasma source will be further optimized to 
meet the requirements of RMF acceleration for the whole prototype thruster. 
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