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Abstract: A Megawatt-level electromagnetic thruster with a helicon plasma source and
a RMF acceleration section is under developing at Lanzhou Institute of Physics (LIP). In the
first stage, a S kW downscaled thruster prototype whose helicon discharge power is 1 kW is
designing now for acceleration principle demonstration. This paper presents the design and
optimization of the helicon plasma source by calculating the plasma resistance using HELIC
code with different helicon antenna lengths and axial magnetic fields both considering classical
helicon wave and Trivelpiece-Gould (TG) mode. With the optimized helicon plasma source, a
3D helicon discharge model is established by COMSOL Multiphysics™ Software hence the
dynamic plasma processes in the optimized helicon plasma source are detailed simulated. The
simulation results show that with an optimized Nagoya III type helicon antenna, a plasma
density nearly up to 3x10' m using the Argon gas is achieved under the RF power up to 1IkW
driven at 13.56MHz.

Nomenclature
B = magnetic flux density vector
D, = electron diffusion coefficient
D, = electron energy diffusion coefficient
E = electric field vector
H = magnetic field strength vector
L, = helicon antenna length
e = plasma density
ne = electron energy density
QOuabs = absorbed RF power by plasma
R = plasma resistance
10} = angular frequency of RF current
He = electron mobility
He = electron energy mobility
I, = electron flux
I, = electron energy flux
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LIntroduction

he rapid increasing of space missions like deep space exploration, Mars landing and orbit transfer, imposes a

urgent requirement for high power electric propulsion due to its high specific impulse which cannot be realized
by traditional chemical propulsion. In past decades, several high power electric thrusters such as MPDT!, PIT?, NHT?,
VASIMR* and ELF® have been studied and developed extensively. Among them, ELF thrusters developed by
University of Washington and MSNW LCC show great potentials to operate up to MW power levels with extremely
long operation lifetime due to its high energy density, electrodeless design, lightweight and compaction. 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 input power while keeping relatively high efficiencies. Besides ELF thrusters, a Helicon Electrodeless Advanced
Thruster (HEAT)® and a Gradually Expanded Rotamak-like (GER)’ plasma thruster are also proposed respectively in
Japan and Singapore which are both based on the FRC plasmoid generated by RMF.

In past years, a megawatt-level electromagnetic thruster with a helicon plasma source and a tapered RMF
acceleration section has been proposed by Lanzhou Institute of Physics (LIP). Recently, we are designing a 5 kW
downscaled thruster prototype to demonstrate the plasma generation, confinement and acceleration. As the first step,
the helicon plasma source must be designed and optimized carefully to meet the requirements of RMF acceleration
scheme. For plasma discharges, direct 3D simulation for different parameter scanning is quite inefficiency even by
MHD method due to its complicated since the involving of magnetic fields, plasma chemical reaction and anomalous
antenna. Fortunately, the HELIC code® written by Donald Arnush provide a simple but efficiency tool to design and
optimize the basic parameters such as the diameters and lengths of helicon plasma source very quickly. With the
optimized helicon plasma source, a 3D model is then constructed by COMSOL Multiphysics™ software and the
dynamic plasma processes is simulated using magnetohydrodynamics (MHD) method. The simulation results give
detailed descriptions of the RF power coupling and absorption, plasma resistance and antenna excitation.

The outline of this paper is as follows: The basic parameter design and optimization of helicon plasma source is
described in Sec. II. The calculated 3D model and the simulation results are given in Sec. III and Sec. IV, respectively.
Finally, conclusion and discussion are presented in Sec. V.

I1. Helicon Plasma Source Design

In present design, helicon waves with the azimuthal mode m=1 will be excited in Argon gas by a Nagoya III
helicon antenna driven at 13.56 MHz. Based on the preliminary studies and present engineering considerations, the
outer diameter and axial length of the helicon plasma source chamber are determined to be 23 mm and 100 mm,
respectively. Thus the length of the helicon antenna and the external axial magnetic field are the two critical parameters
for helicon plasma source design and optimization which is calculated numerically by HELIC code. In the calculation,
the plasma density and the magnetic field strength are respectively assumed in a range of 1x10'?- 5x10'3 ¢m™ and 50
- 500 Gs. The radial distribution of plasma density is nonuniform with a profile as shown in Figure 1 along with a
plasma radius of 20 mm. The antenna is located at the end of the discharge chamber with an insulating boundary
condition at the both ends. The neutral pressure of
Argon gas and the electron temperature used in the
collision factor are 75 mTorr and 3 eV, respectively.

One of the most important parameters is the 09r
plasma resistance R which is proportional to the RF

energy absorption. This quantity should be larger 30'87
than 1 Q to eliminate circuit resistance loss thus to Zo7
keep the RF power depositing mostly in the plasma =

itself rather than in the circuitry’. The calculated EO'G
plasma resistances R with different helicon antenna % 05
lengths versus plasma density 7. and external axial =

magnetic field strength B are shown in Figure 2. The E o4r

results show that with an antenna length of 100 mm
and an axial magnetic field strength of 500 Gs, the
plasma resistance can be larger than 2 Q (maximal
2.4 Q) while the plasma density larger than 7x10'2
cm3 at a stable operation which occurs on the
downward slop of each peak. This plasma density is
high enough for the following RMF acceleration.

o
w
T

o
[N}
T

o
-

-0.5 0 05 1
nomalized radial position

N

Figure 1. Assumed plasma density radial distribution.

2

The 35th International Electric Propulsion Conference, Georgia Institute of Technology, USA
October 8 — 12, 2017



12
15 12 15
1
= =]
« L,~50 mm ' « L~60 mm
(] [}
2 2 0.8
I o]
2 08 2
8 8
© w 0.
£ £ 0.6
2 0.6 a
= a
04 04
1014 1014
0.2 0.2
) Ve
Sty deﬂs\‘\l
& 0 12 e
% (6, 10 ps
14 18
2 2
16
12
g g
Z 15 L.=70 mm = 14
© 1 ©
= = 12
o] o] "
5 1 2
g 08 3 1
o] o]
5 05 5
a 0.6 = 0.8
0 0.6
600 04
14 14
S5, 400 10 10 04
<, 02
0.2
s VAN
Ty genst e
0 ot \es™
2 (GS) o
22
2
25 25 2
18
g 2 z 2
> L,~90 mm 16 P> L~100 mm
8 14 815 15
o o
@ @
8 12 & 1
o] o]
5 1 £
© © 05 1
S S
0.8
0
06 600
14 14 0.5
10 0.4 e*,e’”a/ 400 10
n;
02 ney, 200 108
Yot gers e

12 -9
* ) 0 10 s

Figure 2. Calculated plasma resistance R vs. n. and B for different antenna length obtained by HELIC
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III1. 3D Simulation Model Setup

A. Model Description

The 3D simulation model established by COMSOL
Multiphysics™ Software is shown in Figure 3. A Nagoya Il type
helicon antenna driven at 13.56 MHz with a length of 100 mm is
applied to excite helicon waves whose azimuthal mode number
is 1 in a axial symmetrical plasma column. The background axial
magnetic field and gas pressure are both uniformly distributed
with values of 500 Gs and 75 mTorr. Figure 3. Helicon plasma discharge model

B. Equations for Fluid Plasma Model

For the helicon 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) approximation'® which can be expressed as:

on 1
VL =S, M
where S, is the source terms for electrons. The electron flux I}, is defined as:
[e = _ne(ﬂe'E)_De'Vne (2)

where E is the electric field strength which causes electrons movement with an electron mobility ., D, is electron
diffusion coefficient which causes electrons diffusion. Assuming that the electrons have a Maxwellian distribution in
the velocity phase space, the mobility here which is a tensor when a magnetic field is applied satisfy:

1 —HeoB, 0 3)
pe' = oo (HeoB, 10
0 0 1

here u. is the scalar electron mobility in the absence of the applied magnetic field and B. is the axial component of
the magnetic field vector.
The electron mean energy density conservation equation can also be expressed as:

4)

on,

5t +V T, +E- T, =S5+ Qus/e
the electron energy change caused by electric field E and inelastic collisions are respectively denoted by E - I, and S,
while Q; is the energy coupled RF power into the plasma column. Similar to the definition of the electron flux [,
the electron energy flux density is defined as:

I, =-n.(u;-E)— D, Vn, (%)
here D, and p, are electron energy diffusion coefficient and mobility which are related to D, and p, by!!
Me =5u./3 (6)
D, =5D,/3

when the electron energy distribution function (EEDF) is Maxwellian.

As the skin depth of RF current driven at 13.56 MHz is only 18 um 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:

(7)
L-an+E—(n-E)n= 0

&o&r —jo/w

where p,, €. and o are respectively relative permeability, relative dielectric constant and conductivity of the helicon
antenna, w is the angular frequency of RF current.
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C. Plasma Chemical Reaction

During the helicon plasma discharge processes for Argon gas, there are seven particle collision reactions and two
surface reactions are under consideration as listed in Table 1. The collision corss-section'? of some major reactions
are shown in Figure 4.

Table 1. Table of collisions and reactions modeled
. Ag
Reaction Formula Type (V)
1 etAr=e+Ar elastic 0
2 etAr=et+Ars excitation 11.5
3 etArs=etAr superelastic -11.5
4 etAr=2e+Ar" ionization 15.8
5 etArs=2e+Ar" ionization 4.24
6 ArstArs=e+Ar+Ar* .Pe.n ning -
10nization
7 ArstAr=Ar+Ar metasta.b le -
quenching
8 Ars=Ar deexcitation -
9 et+Ar=Ar recombination -

distributions are depicted in Figure 6.
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Figure 4. Collision cross sections for Argon

IV. Simulation Results

The simulated electron density distributions in two cross sections are shown in Figure 5, while the axial and radial
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Figure 5. electron density distributions in transverse cross section (left) and in side view (right)

2751

N

°

o
T

electron density (x10%2 cm™®)

©  simulation data
~—polynomial fitting |_|

-10 -5 0

5

radial position (mm)

10 15 20

electron density (x 10%% cm‘a)

34 T T T T T T

3.2

w

N
@

©  simulation data
—fitting

L
0 20 40 60 80

. . .
100 120 140
axial position (mm)

160

Figure 6. Radial (left) and axial (right) distributions of the electron density
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Figure 8. Electron temperature in eV at time of 10 ms

From the figures in the left, the maximal electron density
in the plasma column is about 3.23 X 10" m™ which occurs
at the position of the two circle legs of the helicon antenna.
Meanwhile, in most of the plasma column, the electron
density is nearly 2.7x10" m> which is a relatively high
density for the following RMF acceleration. In the transverse
cross section, the electron density has a peak in the center.
The electron density evolutions along the radial position at
different time are shown in Figure 7.

As shown in Figure 7, the helicon discharge starts at
regions close to the circle legs of the Nagoya III helicon
antenna and gradually expand to the center of the discharge
chamber. By tracking the evolution process, on found that the
discharge achieve stability at the time about 1 ms and the
electron density does not change any more. Meanwhile, the
electron density gradually increases both in radial and axial

directions before the discharge stability.

The cross section distribution of electron temperature in
eV at the chamber center is illustrated in Figure 8. As shown
in this figure, except the edge region, the electron temperature in the plasma column is less than 2.5 eV which is
relatively not very high. With a strong magnetic field (500 Gs), the electrons are magnetized and have cyclotron
gyration which make themselves collide with neutral atoms much easier in the discharge chamber. Consequently,
electrons lose their energy by the collisions so frequently that they cannot accumulate enough energy to achieve high
plasma temperature.

Figure 7. Electron density evolution at time of 1
us (top), 23 ps (middle) and 1.3 ms (bottom)

V. Conclusion

A 1 kW helicon plasma source driven at 13.56 MHz with a Nagoya III antenna has been designed and optimized
by numerical solutions. By calculating the plasma resistance which actually is a reflection of RF power coupling to
the plasma, the length of the helicon antenna and the external axial magnetic field strength are respectively determined
to be 100 mm and 500 Gs with a plasma resistance uo to 2.4 Q. To study the dynamic discharge processes of helicon
wave excitation detailedly, we established a full three-dimensional model based on magnetohydrodynamics method
by using COMSOL Multiphysics™ Software. The simulation results show that the discharge remains unchanged after
about 1 ms. The helicon discharge for Nagoya III antenna start at the region close to its two the circle legs and then
gradually expands to the whole plasma column. At the stable plasma state, the maximal plasma density is up to 3.23
X 10" m and remains nearly 2.7x10" m> in most regions of the chamber. As the electrons are confined by a
relatively strong magnetic field, the electron temperature (energy) is approximately less than 2 eV due to their frequent
collisions with neutral atoms which lead to a high density plasma. The helicon plasma source will be further optimized
to meet the requirements of RMF acceleration for the whole prototype thruster.
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