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Abstract

The Advanced Linear Field Vector Excitation Network (ALFVEN) thruster represents

a novel RF plasma propulsion system developed to enhance the coupling efficiency
of electromagnetic waves to plasma, particularly in low-power conditions. This study
presents the design, development, and experimental characterization of the ALFVEN-
4050, an RF thruster utilizing a resonant network to generate a linear-polarized
electromagnetic field in the transverse direction of the thruster’s discharge cham-

ber. The innovations of ALFVEN- 4050 include utilizing a square-loop antenna array
and the orthogonal coupling of the transverse electromagnetic field and uniform
magnetic flux across the discharge chamber, enabling efficient plasma generation.
Experimental results using argon and krypton propellants demonstrate promising
ignition capabilities for low gas flow rate and stable impedance matching. The ALFVEN
thruster's performance highlights its potential to overcome challenges in low-power RF
plasma thrusters, such as low mass utilization efficiency, paving the way for advanced
EP concepts for applications with alternative propellants.

Keywords: Electric propulsion, Radio-frequency, Resonant antenna

Introduction
Neutralizer-free or electroless thruster concepts, such as a helicon plasma thruster
(HPT) and an electron-cyclotron-resonance (ECR) thruster, rely on the heating mecha-
nisms with electromagnetic fields, which provide plasma generation for propulsive pur-
poses [1]. Eliminating electrode exposure to the plasma provides superior compatibility
with alternative propellants such as water or Iodine [2, 3], and mitigate electrode deg-
radation caused by ion bombardment and chemical reactions. Thus, the EP concepts
based on these technologies can offer promising advantages for new space applications.
Recently, the thrust efficiency of the HPT has been significantly improved to
nearly 30% [4], mainly attributed to improving the magnetic confinement in the
source and the plasma-gas interaction [5], increasing the operation power, and
understanding the plasma dynamics in magnetic nozzles [6]. However, the low-
power HPT, i.e., few-hundred-watt class [7] and sub-hundred-watt class [3], remains
relatively low in performance. Literature also suggests that the significant loss
is mass utilization efficiency, which is driven by the ionization cost and is related
to the species’ionization energy, power coupling efficiency, and energy loss to the
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thruster wall [2, 8]. Attempts to reduce wall loss have also been implemented using
the strong magnetic field and the cusp-type fields for plasma confinement with a
high-power helicon source [8]. However, the more substantial field could potentially
cause issues with plasma detachment [9].

An alternative approach to improving mass utilization efficiency is to improve the
power coupling between the antenna and plasma, which is particularly important
when the thruster is operated in low-power conditions, and the propellant has a
low mass flow rate. Furthermore, the direct ignition of the discharge by the antenna
is crucial to minimize the system size of the EP device. Accordingly, the design
of the plasma antenna and the coupling mechanism becomes crucial for the low-
power electrodeless thruster. Advanced-Linear Field Vector Excitation Network, aka
ALFVEN, is proposed to optimize radio-frequency (RF) power transmission.

ALFVEN is a resonant network that aims to generate a linear-polarized oscillating
electromagnetic field across the whole discharge chamber in the transverse direc-
tion axis with a radio-frequency wave. Unlike the known HPT or ICP thruster, which
utilizes an inductive component as a plasma antenna in series with the power unit,
ALFVEN is more similar to the function of the birdcage antenna, i.e., an antenna
made of a parallel resonant circuit. More details on the fundamental principle of
ALFVEN and the birdcage antenna can be found in Ref. [10-12] Yet, ALFVEN ena-
bles linear scaling of geometry, design impedance, and operating frequency. Since
ALFVEN inherited the feature of a resonant network, the total equivalent resistance
could be increased significantly, enabling lower current flowing in the circuit. Thus,
the power loss in the impedance-matching circuit due to the ohmic heating could be
minimized. Resonant circuits used for plasma generation have demonstrated prom-
ising power transmission efficiency and significant plasma density enhancement.
[13, 14]

The second feature of ALFVEN is the linear-polarized oscillating electromagnetic
field in the transverse direction of the discharge chamber. One could enable the opti-
mization of the E x B condition from the antenna to the plasma by carefully design-
ing an axisymmetric magnetic field topography. This offers a mechanism similar to
plasma generation, as the ECR thruster, but operates in a lower frequency domain.
This feature enables minimizing power loss in the transmission line, utilizing high-
efficiency DC-RF power conversion, and releasing the tolerance requirement for
circuit and antenna manufacturing. A preliminary experimental observation of the
ECR in the 13.56 MHz magnetic enhanced plasma source has pointed out the pos-
sibility of utilizing the RF wave to trigger the ECR effect [15].

Nevertheless, whether the thruster design with the ALFVEN concept can be catego-
rized as a type of HPT or ECR thruster remains an open question due to the need for
further experimental verification of the wave propagation and dispersion in plasma.

This paper presents an RF thruster demonstrator based on ALFVEN technology,
i.e., ALFVEN- 4050. The resonant frequency is designed around 40 MHz and has an
impedance of 50 Q2. The discussion focuses on the discharge capability and the imped-
ance variation resulting from the presence of plasma, accompanied by the measure-
ment of plasma properties.
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ALFVEN thruster design

The concept illustration and the picture of the ALFVEN thruster are shown in Fig. 1,
which consists of an RF plasma source and magnetic optics. An advanced antenna
concept is proposed to improve the power coupling between plasma and antenna.
The antenna comprises a square-loop array (SLA) that is azimuthally distributed
around the cylindrical quartz tube, which serves as the plasma discharge chamber.
The antenna aims to generate a uniform, transversely oscillating electromagnetic field
within the discharge region, providing a function similar to that of the cylindrical
birdcage antenna for plasma generation. [10, 11] Beyond the scope of the birdcage
antenna, the SLA offers greater flexibility in the engineering design of the resonant
antenna at approximately the same antenna dimension, such as antenna impedance
and operating frequency by further detailing the antenna design, providing high
adaptability to the specification of the RF power unit. The thruster is isolated from
the facility’s ground and the RF power circuit by using an inner/outer DC block,
which still allows the HF power transmission. This implementation enables the meas-
urement of the thruster potential during operation.

The ALFVEN- 4050 has a dimension of 118mm x 118 mm x 86.5 mm, with a dis-
charge chamber of 40 mm inner diameter and a length of 90 mm. The thruster is elec-
trically isolated from the ground using PEEK as the supporting structure and a DC
isolator on the power feeding line. A quartz tube is extended from the thruster exit
to the end of the quartz tube cape, which allows the plasma in the discharge chamber
to be isolated to the surrounding structure but only exposed to the distributed plate.
The propellant is injected into a small pre-chamber encapsulated by a showerhead
distributing plate, enabling a uniform gas distribution across the section of the dis-
charge chamber. In addition, the distributed plate is in contact with the plasma and
the thruster body, creating an equal potential between the plasma and the thruster
body. One can roughly determine the plasma potential in the discharge chamber by
measuring the thruster potential from the thruster body.

The design of magnetic optics is indicated in Fig. 1, which is comprised of four sets
of NdFeB permanent magnets and two pieces of soft iron plate to guide magnetic flux
to the discharge chamber. The goal is to achieve a uniform magnetic flux distributed
across the discharge chamber.
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Magnetic flux
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Fig. 1 Concept illustration of ALFVEN thruster: Thruster CAD model with the applied magnetic field B and
oscillating electromagnetic field By, and E x (left), and the cross-section view of the thruster assembly (right)
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Antenna design and working principle

An electric schematic of the SLA of the ALFVEN- 4050 can be found in Fig. 2, which is
similar to the circuit of the cylindrical birdcage antenna. [10] The idea is to generate a
sinusoidal current distribution over the cylindrical surface enclosed by the legs of the
antenna, which is able to formulate a linear B-field in the transversal direction across the
volume enclosed by the legs. Two rings are located at the end of each leg, and the capaci-
tors are between them to adjust the resonance frequency of the SLA. By expanding the
circuit into planar form, the schematic can be represented as an infinite ladder circuit,
as shown in Fig. 3. The Z1, Z,, and Zj y,q represent the equivalent impedance of the leg,
ring, and the equivalent impedance of the SLA as load. The equation for the Zj .4, Z1,
and Z; are beyond the scope of this paper. However, a detailed derivation for Zj y.q4, Z1,
and Z, can be found in Ref. [16].

The i represents the current flowing in the leg of the SLA, which is designed pur-
posely to provide a standing wave propagation within the ladder circuit. Since the circuit
of SLA is designed to resonant at a single frequency (i.e., Zy.q = 50%2), the reflective
power from the RF power system can be minimized, indicating the ideal power transfers
from the RF source to the antenna circuit.

The circuit component for the ALEVEN- 4050 can be found in the following ladder
circuit schematics, shown in Fig. 4. The circuit used for ALFVEN is a high-pass circuit.
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Fig. 2 lllustration of the electric schematic of the ALFVEN- 4050 antenna
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Fig. 3 Concept illustration of the infinite-loop ladder circuit for ALFVEN- 4050

The Z; is composed of a series circuit including a capacitance (Cring), resistance (Rring),
and the mutual inductance on the ring (Mying), while the Z is composed of a self-induct-
ance of the leg (Lieg) and the resistance (Ryeg). Therefore, the impedance of the ring and
leg can be written as Z1 = Rying + 1/ (jwCring) + jwLying and Z = Rieg + jwLieg, respec-
tively. The Miing is strongly affected by the geometry, the conductive parts’ arrangement,
and the RF excitation frequency to the antenna. The detailed calculation for the M;ing is
beyond the scope of this work. A 3D simulation for the SLA’s overall impedance and the
resonant frequency is more accurate and representative of the Zj,,q, which is shown in
the next subsection (Fig. 5).

Antenna characteristics

The full-scale SLA of the ALFVEN- 4050 is designed with COMSOL HF module. The
simulation is performed in the frequency domain from 30 to 55 MHz with a 0.1 MHz
interval resolution. The material used for the simulation is selected from the COMSOL
database according to the material used in the antenna. COMSOL automatically builds
the mesh with the maximum element size of the simulation set at 3 mm for the shield-
ing and 1 mm for the antenna structure, which is < 0.05% and < 1.83% than the simulated
wavelength, respectively. The conductor surfaces are considered perfect electric conduc-
tors, which is reasonable due to the properties of the selected material. The properties of
lump elements used in the antenna, i.e., capacitors, provide the equivalent series resist-
ance and inductance at 40 MHz, were also taken into consideration. The input of the elec-
tromagnetic wave starts from a 50 Q) N-type connector to propagate through the antenna.



Chan et al. Journal of Electric Propulsion (2025) 4:25

Page 6 of 21

Z
Ao

—

=
Cring Rring Mring Cring Rring Mring

Cring Rring Mring Cring Rring Mring

Fig. 4 Electrical components and equivalent circuit of the SLA in ALFVEN- 4050
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Fig. 5 Simulated and measured sy1parameter of the ALFVEN- 4050 antenna

The simulated s1; parameter is shown in Fig. 5, together with the Vector Network
Analyzer (VNA) measurement for ALFVEN- 4050 assembly. The VNA used for the cal-
ibration is Rigol RSA5065 N with calibration kit RIGOL CK106 A. The scanning fre-
quency is from 30 to 50 MHz with a resolution of 5 kHz and 1000 samples averaging
at each scanning frequency. The systematic uncertainty of the measurement is < + 2.5
ppm. Both spectrum profiles demonstrate consistent characteristics of SLA dual-band
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resonant frequency. The COMSOL simulation derived the |s;1| = — 31.5 dB at the reso-
nant frequency fres = 40.6 MHz. In contrast, the VNA measurement derived |s11| = —
26.2 dB at fres = 40.82 MHz . The resulting frequency shift could be derived from the
deviation of the material properties from the perfect conductor, assembly tolerance, and
the capacitors'uncertainty for achieving the resonance circuit. Among the possible dis-
crepancies, the most probable cause is the uncertainty of the capacitor, which could have
a 2% deviation from the central capacitance values.

Magnetic field topography

A comparison of the COMSOL simulation of magnetic field topography and the 2D
measurement across the discharge chamber’s axial section is shown in Fig. 6. The mag-
netic flux at the position z= — 50 mm is approximately 142 G+ 1.5 G. In addition, the
magnetic flux diverges around the exit of the discharge chamber, which can partially
serve as a magnetic nozzle. The field is uniformly distributed across the cross-section of
the discharge chamber.

Power supplying system

Figure 7 summarizes the architecture of the power-supplying system used for ALFVEN-
4050 in a block diagram. The RF power supply is controlled by a Field Programmable
Gate Arrays (FPGA) close-loop system, which monitors the power output and automati-
cally tunes the signal frequency to maintain a constant net RF power given by P — Py,
where Pf and P; are the forwarded and reflected powers, respectively. The FPGA system
controls the voltage-controlled oscillator (VCO). An RF signal generated from the VCO
is then sent to a voltage variable attenuator (VVA), which serves as an output power
controller for the RF power amplifier. The amplifier is a class AB type with an operating

Position Y (mm)

Mgasurement

-50 0 50 B/B
Position Z (mm)

Fig. 6 Comparison of 3D magnetic field simulation and 2D experimental measurement with Hall probe for
ALFVEN- 4050
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Fig. 7 Power unit and transmission line architecture for ALFVEN- 4050 tested in Mega-HPT at Tohoku
University, Japan

frequency at 40 &= 3MHz and output power up to 500 W at an impedance of 50 2. The
output power is delivered through an RF bi-directional coupler, which converts the RF
forward and reflected power into DC voltage for the FPGA to conduct close-loop auto-
tuning processes on the frequency to maintain the net power output. Details of the RF
power supply can be found in Ref. [17].

The frequency auto-matching function is disabled during an experiment to measure
the circuit properties’variation when plasma is present. A commercial RF measurement
device, known as Octiv Poly 2.0 from Impedans GmbH, is implemented between the
power supply and ALFVEN to monitor the real-time variation of in-line voltage, cur-
rent, and impedance of the RF power circuit when the plasma is in the discharge cham-
ber. Since the antenna is with Zj y,q = 50%2, the antenna provides excellent performance
for plasma ignition. However, one has to pay attention to the fact that the load imped-
ance could become more deviated from the matching condition (i.e. Zj,,q = 502) as
the input power increases. Accordingly, the experiment is carefully controlled within a
specific power range to avoid damaging the RF power system or load.

Test facility and experimental setup

Vacuum facility and thruster implementation

The thruster functionality test has been performed in the DLR facility, i.e., STG-MT.
The chamber has dimensions of ¢1 m x 1 m and an ultimate pressure of 3 x 10~° mbar.
After successful functionality verification, the ALFVEN thruster is tested in the Mega-
HPT facility at Tohoku University in Japan, including tests of ignition capability, RF
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circuit properties, thruster potential, and plume properties near the exit of the ALFVEN
thruster. The gases for the experiment include argon 5.0 and krypton 5.0.

The dimension of the Mega-HPT chamber is @1 m x 2 m with an ultimate pressure
around 1 x 107® mbar. [18] The implementation of the thruster in Mega-HPT can be
found in the Fig. 8. The thruster is electrically isolated from the ground of the facility.
The power is transmitted from the RF power generator to ALFVEN through a coaxial
cable and feedthrough. An RF isolator is adapted at the thruster’s power inlet port to
create electrical insulation for the DC component on the core and the shielding of the
coaxial cable, but free transmission for the AC component. A high-frequency voltage
probe, i.e., PMM 513 A from PMK GmbH, is connected to the shielding of the thruster
to monitor the electric potential of the ALFVEN- 4050 during operation. The volt-
age probe is a 10:1 passive voltage sensor up to 300 V, which has a bandwidth of up to
250 MHz and an input impedance of 10M 2 and rising time of 1.4 ns An oscilloscope
monitors the attenuated voltage from the probe. The measurement duration is one sec-
ond after receiving a TTL trigger from the RF power supply, which has a one-second
delay after the RF power is forwarded to the ALFVEN thruster. The thruster potential
recorded in this test campaign is an average of the voltage measurements.

Measurement of RF circuit properties

The RF circuit properties of the ALVFEN thruster are monitored by an Octiv Poly 2.0
sensor between the power unit and the load. The sensing properties and their uncer-
tainty at a center-frequency (CF) of 40.65 MHz is summarized in the Table 1.

Measurement of plasma properties

A planar Langmuir probe is used to assess the plasma plume properties, where the elec-
tron temperature (T,) and the ion saturation current (/js) are determined. The probe is

| | / Electrical insulator

pe—

RF Isolator Planar Langmuir probe
L

Voltage probe Oscilloscope
Flow controller Gas bottle
Octiv Poly 2.0 RF power unit

Fig. 8 Implementation of ALFVEN-4050 in MegaHPT at Tohoku University
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Table 1 Measurement range and uncertainty of Octiv Poly 2.0 from Impedans Ltd at 40.65 MHz

Parameters Value Uncertainty

Frequency 40.65 MHz (CF) &22MHz +1kHz

Power up to 12 kW +1%

Voltage up to 1850V 1Vrms Or 1%

Current upto9A 0.1Ams or 1%

Impedance 102t010%Q < 0.5% for the testing range
Phase +180° +1°

80

—F— Ar
—¥—Kr
= 60|
o
5 40 ]
£ 20t
2
0 L i i
0 5 10 15 20

1 ‘,'
Gas Flowrate, V, (sccm)
Fig. 9 Assessment of ALFVEN- 4050 direct ignition capability. The test is performed without external
assistance, such as an external electron source or gas shock

placed at 40 cm downstream from the ALFVEN thruster’s exit to minimize RF wave
interference from the thruster’s antenna to the Langmuir probe. The detector has a
3-mm diameter, facing perpendicular to the thruster axis. The description of the Lang-

muir probe setup can be found in Ref. [19].

Experimental result

Ignition capability

The ignition capability of ALFVEN- 4050 with krypton and argon is shown in Fig. 9,
respectively. The ignition test of ALVEN- 4050 is conducted without an extra assistance
mechanism. Higher power is expected to achieve argon ignition owing to its higher ioni-
zation energy than krypton. The required ignition power is lower at a higher gas flow rate
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(V), which suggests the higher collisional frequency of heavy particles could enhance
the ignition of RF plasma. On the other hand, the ignition power remains almost con-
stant when the thruster is operated below 5 sccm for krypton and 7.5 sccm for argon,
suggesting that the collisional effect of heavy particles is negligible from the ignition. In
addition, the tendency is inconsistent with the known Paschen discharge curve, where
the lower pressure should yield a higher breakdown voltage. This also suggests an unex-
pected influence is dominating the ignition capability of the plasma when the V' is low.

Impedance variation
The circuit components change when plasma is present in the discharge chamber of the
ALFVEN- 4050, which forms a secondary circuit by plasma interacting with the leg of
SLA. The effect of the plasma on Z; is relatively minor since the Z; only represents a
short compared to the leg’s component. [16]. Therefore, the main impact of plasma on
the electrical properties of SLA is through the interaction between the leg and plasma
(Z5). A schematic of the antenna leg and the secondary plasma circuit is summarized in
Fig. 10. The plasma self-inductance and the resistance are represented by the L, andR,,
respectively. In addition to the plasma electrical properties, the mutual inductance
between each leg and the plasma M, also presents. An equivalent circuit when plasma is
presented can be represented by a simple series circuit with theZ,, shown on the right of
Fig. 10. Zy/ can be written AS(Rieg + aRp) + jo (Lieg — Ly — aRp/v)» where , WM [Tl + (Rpw/v)* + R2)
is the transformation factor. [16] The parameter w and v is the angular velocity at the fre-
quency of RF input and effective electron collisional frequency. Although the electrical
components can represent the circuit, the individual value of each component is hard to
characterize since the M), is not able to be quantified without knowing the L, andRp,
and the current distribution at each leg (ijeg). Nevertheless, the load impedance variation
can show qualitative plasma properties under different operating conditions, providing
insights into the plasma discharge characteristics.

The variation of the load impedance of the ALFVEN- 4050 in operation is summarized
in Fig. 11. For both gases, the almost constant Z,, at low V indicates that the impact
from the presence of plasma is negligible, suggesting negligible R, and L. The Z,, starts

lllcg lp lllcg
—>

Zy < 9 A

t

p
Leg Plasma Leg
primary secondary equivalent
circuit circuit circuit

Fig. 10 Equivalent circuit of SLA's leg when plasma presents in ALFVEN- 4050
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Fig. 11 Load impedance variation of ALFVEN- 4050 at different argon (upper row) and krypton (lower row)
gas flow rates V and RF forward power Pf

decreasing when V is above a certain threshold, which indicates that the plasma in the
discharge chamber gradually dominates the properties of the load circuit. The reduced
Zyeal indicates an enhanced conductivity in the overall load circuit with plasma, which
hints at a much higher plasma density in the discharge chamber compared to the low V/
conditions. This trend is accompanied by the plasma density increase (i.e., see [s meas-
urement in Fig. 13). The increase of the plasma density is a result of higher electron-
neutral collisional frequency by the increasing V.

The threshold was reduced to a lower V as the Py increased, where variation is more
prominent in argon than in krypton. In addition, a lower Z,.,| is observed when tested
with krypton than with argon at the same V and Py, suggesting a higher plasma density
with krypton. This is related to the krypton feature of lower ionization energy and larger
electron-impact ionization cross-section. The Z,., with krypton tends to saturate as the
V increases, suggesting a saturation of the plasma density.

The Zimg also remain at a constant value at a lower V and start decreasing when 1%
is above the threshold, the same as the observation in Z., evolution. This observation
suggests the plasma density might have a significant impact on the variation of Zjne. A
similar Zjmg curve, e.g., krypton at Py = 125W verse argon at Py = 200 Wi, is observed in

Page 12 of 21
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the cases with similar Z., trend. This also suggests the variation of the Zjyg might be
dominated by the plasma density.

The negative Zimg indicates that the load becomes more of a capacitive-like circuit
when plasma presents, while the positive Zjyg indicates an inductive-like load. For both
gases, the Zjn, decreases slightly and starts to increase significantly as the V increases.
This indicates that the capacitive discharge is easier to establish at a lower V or a lower Py.

In short, the appearance of plasma can provide a more prominent inductive influence
in the load circuit at a higher P, observed from the rapidly increasing Zimg of krypton
when V increases. The dominated inductive characteristic of load also suggests that
plasma behaves like an inductive component of the load circuit, as a transformer. This
also hints at the fact that there is a high current flowing within plasma and creating
inductive coupling with an antenna. Unlike krypton, argon plasma behaves more like a
capacitive component to the load circuit in the given operational region. Yet, the domi-
nance of the inductive characteristic can be observed at higher P; or V.

Thruster potential

Plasma potential in the discharge chamber is an important indicator for the beam acceler-
ation and electron temperature in the plume. By considering the sheath theory, the differ-
ence between plasma potential and the wall should remain a correlation as follows [20]:

AV Vy=Vp 1 M;
=—+—— =—|14+In( )
T, T, 2 2w me

(1)

, where the V), represents the bulk plasma potential and Vj is the reference potential,
while M; represent the mass of ion species and 1, is the electron mass. The measure-
ment of the ambipolar acceleration and electron kinetics shown in an ECR thruster with
magnetic nozzle indicated that the plasma potential follows the given correlation quite
well. [21]

Since ALFVEN- 4050 is electrically isolated from the ground, the plasma and thruster
body can reach the electric potential balance during the thruster’s operation due to the
contact of plasma with the distributing plate, which serves as a floating probe to meas-
ure the plasma potential in the discharge chamber. Accordingly, measuring the potential
from the thruster’s shielding can monitor the plasma potential. The measurement loca-
tion is on the quartz-tube cap, which is in contact with the distributed plate and the
thruster body, via a shielded high-voltage cable to the high-frequency voltage probe in
ambient.

The thruster potential V7, is monitored with a high-frequency voltage probe and
oscilloscope, summarized in Fig. 12. The high-frequency components at the operating
frequency can be observed in the V7, measurement, but its amplitude is relatively small
compared to the DC component. Accordingly, the discussion here focuses only on the
DC voltage.

The Virp, increased exponentially as Vi, reduced below 5 sccm, indicating high plasma
potential and suggesting a high T, appears in the discharge chamber of ALFVEN- 4050.
This behavior is also identified via measuring the T, in the plume (see later in Fig. 13).
One explanation could be the insufficient depletion of electron kinetic energy due to
limited electron-neutral collision at a low V. On the other hand, it also suggests very
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Fig. 12 Thruster potential variation of ALFVEN- 4050 at different argon (left) and krypton (right) gas flow
rates V and RF forward power Pf

efficient energy transmission from the antenna to the electrons at the low V. The evolu-
tions of Viy, at different Pr seem to be saturated at specific values when Vie > 5scem,
suggesting a saturation of the T, in the discharge chamber. This trend is also observed in
the T, measurement in the plume. (see later in Fig. 13).

A similar Vy,, tendency to the V is also observed for argon, where the V1, seems to
change at the same condition with the reduction of Z,., (see also in Fig. 11). The Vy,
in argon are generally higher than in krypton at the same V' and same Py, suggesting a
higher T, in the discharge chamber. The discharge with argon has a comparably limited
depletion of electron kinetic energy in the ionization processes compared to krypton
due to the feature of the gas species, i.e., argon has higher ionization energy and smaller
electron-impact ionization cross-section in general. Interestingly, the lower P; tends
to yield a higher Vry, at the same V,, which is only observed in krypton’s condition at
Py =75W. This suggests the appearance of the capacitive coupled plasma. In addition,
the analogy between argon’s conditions and krypton’s conditions at P = 75W are the
dominant capacitive characteristics of the load circuit, shown in the Zjy, of Fig. 11. As
soon as the inductive component starts dominating the load circuit properties, the Vy,
decreases significantly as the krypton cases.

One point worth mentioning is the significant Vp,, drop occurred explicitly at the
V = 2 sccm argon, regardless of the value of P;. No abnormality is observed in the load
impedance measurement. This phenomenon can be repeatedly reproduced at different
Py, which hints at a unique unknown mechanism that dominated the discharge.

Plasma properties

The plasma properties near the exit of the ALFVEN- 4050 are summarized in Fig. <div
class="oxe_ins">13</div><div class="oxe_del">1</div><div class="oxe_del">2</div>.
The evolution of the Iis is very similar to the evolution of Z,, supporting the argu-
ment that the increase in conductivity when V and Py increased is owing to the rise of
the plasma density. A significant [is jump can be observed in argon plasma when the
Z,eq) starts to decrease, suggesting a condition where plasma conductivity significantly
increases. This [js jump could be the indication of the E-H mode transition or the H-W
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transition. It can not be confirmed which transition is triggered without measuring the
whistler wave. On the other hand, no significant Jis jump can be clearly identified from
krypton plasma, which is possible when the plasma source is operated at a high frequency.
In addition, the I in the krypton plume reaches to a saturated value at high Vi, but this
is not observed in the argon plume. The trend of argon I (also in the Z,, in Fig. 11) sug-
gests that a higher Py or V. is required to reach the saturation of Iis as in krypton.

The T, appears relatively insensitive to P¢. The T, in krypton’s conditions reduces rapidly
when V increases from a lower value. With the significant growth of g, one can conclude
that the reduced T is the outcome of the electron kinetic energy depletion driven by the
increase of electron-neutral collisional frequency. On the other hand, the T, in argon con-
ditions shows a relatively mild decreasing tendency to the increasing V, suggesting a less
effective ionization process than the krypton, possibly due to the difference in the elec-
tron-impact collisional cross-section. In general, the significantly lower T, at high V can be
attributed to the significant depletion of the electron kinetic energy to the plasma genera-
tion or a less effective coupling of the RF energy to the plasma due to the drifting of Z},,q
away from the 50€2. This requires further experiments to clarify the cause.

Unfortunately, the Langmuir probe measurement for the condition of V, = 2 sccm is
too noisy to yield a reasonably accurate T,. Yet, this also indicates an unknown mecha-
nism existed in the plasma discharge processes at the given condition.
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Estimated ionization rate coefficient

By further estimating the ionization rate coefficient, one could evaluate the ionization
behavior with the variation of the Vy,. The equation used for the ionization rate coef-
ficient kion is shown as follows:

kion = {GionV) = / ion(€) €'/% feppr(e) de (2)
0

, whereoion is the electron impact ionization cross-section, € is the impact energy in a
unit of eV, feepr is the electron energy distribution function (EEDF). The used ionization
cross-section for argon and krypton in this paper is listed in the Ref. [22, 23] The Max-
wellian EEDF is assumed for the calculation, which can be written as follows:

ferpE = iﬂ 7732 (112 oo/ Te 3)
, where the T is in the unit of eV. The EEDF within the discharge chamber can be cal-
culated from the T, of the plume by assuming the plasma undergoes isothermal expan-
sion. The ionization rate can then be determined by dNjon/dt = kionnnn.. Although, the
ny, within the discharge chamber can be calculated from the vacuum chamber pressure
under the ideal gas assumption; the 7, in the discharge chamber can not be determined
with the given measurement result. Nevertheless, a ne_ldNion /dt = kionny can still quali-
tatively represent the ionization rate. The result of kion and kion#,, is plotted in the Fig. 14.
One can see the ionization rates for argon and krypton are much higher at a gas flow rate
below 4 sccm, which suggests efficient energy coupling from the antenna to plasma dis-
charge and hints at the optimization of E x By effect in the ALFVEN thruster. As soon
as the flow rate increases, the ionization rate of both gases becomes much lower, sug-
gesting damping on E x By effect generated by the antenna. However, the observation
of increasing ijs in Fig. 13 with the gas flow rate indicates the continuously increasing
plasma density even when the ionization rate is significantly reduced. Thus, it hints that
the ionization processes at higher flow rate conditions are dominated by the increase
of particle density instead of the ionization rate coefficient. From the plots of kijon#y,
the inclusion of the neutral particle density could be a better representation for the dis-
cussion of the ionization rate. For cases in argon, the highest value of ki, ar#a, does
not appear at the same flow rate condition as in the kijon values. In addition, the maxi-
mum value at each power level changes depending on a neutral density threshold. This
suggests that the density of argon particles below the threshold condition significantly
affects the ion production rate. On the other hand, the value of kion, xr#xr for krypton
cases remain similar to the figure shown with kjon, kr, which suggests the ion production
rate is less sensitive to the krypton particle density, owing to its larger ionization cross-
section and low ionization energy threshold than argon. An interesting correlation can
be found by comparing the kjon, ar#ar With the Vi, shown in Fig. 12 when testing with
argon. The decrease in the Vp, become most significant when the operating flow rate
is higher than the threshold condition shown in the ko, ar72ar. This indicates that the
ion production process slowly takes over by the boost of the swarm electron density,
which can also be supported by the I;; measurement in Fig. 13. On the other hand, the
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Fig. 14 Estimated ionization rate coefficient kion(upper row) and normalized ionization rate kionnp, (lower row)
of ALFVEN- 4050 at different argon and krypton gas flow rates V and RF forward power P

peak kion kr7ky values at all levels of Py appears at a relatively low flow gas rate condition,
which also aligned with cases observed with high V7 y,. Significantly reduction of the
Vrne also appears at higher gas flow rate conditions, where swarm electrons dominate
the ion production processes.

The kion, Ar#Ar also demonstrate an interesting correlation with Z,., and Zimg shown
in Fig. 11. A significant decrease of the Z,., appears at the same flow rate conditions
where ionization processes are dominated by swarm electrons, supporting the statement
of enhancing plasma conductivity. The same statement applies well to the impedance
variation when operating with krypton. The high ki, appears when the Zjy, of the load
circuit appears with the capacitive components, while the presence of swarm electrons
appears when the inductive components show in the Zjyg of the load circuit. The ioni-
zation processes at thf conditions with high kjon are driven by the E , which leads to the
optimization of E x By product, as discussed in the previous paragraph. On the other
hand, the presence of the inductive component in Zj,, suggests that swarm electrons
could transform an ideal load circuit into an inductor. This transformation is also accom-
panied by the damping of the E x By effect, leading to a lower kion.
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Conclusion

The ALFVEN thruster, i.e., an RF plasma thruster with an SLA, works towards opti-
mizing the wave-plasma coupling mechanism by achieving orthogonality of the steady
applied magnetic field along the discharge chamber and an oscillating linear-polarized
electromagnetic field in the transverse direction of the discharge chamber. The pre-
sented ALDVEN- 4050 is designed at a specifically resonant frequency with an antenna
impedance of 50€2. This allows a more distinguishable evaluation of the variation of
overall load impedance when plasma presents thruster operation. Both steady magnetic
and electromagnetic fields have been verified by experiments or via 3D simulation to
ensure the working principle of the ALFVEN thruster.

The direct ignition capability of the ALFVEN thruster demonstrates a promising per-
formance feature for an RF plasma source by optimizing the arrangement of the elec-
tromagnetic wave generated by the antenna and the steady magnetic field provided by
the magnetic optics. Despite this work not detailing the electric circuit properties of the
load from the impedance measurement, owing to the feature of the complicated circuit
between antenna and plasma, the variation of the load impedance for ALFVEN- 4050
still provides a clear correlation of the load impedance to the plasma plume properties at
different thruster operating condition due to antenna characteristics.

At low V conditions, the almost unchanged load impedance indicates that the add-
on electrical components from plasma are negligible. Meanwhile, the high V1, and the
T, of the plume at the given conditions indicates a high T, in the discharge chamber of
ALFVEN- 4050, which is evidence of the effective energy transmission from the antenna
to the plasma.

The impact of plasma on the Zjy,q is discussed by Z,¢y) and Zjy,g individually. From the
discussion of Z,,) evolution, the load circuit’s conductivity increases, providing a higher
electron-neutral collisional frequency in the discharge chamber, leading to enhanced
plasma density. In addition, krypton can achieve a higher conductivity at the same given
P¢ and V, suggesting a higher plasma density in krypton than in argon plasma in gen-
eral. This is related to the krypton feature of lower ionization energy and larger electron-
impact ionization cross-section.

From the discussion of Zimg evolution, a clear trend of the capacitive-like and induc-
tive-like load can be identified at different operating conditions of the ALFVEN- 4050 by
observing the variation of Zimg. The results suggest that the plasma density might have a
significant impact on the variation of Zjyg. The mild transient from the capacitive-like load
to the inductive-like load is observed at a certain V or a particular input RF power, suggest-
ing the existence of the mode transition in plasma. In addition, the transition occurs at a
much lower V when ALEVEN- 4050 is operated with krypton than with argon. This also
suggests the importance of the plasma density in the discharge chamber to the Zj,.

The measurement of the Vy,, provides more insights into plasma discharge. The Vy,
also shows a similar evolution trend to the Z,.,, suggesting a strong correlation to the
plasma density in the discharge chamber. The high Vp, at the low V demonstrates a high
T, inside the discharge chamber. On the one hand, it results from the insufficient deple-
tion of electron kinetic energy due to limited electron-neutral collision. On the other



Chan et al. Journal of Electric Propulsion (2025) 4:25 Page 19 of 21

hand, high V1, in the discharge chamber also indicates the effective energy transmission
from the antenna to the plasma, even at a low ionization degree. A higher Vy, is gener-
ally observed with a lower P¢ regardless of the operating gases, suggesting the appear-
ance of the capacitive coupled plasma. Nevertheless, the significantly reduced Vry, is
identified when the inductive component starts dominating the load circuit properties.
Yet, significant Vp,, drop is observed specifically at V = 2 sccm argon hints at a unique
unknown mechanism that dominated the discharge.

In both argon and krypton, the evolution of the plume Ijs provides qualitative evidence
to support the discussion of plasma density evolution within the discharge chamber.
A jump in plasma density can be identified in the argon plume, but it can not be con-
firmed if the jump results from the E-H mode transition or the H-W transition. On the
other hand, the jump of krypton plume density is not so distinguishable as the condi-
tion in argon at a low V, suggesting that the krypton can achieve a much more efficient
energy coupling to the ionization processes even with a limited electron-neutral colli-
sion condition.

The evolution of the plume T, the trend is relatively independent of the P, but strongly
dominated by the V, suggesting that the energy transmission from the antenna to the
plasma is strongly dominated by the electron-neutral collisional frequency instead of the
electrical component of the antenna.

Further extended discussion on the ionization rate coefficient kjon reveals more details
in the discharge behavior. A high kion at a low gas flow rate condition suggests the effec-
tive power coupling from antenna to plasma, owning to optimization of E x By product.
As the flow rate increases, plasma density rises despite lower kion, indicating that ioniza-
tion at higher flow rates is primarily driven by increased particle density rather than the
ionization rate coefficient. It also suggests that the increased collision frequency would
cause the deterioration of the E x Bg product. Above a certain gas flow rate threshold,
the ionization process is then dominated by swarm electrons, which can be detected
by observing the lower Z, and the inductive component in the Zing. This hints that
swarm electron plays a crucial role in swarm electrons play a crucial role in the dis-
charge of the ALFVEN thruster, ultimately affecting the thruster’s performance and its
electrical characteristics.

In summary, optimizing the performance of an electrodeless plasma thruster is cru-
cial. The ALFVEN concept offers the possibility to optimize the discharge performance
from theory and from an engineering perspective, i.e., optimizing the E x B product
and using RF to achieve low loss in the power system and transmission line. The prom-
ising ignition capability of the ALFVEN thruster offers a promising solution for the
next-generation EP concept to overcome the low mass utilization issue in low-power
RF plasma thrusters and to enable the possibility of optimizing the acceleration perfor-
mance of magnetic nozzles. This feature can offer a more extensive operation range for
the RF thruster and extend its applicability in different missions and environments.
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