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Abstract: We show a systematical approach to obtain the forwarded electrical power to
sustain the plasma discharge in radio-frequency ion thrusters using a commercial current
and voltage sensor system. With knowledge of the power directly at the coil, a numerical
model delivers the power-to-thrust-ratio as well as the distribution of power into several
channels of loss, including collisions and structural eddy currents. With this work, we are,
furthermore, able to distinguish between two phenomena that affect the power-to-thrust-
ratio – one caused by the physics of the plasma itself and the other caused by the mismatch
of the impedance bridge spanned between the electrical load of the thruster and the driving
generator.

I. Introduction

Electric propulsion assemblies are constituted by the actual thruster and several peripheral devices supply-
ing it with propellant, power and operational signaling. Performance optimization strategies are, therefore,
ideally conducted on the assembly level which shifts the historically rather scientific view on those thrusters
to a systems engineering one. With this translation comes a phenomenon not often mentioned in literature:
the interaction of the thruster with its power electronics.

With this work, we want to introduce an approach that helps to better understand the interaction of
radio-frequency ion thrusters (RIT) with their radio-frequency generators (RFG). The RFG is a crucial part
of a RIT assembly but there is only few information available that studies the impact of the two systems on
each other. In our approach, we want to emphasize that this device has a significant influence on the overall
power balance of a RIT assembly.

Radio-frequency generators used in RIT assemblies are typically composed of a half-bridge topology
which is operated in near-resonant mode around.6 The thruster itself is composed of an induction coil which
is typically wrapped around a cylindrical, trapezoidal or hemispherical discharge chamber. Additionally, a
set of either two or three extraction grids is attached to the discharge vessel and used for electrostatic ion
extraction. More details can exemplarily be found in.7,8

A basic propulsive system assembly covers the thruster and the Power Supply and Control Unit (PSCU)
which is subdivided into the RFG, a DC power supply for the RFG, a mass flow controller (MFC) and DC
power supplies for positive and negative voltages (PHV, NHV) for the extraction grid system. The RFG
is attached to the coil of the thruster using a coaxial or triaxial feeding cable. In this configuration, the
thruster is driven within a resonant circuit consisting of the inductance of the thruster LRIT, an equivalent
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ohmic resistance RRIT that includes plasma, coil wire and eddy current losses and a series capacitance Cres

that is part of the output stage of the RFG. The control logic of the RFG is based on a phase-locked-
loop/frequency-locked-loop (PLL/FLL) scheme that tends to switch one of the transistors when the current
measured in the return line is near zero. This method is referred to as zero-current-switching and is used to
efficiently transfer power to a load if the source has small output resistance.9 This methodology is known as
impedance bridging and enables transfer efficiency greater 0.5. In contrast to impedance matching, which
is commonly used in 50 Ω–RF systems with η ≈ 0.5, it is possible to overcome severe power loss within the
generator in bridging mode.10

Since the load of the above-defined resonant circuit is defined by the plasma parameters it comprises a
highly dynamic behavior if the thruster is driven in different operational modes, e.g. transition from low-
to high-thrust mode. Depending on the relation RRIT/R, with R denoting the output resistance of the
generator including the RF cable, the efficiency of power coupling will somehow be affected which ultimately
leads to power loss in the generator/cable. Since most scientists and engineers only refer to the power drawn
from the DC supply PDC, they might get misled when assessing performance data of the thrusters such as
the power-to-thrust-ratio (PTTR).

Here, we want to differentiate between the DC power and the actual RF power that is forwarded to the
thruster to sustain the plasma discharge at given points of operation by means of phase-resolved power mea-
surement. The experimental setup and the methodology are shown in Sec. III in more detail. The accurate
power measurement was achieved by an Impedans Poly Octiv VI sensor which is available commercially.
This device has the advantage of low insertion loss and thus hardly any impact on the resonant circuit itself.
Preceding attempts such as shown in11 always suffered from unstable latency and phase shift between voltage
and current sensors and hence exhibited large error bars, if the experiments were not conducted in thermal
equilibrium. It is evident that this is not always possible due to different processes like mode transitions or
even the diurnal thermal cycle.

With the experimentally acquired RF power, a direct statement about coupling efficiency is possible with

η =
PRF

PDC
. (1)

The remaining power (1− η)PDC is lost within the generator and feeding cable and can currently not be
divided any further. However, since the semi-conductor junction resistance is commonly known from data
sheets an approximate relation of the losses may be deduced from that. Here, however, we will instead
focus on the power transferred to the thruster with aid of numerical modeling. With this model which is
explained in more detail in Sec. II we can furthermore divide PRF into several channels of loss. Those are
typically wire and eddy current loss, ionization and excitation loss, wall flux and sheath potential loss as well
as elastic, Coulomb and stochastic collision loss. With this methodology it is, therefore, possible to exactly
reveal the power distribution of the complete assembly which is considered very valuable for optimizing
system performance and creating input parameters for thermal analyses which additionally aim to increase
the system quality.

II. Model Overview

A flow chart of the model developed is shown in Fig. 1. In the following, the model is introduced, covering
its working principle, basic assumptions used and the most important features for the actual study. The
model’s complete architecture and other detailed information can be found in.12,13

The assumptions made within the proposed model correspond to those used within the vast majority
of volume-averaged models14–20 which mostly follow Lee and Lieberman’s approach—at least to a certain
extent—published in.21

The self-consistent flow starts with the input of the axi-symmetric geometry of the thruster consisting of
discharge chamber, extraction grid system, thruster housing and other conducting parts within the assembly.
In axi-symmetric systems ∂/∂φ = 0 holds true, with φ denoting the azimuthal component.

The loop depicted in Fig. 1 is started with the solution of a charge conservation equation that relates the
volume ionization rate to the loss of charge to the walls:

Kiznn =
uB

deff
(2)
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Figure 1. Flow chart of the numerical model. It consists of three conservation equations (charge, energy
and mass conservation) that are iteratively brought to convergence. The variables solved for are the volume-
averaged electron temperature Te, the ionization fraction χ = ne/ (ne + nn), with ne and nn denoting electron
density and neutral particle density, respectively, and the discharge pressure p. To account for geometric
aspects of the thruster as well as eddy current losses, an axi-symmetric electromagnetic model is used.

In this equation, Kiz denotes the Maxwellian-averaged rate constant for ionization and deff the effective
plasma bulk size which is iteratively calculated with an analytic expression for the plasma sheath thickness.
After convergence, the mean Maxwellian electron temperature can be derived analytically. The cross sections
for the collisions are taken from.22,23

The second equation that is solved is an energy conservation equation. Energy conservation is achieved if
the deposited electromagnetic power in the plasma, which is calculated by the electromagnetic model, equals
the power lost to collisions:

1

2

˚
V

∣∣∣Ẽ∣∣∣2 Reκp dV = Pcoll (3)

Here, Ẽ denotes the induced electric field. The link between plasma and electromagnetic model is given by
the conductivity κp which again is determined by the plasma parameters:

κp ≈
ε0ω

2
pe

ν2
en,eff + ω2

eff

(νen,eff − iωeff) (4)

In this equation, ε0 denotes the vacuum permittivity, ωpe the electron plasma frequency; i.e, the collective
response of electrons to the excitation by electric fields, νen,eff the effective electron-neutral collision frequency
which is given by νen,eff = νen + νei + νstoc and ωeff the effective radio-frequency the electrons are oscillating
with. This effective frequency slightly differs from the applied RF due to the kinetic processes the distribution
function of electrons causes. It is calculated following an approach shown in.24

The governing equation for the electromagnetic model is the time-harmonic quasi-stationary diffusion
equation:25

∇×
(

1

µ
∇× Ã

)
+ iωκÃ + J̃s = 0 (5)

This is assumed valid for RITs because the wavelength of the applied current signal through the coil is
typically orders of magnitude larger than the coil wire. Therefore, radiation will only play a minor role. In
this equation, Ã denotes the phasor of the vector potential field, J̃s denotes the phasor of the source current
density field and µ = µ0µr the permeability, with the vacuum permeability µ0 and the relative permeability
µr, of the media within the simulation domain. In the axi-symmetric representation, only the azimuthal
component of the vector potential field is of interest, leading to Ã = Ãφuφ, with uφ denoting the unit vector
in azimuthal direction. The conductivity is defined per Eq. (4) in plasma regions. Conductivities of metallic
structures are also implemented as a function of material and temperature. The conductivity is assumed to
be isotropic, no magnetic confinement is modeled.

The solver for the vector potential is based on a Finite-Difference representation of Eq. (5) which is not
further explained in this paper. Since the pre-sheath region is not modeled, there is no scalar potential
distribution—which in reality builds up due to ambi-polar diffusion. Hence, the electric, magnetic and
induced current density fields are directly derived from the diffusion equation as suggested by literature.25

With the axi-symmetric representation high resolution in the r− z plane is achievable. Features like the
impact of the skin and proximity effect in the coil wire can thus be taken into account while the model can
still be run on a standard desktop computer.
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In order to have the elecromagnetic model calculate the correct deposited power density within the plasma
a realistic representation of the plasma density distribution—which ultimately determines the distribution
of conductivity—is modeled using heuristic profiles introduced and verified in.26 The distribution H follows
a parabolic shape defined by

H =

√√√√[1−
(√

1− h2
r

r

r0

)2
][

1−
(√

1− h2
z

z

z0

)2
]
, (6)

with hr and hz denoting the density bulk-to-sheath-edge ratios.21 Those ratios highly depend on the discharge
parameters Te and p and are, therefore, iteratively calculated as well.

With the deposited power Eq. (3) can be solved for ne until convergence of the ionization fraction
χ = ne/ (ne + nn), which closes the second loop depicted in Fig. 1.

The next conservation equation to be solved is a particle balance that relates the amount of particles
leaving the thruster through the extraction grid to the amount of particle inflow through the inlet nozzle.
The particles leaving the thruster are either ions or atoms. The thrust producing ion flux is commonly
expressed as a beam current which calculates to

Ib = ehgridneuBAgridαi, (7)

with hgridne being the charge carrier density at the grid boundary of the simulation domain, Agrid the grid
area and αi the transparency of the extraction grid system for ions.27 Since αi is not known a priori and since
no particle tracking code is used, an additional loop not shown in Fig. 1 starts with a guess and the parameter
is iteratively updated until the deposited power matches the experimentally obtained power measured within
the resonant circuit. This methodology is validated by the Child-Langmuir law which predicts the maximum
achievable current in case of unlimited plasma yield.

To close the loop, the amount of neutral gas leaving the thruster γn is also calculated as shown in.12,13

This allows for determination of the mass utilization efficiency

ηm =
Ib

Ib + eγn
. (8)

After convergence of the conservation equations, the self-consistent loop is finished and physical mean-
ingful results are obtained. From those converged parameters, the thruster impedance can be derived. The
Poynting theorem for time-harmonic fields, neglecting the radiative term due to large wavelength compared
to the coil’s size, is used to evaluate the lumped circuit elements’ values that are used to describe the
discharge on a technical layer:25

1

2
Ĩ∗Ṽ =

1

2

˚
V

∣∣∣Ẽ∣∣∣2 κp dV + 2iω

˚
V

(ue − um) dV (9)

In this equation, the asterisk denotes the conjugate-complex of a quantity and ue as well as um denote electric
and magnetic energy density, respectively. Those energy densities can be derived from the electromagnetic
fields defined earlier. The resistive and reactive components of the load impedance can be derived from
Eq. (9).

Furthermore, the propulsive performance of the thruster such as thrust and specific impulse can be
derived from the converged solution. Taking the mean kinetic velocity of neutrals vn and the electrostatically

accelerated velocity of ions vi = (2eVscr/mi)
1/2

and their respective fluxes leaving the thruster into account
and assuming mi ≈ mn, the total thrust is obtained:

T = mi (γivi + γnvn) (10)

The specific impulse can finally be calculated to

Isp =
veff

g0
, (11)

with the effective exhaust velocity veff = T/mi (γi + γn) and standard gravity g0.15
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Figure 2. Schematic diagram of the experimental setup. Input and load impedance are slightly altered due
to parasitic RF cable impedance. Due to short cable length and thus RRIT > Rin � Rcable, the influence is
neglected for the calculation of power distribution.

III. Experiment

The experimental setup for in-situ power measurement is schematically shown in Fig. 2. An Octiv
VI probe from Impedans Ltd is used. Due to its patented spectrum-averaging methodology28 it offers
high phase-stability and nominal resolution down to 0.01◦. It furthermore offers phase-resolved voltage
and current measurement up to several hundred MHz and exhibits hardly no insertion loss (manufacturer’s
definition: 0.1 dB) into the circuit under test. For verification, a test without the probe was performed prior
to the power measurement. No change in thruster performance; i.e., DC power consumption, was observed
which verifies the nominal data of the probe.

The coaxial feeding cables slightly change source and load impedance, respectively. However, due to
short cable lengths, this effect is assumed negligible for the assessment of power distribution. The reactance
of the RG 213 cables used in this setup is essentially of inductive type since the load is typically driven at
around 2 MHz. Hence, 1/ωC � ωL, with C denoting the cables’ capacitance which is in the order of some
pF m−1 and L denoting their inductance in the order of 100 nH m−1. Based on that, there is substantially no
current driven through the capacitive shunt. Additionally, ohmic losses are in the order of several mΩ m−1

and thus no significant power consumption of the cables is expected.
Once the RFG has matched the load by tuning its frequency to the resonant frequency

ω0 =
1√

(L+ LRIT)Cres

(12)

the reactances cancel each other leaving only the ohmic components Rin and RRIT. The relation of those
resistances determines the power forwarded to the thruster and thus the plasma discharge. The signals
within the resonant circuit are continuously captured using the Octiv VI probe. Due to the characteristics
of the resonant circuit, the current and the voltage signals’ values are amplified with respect to the DC
inputs’ values. From those signals, all the important quantities like impedance, coupled power and coupling
efficiency are derived.

IV. Results

Two different sets of input parameters are investigated here. The parameter sets—or modes—are defined
by the screen grid voltage Vscr, the acceleration grid voltage Vacc and the ion beam current Ib. Within
both modes the acceleration grid current Iacc was well below 1 % of the screen grid current Iscr leading to
Ib = Iscr − Iacc ≈ Iscr. The modes of thruster operation are shown in Tab. 1.

Both, simulation and experiment were performed with those modes. In mode 1, the neutral xenon
volumetric inflow rate was varied from V̇ = 1 . . . 10 sccm. Due to instabilities at higher mass flow, the inflow
rate in mode 2 was limited to V̇ = 1 . . . 8 sccm.

The thruster used for this work is a RIT-10/37 engine developed by the University of Giessen and

Table 1. Thruster modes for numerical and experimental investigation.

Vscr Vacc Ib

Mode 1: 1800 V −300 V 9.97 mA

Mode 2: 1800 V −300 V 15.25 mA
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(a) (b)

Figure 3. Current density inside the structural components of the thruster (a). The plasma charge current
density for V̇ = 1 sccm in mode 1 according to Eq. (6) is shown in (b).

distributed by TransMIT GmbH. It is composed of a discharge chamber with 10 cm in diameter and an
extraction system with 37 beamlets. The nominal thrust level of this thruster lies in the lower single-digit
mN range.

In the following, some numerically obtained results are shown to give an overview of the plasma param-
eters as well as the performance of the thruster.

An important physical effect that is determinable with aid of the model is the proximity effect in the coil
wire which is depicted in terms of the current density inside the conductive structures in Fig. 3 (a). This
effect is caused by the current density inside adjacent coil windings. The magnetic fields caused by those
currents compensate each other between the windings and hence displace the current density to regions of
low nominal opposing field strengths. This effect, in contrast to the well-understood skin effect, is hardly
impossible to account for analytically since it is a strong function of geometry. A very realistic current
distribution—which again influences the coupling of energy from coil to plasma—can be derived with this
functionality. It is thus considered extremely valuable to account for the proximity effect in RIT simulations.

The charge carrier density distribution, as depicted in Fig. 3 (b), follows the parabolic profile defined in
Eq. (6). The parameters shaping the profile are being solved self-consistently. The density corresponds to
V̇ = 1 sccm in mode 1.

Thrust and specific impulse of modes 1 and 2 are shown in Fig. 4 (a) and (b), respectively. A parallel-
ogram-like thrust balance manufactured by Advanced Space Technologies GmbH was used to measure the
thrust in one nominal working point (V̇ = 3 sccm in mode 2). It shows large error bars in the lower mN
range since it has been designed for higher thrust levels up to 250 mN.29 It is here only used to perform a
plausibility check of the model.

Figure 4 (a) shows the ion thrust for modes 1 and 2 which is held constant by the parameters defined
in Tab. 1. Furthermore, the impact of the neutral gas leaving the thruster can be determined with aid of
the self-consistent model. The curves show that especially in areas of low thrust, as is the case with the
RIT-10/37, there is a significant contribution of neutrals to the overall delivered thrust. The influence of
the neutral gas flow is also depicted in Fig. 4 (b) in terms of Isp. The thruster under test comprises only
few extraction apertures and is hence not optimized for high Isp applications which is typically the case for

RITs. However, even using this non-ideal grid system Isp ≈ 2000 s may be achieved by tuning V̇ < 1 sccm.
Unfortunately, the mass flow controller used for this study showed unstable behavior in this range and could
not be used to record further data points.

Figure 5 shows the coil currents for modes 1 and 2. The error bars are due to measurement inac-
curacy of the grid current data acquisition which is based on a 10 bit AD converter. The resolution of
the positive high voltage (PHV) voltage supply attached to the screen grid is 0.59 mA which manifests
in fairly high uncertainty when going down to low beam currents. With PDC, PRF ∝ Iscr it follows that
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Figure 4. Thrust (a) and specific impulse (b) of the RIT-10/37 thruster in operation modes 1 and 2.
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Figure 5. Experimentally and numerically obtained coil currents for modes 1 (a) and 2 (b). The mean deviation
of the model is about 13 % below the measured values.

∆PDC,∆PRF ∝ ∆Iscr, with ∆ being the absolute error. This error estimation is directly applicable to the

coil current with ∆IRF = (∆PRF/RRIT)
1/2

.
There is an observable deviation between the coil currents calculated by the model and the measured

values which is mainly due to the plasma discharge being described using continuum methods. This claim is
supported by the development of the deviation (dashed lines in Fig. 5 (a) and (b)) which approaches smaller
values when going to higher flow rates. The Knudsen numbers Kn = λ/l, with the mean free path between
collisions λ and the characteristic length scale l along which collisions take place, evaluates the rarefication of
gas particles within the discharge. For the working points presented here they lie between absolutely rarefied
(Kn ≥ 10) and approaching continuum (Kn < 0.1). This area is also referred to as transition regime. Given
the simplicity of the proposed model and thus the short simulation duration of only a few minutes per data
point the deviation is acceptable. More accurate results could be obtained by using a free molecular kinetic
type of code like Direct Simulation Monte Carlo (DSMC).32This would imply long simulation times and is
thus not the scope of this work because simulation duration is considered a crucial aspect for engineering
purposes.

The power distribution within the thruster including structural losses is depicted in Fig. 6 (a). It is
observable that a significant amount of power is lost to excitation processes, especially when going to higher
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Figure 6. Power distribution for mode 2 (a). With aid of this functionality, the model can be used to determine
the channels of loss which offers the opportunity of optimizing the thruster at a very detailed level. Power-
to-thrust-ratio (PTTR) (b). The decrease of PTTR at low flow rates is attributed to the mismatch of the
impedance bridge representing by the coupling efficiency.

mass flows. This behavior is expected due to increasing pressure inside the discharge chamber and hence
decreasing mean free length between collisions. At very low pressure, as indicated in the figure below 2 sccm,
the electron energy is high enough to rather ionize a particle instead of exciting it to a higher energy state
because electrons gain a lot of energy from the accelerating electric field due to very large mean free length
between collisions. This is also observed in the experiment. The discharge appears darker at lower flow rates.
Since the extracted amount of ions is kept constant the consequence is that there is less excitation and hence
less radiative transitions. For further information the cross sections of the corresponding processes should
be assessed.22

It is furthermore expected that eddy current losses inside the thruster might be higher in reality. Since
the geometric representation is merely an approximation of the actual thruster some features like screws,
sharp edges and other irregularities are not considered at the moment. In a next release, the model will be
updated to be capable of importing CAD drawings which is anticipated to describe structural losses more
realistically.

The numerically obtained thrust from Fig. 4 (a) together with the measured forwarded and DC power
is used to introduce the power-to-thrust-ratio (PTTR) in Fig. 6 (b). It can be seen that the PTTR in case
of DC power increases to lower mass flows. In contrast to that the PTTR of the actual forwarded power
decreases in areas of low mass flow. This is due to the aforementioned mismatch of the impedance bridge
between RFG and thruster. The mismatch is caused by decreasing thruster resistance which can be derived
from the measured phase-resolved voltage and current signals. This decrease leads to an electrically adverse
relation between source and load resistance which again results in power loss within the generator.

V. Conclusion

We presented a concise approach based on experimental and numerical studies to distinguish between
power absorption at assembly and thruster level. The power consumption of the assembly, prominently
consisting of the thruster, the RFG and feeding cables, has to be interpreted with great care due to effects
like impedance bridge mismatch. Power lost to this channel is often attributed to effects inside the thruster—
or the plasma—and thus may open room for miscalculation of actual thruster performance. An applicable
example is given by the PTTR. We showed that especially in areas of low mass flow, which are prominently
aspired in space missions due to longevity, there is a difference of about 30 − 40 % between DC input and
forwarded RF power. This information can furthermore be used for thermal modeling of the assembly.

The model used in this work is based on a continuum approach of the plasma discharge. It is considered
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adequate because the sources of error are well understood and the error itself lies in acceptable areas. The
identified errors are reported and discussed and appropriate solution approaches are suggested. A major
advantage of the model is its simulation time which is on the scale of minutes per working point. Because of
that, the model can be used as a virtual prototype which is considered beneficial for optimization strategies
during thruster development.

The experimental setup was based on a phase resolved voltage and current meter as well as the thruster
assembly including all the necessary peripherals. Due to low resolution of the extracted ion current mea-
surement there is a non-negligible error. This is an unfortunate fact that will be assessed by high resolution
AD converters and/or an optimized extraction grid that allows for more ion current to be extracted. The
latter requires a RFG that is capable of power levels up to several hundred watts which is currently under
development.

The presented hybrid approach consisting of power measurement and post-processed simulation offers
a detailed insight into the plasma physics within the inductive discharge. With this methodology, the
integral telemetry data during measurement can be matched to actual processes inside the discharge. We
believe that this methodology is crucial for efficient optimization of RIT assemblies. Furthermore, we clearly
showed the necessity of power measurement directly at the inductive load, as mentioned earlier in terms of
PTTR. Optimization of energy coupling from coil to plasma is deemed drastically improved by following
this proposed methodology.
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