
RF power transfer efficiency and plasma parameters of
low pressure high power ICPs

Dominikus Zielke, Stefan Briefi, Ursel Fantz

Angaben zur Veröffentlichung / Publication details:

Zielke, Dominikus, Stefan Briefi, and Ursel Fantz. 2021. “RF power transfer efficiency and
plasma parameters of low pressure high power ICPs.” Journal of Physics D: Applied Physics
54 (15): 155202. https://doi.org/10.1088/1361-6463/abd8ee.

Nutzungsbedingungen / Terms of use:

Dieses Dokument wird unter folgenden Bedingungen zur Verfügung gestellt: / This document is made available under these conditions:
CC-BY 4.0: Creative Commons: Namensnennung
Weitere Informationen finden Sie unter: / For more information see:
https://creativecommons.org/licenses/by/4.0/deed.de

CC BY 4.0

https://doi.org/10.1088/1361-6463/abd8ee
https://creativecommons.org/licenses/by/4.0/deed.de


Journal of Physics D: Applied Physics

PAPER • OPEN ACCESS

RF power transfer efficiency and plasma parameters of low pressure
high power ICPs
To cite this article: D Zielke et al 2021 J. Phys. D: Appl. Phys. 54 155202

 

View the article online for updates and enhancements.

This content was downloaded from IP address 137.250.131.0 on 04/03/2021 at 10:15



Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 54 (2021) 155202 (9pp) https://doi.org/10.1088/1361-6463/abd8ee

RF power transfer efficiency and plasma
parameters of low pressure high power
ICPs

D Zielke1, S Briefi1 and U Fantz1,2

1 Max-Planck-Institut für Plasmaphysik, Boltzmannstr. 2, Garching 85748, Germany
2 AG Experimentelle Plasmaphysik, Universität Augsburg, Augsburg 86135, Germany

E-mail: dominikus.zielke@ipp.mpg.de

Received 5 September 2020, revised 10 November 2020
Accepted for publication 6 January 2021
Published 1 February 2021

Abstract
Inductively coupled radio frequency (RF) ion sources operating at 1MHz under the condition of
a low gas pressure of 0.3 Pa are the basis of negative hydrogen/deuterium ionbased neutral beam
injection systems of future fusion devices. The applied high RF powers of up to 75 kW impose
considerable strain on the RF system and so the RF power transfer efficiency η becomes a
crucial measure of the ion source’s reliability. η depends on external parameters such as
geometry, RF frequency, power, gas pressure and hydrogen isotope. Hence, η along with the
plasma parameters are investigated experimentally at the ITER prototype RF ion source. At only
45%–65% in hydrogen and an increase of around 5% in deuterium, η is found to be surprisingly
low in this ion source. The power that is not coupled to the plasma is lost by Joule heating of the
RF coil (∼26%) and due to eddy currents in the internal Faraday screen (∼74%). The matching
transformer adds up to 8 kW of losses to the system. The low values of η and the high share of
the losses in the Faraday screen and the transformer strongly suggest optimization opportunities.
At high power densities well above 5 W cm−3, indications for neutral depletion as well as for
the ponderomotive effect are found in the pressure and power trends of η and the plasma
parameters. The comprehensive data set may serve for comparison with other RF ion sources
and more standard inductively coupled plasma setups as well as for validating models to
optimize RF coupling.

Keywords: inductively coupled plasma, NNBI, low pressure low temperature plasma, RF power
transfer efficiency, Faraday screen, ITER prototype RF ion source, RF power coupling

(Some figures may appear in colour only in the online journal)

1. Introduction

One important application of inductively coupled plasmas
(ICPs), among other purposes such as materials processing
[1] and space propulsion [2], is as the ion source used
in nuclear fusion neutral beam injection systems based on

Original Content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

negative hydrogen ions (NNBIs) [3]. An example at a low
radio frequency (RF) of 1MHz, a high generator power of up
to 75 kW and a low gas pressure between 0.2 and 0.6 Pa with
a focus on 0.3 Pa is the prototype ion source for ITER at the
BATMAN Upgrade (BUG) testbed [4, 5]. In this ion source,
which is operated in pulsed mode with a maximal pulse length
of around 5 s, plasma is generated in a compact, half-closed
cylindrical vessel of around 8 l—called the driver—where
high electron temperatures around 10 eV and plasma densit-
ies around 1018 m−3 are reached at a gas pressure of 0.3 Pa.
The driver’s axial length is around 17 cm and its inner radius
is around 12 cm, i.e. its low aspect ratio L/R is around 1.4. Its
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Figure 1. CAD drawing and electrical circuit of the RF ion source of the BATMAN Upgrade testbed. More details about the ion source can
be found in [4].

main components are an RF coil with six turns that are wound
around a cylindrical dielectric quartz, an internal Faraday
screen and a driver backplate. The plasma heating mechan-
ism is purely inductive, since the internal Faraday screen sup-
presses capacitive coupling and thus protects the quartz against
sputtering [6]. The driver backplate is equipped with small
permanent magnets that generate a cusp field to increase the
plasma density in the driver. The plasma produced in the driver
diffuses through the open axial side into a larger expansion
region. For further information about the expansion region
(inclusivemagnetic filter, bias plate and plasma grid), themod-
ular design of NNBI ion sources, H− production and beam
formation, see [4, 5, 7].

At the high generator powers of up to 75 kW used in the
BUG ion source, the strain on the RF system is considerable,
i.e. electrical breakdowns and arcs become likely, and thus
reliable operation of the RF ion source is at risk. Typically, not
all of the RF generator power is absorbed by the plasma but
only a certain fraction, which is quantified by the RF power
transfer efficiency η. The rest of the power is lost by Joule
heating of the RF coil, the internal Faraday screen and the sur-
rounding metallic structure, where eddy currents are driven.
Note that the definition of η does not include the losses in
the RF generator, which is a transistorized radio transmitter
from TRANSRADIO SenderSysteme Berlin AG. As stated in
[7], its electrical efficiency of around 90% is already high.
Hence, further optimization of the RF generator is not in the
scope of this work. At the BUG ion source, there is a match-
ing transformer to electrically isolate the ion source of high
potential from the grounded RF generator [8]. The nonlinear
magnetization losses in its ferrite core decrease η. Moreover,
η also depends on external parameters such as the generator
power, RF frequency, driver geometry, gas pressure, isotope

(hydrogen or deuterium) and on the magnetic filter field (its
purpose described in [4]) in a complicated way. Parameter
dependency studies would be highly desirable but it is dif-
ficult to conduct these with numerical models, since a self-
consistent description of the electromagnetic wave generated
by the RF coil and the plasma is necessary. First steps in that
direction were taken in [9–11], where basic simplified systems
were used. However, under the conditions in the driver, i.e. at a
low gas pressure of around 0.3 Pa, low RF frequency of 1MHz
and high absorbed power densities well above 5 W cm−3, the
heating process is complicated and it is still under active dis-
cussion whether the RF skin effect becomes anomalous [9]
or even nonlinear [12] in this regime. Effects such as neutral
depletion [13] and the ponderomotive force [14] further com-
plicate the attempts to numerically simulate RF coupling in the
driver.

A prerequisite for validating such numerical models is an
experimental data set of η together with the plasma para-
meters for a wide range of operating conditions and external
parameters, which is obtained in this work. The data set
without a matching transformer can also be used to com-
pare the BUG ion source with other RF ion sources and
more standard ICP setups. In addition, it is investigated
how the losses are distributed among components such as
the RF coil, the internal Faraday screen and the matching
transformer.

2. Experimental setup and diagnostics

Figure 1 shows an overview of the BUG ion source including
RF matching capacitors C1 and C2, the matching transformer
and the solid-state RF generator.
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Figure 2. Applied diagnostics at the BUG ion source driver: RF
current monitor to determine the amplitude value of the RF coil
current I0 and two Langmuir probes to determine the plasma
parameters ϕplasma,Te and ne.

Figure 3. Typical I–V characteristics in the center and in the
inductive heating zone with respective floating potentials ϕfloat,
obtained in hydrogen at pfill = 0.5Pa and Pgenerator = 40kW.

Under normal beam operating conditions, the matching
transformer is used, which adds nonlinear magnetization
losses to the system. In pulsed operation mode, its ferrites
are air-cooled to ensure that their temperature stays below the
Curie temperature of 125 ◦C. To make the matching trans-
former ready for longer pulses, different cooling methods
depending on the actual losses (assessed in section 3.3.2)
have to be considered. To ensure a direct comparison of
the results shown in this work with those from other ion
sources or more standard ICP setups, all measurements—
unless explicitly stated otherwise—were done without the
matching transformer.

Specifically for RF power transfer efficiency measure-
ment, the driver is equipped with a current monitor and two
Langmuir probes.

TheRF currentmonitor (Pearsonmodel 8537) is installed at
the straight feed line part of the RF coil, as indicated in figure 2.
It determines the amplitude value of the RF coil current I0. A
subtractivemethod [15] is used to obtain the RF power transfer
efficiency:

η =
Pplasma

Pgenerator
=
Pgenerator −Ploss

Pgenerator
. (1)

Herein Pgenerator = Pforward −Preflected is the measured gener-
ator output power and Pplasma is the power that is absorbed by
the plasma. Ploss =

1
2RnetworkI20 is the power that is lost in the

RF network, which comprises the RF coil, the Faraday screen
and the surrounding steel structures. The losses associated
with it are conveniently quantified by the network resistance
Rnetwork, which is determined by applying small generator
powers <15 kW and measuring I0 while suppressing plasma
ignition by keeping the gas inlet valve closed. In this case
Ploss = Pgenerator and the linear relation between Ploss and 1

2 I
2
0

determines Rnetwork. Note that this method tends to overestim-
ate the loss of power, since the plasma’s capability to shield
the metallic structure where eddy currents can be driven is
not included. However, this overestimation is rather small,
because the radial gap between the dielectric and the Faraday
screen is only 1 mm, which is around one order of magnitude
lower than the RF skin depth, i.e. the damping of the wave
there is not effective.

The gas pressure is measured by three capacitive pressure
gauges at different positions in the expansion region. During
a plasma pulse, the inlet gas flow is provided such that the
measured pressure in gas-only operation, i.e. without plasma,
is equal to the set pressure. For this reason, the gas pressure is
also referred to as filling pressure pfill.

The plasma parameters in the driver, i.e. electron density
ne, plasma potential ϕplasma and electron temperature Te, are
probed with two Langmuir probes. Both probes are not RF
compensated; therefore, special care has to be taken when
the obtained I–V characteristics are evaluated, as described
later in this section. The probes are axially inserted through
the driver backplate, as shown in figure 2. One probe is loc-
ated in the driver center and the other 17 mm radially away
from the inside of the Faraday screen in the vicinity of the RF
coil—called the inductive heating zone. Both probe tips are
made out of tungsten with lengths and diameters of 5 mm and
50µm, respectively. Typical I–V characteristics obtained from
these probes are depicted in figure 3.

The ion branches of the probes are evaluated using orbital
motion limited theory (OML). It was shown by Chen et al
that this method produces reliable effective ion densities ni,eff,
when the probe tip radius is thin compared to the Debye sheath
that forms around the probe tip [16, 17]. This is fulfilled for
both probes in the driver plasma. For the effective ion mass, a
mixture of 20% H+

3 , 40% H+
2 and 40% H+ is used, as estim-

ated in [18]. The relative error ∆ni,eff/ni,eff = 25% is estim-
ated by using different maximum voltages up to which the
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Figure 4. Rnetwork is determined from a linear best-fit of Pgenerator

over 1
2 I

2
0.

Figure 5. RF power transfer efficiency η in hydrogen for varying
pfill and Pgenerator.

I–V characteristic are fitted using OML. Quasi-neutrality of
the plasma is used to infer the electron density from the effect-
ive ion density.

The Langmuir probe analysis of the electron branch is prob-
lematic, since the electrons in the inductive heating zone are
magnetized by the RF magnetic field. The RF coil can be con-
sidered (in a first approximation) cylindrically symmetric and
therefore produces a purely axial magnetic field of several mT
at the location of the probe tip in the inductive heating zone.
Cross-field mobility of electrons onto the probe is strongly
impaired, wherefore the electron current remains low even
for large applied probe voltages around 60 V, as depicted in
figure 3. Therefore, ϕplasma and Te cannot be evaluated in the
inductive heating zone. However, since there is a skin effect
in the plasma, the RF magnetic field is almost absent in the
center of the driver; therefore it is possible to access the elec-
tron branch of the central probe. As stated earlier, both probes
are not RF compensated and therefore the electron branch of
the collected probe current data is subject to RF disturbances.

Figure 6. Central ϕplasma and Te in hydrogen for varying Pplasma at
different pfill.

For this reason the standard evaluation method for the elec-
tron branch of the I–V characteristics, i.e. probing the electron
energy distribution function (EEDF) via the second derivative
of the electron current, cannot be used. Instead, an alternat-
ive approach, proposed by Chen is employed [19], where the
ion current (obtained fromOML theory) is subtracted from the
total current to obtain the electron current Ie. By assuming Ie
to have an EEDF of Maxwell–Boltzmann type that obeys the
Boltzmann relation:

Ie = Aprobenee
1
4
vth,e exp

(
Vprobe −ϕplasma

eTe

)
. (2)

Herein, Aprobe denotes the surface of the probe tip, ne is
the electron density (inferred from quasi-neutrality), e is the
elementary charge and vth,e = (8eTe/πme)

1/2 is the electron
thermal velocity with the electron mass me. ϕplasma and Te
are obtained as independent fitting parameters from a fit with
equation (2) up to a voltage well below the floating potential to
avoid RF disturbances. The relative errors∆ϕplasma/ϕplasma ≈
∆Te/Te = 20% result again from the used maximum voltage
up to which the OML fit is done.

3. Results and discussion

3.1. Network resistance

The Joule losses in the RF coil, the Faraday screen and the
surrounding steel structures are quantified by the network res-
istance Rnetwork. Following the procedure laid out in section 2,
a best-fit of the generator power over 1

2 I
2
0 yields Rnetwork =

(0.6± 0.02)Ω, as shown in figure 4. This value is used in the
following section for the evaluation of η.

3.2. Plasma power absorption

As already stated, the plasma’s capability to absorb power and
thus η depends on external parameters in a complicated way.
In the following sections, the impact of the filling pressure, the
power absorbed by the plasma, the magnetic filter field and
the isotope, i.e. hydrogen or deuterium on η and on the plasma
parameters, are investigated.
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Figure 7. ne in the driver center and in the inductive heating zone as well as their ratio for varying Pplasma at different pfill.

3.2.1. Filling pressure and power variation. Figure 5 shows
the RF power transfer efficiency η of the BUG ion source oper-
ated in hydrogen for varying filling pressure pfill and generator
power Pgenerator.

Starting from the highest pressure of 0.6 Pa, η decreases
monotonically with decreasing filling pressure for all gen-
erator powers. When the generator power is increased, η
increases until it reaches a pressure specific maximum value.
For further increasing generator powers, η decreases. The
generator power at which the maximum η value is obtained
is shifted slightly to lower powers for increasing pressure.
In general, η is surprisingly low, i.e. only 45%–65% of the
generator power is absorbed by the plasma. This means that
35%–55% corresponding to roughly 10–35 kW of the gen-
erator power is absorbed by the RF coil, the Faraday screen
or by the surrounding steel structures; therefore water cool-
ing of these components is necessary. As these losses change
with pressure and power, the plasma parameters are related to
Pplasma instead of Pgenerator in the following.

Global models [1] can be used to gain a first insight into
the underlying physics. When applying these models, one has
to be aware that considerable simplifications are used, such as
the assumption of a Maxwell–Boltzmann velocity distribution
function for all particle species, no spatial variation, a simpli-
fied plasma sheath and the neglect of external magnetic fields.
Nevertheless, as is shown below, these models can explain
some of the locally measured plasma parameter trends.

Figure 6 shows the change of the central plasma poten-
tial and electron temperature for varying plasma power at
different filling pressures. For a fixed Pplasma, ϕplasma and Te
increase when the pressure is decreased. This can be explained
by a simple global model, where the electron particle and
energy balance decouple when a stationary neutral particle
background is assumed. From the particle balance follows
then that Te increases when the pressure decreases. This is
because at lower pressures the electrons gain more energy
from the applied external field due to their increased mean
free path. However, the increase of Te with Pplasma is not

expected from this model. This confirms the high relevance
of the correct description of the neutral gas dynamics to cap-
ture neutral depletion at these low pressures, as emphasized
in [13, 20].

Figure 7 shows the corresponding electron densities in the
center, in the inductive heating zone and their ratio. For a
fixed Pplasma, the increase of ne with increasing pressure can
be explained by the simple global model power balance, where
the total power absorbed must equal the total power lost:

Pplasma = eAeff neuBohm(Te)Etotal(Te). (3)

e is the elementary charge and Aeff a constant effective surface
area for charged particle losses. The Bohm velocity uBohm and
the total energy lost per electron–ion pair Etotal both increase
with increasing Te. Hence, for a fixed Pplasma, ne must increase,
when Te decreases, i.e. when pfill increases. From the simple
global model power balance it also follows that ne should
linearly increase with increasing Pplasma for a fixed pressure.
This is fulfilled for pfill ⩾ 0.3Pa within the error bars. How-
ever, for pfill = 0.2Pa, ne,center saturates and ne,heatingzone even
slightly decreases for Pplasma ⩾ 20kW. This is another indic-
ation of the neutral depletion through ionization that is pre-
dominant at low filling pressures and high powers [13]. The
ratio ne,heatingzone/ne,center, ranges between 0.22 and 0.34 and is
therefore slightly higher than the value obtained by a simple
diffusion model [1], where the resulting Bessel profile yields
a ratio of 0.19. This higher ratio is probably caused by the
ponderomotive force, that changes the plasma potential and
the electron density profile, as is shown in [14, 21]. Also, the
magnetic cusp field might play an important role in forming
the electron density profile in the driver.

The discussion of the plasma parameter variations above
shows that some of the observed trends can be explained quite
easily by a simple analytic global model [22]. A complica-
tion is introduced when the neutrals are depleted at low pres-
sures but this can still be handled semi-analytically, as shown
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Figure 8. Comparison with OES measurements at the BUG ion
source driver [23] and with Langmuir probe measurements at the
former BATMAN setup of 2009 [18].

in [13]. However, for understanding how the electrical quant-
ities such as the RF coil current I0 and η behave when external
parameters are changed, it is necessary to describe the plasma
and the RF fields self-consistently, involving the right heating
regime. In a self-consistent model, it is also possible to include
the nonlinear ponderomotive effect and its impact on the spa-
tial profiles of the plasma parameters and on the RF fields in
the plasma. Only then one can e.g. explain why η decreases at
high RF powers for all pressures, as shown in figure 5, while ne
keeps increasing for higher pressures and saturates for lower
pressures, as shown in figure 7.

3.2.2. Comparison with results from other diagnostics.
Averaged plasma parameters along the central axis through
the driver were determined in an earlier campaign by means of
optical emission spectroscopy (OES) [23] and are shown here
for comparison in figure 8. The obtained electron temperatures
and densities fit within error bars to the ones obtained in the
present campaign. The electron density determined from the
Langmuir probe is slightly higher than the one measured by
OES. This is because the OES measurement is line-of-sight-
averaged, i.e. the axial profile through the driver and the expan-
sion is accounted for, where it is known from OES measure-
ments in the expansion region, that ne is decreased there [23].
The electron density in the driver has also been measured by
Langmuir probes during a previous BUG experiment [18]. In
the former experimental setup, aspects such as source geo-
metry, grid system, matching transformer and RF generator
were different from the present one, as described in [18]. For
a comparison of the electron densities, η from the present setup
(including matching transformer losses) is used to estimate
Pplasma for the former setup. The measured electron densit-
ies are in the same range and also the trends are similar, even
though the increase of ne with Pplasma is more pronounced at
the present setup, as shown in figure 8.

3.2.3. Magnetic filter field variation. Various magnetic fields
are present in the ion source: (i) checkerboard oriented per-
manent magnets in the driver backplate (see figure 1 and [4])

Figure 9. Simulated magnetic filter field Bfilter along the central
driver axis for the maximum plasma grid current of 3 kA. The
direction of Bfilter is indicated in figure 1.

generate a cuspmagnetic field to increase the plasma density in
the driver. In the inductive heating zone, its strength is around
1mT. (ii) A time-dependent RF magnetic field is caused by
the RF coil current. Since in typical operating conditions of
the ion source the RF current amplitude is well above 300A,
this results in effectivemagnetic field strengths in the inductive
heating zone of around 10mT. (iii) A steady-state current that
can be varied from 0 to 3 kA through the plasma grid creates a
static magnetic filter field Bfilter of up to 6mT directly in front
of the plasma grid, as shown in figure 1. Its purpose is to cool
down the electrons there to reduce the H− losses caused by
electron stripping. The field strength in each point in the dis-
charge is linearly related to the strength of the current through
the plasma grid. As can be seen from figure 9, its strength in
the driver is smaller than 0.5mT. Note that the direction of the
filter field in the driver is reversed because of the return con-
ductors, which are located outside of the expansion chamber
directly behind the conjunction of the driver and the expansion
chamber.

Comparing the magnitudes of the different magnetic fields
yields that in the driver the RF magnetic field (10mT) dom-
inates the magnetic filter field (0.5mT) as well as the cusp
magnetic field (1mT). Consequently, ne and η are almost not
affected by the magnetic filter field. However, slight increases
of ϕplasma and Te of around 10 V and 3 eV, respectively, are
observed when Bfilter is increased from 0 to its maximum value
of 0.5mT in the driver (corresponding to a plasma grid current
of 3 kA). This can be explained by the heat flux transport bar-
rier that is created by the magnetic filter, which causes Te to
drop in the vicinity of the plasma grid but at the same time
increases Te in the driver, as shown by Lishev et al via fluid
modeling of the ion source [10].

3.2.4. Comparison of hydrogen and deuterium. Since ion
sources in future fusion devices will operate in deuterium
rather than in hydrogen, η in hydrogen and in deuterium are
compared in figure 11. η exhibits the same pressure and power
trends in H2 and in D2. However, it is systematically increased
in deuterium by around 5% reaching values just above 60%
at 75 kW generator power. For the same Pplasma, the electron
density is systematically higher in deuterium by a factor of
about 1.5, as shown in figure 10. The larger ne in deuterium
can be explained by the larger ion masses of deuterium, which
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Figure 10. ne in deuterium and in hydrogen for varying Pplasma.

Figure 11. η in deuterium and in hydrogen for varying pfill and
Pgenerator.

yield smaller mobilities and diffusion coefficients in the ion
particle balances. This in turn allows for larger steady-state
plasma densities in deuterium compared to hydrogen. Neither
ϕplasma nor Te are affected by the used isotopewithin error bars.
This surprising fact was also seen in laboratory scale experi-
ments at lower powers [24].

3.3. Losses in ion source components

As shown in section 3.2, a substantial part of the generator
power is lost to Joule heating of the ion source components.
To identify the exact parts, a 1:1 size mock-up made of spare
parts from the BUG ion source driver has been built, where
each individual component such as the cylindrical quartz ves-
sel, the RF coil antenna, the driver and source backplates, and
the Faraday screen can be mounted separately.

3.3.1. Losses in the RF coil, Faraday screen and
backplates. To make sure that the results from the mock-up
can be transferred to the BUG setup, the mock-up is assembled

in a first step including all potential major RF loss compon-
ents mentioned above. The internal Faraday screen used in the
mock-up (and also in the BUG ion source) has a particular
structure, i.e. it consists of a slitted cylinder and a backplate
at one side, as shown in figure 2. It is made out of copper
and its inner surfaces are coated with a thin molybdenum
layer to protect the ion source from sputtering. The resulting
Rnetwork = (0.7± 0.02)Ω at the mock-up is around 15% larger
than Rnetwork = (0.6± 0.02)Ω at the BUG ion source driver.
The increased Rnetwork at the mock-up can be attributed to the
different RF coil with seven instead of six turns, which was
the only one available as a spare part when the mock-up was
built. This yields a smaller distance between the outermost
coil turn and the ends of the Faraday screen slits allowing for
more eddy currents to be driven there.

Removing the driver and source backplates has no impact
on Rnetwork. From this it can be concluded that the influ-
ence of these two components on the network resistance
and thus on the network losses is negligible. However, when
also the Faraday screen is removed, i.e. when only the RF
coil and the quartz cylinder are present, Rnetwork and the
inductance of the system change so drastically that the
RF matching procedure, as described in [1], fails within
the experimental limitations. Therefore, Rnetwork cannot be
evaluated for the coil-only configuration with this method.
Instead, a precision LCR meter (Agilent Technologies model
E4980A) is used to measure the RF resistance of the coil. At
1MHz, it is (0.18± 0.04)Ω. From this it follows that around
0.18/0.7≈ 26% of the network losses can be attributed to the
RF coil. The rest, i.e. around 74%, have to be absorbed by the
Faraday screen.

3.3.2. Losses in the matching transformer. Attached to the
BUG ion source is a matching transformer to electrically
isolate the ion source at high potential from the grounded RF
generator [4, 8]. It has a ferrite core to couple the magnetic
fluxes, which is subject to magnetization losses. These are
quantified in a generator power sweep at pfill = 0.3Pa with
and without a transformer. When operating the source with
the matching transformer, different matching capacities have
to be used to adjust the load as seen by the RF generator
to 50Ω, because only then is no reflected power oscillating
in the system. However, since the power absorbed by these
matching capacities is negligible, this has no impact on η.
As shown in figure 12, η is decreased when the transformer
is used by around 15% for generator powers below 55 kW
and by around 10% at high powers around 75 kW. In absolute
values, this means that the loss power in the matching trans-
former increases from around 3 kW at low powers to around
8 kW at high powers. This has to be taken into account for
the design of an appropriate cooling system when steady-
state operation is considered. It was checked with Langmuir
probe measurements that the power that is absorbed by the
plasma is the quantity that ultimately determines the plasma
parameters and not the generator power, since the latter com-
prises all losses including the ones of the matching trans-
former. This is exemplarily shown for ne for a varying Pplasma
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Figure 12. Left: η with and without the transformer for varying
Pgenerator. Right: ne with and without the transformer for varying
Pplasma.

in figure 12, where the results with and without the trans-
former agree within measurement error, as expected. This has
relevance for comparing the BUG setup, which is by default
operated with the matching transformer, with other NNBI ion
sources, i.e. Pgenerator should not be used in such a comparison.

4. Conclusion

For the first time, the RF power transfer efficiency η has been
measured at an NNBI ion source under the conditions of low
gas pressures of around 0.3 Pa, a low RF frequency of 1MHz
and high RF generator powers of up to 75 kW. Along with η
were the plasma parameters in the driver determined by local
Langmuir probe measurements for a wide range of operating
conditions.

The surprisingly low η ranges between 45% and 65%
depended on the operating condition. These values indic-
ate that considerable optimization potential for the plasma to
absorb more power corresponding to 10–35 kW is available.
Raising this potential would help to reduce the strain on the
RF system and the required cooling power. In this way the
reliability of the system could be enhanced. The losses are dis-
tributed between the Faraday screen and the RF coil, where
the former absorbs 74% of the losses through Joule heating
by eddy currents and the latter 26% of the losses by direct
Joule heating. This indicates that a dedicated optimization of
the Faraday screen is worthwhile. All measurements without
the BUG-specific matching transformer are directly compar-
able to other ion sources that do not use a transformer and also
to more standard ICP setups, e.g. those used in material pro-
cessing. It was shown that the quantity that ultimately determ-
ines the power trend of the plasma parameters is the power
absorbed by the plasma and not the generator power. This has
to be considered when plasma parameters of different setups
are to be compared. The matching transformer that is used in
the BUG normal operating mode adds losses from 3 to 8 kW

to the system, which would have to be cooled away in steady-
state operating mode.

The discussion of η as well as the spatially localized plasma
parameters and their trends with power and pressure showed
that to obtain correct dependencies the RF coupling in the
driver has to be modeled self-consistently involving the appro-
priate heating mechanism and phenomena such as neutral
depletion and the ponderomotive effect. The comprehensive
data set presented in this work can be used for validating a
self-consistent model of the RF coupling in the driver, which
is currently in preparation.
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