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Abstract
We present an experimental investigation of the ion flux–energy distribution functions
(IFEDFs) obtained across grounded grids in an asymmetric capacitively coupled RF source
using a helium discharge. The powered electrode in the RF source is DC-grounded via a λ/4
filter, which lifts its DC potential to zero. Grids of different dimensions (hole width, thickness,
and geometric transparency) were used to confine the plasma, while the IFEDF of the ion
beam departing the grid and reaching the reactor walls was studied using a retarding field
energy analyser. The IFEDF obtained was double-peaked, indicating the presence of fast ions
arriving from the plasma source, and cold ions generated upon charge exchange collisions
between the fast ions and neutrals. The flux, as well as the peak energies of the two ion groups,
depended significantly on the process parameters: RF power, He pressure, the distance
between grids and walls, and the dimensions of the grids. The results indicate that confining
plasma with grids can reduce the ion flux at the walls by over 60%, significantly lowering the
wall sputtering rate. This was confirmed with a dedicated long-exposure plasma discharge
with a gridded plasma reactor, wherein less than 1 nm of Cu deposition was found on the
DC-grounded powered electrode, and the surface reflectivity was preserved to pristine values.
In contrast, a similar experiment in a gridless reactor resulted in Cu deposition of 35 nm with a
drastic drop in surface reflectivity. These studies are of great importance for the application of
similar RF plasma sources with in-situ cleaning of diagnostic mirrors in fusion devices, as well
as in a variety of plasma processing applications.
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1. Introduction

Capacitively coupled RF (CCRF) sources are one of the
most commonly used methods employed to sustain plasma
discharge in industry and the laboratory. CCRF plasmas
are used in a variety of applications, which make use of
the interaction of active species (ions and radicals) cre-
ated in the plasma volume with the surface materials of
the electrodes. As an RF current can flow through dielec-
tric materials, CCRF plasmas can be sustained with dielec-
tric electrode surfaces as well in addition to conducting
ones. This significantly broadens their domain of appli-
cations. Under-energetic ion bombardment, materials can
be selectively removed using such plasma sources (e.g.
Si and SiO2 etching in microelectronics) while at low
energies, deposition processes may be utilised (e.g. cre-
ation of amorphous Si layers for photovoltaic devices). The
microstructure and wettability of surfaces can be modified
as well, which is of paramount importance for medical
implants [1–4].

The ion flux–energy distribution function (IFEDF) is one
of the most important properties in all the above-mentioned
applications. As the name suggests, it gives the flux–energy
distribution of ions arriving at the surface. In addition to
the ion species, the IFEDF primarily defines the processes
that occur at the electrode surfaces. The shape of the IFEDF
depends on two particular parameters: (i) the collisional-
ity of the sheaths at the electrodes, and (ii) the ratio of
the ion transit time τ i and the RF time period τRF [5–7].
The collisionality of sheaths depends primarily on the gas
pressures. At high pressures, the sheaths are highly colli-
sional, and the majority of the ions undergo several colli-
sions in the sheath before reaching the electrode surface. This
lowers their energy, leading to the formation of low-energy
peaks in the IFEDF. At low pressures, on the other hand,
the sheaths are generally collisionless and the ions have a
longer mean free path. In such conditions, they can acquire
high energies while traversing the sheath, leading to the
presence of predominantly high energy peak(s) in the
IFEDF. In the collisionless sheaths, the shape of the IFEDF
also depends critically on the ratio of τ i and τRF. When
τ i/τRF � 1, the ions transit the sheath in a fraction of the RF
period, making their energy dependent on the instantaneous
sheath potential. In this scenario, the IFEDFs are double-
peaked, with the maximum and minimum peak energies cor-
responding to the ions crossing the sheath during the max-
imum and minimum sheath potential, respectively. On the
other hand, when τ i/τRF � 1, the ions cross the sheath over
multiple RF periods. In this case, the ion energy depends on
the time-averaged sheath potential, resulting in a single-peak
IFEDF.

The plasma sheath also tends to mold around complex
surfaces, a property which finds several applications in plasma
processing, such as coating of curved surfaces and plasma
immersion ion implantation [8]. Particularly relevant for this
article is the plasma sheath interaction with metallic grids.
They are used mainly for the extraction of ions from plasma

and constitute the fundamental component in the designs of
ion and neutral beam sources [9–11], ion thrusters [12], etc.
The flux, energy, and directionality of ions extracted from the
plasma depend critically on the shape of the plasma–sheath
boundary over the grids. The topography of the sheath bound-
ary is determined mainly by the ratio of the sheath thickness
Lsh and the grid hole width wg [13]. The different scenarios
of plasma–grid interaction are illustrated in figure 1. When
Lsh/wg � 1, as displayed in figure 1(a), the sheath bound-
ary over the grid holes remains nearly planar, identical to that
over a solid surface. The ion beam departing from the grids
in this case is collimated (assuming the sheath is collision-
less). At the other extreme, when Lsh/wg � 1 (figure 1(b)),
the sheath boundary follows the contour of the grid hole
boundary. In this particular case, the plasma leaks out of the
grid holes and the departing beam is divergent. In the inter-
mediate case where Lsh/wg ∼ 1 (figure 1(c)), the plasma is
largely confined at the grids, but the sheath boundary bends
along the grid holes. The degree of sheath bending and the
ion beam divergence increase as Lsh/wg decreases. The direc-
tionality of the ion beam also depends considerably on the
axial thickness of the grid holes (tg) and in particular on the
aspect ratio tg/wg [9]. When tg/wg > 1 (figure 1(d)), the beam
divergence decreases as the diverged ions collide with the grid
side walls and neutralise. This also increases the neutral for-
mation occurring due to ion collisions with the grounded grid,
leading to an increasing neutral flux and a diminishing ion
flux in the departing beam. The degree of sheath molding
around the grids also influences the effective ion flux trans-
parency of the departing beam. With a planar sheath boundary
and a corresponding collimated ion beam (figure 1(a)), the ion
flux transparency is identical to the geometric transparency
of the grid. However, with a bent boundary (figure 1(c)),
the ion flux transparency of the beam increases beyond the
geometrical grid transparency, with the diverged ions con-
tributing to the increased flux. The control of all the above-
mentioned ion beam properties gives rise to a wide spectrum
of plasma-processing applications. For instance, neutral beam
sources for anisotropic etching applications particularly
require collimated beams [14], while surface cleaning or coat-
ing via ion-assisted beam deposition make use of divergent
beams [15].

This study is conducted with a major emphasis on RF dis-
charge cleaning of diagnostic mirrors in ITER [16, 17]. Most
optical diagnostic systems in ITER will be composed of metal-
lic ‘first mirrors’ (FMs) with the purpose of directing light
from the fusion plasma toward the diagnostic sensors, while
simultaneously shielding them from the energetic neutrons.
However, being the initial elements in the diagnostic systems,
the FMs will also be subject to deposition of the first wall mate-
rials, namely beryllium (Be), tungsten (W), and their oxides,
causing degradation of their optical properties. They would
thus require regular surface conditioning, which is foreseen
to be achieved via an in-situ CCRF discharge cleaning sys-
tem [17]. This system employs FMs as the powered electrodes
to generate CCRF discharges, wherein they develop a nega-
tive self-bias and undergo ion sputtering [18–21]. However,
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Figure 1. A schematic representation of plasma molding around
grid holes with different dimensions of sheath thickness Lsh, grid
hole width wg and axial grid hole thickness tg: (a) when Lsh � wg
with a planar sheath boundary (represented by the dashed line),
(b) when Lsh � wg with leaked plasma, (c) when Lsh ∼ wg with a
bent boundary and (d) when Lsh ∼ wg and tg > wg, leading to
grid-induced ion neutralisations.

in ITER the FMs will also be actively water-cooled to tackle
the high thermal loads deposited on the mirrors via gamma
and neutron radiation. The physical contact of the grounded
water cooling lines with the FMs leads to their RF ground-
ing, disabling the excitation of CCRF discharges. To over-
come this challenge, the water-cooling lines are foreseen to
be implemented as a quarter-wavelength (λ/4) filter, com-
monly referred to as the notch filter [22, 23]. The presence of a
λ/4 filter DC-grounds the FMs, but allows RF propagation
to generate RF discharges [24]. On the short end, however,
adding a λ/4 filter increases the plasma potential to several
hundred volts (in contrast to a few tens of volts typically
observed in highly asymmetric CCRF plasma) [24–29]. A
high plasma potential considerably increases the erosion of the
wall surfaces surrounding FMs, which in turn get re-deposited

on FMs, thus making the plasma cleaning process ineffective.
This was discussed in detail in our previous study [30]. To
achieve the goal of cleaning DC-grounded mirrors, it is hence
necessary to investigate strategies that minimise the wall sput-
tering and their consequent deposition on mirrors. We address
that topic in this manuscript, using the property of plasma con-
finement via grounded grids. The results can also be extended
to applications that aim to minimise ion-assisted wall ero-
sion that reduces the lifetime of plasma reactors, such as ion
thrusters [12].

In this study we investigate the plasma–grid interactions
and their influence on the IFEDFs obtained at the walls of a
CCRF plasma reactor with DC-grounded electrodes. Within
this investigation, we study the IFEDFs with varying system
geometry and plasma parameters. Building on that, we also
investigate the impact of grids on the reactor wall sputtering
and consequent re-deposition on the powered electrodes. The
CCRF plasma reactor mimics a first mirror unit with ITER-
relevant geometry, hence the results are directly relevant within
the scope of a mitigation strategy for FM cleaning with a λ/4
filter.

2. Experimental

2.1. Experimental setup

The experiments were performed in a plasma reactor placed
inside a high-vacuum chamber at the University of Basel
(figure 1 in [31]). A schematic of the experimental setup is
presented in figure 2. The unit has square cuboid geometry
(250 mm × 150 mm × 200 mm) and holds two unpolished
molybdenum (Mo) electrodes (100 mm × 100 mm × 9 mm),
M1 and M2, placed in grounded holders on the opposite walls.
M1 was used as the powered electrode, while M2 was kept
either electrically grounded or floating. The body of the unit
was made of copper and served as the grounded electrode.
A 60 MHz RF generator (cito-plus COMET) coupled with a
matchbox was used to generate a helium plasma inside the unit.

Both M1 and M2 hold three circular Mo insets
(� = 26 mm), which could be detached from the mirror
for characterization. The top surface of the insets was pol-
ished with silicon carbide paper, diamond paste and 0.05 μm
alumina powder to obtain a highly reflective surface. The
insets were electrically connected to M1 and M2, implying
they served as a part of the electrodes.

Three different stainless steel grids were used in the exper-
iments, the dimensions of which are presented in table 1. They
were inserted in the unit between M1/M2 and the bottom
wall, as observed in figure 2, and electrically connected
to the walls to ensure they were grounded. They could be
moved vertically in the unit, such that the distance between
the grid and the bottom wall could be varied. As the mea-
surements are carried out using a retarding field energy
analyser (RFEA), the distance of the grid is measured from
the top of the RFEA sensor and is referred to as dg in this
manuscript (figure 2). An image of the reactor with the grids
and RFEA can be observed in figure S1 (https://stacks.
iop.org/PSST/31/075009/mmedia) in the supplementary
information.
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Figure 2. A schematic representation of the experimental setup. The plasma is generated inside the reactor using a 60 MHz generator with a
matchbox and the notch filter is connected to M1 via a coaxial T-connector. Meanwhile, M2 is floating or grounded, depending on the
experiment. The IFEDF of ions passing through the grid is measured by the RFEA, shown in violet.

Table 1. Dimensions of the grids used in the experiments.

Grid Hole width Wire thickness Transparency
(wg) (mm) (tg) (mm) (%)

G1 1.60 0.22 77.0
G2 3.15 0.56 72.0
G3 5.00 1.00 69.4

In the reference configuration (without grids), the geomet-
rical area Ap of the powered electrode (M1) is 100 cm2, while
that of the grounded body, Ag, is 2440 cm2. Accordingly, the
geometrical ratio of the grounded to the powered surfaces was
Ag/Ap = 24.4, which makes the discharge highly asymmet-
ric. It is important to note that the effective area ratio, deter-
mined by the grounded area in contact with the RF plasma,
can be different from the geometrical area ratio, depending on
the discharge parameters. The area asymmetry of the system
ideally results in the development of a negative self-bias at
M1. The DC bias, however, is short-circuited by the addi-
tion of a notch filter at the powered electrode. The notch filter
was achieved using an RF transmission line with a physical
length of 1.075 m with a short-circuit at one of its ends, while
the other end was connected to the system via a T-connector
(figure 2). The details of the notch filter are presented in
our previous publications [24, 30]. Consequently, a CCRF
discharge is excited while DC-grounding the powered elec-
trode at the same time. The discharge parameters are presented
in table 2.

2.2. Characterization techniques

The IFEDF of the ions reaching the wall of the plasma reac-
tor was measured using a SemionTM single sensor RFEA
(Impedans, Ltd) [32, 33]. The measurements were analyzed
using the Semion SystemTM software to obtain the IFEDF,

Table 2. The electrode characteristics and discharge parameters in
the experiments.

Experimental parameters Value

Powered area (M1) Ap 100 cm2

Grounded area Ag 2440 cm2

Notch filter length 1.075 m
Driving frequency 60 MHz
RF power 120 W
He pressure 1 Pa

including the ion current density (Ji) and the mean ion energy
(Ēi). The typical uncertainties for the measurements in Ji and
Eion, as provided by Impedans, Ltd, are ±20% and ±2% (in
addition to ±1 eV resolution), respectively.

The surface chemical composition of the insets on M1
and M2 was obtained using x-ray photoelectron spectroscopy
(XPS). The electron spectrometer is equipped with a hemi-
spherical analyzer (Leybold EA10/100 MCD), and a non-
monochromatized Mg Kα x-ray source (hν = 1253.6 eV)
was used for core-level spectroscopy. The binding energy
scale was calibrated using the Au 4f7/2 line of a cleaned
gold sample at 84.0 eV. The fitting procedure of the core-
level line is described in a previous publication [34]. Addi-
tionally, where necessary, the insets were characterised using
energy-dispersive x-ray (EDX) spectroscopy. The thickness
of surface layers was obtained by fitting the EDX data
using STRATAGem software [35–37], the procedure of which
is described elsewhere [38]. The EDX measurements were
performed using the SEM-FEI Nova Nano SEM23 micro-
scope, varying the acceleration voltage from 3 to 20 kV. The
UV–Vis–NIR total and diffuse reflectivity (250–800 nm) of
the insets were recorded using a Varian Cary 5 spectropho-
tometer. The specular reflectivity could be calculated by sub-
tracting the diffuse component from the total reflectivity.
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Figure 3. The IFEDF obtained at the wall of the plasma reactor with
and without grids, using 120 W/1 Pa He plasma.

3. Results and discussion

3.1. Ion flux–energy distributions across grids—parametric
study

The IFEDF of the reference discharge (i.e. without grids) mea-
sured at the reactor wall displayed a single sharp peak at
85 eV with a Ji of 1.5 A m−2, as observed in figure 3. The
approximate sheath thickness (Lsh) can be calculated using the
Child–Langmuir law [39, 40],

Lsh =
2
3

(
2e
mi

) 1
4
(
ε0

Ji

) 1
2

V̄
3
4
s , (1)

where e is the electronic charge, mi is the ion mass, ε0 is
the vacuum permittivity and V̄ s is the time-averaged sheath
potential, which roughly corresponds to the peak ion energy
(Ei) in the measured IFEDF (i.e. V̄s = 85 V). Hence, using
equation (1), we obtain an Lsh of 3.8 mm. The sheath
can be further examined by looking at the ratio of the ion tran-
sit time across the sheath τ i and the RF time period τRF, which
is given as

τi

τRF
= 3Lshν

(
mi

2eV̄s

) 1
2

, (2)

where ν is the excitation (RF) frequency. Using the above
equation, we obtain τ i/τRF ∼ 11. This implies that the ions
cross the sheath in about 11 RF periods; hence, the ion
energy depends on the time-averaged rather than the instan-
taneous sheath potential. This indicates an absence of modu-
lation in the ion energy, resulting in a singly peaked IFEDF as
observed.

Following this, grid G2 was placed at dg = 35 mm from
the bottom wall (figure 2), and a plasma was generated with
the same parameters. As the Lsh was identical to the G2 hole
width (wg = 3.15 mm), the plasma was confined in the reactor
above the grid. An image of the confined plasma above the grid
in the experiment can be observed in figure S2 of the supple-
mentary information. It is worth noting that some plasma still
exists in the region between the grid and the RFEA, i.e. the

plasma penetrates the grid, even with the comparable size of
the grid window and the sheath. However, its density drops sig-
nificantly beyond the grid, leading to its effective confinement.
The sheath molding is in the regime of figure 1(c), and the
departing ion beam is expected to have a low divergence. Fur-
ther, the ratio tg/wg ∼ 0.2, indicating minimal grid-induced
ion neutralisations. The IFEDF measured at the wall in this
case showcased two peaks at roughly 90 eV and 32 eV, respec-
tively (figure 3). These two peaks obtained in the high and low
energy intervals within the IFEDF are referred to as Phigh and
Plow, respectively. Furthermore, the total Ji of the obtained dis-
tribution was significantly lowered to 0.6 A m−2. Moreover,
Plow was rather discrete, while Phigh had a higher dispersion.
The bulk plasma was characterized with a Langmuir probe,
which indicated a plasma potential of roughly 90 V. Hence,
Phigh obtained in the IFEDF corresponds to the fast ions gen-
erated in bulk plasma, which accelerate across the sheath at the
grid. As the plasma parameters and the geometry were iden-
tical to the case without any grid, the sheath properties at the
grid are not expected to vary when compared to the previous
case. Hence, with τ i/τRF ∼ 11, the two-peaked IFEDF cannot
be a result of the sheath modulation. This points toward the
fact that the cold ions, contributing to the origin of Plow, are
generated downstream between the grid and the RFEA. These
may be created as a result of charge exchange (CX) colli-
sions between the He+ ions and background He neutrals in the
region between the grid and the wall. This can be understood
as per the following equation,

He+(1) + He(2) → He(1) + He+(2). (3)

Here, He+(1) are the fast ions that are generated in the plasma
source. Upon exiting the grid, they can undergo CX collisions
with the background neutrals He(2), which generate cold ions
He+(2) with a lower energy, while the fast ion is neutralised to
He(1). The generation of cold ions in an ion beam via resonant
CX collisions with background neutrals has been observed
before [41, 42]. For a detailed look at the phenomenon, the
process parameters were varied to study their impact on the
two-peak distribution.

3.1.1. He pressure variation. The He pressure was varied in
the range of 0.5 to 3 Pa, keeping all the other parameters
the same (table 2). Initially, the IFEDFs were measured at
the wall without grids to obtain the sheath characteristics
at different pressures. The V̄s varied between 85 and 90 V
in this pressure range, and using equation (1), the Lsh was
obtained between 3.5 and 4.5 mm. Consequently, the Lsh/wg ∼
1 and the plasma–grid interaction remains similar to the vary-
ing pressure. Upon installing the grid G2 at dg = 35 mm,
the two-peak distribution was visible across the pressure range,
and the IFEDF characteristics (ion flux, energy, and disper-
sion) varied considerably, as observed in figure 4. As the
plasma–grid interaction is uniform, the ion directionality, neu-
tralisations, and flux transparency remain unchanged, indi-
cating that variations in the IFEDF arise primarily from
processes occurring in the grounded volume between the grid
and RFEA.
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Figure 4. The characteristics of Phigh and Plow extracted from the
IFEDF with varying He pressure: (a) ion current densities, (b) peak
ion energies, (c) full width half maximums and (d) the ratio of ion
fluxes Ji(Phigh)/Ji(Plow). Constant parameters: 120 W RF power, grid
G2 at dg = 35 mm.

Figure 5. The CX mean free path of He atoms as a function of
pressure, obtained from equation (4).

The total Ji was observed to decrease with increasing pres-
sure, as observed in figure 4(a). The individual flux con-
tributions of Phigh and Plow in the IFEDF were obtained
by calculating the area under the respective peaks. As dis-
played in figure 4(a), the flux of Phigh, and hence fast ions,
decreased with the increasing pressure. Simultaneously, the
flux of Plow, and hence cold ions, increased. The Ji(Plow)
reached a maximum of 0.3 A m−2 at 1.5 Pa and decreased for
larger pressures as a result of the decrease in the overall flux.
This indicates that at low pressure the ion beam is mainly com-
posed of fast ions originating from the plasma source, and
increasing the neutral pressure suppresses their population and
simultaneously enhances the cold ion density via CX colli-
sions. The peak energy of Phigh, corresponding to fast ions,
also decreased from 115 to 85 eV (figure 4(b)). It is impor-
tant to note that even though RF power is a constant, changing
the pressure results in an arbitrary change in the RF potential
amplitude at the electrode. This has a direct impact on the V̄s,
and hence the peak energy of Phigh. However, we cannot com-
ment on it quantitatively due to the lack of experimental data
on RF potential amplitudes at the electrode. Simultaneously,
the dispersion of Phigh (quantified via its full width half max-
imum) increased from 6 to 24 eV, as observed in figure 4(c).
This indicates that increasing pressure causes frictional damp-
ing of the fast ion beam energy, which lowers its peak energy
as well as increases its dispersion. Similar observations were
also made in [42]. On the other hand, the peak ion energy of
Plow increased slightly from 30 to 40 eV, while its dispersion
remained roughly a constant.

The attenuation of a fast ion population with pressure
can be conveniently examined by studying the ratio of fast
vs slow ion flux. As indicated in figure 4(d), the flux
ratio (Ji(Phigh)/Ji(Plow)) attenuated with increasing pressure.
An identical trend was also reported in [41]. This can be
understood by considering the collision dynamics between
the fast He+ ions departing the grids and the background He
neutrals. The mean free path (λ) for a certain CX collision is

6
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Figure 6. Comparison of the measured fast ion flux and that
calculated via equation (5) upon variation of (a) pressure and (b) the
distance dg between grid G2 and RFEA.

given by

λ =
kBT
pσCX

, (4)

where kB is the Boltzmann constant, T is the temperature, p is
the pressure and σCX is the CX collision cross-section. Here,
σCX depends considerably on the incident energy of the collid-
ing species [43]. For He+–He CX collisions at 90 eV incident
energy, the σCX ∼ 1.56 × 10−19 m2 [44]. Using T = 300 K,
the λ is calculated via equation (2) for the experimental pres-
sure range, and is displayed in figure 5.

As indicated, the λ is roughly 50 mm at p = 0.5 Pa, which
is in a similar range as dg (35 mm). This implies a very weak
interaction of the fast ion beam with the background neu-
trals, where they suffer on average �1 CX collision before
reaching the RFEA. This explains the relatively high flux of
fast ions obtained at low pressures. Conversely, at the high-
pressure end at p = 3 Pa, the λ is as low as 8 mm, indicating
a much larger probability of interaction between fast He+ and
He neutrals. Hence, increasing the pressure increases the res-
onant ion–neutral CX collisions, which results in an increased
generation of cold ions. Consequently, the total flux is re-
distributed, wherein the flux of fast ions is transferred to that
of cold ions.

The decay in the fast ion flux upon undergoing CX
collisions with neutrals can also be calculated using the

equation [45, 46],

Jfast(z) = Jfast, 0 exp

(
−dg pσCX

kBT

)
. (5)

Here, Jfast(z) is the flux of fast ions obtained after traversing a
length of z = dg in a neutral gas pressure p, while Jfast,0 is the
fast ion flux entering the neutral gas chamber, i.e. at z = 0 m.
Jfast,0, in our case, can be roughly taken as the product of Ji

without grids and the geometric transparency of G2 (72%).
The Ji without grids was measured, wherein it lay between 1.1
and 1.8 A m−2 in the pressure range of 0.5 and 3 Pa, respec-
tively. These values were multiplied with the transparency of
G2 to obtain Jfast,0, i.e. Jfast,0 = Ji(without grids) × 0.72. Then,
using T = 300 K and dg = 35 mm, Jfast(z) was calculated via
equation (5) and compared with the measured fast ion flux
Ji(Phigh) (with grids) measured via the IFEDF in the pressure
range. As observed in figure 6(a), the calculated and mea-
sured fast ion flux are in good agreement. This clearly indi-
cates that the fast ion flux indeed attenuates exponentially with
increasing pressure due to an increased density of neutrals and
corresponding CX collisions.

3.1.2. Grid-RFEA distance (dg) variation. The IFEDFs were
further studied by changing the vertical position of the
grid G2 in the setup, varying dg from 5 to 35 mm in the
process. As the RF power and the He pressure are constant
here, the sheath properties and consequently the plasma–grid
interaction remain unchanged (i.e. V̄s = 85 eV and Lsh =
3.8 mm). The obtained IFEDF characteristics are displayed in
figure 7.

The total Ji decreased with increasing dg, as observed in
figure 7(a). With the increasing dg, the cold ion flux increased
and the fast ion flux decreased, in a fashion similar to that
observed in the pressure variation (figure 4(a)). The flux
ratio Ji(Phigh)/Ji(Plow) also diminished with increasing dg, as
observed in figure 7(d), which is again identical to the flux
ratio scaling with pressure (figure 4(d)). This attenuation of
the fast ion flux can also be explained based on the resonant
CX collisions that they undergo through the neutral region,
which increases with the length dg. As p = 1 Pa, the λ remains
constant at roughly 25 mm. At the lowest point dg = 5 mm
there are almost no CX collisions that can occur between the
fast ions and the background neutrals, and hence the mea-
sured ion flux is composed almost entirely of fast ions. As dg

increases, the CX collision probability increases as well, lead-
ing to a rise in the cold ion population. Consequently, the fast
ion flux reduces. The decay in the fast ion flux was calculated
via equation (5), and was in excellent agreement with the mea-
sured values, as indicated in figure 6(b). This indicates that the
fast ion flux indeed decays exponentially with increasing dg

upon CX collisions in a neutral volume.
The peak energy of the Phigh remained constant at roughly

85 eV with varying dg, as displayed in figure 7(b). As the RF
power and He pressure remain constant, the ionization degree
as well as the V̄s at the grid remain the same, explaining the
constant energy of the fast ions. Furthermore, the dispersion
of Phigh increases by only 3 eV, indicating that there is no
considerable damping of the fast ion energy in this range of dg.
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Figure 7. The characteristics of Phigh and Plow extracted from the
IFEDF with varying distance between grid G2 and RFEA dg: (a) ion
current densities, (b) peak ion energies, (c) full width half
maximums and (d) the ratio of ion fluxes Ji(Phigh)/Ji(Plow). Constant
parameters: 120 W RF power, 1 Pa He pressure.

The peak energy of the cold ions was between 30 and 35 eV
when dg was between 15 and 35 mm. In this range, dg/λ� 1
and CX collisions are more likely, indicating that this peak
energy indeed corresponds to that of cold ions generated by CX
collisions. On the other hand, at dg = 5 mm, where dg/λ � 1,
the CX collision probability is lower, as is evident by the neg-
ligible flux of Plow detected. The peak energy of the cold ions,
in this case, was close to 0 eV.

3.1.3. RF power variation. The RF power was varied in the
range of 60 to 160 W, keeping the other parameters constant.
The IFEDF measurements were obtained at the walls without
grid to obtain the sheath properties in the power range used.
The V̄s increased from 66 to 101 V with the increase in the
RF power, and the Lsh obtained was between 3.7 and 4.3 mm.
Hence, the sheath thickness and consequently the plasma–grid
interaction is fairly uniform in the experimental power range.
Subsequently, grid G2 was installed at dg = 35 mm and the
IFEDFs were studied at the walls. The measurements show
that increasing RF power influences both the flux and the peak
energies of Phigh and Plow, as indicated in figure 8.

As displayed in figure 8(a), the total Ji increases with a
simultaneous increase in both Ji(Phigh) and Ji(Plow). Increasing
the RF power leads to an increase in the degree of ionization
and a corresponding rise in the plasma density. This causes a
simultaneous increase in the fluxes of both the fast and the cold
ions. The ratio of the two ion fluxes, Ji(Phigh)/Ji(Plow), remains
a constant at roughly 1.6, as displayed in figure 8(d). As the
pressure is 1 Pa, the λ remains constant at roughly 25 mm
(figure 5), indicating that the interaction between the fast ion
beam and the background neutrals does not change with the
increasing RF power, leading to a constant ion flux ratio. A
constant flux ratio with increasing ionization power was also
observed in [42].

The peak energy of Phigh increased with the RF power, as
observed in figure 8(b). The reason for this is that increasing
the RF power increases V̄s at the grid, causing the rise in the
fast ion energy. The peak energy of the Plow also increased
gradually from 27 to 40 eV. The dispersions of both Phigh and
Plow were fairly constant at roughly 8 and 3 eV, respectively,
in the power range. It is worth noting that the changing fast ion
energy also influences the resonant CX collision cross-section
σCX. However, for incident energies between 80 and 110 eV,
σCX decreases only slightly from 1.6 to 1.5 × 10−19 m−2 [44].
This could have an influence on the energy of the newly formed
cold ions; however, we cannot say if this is general behavior
due to the lack of experimental data.

3.1.4. Grid variation. Finally, a parametric study was carried
out with different grids (table 1) to study the impact of chang-
ing grid dimensions on the obtained IFEDF at the walls. In
this case, the IFEDF properties depend predominantly on the
grid-induced effects, as the plasma–grid interaction changes
by modifying the grid dimensions.

With the reference parameters, the Lsh is 3.8 mm. Hence,
with grid G1, the ratio Lsh/wg = 2.4 and tg/wg = 0.14. This
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Figure 8. The characteristics of Phigh and Plow extracted from the
IFEDF with varying RF power: (a) ion current densities, (b) peak
ion energies, (c) full width half maximums and (d) the ratio of ion
fluxes Ji(Phigh)/Ji(Plow). Constant parameters: 1 Pa He pressure, grid
G2 at dg = 35 mm.

Figure 9. Variation of the ion current density and ion energies of the
peaks obtained in the IFEDF across grids of different hole widths.
The solid horizontal line in green represents the corresponding value
in the IFEDF obtained without grids.

implies that the sheath molding is minimal and the ion beam
is rather collimated with negligible grid-induced ion neutrali-
sations. The total ion flux measured in this case is composed
of a majority fast ion flux, as displayed in figure 9(a). With
grid G2, Lsh/wg decreases to 1.2, pointing to an increasing
beam divergence. On the other hand, tg/wg remains similar at
0.17, again leading to insignificant neutralisations. The total
ion flux remains identical to that obtained with G1; however,
with a decreased fast ion and increased slow ion flux. With G3,
Lsh/wg further decreases to 0.76, enhancing the beam diver-
gence. Despite an increased sheath molding, the neutralisa-
tions can still be neglected as Lsh/wg remains at 0.15. The total
ion flux decreases marginally from 0.6 to 0.4 A m−2, while it
is composed of both fast and slow ions in a considerable pro-
portion. Consequently, the ratio of the fast and cold ion flux,
Ji(Phigh)/Ji(Plow), is the highest at 5.5 for G1, while it remains
low at 1.5 and 2 for G2 and G3, respectively. This suggests that
an increasing beam divergence could contribute to an increase
in the resonant CX collisions in the collisional volume. How-
ever, since the uncertainty in the ion flux measurements can
be as high as 20%, the obtained variation in the measurements
does not allow us to draw the above-mentionedconclusion. It is
worth noting that while the geometric transparency of the grid
decreases from G1 to G3, the sheath bending could increase the
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ion flux transparency, potentially nullifying the effect. How-
ever, with all the grids, the total ion flux at the wall is �40% of
the ion flux, reaching the walls without any grids, as observed
in figure 9(a). The additional loss in the ion flux besides that
coming from the transparency of the grids can be attributed to
neutralisations occurring downstream. The beam divergence
could also influence the IFEDF measurements in the RFEA
[47]; although, such effects would not be significant under our
experimental conditions.

Both the fast and the cold ion energies remained nearly con-
stant with all the grids, as displayed in figure 9(b). The fast
ion energy was roughly 90 eV, and identical to the ion energy
measured in the absence of grids. The cold ion energy, on the
other hand, was roughly 35 eV. As both the RF power and
the He pressure remain constant, the sheath potential remains
unchanged, leading to uniform fast ion energies. In addition,
the density of background neutrals remains constant, eliminat-
ing any energy damping effects, keeping both fast and cold ion
energies constant as observed.

3.2. Influence of grids on wall sputtering and re-deposition
on electrodes

As can be inferred from figure 9(a), adding grids between the
electrodes and walls reduces the ion current density reach-
ing the wall by over 60%. We can also calculate the approxi-
mate wall sputtering rate (Rws) in nm h−1 using the following
relation,

Rws = 3.6 × 106 × Yi Ji

e

(
M

NA ρ

)
(6)

where Yi is the sputtering yield at the mean ion energy, Ji is
the ion current density (A m−2), e is the electronic charge, NA

is the Avogadro’s number and, M and ρ are the atomic mass
(g mol−1) and density (g cm−3) of the wall material, respec-
tively. The Yi of materials at specific projectile energies can
be obtained in the work of Roth et al [48]. In the absence of
grids, the IFEDF on the walls (with parameters in table 2) com-
prised of one single peak at 85 eV with a Ji of 1.5 A m−2. This
corresponds to an Rws of 18.3 nm h−1. After the addition of
grid G2 at dg = 35 mm, the IFEDF with the same parameters
comprised two peaks, Phigh at 90 eV and Plow at 34 eV, with a
total Ji of 0.6 A m−2 (figure 3). Using equation (6), this leads
to an Rws of 4.4 nm h−1. This corresponds to a 76% decrease
in Rws with the addition of grids. It is worth noting that the
76% decrease calculated for the sputtering rate is merely an
estimate to highlight the noticeable decrease in wall sputter-
ing in the gridded reactor. The real decrease can considerably
differ from the values calculated via equation (6), given the
poor accuracy of Yi at low ion energies as well as the experi-
mental uncertainty in the measured Ji. A decrease in Rws in the
gridded reactor points to a lowering of wall re-deposition on
the M1 and M2. To study this experimentally, a long-exposure
plasma discharge was conducted in both gridless and gridded
plasma reactors.

In our previous study [30], we reported the results of plasma
exposure in the gridless reactor. At 120 W RF power and 1 Pa
He pressure, the discharge was conducted for 7 h, follow-
ing which there was considerable wall re-deposition on M1

Figure 10. Images of (a) DC-grounded M1 and (b) floating M2 after
the experimental discharge without grids Reproduced courtesy of
IAEA. Figure from [30]. Copyright (2021) IAEA;
(c) DC-grounded M1 and (d) floating M2 after similar discharge
with addition of grids.

and M2, where M1 was DC-grounded and M2 was floating.
To recall, in a floating state, M2 acquires the floating poten-
tial V f and is sputtered with an ion energy of e(Vp − V f ),
which is ∼20 eV in our plasma. Hence, M2 collects all wall
deposits with minimal surface sputtering. After the discharge,
M2 (figure 10(b)) was coated with a 35 nm thick Cu layer,
giving a re-deposition rate RR

M2 of 5 nm h−1. Here, RR
M2 is also

indicative of the rate of re-deposition on M1 (RR
M1), as they are

in a geometrically symmetric configuration in the reactor. The
DC-grounded powered electrode M1 was homogeneously cov-
ered with wall deposits (Cu), as observed in figure 10(a). Since
M1 is DC-grounded, both M1 and the Cu walls are sputtered
with the same ion energy of eVp (=90 eV). Hence, the erosion
of M1 (with the erosion rate RE

M1) competes with a subsequent
re-deposition of the wall material during the discharge. How-
ever, RR

M1 > RE
M1, leading to the growth of a wall deposit layer

on its surface over the duration of discharge. The re-deposited
layer on the surface was quantified via XPS, which indicated
67 at.% of Cu compared to 33 at.% of Mo.

In a new experimental campaign, grounded grids were
added between M1 and all the surrounding walls to create a
‘grid wall’ between the electrodes and the Cu walls in the
plasma reactor. The distance between the grids and the Cu
walls of the plasma reactor was 40 mm. An image of the
gridded plasma reactor with confined plasma can be observed
in figure S3 of the supplementary information. The plasma
parameters were identical to those used in [30], i.e. 120 W
RF power, 1 Pa He pressure, and a discharge duration of
7 h. After the experimental discharge, most of M1 was visibly
free of wall deposits, as observed in figure 10(c). There was
visible deposition concentrated on the top and bottom edge of
the electrode where the grids were placed. There was a tiny
gap between the grid boundary and the wall, allowing for an
edge deposition. The insets of M1 were characterized using
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Figure 11. Total and diffuse reflectivities of the central inset of M1
after the experiments in the plasma reactor with and without grids.
The total and diffuse reflectivities of a pristine PcMo mirror are also
presented for reference.

XPS. The measurement on the central inset displayed a 95 at.%
of Mo and 5 at.% Cu, while that on the edge inset led to 90
at.% of Mo, 7 at.% Cu and 2 at.% Fe, indicating a minuscule
wall re-deposition on M1. The presence of Fe indicates that
the stainless steel grids were sputtered and re-deposited on the
edge of M1, although in small amounts. The floating M2 was
visibly coated with deposits, as displayed in figure 10(d). XPS
measurement on the central inset of M2 showcased 50 at.% of
Mo, 28 at.% Cu and 22 at.% Fe, indicating that the Cu and Fe
are re-deposited in equivalent amounts. The thickness of the
Cu and Fe deposits on the inset were estimated to be ∼15 nm
and∼10 nm, respectively. This gives a Cu and Fe re-deposition
rate of 2.1 nm h−1 and 1.4 nm h−1, respectively, leading to the
net RR

M2 and hence RR
M1 of 3.5 nm h−1. While the rate of Cu re-

deposition is lowered from 5 to 2.1 nm h−1 with the addition of
grids, the sputtering of grids led to an additional re-deposition
rate of 1.4 nm h−1. Despite the non-negligible RR

M1, M1 was
free of wall deposits, thus showing that it was in a state of net
erosion, i.e. RE

M1 > RR
M1.

The reflectivity of the central inset of M1 from the gridless
and the gridded plasma reactor was measured in the wave-
length range of 250 to 800 nm. Since the reflectivities are more
sensitive at lower wavelengths, we shall only discuss the values
at λ = 250 nm. Due to the Cu deposition in the gridless plasma
reactor, the total reflectivity of the inset was extremely low
at 7% and comparable to the diffuse reflectivity, as observed
in figure 11. As a result, the specular reflectivity was negligi-
ble at roughly 1%. With the gridded plasma reactor, however,
the total reflectivity of the inset after the experiment was high
at 64%. A pristine poly-crystalline Mo (PcMo) mirror, unre-
lated to this experiment, was used as a reference to compare
with the reflectivity of the inset. The reflectivity of the pristine
PcMo mirror can be obtained in [49]. As observed in figure 11,
the total reflectivity of the inset was at the pristine PcMo level
(72%). The diffuse reflectivity of the inset was also low at 5%.

The specular reflectivity of the inset was 59% compared to
68% of a pristine PcMo mirror.

The results clearly indicate that confining the plasma with
grounded grids in a plasma reactor can significantly reduce
the sputtering of the reactor walls and its re-deposition on
the powered electrode during the RF discharges in the pres-
ence of a λ/4 filter. Furthermore, even though the grids
are sputtered, the DC-grounded electrode tends to remain
in an erosion-dominated regime, keeping it relatively clean
of wall and grid deposits. In addition to a clean surface,
the reflective properties of the electrode are preserved after
the discharge to near-pristine levels. The use of grounded
grids before the walls hence provides a promising mitigation
strategy for RF discharge cleaning of FMs while maintaining
their optical properties, in the presence of a λ/4 filter in ITER
diagnostics.

4. Conclusion and outlook

In this study, we experimentally investigated the ion
flux–energy distributions across grounded grids in a CCRF
plasma reactor. The experiments were conducted by igniting
He discharges in the reactor via a DC-grounded powered elec-
trode. Grids of different dimensions were placed between the
powered electrode and the reactor wall to confine the plasma.
The flux–energy distributions of the ion beam departing the
grids and reaching the reactor walls were studied using an
RFEA with varying plasma parameters.

The IFEDFs obtained at the walls were double-peaked,
indicating the presence of two ion groups: (i) fast ions arriv-
ing from the plasma forming the high energy peak Phigh,
and (ii) cold ions generated downstream upon CX collisions
of the fast ions with background neutrals, forming the low
energy peak Plow. The flux as well as peak energies of the two
ion groups depended considerably on the process parameters,
as follows:

• Increasing the He pressure led to a change in both the
fast and cold ion energies. However, the increased pres-
sure contributed to an increased cold ion formation and
the fast ion flux decreased exponentially.

• Increasing the distance between the grid and the wall dg

kept the fast and cold ion energies nearly constant as long
as dg � λ, with λ being the CX mean free path. However,
with increased CX collisions, the fast ion flux transferred
to the cold ion flux, and hence it attenuated exponentially.

• Increasing the RF power or the ionizing potential led to
an increase in the fast and cold ion energies while keeping
their flux ratio nearly constant.

• Increasing the grid hole size in the range of the sheath
thickness kept both the fast and cold ion energies uniform,
while the cold ion flux appeared to increase, albeit in a
narrow range.

The results indicate that the addition of grids between DC-
grounded electrodes and reactor walls, such that the plasma
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is confined, can reduce the ion flux at the walls by over 60%
with a significant lowering of the wall sputtering rate. This was
verified in a long plasma exposure in a gridded plasma reactor,
wherein the powered electrode was sputtered with a high flux
of fast ions from plasma, while the walls were sputtered with
a relatively low flux as well as a mix of fast and cold ions. The
resulting electrode surface was free of wall deposits, although
with an edge deposition. The grids were however sputtered in
this case and deposited on the electrode, although in negligible
amounts. The specular reflectivity of the electrode surface after
the discharge was preserved to pristine levels, indicating no
surface deterioration. In contrast, a similar discharge without
grids resulted in the coating of electrode surface with 35 nm of
wall deposits and a significant drop in the surface reflectivity
[30].

The results are of great importance in ion extraction sources
as well as ensuing ion–surface interactions. By varying the
system parameters a greater degree of control can be achieved
on both the flux of the incoming ions as well as their energy on
material surfaces. This also calls for further work in the study
of plasma–grid interactions, to enhance the knowledge of the
ion loss mechanisms as well as the production of slow ions via
CX collisions. The dependence of slow ion production on ion
beam divergence as well as grid-induced ion neutralisations
via grids with wider and thicker holes is also an interesting
topic for further study.

The results are particularly promising for the application of
plasma cleaning of DC-grounded FMs in ITER diagnostic sys-
tems. As the FMs experience a threat of wall deposition during
plasma cleaning with a λ/4 filter, installing grids between the
FMs and adjacent walls can serve as an excellent mitigation
strategy by limiting the plasma-wall interaction and its sput-
tering. The ion flux as well as the energy load on the walls in
this case can be controlled by varying the process and system
parameters, as discussed above. In ITER, the plasma cleaning
is also projected to be conducted in the presence of a high mag-
netic field of 3 to 5 T. The B field can change the sheath prop-
erties and the plasma-grid interaction. Hence, the influence of
the B field on plasma cleaning of FMs in gridded reactors as
well as sputtering of wall surfaces is a highly relevant topic
for further study, currently under investigation by the authors
of this work, and whose results will be discussed in a future
publication.
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