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Abstract. This study investigates the dynamics of radio-frequency (RF) sheaths in magnetized plasmas, rel-
evant to Ion Cyclotron Resonance Heating (ICRH) systems in fusion devices. Using a 1D3V Particle-In-Cell
(PIC) model, we analyzed the rectification of the sheath potential and its dependence on the RF frequency and
the magnetic field inclination with respect to the wall. Simulations reveal that grazing magnetic field angles
significantly enhance the time-averaged sheath potential, sometimes exceeding the applied RF voltage due to
increased electron transit times and residual charge buildup. These effects are most pronounced for RF frequen-
cies between 1 and 5 times the ion cyclotron frequency. Additionally, we uncover a mechanism responsible for
the enhancement of electron heating at grazing incidences, where electrons interact more frequently with the
expanding sheaths and experience strong electric fields, leading to the formation of energetic electron bursts.
This acceleration is linked to the observed increase in rectified potential and may have critical implications for
material sputtering and impurity generation on ICRF antenna surfaces.

Introduction

In both present and future reactors, it has been shown
both numerically and experimentally [1, 2] that one of the
main heating systems will be Ion cyclotron Resonant heat-
ing (ICRH). It is the only mechanism that heat ions di-
rectly, and the absence of cut-off at higher density [3], is
an advantage for heating all the way to the plasma core.
These waves are launched from Ion Cyclotron Range of
Frequency (ICRF) antennas located in high density region
of current tokamaks to ensure a good coupling with the
plasma core [4]. The design of antennas is such that the
magnetic field lines intersect the limiters with various an-
gles from large incidence to grazing ones, leading to dif-
ferent sheath behavior. The launched wave first interacts
with the Scrape-Of-Layer (SOL) plasma and due to the
difference in mobility between ions and electrons, a non-
neutral space zone called the sheath [5] is formed closed
to the antenna to balance ions and electrons flux reaching
the antenna limiters. The more mobile particles (to con-
nect from the sheath entrance to the wall) will dictate the
sign of the sheath potential: electrons for a positive sheath
potential, or ions for electro-negative sheath. Parameters
such as the RF frequency ω and the direction of the mag-
netic field lines relative to the wall modify the particles
mobility, which influences on the RF sheaths dynamics.
This asymmetry in particles response in the sheath leads
to sheath rectification, generating an average electric field
from the oscillating applied potential. This drop of poten-
tial accelerates particles and leads to a significant energy
flux deposited on the antennas structure [6, 7].
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An approach to investigate RF sheaths is to use nu-
merical simulations with a microscale model of a plasma
discharge, using fluid or particular models [8, 9]. The
RF sheath potential drop in the sheath is higher than that
obtained from thermal (or Bohm) sheaths, V f l (where
V f l ≈ 3Te is the floating potential with Te being the elec-
tron temperature). It has been shown [10] that the RF
sheath can be treated as a succession of stationary states
when the ratio of the ion plasma frequency to the RF fre-
quency ωpi

ω
≫ 1. This corresponds to both ions and elec-

trons that respond instantaneously to the modulations of
the RF exciting source, which corresponds to the so-called
quasi-static approximation. As ω increases, the previ-
ous ratio decreases, reducing ions mobility, so that when
ωpi ≪ ω < ωpe, ions undergo an average electric field
while electrons are still able to adapt the oscillating poten-
tial. In this situation however, the average sheath poten-
tial ⟨VDC⟩ increases slightly. Notice that ⟨VDC⟩ is a very
important parameter in sheath dynamics because it deter-
mines the ability of incoming ions to exceed the sputter-
ing threshold of the antenna material, which could lead
to plasma contamination. In the presence of a magnetic
field B tilted relative to the powered surface, the mobility
of charged particles is altered, particularly for electrons,
which are constrained to follow the magnetic field lines
toward the antenna. Since the mobility of particles di-
rectly affects their transit time within the sheath, a strong
influence of the magnetic field B incidence on the recti-
fication properties is expected. This situation has already
been investigated in the literature for large magnetic field
incidences, assuming a Boltzmann equilibrium for elec-
trons [8, 9, 11]. It has been shown in [12], however,
that this last assumption no longer holds at grazing an-
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gles of the magnetic field, as the electron transit time is
no longer negligible compared to the RF period. In this
paper, we present a comprehensive analysis of sheath dy-
namics through Particle-In-Cell (PIC) simulations, where
the trajectories of both ions and electrons are computed,
even under grazing incidences of the magnetic field, where
a non-adiabatic response has to be taken into account. In
the first section, we introduce the system model. The sec-
ond part is dedicated to a detailed discussion of the particle
flux at the wall and the rectification effects, particularly in
relation to RF frequency and the inclination of the mag-
netic field. Finally, in the third section, we explore the
mechanisms by which electrons can be heated at grazing
incidences, especially when their transit time through the
sheath is comparable to the RF period, and examine how
this influences the sheath potential drop.

1 PIC model

We performed RF simulations by using a custom-built
1D3V Particle-In-Cell (PIC) code with both kinetic ions
(hydrogen) and electrons. The 2 eV plasma is confined
between two parallel conductive electrodes, as described
in [13] and shown on figure 1. The left electrode (referred
to as the wall), assimilated either to a point on the an-
tenna or to the connected chamber surface, is biased at
Vwall = VRF sin(ωt), with ω the RF frequency chosen in the
range 0.1 to 5 Ωi, in order to provide a broad overview of
the dependence of sheath dynamics on RF frequency. We
have investigated both ion cyclotron harmonic and non-
harmonic resonances to disentangle the respective contri-
butions of ions and electrons to sheath dynamics since it
has been demonstrated that resonance sheath effects can
modify the energy–angle distributions of ions impacting
the walls [14].

Figure 1. Symmetric 1D3V Particle-In-Cell model.

A potential of 0V is imposed on the right electrode,
located 600λd away from the other; while the 0-peak am-
plitude VRF is maintained at 100V in all simulations. A 3T
magnetic field intersects the wall with angles θ between
1.25 (grazing) and 90° (normal incidence), and a central
density of n0 = 1017m−3 is considered, giving rise to differ-
ent values of ωpi

ω
, highlighted on table 1. Elastic collisions

with neutral are also included in the simulations through

a simple hard sphere model. The mean-free-path (λc) was
calculated thanks to the elastic cross-section given in ref-
erence [15] at 2 eV with various neutral densities. Finally,
the simulations are run for a large number of RF periods,
typically ranging from 60 to 300, in order to reach a steady
state behavior and capture the physics of RF sheaths in a
well established regime.

Table 1. Ratio ωpi/ω for different RF frequency at
1017m−3

ωpi

0.1Ωi

ωpi

Ωi

ωpi

2Ωi

ωpi

5Ωi

14.5 1.45 0.73 0.3

2 RF sheath properties

Figure 2 shows the angular variation of the rectified sheath
potential ⟨VDC⟩ for various RF frequencies (ω) and a
mean-free-path of 7.08cm (neutral density of 1020m−3).
This potential represents the time-averaged value of the
oscillating voltage at the sheath edge. When the magnetic
field is perpendicular to the surface, ⟨VDC⟩ increases with
ω, starting from a value close to VRF

π
, which corresponds

to the average of a perfectly rectified sine wave, and ap-
proaching Vrec. The latter, approximately VRF

2 , is obtained
using the following relation[11]

Vrec =
Te

2
log(I0

(
eVRF

Te

)
− V f l

Figure 2. Angular variation of the rectified sheath poten-
tial ⟨VDC⟩ for various RF frequencies (θ) and a mean-free-
path of 7.08cm.

The transition between the two regimes is governed by
the relationship between the particle transit time through
the sheath and the RF period. At low frequencies, both ion
and electron populations respond almost instantaneously
to the RF field, adjusting accordingly. As ω increases, ions
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experience an effective acceleration by the time-averaged
potential drop, while electrons though still responsive to
the RF oscillations require finite time to traverse the sheath
and reach the wall in order to balance the particle flux once
per period (and per wall). This results in a sinusoidal tem-
poral variation of the electron density front, i.e., the sheath
edge, and a slight increase in the time-averaged sheath po-
tential compared to the ideal case of a perfectly rectified
waveform. Interestingly, as the magnetic field incidence
angle decreases, the electron transit time is expected to in-
crease due to their confinement along magnetic field lines.
This results in a significant rise in the sheath potential,
with a pronounced peak occurring at angles between ap-
proximately 5° and 15° for RF frequencies in the range of
1 to 5 Ωi. In some cases, the sheath potential can even
exceed the amplitude of the applied RF voltage, figure 2.
This phenomenon is observed for both resonant and non-
resonant harmonics of Ωi, indicating that it is primarily
driven by electron inertia.

Figure 3. Top Panel: Time evolution of the plasma poten-
tial for two magnetic field inclinations and different colli-
sionalities. Bottom Panel: Ion and electron fluxes (Γ̂i, Γ̂e)
at the biased electrode, normalized to n0Cs, where n0 is the
plasma density and Cs is the Bohm velocity. The RF po-
tential is overlaid in the figure (blue line) to visualize the
phase of the cycle when particles leave the plasma.

Figure 3 shows the typical waveform recorded over
multiple RF cycles at the center of the simulated plasma,
for two different magnetic field inclinations, various mean
free paths, and ω = 2Ωi. At normal incidence (90°),
the plasma potential closely follows a rectified sinusoidal
waveform, as expected. However, when the magnetic field
is tilted by just 10° relative to the wall, the plasma poten-
tial still exhibits a general sinusoidal shape but is notice-
ably shifted toward higher voltages. Superimposed high-
frequency oscillations also appear, which tend to dimin-
ish as collisionality increases. The corresponding particle

fluxes at the wall are also shown in Figure 3. At 90°, elec-
trons reach the wall when the RF potential rises toward its
maximum, but at grazing incidence, a significant delay is
observed, attributable to the longer electron transit time.
The transit time τe required for electrons to travel from the
maximum sheath extent s to the wall can be estimated as
τe =

s
vth sinθ , with vth the electron thermal velocity. It can,

under certain conditions (depending on the combination of
ω and θ), become comparable to half the RF period τRF .
This results in a residual sheath persisting even when the
RF voltage returns to zero either mid-cycle or at the end of
the cycle, as illustrated in Figures 4a and 4b. This behavior
contrasts with what is observed at higher incidence angles
(figure 4a). The presence of this residual sheath causes a
sudden, significant voltage drop across the sheath, despite
the wall potential being zero (Vwall=0). As a result, the
time variation of the plasma potential experiences a verti-
cal shift as shown in figure 3.

This behavior was already observed in [16], although
no clear explanation was provided at the time.

Finally, when τe ≫ τRF , electrons no longer respond
to the RF field; they are effectively unable to adapt to its
rapid variations. In this regime, the sheath potential drop
becomes comparable to that observed under floating wall
conditions (figure 2, θ<15° for 2 and 5 Ωi).

3 Acceleration mechanism for electrons at
grazing incidences

The superimposed oscillations observed in the time-
varying plasma potential in Figure 3 are likely caused by
bunches of hot electrons that are reflected and accelerated
by the oscillating sheath, as illustrated in the z − vz phase
diagram (Figure 5a). As collisionality increases, these hot
electrons are progressively thermalized with the bulk pop-
ulation (Figure 5b), resulting in the gradual disappearance
of the high-frequency plasma potential oscillations as de-
picted in Figure 3. Electron heating during RF discharges
has been extensively studied in the literature [17–19] and
is commonly referred to as stochastic. This mechanism
involves the acceleration of electrons by the sheath and re-
lies on several key assumptions: (i) electrons transit the
sheath in a time much shorter than the RF period, and
(ii) they reflect off the sheath edge, gaining energy when
the sheath expands—an effect described by the hard-wall
model [19, 20].

To gain a deeper understanding of the mechanism re-
sponsible for the observed electron acceleration in our case
when τe ≃ τRF , we conducted additional ad hoc particle
simulations using a step model for the electric field cal-
culation. In this model, the ion density remains constant
within the sheath, while the region is devoid of electrons.
As a result, the electric field can be approximated as fol-
lows: {

E = n0e
ϵ0

(z − s(t)) if z ≤ s(t)
E = 0 if z > s(t)

Where s(t) is the sheath width defined as s(t) = s0 +

s0sin(ωt + φ). s0 denotes the mean sheath thickness, set
to 10 Debye lengths (λd), and the RF phase φ is randomly
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(a)

(b)

Figure 4. a) Snapshots of the plasma potential for two
magnetic field orientations and at two different moments
during the RF cycle (when the wall voltage returns to
zero). b) Corresponding density profiles of ions and elec-
trons. For electrons, the typical density profile when the
sheath is fully extended is also shown.

selected between 0 and 2π. Electrons are initially placed
at z = 3s0, slightly beyond the maximum sheath extent
reached during an RF cycle. Their initial velocities are
randomly drawn from a Maxwellian distribution for vx and
vy, while a directed flux is imposed along the direction
perpendicular to the wall (vz). Electron trajectories are
then computed at each time step until they either reach
the wall or are reflected by the sheath and cross back be-
yond their starting position at z = 3s0, where their final
energy is recorded. Figure 6a presents typical trajecto-
ries for φ = 0, ω = 2Ωi, and two magnetic field inci-
dences: θ = 90° and 10°. For a perpendicular magnetic
field inclination, electrons are reflected back by the sheath

(a)

(b)

Figure 5. a) Phase diagram of electrons vz versus z atωt=x
(when the sheath expands) for θ=10° and λc=7.08cm. The
red arrows indicate the motion of the sheath. Burst 1 corre-
sponds to electrons accelerated in the left sheath during the
ongoing RF cycle when the sheath expands, while Burst 2
refers to electrons accelerated from the left sheath in the
previous RF cycle. As the two sheaths oscillate back and
forth, a similar scenario occurs on the right b) Same as in
a), but for a mean free path of λc=1cm. Collisions cause
the burst of accelerated electrons shown in panel a) to ther-
malize with the bulk electrons.

with a smaller (or larger) velocity when it collapses (or
expands). Although the interaction time in this 90° case
is very short, the electric field is weaker when the electron
exits the sheath compared to when it enters, in the case of
a collapsing sheath, which reduces its velocity. The oppo-
site effect occurs when the sheath expands. In the case of a
more grazing incidence, such as 10°, the time required for
electrons to travel from the initial position to the electric
field region means that they mostly encounter an expand-
ing sheath. This results in a "shadowing effect," where a
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significant portion of electrons are prevented from reach-
ing the sheath during collapse, leading to a considerable
average energy gain. Additionally, at grazing incidences,
electrons penetrate deeper into the sheath, where they ex-
perience stronger electric fields and are reflected back into
the plasma—unlike in the normal incidence case, where
this effect is less pronounced. To quantify both the shad-
owing effect and the acceleration in the expanding sheath,
we extracted from the simulations the phase φr of the RF
cycle at which electrons reverse their direction within the
sheath, that is, when their velocity component parallel to
the magnetic field changes sign. Figure 6b shows the ratio
of the outgoing to incoming electron energy, γE (the en-
ergy gained or lost in the sheath), as a function of φr for
various magnetic field inclination angles. The shadowing
effect previously introduced is clearly observed in this fig-
ure, as the range of accessible φr decreases with increas-
ing B-field inclination. The absence of data points around
φr ≃ 0.5π for θ=90° and 15° corresponds to electron ab-
sorption by the wall (when the sheath has collapsed) and to
the shadowing effect for 10°. Finally, this figure captures
both key aspects of electron acceleration in the sheath: the
enhanced energy gain at grazing incidences which can be
of the order of 30 and the shadowing effect. This sheath ac-
celeration mechanism helps explain the burst of fast elec-
trons observed in the previous section, which contribute to
the increased rectified potential for small field-wall angles.

4 Summary and conclusions

In this study, we have examined the angular dependence
of the rectified sheath potential and the underlying mecha-
nisms driving electron acceleration during RF discharges.
Our findings reveal a strong correlation between the mag-
netic field orientation, RF frequency, and sheath potential,
with a notable increase in the time-averaged potential as
the magnetic field inclination decreases. At low angles,
the electron transit time increases, leading to the buildup
of residual space charge near the wall when the wall volt-
age returns to zero. This results in a significant rise in
the average sheath potential, which can sometimes exceed
the maximum applied RF voltage. This effect is particu-
larly pronounced for RF frequencies in the range of 1 to 5
Ωi, where the sheath potential exhibits a distinct peak be-
tween 5° and 15°. Moreover, we observe that at grazing
incidences, electron heating and acceleration are signifi-
cantly enhanced due to the combined effects of shadowing
and the stronger electric fields encountered deeper within
the sheath. We claim that these effects are linked to the
observed burst of fast electrons in PIC simulations. These
fast electrons can be thermalized through electron-neutral
collisions, leading to an increase in plasma electron tem-
perature and a further rise in the rectified potential at small
field-wall angles.
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