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Abstract
Building on our previous study in argon gas, we extend our approach to helium and neon capacit-
ively coupled plasmas, which allows the effective secondary-electron emission coefficient (SEEC,
γ) to be determined in-situ under discharge operation. The method relies on the γ-dependence
of the DC self-bias voltage, which arises due to the electrical asymmetry effect (EAE). The EAE is
induced by applying two consecutive radio-frequency harmonics with a variable phase angle to
excite the discharge. Experimental measurements of the DC self-bias voltage are complemented by
particle-in-cell/Monte Carlo collisions simulations. A sequence of SEEC values is used in the simu-
lations, and the actual γ is determined by matching the computed DC self-bias to the experimental
value. Applying this method at a driving frequency of 4MHz, we obtain effective γ values of 0.105
and 0.165 for helium at 120 Pa and 240 Pa, respectively, and 0.072 and 0.103 for neon at 80 Pa and
160 Pa, respectively, with an estimated uncertainty of±0.01.

1. Introduction

Surface processes play a key role in determining the characteristics of capacitively coupled plasmas
(CCPs) used in a variety of technological applications [1–4]. In these applications, plasma particles
interact with electrode surfaces, altering surface conditions, while surface processes can in turn signi-
ficantly modify discharge properties. A detailed understanding of such plasma-surface interactions is
therefore essential for the development and optimization of plasma-based technologies. Noble-gas dis-
charges, including those in helium and neon, are widely used in plasma processing and are extensively
studied using various plasma diagnostic techniques. For example, helium and neon ion beams have been
employed for precise nanoscale etching and repair of resist patterns [5], as well as for the modification
of multilayer structures in nanofabrication [6] and for extreme ultraviolet lithography [7]. In addition to
these, noble-gas plasmas are also utilized in thin-film growth, surface modification processes [8], and in
ultraviolet and extreme-ultraviolet radiation sources [9].

One of the crucial parameters governing plasma–surface interactions is the effective secondary elec-
tron emission coefficient (SEEC), γ, which accounts for the emission of electrons from electrode sur-
faces induced by various incident species. In CCPs, these incident species include ions, metastable atoms,
fast neutrals, and photons, all of which may contribute to the generation of so-called γ-electrons [10,
11]. Electrons themselves can also trigger secondary emission, producing the so-called ε-electrons [12,
13]. Under certain conditions, these secondary electrons can initiate ionization avalanches within the
sheath region, thereby substantially increasing the plasma density [14–16]. The presence of electron-
ically excited atoms was found to amplify this effect even further due to excited-state neutral- and
photon-induced SEE on electrode surfaces [15]. Radmilovic-Radjenovic et al [17, 18] demonstrated
the importance of these effects for RF breakdown in argon, while Braginsky et al [19] showed that
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in low-frequency RF discharges with high applied voltages, ion- and fast-atom-induced SEE plays an
important role in sustaining the discharge and in maintaining power balance. At intermediate pressures,
Gudmundsson et al [20] reported that secondary electrons strongly contribute to transitions between dis-
charge modes. Complementary computational studies by Liu et al [21] revealed strong plasma-density
enhancement. The effect of ion-induced SEE on electronegative oxygen plasmas was demonstrated
by Proto and Gudmundsson [22] showing increase of the electron density and reduction of the elec-
tronegativity. Furthermore, recent studies have shown that SEE can control ion properties in dual- and
multi-frequency CCPs [23], modify electron heating in RF hollow cathodes [24], and together with sur-
face charging, influence high-aspect-ratio etching processes [25]. In addition, the influence of electron-
induced SEE has been associated with multipactor development driven by secondary emission and space-
charge effects [26], changes in sheath dynamics [27], plasma–dielectric interaction and electron reflection
[28], the suppression or triggering of multipactor processes [29], and, in multipactor-induced plasma
ionisation breakdown, higher-harmonic field generation arising from stream–plasma instabilities [30].

The minimum energy required to remove an electron from a solid surface, known as the work func-
tion, can be supplied either by electrostatic potential energy or by the kinetic energy of an impacting ion
[31, 32]. Under typical CCP operating conditions—moderate pressures and voltages—the contribution
from kinetic electron emission is generally negligible, and ion–neutral collisions typically do not generate
fast neutrals with sufficient energy to significantly enhance secondary electron emission. So, the com-
bined effect of ion-, metastable-, and photon-induced emission are commonly represented by an effective
ion induced SEEC, γ [1, 11], which provides a practical representation of the total emission yield rel-
evant to the discharge environment. As discussed above, the γ coefficient has a significant impact on
plasma characteristics, therefore, its accurate determination remains crucial for reliable plasma modeling
and process optimization. The complexity of plasma–surface interactions—arising from incident particle
bombardment, surface roughness, contamination, and continuous surface modification due to etching or
deposition—makes it challenging to assign accurate and reproducible values to these surface coefficients.
Moreover, most γ values reported in the literature for individual species have been obtained from beam
experiments carried out in ultrahigh-vacuum setups employing cleaned and well characterized surfaces
[11, 33–35]. Although such experiments provide essential reference data and are widely used in plasma
simulations, their direct relevance to practical discharge systems remains limited. Under realistic con-
ditions, electrode surfaces undergo continuous modification due to plasma exposure, which introduces
uncertainties that can compromise both the accuracy and the predictive capacity of numerical models,
particularly in studies targeting accurate control of discharge dynamics and plasma–surface interactions.

To overcome the challenges associated with determining γ, numerous experimental and computa-
tional approaches have been developed over the past decade. Typically, these investigations integrate
plasma diagnostics—such as optical emission spectroscopy, electron density measurements, and ion
energy analysis—with kinetic simulations, allowing the extraction of surface parameters by matching
experimental data with numerical predictions. For instance, Daksha et al [36] introduced the γ—CAST
method, where spatio-temporal excitation profiles in argon capacitive discharges were analyzed to cor-
relate variations in excitation dynamics with the effective γ. Schulenberg et al [37] combined Langmuir-
probe measurements and ion flux–energy spectra, obtained using a retarding-field energy analyzer, to
determine both γ and the electron reflection coefficient, R. Subsequently, Schulze et al [38] employed
high-resolution energy-resolved ion mass spectrometry to examine the bimodal peak shape of the ion
flux–energy distribution, enabling the evaluation of γ and R for stainless steel and aluminum oxide elec-
trodes. The material dependence of effective SEE yields under plasma conditions has also been invest-
igated in a geometrically symmetric CCP operated in argon with a 10% neon admixture [39]. In that
study, excitation dynamics and power absorption were analyzed for different electrode materials (e.g.
copper, nickel, gold, aluminum, and stainless steel) across a range of voltages and pressures. The effective
γ values were determined in-situ by combining phase-resolved optical emission spectroscopy measure-
ments with particle-in-cell/Monte Carlo collision (PIC/MCC) simulations, demonstrating that secondary
emission can vary significantly with electrode material and highlighting the importance of accounting for
realistic surface conditions in plasma modeling.

In our recent study [40], the effective secondary electron emission coefficient, γ, was determined
in-situ for argon capacitive RF discharges with stainless-steel electrodes. By comparing experimentally
obtained DC self-bias voltages with results from simulations, the effective γ was found to vary between
approximately 0.058 and 0.081 across the examined discharge conditions (with an estimated uncertainty
of ±0.01). (For a discussion of the uncertainty see [40].) These values are consistent with those repor-
ted in the literature for argon plasmas. The approach itself was originally proposed in our earlier work
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[41], where we have found that the DC self-bias voltage (η) is sensitive to changes in γ under temporally
asymmetric excitation, a condition that gives rise to the electrical asymmetry effect (EAE) [42–45].

Based on these results, the present work extends the previously developed methodology to CCPs
operated in neon and helium. Helium ions, in particular, are known for their large potential energy
and strong tendency to induce secondary electron emission, while neon shows intermediate behavior
between helium and argon in terms of both ionization dynamics and electron emission efficiency. By
applying our previously validated approach to these gases, we aim to provide a comprehensive assess-
ment of SEEC behavior across different noble gases. To ensure a direct comparison with our previous
study, we maintain similar experimental and numerical setups, adjusting only the necessary parameters
to account for the different physical properties of neon and helium. This approach allows us to system-
atically analyze the impact of gases on the measured self-bias voltage and extract reliable SEEC values for
these gases. The paper is structured as follows: section 2 provides the experimental and numerical meth-
ods applied in this work. Section 3 discusses the main results, and section 4 offers a conclusion to this
study.

2. Methods

2.1. Experimental setup
In our previous study on argon discharges [40], we presented an in-situ method for determining the
effective SEEC, γ, using the EAE. This effect is typically achieved in geometrically symmetric capacitive
discharges by applying a multi-frequency voltage waveform [42]:

φ0 (t) =
NH∑

k=1

φk cos(k2π f1t+ θk) , (1)

where NH denotes the number of harmonics, f 1 is the base frequency, φk and θk denote the amplitude
and phase associated with the kth harmonic, respectively. As a result of the EAE-induced asymmetry, a
DC self-bias voltage, η, is established, and the voltage across the plasma can be expressed as

φ(t) = φ0 (t)+ η. (2)

The same excitation principle is adopted in the present work, and is realized in a symmetrically con-
figured CCP reactor. Analysis of our previous results [40, 41], showed that accurate in-situ determ-
ination of γ, via the EAE requires CCP systems that (i) enable precise RF voltage measurements and
(ii) exhibit a strong sensitivity of the DC self-bias voltage to variations in SEE yield, γ. To meet these
requirements, we have identified an appropriate set of excitation parameters—fundamental driving fre-
quency (f 1), number of harmonics (NH), voltage amplitudes (φk), and gas pressure (p)—for argon dis-
charges. Extending this approach to helium and neon, we selected similar parameter ranges, accounting
for the distinct plasma properties of these gases. The experiments are operated in our ‘XS Cell,’ which is
a simple symmetric CCP cell with electrodes (stainless steel) of 92mm diameter, separated by a 27.5mm
gap between them. The details of this setup and its advantages are described in detail in [40]. Here, we
briefly summarize its key aspects relevant to the present study. To achieve a balance between maximiz-
ing the DC self-bias voltage and minimizing technical difficulties in waveform generation, the harmonics
number of the applied waveform, NH, is set to 2 based on previous findings [40]. The applied waveform
is expressed as:

φ0 (t) = φ1 cos(2π f1t)+φ2 cos(4π f1t+ θ) , (3)

with the fundamental frequency of f 1 = 4MHz. Equation (3) defines the RF voltage waveform supplied
by the generator, while the DC self-bias voltage η develops self-consistently due to the EAE and is added
as a time-independent offset to obtain the total electrode potential φ(t) (see equation(2)).

This relatively low frequency enhances the accuracy of RF voltage measurements and the selected
pressures and voltage amplitudes are chosen to ensure a pronounced influence of secondary electron
emission on the discharge characteristics while maintaining stable plasma conditions. Specifically, for
helium, pressures of 120 Pa and 240 Pa are selected with voltage amplitudes of φ1 = 160V and φ2 =
80V, for neon, gas pressures of 80 Pa and 160 Pa are used, keeping the same voltage amplitudes as for
helium. (The φ1/φ2 = 2 ratio is known to maximize the DC self bias for a given φ1 [46].)
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To implement the waveform in equation (3) in the experiment, a dedicated setup is employed to
generate and precisely control the excitation signal applied to the powered electrode. A RF signal gen-
erator with two channels (Multicomp Pro MP750389) provides independent control of the amplitudes
and phase angles of the fundamental and second-harmonic components. Its output is amplified by a
RF amplifier (Vectawave VBA100-200) and delivered to the powered electrode through a low-pass filter
(custom built 5th order Chebyshev type with 8.1MHz cutoff frequency) to suppress unwanted higher
harmonics. The RF voltage is monitored using an oscilloscope (Tektronix MSO44) with a high-voltage
probe (P5100A). The generator parameters were adjusted by a computer running a LabVIEW-based
feedback loop linked to the oscilloscope to match the desired waveform at the electrode. As minor devi-
ations between the measured and theoretical waveforms remain, the experimentally recorded waveforms
are used as simulation input, following the approach in our previous work [40]. Examples of the corres-
ponding voltage waveforms at different θ values are provided in [40], offering additional insight into the
phase-dependent waveform characteristics.

2.2. Computational method
Numerical studies are based on a one-dimensional in space and three-dimensional in velocity space
(1d3v) electrostatic PIC/MCC code [47–50]. The simulation code has been benchmarked against exper-
imental data for CCPs, demonstrating good agreement with spatially and temporally resolved optical
emission measurements in neon discharges [51]. The model considers singly charged ions and electrons,
and includes a set of elementary collision processes. For both helium and neon discharges, electron–
neutral collisions include elastic scattering, excitation, and ionization, with the corresponding cross
sections adopted from the Biagi-v8.9 dataset [52], available via the LxCat database [53]. Ion–neutral
collisions (He+–He and Ne+–Ne) are also included, with cross section data taken from [54]. For both
gases, isotropic and backward scattering channels are considered.

In the simulations, the electrode at x= 0 is driven by an experimentally recorded voltage wave-
form to enable direct comparison, while the electrode, located at x= L is grounded. The electrostatic
approximation [55] is adopted in the simulations. To provide sufficient spatial resolution (∆x) for the
electric potential and particle density calculations, equidistant grids with Ng = 500 and Ng = 800 points
are used for helium and neon, respectively. The number of time steps per RF period, Nt, is chosen
according to the base driving frequency and the gas pressure so that the collision probability within one
step remains below 5%. For helium, Nt = 31200 and 62000 are used at 120 and 240 Pa, respectively,
while for neon, Nt = 24000 and 48000 correspond to 80 and 160 Pa. The electric potential is obtained
by solving the Poisson equation via the Thomas algorithm. The boundary conditions are defined by
the electrode potentials, while the space charge is obtained from the distribution of the particles. The
leapfrog scheme is used for integrating the equation of charged particles motion. Electrons are advanced
at every time step (∆te) while He+ ions are advanced every 10th time step (‘ion subcycling’) and Ne+

ions are advanced in each 20th time step (∆ti = 10∆te for He+, ∆ti = 20∆te for Ne+). The chosen
numerical parameters fulfill the stability and accuracy requirements of electrostatic PIC/MCC simula-
tions (see, e.g. [55–58]).

In the simulations, the interaction between plasma particles and the electrode surfaces accounts for
(i) elastic reflection of incident electrons, characterized by reflection coefficient, R, and (ii) ion-induced
secondary electron emission, characterized by SEE yield, γ. Although a more realistic treatment of elec-
tron reflection at electrode surfaces would consider the dependence of the reflection coefficient on the
electron energy [59], angle of incidence, and surface properties [28], a simplified approach using a con-
stant reflection probability (appropriate at the conditions covered) is adopted in this study. Accordingly,
we assume a fixed value of R= 0.7 following the earlier study [38]. To extract the ion-induced SE yield,
γ, simulations are performed using a set of different γ values while keeping all other discharge paramet-
ers unchanged. The value consistent with the experiment is identified by comparing the computed DC
self-bias voltage with the experimentally measured one.

In this work, the secondary electron emission coefficient γ is treated as an effective parameter. The
value of γ obtained from the comparison between experimental measurements and PIC/MCC simula-
tions represents an effective secondary electron emission coefficient, which implicitly includes contribu-
tions from additional emission mechanisms, such as metastable- or photon-induced processes.

The DC self-bias voltage, η, is adjusted in the simulations through an iterative procedure. At the
beginning, η is set to zero, and the discharge is simulated for several RF periods. The average electron
and ion currents to the electrodes are then compared. If a difference between these currents is found, η
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is slightly modified and the simulation is continued. This cycle continues until the time-averaged elec-
tron and ion currents become equal at both electrodes. Accordingly, η represents the time-averaged DC
potential of the powered electrode with respect to the grounded electrode. The simulations are run for
thousands of RF cycles until the number of superparticles and DC self-bias voltage reach a steady state.
Once convergence is achieved, diagnostics data are collected over an additional 100 RF periods.

It has to be kept in mind that the one-dimensional computational approach cannot account for the
effect of losses due to radial particle transport in the experimental system. With the dimensions of the
discharge cell, these fluxes are not expected to be significant as compared to the fluxes to the electrodes
which are driven by the much stronger axial electric field as compared to the radial ambipolar field.
Nonetheless, we admit that extending the simulation to two dimensions could provide more accurate
results, but this extension remains as future work.

3. Results

Experiments and PIC/MCC simulations are performed under the following conditions: for helium, the
discharge operates at 120 Pa and 240 Pa, while for neon the pressures are 80 Pa and 160 Pa. The other
parameters are identical in all cases, with the fundamental frequency fixed at 4MHz and the amplitudes
of the two voltage harmonics set to φ1 = 160V and φ2 = 80V. The electrodes are separated by a gap of
L= 2.75 cm. The effective secondary electron emission coefficient γ is varied from 0 to 0.3 for helium
and from 0 to 0.2 for neon in the PIC/MCC simulations.

Figure 1 shows the experimentally determined DC self-bias voltage η as a function of the phase angle
θ for helium and neon at different pressures (solid curves). Panels (a) and (b) present the measurements
for helium at 120 Pa and 240 Pa, respectively, while panels (c) and (d) display the corresponding results
for neon at 80 Pa and 160 Pa. The symbols indicate the computed values of the DC self-bias obtained
under the same discharge conditions as in the experiment for the phase angle of θ = 350◦. This phase is
selected because the measured η(θ) curve is relatively flat in this region, minimizing the impact of small
phase uncertainty due to the experimental signal delay.

As can be seen, the form of the η(θ) curve shows good consistency with earlier experiments and
simulations results [40]. Depending on the discharge conditions, the extrema of the DC self-bias reach
values of |η|≈ 35–50V. A small angular displacement of these extrema is also observed. This shift, which
originates from the charge dynamics inside the sheaths, has been discussed for argon discharges and
appears here as well in helium and neon (see [40] for details). The comparison of the computational
and experimental results reveals two clear trends: (i) the DC self-bias decreases as the effective second-
ary electron emission coefficient γ increases, in line with our earlier findings [40, 41], and (ii) under the
present conditions the effective SEE falls within 0! γ ! 0.2 for both gases. The corresponding values for
each case are summarized in table 1.

Figure 2 illustrates the response of the DC self-bias voltage to changes in γ for (a) helium (120 Pa
and 240 Pa) and (b) neon (80 Pa and 160 Pa). The symbols represent the PIC/MCC simulation results,
while the solid curves correspond to parabolic fits to these data. The horizontal dashed lines indicate
the experimentally measured DC self-bias voltages. The effective values of γ are obtained from the inter-
sections between the fitted curves and the experimental values presented by thin vertical gray lines. The
resulting values are listed in table 2.

For the stainless steel electrodes, for helium, we obtain γ= 0.105 at 120 Pa and γ= 0.165 at 240 Pa.
For neon, the values are γ= 0.074 at 80 Pa and γ= 0.104 at 160 Pa. These values are considerably
lower than the constant secondary-electron yields that are often assumed in simplified CCP models, in
which fixed γ values are used primarily as tuning parameters to match selected experimental paramet-
ers through PIC/MCC simulations. A different approach was taken by Daksha et al [60], who developed
an ab initio approach based on Hagstrum’s theory of Auger emission, enabling predictions of γ for vari-
ous ion species and clean metal surfaces. Their model accounts for material- and energy-dependence,
and simulations demonstrate that simplified or constant γ values can lead to substantial discrepancies
in CCP behavior. For validation, Daksha et al compared their model predictions with a broad range
of experimental data reported in the literature [33, 61–67]. Moreover, Pamperin et al [68] applied a
quantum-kinetic (Anderson–Newns) model to compute emission spectra and secondary electron yields
for He+ impact on metallic surfaces and benchmarked their predictions against the experimental data
of Müller et al [69]. for W(110) Müller et al [69] performed direct measurements of γ for rare gas ions,
including He+ and Ne+, W(110) and cesiated W(110) and Au surfaces. Table 3 summarizes represent-
ative γ values for He+ and Ne+ from the literature, both experimental and theoretical. Our results for
both gases fall within the experimental range of data.
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Figure 1. Dependence of the experimentally obtained DC self-bias voltage η on the phase angle ε for helium and neon discharges
at different pressures. The top panels show results for helium at 120 Pa (a) and 240 Pa (b), while the bottom panels correspond
to neon at 80 Pa (c) and 160 Pa (d). Symbols represent the DC self-bias voltages obtained from the simulations at ε = 350◦ for
helium and neon, with γ values ranging from 0 to 0.3 and from 0 to 0.2, respectively.

Table 1. Computed extrema of the DC self-bias voltage η as a function of the effective SEEC γ for the various discharge conditions in
He and Ne.

Helium (He) Neon (Ne)

120 Pa 240 Pa 80 Pa 160 Pa

γ ε (V) γ ε (V) γ ε (V) γ ε (V)

0.0 −48.6 0.0 −43.0 0.0 −48.3 0.0 −47.8
0.01 −48.5 0.01 −42.8 0.05 −46.9 0.05 −46.1
0.1 −48.1 0.1 −41.4 0.1 −45.5 0.1 −43.9
0.15 −47.8 0.15 −40.4 0.125 −44.5 0.125 −42.7
0.2 −47.6 0.2 −38.9 0.15 −43.7 0.15 −41.4
0.25 −47.0 0.25 −37.8 0.175 −42.8 0.175 −40.1
0.3 −46.8 0.3 −36.2 0.2 −41.8 0.2 −38.5

Figure 3 presents a comparison between the experimentally measured and numerically obtained
DC self-bias voltage as a function of the phase angle θ for two different gases. Panel (a) corresponds to
helium at p= 120 Pa with γ= 0.105, while panel (b) shows neon at p= 80 Pa with γ = 0.074. For both
gases, the η(θ) dependencies derived from simulations fully reproduce the experimental results for the
whole range of the phase angle. This confirms the consistency of the model and supports the corres-
ponding effective secondary electron emission coefficient used for these conditions.

Following the methodology of our previous investigations [40, 41], the analytical description of the
EAE [42, 71] is applied here to interpret how the DC self-bias voltage depends on the secondary electron
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Figure 2. Dependence of the computed DC self-bias voltage, η, at ε = 350◦ on γ for (a) helium (p= 120 Pa and 240 Pa) and (b)
neon (p= 80 Pa and 160 Pa). Discharge conditions: f 1 = 4MHz, φ1 = 160V, φ2 = 80V, and L= 2.75 cm. The symbols repres-
ent the simulation results, while the solid curves show their parabolic fits. Horizontal dashed lines indicate the experimentally
measured DC self-bias voltages.

Table 2. Experimentally measured values of the DC self-bias voltage η and the effective secondary electron yield γ for the different
conditions of the discharge.

Gas p ε γ

He 120 Pa −48.05V 0.105
He 240 Pa −39.95V 0.165
Ne 80 Pa −46.25V 0.074
Ne 160 Pa −43.75V 0.104

emission coefficient. Within this framework, the DC self-bias voltage, η, can be expressed as

η =

Term 1︷ ︸︸ ︷
−φmax + εφmin

1+ ε
+

Term 2︷ ︸︸ ︷
φ f
sp + εφ f

sg

1+ ε
+

Term 3︷ ︸︸ ︷
φ b
max + εφ b

min

1+ ε
, (4)

where, φmax and φmin denote the extrema of the applied voltage. The quantity φf
sp corresponds to the

floating potential at the powered electrode, while φf
sg refers to that at the grounded electrode. The terms

φb
max and φb

min describe the instantaneous potential drop across the plasma bulk at the moments of max-
imum and minimum applied voltage. The symmetry parameter, ε, is the ratio of the peak values of the
sheath voltages at both sides of the plasma

ε=

∣∣∣∣∣
φ̂ sg

φ̂ sp

∣∣∣∣∣=
(
Ap

Ag

)2 nsp
nsg

(
Qmg

Qmp

)2 Isg
Isp

≈
nsp
nsg

(
Qmg

Qmp

)2

, (5)

here |φ̂sp| and |φ̂sg| are the maximum voltage drops across the sheaths at the powered and grounded
electrode. The quantities Qmp/mg represent the peak uncompensated charges in the respective sheaths,
while Ap/g correspond to the electrode surface areas. The terms Isp/sg refer to the sheath integrals, and
nsp/sg to the mean charge densities. Following [42, 71], the ratio of sheath integrals is taken as unity, and
the electrode areas are identical (Ap = Ag) due to the symmetric configuration. All the remaining input
parameters of the model are taken from the PIC/MCC simulation, while the sheath widths are defined
according to the Brinkmann sheath criterium [42, 72].

The DC self-bias obtained from the analytical model, along with the individual contributions of the
three terms in equation (4) and the symmetry parameter ε, are shown in figure 4 for both helium (top
row) and neon (bottom row). Panels (a, d) compare the DC self-bias from PIC simulations (marked
as ‘PIC’) with model predictions (marked as ‘Model’), where simulation-derived values are used for all
input parameters in equation (4). The panels also include ‘Term 1’, representing the contribution from
the asymmetry of the applied voltage waveform. A good agreement is found between the model and
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Table 3. Comparison of experimentally measured and calculated effective secondary-electron emission coefficients, γ, for He+/Ne+

impact on metallic surfaces (compiled from literature).

Surface materials Experimental γ Theory γ

He+

Ni (111) 0.170 [61] 0.177 [60]
C contaminated Mo 0.247 [62] 0.275± 0.005 [60]
He contaminated Ta 0.14 [63] 0.13 [60]
Au 0.16 [66], 0.18± 0.02 [67] 0.26 [60]
Mo 0.286 [62], 0.300 [33], 0.20 [64] 0.287 [60]
Pt — ∼0.18 [60]
Cu — ∼0.28 [60]
Ca — ∼0.3 [60]
Al — ∼0.09 [68]
Cu — ∼0.10 [68]
W(110) 0.22 [69] ∼0.12 [68]
Au 0.16 [69] —
Cs/W(110) 0.28 [69] —
Stainless steel 0.105–0.165 [present work] —

Ne+

Ni (111) 0.128 [61] 0.111 [60]
K 0.38± 0.01 [65] 0.23± 0.01 [60]
Na 0.36± 0.01 [65] 0.27± 0.01 [60]
Ba 0.34± 0.01 [65] 0.28± 0.01 [60]
Zr 0.14 [65] 0.22 [60]
Ni 0.19± 0.01 [65] 0.19 [60]
Au 0.15± 0.02 [67] 0.21 [60]
Mo 0.254 [33], 0.228 [70] 0.247 [60]
Ta 0.23± 0.01 [65] 0.11± 0.01 [60]
Pt 0.07± 0.01 [65] 0.08 [60]
W(110) 0.16 [69] —
Au 0.13 [69] —
Cs/W(110) 0.17 [69] —
Stainless steel 0.074–0.104 [present work] —

Figure 3.Measured and computed DC self-bias voltage η as a function of the phase angle ε: (a) helium at p= 120 Pa, γ= 0.105;
(b) neon at p= 80 Pa, γ = 0.074. The discharge parameters are: f 1 = 4MHz, φ1 = 160V, φ2 = 80V, and L= 2.75 cm. The sym-
bols denote simulation results, the dashed lines represent experimental data.

the simulation results. In both gases, ‘Term 1’ dominates the total DC self-bias. Panels (b, e) illustrate
the contributions of the second and third terms in equation (4), representing the effects of the floating
sheath potentials and the plasma bulk voltage drop, respectively. These terms are significantly smaller
than ‘Term 1’ in both gases but contribute more in helium—together accounting for ≈9%–10% of the
total bias—than in neon (≈3%–4%). The second term remains nearly constant, while the third term
decreases slightly in helium and increases with γ in neon. The opposite functional dependence ‘Term 3’
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Figure 4. DC self-bias voltage, η, (a, b, d, e) and symmetry parameter, ε, (c, f) as functions of the secondary electron emission
coefficient, γ, obtained from PIC/MCC simulations and the EAE analytical model at ε = 350◦. Discharge conditions: He at
240 Pa (top row), Ne at 160 Pa (bottom row): f 1 = 4MHz, L= 2.75 cm, R= 0.7. In panels (a, d), PIC/MCC results are compared
to the full model (dashed line) and Term 1 only (blue triangles), which accounts for the effect of the applied voltage waveform
asymmetry on the DC self-bias voltage. Panels (b, e) show contributions from Terms 2 and 3 of the model, corresponding to
the effects of floating potentials and bulk voltage drops, respectively, as described by equation (4). Panels (c) and (f) present the
symmetry parameter ε obtained from PIC/MCC simulations.

vs. γ as well as the opposite relative importance of ‘Term 2’ vs ‘Term 3’ in He and Ne originates from
the complex charged particle dynamics and the different phase shifts between the discharge voltage and
current as a function of the gas and the operating conditions. These effects do not influence the findings
of the present study, and will be a subject of further investigations.

We also examine how the symmetry parameter varies with the secondary electron emission coeffi-
cient, as shown in panels (c, f) of figure 4. Since the DC self-bias η is sensitive to variations in γ, its
change can be primarily attributed to the behavior of ε. In equation (4), the quantities φmax and φmin

remain constant for a given phase angle, implying that the γ-dependence of the η entirely arises from
the variation of the symmetry parameter. The data show that ε increases monotonically with γ, which
reflects the underlying change of the peak sheath voltages as the secondary electron emission coefficient
increases (see equation (5)). Understanding the dependence of the DC self-bias voltage on γ requires
analyzing the response to changes in γ of two key ratios: the maximum uncompensated charges in the
grounded and powered sheaths, Qmg/Qmp, and the ratio of the mean charged particle densities, nsp/nsg.

Figure 5 shows (a, d) the time-averaged spatial density distributions of electrons and ions across
the electrode gap, n, (b, e) the corresponding time-averaged ionization rate profiles, S(x), and (c, f) the
temporal evolution of the total uncompensated charge per unit area, Q/A, during one RF period for a
sequence of γ values. The top row corresponds to helium (at p= 240 Pa), while the bottom row presents
the analogous results for neon (at p= 160 Pa). For all density plots, the electron density is shown with
solid lines and the ion density (He+, Ne+) with dashed lines. The color of each curve corresponds to
a specific value of γ, as indicated in the legends above the panels. Additionally, key parameters—such
as the ratio nsp/nsg, the charge ratio Qmg/Qmp, and the peak sheath voltages—are presented in figure 6.
Complete datasets for different γ values at θ = 350◦ are summarized in tables 4–7 in the appendix.

With increasing values of the SEEC, γ, plasma density increases in both gases and becomes more
asymmetric with respect to the discharge center, which is directly linked to the overall enhancement
of the time-averaged ionization rate, S(x), shown in panels (b, e) for both gases. This increase is more
pronounced near the powered electrode, where the sheath is expanded for a longer time during the RF
period compared to the grounded electrode because of the applied voltage waveform. Consequently,
secondary electrons emitted from the powered electrode have more time to gain energy within the
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Figure 5. Spatial profiles of the time-averaged electron and ion densities, n, (a, d), ionization rate S(x) (b, e), and temporal evol-
ution of the total uncompensated charge per unit area during one RF cycle (c, f) for different values of the secondary electron
emission yield γ. The top row corresponds to helium (p= 240 Pa) and the bottom row to neon (p= 160 Pa). The vertical dashed
lines in (c, f) mark the times of sheath collapse: tp/T1 ≈ 0.3 (powered electrode) and tg/T1 ≈ 0.6 (grounded electrode). In the
density plots (a, d), electron densities are shown with solid lines, while ion densities (He+, Ne+) are shown with dashed lines.
Different colors correspond to different values of γ. Discharge conditions: L= 2.75 cm, f 1 = 4 MHz, φ1 = 160V, φ2 = 80V,
R= 0.7, ε = 350◦.

sheath, which increases their contribution to ionization. This mechanism explains the observed increase
of the ratio nsp/nsg with increasing γ, as shown in figure 6 and in tables 4–7.

To understand the behavior of the (Qmg/Qmp)2 term contributing to ε (see equation (5)), one can
examine how the total uncompensated plasma charge, Q, varies with the secondary electron emission
coefficient, γ. Figures 5(c, f) shows the temporal evolution of this charge, normalized to the electrode
area A, during one fundamental RF period, as determined by the alternating electron and ion cur-
rents at the electrodes. The increase in Q/A occurs as electrons are removed from the plasma, while its
subsequent decrease results from the continuous ion loss to the electrodes. The moments correspond-
ing to sheath collapses in panels (c, f) are indicated by vertical dashed lines. The first event, occurring
at tp/T1 ≈ 0.3, represents the collapse of the sheath at the powered electrode, whereas the second, at
tg/T1 ≈ 0.6, corresponds to the collapse at the grounded side. Accordingly, at t= tp, the data display
Qmg/A, while at t= tg, the data show Qmp/A, as the charge maxima in one sheath coincide with the
collapse of the opposite sheath. The results in figure 5(c) demonstrate a clear monotonic growth of
the ratio Qmg/Qmp with increasing γ, as shown in tables 4 and 5. This result of the enhanced ioniza-
tion near the powered electrode, producing on average a higher positive ion flux toward this electrode
than toward the grounded one. To maintain the balance between the time-averaged positive and negative
particle fluxes, a correspondingly higher electron current is required at the powered side. Consequently,
during the sheath collapse at the powered electrode, the quantity Q/A exhibits a more pronounced
increase than during the collapse at the grounded side.

To further illustrate the electrostatic potential structure, spatial profiles of the time-averaged potential
〈φ(x)〉t are shown in figure 7 for different values of γ. The experimentally measured DC self-bias voltage
η is indicated by a horizontal dashed line.

In helium (figure 6(b)), both nsp/nsg and (Qmg/Qmp)2 increase with γ, which raises the symmetry
parameter ε and thus reduces |η|. In neon (figure 6(d)), nsp/nsg increases whereas (Qmg/Qmp)2 remains
nearly constant (variation " 2%) with γ. Hence, the change in ε is dominated by the density-ratio
factor, in agreement with the observed trend of the DC self-bias.
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Figure 6. Peak sheath voltage values at the powered (|φ̂sp|) and grounded (φ̂sg) electrodes (a, c) and the ratios (X∗) of the mean
charged particle densities in the respective sheaths, nsp/nsg, and the maximum uncompensated sheath charges, (Qmg/Qmp)2,
as functions of γ (b, d) for He (top row: p= 240 Pa) and Ne (bottom row: p= 160 Pa). Discharge conditions: L= 2.75 cm,
f 1 = 4MHz, φ1 = 160V, φ2 = 80V, R= 0.7, at ε = 350◦.

Figure 7. Spatial profiles of the time-averaged electrostatic potential 〈φ(x)〉t for (a) He at 240 Pa and (b) Ne at 160 Pa for different
values of γ. The horizontal dashed line in each panel indicates the experimentally measured DC self-bias voltage η (η =−40.0V
for He and η =−43.8V for Ne). Discharge conditions: f 1 = 4MHz, φ1 = 160V, φ2 = 80V, L= 2.75 cm, R= 0.7, and ε = 350◦.
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4. Conclusion

In this study, we applied an in-situ, simulation-assisted method to determine the effective secondary
electron emission coefficient, γ, for helium and neon in a CCP. The method is based on the sensitiv-
ity of the DC self-bias voltage η—which develops because of the EAE—to changes in γ under dual-
frequency excitation.

We performed systematic PIC/MCC simulations for helium and neon under discharge conditions
matching the experiments, and determined γ by comparing the computed DC self-bias with the exper-
imentally measured values. For helium, effective γ values of 0.105 at 120 Pa and 0.165 at 240 Pa were
obtained. For neon, we found γ= 0.072 at 80 Pa and γ= 0.103 at 160 Pa. The estimated uncertainty of
the secondary emission coefficients is ±0.01, as in [40].

In addition, we analyzed the underlying physical mechanisms responsible for the variation of DC
self-bias voltage with γ. The simulations reveal that the increase in γ leads to enhanced ionization near
the powered electrode due to more energetic secondary electrons. This effect increases the asymmetry
of the plasma, which is reflected in the growing symmetry parameter ε, and explains the decrease of the
DC self-bias voltage observed both in the simulations and in the model.

Our method provides a robust and practical approach for the in-situ determination of the effective
SEEC in CCPs, without requiring complex optical diagnostics.
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Appendix

Table 4. Dependence of the DC self-bias voltage η at ε = 350◦ on γ, shown along with the symmetry parameter ε, and the
corresponding peak sheath voltages, extracted from PIC/MCC simulations of helium at 120 Pa.

γ ε (V) nsp/nsg (Qmg/Qmp)
2 ε |φ̂ sp| (V) φ̂ sg(V)

0.00 −48.6 0.91 1.06 0.99 184.1 181.7
0.01 −48.5 0.92 1.07 0.99 183.9 181.8
0.10 −48.0 0.91 1.07 0.99 183.2 182.1
0.15 −47.8 0.91 1.08 1.00 182.8 182.4
0.20 −47.6 0.91 1.08 1.00 182.4 182.5
0.25 −47.0 0.90 1.09 1.01 181.7 183.2
0.30 −46.8 0.90 1.12 1.01 181.2 183.6

Table 5. Dependence of the DC self-bias voltage η at ε = 350◦ on γ, shown along with the symmetry parameter ε, and the
corresponding peak sheath voltages, extracted from PIC/MCC simulations of helium at 240 Pa.

γ ε (V) nsp/nsg (Qmg/Qmp)
2 ε |φ̂ sp| (V) φ̂sg (V)

0.00 −43.0 0.97 1.04 1.04 175.4 182.6
0.01 −42.8 0.97 1.04 1.04 175.3 182.7
0.10 −41.4 0.99 1.05 1.06 173.6 184.2
0.15 −40.4 1.00 1.05 1.08 172.4 185.4
0.20 −39.0 1.01 1.07 1.09 171.2 186.9
0.25 −37.8 1.02 1.07 1.11 169.9 188.6
0.30 −36.2 1.03 1.09 1.13 168.5 190.8
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Table 6. Dependence of the DC self-bias voltage η at ε = 350◦ on γ, shown along with the symmetry parameter ε, and the
corresponding peak sheath voltages, extracted from PIC/MCC simulations of neon at 80 Pa.

γ ε (V) nsp/nsg (Qmg/Qmp)
2 ε |φ̂ sp| (V) φ̂ sg (V)

0.000 −48.3 0.92 1.07 1.01 188.8 190.9
0.050 −47.0 0.93 1.07 1.03 187.1 191.8
0.100 −45.5 0.95 1.06 1.04 185.2 192.8
0.125 −44.5 0.95 1.07 1.05 184.1 193.6
0.150 −43.7 0.96 1.07 1.06 183.0 194.2
0.175 −42.8 0.97 1.07 1.07 181.8 194.8
0.200 −41.8 0.98 1.07 1.08 180.6 195.7

Table 7. Dependence of the DC self-bias voltage η at ε = 350◦ on γ, shown along with the symmetry parameter ε, and the
corresponding peak sheath voltages, extracted from PIC/MCC simulations of neon at 160 Pa.

γ ε (V) nsp/nsg (Qmg/Qmp)
2 ε |φ̂ sp| (V) φ̂ sg (V)

0.000 −47.8 0.95 1.05 1.02 187.0 190.2
0.050 −46.1 0.96 1.04 1.04 184.9 191.6
0.100 −44.0 0.99 1.04 1.06 182.6 193.4
0.125 −42.7 1.00 1.04 1.07 181.2 194.5
0.150 −41.4 1.01 1.03 1.09 179.6 195.7
0.175 −40.1 1.02 1.04 1.10 178.3 196.7
0.200 −38.5 1.04 1.04 1.12 176.6 198.2
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