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ABSTRACT
Reconfigurable and programmable metasurfaces require reliable strategies for dynamic control of their electromagnetic response.
Among the approaches explored so far, low-temperature plasma is particularly attractive thanks to its tunable permittivity, which
can be adjusted in real time via electron density modulation. Despite this potential, quantitative experimental validation at
microwave frequencies has remained limited. In this work, we present a comprehensive characterization of plasma tubes as
reconfigurable building blocks for metasurface architectures. Using a custom waveguide measurement setup, we retrieve key
plasma parameters–such as electron density and plasma frequency–under varying excitation conditions. These measurements are
complemented by multiphysics plasma simulations, full-wave electromagnetic modeling, and circuit-level electrical diagnostics,
ensuring cross-validation across independent methodologies. Our results demonstrate a continuous and controllable tunability
of the plasma response, with electron densities reaching the 1019𝑚−3 range. The close agreement between experiments, models,
and simulations confirms the feasibility of integrating plasma elements into adaptive metasurfaces. This study establishes plasma
tubes as viable dynamic meta-atoms, paving the way toward high-power, high-speed, and fully reconfigurable microwave systems.

1 Introduction

Reconfigurable and programmable metasurfaces are reshaping
the landscape of electromagnetic wave manipulation by enabling
dynamic control over propagation direction, wavefronts, polar-
ization, frequency selectivity, impedance matching, and other
relevant wave characteristics. These functionalities are achieved
through engineered arrays of subwavelength and ultra-thin
elements, sustaining a balanced combination of electric and
magnetic multipoles, and whose response can be tuned in real-

time. As a result, such metasurfaces are emerging as critical
enablers for next-generation technologies, including wireless
communications, radar systems, and high-resolution sensing
platforms [1–3].

Traditional approaches to tunable metasurfaces commonly rely
on integrating lumped electronic components, such as varactor
diodes, PIN switches, or MEMS actuators, into the metasurface
geometry [4]. While these technologies have demonstrated prac-
tical viability, but they face critical limitations: circuit complexity,
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power handling constraints, complex scalability, parasitic losses,
and reduced modulation speed are all bottlenecks for large-scale
or high-frequency applications. Moreover, the discrete nature
of switching elements limit the achievable spatial resolution of
tunability across the metasurface aperture.

To address these limitations, research has increasingly turned
to material-based reconfiguration, where the electromagnetic
response of the meta-atoms is modulated through the intrinsic
properties of the constitutive material [5–7]. In this context,
low-temperature plasma gas discharges [8] have emerged as
a promising platform for achieving dynamic reconfigurability.
Plasmas offer a unique advantage: their effective permittivity
can be tuned in real time by controlling the electron density via
external excitation, enabling broad control over wave interaction
without the need for lumped elements [9].

As dispersive Drude media, plasmas can exhibit dielectric or
metallic behavior depending on the operating frequency and
plasma parameters. This tunability makes it suitable for various
applications, including tunable absorbers, power-limiters, reflect-
arrays, frequency-selective surfaces, and plasma-based lenses and
antennas [10–24]. Additionally, the use of plasmamay also enable
dynamic reconfiguration of the meta-atom’s operating frequency
without the need to redesign or physically alter its geometry–a
level of tunability that is often difficult or impractical to achieve
with conventional materials or other approaches.

Particularly attractive are plasma tubes–cylindrical enclosures
filled with gas and ionized via external control lines–which serve
as confined, reconfigurable dielectric or conducting elements at
microwave frequencies. Indeed, as theoretically and numerically
demonstrated in [25–28], plasma tubes can be employed as
epsilon-negative scatterers in Huygens-type metasurfaces and
metagratings, enabling dynamic phase control of transmitted
waves, beam steering and focusing via controlled plasma excita-
tion.

Despite the substantial body of experimental work on bulk
plasma structures, the experimental characterization of plasma
elements specifically integrated withinmetasurface architectures
remains limited. Most of the existing studies rely heavily on
idealized models or simulation-driven design, with few works
presenting detailed, quantitative measurements of plasma elec-
tromagnetic behavior at relevant frequencies. This is partly due to
the intrinsic multiphysics nature of the problem, which involves
coupled plasma kinetics and dynamics, electromagnetism, and in
some cases thermal and fluid dynamics. Moreover, key plasma
parameters–such as electron density and plasma frequency–
must be retrieved under varying excitation conditions, requiring
complex electrical and plasmadiagnostics [8, 29] andhigh-fidelity
electromagnetic measurements.

In this work, we address this gap by focusing on the quantitative
modeling and experimental characterization of plasma tubes that
could serve as the elementary reconfigurable units (meta-atoms)
of future reconfigurable and programmablemetasurfaces. Rather
than addressing the design of a complete metasurface, our goal is
to develop and validate a consistent framework that correlates the
plasma parameters (i.e., electron density and plasma frequency)
with the electromagnetic response of individual plasma elements

under realistic operating conditions. To this end, we combine
experimentalwaveguidemeasurementswith full-wave numerical
simulations and analytical modeling to extract and validate key
plasma parameters. A custom-designedWR90 waveguide testbed
allows us to measure transmission and reflection coefficients of
plasma tubes under variable excitation,while retrieval techniques
and theoretical models (e.g., Raizer and Trusov formulations)
are employed to estimate electron density and plasma frequency
as functions of the discharge current. These values are com-
pared with multi-physics simulations incorporating a Drude-like
plasma model, further validating the achieved results.

Our findings reveal strong and continuous tunability of the
plasma tube response, confirming the feasibility of integrat-
ing such elements in reconfigurable microwave systems. These
results not only demonstrate the viability of plasma-based meta-
atom elements, but also offer a pathway toward the practical
realization of fully reconfigurable metadevices for high-power
and high-speed applications.

The remainder of this paper is organized as follows. Section 2
presents themodeling and characterizationmethodology adopted
in this work. It is structured into three complementary parts: a
multiphysics plasma model that captures the coupled physical
processes governing the plasma discharge; an electrical model
that enables the estimation of plasma parameters through circuit-
level diagnostics; and an electromagnetic model, which describes
the plasma interactionwithmicrowave signals through an inverse
fitting process, in which full-wave finite-element method (FEM)
simulations are compared to measured scattering parameters
to extract the plasma frequency. In Section 3, the results of
the experimental characterization and numerical modeling are
presented and discussed. Finally, Section 4 summarizes the key
findings and outlines future directions for the integration of
plasma elements in programmable metasurface platforms.

2 Methodology

This section describes the experimental configuration and the
modeling strategies adopted for characterizing the plasma tubes.
Themethodology combines three complementary perspectives:

1. Multiphysics plasmamodeling, to capture the coupledmech-
anisms governing plasma generation and to estimate electron
density and plasma frequency;

2. Electrical diagnostics, to extract plasma parameters from
current–voltage measurements under controlled excitation;

3. Electromagnetic modeling, to determine the plasma fre-
quency through an inverse fitting process, in which full-
wave electromagnetic FEM simulations are compared to the
measured scattering parameters in a waveguide setup.

2.1 Plasma Tube Configuration

The experimental and numerical analysis presented in this work
focuses on a specific plasma tube configuration, selected as
a representative test case for integration into reconfigurable
metasurfaces, and shown in Figure 1. The device under test
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FIGURE 1 Picture and render of the plasma tube configuration under investigation: (a) schematic and (b) photo of the entire tube; photo of the
blind (c) and open (d) electrode housing.

consists of a cylindrical glass tube filled with argon at a pressure
of 1 mbar. The tube features an internal diameter of 4 mm,
an external diameter of 6 mm, and a total length h of 7.5 cm.
Argon was selected for its favorable discharge characteristics
(inert nature, low ionization energy, and ability to produce stable,
uniform plasmas), while the nominal filling pressure and the
geometrical parameters were selected through iterative testing
and optimization to ensure stable discharge conditions and elec-
tron densities compatible with targeted reconfigurability metrics.
Plasma is generated by applying a discharge current across the
gas column, and its electromagnetic response is analyzed as a
function of the current intensity.

In particular, our Ar plasma system is in the glow discharge
regime and it is ignited through Direct Current (DC) excitation
(DC discharge). DC discharge allows for a constant and more
uniform in space plasma distribution compared to other excita-
tion approaches (e.g. AC excitation). The plasma is formedwithin
the glass tube, with the top and bottom sides of the tube bearing
metallic electrodes. The electrodes, acting as anode and cathode,
are connected with a power generator and are responsible for
the plasma ignition and sustainability. The fabrication process
includes the evacuation of air down to 0.001 mbar using a dual-
stage vacuum system, followed by a conditioning phase where
the tube is powered at 1.5 kW to remove residual contaminants.
During this step, electrode temperatures reach 800◦C instantly.
The tube is then backfilled with Argon to the target pressure and
hermetically sealed by melting the evacuation tube.

Having the neutral argon pressure, temperature and volume, one
can easily obtain the neutral gas number density, 𝑛, employing
the ideal gas law: 𝑝 = 𝑛𝑘𝐵𝑇, where 𝑘𝐵 is the Boltzmann constant
and 𝑇 is the neutral gas temperature (atmospheric temperature
for our case).

We have to note here that the primary plasma sustaining mech-
anism in our system involves the secondary electron emission
from the cathode. When ions collide with the cathode surface,
there is a defined probability that they will trigger the release of
electrons. These emitted electrons are then rapidly accelerated by
the intense electric field near the cathode. As they gain energy,
they can initiate further ionization processes. This leads to a sharp
rise in electron density in the vicinity of the cathode, within a

region commonly referred to as the cathode fall. On the other
hand, electrons loose energy near the wall of the tube. The loss
at the wall occurs due to random thermal motion, over a few
mean free paths. This interplay establishes a boundary condition
governing the electron flux at the plasma-glass interface.

2.2 Plasma Electromagnetic Response and
Multiphysics Modeling

It is well established that the electromagnetic response of plasma
can be sufficiently accurately described by the Drude model,
considering the plasma as a homogeneous and lossy free electron
medium. According to the Drude model the plasma permittivity
is given by [30]

𝜀𝑝(𝜔) = 𝜀0

(
1 −

𝜔2
𝑝

𝜔(𝜔 + 𝑗𝜈)

)
(1)

where 𝜔 is the angular frequency of the electromagnetic wave,
𝜔𝑝 is the plasma angular frequency, 𝜈 is the angular collision fre-
quency, 𝜀0 is the vacuum permittivity, and 𝑗 is the imaginary unit.
The plasma permittivity is expressed as a frequency-dependent
complex function, and describes how electromagnetic waves
propagate through or are attenuated by the plasma medium. The
parameters 𝜔𝑝 and 𝜈 are linked to the physical properties of the
plasma, and are defined as [31]:

𝜔𝑝 =

√
𝑛𝑒𝑒2

𝜀0𝑚𝑒

(2)

𝜈 = 𝑓(𝑝, 𝑇𝑒) (3)

where 𝑛𝑒 is the electron density (in m−3), 𝑒 is the elementary
charge and 𝑚𝑒 is the electron mass. The collision frequency in
Equation (3) is (typically) a function of the gas pressure, 𝑝, and
the electron temperature, 𝑇𝑒. We elaborate on the calculation of
the collision frequency at the end of this section.

A simple elaboration of Equation (1) shows that the plasma
permittivity becomes negative in real part for frequencies such
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as (𝜔2∕𝜔2
𝑝) < 1 − (𝜈2∕𝜔2

𝑝). Thus to achieve negative permittivity
values in a broad spectral region the collision frequency should
be sufficiently lower than the plasma frequency, dictating low
pressure values. Moreover, the ratio of imaginary over real part
of the susceptibility, 𝜒 = (𝜀∕𝜀0) − 1, which determines the energy
losses in the plasma, is equal to 𝜈∕𝜔, pointing also to the
requirement of low pressure values.

From the above Formulas (1)–(3) one can see that to accurately
evaluate the plasma permittivity it is essential to evaluate the
electrons density of the plasma. It is also essential to evaluate
the electron-neutral collision frequency, which is the dominant
collision frequency term in our case (of weakly ionized gas)
[8]. These quantities depend mainly on the type of gas, the
neutral gas pressure, the geometry of the plasma device and
the materials used (e.g. electrodes, dielectrics), as well as the
electrical excitation parameters (e.g. applied voltage magnitude
and frequency, type of source, discharge power).

The most fundamental way to evaluate the plasma electron
density, and also electrons velocity, collision frequency and other
plasma properties (e.g. velocities, rate coefficients for charged
species generation and electron energy loss etc.) is to solve the
Boltzmann equation (employing a continuum or a particle-based
kinetic model [32]), where particles and especially electrons are
represented by a distribution function, 𝑓. This approach, in
conjunction with Poisson’s equation, can provide essential infor-
mation on the Electron Energy Distribution Function (EEDF).
Having the electrons distribution function and the EEDF one
can accurately obtain all themacroscopic plasma properties, such
that electron density, velocity/mobility, and energy/temperature,
which are the quantities that primarily determine the plasma
electromagnetic response.

An alternative, yet first-principles, approach to describe plasma
is to treat it macroscopically as an electrically conductive multi-
species and multi-temperature fluid, based on macroscopic
quantities (such as density, mean velocity, and mean energy).
Such a self-consistent fluid approach captures the plasma bulk
behavior very well, especially at moderate and high collisionality.
Here, we employ this fluid model approach, taking into account
the basic mechanisms governing the plasma formation and
development, and deriving the electron density and electron
energy/temperature for the Ar plasma discharge (without relying
on any experimental or phenomenological parameters). The
relevant simulations have been carried out employing mainly the
plasma solver of COMSOL commercial software [33–35], which
forDCdischarges, provides a detailed implementation user-guide
[36] and links to microscopic parameters determining the plasma
generation and properties, such as reaction rates of the different
reactions involved (obtained from the well established Phelps
database [37]). Cross-checks and validations of the COMSOL
results for specific cases have been made through the house-built
code COPAIER [38,39].

In the model employed, the electrons are described by a
continuity equation for the electron density, 𝑛𝑒. Similar equa-
tions describe themotion and dynamics of all charged species (all
equations incorporated in the default COMSOL plasma model).
In the continuity equations the drift-diffusion approximation is

adopted (i.e. charged species drift under the presence of the
electric field and also diffuse due to the gradients in the particles
concentration), while for the evaluation of the reaction rates
involved in the continuity equation the Local Mean Energy
Approximation is employed. Under the Local Mean Energy
Approximation all plasma transport and reaction rates depend
on the mean electron energy, 𝜖, which is obtained by solving a
continuity-like mean electron energy density, 𝑛𝜖 = 𝑛𝑒𝜖, equation.

The continuity equations for the electrons density, 𝑛𝑒, and their
mean energy density, 𝑛𝜖, can be written as

𝜕𝑛𝑒
𝜕𝑡

+∇ ⋅ 𝚪𝑒 = 𝑅𝑒 ⇒
𝜕𝑛𝑒
𝜕𝑡

+∇ ⋅ [−𝑛𝑒(𝜇𝑒𝐄) − 𝐷𝑒∇𝑛𝑒] = 𝑅𝑒 (4)

𝜕𝑛𝜖
𝜕𝑡

+∇ ⋅ [−𝑛𝜖(𝜇𝜖𝐄) − 𝐷𝜖∇𝑛𝜖] + 𝐄 ⋅ 𝚪𝑒 = 𝑅𝜖 (5)

where 𝚪𝑒 is the electrons flux (electrons per unit area and
time), 𝜇𝑒 is the electrons mobility, 𝐷𝑒 is the electrons diffusion
coefficient, 𝜇𝜖 is the energy mobility, and 𝐷𝜖 is the energy
diffusion coefficient.𝐷𝑒 is given by𝐷𝑒 = 𝜇𝑒𝑘𝐵𝑇𝑒∕𝑒 (i.e. calculated
by the Einstein–Smoluchowski equation, for diffusion of charged
particles; this equation for plasma particles of species 𝑠 reads as
𝐷𝑠 = 𝜇𝑠𝑘𝐵𝑇𝑠∕𝑞𝑠, with 𝜇𝑠 the mobility, 𝑇𝑠 the temperature and 𝑞𝑠
the charge of the particles). 𝜇𝜖 = (5∕3)𝜇𝑒 and 𝐷𝜖 = (5∕3)𝐷𝜖, with
𝑇𝑒 the electron temperature [34, 35]. The electric field in the above
equations is defined as 𝐄 = −∇𝑉, with 𝑉 being the electrostatic
potential evaluated by the Poisson’s equation

∇ ⋅ (𝜀0𝜀𝑟∇𝑉) = −𝜌 = −
∑

𝑞𝑠𝑛𝑠 = −𝑒
∑

𝑛𝑠𝑍𝑠 (6)

where the excitation parameters (e.g., applied voltage) are con-
sidered through boundary conditions. In Equation (6) 𝜌 is the
charge density. For plasma particles of species 𝑠, 𝑍𝑠 is the charges
number, and 𝑛𝑠 is the species’ number density. In our case, the
charge density of each species is automatically calculated based
on the plasma chemistry.

The argon-plasma chemistry (linked to the COMSOL plasma
model) includes ground-state argon, Ar, positive argon ions, Ar+,
metastable excited argon species, Ar(s), and electrons, 𝑒. We
consider seven (7) reactions involved in the plasma formation,
as shown in Table 1. These reactions include elastic collisions,
excitation to and de-excitation, direct electron impact ionization
from ground-state (R4) and frommetastable state (R5), as well as
metastable pooling (R6) and quenching (R7).

The electron source term in Equation (4), 𝑅𝑒 (ionization rate per
unit volume), and the 𝑅𝜖 in Equation (5), representing energy
loss rate, are determined by the plasma chemistry (see Table 1)
using either the conventional reaction rates or the so-called
Townsend coefficients [41]. These are directly linked to COMSOL
model, being obtained using the Boltzmann Equation solver
under the Two-Term Approximation, with cross-sections from
ref. [37]. Similar cross-sectional data have been used in ref. [42]
for the electron-impact reactions of argon in simulations of DC
argon/helium plasma. For DC discharges and low frequency AC
discharges (i.e. 1–100 kHz frequency), where the electron flux
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TABLE 1 Chemical reactions considered (in the multiphysics model) for the Ar plasma generation and preservation. The symbol Ar(s) indicates
Ar in excited state and Δ𝜖𝑗

is the energy loss/gain in the reaction 𝑗. The different reaction coefficients are discussed in the main text.

Reaction Type 𝚫𝝐𝒋
(eV) Reaction coefficient Reference

R1: Ar + e→ Ar + e Elastic — Rate coefficient, 𝑘 [33,37]
R2: Ar + e→ Ar(s) + e Excitation 11.5 Townsend coeff., 𝑎 [33,37]
R3: Ar(s) + e→ Ar + e Excitation −11.5 Rate coeff., 𝑘 [33,37]
R4: Ar + e→Ar

+ + 2e Ionization 15.8 Townsend coeff., 𝑎 [33,37]
R5: Ar(s) + e→Ar

+ + 2e Ionization 4.426 Rate coeff., 𝑘 [33,37]
R6: Ar(s) + Ar(s)→ Ar + Ar

+ + e Pooling — Rate coeff. 𝑘 = 3.734 × 108𝑚3∕(𝑠 ⋅ 𝑚𝑜𝑙) [33,40]
R7: Ar(s) + Ar→ Ar + Ar Quenching — Rate coeff. 𝑘 = 1807𝑚3∕(𝑠 ⋅ 𝑚𝑜𝑙) [33,40]

is field driven rather than dominated by diffusion or ambipolar
fields, the use of Townsend coefficients [41] for the evaluation
of the ionization (R4) and excitation (R2) reaction rates for 𝑅𝑒

and 𝑅𝜖 provide higher numerical stability and a quite accurate
description of what happens in the cathode region, as shown in
[43].

Employing the rate coefficients, 𝑘𝑗 , the electron source term
is given by 𝑅𝑒 =

∑𝑀

𝑗=1 𝜒𝑗𝑘𝑗𝑛𝑛𝑒, while through the Townsend
coefficients, 𝑎𝑗 , it is given by 𝑅𝑒 =

∑𝑀

𝑗=1 𝜒𝑗𝑎𝑗𝑛|𝚪𝑒|. In these
equations,𝜒𝑗 is themole fraction of the target species for reaction
𝑗,𝚪𝑒 is the electrons flux, 𝑛 is the total neutral gas number density,
and the index 𝑗 here sums over all the reactions that contribute
to the increase or loss of electrons. Correspondingly, the electron
energy loss term is given by 𝑅𝜖 =

∑𝐿

𝑗=1 𝜒𝑗𝑘𝑗𝑛𝑛𝑒Δ𝜖𝑗
and 𝑅𝜖 =∑𝐿

𝑗=1 𝜒𝑗𝑎𝑗𝑛|𝚪𝑒|Δ𝜖𝑗
, through 𝑘𝑗 , and 𝑎𝑗 , respectively, where Δ𝜖𝑗

(see Table 1) is the energy loss/gain from each reaction, and the
index 𝑗 here sums over all the electron-neutral inelastic collisions
[34–36]. The detailed simulation procedure for the simulation of
a DC plasma discharge via COMSOL can be found in ref. [36].

From Equations (4) and (5) one can see that a critical input
parameter for the evaluation of the electron density is themobility
of the electrons, 𝜇𝑒. Themobility, defined by 𝐯𝑒 = 𝜇𝑒𝐄, where 𝐯𝑒 is
the drift velocity and 𝐄 the electric field, is closely connected also
with the electrons collision frequency, 𝜈, which is another critical
frequency for the electromagnetic plasma response. For isotropic
scattering it can be shown that [8]

𝜇𝑒 =
𝑒

𝜈𝑚𝑚𝑒

(7)

where 𝜈𝑚 = 𝜈∕2𝜋. In our calculations, for obtaining the mobility
(used as input inEquations (4) and (5))we employed twodifferent
approaches: (a) Using values from the literature, and in particular
the values by Raizer [8] and Trusov [44], which give the mobility
as a function of the pressure in Torr, 𝑝𝑡𝑜𝑟𝑟, as

𝜇𝑒 = 33∕𝑝torr m
2∕Vs (Raizer), 𝜇𝑒 = 27∕𝑝torr m

2∕Vs (Trusov)

(8)
(b) Evaluating the collision frequency and through it themobility.
For the evaluation of the collision frequencywe based on thewell-
known collision formula 𝑙 = 1∕𝑛𝜎, where 𝑙 is the mean free path
(mean space between successive collisions), 𝑛 is the neutral gas

number density and𝜎 the electron-neutral collision cross-section,
considered here as 𝜎 = 3 × 10−19 m2 [37,45]. Given that 𝑙 = 𝑣𝜏𝑚 =
𝑣∕𝜈𝑚 (𝜏𝑚 = 1∕𝜈𝑚 is the mean time between collisions) and that
𝑣 is the average thermal velocity, which for plasmas obeying the
Maxwellian distribution function (suitable for low pressure and
weakly ionized gasses, as in our case) is 𝑣 =

√
8𝑘𝐵𝑇𝑒∕𝜋𝑚𝑒 [46],

one can derive for the collision frequency

𝜈𝑚 = 𝑛𝜎𝑣 =
𝑝

𝑘𝐵𝑇
𝜎

√
8𝑘𝐵𝑇𝑒

𝜋𝑚𝑒

(9)

where 𝑇 is the neutral Ar temperature (room temperature in our
case), and the electrons temperature 𝑇𝑒 is obtained by COMSOL
through the evaluation of electrons energy. Having the collision
frequency, one can then calculate themobility using Equation (7).

For 𝑇𝑒 = 11600𝐾 (𝑘𝐵𝑇𝑒 ≈ 1 ev) such a calculation gives 𝜇𝑒 ≈

27∕𝑝torr m
2∕Vs, which is in perfect agreement with the formulas

provided in the literature.

We have to mention here that the above described multiphysics
plasma modeling is a standalone, ab-initio approach, able to
calculate from the microscopic plasma properties (reactions and
species involved) and the plasma ignition system features (e.g.
tube geometry, pressure, temperature, applied voltage/current,
etc) the electron density and all the other macroscopic quantities
determining the plasma response (electron temperature, velocity,
etc.). This is particularly useful for the study of more complex
and/or time-modulated plasma systems, as it enables the theoret-
ical design and optimization of the plasma elements, minimizing
unsuccessful experimental efforts. Given though the complexity
of any plasma system and the different approximations involved
in its simulation, validating the theoretical results through
corresponding experimental or experimentally-driven data, as
is done in this work, brings confidence to this multiphysics
modeling approach and establishes it as a valuable tool for the
plasma-metamaterials studies.

2.3 Electric Characterization

The electrical characterization of the prototypes focuses on
measuring their electrical behavior and estimating from the
measurements results the plasmaparameters, i.e. electron density
and plasma frequency. The measurements are based on applied
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FIGURE 2 Schematic diagram of the electric measurement setup.

voltage and current sampling under controlled conditions. The
electrical operation of the prototype is dictated by the charac-
teristics of the discharge tube (geometry, gas, pressure) and the
external driving circuit/power supply.

A Heinzinger HNC 40 000 high-voltage generator (0–40 kV, 0–
10 mA) is employed for plasma ignition, while a GW Instek ASR
2100 power supply (0–500 V, 0–5 A) provides controlled current
boosts. The switching between sources is handled via diode-based
OR logic. Current control is achieved through a resistive network
composed of a regulating resistor (50–1000 Ω) and a measuring
resistor. Voltage and current measurements are acquired using
two probes connected to a Tektronix MSO46 oscilloscope. A
Tektronix high-voltage probe measures the discharge voltage,
while a second probe captures the current signal. A schematic of
the measurement setup is shown in Figure 2.

Electron density 𝑛𝑒 is estimated from the measured current 𝐼 and
calculated current density 𝐽, using the relation:

𝐼 = 𝐽𝐴 = 𝑛𝑒 𝑒 𝑣𝑒 𝐴

where 𝑣𝑒 is the electron drift velocity (𝑣𝑒 = 𝜇𝑒𝐸) and 𝑒 is the
elementary charge.

Pressure-dependent expressions for 𝜇𝑒 in Argon are obtained
from literature sources (e.g., Raizer, Trusov).

Plasma frequency 𝑓𝑝 is computed via the standard Drude
expression:

𝑓𝑝 =
𝜔𝑝

2𝜋
=

√
3180 𝑛𝑒

2𝜋

where 𝜔𝑝 is the frequency expressed in rad s−1.

The electric field is calculated by dividing themeasured discharge
voltage by the inter-electrode distance, neglecting the sheath volt-
age drops. The cross-sectional area 𝐴 is approximated using the

tube diameter, acknowledging that plasma brightness impeded
more precise evaluation.

These approximations tend to underestimate 𝑛𝑒 and𝑓𝑝, providing
conservative lower bounds suitable for system design.

2.4 Electromagnetic Characterization and
Plasma Parameters Retrieval

The electromagnetic characterization of plasma tubes was
designed around the idea that their presence within a controlled
waveguide environment would introduce measurable perturba-
tions to the transmitted and reflected microwave signals. By
analyzing these effects (specifically, changes in the S-parameters)
it is possible to infer key physical properties of the plasma, such
as its electron density and plasma frequency. This approach forms
the basis of the retrieval methodology employed in this work.
The idea of using plasma discharges embedded in waveguide
structures has been explored in several works, particularly for
the realization of tunable filters and reconfigurable phase shifters
at microwave frequencies [47–49]. These studies confirm that
plasma tubes inserted into controlled propagation environments
can enable frequency-selective behavior and phase modulation,
motivating the use of similar setups for the parameter retrieval
procedure of plasma tubes.

To this end, a custom measurement setup was developed, con-
sisting of a WR90 rectangular waveguide section (dimensions:
22.86 mm x 10.16 mm) with a hole drilled through the wider
wall to accommodate the insertion of a plasma tube along the
centerline, oriented perpendicularly to the propagation axis in
order to maximize interaction with the electric field of the
dominant waveguide mode. The tube is externally excited for
the ignition of the plasma, while its interaction with the guided
mode is monitored via a vector network analyzer (model: Anritsu
MS46122B with operating frequency range from 1 MHz to 43.5
GHz) connected to both ports of the waveguide, through a couple
of right-angle rectangular waveguide to coaxial adapters. In
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FIGURE 3 Schematic representation of the measurement setup for the experimental characterization of the plasma tube. In the inset, a picture
showing the ignited plasma tube in the waveguide measurement setup.

contrast to an open test setup, this configuration was chosen
to ensure a well-defined, repeatable field distribution, and to
minimize interfering effects that could obscure the plasma’s
contribution to the overall electromagnetic response. A schematic
representation of themeasurement setup used for the experimen-
tal characterization of the plasma tube, along with a photograph
showing the ignited plasma tube within the waveguide measure-
ment setup, is presented in Figure 3.

Under the assumption that all other properties of the system–
namely, the geometry of the setup and thematerials of the waveg-
uide and the tube enclosure–are known and can bemodeled with
high fidelity, the plasma itself becomes the only unknown. This
enables the use of a model-based parameter retrieval strategy,
where the values of the plasma’s electromagnetic parameters
are adjusted within a full-wave simulation until the computed
S-parameters match the measured ones.

To implement this approach, a finite-element method (FEM)
electromagnetic model of the measurement setup was developed
in CST Microwave Studio, as shown in Figure 4. The model
replicates all relevant aspects of the experimental configuration,
including themetallic boundaries of the waveguide, the dielectric
characteristics of the glass tube (relative permittivity 𝜖𝑟 = 4.42

and loss tangent tan 𝛿 = 0.0034, in accordance with the material
specifications provided by the manufacturer), and the spatial
positioning of the plasma column. The plasma is modeled as a

FIGURE 4 Simulated setup for the retrieval of the main plasma
characteristics. In the inset, a picture shows the radial dimensions of
the plasma tube. Rectangular waveguide dimensions: a = 22.86 mm,
b = 10.16 mm.

homogeneous, dispersive, and lossy medium described by the
Drude model [30], as discussed in Section 2.2.

As can be seen in Equation (2), the plasma frequency is directly
related to the square root of the electron density 𝑛𝑒, and it can
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FIGURE 5 Simulated and measured reflection (a) and transmission (b) magnitudes (|𝑆11| and |𝑆21|) of the setups shown in Figures 3 and 4 for
some representative plasma excitation levels.

be tuned over a wide range of values through external stimuli,
i.e. by controlling the discharge power. In contrast, the collision
frequency is influenced by the background gas pressure 𝑝 and
a temperature-dependent rate constant 𝐾 that depends on the
electron temperature and the gas species. For this reason, once the
gas type and pressure are selected, we can fix 𝜈 to a representative
value according to the literature (as verified in Section 2.2) and,
under this assumption, extract the plasma frequency for different
excitation conditions, as it becomes the only unknown parameter
in the Drude model.

Simulations are performed over the same frequency range as
the experimental measurements (8–12 GHz) using the frequency-
domain solver in CST Microwave Studio. The model repro-
duces the WR90 waveguide geometry, with two waveguide
ports exciting and receiving the dominant 𝑇𝐸10 mode under
matched boundary conditions. For each excitation condition
(i.e., discharge current level), the model is calibrated to repro-
duce the measured transmission and reflection coefficients.
This allows the estimation of the plasma frequency corre-
sponding to each operating point. The comparison between
simulated and measured reflection and transmission magnitudes
(|𝑆11| and |𝑆21|) for representative plasma excitation levels is
reported in Figure 5, showing very good agreement and con-
firming the accuracy of the CST model in reproducing the
experimental results.

Beyond parameter retrieval, the model also provides valuable
physical insight into how the plasma affects the propagation
of microwave energy, including frequency selectivity, absorp-
tion, and reflection characteristics. The analysis confirms that
the plasma introduces a frequency-dependent and controllable
perturbation that can be harnessed for a reconfigurable metasur-
face applications.

The accuracy of the electromagnetic model and its ability
to reproduce the measured results are discussed in detail
in Section 3, where the retrieved plasma parameters

are compared with those obtained through independent
electrical diagnostics.

3 Results

The following subsections detail the results obtained through the
three complementary approaches discussed in the previous sec-
tion: multiphysics simulation of the plasma discharge, electrical
characterization of the tube under current excitation, and full-
wave electromagnetic modeling and plasma parameters retrieval.
Their consistency validates the accuracy of the plasmadescription
and confirms its suitability as a reconfigurable element for
metasurface applications.

3.1 Multiphysics Simulation Results

In this section, we present Multiphysics simulation results for
the electron density and plasma frequency in the low pressure
argon plasma tube investigated. The simulations were carried out
by COMSOLMultiphysics software [33], following the procedure
described in Section 2.2. For the modeling of a plasma tube
as the one shown in Figure 1, selecting Ar as the plasma gas
the software provides the chemical reactions involved in the
plasma formation and the related reaction rates and coefficients.
Required inputs, besides the neutral gas chemistry, are the
applied current (𝐼), the temperature (𝑇), the pressure (𝑝) and
the electrons mobility. For the results shown here 𝑇 = 293.15
K, 𝑝 =0.75 Torr and the mobility is obtained by the Raizer
formula.

A two-dimensional cross-section schematic of the model sys-
tem investigated through the multiphysics modeling is shown
in Figure 6a, showing the different simulation domains and
materials involved. The calculated electron density and plasma
frequency are shown in Figure 6b–d.
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FIGURE 6 Multiphysics simulations data for the electron density and plasma frequency for the plasma tube under investigation. (a) A 2D
schematic of the simulation domain (rescaled vertically as to be more clearly visible). Note that in the simulations, given the rotational symmetry
of the plasma tube system, a 2D axisymmetric model was employed (for computational time and memory reduction) involving only the upper half of
the schematic shown. The white dashed-line rectangle shows the area over which the electron density is depicted in panel (b). (b) Electron density in
the argon tube (in the domain indicated by the white dashed-line rectangle in (a)) when a current-source of 𝐼 = 1.2 A (DC source) is applied for plasma
ignition and for 0.75 Torr pressure. The white dotted-line shows the line over which the data of panels (c) and (d) are shown. Panel (c) shows the electron
density, while panel (d) the corresponding plasma frequency along the white dotted-line of panel (b), for three values of applied current.

Specifically, Figure 6b presents the electron density distribution
over a plasma tube cross-section (indicated by the white dashed-
line rectangle in Figure 6a) when a DC source of current 𝐼 = 1.2

A is applied. We observe a pronounced maximum of the electron
density close to the cathode region, where the electron density
gets values close to 𝑛𝑒 = 3 × 1019 𝑚−3, followed by a plateau
as we go away from the cathode. To understand and quantify
better the electron density distribution, in panels (c) and (d) of
Figure 6 we show the electron density and the corresponding
plasma frequency (calculated via Equation (2)) along the length
of the tube (over a line passing from the center of the tube
- white dotted line in panel (b)) for three different values of
the applied current (low, medium, high). The results clearly
demonstrate the broad peak close to the cathode, followed by
a plateau away from the cathode region. Moreover, as expected,
there is a clear increase of electron density as the applied current
increases.

Additional simulation data concerning the electron density and
plasma frequency for all the experimentally considered applied
current values have been also obtained, and are presented in
Table 2 and Figure 8, together with the corresponding experimen-
tal data obtained from both the electrical and the electromagnetic
characterization approaches, demonstrating good agreement
with those data and validating theCOMSOLmodel and its results.

We should note here that the electron density simulation data
presented in the Table 2 show the average value of the electron
density along the dotted line of Figure 6b for each discharge

current. The corresponding plasma frequency value is obtained
employing this average electron density. In Figure 8, though, we
show two different plasma frequency values for each discharged
current. One is obtained using themaximumvalue of the electron
density and one employing the average value mentioned above.
Given the non-uniform electron density distribution over the
tube, the averaged electron density may provide a more accurate
estimation of the plasma frequency.

3.2 Electrical Characterization and Parameter
Extraction

Electrical diagnostics confirmed that the argon-filled prototypes
can sustain a stable glow discharge across a wide range of driving
conditions. The discharge current was found to scale predictably
with the applied voltage and the resistor configuration, enabling
controlled operation during measurements.

Using the relations described in Section 2.3, electron densities
in the range of 1018 – 1019𝑚−3 were estimated, corresponding
to plasma frequencies in the range 11–54 GHz. These values
overlap well with those obtained from multiphysics simulations
and electromagnetic measurements.

As discussed earlier, the simplifying assumptions of the electrical
model, such as the use of the geometric cross-section, the neglect
of the sheath voltage drops, and the assumption of uniform
current distribution, make the method conservative. In practice,
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the effect is most evident at low discharge currents, where sheath
effects are more pronounced and the plasma is less uniform.
At higher currents, the plasma fills a larger portion of the tube
volume, reducing the discrepancy and bringing the electrical
estimates closer to those obtained frommultiphysics simulations
and electromagnetic retrieval.

Although approximate, the electrical characterization provides a
rapid and a reliable way to track the evolution of plasma parame-
ters with current. Thismakes it particularly useful formonitoring
discharge conditions and for providing first-order validation of
the more detailed numerical and electromagnetic models.

Representative operating points are summarized in Table 2.

3.3 Electromagnetic Response and Drude Model
Validation

The electromagnetic characterization, as discussed in Section 2.4,
relied on reflection and transmission measurements in the
WR90 waveguide setup, complemented by the corresponding
CST simulations. A baseline “plasma-off” condition was first
measured to calibrate systematic mismatches. Then, for each
discharge current level, the plasma frequency was retrieved by
adjusting theDrudemodel inCST simulations until themeasured
and simulated S-parameters matched at 9.5 GHz, chosen as a
reference within the waveguide band.

Assuming a fixed collision frequency 𝜈 = 1.65 × 1010Hz for argon
at 1 mbar, the retrieval yielded plasma frequencies that increased
monotonically with discharge current.

Figure 8 illustrates the good agreement with both analytical
models (Raizer, Trusov) and multiphysics simulations. Slight
deviations are attributed to non-idealities neglected in the Drude
model, such as axial non-uniformities and sheath effects.

Despite these simplifications, the results confirm that a single-
parameter Drude description can accurately reproduce the
plasma’s electromagnetic behavior in the X-band, making it a
practical model for metasurface integration.

To demonstrate the applicability of the characterized plasma
tubes as tunable elements for reconfigurable metasurfaces, we
applied the numerical framework previously discussed in [25, 26]
to the experimental case investigated in this work. Specifically,
a unit-cell analysis was carried out using CST Microwave Studio
to evaluate the free-space response of a periodic arrangement of
plasma tubes. It is important to note that the following results
refer to the phase shift of a periodic array of tubes under plane-
wave excitation, and should not be confused with the waveguide
configuration discussed earlier in the paper, which was used
for the retrieval of the plasma frequency. The geometry of the
unit cell consists of a single plasma tube periodically repeated
with a representative period 𝑝𝑐, as shown in Figure 7a. The
plasma region is modeled as a homogeneous dispersive medium
described by the Drude model, where the plasma frequency 𝑓𝑝
is varied within the range extracted from the experimental and
numerical characterizations. The transmission amplitude and
phase of the unit cell were evaluated at a fixed frequency of 9.5

GHz for both TE and TM polarizations, considering a single-layer
configuration with a representative lattice period 𝑝𝑐 = 15 𝑚𝑚.
The results, reported in Figure 7b, shows the evolution of the
transmission coefficient (magnitude and phase) as a function of
𝑓𝑝. As the plasma frequency increases, a clear phase variation
is observed, confirming the tunable electromagnetic response of
the plasma element and its suitability as a dynamic meta-atom
for reconfigurable and programmable metasurfaces. Although
this analysis was limited to a single-layer periodic configura-
tion, further improvements in phase coverage and transmission
control could be achieved through multi-layer designs or by
optimizing the lattice period and geometric parameters of the
unit cell [26]. These aspects, however, go beyond the scope of the
present work.

3.4 Comparison and Discussion

Table 2 and Figure 8 summarize the electron density 𝑛e and
plasma frequency 𝑓𝑝 obtained with the three complementary
approaches: (i) electrical diagnostics, (ii) multiphysics plasma
simulations, and (iii) electromagnetic retrieval from waveg-
uide measurements.

The comparison highlights several key points:

∙ All three approaches indicate that the plasma tube exhibits
tunable electron densities in the order of 1018–1019 m−3,
corresponding to plasma frequencies tunable between 10 and
40 GHz as the discharge current increases from 0.4 to 2.0 A.
This range is compatible for reconfigurable metadevices oper-
ating at least up to the X-band, as suggested by the numerical
results of recent designs reported in the literature [25–28] and
by the preliminary unit-cell analysis previously reported.

∙ At low discharge currents, the electrical model, which
assumes a uniform conduction area and neglects sheath volt-
age drops, tends to underestimate 𝑛e and 𝑓𝑝. As the current
increases, the discrepancy diminishes, leading to close agree-
ment with the multiphysics and electromagnetic retrievals.
At the highest currents, deviations can even change sign
depending on the actual evolution of electron temperature
and mobility (when literature-based mobilities are no longer
representative). Overall, the electrical approach remains a
fast, first-order estimator for design iteration.

∙ The COMSOL-based fluid model captures spatial distribu-
tions of plasma density and temperature. It predicts non-
uniform electron density profiles along the tube, with values
which agree well with experimental trends. The model
also enables parametric studies beyond the experimentally
accessible regime (e.g., higher currents or different gases).

∙ The waveguide-based method provides the most application-
oriented parameters, since it directly connects the plasma
behavior with the S-parameters relevant for metasurface
design. The retrieved 𝑓𝑝 values follow a monotonic increase
with discharge current and match the simulations and
analytical models within 10–15% across the tested range.

Some deviations are observed at higher currents (𝐼 > 1.5 A),
where electromagnetic retrieval yields slightly lower plasma
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FIGURE 7 (a) Geometry of the simulated periodic unit cell including a plasma tube, modeled in CST Microwave Studio with periodic boundary
conditions; (b) Simulated transmission amplitude and phase evaluated at 9.5 GHz under TE and TM polarizations as a function of the plasma frequency
𝑓𝑝 . The results demonstrate a clear phase tunability consistent with the 𝑓𝑝 values retrieved experimentally.

FIGURE 8 Comparison of plasma frequency 𝑓𝑝 as a function of
discharge current 𝐼, estimated using the models of Trusov and Raizer,
retrieved from full-wave electromagnetic simulations and a numerical
plasmamodel. For the numerical model the plasma frequency is obtained
using both the peak value and the averaged (over the tube volume) value
of the electron density.

frequencies than the Raizer and Trusov models. This discrepancy
can be attributed to (i) the assumption of spatial uniformity in
the Drude model, (ii) temperature gradients along the discharge,
(iii) sheath effects near the electrodes, and (iv) a saturation effect

in the retrieval procedure that is limited in frequency by the
operating band of the waveguide.

Despite these differences, all approaches yield consistent mono-
tonic trends of 𝑛𝑒 and 𝑓𝑝 with increasing discharge current, and
provide values within the same order of magnitude, which is
remarkable given that direct, localized measurements of electron
density in this pressure and geometry range are notoriously
difficult. Moreover, the error remains within acceptable bounds
for engineering purposes, since the discharge current could be
optimized experimentally to produce the desired electromag-
netic response, with operating points (i.e. discharge currents)
expected to remain close to the experimentally characterized
interval.

Overall, the complementary use of electrical, multiphysics,
and electromagnetic models provide a robust framework for
plasma characterization. The agreement among these indepen-
dent approaches confirms that plasma tubes offer a continuously
tunable, controllable, and predictable electromagnetic response
in the X-band, making them promising candidates for reconfig-
urable and programmable metasurface applications.

4 Conclusion

This work has presented a comprehensive study of plasma
tubes as reconfigurable building blocks for programmable meta-
surfaces. Through the combined use of electrical diagnostics,
multiphysics plasma simulations, and full-wave electromagnetic
retrieval, we have consistently characterized the plasma response
under different excitation conditions.
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The results confirm that plasma tubes can provide a control-
lable and predictable electromagnetic behavior in the microwave
regime, validating their potential use as dynamic meta-atoms
for adaptive metasurface architectures at least up to the X-
band,. The agreement among the three independent approaches
demonstrate the robustness of the characterization framework
and the reliability of a Drude-based description for practical
design purposes.

Although a complete metasurface prototype was not realized in
this work, the findings represent a fundamental step toward that
goal. Future research will address the integration of plasma tubes
into large-scale metasurfaces, exploring functionalities such
as beam steering, reconfigurable focusing, and programmable
holography. Additional directions include extending the concept
to higher frequency bands and exploiting the intrinsic high-power
handling capability of plasmas in regimes where conventional
electronic tuning elements face limitations.

In conclusion, this study establishes plasma tubes as viable can-
didates for the realization of reconfigurable and programmable
metasurfaces, paving the way toward future developments in
high-speed, high-power, and dynamically tunable electromag-
netic platforms.
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