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ABSTRACT This paper introduces an innovative method for quantitatively determining plasma density in
plasma columns, with particular applicability to reconfigurable antennas. This method significantly enhances
the speed of capturing density variations, particularly in surface wave-excited antennas. By utilizing images
of excited plasma tubes, the proposed approach extracts a light intensity versus plasma density (LIVPD)
graph, creating a direct correspondence between visible light intensity and plasma density. Themethodology,
encompassing LIVPD graph extraction and plasma density evaluation, is comprehensively elucidated.
Rigorous analytical and experimental validations confirm a minor deviation of approximately 8.5%. The
versatility of the method is demonstrated through two practical applications, reaffirming its accuracy in
challenging scenarios. Additionally, this study includes a comparative analysis that highlights the superiority
of the method in terms of sampling rate, measurement points, and non-intrusiveness over conventional
techniques. This paper thus presents a robust method with promising potential for accurate plasma density
determination in diverse antenna applications.

INDEX TERMS Plasma antenna, image processing technique, plasma density, determination of the plasma
density, surface wave.

I. INTRODUCTION
In recent years, reconfigurable antennas have garnered sig-
nificant attention for their ability to achieve diverse radia-
tion patterns and operating frequencies, thereby reducing the
complexity of communication systems. Various techniques,
including electrical, optical and material based mechanisms,
have been explored for implementing reconfigurable anten-
nas [1], [2]. Among these techniques, the utilization of tun-
able materials like liquid metals and plasmas has arisen as
a promising direction [3], [4], [5]. Plasma, as the fourth
state of matter, offers unique properties that have stimulate
numerous studies on reconfigurable plasma antennas [6], [7],
[8], [9], [10]. These antennas leverage the reconfigurability
of radiation characteristics and tunable resonant frequencies
afforded by plasma.

Plasma density measurement is crucial for understand-
ing the behavior of plasma antennas and reconfigurable
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systems [7]. Conventional methods, such as phase differ-
ence detection [7], spectroscopy [11], Langmuir probes [12],
waveguide cutoff frequency analysis [13], current probe
[14], and microwave interferometry [12], [15], have been
widely used for this purpose. However, these methods often
encounter limitations in various scenarios, including cases
where rapid plasma density variations occur during excitation
in a millisecond range [16], [17] or when the presence
of probes or instruments interferes with wave propaga-
tion, particularly when surface wave (SW) excitation is
employed [18].
In response to these challenges, a pioneering method has

emerged as an efficacious tool for plasma density measure-
ment, particularly in SW-excited plasmas. This innovative
approach supports nearly fast variations in plasma density,
avoiding the need for intrusive probes. At its core, the method
entails the extraction of a graph establishing a direct corre-
lation between plasma density and the visible light intensity
emanating from the plasma tube. Remarkably, the autonomy
of this graph from the excitation method and its unique
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association with specific gas types and pressure ranges for
each plasma tube make it an invaluable resource. Capital-
izing on this graph, the technique facilitates the determina-
tion of plasma density distribution along the plasma column
by tracking fluctuations in visible light intensity. This non-
intrusive imaging of the stimulated plasma column enables
real-time observations of plasma behavior, while preserving
the integrity of the plasma itself.

To uncover the potential of this new method, the paper
is organized in a structured manner. The initial part focuses
on the methodology developed for assessing plasma density
within a plasma column. This section encompasses guidelines
for extracting the LIVPD graph. Subsequent stages involve
the determination of plasma density based on this graph and
the subsequent validation process. Moving forward, two tan-
gible applications of the proposed technique are introduced
in the following section, highlighting its practical utility.
Furthermore, a comparative analysis between conventional
plasma density measurement techniques and our innovative
approach, centered around the LIVPD graph, is provided. The
study will be concluded and summarized in the final section.

II. METHODOLOGY
This section presents the devised methodology for evaluating
plasma density within a plasma column. The process consists
of three core steps: 1) Extracting the LIVPD graph for a
specific plasma tube, 2) Estimating the plasma density for the
plasma tube using the extracted LIVPD graph under different
physical parameters and excitations, and 3) validation of the
method. The section begins by introducing the LIVPD graph
concept and detailing the process of graph extraction from a
commercial fluorescent lamp. Subsequently, leveraging the
extracted LIVPD graph, the distribution of plasma density
along the lamp is determined under diverse excitation condi-
tions. Demonstrating the reliability of the method concludes
this section.

A. THE LIVPD GRAPH: DESCRIPTION AND EXTRACTION
This subsection underscores the foundational role of the
LIVPD graph in plasma density estimation. The graph por-
trays the correlation between visible light intensity and
plasma density within a designated plasma tube. It is elab-
orated how the LIVPD graph is introduced and described,
and the technique for extracting this graph from a commercial
fluorescent lamp is elucidated.

Within a plasma tube, the observable light intensity is
influenced by various plasma attributes, including plasma
density, gas composition, tube material, configuration, and
fluorescent coatings [19], [20]. However, directly deriving
light intensity from these parameters presents a complex
challenge. Notably, in scenarios where gas composition and
parameters remain constant, light intensity closely associates
with plasma density or electron temperature, implying that
higher light intensity corresponds to higher plasma density.

To extract the LIVPD graph for a plasma tube, a con-
trollable excitation circuit for exciting the plasma tube is

necessary which similar to DC excitation, provides a nearly
constant density over the time in the column. Variations of
the excitation power changes the light intensity in the tube.
To capture images of the plasma tube under varying excitation
powers, it is essential to use a camera with a higher shutter
speed and lower ISO value to avoid picture saturation. In this
investigation, the shutter speed and ISO value of camera are
respectively 1 ms and 50. To normalize the light intensity in
the picture, a reference intensity from a LED lamp is used.
At each excitation power, the plasma density of the tube is
measured. Mapping the light intensity and plasma density in
different excitation powers produces a data source which is
known in this investigation as the LIVPD graph.

In this section, a microwave cavity is used for the mea-
surement of the plasma density to extract LIVPD graph.
This method was previously discussed in [21] for measur-
ing plasma density within a cylindrical DC-excited plasma
column. The schematic in Fig. 1(a) illustrates the resonant
microwave cavity deployed for evaluating plasma permit-
tivity in a cylindrical plasma tube. This setup incorporates
ports for excitation and measurement, along with apertures
for inserting the plasma tube. These ports specifically serve
as input and output interfaces for the electromagnetic waves
propagating within the cavity.

FIGURE 1. (a) The structure of a microwave cavity that measures the
permittivity of the plasma in a tube. (b) An illustration of the
measurement procedure.

A commercial fluorescent lamp, 28 cm long with an 8 mm
radius, is examined as a case study. Fig. 1(b) illustrates the
measurement process for the DC-excited lamp, with excita-
tion power governed by a variable resistor in the excitation
circuit. The method starts by exciting the resonant cavity
and assessing its S21 parameter using a network analyzer.
Extracting the resonant frequency and Q factor facilitates
electromagnetic field calculations within the cavity using the
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stationary method and consequently, the plasma and collision
frequencies are extracted within the lamp [21]. Fig. 2 dis-
plays measured S21 parameters for the lamp across various
excitation powers, showcasing the anticipated rise in resonant
frequency with increased excitation power.

Finally, with knowledge of the plasma frequency and colli-
sion frequency, the plasma density (n) of the plasma column
can be determined using the following equation:

ωp = (ne2)/(ε0me), (1)

where e is the electron charge, me is the electron mass, and
ε0 is the permittivity of free space. The estimated collision
frequency for the fluorescent lamp in this investigation is
around υ = 2 GHz.
Fig. 3 illustrates the LIVPD graph, with relative light inten-

sity on the horizontal axis and plasma density on the vertical
axis. This graph serves as a foundation for estimating plasma
density distribution under varying excitation sources.

FIGURE 2. The measured S21 of the DC-excited fluorescent lamp inserted
in the microwave cavity.

FIGURE 3. The extracted LIVPD graph of the fluorescent lamp.

B. DETERMINATION OF THE PLASMA DENSITY BASED ON
THE LIVPD GRAPH
This segment focuses on estimating plasma density distri-
bution along the fluorescent lamp, leveraging the previously
extracted LIVPD graph. This determination ismade for a SW-
excited lamp.

SW excitation involves applying radio frequency (RF)
electromagnetic waves to propagate along the plasma bound-
ary. The SW launcher includes a 30 mm copper collar posi-
tioned 2 mm below from the top surface of a grounded box.

By utilizing 6 MHz RF power, the ionized plasma column
extends around 17 cm within the lamp, indicating that the
ionized plasma doesn’t entirely fill the 28 cm length. Plasma
density distribution is determined by analyzing lamp images
in correlation with the LIVPD graph from Figure 3. Using
interpolation on this graph, the resulting plasma density dis-
tribution is illustrated in Figure 4 with a solid black line.

FIGURE 4. Distribution of the plasma density along the SW excited
plasma column by LIVPD graph, analytical technique, and experimental
method.

C. VALIDATION OF THE METHOD
The validation of the proposed plasma density distribution
involves two methods: analytical validation and a previously
established experimental method based on phase difference
detection using a microchip.

For the analytical validation, a well-accepted and com-
monly known approximation for the distribution of the
plasma density along a SW excited plasma column is used
here which belongs to the cases that the plasma column has
not reached the far end of the tube and is expressed as:

n (z) ≈ nd + Cυ (h− z) (2)

in which h is the height of the plasma column, C is a constant
that depends on the tube geometry and is investigated in detail
in [7], z is the distance from the excitation point, and nd is the
plasma density at the end of the plasma tube and is given by:

nd =
ε0me
e2

ω2
exc

(
1 + εg

)
(3)

in which εg is the relative permittivity of the tube, and ωexc is
the angular frequency of the RF excitation wave. Considering
equations (2) and (3), the distribution of the plasma density
along the column is analytically calculated and the result
is illustrated by the dashed red line in Fig. 4. Comparison
between the calculated distribution and the estimated den-
sity from the LIVPD graph reveals an approximately 9.3
% discrepancy between the results, as tabulated in Table 1.
The relative errors (in percent) are obtained as (experimental
density using LIVPD – analytical density) / experimental
density using LIVPD × 100.
For experimental validation, plasma density distribution

is estimated based on phase difference (PD) measure-
ments along the column using a phase difference detector
microchip, as introduced by the authors in [6]. The resulting
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TABLE 1. Comparison between plasma density values extracted by different methods: analytical, experimental based on LIVPD graph and experimental
based on phase difference (PD) measurements.

measurements alignwith the LIVPDgraph-derived estimates,
with an average discrepancy of around 12.2%, as shown in
detail in table 2.

Given the discrepancies within acceptable limits, the pro-
posed methodology is validated for applications, particularly
where other practical or analytical tools are lacking. This
comprehensive approach establishes an efficient means to
characterize plasma density distribution in plasma antennas,
enhancing understanding of their performance under diverse
excitation conditions.

III. APPLICATIONS OF THE METHOD
This section unveils the compelling applications of the pro-
posed plasma density determination method within a plasma
column. The technique proves highly effective in investigat-
ing the physical parameters of plasma antennas. Particularly,
in SW-excited plasma antennas, scenarios arise where the
excitation power is so intense that the plasma column reaches
the end of the tube, thereby rendering theoretical predictions
of plasma distribution impractical. Additionally, proximity
to measurement instruments can perturb SW propagating
paths. In this context, the presented method offers a viable
solution. The subsequent subsections illustrate two distinct
applications to underscore the versatility of the method.

A. FIRST CASE
As a primary application, the method is applied to a commer-
cial fluorescent lamp, as described in Section II. The lamp
is excited by a surface wave at 6 MHz, with an excitation
power sufficient to fill the tube. By utilizing the LIVPD graph
extracted in Section II (illustrated in Fig. 3) and analyzing
captured images of the lamp, the plasma density is estimated,
as presented in Fig. 5. The results indicate a linear reduction
in plasma density from the excitation point to the end of the
tube. Notably, the density at the end of the tube remains rel-
atively constant, regardless of excitation power. Thus, at the
investigated frequency of 6 MHz, which is recognized as low
within the scope of this study, the plasma density gradually
diminishes along a fully ionized tube, progressively decreas-
ing from the excitation point to the far end of the column.

FIGURE 5. Distribution of the plasma density along the fully ionized SW
excited fluorescent lamp at the excitation frequency of 6 MHz extracted
by LIVPD graph.

B. SECOND CASE
The second application exemplifies the versatility of the
method by applying it to a commercial Neon lamp. This lamp
features a length of 1.2 m, a radius of 6 mm, and operates at
a gas pressure of 500 mTorr. This scenario serves to demon-
strate the efficacy of the method under different conditions.
Employing SW excitation, a 600 W commercial magnetron
is employed to excite the lamp at a frequency of 2.4 GHz. It’s
important to note that the excitation frequency in this case is
significantly higher than the previous example of 6 MHz.

To facilitate this excitation, the lamp is placed within a
wooden structure, as depicted in Fig. 6(a). The upper surface
of the structure, functioning as the ground plane for the
plasma column, is coated with a thin copper layer. By manip-
ulating the distance between the lamp and the magnetron
antenna using a wooden slab, the power level of the excitation
can be controlled. Fig. 6(b) and 6(c) show visual representa-
tions of the lamp at different excitation powers.

Nevertheless, using a commercial magnetron presents a
challenge due to its inconsistent output power. Through
slow-motion video recording, it is observed that the height
of the plasma column undergoes periodic oscillations at a
frequency of 50 Hz. This implies a 20 ms cycle for variations
in plasma density within the column. To ensure that plasma
density distribution remains constant during measurement,
observations need to be conducted within a timeframe shorter
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FIGURE 6. (a) The structure of a magnetron wave launcher, (b) full-length
excited Neon lamp, (c) partially excited Neon lamp.

than one-tenth of a full period of plasma density variation,
approximately 2 ms for this study. This ensures the stability
of plasma density measurements.

Initially, it’s essential to extract the LIVPD graph for this
lamp. This is achieved by employing a camera with a shutter
speed of 0.25 ms and a dark lens to prevent image saturation.
The excited plasma within the lamp covers a length of 98 cm
during this procedure, indicating that the lamp is not fully
saturated with plasma. Analytical estimation of the plasma
density distribution along the column at different points of
the tube becomes feasible using equations (2) and (3) in such
cases. The resulting LIVPD graph is illustrated in Figure 7.
Subsequently, the utility of this graph comes to the fore-

front, particularly in cases where theoretical formulations for
plasma density estimation are absent. This scenario occurs
when the tube is completely filled with plasma. By inserting
a thin conducting plate perpendicular to the lamp axis and
positioned 14 cm away from the excitation box (as shown
in Fig. 8(a)), the propagation of SWs beyond the plate is
prevented. Consequently, a fully excited plasma column with
a height of 14 cm is achieved, as depicted in Fig. 8(b). Utiliz-
ing the extracted LIVPD graph for this lamp, the distribution
of plasma density along the ionized region is calculated and
presented in Fig. 8(c). This graph highlights the non-linear
distribution of plasma density within the excited region of the
tube, attributed to the reflection of SWs from the conducting
plate, leading to the formation of standing wave patterns.

In summary, the proposed method adeptly determines
the distribution of plasma density within plasma anten-
nas. The scenarios showcased in this section yield insights
that the distribution of plasma density within a fully ionized
tube is intrinsically tied to the excitation frequency. Particu-
larly, at lower excitation frequencies (e.g., around 6MHz), the
distribution of plasma follows an almost linear pattern. How-
ever, at higher excitation frequencies (around 2.4 GHz and
beyond), the plasma density assumes a sinusoidal pattern and
is no longer linear along the excited length. These observed
behaviors will be further discussed in future publications.

FIGURE 7. The LIVPD graph of the Neon lamp.

IV. COMPARATIVE ANALYSIS OF PLASMA DENSITY
MEASUREMENT TECHNIQUES
This section presents a comprehensive comparative anal-
ysis of conventional plasma density measurement tech-
niques alongside our newly developed LIVPD graph-based
approach. The assessment focuses on critical parameters,
including sampling rate, number of measurement points, and
the proximity of obstacles to the plasma, as summarized in
Table 1.

The comparative evaluation highlights the distinct advan-
tages of our innovative LIVPD graph method in comparison
to conventional techniques. This approach demonstrates a
moderate to high sampling rate, which is indicative of the fre-
quency at which measurements are acquired, a significantly
greater number of measurement points per sample, and non-
intrusive measurement capabilities. Sampling rate classifica-
tions are categorized as L: Low (sampling rate < 2 Hz), M:
Moderate (2 Hz< sampling rate< 2 kHz), and H: High (sam-
pling rate > 2 kHz). These attributes collectively position it
as an invaluable tool for precise and pragmatic plasma density
determination across diverse antenna applications. However,
the main disadvantage of this method is the necessitate of
extracting the LIVPD graph for each plasma tube distinctly.

This comparative analysis substantiates superiority of
the LIVPD graph method, marked by its adaptability to
different sampling rates, abundant measurement points, and
non-interfering nature. As contemporary plasma antenna
research seeks enhanced precision and practicality, the
LIVPD graph method emerges as an instrumental advance-
ment in plasma density measurement techniques.

The primary limitation of this approach is the requirement
to extract a distinct LIVPD graph for each individual plasma
tube before conducting measurements. Notably, this method
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TABLE 2. Comparison between plasma density measurement techniques.

FIGURE 8. (a) Schematic of the 1.2 m Neon lamp excited by surface
waves (SW), illustrating the insertion of a conducting plate 14 cm from
the excitation point, perpendicular to the tube axis. (b) Photograph of the
lamp displaying the ionized plasma region. (c) Distribution of plasma
density along the excited section, computed using the LIVPD graph.

is specifically applicable to transparent plasma tubes where
visible light is present within the plasma column. Addition-
ally, the achievable sampling rate classification is heavily
reliant on the inherent capabilities of the camera employed.
Enhanced cameras permit higher sampling rates within this
method.

V. CONCLUSION
In conclusion, this paper introduces a pioneering technique
for accurately determining plasma density along a plasma

column, with specific emphasis on reconfigurable plasma
antennas. The proposed method capitalizes on image analysis
and the LIVPD graph to estimate plasma density distribution.
The adaptability of the method to different sampling rates,
extensive measurement points in single measurement, and
non-intrusive nature make it a valuable advancement. It over-
comes challenges posed by fast plasma density variations and
obtrusive probes. The efficacy of the method is validated both
analytically and experimentally. The presented applications
demonstrate its potential to unveil the intricate relationship
between plasma density and excitation frequency, paving the
way for advancements in reconfigurable antenna technology.
The comparative analysis underscores the clear advantages
and drawbacks of this approach over traditional plasma den-
sity measurement techniques. As a future perspective, further
investigations into the nonlinear behavior of plasma den-
sity under different excitation frequencies are anticipated,
potentially enriching our understanding of plasma antenna
performance.
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