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Abstract

Atmospheric pressure plasma jet (APPJ) is one of the efficient methods to treat cancer cells. It is
known that by setting the plasma parameters such as plasma density and temperature by variation of
applied voltage on the plasma jet device, the plasma can induce apoptosis in cancer cells and reduce
tumor growth without significant influence on healthy cells. To gain deeper insights into the
influence of voltage variations and the type of working gas, a simulation of APPJ was conducted
using Comsol Multiphysics software. To complete the simulation, various chemical features were
considered, such as surface reactions, elastic collision cross-sections, and ionization and excitation
cross-sections, which depend on the plasma energy. The dependence of the plasma temperature and
density on the applied voltage and types of working gas was also investigated. It was found that
higher voltage results in an increase in the plasma temperature and electron density. As the input
voltage increased, both the plasma pressure and its spatial nonuniformity within the plasma tube
showed a noticeable rise. In addition, the overall values of the electric potential for gas working of
He is higher than the argon gas.
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Introduction

Cold atmospheric plasma (CAP) is a novel and promising modality for anticancer treatment that can
overcome drug resistance in cancer [1-3]. The selective operation of CAP in cancer therapy (as an
auxiliary treatment), specifically targets cancer cells while sparing healthy cells [4,5]. This unique
ability of plasma therapy is a result of the potential of CAP to create an environment rich in reactive
species, neutral particles, electromagnetic fields, and UV radiation. This ability enables various
recent biomedical applications, including cancer therapy. [6]

There are various types of cold plasma, including dielectric barrier discharge (DBD), corona
discharge, plasma needles, and plasma jets [7-8]. However, recent studies on the application of CAP
cancer therapy have primarily focused on DBDs and plasma jets [9-10].

Many researchers [11] and the references have studied the effects of different controlling
parameters, such as applied voltage and gas flow rate on plasma jet characteristics, such as electron
density, electron temperature, and electric potential therein. The focus of the investigations is on the
mechanism of plasma formation and the interaction of plasma with tissues to optimize the treatment
conditions for biomedical applications. In the previous study an atmospheric pressure plasma jet
device has been designed and fabricated to interact with the colorectal cancer cells [12]. In addition,
For example, Ref. [13] studied the Laminar plasma plumes, which were characterized by a smooth
and steady flow of plasma and it provided a controlled and uniform distribution of reactive species,
such as reactive oxygen species (ROS), which were known to induce cell death in cancer cells. The
laminar plumes can be advantageous in delivering a consistent and targeted treatment to the tumor
site, minimizing damage to the healthy tissues surrounding the tumor.

Several studies have used Comsol software to simulate plasma jets and analyze electron density and
temperature variations. Y. Amini et al. [14] simulated a plasma jet and investigated the effects of
applied voltage and gas flow rate on CAP operation.

The applications of CAP depend on plasma characteristics such as the applied voltage; therefore, it
is necessary to obtain optimized conditions [15]. Ref. [16] showed that the sinusoidal initiation
voltage of the plasma jet should be optimized to maximize the effectiveness of CAP treatment on
various cancer cell lines. It was shown that the optimal discharge voltage amplitude varied between
3 kV and 5 kV, with a frequency range of 13-50 kHz.

It is to be noted here that secondary electrons have a significant effect on the plasma formation and
temporal evolution of the plasma plume. The secondary electron emission at the walls is
comparable to electron production by ionization. The coefficient of secondary electron emission in
the wall region affects the stationary distribution of the plasma parameters and electric field [17-
19].
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The interaction between the atmospheric pressure plasma jet and cells and tissue depends on the
chemical components of the plasma. These components can induce opposite influences: a killing
effect or a healing effect. Furthermore, it is well known that for a narrow range of plasma chemistry
parameters, normal cells (healthy) are less sensitive to the killing effect of the atmospheric pressure
plasma jet. This latter effect is known as the "selective behavior of the plasma," which enables the
plasma to have fewer side effects in cancer therapy compared to other auxiliary medical treatments.
Therefore, one of the focuses in cancer therapy using the APPJ is obtaining the optimal operational
conditions to interact with cancer and healthy cells. In other words, the mentioned features of
plasma cancer therapy relate to plasma chemistry.

In addition, there is a logical relationship between the reactive oxygen/nitrogen species (RONS)
produced in the plasma and the selectivity features of the plasma in cancer therapy. The rate of
produced reactive oxygen/nitrogen species (RONS) depends on the pattern of plasma parameters in
the jet and the dynamic behavior of the plasma plume, particularly pressure, density, particle flux,
and temperature. Therefore, our study focuses on the temporal behavior of two-dimensional plasma
parameters for different gas types, applied voltages, and passing times to obtain the optimal
conditions for cancer therapy as a possible auxiliary treatment. In our previous study [12], we
experimentally obtained the optimum operational conditions for APPJ in cancer therapy,
considering both direct and indirect interactions with healthy and cancer cells. Here, we simulate
the APPJ using the aforementioned optimal parameters.

In this study, we modeled a two-dimensional atmospheric pressure plasma jet using Comsol
Multiphysics software to investigate the temporal evolution of electron density and temperature
distributions as a function of parameters such as applied voltage. Many researchers have
investigated plasma formation in the plasma jet without considering the secondary electrons
emission at the wall. The choice of electrode type can influence the quantity of secondary electrons
generated. Altering the electrode type can result in an increase or decrease in the number of
secondary electrons. Therefore, we have considered secondary electrons in our model. The paper
has been organized as follows: Following the introduction, the model equations, including the
boundary conditions are presented in Section 2. . In Sec. 3, numerical solutions of the model
equations and their conclusions are explained. The findings of the study are succinctly presented in

Section 4.

Experimental
To investigate the interaction of atmospheric pressure plasma with cells, a plasma jet has been

designed and fabricated, with details of its size and geometrical configuration reported in Ref.18.
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Figure 1 illustrates the two-dimensional geometry of the plasma jet. The device consists of a central
pin electrode and a ring electrode made of copper, separated by a distance of 15 mm. A silica tube
surrounds the pin electrode. The pin electrode is connected to a high-voltage source, and the ring
electrode is grounded. In our previous study, a CAP was designed and developed to investigate the
influence of cold plasma on cancer and non-cancer cells. In that investigation, the voltage was set at
2 and 5 kV, and the gas flow rate was maintained at 5 L/min. In this work, we are going to
investigate the impact of varying applied voltage on plasma formation in the plasma jet device. It is
crucial to assess and optimize several key factors, including voltage, frequency, and gas flow rate,
to enhance the performance of the device.

In the presence research, we specifically set the frequency to 35 (KHz) and investigated the effect
of changing the plasma jet voltage on the flame properties of the plasma jet. Helium was used as the
working gas at a flow rate of 5 L/min. The device operated at an applied voltage of 5 kV and a
frequency of 35 kHz. The initial electron density was 10° m™ at pressure of 1 atm. and a

temperature of 300 K.
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Figure 1.The Fabricated plasma jet and the-dimensional simulation region.
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The fluid model, which includes the continuity and momentum transfer equations for ions, was used
to simulate the atmospheric pressure plasma jet. The finite element method was employed to solve
the set of fluid model using the COMSOL software [20].

M. VI =R, —@V)n, (1)
at
I' =—(x.E)n, —D,.Vn, (2)

Where n, denotes the electron density, D, represents the electron diffusion coefficient, I, signifies
the electron flux vector, uand R,is the average velocity of the particle fluid and electron

production rate respectively.
In general, the energy of the electron flux is composed of two parts: the energy that the particles

receive from the field and the energy that the particles receive from the reaction. The term E .T",

specifically expresses the energy that electrons receive from the electric field [21,22].

a;te +V.I,+E.IT, =R, —@Uu.V)n, (3)

Because of their random movements, electrons collide with the walls, where they are absorbed and
subsequently vanished. In addition, electrons are generated through secondary emissions. This
continuous cycle of electron creation and destruction establishes the boundary conditions for the
electron flux [23].

-nT, :%gene —ng (nT,) (4)

N =2an - Yar0r) )

where ¢,, y,and & are the collision frequency, the secondary diffusion coefficient and average

energy of the secondary electrons respectively. It is assumed that the electric potential at the outer
boundary is zero. Figure 2 shows the triangular meshing of the pin electrode, which was created
using the finite element method (FEA). This meshing enables us to accurately capture the

separation of the space charge in the boundary layers within the plasma volume.
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Figure 2. The pin electrode in the atmospheric pressure plasma jet (APPJ) was meshed using the finite element method (FEM).

Results and discussion

Gas flux pattern

Figure 3 shows the gas velocity around the pin electrode for applied voltages of 2 kV and 5 kV. As
the applied voltage increases, the maximum velocity increases, whereas the gas velocity decreases
as the distance from the pin electrode increases, resulting in electrode cooling. The pin electrode

experiences heating because of its high thermal conductivity, which results in the heating of the

incoming gas.
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Figure 3. Map of the electron speed distribution for He gas at two different voltages : (a) 2 KV and (b) 5 kV.”

Electron density pattern

We also investigated the evolution of the electron density pattern in the plasma tube. The temporal

evolution of the electrical discharge for both 2 kV and 5 kV voltages is shown in Figure 4 and 5,

respectively. Initially, the electron density is uniform, but it becomes nonuniform as the discharge
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develops. The discharge originates from the edge of the pin electrode, where the electric field is
strongest, and creates a plasma region. The discharge is confined around the pin electrode.
Subsequently, the plasma region moves along the gas flow direction on the central axis of the
plasma jet.

At higher voltages, the electrons detach from the electrode surface and travel toward the outlet of
the device with fluid velocity. The electron density reaches 10'? (cm?) at 2 kV and 10 (cm™®) at 5
kV. The high electron density around the pin electrode is due to the increased electric field in this
region. The density of electrons can increase almost ten times when the voltage increases from 2 kV
to 5 kV. This can be attributed to the dependence of the ionization collision cross-section of
electrons with helium atoms and increasing the ionization rate with the applied voltage, resulting in
a higher electron density. In addition, the electron density at 2 kV is lower than that at 5 kV because
the electrons do not have enough energy to cause secondary ionization.

According to Figures 4 and 5, at 5 kV, breakdown appears after 3 pus, and with the passage of time,
the density of electrons increases. However, at 2 kV, breakdown appears after about 6 ps, and the
electron density is lower than that at 5 kV. This is because higher voltages produce more energetic

electrons, which leads to more collisions and a higher ionization rate [23].
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Figure 4. The temporal behavior of the electron density pattern for: () 3 ps, (b) 6 us, (¢) 15 us, and (d) 19 us for
applied voltages of 2 kV.
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Figure 5. The temporal behavior of the electron density pattern for: (a) 3 us, (b) 6 ps, (c) 15 ps, and (d) 19 ps for the
applied voltages of 5 kV.

The Electron temperature pattern
Since the plasma therapy for cancer cells is one of the applications of plasma jets, it is important to
control the plasma temperature to prevent damage to healthy tissue. Plasma jet devices are capable

of generating temperatures below 40°C [16]. Figures 6 and 7 illustrate the temperature distribution

of electrons for two applied voltages of 2 kV and 5 kV, respectively.
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Figure 6: Electron temperature at different times of gas discharge for (a) 3 us, (b) 6 ps, (c) 15 ps, (d) 19 ps for voltage of 2 kV.
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Figure 7. Electron temperature at different times of gas discharge for (a) 3 ps, (b) 6 us, (c) 15 s, (d) 19 us for voltage
of 5 kV.

Increasing the applied voltage leads to an increase in the density of electrons within the helium
discharge. This is because the higher voltage causes the electrons to gain more energy, resulting in a
greater number of collisions and subsequent ionization of the helium atoms. The increased

ionization then leads to a higher density of electrons in the discharge [24]. An increase in the
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collision of electrons causes more energy exchange between them, which in turn leads to an
increase in the electron temperature [25].

An increase in voltage leads to an increase in the density of electrons because it causes electrons to
gain more energy, resulting in more collisions and secondary ionization of helium atoms. An
increase in the collision of electrons causes more energy exchange between them, which in turn
increases the electron temperature.

Figures 6 and 7 illustrate that the temperature profile along the sharp edge of the pin electrode is
characterized by higher values, which further increase with the duration of the discharge. The
electron temperature is determined by both the average electron energy and electron density,

rendering it dependent on the average energy and electron density.

The electron pressure pattern

Figure 8 illustrates the plasma pressure pattern for applied voltages of 2and 5 kV. The plasma
pressure inside the device is not uniformly distributed and increases near sharp edges. Comparison
of the pressure pattern inside the device for two different voltages of 2 and 5 kV shows that the
applied voltage increases the pressure, which is accompanied by nonuniformity in the pressure
pattern. Our findings approximately are in agreement with the results of the results of the Refs. [26-
27].
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Figure 8. Pattern of plasma pressure inside the plasma tube for voltages of a) 2 kV and b) 5 kV.

The influence of gas working type on plasma jet operation

Figure 9 illustrates the electric potential distribution in the plasma jet device for the working
gases of argon and helium. For argon gas, the overall value of the electric potential inside the
plasma jet tube is smaller than the helium gas. Therefore, it can be concluded that the average
velocity of the ejected helium particles form the plasma jet is higher for helium gas in comparison
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to argon gas which are in agreement approximately with the results of the results of the Refs. [28].
However, it is to be noted that for biological application of plasma jet, the kinetic energy of the

plasma species has the key role.
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Figure 9. The electric potential distribution inside the plasma jet device for voltage of 2 kV, time =9 S for a) Heluim
and b) Argon.

Conclusion

In this study, we investigated the changes in effective plasma parameters to treatment, such as
electron density and temperature, through the 2D COMSOL simulation for two applied voltage
values. It was observed that as the voltage increased, both the electron density and electron
temperature increased. At an input voltage of 5 kV, the maximum electron density was
approximately 10*® Cm™ and the maximum electron temperature was approximately 5 eV. For a
lower applied voltage of 2 kV, the electron density was approximately 10*? Cm and the maximum
electron temperature was approximately 5 eV. To examine the changes in speed, it was observed
that at an input voltage of 5 kV, the maximum gas velocity was approximately 6 m/s, whereas at an
input voltage of 2 kV, the maximum gas velocity was approximately 5 m/s. Additionally, it was
observed that as the input voltage increased, the plasma pressure and its nonuniformity inside the
plasma tube also increased.

These values indicated that the plasma operated within the bright discharge region without the
occurrence of electric arcs, making it suitable for biomedical applications. However, it is worth
mentioning that at discharge voltages exceeding 5KV, the temperature rose due to the increased
presence of energetic electrons and an electric arc was created. In addition, using the gases with the

smaller mass resulted to the increasing the electric potential inside the plasma jet device.
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