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Dielectric barrier discharges (DBDs) provide a promising technology for generating non-equilibrium cold plasmas at atmospheric pressure. For both application-focused and fundamental research, it is important to explore the discharge mode transition and electron heating mechanism to enable effective independent tuning of key plasma parameters in a DBD system. In this work, we report numerical studies of the effects of single-frequency excitation on atmospheric argon DBDs, which are carried out in the medium driving frequency (MF) range from 50 kHz to 5 MHz by using a one-dimensional hydrodynamics coupling model. The spatio-temporal evolution of particle density associated with the discharge mode transition and electron dynamic behavior has been investigated. By tuning different components of a single frequency, we observe the electron heating behaviors of the individual modes and mode transitions from the Townsend discharge to the glow discharge in the low frequency to the Ω mode and the hybrid mode in the medium frequency to the α-mode and the γ-mode in the radio frequency. The physical analysis is understood based on these fundamental insights into the plasma physics.
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1 INTRODUCTION
Low-temperature atmospheric pressure discharges are of great interest both on scientific grounds and application fields, such as sterilization [1], deactivation of bacteria/virus/cancer cells [2–5], wound healing [6], exhaust gas cleaning [7], and newly growing fields including special material surface treatment/modification [8, 9], airflow control [10], and semiconductor manufacturing [11],. With increasing interest, it is necessary to gain a deeper and more profound understanding of the underlying physics mechanisms for a broader variety of discharges.
As one of the most common atmospheric pressure discharge forms, dielectric barrier discharges (DBDs) have been widely investigated since the 1980s, and it has been proven to be an efficient way to generate and sustain diffuse discharges when the discharge operates at an applicable driving frequency and applied voltage. In the previous works, studies have mainly focused on low frequency (LF), defined as 30–300 kHz, and radio frequency (RF), defined as 3–30 MHz [12]. There are few studies in the medium driving frequency, especially for 300 kHz to 3 MHz. In the LF driving range, argon DBD typically presents a filamentary discharge, and it features many bright filaments with high temperature, high density, and strong uniformity [13]. As the driving frequency increases, the discharge gives rise to an atmospheric pressure Townsend-like discharge structure, and the electron density grow exponentially from the cathode to the anode, producing a higher density of excited states and noticeable light emission in the anode region [14]. When the driving frequency increases to MHz, the discharge presents a typical atmospheric pressure glow-like discharge structure (glow-like), which features a positive column and a cathode fall that oscillate according to the excitation frequency, and the light intensity is usually maximum close to the cathode [15].
Although the discharge mode transition and dynamic behavior are well-understood for frequencies in both LF and RF ranges, only a few investigations were performed for the frequency between LF and RF, namely, the medium frequency range. Moreover, DBD is a typical strong collisional plasma system; electrons are often not in local thermodynamic equilibrium with the heavy ion or neutral particles due to the disparity of the corresponding masses, and thus, the particles reduce energy exchange [16]. In addition, the electron energy distribution function (EEDF) could exhibit a complex structure modulated instantaneously [17]. Generally, electron heating is associated with the discharge mode. The two major types of electron heating mechanisms under atmospheric pressure discharge are ohmic heating and secondary electron heating. With the former type, it is due to the conversion of the directed momentum gain caused by the electric field into stochastic thermal motion through elastic collisions [18–20]. For the latter, the secondary electrons produced at the electrodes are accelerated by the strong electric field of plasma sheaths. A similar mechanism is for the secondary electrons produced in the Penning or metastable pooling reactions [16]. Unlike low-pressure discharge, sheath stochastic heating or field reversal accelerating the electrons is negligible at atmospheric pressure discharge due to the strong particle collision and small size of the sheath motion (we can estimate by me(2sω)2/2), where me is the electron mass, s is the sheath amplitude, and ω is the driving angular frequency ω = 2πf. Hence, the sheath motion scale of atmospheric pressure discharge is ∼100 μm). However, with a further understanding of the atmospheric pressure discharge, sheath heating with an expansion and a collapse also plays a key role in the electron heating mechanism [21–23].
In contrast with previous group works, the discharge mode transition and non-local electron heating behavior are not specifically focused in the medium frequency range, and the underlying physics has been investigated in this work. The discharge studied in this work sustains atmospheric pressure diffuse argon DBD with the medium driving frequency (MF) range from 50 kHz to 5 MHz. The paper is organized as follows: the simulation model and its analytic method are described in Section 2. Then, the results with corresponding analysis are presented in Section 3, and a short summary and further discussion of the work are given in Section 4.
2 MODEL DESCRIPTION
In this study, the area of the electrode is much larger than the discharge gap, so we can use the one-dimensional fluid model to simulate the discharge process [24]. There are five species mentioned in this model. In the vicinity of this excited level, there are many semblable levels, and they can transform with each other quickly, so we can consider Ar* as metastable particles.
In the fluid model, the density of electrons, average electron momentum, and average electron energy are calculated by calculating the continuity equation of the charged particles and the momentum equation under the drift–diffusion approximation. Electron transport can be calculated to explain the formation and disappearance of particles. The density continuity equation describing the motion of a particle is
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The energy continuity equation describing the motion of a particle is
[image: image]
where ne represents the particle density of electrons, nƐ represents the particle energy density, Γe represents the particle flux vector of electrons, and ΓƐ represents the particle energy flux vector [25]. Γe and Γε are defined as
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where μe and με are the mobility coefficients. μƐ is defined as
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where De and DƐ are the diffusion coefficients of the particles. De and Dε are defined by Einstein’s relation as
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where e is the elementary charge, Te is the temperature of the electrons, and kB is the Boltzmann constant.
Re is the electron source term after the impact ionization and recombination reaction of the particle, and Sen represents the energy loss or gain due to inelastic collision:
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where xj is the molar fraction, kj is the reaction rate coefficient, is reaction energy loss, Nn is the reaction particle density in the j reaction, and the j reaction can be a positive or negative reaction.
Here, Nn is defined as
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for two-body reactions and
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for three-body reactions.
The electric field of the discharge gap is generally calculated by the Poisson equation:
[image: image]
where ε0 is the vacuum permittivity. The dielectric material is Mgo whose relative permittivity is εr = 9. ni represents the particle density of ions. The expression for the applied voltage is as follows Eq. 13:
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The research involves the chemical reaction and the transport coefficient in the related discharge, as shown in Table 1.
TABLE 1 | Chemical reaction and transport coefficient in discharge.
[image: Table 1]The physical and mathematical parameters studied in the simulation model are shown in Table 2. The model and the calculated waveform of the discharge are shown in Figure 1. The calculated waveform shown, as shown in Figure 1, can be consistent with the results in the literature [26].
TABLE 2 | Physical and mathematical parameters studied.
[image: Table 2][image: Figure 1]FIGURE 1 | (A) Model sketch of dynamics and typical discharge waveform under different driving frequencies of (B) f = 50 kHz and V = 1100 V, (C) f = 500 kHz and V = 1100 V, and (D) f = 5 MHz and V = 1100 V.
In this work, we use the PARDISO solver to calculate the equations. Based on different types of matrices, it computes different types of row exchange matrix P and diagonal matrix D and exchanges and rearranges the matrix A. The resulting PDAP’D’ matrix is decomposed to include as few non-zero elements as possible. Then, PDAP’D’ is decomposed by LU. According to the results of LU decomposition, the iterative method is used to solve the equations.
3 RESULTS AND DISCUSSIONS
The aim of this work is to understand the mode transition and spatio-temporal evolution distribution of particles of a medium frequency from 50 kHz to 5 MHz. To illustrate the extent of different discharge mode transitions, Figure 2 shows the applied voltage and the discharge current evolution for the typical driving frequencies available. The V–I curves are obtained by increasing the applied voltage while maintaining the discharge current. In this model, the plasma is always in the state of diffuse discharge, and the filamentous and instability discharge is not considered. As shown in Figure 2, we can find some important discharge information; the inflections of the V–I curves could be well-interpreted as a major change in the discharge mode transition behavior. No matter what the driving frequency is, in the following part, we will refer to the low-power mode before the first inflection of fRF = 5 MHz (in this work, we fix at V = 500 V), the medium-power mode before the second inflection of fRF = 5 MHz (in this work, we fix at V = 1100 V), and the high-power mode after the third inflection of fRF = 5 MHz (in this work, we fix at V = 2800 V).
[image: Figure 2]FIGURE 2 | V–I characteristic curves for different driving frequencies from 50 kHz to 5 MHz. Three black filling points indicate the applied voltage, for which different modes in this work and the selected voltage will be discussed in the following section.
Figure 3 shows the spatio-temporal evolution of the electron densities calculated by the drift–diffusion model mentioned in section 2. The characteristic frequencies we select are f = 50 kHz, 500 kHz, and 5 MHz. The applied voltage is V = 500 V, 1100 V, and 2800 V, respectively. As shown in Figure 3, we can observe that the spatial–temporal distribution of electron density has an enormous difference with varying driving frequency and applied voltage. These results indicate that the spatial–temporal distribution of electron density will be re-constituted, and the discharge mode associated with non-local electron heating behavior could be modulated by tuning the applied parameters.
[image: Figure 3]FIGURE 3 | Simulated spatio-temporal distribution evolution of the electron density with different driving medium frequencies with 50 kHz (first column), 500 kHz (second column), and 5 MHz (third column).
3.1 The spatio-temporal evolution of particle density
Figure 4 shows the spatio-temporal distribution of particle density in the low-power mode with driving frequency f = 50 kHz. From the figure, we can observe that the density of electrons and argon ions in the plasma bulk region is significantly higher than that near the surface of the insulating layer, as shown in Figures 4A–C. With the increase in the applied voltage, an electron avalanche is formed, which breaks through the gas and generates a large number of charged particles. The argon in the plasma bulk region is ionized to form the charged particles, which occurs in a negligible amount of transport diffusion [33, 34]. The electron density clearly shows a pulse-like distribution in Figures 4D–F. The argon ion density shows a peak near the transient cathode in Figures 4G–I. The Ar2+ density shows a peak in the plasma bulk region, following the electrode flip, as shown in Figures 4J–L. As shown in Figures 4M–O, the argon metastable density also indicates that the peak is mainly observed near the transient cathode, due to the argon near the cathode and electrons for recombining, i.e., through e + Ar→Ar* + e (R1). The electric field shows a pulse-like distribution with the gradual decrease from the cathode to the anode, as shown in Figure 5. The above results are clearly consistent with the second stage of the Townsend discharge characteristics [12].
[image: Figure 4]FIGURE 4 | Spatial distribution of (A–C) the computed particle density within two time-averaged periods. Spatio-temporal distribution of (D–F) the computed electron density, (G–I) the computed argon ion density, (J–L) the computed Ar2+ density, and (M–O) the computed argon metastable density. Discharge conditions: f = 50 kHz; V = 500 V, 550 V, and 950 V, respectively.
[image: Figure 5]FIGURE 5 | Spatio-temporal distribution of (A–C) the computed electron field profiles. Discharge conditions: f = 50 kHz; V = 500 V, 550 V, and 950 V, respectively.
Increasing the applied voltage to the high-power condition with a driving frequency of f = 50 kHz, Figure 6 shows the spatio-temporal evolution of the particle density. In the low-power condition, the distribution of the electron density shows the single pulse structure, while in the high-power condition, the electrons show the multi-pulse structure due to the multiple excited states within one discharge period. It means that the discharge breakdown voltage decreased and the multi-breakdown had been formed within one discharge period. The reason for the above result is that with a large number of the charged particles generated in the space, the breakdown voltage greatly reduces in the next period to make the discharge easier.
[image: Figure 6]FIGURE 6 | Spatial distribution of (A, F) the computed particle density within two time-averaged periods. Spatio-temporal distribution of (B, G) the computed electron density profiles, (C, H) the computed argon ion density profiles, (D, I) the computed Ar2+ density profiles, and (E, J) the computed argon metastable density profiles. Discharge conditions: f = 50 kHz and V = 2000 V and 2900 V, respectively.
As the applied voltage increases, the pulse-like distribution presented in Figures 6B, G gradually increases. The argon ion density not only shows the multi-pulse structure but also appears to have a symmetrical distribution in the plasma bulk region, as shown in Figures 6C, H. The density of argon ions in the transient cathode is higher than the density of electrons because the cathode traps argon ions while repels electrons. The density of Ar2+ shows a continuous distribution in the plasma bulk region. In addition, the argon metastable density peak is mainly concentrated in the center of the argon metastable density region by each discharge at the anode, as shown in Figures 6E, J. The main reason for the distributions of four kinds of particle densities is that in the low-frequency condition, the two instantaneous poles turn over slowly. After the occurrence of the breakdown, the charged particles undergo the excitation and recombination, which will increase the space charge and hence reduce the breakdown voltage. Figure 7 shows that the electric field no longer represents a single pulse-like structural distribution but rather a multiple pulse-like distribution. The distribution of the particle density and the electric field under this condition are consistent with the stable and continuous characteristics of the glow-like discharge [12].
[image: Figure 7]FIGURE 7 | Spatio-temporal distribution of (A, B) the computed electron field profiles. Discharge conditions: f = 50 kHz, and V = 2000 V and 2900 V, respectively.
Increasing the driving frequency to f = 5 MHz and keeping discharge with the low-power mode, the spatio-temporal evolution of particle density is observed, as shown in Figure 8. The particle density shows that the electrons and argon ions are concentrated near the sheath and in the plasma bulk region, while the peak of the argon metastable density is mainly distributed near the surface of the insulating layer and partially distributed in the plasma bulk region. The distributions of the electron density and argon ion density do not change with the flip of the poles but form a continuous and stable domain of the high-density charged particles, and the sheath is gradually expanded, as shown in Figures 8D–F. As the voltage increases, the electrons and argon ions heat transform from the sheath to the plasma bulk region. The Ar2+ density is concentrated in the plasma bulk region. The argon metastable density, as shown in Figures 8M–O, shows a stable and continuous distribution near the surface of the insulating layer. From V = 300 V to V = 390 V, the electron density and ion density increase by 50% in the plasma bulk region with the applied voltage increasing, and the metastable density remains consistent in the sheath. However, from V = 390 V to V = 470 V, the electron density and ion density increase by 30% in the plasma bulk region with the applied voltage increasing, and the metastable density increases approximately 30% in the sheath. The spatial distribution of the metastable density exhibits an expansion to the sheaths, and the reason is that when the argon molecules are ionized to form electrons and ions, the spatial electric field makes the number of electrons increase quickly and accelerates the mobility of ions. Then, it affects the electrons and the ions to form the metastable particle near the sheath. With the increase in the applied voltage, the accelerating effect of the electric field on the particles is significant. A large number of electrons and argon ions occur during the recombination near the sheath to form metastable particles, which makes the density of metastable particles show the expansion to the sheath and a continuous distribution. This is significantly different from the low driving frequency of f = 50 kHz. The main reason is that when the discharge is driven by the radio frequency, after the breakdown occurs, the charged particles have just recombined and the energy of the metastable particle has not completely disappeared while the next breakdown has occurred. As shown in Figure 9, the electric field presents an approximate sinusoidal distribution. The distributions of the above parameters are clearly consistent with the RF-α mode [35].
[image: Figure 8]FIGURE 8 | Spatial distribution of (A–C) the computed particle density within two time-averaged periods. Spatio-temporal distribution of (D–F) the computed electron density, (G–I) the computed argon ion density, (J–L) the computed Ar2+ density, and (M–O) the computed argon metastable density. Discharge conditions: f = 5 MHz; V = 300 V, 390 V, and 470 V, respectively.
[image: Figure 9]FIGURE 9 | Spatio-temporal distribution of (A–C) the computed electric field profiles. Discharge conditions: f = 5 MHz; V = 300 V, 390 V, and 470 V, respectively.
Figure 10 shows the spatio-temporal evolution of the particle density in the high-power condition driven by f = 5 MHz. The particle density shows that the peaks of electrons, argon ions, and argon metastable density are mainly concentrated near the surface of the insulating layer, and the Ar2+ density shows a symmetrical distribution in the gas discharge region. In this discharge condition, the particle density shows a stable and continuous distribution near the surface of the insulating layer, and the continuity is better with the increase in the voltage. The electrons, argon ions, and argon metastable density increase substantially near the sheath region, and the space electric field heats three kinds of particles simultaneously in the sheath. As shown in Figure 11, the electric field is clearly compressed to the sheath, which is different from the distribution of the electric field in the α-mode. The distributions of the above parameters are similar to those in the RF-γ-mode.
[image: Figure 10]FIGURE 10 | Spatial distribution of (A, F) the computed particle density within two time-averaged periods. Spatio-temporal distribution of (B, G) the computed electron density profiles, (C, H) the computed argon ion density profiles, (D, I) the computed Ar2+ density profiles, and (E, J) the computed argon metastable density profiles. Discharge conditions: f = 5 MHz; V = 650 V and 1100 V, respectively.
[image: Figure 11]FIGURE 11 | Spatio-temporal distribution of (A, B) the computed electron field profiles. Discharge conditions: f = 5 MHz; V = 650 V and 1100 V, respectively.
Figure 12 shows the spatio-temporal evolution of the particle density by numerical modeling for the low-power condition of f = 500 kHz. In this condition, the distribution of the particle density is not the same as the distribution presented in f = 50 kHz or f = 5 MHz. As the applied voltage increases from V = 500 V to V = 600 V, the electron density, the ion density, and the metastable density increase substantially. According to the spatio-temporal evolution of the electron density, it can be seen that with the increase in the applied voltage, the electron density and argon ion density present a peak near the sheath.
[image: Figure 12]FIGURE 12 | Spatial distribution of (A–C) the computed particle density within two time-averaged periods. Spatio-temporal distribution of (D–F) the computed electron density, (G–I) the computed argon ion density, (J–L) the computed Ar2+ density, and (M–O) the computed argon metastable density. Discharge conditions: f = 500 kHz; V = 500 V, 600 V, and 700 V, respectively.
When the voltage increases from V = 600 V to V = 700 V, the peak of the electron density appears in the plasma bulk region. The increase in the electron density and the ion density is not obvious, while the metastable density shows a substantial increase. The distribution of the metastable density is approximately continuous. It means that when the discharge is in the low-power condition, the electric field shown in Figure 13 heating mechanism plays a key role for three kinds of particles. When the electron density and the ion density increase to a certain degree, the metastable density is mainly concentrated in the sheath so that the metastable particles will be preferentially heated. The difference in energy distribution makes the discharge mode change. This mode is known as the Ω mode in the medium frequency [36].
[image: Figure 13]FIGURE 13 | Spatio-temporal distribution of (A–C) the computed electron field profiles. Discharge conditions: f = 500 kHz; V = 500 V, 600 V, and 700 V, respectively.
As the applied voltage increases, Figure 14 shows that the particle density is similar to the glow-like discharge in the high-power mode of f = 500 kHz. The electron density shown in Figures 14B, G indicates that when the voltage increases, the electron density appears to be a multi-pulse like structure. As can be seen from Figures 14C, H, there is a localized peak in the argon ion density near the cathode. The distributions of the electron density and the ion density are symmetrically distributed in the plasma bulk region. Figures 14E–J shows that the metastable density forms a continuous distribution, which is consistent with the α-mode of RF. In the high-power condition of f = 500 kHz, the growth trend of the increase in three kinds of particles is almost identical, which means that three kinds of particles are heated in the similar way. The space electric field is compressed to the sheath, heating three kinds of particles simultaneously, and the discharge mode no longer transforms. The electric field, as shown in Figure 15, also clearly shows a sinusoidal distribution, which is consistent with the hybrid mode proposed in [36].
[image: Figure 14]FIGURE 14 | Spatial distribution of (A, F) the computed particle density within two time-averaged periods. Spatio-temporal distribution of (B, G) the computed electron density profiles, (C, H) the computed argon ion density profiles, (D, I) the computed Ar2+ density profiles, and (E, J) the computed argon metastable density profiles. Discharge conditions: f = 500 kHz; V = 2000 V and 2500 V, respectively.
[image: Figure 15]FIGURE 15 | Spatio-temporal distribution of (A, B) the computed electron field profiles. Discharge conditions: f = 500 kHz; V = 2000 V and 2500 V, respectively.
3.2 Electron dynamic behavior and heating mechanism
In the low-power condition at f = 50 kHz, with the increase in the applied voltage, the electron absorption power and the electron impact ionization rate near the transient anode are higher than those on the cathode, and the distribution shows a single-pulse discharge structure in Figure 16. In the low-power condition, due to the low electric field strength, only one breakdown states every half-period. The ohmic heating occurs mainly in the discharge channel, and the heating is relatively weak. The discharge is in the Townsend discharge. Figures 16C, F shows that the discharge state begins to transform from the single-pulse Townsend discharge to the multi-pulse Townsend discharge.
[image: Figure 16]FIGURE 16 | Spatio-temporal distribution of (A–C) the computed electron absorption power profiles and (D–F) the computed electron impact ionization rate profiles. Discharge conditions: f = 50 kHz; V = 500 V, 550 V, and 950 V, respectively.
In the high-power condition of f = 50 kHz, the distribution shows a multi-pulse structure, as shown in Figure 17. Compared with the low-power condition, the discharge excitation transforms from the single-pulse mode to the multi-pulse mode. The electron heating peak value is mainly concentrated in the channel center of each breakdown. The electron absorption power and the electron impact ionization rate are gradually weakened with the discharge phase. The tail of the glow discharge on the cathode in the previous half period almost connects the head on the anode in the next half-period. Electron heating occurs mainly within the sheath and decays with the discharge phase. By increasing the applied voltage, the discharge state transforms from the multi-pulse Townsend discharge into the glow-like discharge.
[image: Figure 17]FIGURE 17 | Spatio-temporal distribution of (A, C) the computed electron absorption power profiles and (B, D) the computed electron impact ionization rate profiles. Discharge conditions: f = 50 kHz; V = 2000 V and 2900 V, respectively.
Figure 18 shows the spatio-temporal distribution of the electron absorption power and electron impact ionization rate within two discharge periods of the low-power condition of f = 5 MHz. When the applied voltage is V = 300 V, the electron absorption power and the electron impact ionization mainly occur near both the sheath expansion region and sheath collapse region, respectively. It means that electron heating occurs simultaneously in the sheath expansion region and sheath collapse region at the same time. Electron heating occurs in the sheath collapse region due to field enhancement. This is a typical characteristic in the α-mode. When the voltage increases to V = 390 V, electron heating appears not only in the expansion and collapse of the sheath but also within the sheath. It implies that the discharge begins to transform from the α-mode to the α–γ hybrid mode. When the voltage increases to V = 470 V, electron heating occurs mainly within the sheath. It means that the α–γ hybrid mode transforms to the γ-mode.
[image: Figure 18]FIGURE 18 | Spatio-temporal distribution of (A–C) the computed electron absorption power profiles and (D–F) the computed electron impact ionization rate profiles. Discharge conditions: f = 5 MHz; V = 300 V, 390 V, and 470 V, respectively.
Under the atmospheric pressure discharge, the collision between particles resists the diffusion of the electrons. The distribution of the electrons is continuous and homogeneous in the plasma bulk region due to the enhanced electric field. As a result, following the collapse of the sheath, the superimposed electric field exerts an accelerating effect on electron velocity, and electron heating occurs in the sheath collapse region [37].
When the voltage increases to V = 650 V, electron excitation mainly occurs within the plasma sheath, which means that the discharge completely enters the γ-mode. The characteristic of the γ-mode is that the ionization excitation process is mainly sustained by the electron avalanche generated in the high-electric field of the sheath. In the high-power condition of f = 5 MHz, Figure 19 shows that alternating heating occurs within the sheath. The formation of the electron avalanche within the sheath is a result that a large number of argon ions bombard the transient cathode to make the secondary electron emission occur, and a large number of the particles recombine near the sheath to generate the electrons after Ar* + e→Ar+ + e + e (R3) and Ar* + Ar*→Ar+ + e + e + Ar (R5). The electron absorption and the electron impact ionization rate are enhanced within the sheath for the above process [37].
[image: Figure 19]FIGURE 19 | Spatio-temporal distribution of (A, C) the computed electron absorption power profiles and (B, D) the computed electron impact ionization rate profiles. Discharge conditions: f = 5 MHz; V = 650 V and 1100 V, respectively.
In the low-power condition of f = 500 kHz, when the applied voltage is V = 500 V, electron heating occurs mainly in the sheath collapse region, which is more similar to the α discharge mode in the low-pressure mode shown in Figure 20 [38]. When the voltage increases to V = 600 V, electron heating is compressed to the sheath region. The electron impact ionization rate increases substantially by one order of magnitude. Compared with the spatial distribution of the charged particle density in the condition of V = 500 V, it can be observed that the densities of the electron and ion show a large increase both in the plasma bulk region and within the sheath. The average growth rate has doubled in the condition of V = 600 V. The density of the metastable particle only increases significantly within the sheath, while it remains almost unchanged in the plasma bulk region. It implies that as the applied voltage increases, the energy of the electrons is mainly gained by the electric field within the sheath and the collision of the particles. As the voltage increases continuously, additional energy is used to heat the metastable particles but not the electrons and ions. Although the distribution of the particle density and electric field are very similar to these in the Townsend discharge, the heating in the Townsend discharge is mainly near the anode. It is different from the heating in the Ω mode.
[image: Figure 20]FIGURE 20 | Spatio-temporal distribution of (A–C) the computed electron absorption power profiles and (D–F) the computed electron impact ionization rate profiles. Discharge conditions: f = 500 kHz; V = 500 V, 600 V, and 700 V, respectively.
In the high-power condition of f = 500 kHz, shown in Figure 21 the electron absorption power and electron impact ionization rate occur within the sheath. Electrons are produced mainly in the sheath by collision ionization and secondary electron emission. It also appears that the tail of the glow discharge on the cathode in the previous half period connects to the head of the anode in the next half period. Heating is similar to the glow-like discharge, while the electron maintains itself in a different way. A large number of electrons are heated not only in the sheath but also in the plasma bulk region. There is a high density of electrons and ions in the plasma bulk region. With the increase in the applied voltage, more electrons are bound in the plasma bulk region, which is conducive to the accumulation of ions in the sheath. Because the electric field of the sheath enhances, the electron absorption power and electron impact ionization rate increase. The heating within the sheath is significantly different from the electron heating in the sheath expansion region and the sheath collapse region in the α-mode of RF.
[image: Figure 21]FIGURE 21 | Spatio-temporal distribution of (A, C) the computed electron absorption power profiles and (B, D) the computed electron impact ionization rate profiles. Discharge conditions: f = 500 kHz; V = 2000 V and 2500 V, respectively.
4 CONCLUSION
In this work, we investigate the classical medium driving frequency of f = 50 kHz, 500 kHz, and 5 MHz, calculated by a one-dimensional fluid model, and study the characteristics of plasma evolution by changing both driving frequency and applied voltage. Then, we analyze the spatio-temporal evolution of particle density associated with discharge mode transition and electron dynamic behavior under these discharge conditions. The main conclusions of this work are as follows:
(a) In the driving frequency of f = 50 kHz, the discharge state transforms from the Townsend discharge to the glow-like discharge. It is similar to the discharge state in the low frequency. When the driving frequency increases to f = 5 MHz, the discharge mode transforms from the α-mode of RF to the γ-mode of RF. It is similar to the discharge mode in the radio frequency.
(b) In the medium frequency of f = 500 kHz, there are two modes, which are different from the modes clearly delineated in the low frequency and the radio frequency. The distribution of the particle density and electric field in the Ω-mode approximate the distribution in the Townsend discharge, while the distribution of heating is different from the distribution in the Townsend discharge. With the increase in the applied voltage, the mode transforms to the hybrid mode. The distribution of the particle density and electric field is similar to the distribution in the glow-like discharge, but the electron maintains itself in a different way.
(c) Ohmic heating can describe all the electronic heating modes. It is proven that ohmic heating is also the main electronic heating mode in the medium frequency. The results show that in the medium frequency of f = 500 kHz, electron heating occurs in the sheath collapse region in the Ω-mode, and electron heating occurs not only within the sheath but also in the plasma bulk region in the hybrid mode.
Currently, the discharge mode in the medium frequency needs to be further clarified. In this work, we summarize the electron heating behaviors and mode transitions. We identify that the discharge is sustained in six different modes: the Townsend discharge and glow-like discharge in f = 50 kHz, the Ω-mode and hybrid mode in f = 500 kHz, and the α-mode and the γ-mode in f = 5 MHz.
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