[image: image1]Theoretical Study on Characteristics of Glow Discharged Neon Gas and Its Interaction With Terahertz Waves

		ORIGINAL RESEARCH
published: 08 September 2021
doi: 10.3389/fphy.2021.751335


[image: image2]
Theoretical Study on Characteristics of Glow Discharged Neon Gas and Its Interaction With Terahertz Waves
Lei Hou*, Yaodong Wang, Junnan Wang, Lei Yang and Wei Shi
The Key Laboratory of Ultrafast Photoelectric Technology and Technology and Terahertz Science in Shaanxi, Xi’an University of Technology, Xi’an, China
Edited by:
Yingxin Wang, Tsinghua University, China
Reviewed by:
Yan Peng, University of Shanghai for Science and Technology, China
Jun Wang, University of Electronic Science and Technology of China, China
* Correspondence: Lei Hou, houleixaut@126.com
Specialty section: This article was submitted to Optics and Photonics, a section of the journal Frontiers in Physics
Received: 31 July 2021
Accepted: 24 August 2021
Published: 08 September 2021
Citation: Hou L, Wang Y, Wang J, Yang L and Shi W (2021) Theoretical Study on Characteristics of Glow Discharged Neon Gas and Its Interaction With Terahertz Waves. Front. Phys. 9:751335. doi: 10.3389/fphy.2021.751335

Discharge gases have been used to detect terahertz (THz) waves, however, there are few relevant theoretical studies. The neon glow discharge model is established by COMSOL Multiphysics software, the characteristics of glow discharged neon and the interaction of the discharged gas with THz waves were investigated. The results show that with the increase of THz wave’s frequency, the transmittance increases, the change of plasma discharge characteristics caused by THz wave can be used for THz wave detection. The results provide a theoretical basis for the development of cheap, room temperature THz wave detector with fast response speed, and high sensitivity.
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INTRODUCTION
Terahertz (THz) radiation spanning from 0.1 to 10 THz falls between the microwave and infrared spectral ranges [1]. In recent years, THz technology applications have been rapidly expanding in areas including nondestructive material evaluation, imaging, sensing, and wireless communication [2]. In the development of THz technology, how to detect THz radiation efficiently is of great significance to the progress of THz technology.
At present, commercial room temperature THz detectors, including Golay cells, pyroelectric detectors and Schottky diodes, have the disadvantages of slow speed, limited bandwidth or high price, so they are difficult to be widely used in THz community [3]. In 1952, the glow discharge plasma was used to detect microwave radiation [4]. It was later discovered that glow discharge plasma can also be used for detection in THz, infrared and ultraviolet bands ( [5, 6]). The glow discharge detectors (GDD) based on commercial neon lamps are potential detectors with high sensitivity. In addition, the use of glow discharge plasma to detect THz radiation has the advantages of low cost, wide dynamic range, wide spectral range, room temperature operation, and simple use [7].
The interaction between gas discharge plasma and electromagnetic waves has been investigated in the infrared and microwave bands [8–13]. These preliminary studies have shown that far infrared radiation with relatively high field amplitudes can be detected by GDDs, and the detection mechanism is attributed to the incident far infrared radiation increasing the energy of the plasma, which increase the discharge current. The detection of THz radiation by GDDs can be explained by the interaction of THz wave and plasma in discharge gases. Since the frequency of the glow discharge plasma in a commercial neon lamp is about a few GHz [7], the plasma is almost transparent to the incident THz radiation. In the neon lamp, the strong electric field of the applied voltage will cause the electrons to move from the cathode to the anode, the incident THz wave is absorbed by free electrons and this process cause the discharge current to slightly changes, the sign of the change depends on which of the enhanced ionization and enhanced diffusion mechanisms is dominant in the detection mechanism [14]. Ref. 15 have shown that the main mechanism for detecting THz radiation with GDDs is to enhance cascade ionization, which causes an increase in discharge [15]. The transmission of THz wave decreasing with increasing bias voltage for certain frequencies [16].
In this paper, we provided a theoretical basis for the development of a new type of THz wave detector based on neon glow discharge by investigating the characteristics of neon glow discharge and its interaction with THz waves.
CHARACTERISTICS OF NEON DISCHARGE
2D Neon Discharge Model
In this work, we use the plasma module in COMSOL Multiphysics software to establish the neon discharge model, and obtain the plasma characteristic parameters and electric field distribution parameter diagram, and verify whether the model realizes the glow discharge and the feasibility of the model by comparing with the existing theoretical and experimental results.
Assuming that the system is in an ideal plasma environment, the plasma discharge area is filled with pure neon gas. A two-dimensional axisymmetric model was established as shown in Figure 1. The outer length of the model is [image: image] and the width is [image: image]. The white rectangles on the upper and lower sides are electrodes. The length is [image: image], the width is [image: image], and the electrode spacing is [image: image]. The gray area between two electrodes is neon discharge area, the gas inside the plate is divided into outer region and inner region. Because the fluid does not distinguish between internal and external boundary, errors are easy to occur in calculation if the electrode is set to a metal. Due to this reason the electrodes regions were “hollowed out”.
[image: Figure 1]FIGURE 1 | 2D structure of gas discharge model.
The discharge area includes discharge module, particle drift diffusion module and energy module.
Discharge module: Neon’s discharge region includes four kinds of particles, namely electron [image: image], neon atom [image: image], metastable neon atom [image: image] and neon ion [image: image]. In the calculation of the variation of the dynamic parameters of the gas discharge system, the particle collision of [image: image] and [image: image], including elastic collision, excitation and ionization, and the surface reaction on the electrode surface should also be considered. The reaction formulas and reaction types are shown in Table 1.
TABLE 1 | Reaction formulas and reaction types in discharge process of neon gas.
[image: Table 1]Ion drift diffusion module: it contains the electron drift diffusion equation and the input of model parameters, the setting of gas temperature, gas pressure and reduced electron mobility parameters.
Energy module: it includes insulation surface, initial value, metal contact (anode), grounding (cathode), dielectric contact, wall, as so on. The initial value is the initial electron density and the applied voltage value. Metal contact include the setting of type setting and circuit type setting. The circuit types include RC circuit, ballast resistance, DC isolation resistance and DC isolation capacitor. In this paper, we choose RC circuit.
Simulation Results of Neon Discharge Characteristics
According to the volt-ampere characteristic curve of gas discharge, at first, due to the migration movement of electrons and positive ions, a small current is generated in the discharge tube, and the space charge formed by positive ions is conducive to the movement of electrons towards the anode in the tube. As the electrons slowly gather at the anode, they collide and ionize frequently with the gas atoms near the anode, and a large number of electrons and positive ions generate. The electrons continue to collide with the gas atoms, and the positive ions move to the cathode under the action of the electric field, bombard the cathode and emit secondary electrons, which then collide with the gas particles. And finally the discharge reaches a stable state.
In the 2D Neon discharge model, the electrode spacing is set to [image: image], the discharge voltage is [image: image], and the initial plasma density is [image: image], and the resulting trend distribution of electron density, electron temperature and electric potential are shown in Figures 2–4.
[image: Figure 2]FIGURE 2 | Distributions of electron density at different times. (A) [image: image]; (B) [image: image]; (C)[image: image]; (D)[image: image]
[image: Figure 3]FIGURE 3 | Electron temperature distribution at different times. (A)[image: image]; (B)[image: image]; (C)[image: image]; (D)[image: image].
[image: Figure 4]FIGURE 4 | Electric potential distribution at different times. (A)[image: image]; (B)[image: image]; (C)[image: image]; (D)[image: image].
Figure 2 shows the distribution of electron density at different time. In Figure 2A[image: image], a large number of electrons and positive ions are generated near the anode due to the collision between electrons and gas atoms, and the electron density is relatively high. In Figures 2B,C, from[image: image] to[image: image], the positive ion moves to the cathode under the action of the electric field, the cathode produces secondary electrons under the bombardment of the positive ion, and the electron density near the cathode is increasing. In Figures 2C,D, after when [image: image], the electron density near the cathode reaches the maximum value, until when[image: image], the electron density distribution does not change any more, and the discharge reaches a stable state.
Figure 3 shows the distribution of electron temperature at different time. Electron temperature is used to describe the thermal energy of particles. In Figure 3A, when [image: image], electrons continue to move to the anode under the action of the electric field, and the temperature of the electron near the anode is relatively high. In Figure 3B, when [image: image] , due to the bombardment of positive ions on the cathode, a large number of electrons are generated near the cathode, which increases the temperature of the electrons near the cathode. The electrons reach the anode from the cathode under the bias electric field. In Figure 3C, when[image: image], the electron’ energy decreases due to collision. Until Figure 3D, when [image: image], there is no change in the electron temperature distribution, and finally the discharge reaches a stable state.
Figure 4 shows the distribution of electric potential at different time. In Figure 4A, when [image: image], the discharge has just begun, and the electric potential distribution is linear between the two electrodes. In Figures 4B,C, with the increase of secondary electrons emitted by the cathode, the voltage drop gradually approaches the cathode. In Figure 4D, when[image: image], there is no change in the electric potential distribution and a stable state is reached.
According to the analysis of simulation results, our model is consistent with the glow discharge theory, so the model can be used to simulate a gas glow discharge. In our simulation, we have simulated the glow discharge respectively when the electrode spacing is [image: image], [image: image], [image: image], [image: image] and [image: image], the discharge voltage is [image: image], [image: image], [image: image], [image: image] and [image: image], the initial electron density is [image: image], [image: image] and [image: image], respectively. And we found that the neon gas glow discharge is the most stable when the electrode spacing is [image: image], the discharge voltage is [image: image], and the initial electron density is [image: image].
SIMULATION OF INTERACTION OF NEON DISCHARGE AND THZ WAVE
Simulation Model
Based on the results of part 2, we established the interaction model of neon gas and THz wave as shown in Figure 5. The model is divided into five regions. Region one is the incident region; region 2 is the transmission region with a size of [image: image]; region 3 is the cathode which is grounded; region four is the anode which is connected to the bias voltage, and the size of regions 3 and four is [image: image]; region 5 is a gas discharge area with a size of [image: image]. THz radiation perpendicularly incident to the discharge area.
[image: Figure 5]FIGURE 5 | Model of interaction of discharged neon and THz wave.
The Influence of Frequency of THz Waves on Glow Discharge
We suppose that the electric field is no loss in the incident area. When the THz wave illuminates the discharge area, the part of incident energy is absorbed by the electrons, which will enhance the interaction between the charged particles and the neutral particles in the discharge area. The temperature of the electrons rises to the extent that new electrons can be generated through ionization, and the ionization rate is increased. With the increase of the kinetic energy of electrons, the ionization rate and the number of electrons increases, which increases the frequency of collisions between electrons and neutral particles. The effect of frequency on the interaction between THz wave and plasma was investigated by simulating the electric field distribution of THz wave with different THz frequencies before and after passing through the neon discharge region. The simulated results are shown in Figures 6A,C,E.
[image: Figure 6]FIGURE 6 | Electric filed intensity distribution of discharge interval (left column) and the distribution of THz electric field along the horizontal line of y = −2.5 mm after it passing through the discharge region (right column) at different THz frequencies. (A,B)[image: image]; (C,D)[image: image]; (E,F)[image: image].
Take a horizontal line parallel to the discharge section at [image: image] in Figure 5, and then get the distribution of THz electric field along the line after it passing through the discharge region. The distribution curves of electric field intensity are shown in Figures 6B,D,F which illustrates the energy changes of the THz wave after passing through the discharge region.
When the THz wave enters the discharge region, the plasma absorbs the energy of the THz wave to improve its internal energy, collision frequency increases, and a large number of electrons, neon ions and excited neon atoms are constantly produced. After that, high-energy electrons and excited neon atoms are consumed in large quantities, new electrons generated and the electron density in the discharge region increases. The external energy input is difficult to maintain the frequent and violent inelastic collision reaction, and the plasma gradually reaches a new balance. It can be seen from the Figure 6, the peak value of the electric field intensity distribution curve is increasing and different peaks appear. The reason is that the interaction of electrons and neutral particles in the plasma is strengthened, which leads to the decrease of energy absorbed by electrons from THz waves with the increase of frequencies. The transmittance of THz wave increases in the discharge region, and the electric field intensity increases in the transmission region. The absorbed THz waves change the plasma density and the potential between the two electrodes also will changes, the THz intensity can be detected according the potential change.
CONCLUSION
In this paper, the discharge characteristics of neon and its interaction with THz wave are simulated. The neon glow discharge model is established by COMSOL Multiphysics software, and the results are consistent with the glow discharge theory. Then, the neon glow discharge model with stable discharge interval is obtained. Finally, based on the neon glow discharge model, the THz electric field intensities of THz wave passing through the discharge region under different terahertz wave frequencies are investigated. The results show that with the increase of THz frequency, the transmittance of terahertz wave is strong and the loss decreases. The results of the paper provide a theoretical basis for the development of cheap, room temperature THz wave detector with fast response speed, and high sensitivity.
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