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The diagnostic of high-density hot plasma is a challenging task due to its high temperature and electron density. Arc plasma is one of the typical hot density plasmas, and its diagnosis is the key to develop its new applications. In this paper, the temperature and density distributions of welding plasmas with different discharge currents are numerically simulated based on a Tungsten Inert Gas Arc Welding model, and the electron density distributions are calculated. Then propagation properties of broadband terahertz (THz) waves in the modeling arc jets are calculated by the finite difference time domain method. These results not only provide a preliminary theoretical guidance for in-depth understanding the problems of blackout in re-entry communication, but also develop a new idea for the terahertz diagnostic of plasma with high density.
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1 INTRODUCTION
There is increasing attention to arc discharge due to its wide range of applications, including arc welding [1, 2], spray coating [3, 4], materials processing [5], arc lamp [6], and some emerging applications: synthesis of graphene [7, 8] and other Nano-Materials [9]. In order to make better use of arc discharge to develop new applications, it is important to learn the plasma properties, especially the electron density and temperature [10, 11]. Generally, the electron density of arc discharge ranges from 1013 to 1018 cm−3, and the gas temperature exceeds 1000 K [12, 13], which makes it difficult to measure the electron density and temperature. The most frequently used techniques for determining the electron density are optical diagnostics, including Thomson scattering method, continuum radiation, atomic line Stark broadening, and so on [12, 14, 15]. Microwave diagnostic [16–21] is an effective method to measure various plasmas with plasma density below 1013 cm−3, however, it is invalid to measure the plasma of higher density due to the limited frequency of microwave [22].
In the past two decades, researchers have made significant efforts in the generation and detection of terahertz radiation [23], which has made it widely used in various scenarios: material characterization, terahertz imaging, terahertz microscopy for biological and medical applications, terahertz communication, and so on [24–27]. Among these applications, THz spectroscopy is a versatile technique that can also be employed in the characterization of chemistry and its evolution in plasma processing systems [28]. And some studies about THz waves in plasmas have been performed by a few groups. Yuan et al. studied the propagation characteristics of broadband THz waves in atmospheric pressure microplasma [29, 30], magnetized plasma [31], and thermal plasma [32] by theoretical analysis and numerical simulation. Zheng et al. studied the propagation properties of THz wave in unmagnetized plasma with the ZT-FDTD (Z-Transform Finite Difference Time Domain) method and experimental method [33]. Tian investigated the absorption spectra of THz wave in plasma with inhomogeneous collision frequency [34]. Wang and Cao discussed the propagation properties of THz waves through a dusty plasma slab, respectively [35, 36]. Zhao investigated the THz wave absorption by a preformed plasma created by a laser pulse [37]. Jiang employed the terahertz time-domain spectroscopy to characterize the electron density of inductively-coupled argon plasmas [38]. Guo theoretically analyzed the propagation properties of THz wave in a magnetized plasma with inhomogeneous electron density and collision frequency [39]. Curcio performed the experiment of laser-produced plasma diagnostics with wideband terahertz pulses [40]. Ouaras used a broadband CW-terahertz spectroscopy to characterize reactive plasmas [28]. In conclusion, more and more research work is trying to study the propagation properties and applications of THz waves in various plasmas.
In this paper, Tungsten Inert Gas (TIG) Arc Welding, an arc discharge plasma model is established, and the temperature and density distributions are simulated. Then the propagation properties of broadband THz wave in this plasma are studied by finite difference time domain method.
2 NUMERICAL MODEL
2.1 Governing equations
Tungsten Inert Gas Arc Welding is an arc discharge device using pure tungsten or activated tungsten (such as thorium tungsten) as a non-melting electrode and an inert gas such as argon or helium as a shielding gas. In this paper, the cathode is made of tungsten, the anode is made of copper and high purity argon is used as the shielding gas. In order to make the problem simple and straightforward, only the firstly ionized argon ions are considered here, and the following particles exist in the arc system: Ar, Ar+, and e.
The governing equations for simulating the arc column region of the argon arc plasmas can be expressed as follows [41, 42]:
(1) Mass continuity equation:
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where ρ is the total mass density of argon plasmas, vz and vr are the axial and radial components of the plasma velocity.
(2) Momentum conservation equations:
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where p is the operating pressure, ρ and μ are the mass density and viscosity of argon plasmas, Bθ is the circumferential component of the self-induced magnetic induction intensity, while jz and jr are the axial and radial components of the total current density.
(3) Energy conservation equation:
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Where h is the specific enthalpy of the plasma and λ is the thermal conductivity, [image: image] is the total current density vector, and [image: image] is the electric field.
(4) Poisson equation:
[image: image]
Where [image: image] is the electric conductivity and φ is the electric potential of the plasma.
The number densities of each species are calculated based on the charge neutrality condition (i.e., ne = [image: image]) and the Saha equation [43]:
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where, [image: image], [image: image] and [image: image] are the number densities of electron, Ar and Ar+, [image: image] is the first-order ionization energy of [image: image], h and k are Planck constant and Boltzmann constant, respectively. And the values of the constants are: E1 = 1,1523  kJ/mol, k = 1.38 × 10−23  J/K and h = 6.626 × 10−34 J ·s. [image: image] and [image: image] are the partition functions of Ar and Ar+, respectively:
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The pressure of the particles in the arc obeys the Dalton partial pressure equation:
[image: image]
here, nj—is the density of particle j. And then
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2.2 Computational domain and simulation results
During the arc discharge process, the shielding gas argon is in a flowing state and is at a constant speed 15 L/min. At present, the mainstream software for simulating arc discharge is ANSYS FLUENT. The temperature field distribution, pressure field distribution, velocity field distribution, radiation field distribution, electromagnetic vector distribution and other data can be obtained through simulation. Since the arc discharge plasma is in a local thermodynamic equilibrium state [44–46], the electron temperature, the argon atom temperature, and the argon ion temperature are all the same, and the absolute temperature is in K, and the pressure unit of is in Pa. The schematic diagram of the calculation domain used for the simulation is shown in Figure 1, AF is the inlet and EF is the outlet. CD is the axis of axisymmetry, ABC and DE are the cathode and anode, respectively. The tip radius of the Tungsten electrode is 0.5 mm, and the lengths of the calculation domain along the direction of r and x are both 10 mm.
[image: Figure 1]FIGURE 1 | The schematic diagram of the numerical simulation.
The pressure field distributions under the discharge current of 100 A are shown in Figure 2. As can be seen from Figure 2, the pressure of the arc near the anode and cathode regions is large, and the pressure at a position away from the two regions is reduced. However, the pressure difference is in 0.01 standard atmospheres (<0.01 atm), so the change in pressure gradient will be ignored in the subsequent calculation of electron density.
[image: Figure 2]FIGURE 2 | 2D distribution of arc pressure under an operating pressure of 1 atm.
The arc temperature distributions of the discharge currents of 100, 150, and 200 A are shown in Figure 3, respectively. From the result, one can see that the arc temperature increases as the discharge current increases, and there is a maximum gradient near the cathode. At 1 mm below the cathode, the arc temperature can reach up to 20,000 K. The arc temperature distribution along the radial direction at 1 mm below the cathode at three different discharge currents is shown in Figure 4. The arc temperature distribution is in good agreement with the experimental results as in Refs. [47, 48].
[image: Figure 3]FIGURE 3 | The contour plot of arc plasma temperature distribution at discharge current of (A) 100 A, (B) 150 A, and (C) 200 A.
[image: Figure 4]FIGURE 4 | Temperature distribution of the arc plasma at the cross section of 1 mm below the cathode at different discharge currents.
According to the results of pressure and temperature distribution, the electron density distribution can be obtained. And the electron density distributions under different currents are shown in Figure 5. The peak value density of plasma reaches the order of 1023 m−3, which is closer to the experimental data [49].
[image: Figure 5]FIGURE 5 | Density distribution of arc section at 1 mm below the cathode under different discharge currents.
2.3 The calculation model of THz wave transmission
Figure 6 shows the transmission characteristics of terahertz waves in arc plasma simulated by the FDTD method, which is based on a two-dimensional axisymmetric calculation model on the X-Y plane. The plasma region is divided into 11 layers from the center to the outer layer, corresponding to the electron density gradient at 1 mm below the arc tungsten, the outer diameter is 10 mm. The x-direction boundary of the FDTD calculation region is periodic, ensuring that the incident wave is a plane wave, and the y-direction boundary is PML; the mesh is divided into 0.2 μm × 0.2 μm. Then, the THz wave transmission characteristics can be obtained by solving the electromagnetic field equations:
[image: image]
where the THz wave is assumed to be harmonic, linearly polarized and uniform electromagnetic wave incidents into the plasma, [image: image] and [image: image] are the permeability and permittivity of the medium. According to the Drude model, the complex permittivity of the plasma is
[image: image]
here, [image: image] is the susceptibility, [image: image] is the collision frequency, and [image: image] is the plasma frequency. Then, we can obtain the transmission characteristics of the THz wave in arc plasma by applying permittivity of the plasma described by Eq. 11 in the FDTD method.
[image: Figure 6]FIGURE 6 | Arc plasma calculation model for FDTD-Solutions.
The collision frequency between electrons and neutrals simply scales with discharge pressure (number density): [image: image] = const × p0 (p in Torr), and here the const for argon can be found in Ref. [50]. By the result of Figure 1, the pressure p0 is about 760 Torr, so the collision frequency is about 1.5 × 1012 Hz by computation.
To diagnose plasma by electromagnetic wave method, it is generally assumed that the plasma is flat or the transverse dimension of the plasma is much larger than a wavelength. Therefore, firstly, in the simulation process, the plasma is assumed to be a flat with a one-dimensional non-uniform density distribution, and the incident frequency of the THz wave is chosen to 0.01–10 THz and its interaction with electromagnetic waves is obtained.
3 RESULTS AND DISCUSSION
Figures 7A–C show the transmission, reflection, and absorption of broadband THz wave (0.01–10 THz) in the plasmas with different discharge currents. From Figure 7A, it can be seen, with the current increasing, the “cut frequency” increases. This is because of the increasing of plasma density with the increasing of the current. Based on this phenomenon, the plasma frequency can be roughly obtained, which may be used as the method for flat distributed arc plasma diagnostic with THz wave. That is, the size of the arc plasma is so much larger compared to the incident terahertz wavelength that the effect of its dimension on terahertz transmission can be neglected.
[image: Figure 7]FIGURE 7 | The transmission of THz wave in flat distribution plasma with different currents. (A) Transmission. (B) Reflection. (C) Absorption.
From Figure 7B, it can be seen that the most energy of low frequency THz wave is reflected by the plasma, and almost no change with increasing current because of the incident wave frequency is much lower than the plasma frequency. For the high frequency THz wave, the reflection not only depends on the plasma density but also the spatial distribution of plasma density [51]. As shown in Figure 7C, with the increasing of current, the absorbing bandwidth increases, and absorption peak moves to high frequency. The primary causes of these results are the resonance absorption peak moving to high frequency with the increasing of the plasma density.
In the above, it is supposed that the plasma is one-dimension flat distribution, however, the arc plasma is usually of finite volume and the cross-section shows a circular shape in actual situations. Then, the collisionless plasma with uniform and nonuniform density distribution of circular cross-sections are applied to simulate the electromagnetic wave transmission, and the results are shown in Figures 8A, B respectively. The dashed lines in Figure 8A are the corresponding plasma frequencies for mean electron density of different discharge current according to Figure 5. From the transmission results, the corresponding plasma frequencies can be easily obtained for the uniform plasma density distribution, as shown in Figure 8A. However, in case the plasma density distribution is nonuniform, as shown in Figure 5, we can find it difficult to obtain the plasma frequency directly from the transmission results shown in Figure 8B. Therefore, the plasma density distribution has significant influence on the plasma frequency obtained through the electromagnetic wave transmission properties.
[image: Figure 8]FIGURE 8 | The transmission characteristics of THz wave in circular distribution plasma. (A) Uniform density distribution. (B) Nonuniform density distribution shown in Figure 5.
In addition, the plasma collision frequency can also influence the transmission characteristics of THz waves in the arc plasma. In order to discuss the influence of collision frequency, we assume that the arc plasma has a uniform cylindrical distribution, and the collision frequencies are set as 0.1, 0.5, and 1.5 THz respectively. The corresponding transmission results are shown in Figure 9A–C. From the results, we can find that when the collision frequency is small, for example, 0.1 THz, the plasma frequency still can be obtained by the transmission results. As the collision frequency increases, the plasma cutoff frequency becomes more difficult to obtain and eventually completely indistinguishable as shown in Figure 9C.
[image: Figure 9]FIGURE 9 | The transmission characteristics of THz wave in arc plasma with different collision frequencies: (A) 0.1 THz, (B) 0.5 THz, and (C) 1.5 THz.
Therefore, based on the above research, it can be seen that for arc plasmas with dimensions much larger than the wavelength of the incident THz wave, the THz technique can be used to achieve diagnosis of the large size arc plasmas. However, for cases where the cross-sectional size of the arc plasma has a non-negligible effect on the THz wave transmission, the plasma density distribution as well as the collision frequency can then have an important effect on the THz diagnosis results. Consequently, for small size arc plasma, it may lead to the technology only applicable to diagnose collisionless plasmas with a uniform density distribution.
4 CONCLUSION
In this work, the arc welding plasma is simulated by using ANSYS FLUENT, and the pressure and temperature distribution of the plasma are simulated based on the TIG arc plasma model. According to the simulation results, the electron density distribution is obtained by combining the conditions of the local thermodynamic equilibrium state of the arc discharge plasma. Then the propagation of THz waves is calculated by FDTD method. These results show that the reflection, transmission and absorption of the THz wave change with the discharge currents, and exhibit abundant phenomena. Additionally, the electron density distribution and collision frequency can have significant influence on the transmission characteristics of THz wave in arc plasma. From the results, it is found that for high-density plasma such as arc discharge, we can use the THz wave with appropriate frequency for diagnosis under the appropriate circumstances that the collision is infrequent and plasma density distribution is almost uniform or the size of arc plasma is much larger compared to the incident THz wavelength.
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