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1. INTRODUCTION
Long homogeneous column of argon plasma at a pressure of 0.5 Torr, generated by means of the Beenakker cavity [1], has been investigated by methods of emission spectroscopy, photography and self-consistent 3D modeling in a nonlocal approximation. 

2. EXPERIMENTS AND MEASUREMENT PROCEDURE
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 Design and dimensions of the resonator and the sketch of spectral measurements are shown in Fig. 1a. Quartz tube passes through the axis of symmetry of the resonator. An argon discharge is ignited inside the quartz tube 18 cm in length with its inner 5.2 mm and outer 6.8 mm diameters at a pressure of 0.5 tor and gas flow of 0.2 l/min. The external parts of the tube outside the resonator are equal in length. The resonator is excited by a coaxial feeder with inner rod antenna, vertically entered through the top cover of the cavity We used a commercial microwave generator with 2.45 GHz  frequency and output power of 80 W. Optical emission of the discharge is registered with the digital camera and spectrometer.

The discharge emission is uniform both along the length of the column and when collected at the end of the quartz tube (Fig. 1b). However the “end-on” and “side-on” temperatures determined by the intensity of emission of excited p and d states of argon atoms collected at the end and perpendicular to the discharge tube were found quite different: 1900-2200 K and 4350-4900 K respectively. Explanation for such a difference in temperatures has been found due to the simulations.

3. MODELING OF THE DISCHARGE

Since the electrodynamic system with the energy feeder and tuning rod is asymmetric, one needs a three-dimensional model. The model contains the Maxwell equations, Poisson equation and kinetic equations for the electrons, argon ions (Ar+ and Ar+2) and electronically excited argon states: coupled metastable 3P2÷3P0 level Ar(M), coupled resonant 3P1÷1P1 level Ar(R) and 3 higher lying lumped levels Ar(F), Ar(A), Ar(B) [2]. The model includes the following processes: direct and stepwise electron excitation of Ar; interchange of metastable and resonant states under the electron impact; emission of higher lying argon states; dissociative recombination of Ar+2 ion; wall quenching of the excited argon states.

The processes of chemi-ionization with generation of ions Ar+ and Ar2+, i.e.  Ar(M) + Ar(M, R) ( Ar+ + Ar + e and Ar(M) + Ar(M, R) ( Ar2+ + e + e were included in the kinetic scheme.

We also took into account the reabsorption when calculating the loss of resonant state of Ar(R) and higher lying lumped level Ar(F) due to emission.
Since in studied conditions and geometry of the discharge system the relaxation length of electron energy significantly exceeds the radius of the discharge tube, a nonlocal approximation is used for a description of the discharge [3]. In this case the local link of parameters of the electronic component with microwave field is absent, it is replaced by the balance equation of the electron energy density [4, 5].

The model contains pre-computed table files with the rate constants of reactions which include an electron impact. These rate constants are functions of the local values of the mean electron energy θ and electron concentration ne. The electron energy distribution functions, needed for calculation of those constants, have been obtained by solving the Boltzmann equation for the free electrons of the plasma in the two-term approximation with a self-consistent set of cross sections for argon.
 Preliminary simulations allowed to simplify the computational domain and to reduce RAM memory space and the running time. The length of the upper part of the quartz tube is set shorter than its protruding lower part. The upper part of the tube ends where the microwave wave strongly decays and the influence of wave reflection from tube end can be neglected.

The plasma and wave equations are solved numerically, using finite element methods implemented in the commercial package Comsol 3.5a [6]. Solution convergence is usually obtained after about an hour of computation on 12-core 2.3GHz Xeon of 64 bit system with 32 GiB of RAM.

4. RESULTS AND DISCUSSION
Simulations showed that the plasma can be divided into two areas: a central ellipsoidal core, located mainly inside the resonator and projecting slightly beyond it, and peripheral homogeneous column uniformly filling the quartz tube outside the resonator. The microwave field concentrates mostly inside the resonator with maximal values at the walls of the quartz tube. Outside the resonator the wave decays at a distance of a few millimeters. The characteristic peaks of stationary field (Fig. 2a) outside the resonator’s cavity correspond to a local resonant increase of the field where the wave goes through the points with critical density of plasma. In contrast to the microwave field the mean electron energy (Fig. 2b) does not vanish at the exit of the resonator’s cavity, it is set constant and equal to about 3 eV. In the central region the mean electron energy on the axis is about 3.5 eV. We note that outside the central region the mean electron energy is quite high and kinetic processes, initiated by direct electron impact, make a significant contribution. Such characteristic steady distribution of energy is typical for the nonlocal problem and determines the spatial distribution of all plasma particles.
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	( Fig. 3. The side-on excitation temperature (normalized to the end-on excitation temperature Tex II = 3600 K) as a function of the distance between the collecting line and the bottom of the resonator’s cavity, simulation.


	
	( Fig. 2. Profiles of: a - microwave field; b - mean electron energy; c - electron density, along the vertical axis Oz of the tube. d – the electron density diagram on a vertical slice of the tube. Vertical lines correspond to the boundaries of cavity. Simulation. 


Typical plasma density (Fig. 2c) exceeds 10nc in the central region, though inside the homogeneous column it is about 0.1nc. The density of Ar2+ approximately equal to 0.4nc and 0.004nc inside and outside the central region respectively.
The simulations allowed determining of the mechanisms of population of Ar (F, A, B) effective states. It was found that in the central region of the discharge the Ar(F) state is mainly populated due to the stepwise processes and the Ar(A, B) states - by the direct electron impact. In the discharge tube outside the cavity all of these states are populated due to the direct electron impact. According to the simulations these mechanisms lead to an overpopulation of Ar(F) state (13.2 eV) in the central region, compared with the excitation due to only the direct electron impact, and hence to a decrease in temperature. The simulations have also shown that the concentration of Ar(F) state in the central region of the discharge is three orders of magnitude higher than in the homogeneous column. This means that even in the presence of reabsorption it is the central region of the discharge which gives the main contribution during the end-on line intensity measurement collected from the discharge tube. When measuring the side-on intensity of the line emission along the line for collecting the emission, placed close to the resonator’s cavity, both the tail of the central core and uniform column contribute to the total collected intensity. If the line for collecting the emission is selected further from the cavity, the contribution of the central core becomes smaller and measured temperature of excitation gradually increases down the tube up to its high value of the excitation temperature correspondent to the uniform column of the discharge.

In the simulations the end excitation temperature for p and d states of argon, determined by the line intensities, collected from the end of the discharge tube is found equal to 3600 K. The accuracy of the calculated values is about 50%. As to the side excitation temperature correspondent to the emission intensity collected perpendicularly to the tube, we note that the relative contributions of the central core of the discharge and its homogeneous column to the total emission intensity will depend on the distance between the line for collecting the emission and the bottom of the resonator’s cavity, therefore the side excitation temperature, measured in experiment, may also vary with this distance (Fig. 3).
Simulations have shown that the emission intensity of the excited atoms, collected from the end of the discharge tube, is uniform along the diameter of the tube. They confirmed similar end-on optical measurements made in the visible spectrum of argon plasma.
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Fig. 1. a - the scheme of end-on measurement of emission spectra of argon discharge in the Beenakker’s cavity. b – photo of a discharge in argon, dark gap corresponds to the cavity; photo of the discharge at the end (right)
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