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Abstract

:

This article presents the results of experiments aimed at studying the conditions for the excitation of current and voltage oscillations in plasma in a three-electrode voltage stabilizer. It was found that in the modes under consideration, the plasma had negative conductivity, which caused oscillations. We propose a highly efficient method for suppressing instabilities that is based on controlling the sign of the plasma’s differential conductivity via adjusting the concentration of the plasma’s thermal electrons with an external control electrode. The proposed method makes it possible to achieve a high level of stability of the energy parameters of voltage stabilizers and those of other plasma-based devices.
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1. Introduction


One of the key ways to foster the development of industrial facilities and social infrastructure in hard-to-reach regions all over the world is to design small-scale and high-power nuclear reactors that are environmentally friendly [1]. In such designs, it is necessary to use electronic components for current control in reactor circuits. Such components (devices) should work reliably at high radiation levels and ambient temperatures exceeding 1000 K [2]. Semiconductor electronic devices are unable by their nature to meet these requirements [3]. This problem can be solved by means of gas-discharge devices based on nonequilibrium plasma with nonlocal properties [4].



An example of such plasma is a low-voltage beam discharge (LVBD) in inert gases [5]. This type of plasma contains groups of electrons of different energies [6], which can be controlled by additional electrodes, providing more flexibility for modification of plasma properties in desirable ways. This is due to the fact that different energetic groups of electrons are responsible for different processes, and their density modifications yield control over corresponding plasma processes to optimize the energy parameters of plasma devices [7].



This technology can be used in a number of high-tech industries and products, including plasma chemistry, plasma processes applied to different coatings [8], light sources [9], gas analyzers [10,11], and plasma-based devices [12].



Attempts to improve the energy parameters of plasma-energy devices cause plasma instabilities [13,14,15] related to the falling volt–ampere characteristic of the discharge [14,16]. Oscillations and instabilities of this type can be used for practical purposes, but they also have a destructive effect on the energy and electrokinetic parameters of plasma sources and stabilizers. It is obvious that the fight against instabilities should involve controlling the electron velocity distribution function (EVDF) in the operating modes of plasma devices [17,18,19].



Paper [20] studied the electrokinetic parameters of a helium LVBD in a three-electrode device with a control electrode (CE) located outside the interelectrode gap. Such a design made it possible to control groups of electrons of different energies and to identify modes that help to solve the problem of voltage stabilization in the range up to 110 V.



In this article, a device of this type is used to solve the problem of suppressing plasma instabilities by controlling the sign of differential plasma conductivity using an external control electrode.




2. Materials and Methods


The design of the experimental setup, the design of the triode, and the method for studying plasma are described in detail in [20,21]. Next, we will only describe their key features. Figure 1 shows the diagram of the experimental three-electrode device. The cathode of the device 1 was a tungsten disk impregnated with barium with a diameter of 10 mm. The main anode (MA) 2 and the control electrode 3 were polycrystalline molybdenum discs with a diameter of 30 mm. In the center of the main anode, there was a hole 2 mm in diameter. The control electrode was located at a distance of 1 mm from the main anode outside the discharge zone. The distance between the cathode and the MA was 8 mm. The main element of the heater 4 was a tantalum niobium wire. The plasma discharge channel was limited by a metal conical shield 6, whose potential correlated with that of the cathode.



LVBD investigations were carried out with a method involving a flat, one–sided probe [21]. Since the plasma under the considered experimental conditions demonstrated axial symmetry, the EVDF did not depend on the azimuthal angle (Figure 2):


  f  (   r →  ,    v →   )  = f  (   r →  , v , θ  )   



(1)




where   v =  |  v →  |   , and θ is the polar angle.



The current to a flat Langmuir probe was calculated as


  I = q S  ∫   v n  f  (  v →  )  d  v →  =   2 q S    m 2      ∫  0  2 π   d  ϕ ′    ∫   q U  ∞  ε d ε   ∫  0   θ  m a x  ′    f  (  ε ,  θ ′  ,  ϕ ′   )  c o s  θ ′  s i n  θ ′  d  θ ′   



(2)




where    v n    is the component of the electron-velocity vector   v →  , normal to the probe surface, U is the probe potential,   ε = m  v 2  / 2  , and   ϕ ′   and   θ ′   are the azimuthal and polar angles of the vector   v →  , respectively. The second derivative of the probe current (2) with respect to the probe potential U is


   I U  ″   =    q 3  S    m 2     [    ∫  0  2 π   f  (  q U ,  θ ′  = 0 ,  ϕ ′   )  d  ϕ ′  −   ∫  0  2 π   d  ϕ ′    ∫   q U  ∞   ∂  ∂  (  q U  )    f  (  ε ,  θ  m a x  ′  ,  ϕ ′   )  d ε  ]  .  



(3)







Expression (3) can be rewritten as


   I U  ″    (  q U , α  )  =   2 π  q 3  S    m 2     [  f  (  q U , α  )  −  1  2 π     ∫  0  2 π   d  ϕ ′    ∫   q U  ∞   ∂  ∂  (  q U  )    f  (  ε , θ  )  d ε  ]  .  



(4)







To find the EVDF, we represent f(ε,θ) and    I U  ″    (  q U , α  )    in the form of a series in Legendre polynomials


  f  (  ε , θ  )  =   ∑   j = 0  ∞   f j   ( ε )   P j   (  c o s θ  )  ,  



(5)






   I U  ″    (  q U , α  )  =   2 π  q 3  S    m 2      ∑   j = 0  ∞   F j   (  q U  )   P j   (  c o s α  )  .  



(6)







After substituting (5) and (6) into (4), we obtain the relationship between the components fj and Fj


  f  (  q U  )  =  F j   (  q U  )  +   ∫   q U  ∞   f j   ( ε )   ∂  ∂  (  q U  )     P j   (      q U  ε     )  d ε .  



(7)







Expression (7) is a Volterra integral equation of the second kind. Solving it with the resolvent method [22], we obtain


  f  (  q U  )  =  F j   (  q U  )  +   ∫   q U  ∞   F j   ( ε )   R j   (  q U , ε  )  d ε .  



(8)







Let us substitute into Equation (8) the relation


   F j   (  q U  )  =    (  2 j + 1  )   m 2    4 π  q 3  S     ∫   − 1  1   I U  ″    (  q U , x  )   P j   ( x )  d x .  








and obtain the basic equation to reconstruct the components of fj:


   f j   (  q U  )  =    (  2 j + 1  )   m 2    4 π  q 3  S     ∫   − 1  1   [   I U  ″    (  q U , x  )  +   ∫   q U  ∞   I U  ″    (  ε , x  )   R j   (  q U , ε  )  d ε  ]   P j   ( x )  d x .  



(9)







Here, x is the angular variable of the second derivative Legendre polynomials.



Thus, for plasma diagnostics with the flat-probe method, it is necessary to register the values    I U  ″    (  q U , α  )    at various angles of the probe relative to the discharge axis, to calculate a number of Legendre components using (9), and to reconstruct the EVDF according to (5). Equation (9) demonstrates that the method does not require a priori information about the anisotropy of the distribution of charged particles; however, a large number of components is required for a correct description of the EVDF in a strongly non-equilibrium plasma. This is not always possible in a real experiment.



The flat probes were made using a special technology: Tantalum foil at 30-µm-thick was used to die-stamp probes with a diameter of 0.5 mm. Holders made of tantalum wire with a diameter of 0.1 mm were welded to these probes using spot welding. The holder and one of the sides of the probe were covered with alundum paste, and the insulating coating was then sintered in a vacuum at a temperature of 1800 K. The finished probe was mounted on a special three-coordinate micrometer system [21], which made it possible to smoothly change the orientation of the probe relative to the discharge axis.



To measure the second derivative of the probe current and to process the experimental data, a PC-based measuring and computing system was used. We will limit ourselves to a brief description of the principles of experimental data registration.



Figure 3 shows the measurement design. DC voltage was fed to the probe from a controlled DC voltage source. A 100% modulated voltage   Δ U =  U 0   (  1 + c o s  ω 1  t  )  c o s  ω 2  t   was used as a differentiating signal [21,23], which was fed from the generator through a transformer into the probe circuit. The frequency    ω 1    was 1 kHz, and the frequency    ω 2    was 100 kHz. The signal was fed to the input of a narrow-band amplifier. The amplified signal was fed to the synchronous detector. The signal of the second derivative of the probe current and the constant voltage of the probe were recorded by digital voltmeters and transferred to a PC.



To measure the EVDF in absolute terms, the probe unit was calibrated. Separately, the circuit was tested for linearity in a wide range of amplitude changes in the differentiating signal.



We shall note that the use of a flat probe requires careful consideration of all factors affecting the accuracy of probe measurements (instrumental effects, probe dimensions, ion current, probe circuit resistance, probe surface contamination, plasma potential oscillations, etc.).



The influence of instrumental effects. To improve both the sensitivity of the method and the signal–to–noise ratio, it was necessary to increase the amplitude of the differentiating signal, which in turn could cause distortion of the real values of the second derivative. In the range of discharge conditions under consideration, the useful signal created by the probe electron current greatly exceeded the noise level, which made it possible to make measurements with a differentiating signal amplitude not exceeding 0.2 V and to consider the hardware distortion to be insignificant. In modes with a much lower value of the useful signal, the instrumental function was used [23].



Ion current. To measure the EVDF, the study used a flat one-sided probe, whose ion current, as is known from [24], was almost independent on the probe potential.



Probe circuit resistance. In the work under consideration, the influence of the resistance of the probe circuit was taken into account and corrected according to the experimental methods described in [23,24].



Plasma potential oscillations. Accounting for the effect of oscillations in the plasma potential was performed by conducting measurements with the differentiating signal turned off. In this case, the distortions caused by oscillations can be found as the ratio of the amplitude of the harmonic being measured without the differentiating signal (i.e., oscillations in the plasma potential only) to the amplitude of the harmonic being measured with the differentiating signal turned on (i.e., including oscillations in the plasma potential).



Probe dimensions. In our case, the problem was solved by strict adherence to the specifications. To do this, the probe was made using a special technology described above.



Probe surface contamination. To avoid the influence of organic vapors, an oil-free turbomolecular pump was used. The probe was cleaned with an ion current with a potential that was negative relative to the plasma. During ion bombardment, the supplied negative potential should not exceed 50 to 100 V. Otherwise, overheating and changes in probe dimensions are possible.




3. Results


In the experiment, the role of the plasma-forming component was played by helium, since it had the highest ionization and excitation potentials among other inert gases. This helps the nonlocal effects in plasma to manifest themselves most clearly. The experiments were carried out at currents of 0.1 to 2 A and helium pressures of 0.1 to 10 Torr. Such conditions were chosen because a plasma can transfer to both local and nonlocal modes. In the latter case, the relaxation lengths for electron–electron Lee and electron–atom Lea collisions exceeded the length of the interelectrode gap d [25].



It is well known that the EVDF in a beam-discharge plasma is formed by two separate groups of electrons, thermal ft and fast beam f0 electrons, with concentrations and average energies of    n t   ,     ε ¯  t    and    n 0   ,     ε ¯  0   , respectively [5,7,20]. The velocity distribution of thermal electrons is close to an isotropic Maxwellian one, while the group of fast electrons is characterized by significant anisotropy of the distribution. Comparison of the energies of thermal and beam electrons revealed a strong nonequilibrium of the EVDF; the energy of thermal electrons was about 2 eV, and the energy of fast electrons was about 25 eV.



Such an EVDF shape is a result of the potential distribution over the interelectrode gap. If the current at the main anode is zero, the potential distribution is typical for LVBD (Figure 4, curve 1). There was a potential drop at the anode    φ a  ≈ 1.5   ε ¯  t   , which is an almost insurmountable barrier for thermal plasma electrons. The electrons emitted by the cathode were accelerated by the near-cathode sheath and formed a beam with a small energy scatter that went through the interelectrode gap. The creation of thermal electrons occurred as a result of the ionization of helium atoms by the beam electrons. The excitation and ionization potentials for He were Um ≈ 19.8 V and Uion ≈ 24.6 V, respectively; they determine the dominant role of the beam in inelastic processes and current transfer [6,7,20].



In order to study the processes occurring in the plasma conditions under consideration, the Legendre components of the EVDF decomposition f0–f6 were reconstructed based on the recorded values of    I U  ″    (  q U , α  )   , which determine the set of the most important plasma parameters: concentration, electron current density, electron pressure anisotropy, etc. [21]. In particular, the function of atomic excitation and ion generation using the component f0 can be calculated as


  G = 4 π  N a    ∫    v  t r    ∞  v  σ  e a  i   ( v )   f 0   ( v )   v 2  d v ,  



(10)




where    σ  e a  i    is the energy dependence of the cross-section of the corresponding process, and  v  is the velocity of the incident electron.



As already mentioned, an LVBD can be unstable with the excitation of various types of oscillations [13,14,15,25,26] that negatively affect the operating modes of plasma electronic devices.



Figure 5 shows the current–voltage curves of the helium LVBD recorded for a three-electrode voltage stabilizer. Curve 1 demonstrates the negative differential conductivity that causes oscillations of the discharge current and voltage [14,16,27].



Figure 6 shows the typical form of such oscillations at different values of helium pressure. They occurred at a full modulation of the current in the discharge at frequencies of 50 to 150 kHz and at peak voltage values reaching 30 V. Under constant pressure conditions, the oscillation frequency changed little with changes in the discharge current. If the current increased, the modulation depth dropped to 10%. With an increase in the vapor pressure, the frequency of oscillations increased almost linearly (Figure 6 and Figure 7).




4. Discussion


Table 1 presents the axial distribution of the plasma parameters before the onset of oscillations. The generation function G (shows the number of ions generated per unit volume in 1 s) was found using (10) and the measured Legendre component of the EVDF f0. The quantity   D =  n i  / τ   determines the departure of ions from the plasma channel in the radial direction, where   τ ~ r /   v ¯   d r     is the radial ion diffusion time, and the ion velocity     v ¯   d r     in a radial field with a strength Er of ~5 V/cm is about 2 × 105 cm/s [28].



It can be seen from the table that D increased slightly with the distance from the cathode in the axial region of the plasma due to an increase in the radial concentration and E-field gradient. At the same time, due to the influence of radial diffusion and inelastic processes, the fast part of the EVDF was depleted. This led to a decrease in the function of the generation of ions G. Near the anode, the values of G and D were comparable (Figure 8), which made it possible to write the stationarity condition of the ion concentration in the form G ≈ D. If this condition is violated (at G ≥ D), an excess amount of ions forms in the anode region, followed by an increase in the current of thermal electrons to the anode and the onset of relaxation oscillations, the nature of which also depends on the anode load. At G ≤ D, a deficiency of ions can lead to current interruption.



Thus, the nature of the onset of oscillations can be understood by considering the relationship between the processes of ion generation in the plasma and the escape of ions from the interelectrode gap. It can be seen from (10) that the generation function increased with an increase in helium pressure, and that the ion diffusion flux to the anode increased (the travel time of ions in the MA–to–cathode gap was in the range of milliseconds, which was in good agreement with the oscillation frequencies). This compensated for the near-anode space charge of thermal electrons previously trapped in the potential well between the cathode and the main anode. As a result, their chaotic current to the MA it will increase. Assuming a zero near-anode potential barrier, the quantity it can be written as


   i t  =  1 4  e  n e   v t  S  








where e is the electron charge, ne is the concentration of electrons near the main anode, vt is the thermal velocity of electrons, and S is the MA surface area. Estimates at PHe = 5 Torr, ne ~1011 cm−3, and Te ~1 eV gave it ~1.8 A, which was close to the recorded values (Figure 6).



Based on the conducted research, a method to suppress current and voltage oscillations was proposed [29]. If we consider the gap between the main anode and the control electrode, the hole in the anode acts as a plasma cathode and the current transfer here is carried out mainly by thermal electrons from the plasma in the cathode–MA gap. This becomes possible due to their acceleration caused by a potential jump ∆φ of the double layer near the anode (Figure 4, curve 2). The formation of double layers near the narrowing of the discharge channel has been known for a long time [30] and has been well studied [31,32].



Based on probe measurements, the EVDF was reconstructed and its angular structure was analyzed. Figure 9 shows an increase in the degree of anisotropy of thermal electrons accelerated by a strong electric field near the anode hole. The degree of anisotropy increased as the current at the CE increased. This means that thermal electrons, which were previously locked in the potential well between the cathode and the MA, began to participate in the process of current transfer in the MA–CE gap.



As slow electrons become involved in current transfer, it is possible to influence the balance in the concentration of charged particles in the main gap of the device. Figure 5 shows that sending the current of thermal electrons to the control electrode makes it possible to control the sign of differential conductivity. Carrying out such control allows for the effective suppression of current and voltage oscillations, which is illustrated by the fact that no oscillations occurred in any of the modes with positive differential conductivity (Figure 5, curves 2–5).




5. Conclusions


The article presents the results of probing studies of the EVDF and the distribution of parameters in the beam plasma of a three-electrode voltage stabilizer. It showed that the plasma contained two groups of electrons of different energies and concentrations: fast beam electrons and thermal plasma electrons. Oscillations of the discharge current and voltage were observed at helium pressures of 1 to 10 Torr. It was found that the I–V curve of the device demonstrated a negative differential conductivity that caused the instability. The ion generation function G and the quantity D, which determine ion departure from the plasma channel, were calculated based on data from probe measurements. It was revealed that the onset of oscillations was caused by violating the condition G ≈ D. A method for the suppression of oscillations was developed. It consisted of controlling the sign of the differential conductivity of the plasma by sending thermal electrons to the control electrode. The proposed method provided a high level of stability of the operating parameters of high-voltage [20] and low-voltage [33] gas-discharge stabilizers and other plasma devices with various types of control electrodes: non-flat electrode with holes [33], wall grooves [34], an auxiliary electrode [35,36] or an auxiliary electrode with a hole [37].



Research in this field is also crucial for the development of plasma technologies, which are used in industrial and extractive industries, for example, in metallurgy [38,39,40,41], oil production [42], and synthesis of composite materials [43].
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Figure 1. The device with a narrowed discharge channel: cathode (1), main anode (2), external control electrode (3), heater (4), alundum insulators (5), and conductive shield (6). 
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Figure 2. Orientation of the probe in the plasma (here, θ is the polar angle of the EVDF in x-y-z coordinate system,   θ ′   is the polar angle of the vector   v →   in x′-y′-z′ system, and α is the angle between the normal to the probe surface and the plasma symmetry axis. 
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Figure 3. Measurement design: 1–3—synchronous detectors; 4—driving generator; 5—flat one-sided probe; 6—cathode; 7—main anode; and 8—control electrode [21]. 
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Figure 4. Potential distribution over the gap of the experimental device at helium pressure PHe = 2.5 Torr; currents at the CE ice, A: 1–0; 2–0.04. 
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Figure 5. Current–voltage curves of the stabilizer at various CE currents ice, A: 1–0; 2–0.02; 3–0.04; 4–0.06; 5–0.08; PHe = 3 Torr. 
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Figure 6. Typical graphs of discharge current (solid curves) and voltage (dashed curves) oscillations: (a) at PHe = 5 Torr; (b) at PHe = 10 Torr. 






Figure 6. Typical graphs of discharge current (solid curves) and voltage (dashed curves) oscillations: (a) at PHe = 5 Torr; (b) at PHe = 10 Torr.



[image: Applsci 12 03915 g006]







[image: Applsci 12 03915 g007 550] 





Figure 7. Oscillation frequency vs. helium pressure. 
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Figure 8. Axial dependences of quantities D (1), G (2), and G/D (3). Here, G is the function of atomic excitation and ion generation; quantity D determines the departure of ions from the plasma discharge channel in the radial direction. 
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Figure 9. Angular structure of the thermal electrons’ EVDF near the anode hole for various currents at the CE and PHe = 3 Torr. The horizontal axis coincides with the discharge symmetry axis. 
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Table 1. Axial distribution of plasma parameters at PHe = 2 Torr and a discharge current of 0.5 A.
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	Z, mm
	φ, V
	n0, 109 cm−3
	nt, 1011 cm−3
	τ, s
	    D =  n i  / τ ,    10 17     cm  − 3      s  − 1      
	G, 1017 cm−3 s−1
	G/D





	1
	20.1
	15
	0.5
	4.0
	0.1
	6.0
	60.0



	2
	20.7
	12
	0.75
	5.5
	0.13
	4.8
	37.0



	3
	21.2
	7
	1.23
	7.0
	0.17
	2.8
	16.4



	4
	21.4
	4
	1.6
	8.5
	0.2
	1.6
	8.0



	5
	22
	2.74
	2.5
	10
	0.24
	1.1
	4.58



	6
	22.4
	1.75
	3.73
	11.5
	0.27
	0.7
	2.59



	7
	22.8
	1.11
	5.57
	13
	0.3
	0.44
	1.47



	8
	23.3
	0.71
	8.29
	14.5
	0.34
	0.28
	0.82
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