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Abstract

:

Increased electromagnetic contamination of the environment accompanied with the amplified miniaturization of electronic components underline the issue of the reliable operation of electronics. Reliability is of utmost importance in special applications such as medical instruments, nuclear installations, fusion experiments, etc., where larger magnetic fields occur during operation. Therefore, the interest for insulation components that consistently protect instrumentation from overvoltage is growing. This paper deals with the effects important for the stability of a gas surge arrester, the most commonly used low-voltage component for the overvoltage protection. The effect of the magnetic field on DC and the impulse breakdown of noble gases is investigated. For the theoretical interpretation of the obtained results, the spectrum of free electron gas was determined, which enabled the evaluation of a new expression for the first Townsend coefficient. The results obtained in that way were verified through comparison with theoretically calculated results. Experiments were carried out under well-controlled laboratory conditions.
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1. Introduction


An increasing degree of miniaturization of electronic components and increased electromagnetic contamination of the environment result in an increase in interest for insulation components at the low-voltage level (low-voltage protection components). The task of these components is to prevent the overvoltage to reach the protected element. For this reason, protective components are connected in parallel to a protected element. The most commonly used low-voltage [1] overvoltage protection component is a gas surge arrester (known as a fuse with a noble gas in German literature) [2,3,4].



The gas surge arrester is a two-electrode system of a homogeneous electric field insulated with noble gas at low pressure. The gas surge arrester works on the principle of the electric gas breakdown. The operating point of the gas arrester is determined by its nominal voltage (DC value of the breakdown voltage) and the product of pressure (p) and a distance between the electrodes (the inter-electrode distance). For the correct design of insulation at the low-voltage level, the stability of the working point of the used surge protection component is extremely important. In the case of a gas surge arrester, the stability of the working point is influenced by its constructive parameters which determine the degree of reversibility of its isolation characteristics after multiple breakdowns. It has been shown that strong magnetic fields stabilize the operating point and decrease the statistical dispersion of the breakdown voltage in the two-electrode system [5,6]. In addition, it has been shown that the environmental parameters in which the surge arrester works can affect the stability of its operating point [6,7].



Among the environmental parameters that significantly affect the stability of the working point of the gas surge arrester, the influence of a magnetic field effect is emphasized. In practice, larger magnetic fields occur in special applications (such as in medical instruments, nuclear installations, fusion experiments, etc.) when the reliable operation of electronics is of the utmost importance. Therefore, the aim of this paper is to examine the magnetic field influence on DC and the impulse breakdown of noble gas [8,9].




2. Electrical Probe of Noble Gases in Magnetic Field


At room temperature, each noble gas represents a mixture of neutral atoms, positive ions and free electrons. Assuming that the elastic collision frequency is constant, in case of when inelastic collisions need not be taken into consideration, the formation of a stable electron spectrum of the Maxwell type is thus enabled. This is a consequence of the precise balancing of energy gain in the field and elastic energy loss. However, the distribution function of free electron gas f(ε) can be further complicated. The situation is not too intangible. Moreover, in case of the large volume filled with weakly ionized monoatomic gases in the weak electrical field (elastic collisions of the electron with neutral atoms and electron with electron are dominant in respect to inelastic collisions, while the large gas volume ensures the diffusion loss to be small), it can be fully applied. More specifically, the described conditions can be applied at the Townsend breakdown of noble gases. In that situation, the elastic collisions of electrons with neutral atoms warrant the density of low energy electrons (up to 10 eV) to be rendered significantly higher than the density of high energy electrons. More precisely, in the range of the Townsend breakdown, electron-electron collisions can be neglected since they become dominant when the degree of ionization reaches values of 10−3 and higher. Yet, these values seem to be very far from the Townsend condition of breakdown. This leads to the conclusion that f(ε) can be considered Maxwellian in the range of the Townsend breakdown. If the distribution function tail decreases with function C·exp(−εк), where C is constant and k ≈ 1, this assumption can be considered true [10,11,12]. If the noble gas is subjected to the electric field, the thermal (chaotic) motion of the ionic and electronic components is added to the drift component in the direction of the field. This drift component does not change the shape of their spectrum, but only moves it towards higher energies. This shift towards higher energies is more pronounced in the case of the electron spectrum and may have the effect that the electrons from the tail of the Maxwell spectrum (surpass) exceed the ionization energy of neutral atoms and become initial. Becoming initial means that the free electron takes an energetically favorable state on the free path length and takes enough energy from the electrical field to ionize the neutral Helium atom, creating electron-ion pairs. These newly created electrons can also ionize other neutral Helium atoms and this leads to the avalanche process, which is actually initiated by the very first electron. Hence, that first electron could be called initial. If the avalanches which started by such initial electrons with positive feedback become self-sustaining, there is an electric gas breakdown.



The mathematical modeling of electric gas breakdown is done using the so-called ionization coefficients: α, the primary ionization coefficient, and γ, the secondary coefficient. In the case of electronegative gases, the coefficient of electron capture, η, is also used. The primary ionization coefficient α represents the number of electrons generated by ionization processes per unit path length of the initial electron in the direction of the electric field. The secondary coefficient γ represents the number of new, free (secondary) electrons per one primary avalanche. The ionization coefficient α does not have a constant value, but it changes depending on the ratio of the electric field and pressure (which is in accordance with the law of similarity for electric discharge in gases). The secondary coefficient γ depends on many elements and changes in the range of 10−3 to 10−8 [13,14,15].



The dependence of the primary ionization coefficient α on the ratio of the electric field and gas pressure is routinely determined by the semiempirical method. The variation of the gas atoms density (n) over a distance (x) is described by the exponential differential equation dn = α(x)∙n∙dx. The integration constants are determined on the basis of the experimental results. The obtained dependences are applicable only within a certain interval of the electric field vs pressure ratio values. In practice, the Townsend or the Takashi ionization coefficient terms are mostly used. However, the knowledge of the shape of the free electron energy spectrum allows the primary ionization coefficient to be determined exactly by definition [16]:


α(x)=n0∫εi∞σi(ε)vf(ε)dε



(1)




where v is the free electron velocity in the direction of the electric field, ε is the free electron energy, σi (ε) is the effective ionization cross section (which is practically independent of the free electron energy), n0 is the density of the neutral gas atoms (which is proportional to the pressure of the gas), and f(ε) is the energy distribution of the free electrons [14,15].



Replacing the expression for Maxwell distribution


f(ε)dε=2επ(1kT)32·exp(−εkT)dε



(2)




in Equation (1), gives us the following:


α(Te)=4Mσi0Rπ·p·εi+2TeTe·exp(−εiTe)



(3)




where p is the gas pressure, M is the gas molar mass, σi0 is the effective ionization cross section of the neutral gas molecules by electron energy εi, R is the Rydberg constant and Te is the temperature of free electrons gas. The temperature of the free electron gas is determined by the expression [10]


Te=kT=ξλeE=ξλeUd



(4)




where ξ is the thermalization from factor, U is the applied voltage, d is the inter-electrode distance, and e is the elementary charge (1.6 × 10−19 C). It should be noted that the second part of the equation (expression ξλeE in) Equation (4) applies only in the case of a homogeneous or a pseudo-homogeneous electric field. The mean energy of the free electron gas spectrum is obtained on the basis of Maxwell’s distribution and the electronic energy balance [10]:


ε¯=0.8eEλδ



(5)




where E is the electric field, λ is the mean free path length and δ is the ratio of the electron mass and the molar mass of the gas.



When a noble gas is found in the electric field, the thermal movement speed of its charged components is superposed by one equally accelerated component in the direction of the field. If free electrons accelerating in the direction of the field acquire energy that is higher (or equal to) than the neutral gas ionization energy at one mean free path length of the path, they become initial. The initiated electron avalanche may eventually trigger a self-sustaining mechanism. Established self-sustaining discharge is controlled by the relationship of the collisions of charged particles, as well as their transport properties. Depending on the self-discharge mechanism, the electrical breakdown can be performed by the Townsend or streamer mechanism.



If the secondary processes that are active on electrodes (ion discharge, photoemission or metastable discharge) dominate over the secondary processes that are active in the gas (ionization by positive ions, photoionization, metastable ionization), the breakdown takes place with the Townsend mechanism. This occurs in the case where the characteristic dimensions of the insulation system are comparable to the mean free path length of the electron [17,18]. The condition for Townsend’s breakdown of an inhomogeneous field is


γ∫0dα(x)·exp(∫0xα(x)dx)dx=1



(6)







If the secondary processes that are active in the gas dominate over the secondary processes that are active on electrodes, the breakdown takes place with the streamer mechanism. This occurs in the case where the characteristic dimensions of the insulation system are significantly greater than the mean free path length of the electron [19,20]. The condition for a streamer breakdown in a non-homogeneous electric field is


∫0dα(x)dx=10.5



(7)







Given the fact that neither the Townsend nor the streamer mechanism has the inclination to be exclusive, establishing a straightforward boundary between these two mechanisms is not advisable. As a consequence, it is assumed that a broader range of PD product values can be expected to bring about breakdowns, thereby combining the two mechanisms. The results of examining the influence exerted by the electrode material and treatment of the electrode surface on the static voltage breakdown value lend support to such a supposition. It could be considered that if the values of the inter-electrode gap and the mean path length of the free electron are approximately comparable, the Townsend mechanism of breakdown is dominant. If the inter-electrode gap length is much higher than the mean path length of the free electron, the streamer mechanism occurs. However, it can be assumed that the breakdown actually occurs within a certain boundary region which is formed. The breakdown is initiated by the Townsend mechanism and maintained by the streamer.



The previously described conditions for the Townsend and streamer breakdown mechanism of the noble gases imply the existence of an electric field in an inter-electrode space, from which a free electron can, within a mean free path length, achieve energy equal to the ionization energy of neutral atoms. However, nothing was mentioned about the changing rate of that electric field. Considering the change rate of the electric field, Equations (6) and (7) describe the conditions for a gas breakdown using an electric field which has an increasing rate that is much lower than the time constant of the elementary processes of the electrical discharge in gases. Such an electrical breakdown is called a static or DC breakdown. It is generated by a slowly growing potential difference between electrodes. The DC breakdown voltage is the deterministic value and its associated measurement uncertainty type A is 0 [21].



In case the increased time of a potential difference between the electrodes is of the same order of magnitude as the time constants of the elementary processes of electrical discharge in gases, a dynamic or impulse breakdown occurs. This type of breakdown is achieved by the impulse voltage, which has the double-exponential form, according to the standard [22]. The impulse breakdown voltage is a stochastic value and it belongs to the measurement uncertainty type A > 0. For this reason, the gas insulation structures in relation to the impulse voltage load are probabilistically characterized. Most often, the semiempirical surface law (Appendix A) determines the voltage-time area, where all data points of the breakdown voltage-breakdown time are located with a known probability. The boundaries of this domain are usually referred to as impulse characteristics [23,24,25].



When the charged particle with the charge q is in the magnetic field, the Lorentz force that acts on it is defined by the expression


F=q V→xB→



(8)




where V→ is the particle velocity vector, and B→ is the magnetic induction vector (Appendix B). Due to the Lorentz force, charged particles rotate around the magnetic induction vector B→ along the circle with a radius of


r=m0qVmB



(9)




where m0 is the mass of the charged particle and Vm is the component of the charged particle velocity normal to the magnetic induction vector. If the charged particle moves in the electromagnetic field, the resultant force is described by the Lorentz equation:


F→=q(E→+V→xB→)



(10)




where E→ is the electric field vector. The effect of the electromagnetic field leads to the spiral motion of the charged particles showed in Figure 1.




3. Experimental Setup


As mentioned above, the aim of the experiment was to examine and explain the magnetic field effect on the DC and impulse breakdown voltage. In order to do this, it was necessary to first determine the free-electron gas spectrum.



The free-electron gas spectrum was determined on the basis of 1000 measurement values of the impulse breakdown voltage obtained by impulses of 1 kV/s. It was assumed that there is a fraction of thermal electrons needing a small amount of energy, taken from the electric field, to become an initial one (i.e., free electrons which acquire enough energy after a few mean free path lengths to carry out the ionization process of a neutral gas atom). Such electrons form a high energy tail in the spectrum. On the histogram of the breakdown voltage values, these electrons belong to the lowest breakdown values. This allows drawing a histogram of the high energy tail spectrum of free electrons. In order to determine whether this tail histogram really belongs to the Maxwell or the Druyvesteyn distribution, additional testing was carried out [10]. In all examined cases, it was observed that the free electron gas spectrum belongs to the Maxwell distribution (i.e., the tail of the energy spectrum decreases proportionally to the exponent energy to the first degree, and not to the second degree that would correspond to the Druyvesteyn distribution). After this conclusion, it was possible to fit (using Equation (2)) the entire histogram of the impulse breakdown voltage values and obtain an analytical expression for the Maxwell distribution of the free electron gas spectrum.



After determining the Maxwell distribution, it was possible to calculate the dependence of the ionization coefficient α (E/p) from Equation (3). Knowing the ionization coefficients α (E/p) and γ allowed for plotting the theoretical Paschen’s curve. The theoretical Paschen’s curve is then compared with the experimental curve, which was obtained with the hollow cathode and the source 241Am in it. This comparison provides verification of the method previously used to determine the Maxwell distribution of free electron gas. Knowing the parameters of the Maxwell spectrum of free electrons allows the interpretation of the obtained results related to the influence of the magnetic field in the inter-electrode space on the DC breakdown voltage.



The illustration of the two gas chambers used in the experiment is shown in Figure 2. One chamber was designed to operate in the underpressure regime/mode (pressure in the chamber) and the other in the overpressure mode (pressure in the chamber). The difference between these two chambers was in the O-ring channel profile. The electrodes of the axially symmetric system made of copper were in the form of the Rogowski (to avoid the electric field edge effect). For each inter-electrode distance, a new pair of electrodes was made (using the calculation of the electric field lines obtained by the charge simulation method). In one of the electrodes (commonly used as a cathode) it was possible to install 1, 2 or 3 identical cylindrical Alnico magnets of induction Br = 1,2 T (cylindrical magnets with the strongest induction value that was available for the experiment), with a radius of R = 10 mm and a height of N = 10 mm (shown as detail in Figure 2). These magnets created a magnetic field collinear with the electric field in the inter-electrode space, with an induction of 0.58 T on the surface of the cathode (Appendix C). Before each series of measurements, the electrodes were sanded. An electrode (cathode) with an axial cavity containing radioactive 241Am was also used. This electrode was used to obtain the experimental points in the region of Paschen’s curve, that is, on the left side of Paschen’s minimum (i.e., without the appearance of an anomalous Paschen’s effect) [16].



Adjustment of the inter-electrode distance was carried out by electrode motion in three steps: 1) determination of the zero distance by measuring the ohmic resistance; 2) determining the inter-electrode distance by means of a fine thread of the electrode carrier and an electronic micrometer and 3) fixing the position of the electrode by a counter-screwing. The Type B measurement uncertainty of the inter-electrode distance adjustment in this procedure was 0.2%. This result is confirmed by measuring 1000 values of DC breakdown voltages (the Type A measurement uncertainty was zero).



The experiments were carried out with the noble gas He. Figure 3 shows a gas circuit for adjusting the pressure value in the chamber. The pressure adjustment procedure was performed in the following steps: 1) vacuuming the chamber to a pressure of 1 Pa; 2) gas injection to a pressure of 105 Pa; 3) repeat steps 1 and 2 twice and 4) reduce the desired pressure value of the chamber to 0° C by using Gay-Lussac’s law.



Figure 4 shows the scheme of the instrumentation used in the experiment. A DC voltage with a rise rate of 8 V/s was used, as well as impulse voltages with rise rates of 1 kV/s and 1 kV/μs (amplitudes much larger than the possible value of the impulse breakdown voltage). The chamber (cathode) was grounded using 1 MΩ of secured negligible irreversible changes in the topography of the electrode surface during measurement. The success of this measure was confirmed by Talysurf before and after one series of measurements. By examining the electrode surfaces by microscope, it was concluded that the breakdown points were uniformly distributed along the electrode surfaces. The measurement cabin was not in galvanic contact with the rest of the experimental set-up. A voltage divider and digital voltmeter were used to measure the DC voltage. For the measurement of the impulse voltage, a compensated capacitive voltage divider and a 500 MHz digital oscilloscope were used. The process of voltage sources control and the acquisition of the measured values were completely automated. Following the electrode configuration of the chamber, the gas chamber was plugged into a circuit. For one pressure value, after conditioning the electrode system, the following measurements were performed: 1) 50 values of the DC breakdown voltage; 2) 1000 values of the impulse breakdown voltage obtained by an impulse of 1 kV/s; 3) 100 values of the impulse breakdown voltage obtained by an impulse of 1 kV/μs; 4) repeating the previous measurements for a new pressure value; 5) adjusting the inter-electrode distance and repeat steps 1 to 4; 6) placing one form of magnet in the cathode and repeating steps 1 to 5; 7) placing two magnets in the cathode and repeating steps 1 to 5; and 8) placing three magnets in the cathode and repeating steps 1 to 5. A pause of 30 s was made between the two successive steps. The values of the inter-electrode distance were 0.1 mm, 0.5 mm and 1 mm. The pressure values were changed from 5000 Pa to 10,000 Pa with a step of 500 Pa, and also from 50,000 Pa to 150,000 Pa with a step of 10,000 Pa. At the points on the left side of Paschen’s minimum, additional DC breakdown voltage measurements were made with a smaller difference in the pressure variation. Using the Monte Carlo statistical procedure and analytical procedures, it was found that the combined measurement uncertainty of the procedure was less than 5% [26].



On the basis of the results obtained by measuring the impulse voltage of 1 kV/s, the parameters of the free electron gas spectrum were determined. The pressure, the inter-electrode distance and the magnetic induction value in the inter-electrode space were the measurement parameters. The obtained results were compared with the results of the numerical and theoretical considerations.



Based on the results obtained by measuring the DC voltage, the values of the DC breakdown voltage versus the pressure ratio were determined. The inter-electrode distance was the measurement parameter. Additionally, the dependence of the DC breakdown voltage versus the product PD, the so-called Paschen’s curve, is determined for two cases: with and without a hollow cathode containing a radioactive source. In the case without a hollow cathode, statistical samples of the DC breakdown voltage random variables were divided into the sub-samples. The division was performed in a way which guarantees that all random variables in the sub-samples belong to the same statistical sample with a statistical uncertainty of less than 1%. This division was carried out at the points on the left side of Paschen’s minimum since, in the points on the right side, the required condition was fulfilled for the entire statistical sample (i.e., the statistical deviation in those points was about 0). All obtained results are compared with the results of the numerical and theoretical calculation.



The impulse characteristics were determined from the results obtained in the measurements using an impulse voltage with a rise rate of 1 kV/μs, and by application of the surface law. The pressure, inter-electrode distance and magnetic induction value in the inter-electrode space were the measurement parameters. The experimental procedure can be described by the flowchart shown in Figure 5.




4. Results and Discussion


The free-electron gas spectrum was observed based on 1000 measurements using slow impulse voltage. More accurate results can be obtained using DC voltage, but in that case, the experiment would last much longer. The idea of the experiment was to record the impulse breakdown voltage probability histogram. From that histogram, a small probability of the breakdown at small voltages was extracted. A small probability of the breakdown was achieved by low voltage values [1], microscopically corresponding to the electrons from the tail in the energy spectrum. The electrons from the tail could take only a small amount of energy from the electric field (during one free path length) to perform ionization. Hence, by knowing the mean path length of the free electron and ionization energies of Helium, it is possible to draw a tail of the free-electron gas energy histogram. Figure 6a, Figure 7a and Figure 8a show histograms of class 1 + 3.3•log(n) (n is the size of a statistical sample) of a free electron gas energy distribution and were obtained by fitting the distribution tail with expression C∙exp(−εк). By fitting the tail of the histogram, the value of fitting parameter k ≈ 1 was obtained. Based on that result, it was concluded that the histogram distribution is Maxwellian and the tail of the histogram could be fit using Equation (2). The complete Maxwellian distribution of free electrons is shown in Figure 6b, Figure 7b and Figure 8b. Table 1 gives the values of the mean energy of the free electron gas spectrum based on the results shown in Figure 6, Figure 7 and Figure 8 and Equation (5).



Based on results (Figure 6, Figure 7, Figure 8 and Table 1) it can be concluded that the free electron gas spectrum in the noble gas helium (He) is of the Maxwellian shape. Additionally, the overall energy of the initial electron (which increased for the amount of rotation energy around vector B) does not affect the Maxwellian shape of the free electron gas spectrum. The latter is due to the existence of an elastic type of collision between the He atoms and free electrons. Such a state of thermodynamic equilibrium is neither disturbed by an electric nor a magnetic field. A smaller deviation of the free electron gas spectrum occurs at higher pressure values as a result of the appearance of the inelastic Coulomb electron-electron interactions. Although shown in Figure 6, Figure 7 and Figure 8 and Table 1, this phenomenon does not significantly disturb a shape of the free electron gas spectrum (it only leads to an increase in the spectrum density at lower energies).



As already stated, the cross-section σi(ε) is practically independent of the free electron energy and v is the velocity in the direction of the electric field independent from magnetic field B. In addition, and consistent with the results given in Figure 6, Figure 7 and Figure 8, the shape of the Maxwellian spectrum does not depend on the presence of the magnetic field in the inter-electrode gap. Thus, Equation (1) allows for the determination of the ionization coefficient. This means that the magnetic field has a negligible influence on the ionization (avalanche) process, but does affect the value of the breakdown voltage because the superposition of translational and rotational motion of the initial electron leads to an increase of its path length i.e., to an apparent increase in the inter-electrode distance (Appendix B).



These conclusions are confirmed by the results shown in Figure 9. The results show that the experimentally obtained values of the DC breakdown voltage (using a hollow cathode with a source of 241Am) depend on the product PD (pressure × inter-electrode distance) together with the theoretical dependence obtained by Equations (3), (4), (6) and (7). The results show a good agreement between the experimentally obtained and theoretically (analytically) calculated results. This proves that the expression for the primary ionizing coefficient α derived under the assumption of the Maxwell distribution of the free electron gas spectrum in a noble gas is applicable to a large range of the values of the E/p coefficients (i.e., the product PD). A small deviation between the experimental and theoretically determined values of the DC breakdown voltages is observed at higher pressures (Figure 9). That is, due to the inelastic electron-electron Coulomb interactions at higher gas densities, the effect that was pointed out previously.



Figure 10, Figure 11, Figure 12, Figure 13, Figure 14, and Figure 15 show the experimental points of the DC breakdown voltage versus the pressure of the gas (He). Experiments were performed with three cylindrical Alnico magnets in the cathode and with an inter-electrode distance of 0.5 mm. Experimental points are fitted using the Paschen’s curve with the inter-electrode distance as a parameter in the case of the existence of a magnetic field in the inter-electrode space. The same figures also show the theoretical Paschen’s curves obtained without a magnetic field in the inter-electrode space. The captions of the figures give the values of the best fit and the values calculated using Equations (6), (7) and (A16) (Appendix B—the parameters necessary for the calculation of the Equation (A16) were taken from the predetermined Maxwell distribution of the free electron gas under the experimental conditions).



The results above show that the effect of the magnetic field in the inter-electrode space leads to a noticeable inter-electrode distance expansion. Consequently, the values of the DC breakdown voltage at the points to the left of Paschen minimum (Figure 10, Figure 11 and Figure 12) are lower when there exists a magnetic field in the inter-electrode gap and vice versa, at the points to the right of the Paschen minimum (Figure 13, Figure 14 and Figure 15). The latter is attributable to the anomalous Paschen effect, which appears at the points to the left of the Paschen minimum [27]. According to the anomalous Paschen effect, lower values of the breakdown voltage correspond to higher inter-electrode distances. This effect decreases with increasing magnetic field values, which is in accordance with Equation (A16). The quantitative results of the apparent spread of the inter-electrode distance, obtained experimentally, are greater by about 10% to 15% of the expected results based on Equation (A16). This difference is probably due to a sudden decrease in the magnetic field value in the inter-electrode space (Figure A3).



This evident inter-electrode distance expansion is due to the spiral motion of the electron. However, due to the different angles between the rotational planes of the free electron gas components and the electric field for a large number of spirals, breakdown is possible. At points on the right side of the Paschen’s minimum, the breakdown will always occur along the spiral that allows for the shortest path. However, at points on the left side of the Paschen’s minimum, the breakdown may happen along the longer spiral if it is more energy efficient. The existence of a large number of different spirals should cause a phenomenon known as the anomalous Paschen’s effect on the points on the left side of Paschen’s minimum, which is more pronounced in the case when the magnetic field exists in the inter-electrode space. This assumption is confirmed by the results shown in Figure 16.



Experiments with an impulse voltage of 1.2/50 μs have shown that the magnetic field in the inter-electrode space leads to an increase in the mean value of the impulse breakdown voltage, but also to a reduction in its statistical dispersion. This is best illustrated by the impulse characteristics. Figure 17 shows the impulse characteristics determined by the surface law with and without a magnetic field in the inter-electrode space.



The increase in the mean value of the impulse breakdown voltage is due to the apparent increase of the inter-electrode distance under the action of the magnetic field. The decrease in statistical dispersion occurs probably due to the rotational motion of the electron, which keeps the electron longer in a critical volume and thereby increase the probability of becoming the initial one.




5. Conclusions


On the basis of the obtained results, which were experimentally confirmed and theoretically explained, the following can be concluded:

	
The free electron gas spectrum in the noble gas is of the Maxwell type.



	
A smaller deviation of the Maxwell shape of a free electron gas spectrum in the noble gas at higher pressures is due to inelastic Coulomb electron–electron interactions.



	
Based on the knowledge of the free electron gas spectrum, it is possible to determine the dependence of the primary ionization coefficient on the ratio between the electric field and the pressure. The primary ionization coefficient obtained in this way is applicable to a wider range of the electric field and pressure values than it is defined in the expressions of the Townsend and Takeshi.



	
The magnetic field, which is collinear with an electric field in the inter-electrode space, leads to an apparent increase in the inter-electrode distance. This leads to an increase in the mean values of DC and the impulse breakdown voltage. Due to the existence of a magnetic field in the inter-electrode space, the statistical dispersion of the impulse breakdown voltage value decreases and the anomalous Paschen effect is more pronounced.



	
Gas surge arresters (or similar components such as GM counters) in operating conditions where magnetic field occurs may become ineffective due to an increase in the level of protection (i.e., a change in the nominal operating voltage). The apparent increase of the inter-electrode distance increases the breakdown voltage (nominal voltage). Increasing the breakdown voltage leads to the shifting of the operating point of the GFSA towards higher (U, pd) values. That effect can jeopardize the efficiency of the insulation at a low voltage level.












Author Contributions


Theoretical analysis was carried out by Č.I.B. All authors have analyzed and discussed the results. The manuscript was written by K.Đ.S. Figures and tables were prepared by M.M.P.




Funding


This work is supported by the Ministry of Education, Science and Technological Development of the Republic of Serbia under contract no. 171007.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A. Area Law for Gas Pulse Breakdown


The initial assumption in the process of the Area Law derivation is described in the text that follows. Initially, it has been presumed that the plasma pertaining to the inter-electrode region is dispersed widely. The plasma spreading rate equals V(x,t) which is raised linearly with the electric field:


V(x,t)=k[E(x,t)−Es(x)]



(A1)







Here, k represents a factor that simultaneously depends on the physical mechanism governing the discharge and the polarity of the voltage applied to the electrodes. On the other hand, Es stands for the electric field corresponding to the DC breakdown voltage Us. Thus, the electric field can be expressed as a product of a temporally and spatially dependent part (E(x,t) = u(t)g(x)) in the context of either a homogenous or a slightly non-homogenous field. If one presumes that k remains constant across the inter-electrode gap, then the separation of the temporal and spatial coordinates in Equation (A1) would provide the following:


V(x,t)=∫t1ta[u(t)−Us]dt=P=const.



(A2)




where t1 represents the moment at which the load voltage pulse reaches the value of the DC breakdown voltage, x = xk stands for the point within the region in which the Townsend mechanism is converted into a streamer mechanism, and t = t1 + ta designates the instant corresponding to the aforementioned change. Either the pulse breakdown time or pulse breakdown voltage ought to be calculated. However, it should be taken into account that while these areas are delimited by the pulse and the DC breakdown voltage, they are typical of a particular insulator, regardless of the load voltage waveform. Additionally, these areas are sufficient for pulse characteristics in their own right. In order to bring about the occurrence of a breakdown, there ought to be a constant geometrical area in the voltage-versus-time coordinate system delimited by u(t) and Us, and this is evident from Equation (A2) in a straightforward manner.



Based on the Area Law, the Semi-empirical procedure for calculating the pulse characteristic was comprised of the following three steps:



The experimentally obtained pairs of values of the two quantities (i.e., the x2 and Kolmogorov tests) were put forward and these were obtained by means of the x2 and Kolmogorov tests to 1000 (or more, depending on the required value of quantiles). Thus, statistical distributions for breakdown voltage and breakdown time random variables were determined.



For the pulse characteristic corresponding to x = 0.1% and y = 99.9% probabilities (i.e., 0.1% and 99.9% quantiles), limiting values Ux and Uy were determined through the statistical distribution of the breakdown voltage random variable. Using these two quantiles and the mean value of the DC breakdown voltage, the system of equations were as follows:


u(t)



(A3)






u (t) | t = t1 = US 

u (t) | t = tax = Ux

u (t) | t = tay = Uy



(A4)




These were solved for times t1, tax and tay. These were then used in the Area Law (Equation (A2)) for calculating areas Px and Py in the voltage-versus-time plane:


Px=∫t1t1+tax[u(t)−Us]dt=const.



(A5)






Py=∫t1t1+tay[u(t)−Us]dt=const. 



(A6)







Once these two areas were calculated, the x-th and y-th quantiles of the breakdown voltage random variable were obtainable from the Area Law for an arbitrary pulse voltage waveform u(t).



It is through numerical methods that the statistical distribution of the breakdown time random variable was determined. Namely, the y-th quantile in Equations (A5) and (A6) was taken as a parameter, which resulted in calculating the (y, t1 + tay) points for an arbitrary pulse voltage waveform, which correspond to a cumulative statistical distribution.




Appendix B. Electrons and Ions in a Magnetic Field


The most probable velocity in the free electron gas spectrum, vm, is determined by the following equation:


εm=m0vm22



(A7)




where εm is the most probable energy in the free electron gas spectrum and m0 is the rest mass of the electron (the most probable electron velocity in the gas spectrum is low relative to the light velocity, so the relativistic effects of the change in mass can be ignored). According to Equation (A7), the most probable electron velocity is


vm=2εmm0



(A8)







If an electron moving in the magnetic field B→ in the plane which has the vector parallel to the vector B→, it rotates around vector B→ along the circle of a radius:


r=m0evmB



(A9)




where e is the electron charge.



The electron moving in the electric field E→ is accelerated by constant acceleration between successive collisions with neutral gas atoms. This acceleration is determined by the following equation


ɑ=eEm0



(A10)




where E is the intensity of the electric field.



In this way, the electron observed in the inter-electrode space moves along a spiral that is the resultant of the superposition of accelerated motion along the electric field and rotational motion with a constant angular velocity around the magnetic field. During the motion of these components, the electron trajectory collides with neutral gas atoms. Between two consecutive collisions, an electron travels the mean free path length determined by the following equation:


λ=cp εmm0M0.2eEπ



(A11)




where M is the molar mass of the gas, p is the gas pressure, and c is the constant which depends on the type of gas.



The mean free path length in the direction of the electric field that the electron passes during the time t1 is determined by the following equation:


t1=2m0λEe



(A12)







The total time t for which an electron crosses the inter-electrode distance d is determined by the following equation:


t=dλt1



(A13)







On the other hand, rotating around the vector B→, an electron between two collisions crosses the angle φ determined by the following equation:


φ=λvm



(A14)







Superposing the translational and rotational motion of the electron, the electron moves spirally between the cathode and the anode and passes the path determined by the following equation:


d′=d+rdλt1φ



(A15)







Considering other electrons in the plane having vectors that are not parallel to the vector of the magnetic induction, Equation (A15) is transformed into the following equation:


d′=d+22rdλt1φ=d(1+C′εm12EBp12)



(A16)




where C’ is a new constant dependent on the gas type.



The result obtained by Equation (A16) is valid only conditionally. It is valid only when the radii of the electron rotation around the magnetic field vector and the mean free path length of the electrons are of the same order of magnitude as the dimensions of the electrode configuration. For the asymptotic values of the magnetic induction B and the electric field E, Equation (A16) is inapplicable.




Appendix C. A Field Near a Cylindrical Magnet


Calculations for the permanent magnet field are usually based on Gilbert’s [28] magnetic mass model, although it is known that such a concept is not physically correct. Namely, in Gilbert’s model, the magnet is shown by a dipole at whose ends the magnetic masses of the opposite sign are concentrated with no magnetization in the volume between the poles. For the cylindrical magnet of thickness L and radius R (Figure A1), the value of the magnetic induction along the axis at a distance x is


B(x)=Br2(L+xR2+(L+x)2−xR2+x2)



(A17)
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Figure A1. The model of a permanent cylindrical magnet. 
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If a distance is x = 0, Equation (A17) for magnetic induction B(0) on the surface of the magnet becomes:


BB(0)=Br2LR1+(LR)2



(A18)







In Figure A2, a diagram of the relative magnetic induction value on the surface, B(0)/Br, depending on the relative length of the magnet L/R, is shown. According to the diagram in Figure A3, the following can be concluded

	
The magnetic induction on the surface of a magnet pole (cylinder base) increases when the ratio of a length L and a radius R of the magnet increases.



	
The magnetic induction on the surface of the pole has a maximum value of B(0) max = Br/2 in the case where the relative length of a cylinder is relatively large, L/R >> 1.
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Figure A2. The ratio of the magnetic induction on the surface and the remnant induction for the permanent cylindrical magnets. 
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Figure A3. The magnetic induction along the axis of the cylindrical magnet depending on the ratio of the distance and the radius relative induction B(x)/Br. 
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By stacking two or more identical magnets, one above the other, a magnet with a slightly higher magnitude is obtained. For identical cylindrical magnets with the ratio L/R >> 1, based on Equation (A18), the following is obtained:


B0 =˜0.35B2



(A19)







When the two magnets are positioned one over the other, the resulting magnet has a ratio L/R >> 2 and based on Equation (A18), the following expression is obtained:


B(0) = 0.45B2



(A20)







It is shown that the 3 or 4 identical magnets attain almost the maximum (asymptotic) value. In Figure A3, the diagrams of the magnetic induction dependence on the distance along the axis of the cylindrical magnet, for relations L/R = (1,2 and 3) are shown.
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Figure 1. The motion of electrons in electromagnetic fields; K: cathode, A: anode. 
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Figure 2. The cross-section of the gas chamber and cross-section of the electrode system; 1: anode, 2: cathode, 3: Alnico magnets, 4: thread. The units are in mm. 






Figure 2. The cross-section of the gas chamber and cross-section of the electrode system; 1: anode, 2: cathode, 3: Alnico magnets, 4: thread. The units are in mm.



[image: Materials 12 00752 g002]







[image: Materials 12 00752 g003 550]





Figure 3. The gas piping scheme (1–9: gas flows, 10–20: dual-position valves, 21–25: dosing valves, 26: pressure reducers, 27–29: vacuum gauge, 30: vacuum pumps, 31–33: relative pressure gauge). 
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Figure 4. The scheme of the experimental circle used. 
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Figure 5. The experimental procedure flowchart; (1) adjustment of the chamber operating point without cylindrical magnets in the electrodes; (1a) adjustment of the chamber operating point with cylindrical magnets in the electrodes; (2) chamber conditioning; (3) measuring 1000 values of the impulse breakdown voltage values using 1 kV/s impulses without cylindrical magnets in the electrodes; (3a) measuring 1000 values of the impulse breakdown voltage values using 1 kV/s impulses with cylindrical magnets in the electrodes; (4) determination of the high energy tail distribution of the free-electron gas without cylindrical magnets in the electrodes; (4a) determination of the high energy tail distribution of the free-electron gas with cylindrical magnets in the electrodes; (5) fitting the high energy tail (with and without cylindrical magnets in electrodes) and drawing the obtained results on the unique diagram; (6) determination of the ionization coefficients; (7) measuring the DC breakdown voltage values without cylindrical magnets in the electrodes; (7a) measuring the DC breakdown voltage values with cylindrical magnets in the electrodes; (8) drawing Paschen’s curves based on the obtained values for α ionization coefficients and drawing (on the same diagram) the measured DC breakdown voltage values (all without cylindrical magnets in the electrodes); (8a) fitting the measurement results of the DC breakdown voltage versus the PD values by using the general form of Paschen’s curve; (9) the impulse characteristics were determined from the results obtained in the measurements; (10) merge the observed the results from step 8 and 8a in a unique diagram. 
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Figure 6. The histogram of class 1 + 3.3·logn of a free electron gas energy distribution; (a) the tail of the spectrum for k = 0.96; marked black: without cylindrical magnets in the cathode; marked red: with cylindrical magnets in the cathode; (b) the complete spectrum and the Maxwell distribution; p = 5 Pam, p = 5000 Pa; marked black: without cylindrical magnets in the cathode; marked red: with cylindrical magnets in the cathode; Gas: He. 
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Figure 7. The histogram of class 1 + 3.3·logn of a free electron gas energy distribution; (a) the tail of the spectrum for k = 1.05; marked black: without cylindrical magnets in the cathode; marked red: with cylindrical magnets in the cathode; (b) the complete spectrum and the Maxwell distribution; p = 5 Pam, p = 50,000 Pa; marked black: without cylindrical magnets in the cathode; marked red: with cylindrical magnets in the cathode; Gas: He. 
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Figure 8. The histogram of class 1 + 3.3·logn of a free electron gas energy distribution; (a) the tail of the spectrum for k = 1.16; marked black: without cylindrical magnets in the cathode; marked red: with cylindrical magnets in the cathode; (b) the complete spectrum and the Maxwell distribution; p = 105 Pam, p = 105,000 Pa; marked black: without cylindrical magnets in the cathode; marked red: with cylindrical magnets in the cathode; Gas: He. 
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Figure 9. The theoretically calculated DC breakdown voltage versus PD and values obtained experimentally using a hollow cathode with a 241Am source and various d (● 0.1 mm, ○ 0.5 mm, ■ 1 mm); Gas: He. 
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Figure 10. The experimental points (●—: the DC breakdown voltage, pressure) fitted using Paschen’s curve with inter-electrode distance as the fitting parameter with cylindrical magnets in the cathode; the experimental points (★---- : the DC breakdown voltage, pressure) fitted using Paschen’s curve with an inter-electrode distance as the fitting parameter without cylindrical magnets in the cathode; an experiment performed with three cylindrical Alnico magnets in the cathode, an inter-electrode distance of 0.5 mm; the best fitting parameter is d = 0.61 mm; the value calculated by Equation (A16) is d = 0.58 mm; Gas: He; the magnetic induction was 0.58 T on the surface of the cathode. 
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Figure 11. The experimental points (●—: the DC breakdown voltage, pressure) fitted using Paschen’s curve with inter-electrode distance as the fitting parameter with cylindrical magnets in the cathode; the experimental points (★---- : the DC breakdown voltage, pressure) fitted using Paschen’s curve with inter-electrode distance as the fitting parameter without cylindrical magnets in the cathode; an experiment performed with three cylindrical Alnico magnets in the cathode, an inter-electrode distance of 0.5 mm; a best fitting parameter of d = 0.58 mm; the value calculated by Equation (A16) was d = 0.56 mm; Gas: He; the magnetic induction was 0.58 T on the surface of the cathode. 
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Figure 12. The experimental points (●— : DC breakdown voltage, pressure) fitted using Paschen’s curve with inter-electrode distance as the fitting parameter with cylindrical magnets in the cathode; the experimental points (★---- : DC breakdown voltage, pressure) fitted using Paschen’s curve with inter-electrode distance as the fitting parameter without cylindrical magnets in the cathode; an experiment performed with three cylindrical Alnico magnets in the cathode, an inter-electrode distance of 0.5 mm; a best fitting parameter of d = 0.56 mm; the value calculated by Equation (A16) was d = 0.53 mm; Gas: He; the magnetic induction was 0.58 T on the surface of the cathode. 






Figure 12. The experimental points (●— : DC breakdown voltage, pressure) fitted using Paschen’s curve with inter-electrode distance as the fitting parameter with cylindrical magnets in the cathode; the experimental points (★---- : DC breakdown voltage, pressure) fitted using Paschen’s curve with inter-electrode distance as the fitting parameter without cylindrical magnets in the cathode; an experiment performed with three cylindrical Alnico magnets in the cathode, an inter-electrode distance of 0.5 mm; a best fitting parameter of d = 0.56 mm; the value calculated by Equation (A16) was d = 0.53 mm; Gas: He; the magnetic induction was 0.58 T on the surface of the cathode.



[image: Materials 12 00752 g012]







[image: Materials 12 00752 g013 550]





Figure 13. The experimental points (●— : DC breakdown voltage, pressure) fitted using Paschen’s curve with inter-electrode distance as the fitting parameter with cylindrical magnets in the cathode; the experimental points (★---- : DC breakdown voltage, pressure) fitted using Paschen’s curve with inter-electrode distance as the fitting parameter without cylindrical magnets in the cathode; an experiment performed with three cylindrical Alnico magnets in the cathode, an inter-electrode distance of 0.5 mm; a best fitting parameter of d = 0.59 mm; the value calculated by Equation (A16) was d = 0.57 mm; Gas: He; the magnetic induction was 0.58 T on the surface of the cathode. 
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Figure 14. The experimental points (●— : DC breakdown voltage, pressure) fitted using Paschen’s curve with inter-electrode distance as the fitting parameter with cylindrical magnets in the cathode; the experimental points (★---- : DC breakdown voltage, pressure) fitted using Paschen’s curve with inter-electrode distance as the fitting parameter without cylindrical magnets in the cathode; an experiment performed with three cylindrical Alnico magnets in the cathode, an inter-electrode distance of 0.5 mm; a best fitting parameter of d = 0.56 mm; the value calculated by Equation (A16) was d = 0.53 mm; Gas: He; the magnetic induction was 0.58 T on the surface of the cathode. 
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Figure 15. The experimental points of the DC breakdown voltage: ― = pressure fitted using Paschen’s curve with inter-electrode distance as the fitting parameter; - - - = the theoretical Paschen’s curve determined under the same conditions without cylindrical magnets in the cathode; an experiment performed with three cylindrical Alnico magnets in the cathode, an inter-electrode distance of 0.5 mm; a best fitting parameter of d = 0.55 mm; the value calculated by Equation (A16) was d = 0.52 mm; Gas: He; the magnetic induction was 0.58 T on the surface of the cathode. 
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Figure 16. The experimentally obtained values of DC of the breakdowns around Paschen’s minimum: ● cathode with a cavity and 241Am, x Rogowski electrode, ○ a Rogowski electrode with a magnetic field; Gas: He; the magnetic induction was 0.58 T on the surface of the cathode. 
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Figure 17. The 99% and 1% impulse characteristics; PD = 5 Pa m, ― without a magnetic field, - - - with a magnetic field; Gas: He; the magnetic induction was 0.58 T on the surface of the cathode. 
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Table 1. The mean energy of the free electron gas spectrum obtained from different values of the product PD and pressure p; ε1: the mean energy calculated on the basis of histograms; ε2: the mean energy calculated on the basis of Equation (5). ε3: the mean energy according to the fitted Maxwell distribution.






Table 1. The mean energy of the free electron gas spectrum obtained from different values of the product PD and pressure p; ε1: the mean energy calculated on the basis of histograms; ε2: the mean energy calculated on the basis of Equation (5). ε3: the mean energy according to the fitted Maxwell distribution.





	PD (Pam)
	5
	5
	105





	p (Pa)
	5000
	50,000
	105,000



	ε1 (eV)
	1.85
	1.58
	1.5



	ε2 (eV)
	1.91
	1.97
	1.61



	ε3 (eV)
	1.89
	1.81
	1.68
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