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Abstract

:

A low impedance high power microwave (HPM) driver is designed, which can be used in studying multi-gigawatt HPM devices such as the magnetically insulated transmission line oscillator (MILO), based on a helical pulse forming line (PFL) and the Tesla pulse transformer technology. The co-axial PFL is insulated by ethanol–water mixture, whose dielectric constant can be adjusted; and the helical line increases the output pulse width as well as the impedance to make a better match with the load. By the optimal combination of PFL charging voltage and output switch working voltage, the reliability of the PFL can be improved. The Tesla transformer has partial magnetic cores to increase the coupling coefficient and is connected like an autotransformer to increase the voltage step-up ratio. The primary capacitor of the transformer is charged by a high voltage constant current power supply and discharged by a triggered switch. A transmission line is installed between the PFL and the HPM load, to further increase the load voltage. A ceramic disk vacuum interface is used for improving the vacuum of the HPM tube. The experiments show that the driver can operate at 30 GW peak power, 75 ns pulse width and 5 Hz repetition rate.
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1. Introduction


Pulsed power technologies have many applications in both industrial and military fields [1,2], and pulse generators come in various sizes and parameters, with the 33 m diameter, 80 TW Z machine in Sandia [3] and a laptop sized 50 kV, 10 kV/ns rising rate trigger generator [4]. High power microwave (HPM) is one of the important applications of pulsed power and it has gained rapid development in recent years due to its potential use in directed energy weapons, power beaming, plasma heating and cancer treatment [5,6], etc. Since HPM studies require a special category of compact, repetitive pulse generators (electron beam accelerators), pulsed power drivers especially devoted to HPM are also widely researched, and they also have a very wide range of parameters in peak power, pulse width, impedance, rep-rate, etc. For example, a promising HPM device, the magnetically insulated transmission line oscillator (MILO) [7,8,9,10,11], which is compact and requires no guiding magnetic field, requires a low impedance HPM driver of the following electrical parameters: power in the range of tens gigawatt, impedance around 10 Ω, pulse width around 100 ns, repetition rate of 1–10 Hz, etc. The accelerators should also be as compact, efficient, and reliable as the state-of-the-art technology can achieve at a reasonable cost.



The past decade has seen various custom-built HPM drivers around the world, using very different technical approaches [12,13,14,15,16,17,18,19,20,21,22], with peak power ranging from several to several tens of gigawatts. Most of the drivers have a water or oil filled coaxial or Blumlein pulse forming lines (PFL). For example, the very successful SINUS series accelerators from the Institute of High Current Electronics, Tomsk, Russia, featuring in transformer oil insulated PFLs with built-in Tesla transformers, have been widely used [12,13]. They are suitable for driving high impedance (>50 Ω) HPM tubes such as the BWO [23] since the oil insulated PFL has characteristic impedance in the range of dozens of ohms. For lower impedance (<20 Ω) requirements, water or aqueous based liquid mixture may be used as they have a higher dielectric constant than transformer oil [22,24]. Some other accelerators have no pulse forming lines, as they use a Marx generator or a linear transformer driver (LTD) with a very short rise time [14,15,21] or with a pulse forming network (PFN) [19,20], and the output pulse width is not limited by the geometry length of the driver. These PFL-less drivers are also aimed at driving the high impedance HPM loads and they have much more components than drivers with pulse forming lines.



This paper presents a 30 GW, 75 ns, 5 Hz rep-rate HPM driver with liquid helical pulse forming line for low impedance HPM devices. This driver is unique in that it allows optimal energy storage, impedance matching with the load, longer pulse width and it is relatively compact and robust. Since the driver was put into use in 2015, several novel or high efficiency MILO studies were carried out, with the frequency in the range of 1.48–16 GHz and peak radiated power of 2–6 GW [9,10,22]. Section 2 describes the main designing considerations of the pulse generator and the details of each part, including the reliability model of the pulse forming line, the partial core pulse transformer, etc. Section 3 shows the experiment results and Section 4 contains a summary.




2. Materials and Methods


2.1. Overview of the HPM Driver


The design of the HPM driver utilized the proven technologies and a modular building method, where each part can be easily assembled, maintained, improved, or replaced if it fails or a better alternative technology is available. The block diagram of the driver is shown in Figure 1. The primary capacitor is charged by a high voltage direct current (HVDC) power supply and discharged by a triggered primary switch. The energy in the capacitor is transferred to a liquid helical PFL via a step-up Tesla transformer. The output switch is a self-break gas switch and when voltage achieves preset level, the energy in the PFL is transferred to a vacuum diode load such as a MILO via a transmission line (TL). The TL serves as an impedance transformer to make MILO’s impedance better matched to PFL. The vacuum diode has a ceramic disk insulator so that it has a very low outgassing rate and a high vacuum level could be achieved.



Figure 2 shows the photo of the developed HPM driver, where the main building blocks, such as the HVDC charger, the primary capacitor, the transformer, the PFL, the output switch, and the transmission line, etc., are marked out. The liquid processing unit for the liquid mixture is outside of the photo. Remote control of the driver is realized by starting the HVDC charger and triggering the primary switch through optical fibers.




2.2. Design Considerations of the Key Components


2.2.1. Liquids Dielectric Mixtures


Though solid-state pulse generators are becoming popular these days, we prefer the liquid pulse forming line technology for its low cost and the advantages of the liquid material over the solid one simply because of the liquid’s fluidity, which makes heat dissipation, fast recovery, good electrode contacts, and high electric strength possible or easy to achieve [24]. We particularly favor the aqueous mixtures, such as glycol, glycerin, and ethanol, as they have high, adjustable dielectric constant, higher resistivity, and a higher range of operation temperature than pure water, and these characteristics offer additional design freedoms, in addition to their high energy storage density to make the PFL compact [22]. Low dielectric constant liquids, such as transformer oil, are not suitable to use for low impedance pulse forming lines, and the line length will be much longer than practical for a pulse width of about 100 ns.



In this study, a 50% volume fraction ethanol–water mixture is used. The mixture has a dielectric constant of about 52 and it has higher resistivity (>50 MΩ·cm) after deionization treatment compared to pure water (~18 MΩ·cm). Even with the deionization device turned off for 24 h, the ethanol–water mixture can maintain its resistivity to above 20 MΩ·cm; hence, it is not necessary to run the deionization device continuously. In addition, the mixture has a lower melting point which allows the PFL to temporarily work outdoors in winter. Figure 3a shows the mixture’s density (in unit g/cm3) and relative dielectric constant vs the volume fraction of ethanol, and Figure 3b shows the measured liquid resistivity decreasing with time after the deionization device is turned off. Because of the linear relation between the dielectric constant and volume fraction of the ethanol, the tailoring of the dielectric constant to a desired value is made easy.




2.2.2. Helical Pulse Forming Line


A coaxial transmission line has its characteristic impedance determined by the dielectric constant    ε r    and the line’s inner and outer radius    r i  ,    r o   , i.e.,    Z 0  =   60      ε r      ln    r o     r i       Ω   . The line has a specific impedance to optimize its energy storage, as having very low values of    r i    causes field enhancement at the inner conductor’s surface and very high values of    r i    decreases the gap between the inner and outer conductors. The optimal impedance for energy storage is   30 /    ε r       Ω   , which is about 3.3 Ω for deionized water, having a dielectric constant    ε r  = 81  . This impedance is much less than the load impedance, which is usually above 10 ohms for MILO; hence, the energy efficiency from PFL to load is poor. By using the ethanol–water mixture, the impedance can be increased at the cost of less output pulse length.



To address such a dilemma of optical impedance and pulse width, a coaxial helical pulse forming line is developed, following the method in reference [25]. References [26,27,28] give the analysis and simulation of the helical structure. The main idea is that during the slow charging period, the helical inner cylinder works essentially like a straight cylinder, and the inner conductor radius is optimized to have maximum energy storage; during the fast pulse forming period, the helical line is practically a slow wave structure, and as a result, the output pulse width is lengthened, and the apparent impedance is increased. By adjusting the slow wave coefficient, we can make the PFL’s output impedance better matched to that of the load. Thus, the helical structure makes the following possible simultaneously: optimized energy storage, optimized impedance matching, and longer output pulse width than a straight forming line. Figure 4 shows the geometry structure of the helical PFL. The inner conductor of Figure 4 has another feature, that there are two parallel helical slots, to make the current path along the inner conductor more uniform and the output waveform more square-like.




2.2.3. Reliability Model of the PFL with Output Switch Jitter Considered


One problem of the liquid forming line is that the liquid breaks down randomly, though it can recover its strength after a short period. If the charging time is relatively long, even at a relatively low charging voltage, the breakdown probability is not zero. This problem gets more serious with rep-rate pulsers, as a pulse burst stops prematurely if one pulse has a breakdown.



During experiments, it is found that the random breakdown voltage fluctuation or scattering of the output switch also affects the reliability. In the following context, the voltage scattering  σ  is defined as the ratio of the standard deviation of the switch breakdown voltage to the average breakdown voltage. The reason is that during the charging process of the PFL, both the liquid and output spark gap switch are stressed in parallel; if the switch is preset to conduct at a lower voltage (e.g., filled with less gas pressure), it will conduct more readily and the chance the liquid will break down is less. Normal operation requires that the switch conducts and the liquid does not break down.



To further optimize the energy storage of the PFL, the charging voltage should not be too high so that water breaks down easily, and not too low so that the PFL’s ability is not fully used; therefore, it is ideal to estimate the reliability beforehand. There exists already abundant research for predicting the water breaking down probability, like the famous Martin formula for predicting the water breakdown electric field    E b   , as in Equation (1) [29,30],


   E b  =    E c     t  ef   0.33    A  0.058      



(1)







In Equation (1),    E c    is a characteristic electric field strength which is 0.23 MV/cm for water in uniform field,    t  ef     is the stress time of the liquid at 63% peak field (in the unit of μs), and  A  is the area of the electrode (in the unit of cm2). It is assumed that Equation (1) also applies to the ethanol–water mixture, except a difference in the constant    E c   , so that if    V b    is breakdown voltage at 50% probability, then the probability of liquid breakdown at normalized PFL charging voltage    v  ch   =  V  charging   /  V b    is given by Equation (2),


   P   liquid _ break     (   v  ch    )  = 1 −    (   1 2   )     v  ch  a     



(2)




where   a ≈ 1 / 0.058   is the area related constant [29].



Equation (3) gives the failure probability   F   as a function of normalized charging voltage    v  ch    , and normalized mean switch voltage    v  sw    ,


  F  (   v  ch   ,  v  sw    )  = 1 −  P   gas _ break     (  1 −  P   liquid _ break     )   



(3)




where    v  sw   =  V  switch   /  V b    is the ratio between mean switch voltage and the liquid breakdown voltage at 50% probability. The gas switch breakdown probability is assumed to follow the normal distribution with mean voltage being    V  switch     and relative standard deviation being  σ . For the self-break spark gap,  σ  can be as high as 0.05.



Figure 5 shows a calculation result of the above reliability model. Curves 1 to 4 are the failure probabilities with different switch mean voltage and relative scattering. Curve 5 is the probability of liquid breakdown at different normalized charging voltage from Equation (2). It is shown that both higher switched mean voltage and higher relative scattering leads to higher failure probability. For example, for curve 4, if a switch is preset to conduct at a voltage of   0.7  V b    (by filling gas to a preset pressure), there exists an optimal charging voltage of   ∼ 0.75  V b    to have best reliability, because lower charging voltage leads to higher probability of switch failing to conduct and higher charging voltage leads to higher probability of liquid breaking down. Curve 4 shows that the best predicted reliability is 99.5% as the failure probability is 0.005. Curve 3 has a higher scattering, and the maximum reliability is lower than curve 4. The reason is that at lower charging voltage, though liquid breakdown probability is low, the gas switch’s probability to conduct is even lower, resulting in the liquid breaking down first and the PFL failing; whereas at higher charging voltage, the liquid breaks down more easily.



From the above analysis, there is an optimal combination of charging voltage and switch conduction voltage (preset by the gas pressure for a self-break switch), and the lower switch jitter (voltage scattering) permits higher reliability. Figure 6 shows the combination contour regions for a given reliability and switch voltage scattering   σ = 0.02   or 0.05. For example, to achieve 0.98 reliability, the left graph has a very small region (the red area contained in the 0.98 contour line), while the right graph has a much larger region, with less switch voltage scattering. At a given switch’s scattering, to obtain higher reliability, the choice of the charging voltage and switch preset voltage combination becomes narrower.




2.2.4. Partial Core Pulse Transformer


A Tesla transformer is used to step up the primary voltage and charge the pulse forming line. As the liquid is an aqueous mixture, which has relatively low resistivity (~50 MΩ·cm), a fast charging (  < 10    μ s   ) is necessary. Fast charging is also required from the liquid breakdown strength relationship, to reduce    t  ef     in Equation (1). Thus, the secondary inductance of the transformer is limited to no more than tens of milli-henries, and the turn ratio is limited to several dozens, and the secondary current is high, so that a transformer with a closed magnetic core is not practical.



An air core transformer was used in a previous single-shot HPM driver [31], which has a relatively low coupling coefficient of about 0.75, so that the energy efficiency from the primary capacitor to secondary PFL is low. Though the coupling coefficient of 0.6 can also achieve ideal efficiency for a Tesla transformer, it is not used here because the PFL voltage will change polarity during the charging period and the liquid breaks down easily under this condition. At last, the partial magnetic core concept [12,32] is adapted and the structure of the transformer is shown in Figure 7a. There are two partial magnetic cores, the inner and the outer core. The primary winding is of 3 turns, installed on the inside surface of the outer core. The secondary winding is about 90 turns, installed on a cardboard skeleton, shown in Figure 7b, to form a cone shape, with the tip of the cone facing the output side. The output of the transformer is connected to the PFL. At the right side of Figure 7 is shown the cardboard skeleton for the secondary winding, immersed in transformer oil. The completed transformer has a coupling coefficient of about 0.95.



There are two ways to connect the transformer windings, as shown in the top left and bottom left of Figure 8. For the top circuit, both the primary and the secondary winding are connected to the ground. For the bottom circuit, the secondary is not connected to the ground, but to the higher potential side of the primary winding. It is found such an autotransformer connection will increase the output voltage by nearly the primary charging voltage and it is convenient for the geometry in Figure 7, as the higher diameter of the cone winding is connected to the primary’s high potential input. The top right and bottom right of Figure 8 give the equivalent circuits of the two transformer circuits, and from these, Equations (4)–(7) can be derived, as the mutual inductance   M = k    L 1   L 2    =  M ′  =  k ′     L 1 ′   L 2 ′     . Equations (6) and (7) give the effective turn-ratio   n ′   and coupling coefficient   k ′   of the autotransformer, and it is easily deduced that the connection in the autotransformer way will increase the turn ratio by almost 1 and the coupling coefficient suffers only a very low decrease, since  k  is very close to 1, where  k  and  n  are the coupling coefficient and turns ratio for the transformer connected in the usual way, as shown in the left circuit of Figure 8.





    L 1 ′  =  L 1    



(4)






    L 2 ′  =  L 1  +  L 2  + 2 k    L 1   L 2      



(5)






    n ′  =      L 2 ′     L 1 ′      =   1 + 2 k n +  n 2    ≈ n + 1   



(6)






    k ′  =  M     L 1 ′   L 2 ′      =  n    1 + 2 k n +  n 2      k ≈ k .   



(7)








2.2.5. Other Design Considerations


The high voltage charger for the primary capacitor is composed of four sets of 30 kV, 2 A constant current capacitor chargers [33], with two in parallel and two in series. The charger makes a 5 Hz repetitive operation possible at 50 kV charging voltage. Rep rate can be higher for lower primary charging voltage.



A pseudo spark gap switch (thyratron) of model TDI4-100k/75H [34], as shown in Figure 9a, was used to discharge the primary capacitor. The labeled forward anode voltage of the switch is up to 70 kV, the peak anode current up to 50 kA, and maximum anode current rise rate up to 1012 A/s. During the experiments, the switch was connected to the circuit with a coaxial cable, to reduce inductance. The switch performed well initially but degraded quickly after several tens of shots, with frequently pre-firing. Apparently, the dwell time of the peak anode voltage is much longer (~200 ms in our case) than the recommended duration (not higher than 1 ms). Later, a traditional spark gap trigatron switch, shown in Figure 9b, replaced the thyratron. Currently, these switches cannot be turned off when the current goes to zero as thyristors do; hence, energies left in the primary capacitor cannot be reused as is done in SINUS accelerators [12]; but by varying the charging voltage of the primary capacitor, one can make best energy transfer efficiency to the PFL.



The output switch is a spark gap filled with SF6 at absolute pressure between 0.3–0.4 MPa, and the breakdown voltage is around 1 MV. Special attention is paid to avoid the flashover along the switch envelope’s inner surface, which happened occasionally during the initial test. The idea is to decrease the parallel component of the electric field along the envelope surface. Figure 10 shows the potential (contour lines) and the field strength (color shades) of the electrostatic field calculation results of the switch before it breaks down. The electric field in the gap is relatively uniform so that an approximately linear voltage-pressure relationship can be achieved, which makes it easy to adjust switch voltage. On the left side of the figure is the PFL’s inner cylinder, whose relatively large radius helps to shield the envelope and the triple point near the switch’s left electrode.



A transmission line is installed between the output switch and the load. Though the helical line and the liquid mixture make it easier to match the impedance of the load, it will be more flexible to have another choice. The TL has an impedance value between those of the PFL and the load, serving as a transmission line transformer to make the energy transfer more efficient. In addition, the TL isolates the load from the PFL to mitigate unnecessary voltage reflections.



The vacuum interface of the high-power microwave diode is both a high-voltage feedthrough and a support structure for the cathode. The design of the vacuum interface is very important to its normal operation, and one of the keys is to suppress the occurrence of flashover along the surface [35]. A ceramic liquid–vacuum interface [36,37,38], as shown in Figure 11, is used to improve the vacuum level within the electron diode and the HPM tube. The Al2O3 ceramic disk is brazed to the outer stainless-steel flange, which has a knife-edge structure so that a metal O-ring can be used to seal the vacuum chamber. This allows high temperature baking of the HPM device to remove absorbed gas, as degassing from organic material or velvet cathode deteriorates the vacuum and limits the rep-rate frequency.






3. Results


The circuit parameters of the main components used in the circuit simulation are listed in Table 1. The parameters of the transformer are measured from a LCR meter; the parameters of the PFL and TL are calculated from the geometry of the structures; other equivalent inductance, capacitance, and resistance are estimated values.



The PSpice circuit schematic is shown in Figure 12a and the simulation results, together with the experimental waveforms, are shown in Figure 12b,c. Qualitatively, the simulation matches the experiment well, and the discrepancy comes from the helical structure which is ignored in the circuit model, and non-ideal response of the measurement probes. Typically, a peak load voltage of 570 kV, current of 52 kA (peak power near 30 GW), and pulsed width (FWHM) 80 ns can be obtained at the load    R L   . In theory, peak power can reach 50 GW if the switch is set to conduct later, whereas the PFL must withstand the higher voltage for a longer time and the reliability drops.



The assembled driver is shown in Figure 2, and the maximum diameter of the transformer is 0.6 m, the length of the driver is 4 m, and total weight is about 1.5 ton including the charger. The typical 5 Hz rep-rate waveforms are shown in Figure 13, where the calibrated peak power is above 25 GW, pulse width is 75 ns, and the load is about 11 Ω. The experimental waveforms are like those of the circuit simulation, and the relative switched PFL voltage scattering is less than 3%. During the tests, maximum peak power of 30 GW was achieved, but occasional liquid breakdown (about 1 failure every 30 pulses) caused the train of pulse burst to stop prematurely. From the model in Section 2.2.3, the reliability is estimated to about 0.98. By fine tuning the charging voltage of the primary capacitor at a preset output switch gas pressure (to obtain the desired average output voltage), the reliability can be improved as both too high or too low charging voltage is not desired. In case there is a breakdown event, the experiment can be resumed by turning on the deionization device to filter the liquid and remove the bubbles formed during the breakdown.




4. Discussion and Conclusions


A rep-rate HPM driver is designed with flexibility and reliability considered. Peak power of 30 GW, pulsed width of 75 ns, rep rate of 5 Hz on a 11 Ω load are obtained. Such a HPM driver is particularly useful for low impedance HPM devices such as MILO. The driver utilizes a modular building method, and each part can be relatively easily assembled, maintained, or updated as better alternative technology is available. The driver is based on a helical pulse forming line (PFL) and the Tesla pulse transformer technology. The co-axial PFL is insulated by water–ethanol mixture, whose dielectric constant can be adjusted; and by adjusting the slow wave coefficient of the helical line, the output pulse width can be increased and better impedance matching with the load can be met. The reliability model of the PFL is analyzed and it is found there is an optimal combination of PFL charging voltage and output switch working voltage. The Tesla transformer has partial magnetic cores to increase the coupling and is connected like an autotransformer to increase the voltage step-up ratio.



In the future, we will continue to optimize the driver, such as: the output switch will be replaced with a triggered one to reduce switch jitter and switch voltage scattering; thus, the reliability will be further improved; the remaining energy in the primary capacitor from previous pulse will be recovered for the next pulse to improve the overall efficiency of the driver.
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Figure 1. Schematic of the HPM driver. 
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Figure 2. Photo of the HPM driver. 
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Figure 3. (a) Relation between the density, relative dielectric constant of ethanol–water mixture, and the volume fraction of ethanol; (b) The mixture has a higher resistivity than deionized water and its decay with time is also slower. 
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Figure 4. The geometry of the helical forming line. 
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Figure 5. Failure probability of the forming line with switch voltage scattering considered. 
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Figure 6. Scattering of switch voltage and combination of charging voltage and switch voltage affect PFL reliability. 
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Figure 7. Structure of the partial core transformer. (a) Cross-section of the Transformer; (b) The cone skeleton made of cardboard. 






Figure 7. Structure of the partial core transformer. (a) Cross-section of the Transformer; (b) The cone skeleton made of cardboard.



[image: Electronics 11 00784 g007]







[image: Electronics 11 00784 g008 550] 





Figure 8. Two connection ways of the transformer circuit and their equivalent parameters. 
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Figure 9. (a) Pseudo-spark switch and (b) trigatron switch. 
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Figure 10. Output switch field distribution. 
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Figure 11. The ceramic liquid–vacuum interface. 
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Figure 12. Equivalent circuit and simulation results: (a) Equivalent circuit; (b) Comparison of the primary current and PFL voltage with experiment (green and red curves); (c) Comparison of load voltage with experiment (red curve). 
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Figure 13. Experiment waveforms of the 5 Hz rep-rate test: (a) the primary current of the transformer and PFL voltage; (b) the load current, load voltage, and microwave detector signals. 
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Table 1. Circuit parameters used in simulation.
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	Circuit Parameters
	Values
	Circuit Parameters
	Values





	Primary capacitance (   C 1   )
	10 μF
	PFL impedance
	3.5 Ω



	Primary capacitor initial voltage
	50 kV
	PFL one-way time delay
	39 ns



	Transformer primary inductance (   L 1   )
	18 μH
	TL impedance
	7 Ω



	Transformer secondary inductance (   L 2   )
	13 mH
	TL one-way time delay
	40 ns



	Transformer coupling coefficient
	0.95
	Output switch equivalent inductance
	130 nH



	Equivalent primary serial resistance (   R 1   )
	150 mΩ
	Output switch equivalent capacitance
	0.1 nF



	Equivalent primary inductance (   L 1   )
	110 nH
	Equivalent load resistance (   R L   )
	11 Ω



	Equivalent secondary resistance (   R 2   )
	110 Ω
	Equivalent load inductance (   L L   )
	300 nH



	Equivalent liquid leaking resistance (   R p   )
	10 kΩ
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