Chapter 7. Formation and development of pulsed power

The final part of this course is devoted to a comparatively young (approximately 40–45 years old) field of science, engineering, and technology formed at the interface between electric power engineering (in particular, high-voltage engineering) and physics (high-energy physics). In the context of the previous sections of this book, it is of great interest as one of scientific and technological directions for solving problems of power resources shortage and global pollution of the environment. In the first case, the use of pulsed power in inertial thermonuclear fusion is meant (see Sec. 5.1), and in the second case, the use of pulsed power in new energy- and resource-saving technologies is meant.

In the literature, a few terms are used for it, but the term pulsed power is most widespread in the English scientific literature.

This term encompasses a number of new directions in generation and application of superhigh-power pulses of electrical energy to controlled inertial thermonuclear fusion, high-power pulse laser and acceleration technology, technology of generating superstrong magnetic fields, etc. Notwithstanding the fact that in the first decades pulsed power was developed predominantly with applications to military technologies, in the last few years, like high-voltage engineering, it has been oriented to application of high-voltage impulse energy to new industrial technologies. 

Pulsed power uses electrical energy compressed in time as an initial raw material. In limiting cases, impulses have the following parameters: powers of 1012–1013 W, voltages of 106–107 V, currents of 105–106 A, and widths of 10–8–10–7 s. The main purpose here is to maximize the impulse power.

Such extremely high impulse parameters are not required for industrial technological facilities. Other requirements are more important here. The main parameter is long operating lifetime of high-voltage impulse capacitors, commutating switches, and working bodies (instruments) operating at high pulse  repetition  (from tens to hundreds of impulses per second). Very stringent requirements are imposed on levels of acoustic and electromagnetic noise. The former is required to create comfortable working conditions for the personnel, and the latter is required for electromagnetic compatibility of high-voltage technological facilities with other equipment. Considerable attention must also be given to a decrease of power losses in charging and especially discharging circuits of an impulse generator and in the entire circuit of electrical energy conversion into other energy types.

Depending on concrete problems being solved, the result of complex conversion of electrical energy pulses can be superstrong magnetic fields, beams of charged particles, electromagnetic radiation of different frequencies, plasma channels of spark breakdowns in nonconducting media, or electrical explosion of conductors. A source of high-voltage impulses is one of the basic parts of all this equipment despite a great variety of final “products” and technical implementation of methods of electrical energy conversion into other energy types.

Fast development of pulsed power over the past four decades has become possible not only due to large investments of governments of leading world countries in military technologies but also due to huge experience accumulated by electric power engineering in the development of high-voltage impulse sources used mainly for imitation of lightning and internal overvoltage impulses acting on power engineering and other objects [24-27].

7.1. Development of high-voltage pulsed power

7.1.1. Prehistory of pulsed power

The first impulse high-voltage source (for a few hundred kilowatts) designed  in Russia by V. K. Arkad’ev and N. V. Baklin in1914 was a multistage impulse voltage generator (IVG) in which by-spark gaps connected between capacitor stages were used for automatic switching of capacitors charged in parallel into the connection in series in the discharge mode.

Multistage IVG circuits were developed in more details and realized by E. Marx in Germany. In the world scientific literature, multistage IVGs are called the Marx generators, and in the Russian scientific literature they are called the Arkad’ev–Marx generators. This is explained by the fact that E. Marx patented his invention in 1923, and V. K. Arkad’ev described his invention in a scientific paper only in 1925, that is, 11 years after the IVG invention (not a single example of   kindliness and lacking of business grip of the Russian scientists). C. Stainmetz (a colleague of E. Marx) and F. Pick, an American scientist [26], made significant contribution to the development of IVG theory and practice in the first years of IVG application.

The demands of rapidly developing power engineering for testing the stability of high-voltage equipment against lightning (external) and switching (internal) overvoltages stimulated a search for methods and devices generating impulse voltages with amplitudes from a few tens to hundreds and even thousands of kilovolts. The standards on compulsory withstand-voltage tests of transformers, switches, cables, dischargers, insulators, etc. were introduced. In its turn, the development of new types of high-voltage equipment and equipment on higher voltage classes required measurements of impulse electric strength of all dielectric media, including vacuum, air, and other gases in a wide range of pressures, solid and liquid dielectrics, and combined insulation.

The usefulness of withstand-voltage tests of electric equipment was proved by practice of their application. Thus, the withstand-voltage tests introduced in the USA resulted in a decrease of accidents with transformers from 15% in 1931 to 3% in 1949.

In succeeding years, the use of IVG in the design, production, and service of electric equipment has expanded due to an increased number of high-power systems, increased rated network voltage, and design and construction of ultralong-range electric-power transmission lines. At present, IVG is the most important part of the equipment of each high-voltage laboratory.

Over the years, IVG has changed considerably:  impulse amplitude and energy increased, and the employed floor area and volume of the room also increased. Already in 1930, two IVGs for voltages of +5 MV and –5 MV relative to an earth were built in Germany. They both could generate 10 MV between poles. In 1939, the same firm (GES) demonstrated a 10-MV IVG in an international exhibition held in New York.

The IVG design was improved simultaneously with the development of new modern units: impulse capacitors, valves, and measuring instruments.

Simultaneously with modernization of IVG design, theoretical investigations were carried out to improve the use and to facilitate the service of the equipment. Considerable attention was given to the development of rational methods of design and selection of IVG units providing generation of pulses with  the specified parameters. The problem is complicated by strong influence of inductance of the discharge circuit and test objects (for example, windings) on the impulse shape and by lacking of analytical relationships between the electrical parameters and impulse shape. Large contribution to the development of analytical, empirical, and semiempirical methods of determining the parameters of units and IVG design providing generation of impulses with the specified  parameters was made by scientists and engineers R. Hofoer, W. Marguerre, A. M. Angelini, O. Salka, A. Vondenbush, E. Flegler, R. Elsner. Among the Russian scientists and engineers, M. F. Pashin, L. E. Mashkileison, A. V. Stukachev, G. A. Lebedev, S. M. Smirnov, and P. V. Terent’ev should be mentioned.

Depending on the designation, IVGs are built for indoor or outdoor installation. In both cases, generators can be stationary or mobile. By their design, generators are subdivided into support and suspension.

The dimensions and insulation zone of the impulse voltage generator for a few million volts occupy a considerable part of the room volume. The suspension design is mechanically less stable than support one, but it allows one to use a floor area under the generator for mounting of a by-spark gap and test object. The design of an impulse generator must provide small inductance of the discharge circuit, small weight, accessibility of service and repair, possibility of regulation of the waveform and wave amplitude, and possibility of re-equipment to increase the wave amplitude or discharge capacity.

The design depends on the IVG arrangement, impulse parameters, and type of the employed capacitors.

Four types of oil-paper–insulated capacitors are in most common use in IVGs intended for operation in high-voltage test laboratories.

1. Capacitors enclosed in a metal tank with one or two bushings  feedthrough insulators have high working gradients (40–50 kV/mm) and are moisture-proof. The operating voltage is rather low and does not exceed150 kV.

2. Capacitors enclosed in a porcelain insulation shell operating outdoors are housed in cylinder with fins, and the electrodes have special supports to arrange several capacitors in a vertical column.

3. Capacitors enclosed in bakelite paper or getinax insulation shell for indoor installation have cylindrical shape with two electrodes connected to its ends. They can be arranged in a vertical column and can be put on a horizontal insulating support or suspended structure.

4. Capacitors enclosed in a rectangular insulation shell from polyvinilchloride or polyethylene.

Coils of cable of conventional or special design with high capacity per unit length are sometimes used as IVG capacitive storage devices. In this case, the lead cable shell and internal conductor serve as capacitor plates. The cable drum is mounted on an insulation structure.

There are four types of multistage impulse voltage generators with an insulating support: staircase, rack, tower, and column.
In accordance with the operating principle of multistage IVG, the supporting and insulating structure must be built with increasing degree of insulation relative to an earth or as wooden-metal tanks with porcelain-air insulation of stages from a ground. In this case, capacitors are usually mounted in tank steps in two rows, sometimes in parallel groups comprising several capacitors. The support staircase design can have one, two, or three flights. Generators installed outdoors have one flight, while generators installed indoors can have two or three flights because of a limited floor area. 

The staircase generators were built for indoor and outdoor installation.  They were built mainly in the first two decades from the invention of impulse high-voltage facilities. After 1940, large staircase generators are not built anymore due to low values of their specific technical characteristics.

The housing of rack generators consists of wood or metal frames separated by porcelain insulators. Support insulators are used for support generators, and linear suspension insulators connected in chains are used for suspension generators. Capacitors are mounted on shelves (frames) one above the other or in zigzags. The generators are built for indoor or outdoor installation. The specific energy of the rack generators is higher than of staircase generators and ranges from 0.2 to 1.2 kJ/m3. 

The tower generators are used with oil-barrier insulation between capacitor stages. The capacitors with the oil-paper insulation comprising separate sections of plain washers are mounted one above the other and placed into an insulated cylinder filled with an insulating oil. By-spark commuting gaps  (spark gaps) are mounted on insulating rods placed near the cylinder. The generator tower can comprise several independent generators on lower voltage. The use of oil insulation for the tower generator allows compact impulse generators to be developed. The volume utilization factor for them is 10–25%, whereas for staircase and rack generators it reaches a few percent. The disadvantage of the tower design of the generator is that the repair and control over the state of separate generator units are rather complicated compared to staircase and rack generators.

Increasing requirements to high technical, electrical, and operating parameters of impulse generators have resulted in the creation of column impulse generators. Cylindrical capacitors in an insulating housing are used in the column generator. The capacitors with an insulation body are mounted one above the other and are separated in the vertical direction by insulating cylinders. Housing from capacitors that went out of use are employed as separating insulating cylinders. The insulating separating cylinders are sometimes filled with oil. The generator has one or several columns consisting of interchangeable units. The single-column generator is analogous to the tower generator; however, the repair and service of the single-column generator are easier than of the tower generator.

Multicolumn generators have stable mechanical design consisting of two, three, four or more columns; the insulating frame of charging resistance of the generator is simultaneously used for rigid fixation of columns. The multicolumn generators are very flexible, because the number of capacitors connected in parallel and in series in a single capacitor stage can be easily changed. The multicolumn design of the impulse voltage generator is perfect; it allows mobile and stationary generators with high technical and electrical characteristics to be developed. The volume utilization factor for column generators is rather high and exceeds 25%.

The column generator on 3600 kV and output power W = 90 kJ consisting of nine oil-paper capacitors enclosed in the housing from bakelite paper was constructed in Sweden in 1949 to test the electric transmission equipment on 380 kV.

In the same year, two impulse generators having maximum voltage of 7.5 MV and W = 180 kJ each were constructed in the laboratory of the General Electric in Pittsfield. When the generators were completely charged with opposite polarity, a breakdown of an air gap between them 16.8 m long was initiated. One generator was placed on a platform and could be delivered by a rail track to an open test site. Each generator consisted of six 13.5-m columns.

In post-war years, VEB TUR (Dresden, German Democratic Republic) IVG had been used in high-voltage laboratories of many countries. A great demand for these IVGs was provided by their reliability, careful layout, good design, and complete delivery of support equipment and devices.

To protect IVGs of outdoor installation from the weather conditions, VEB TUR housed them into huge insulating cylinders. This technical design was used, in particular, in the generator placed on the open test site of the Istra Branch of the All-Russia Electrical Engineering Institute (Istra of the Moscow Region). It is of interest that a discharge of this IVG running idle was accompanied by the initiation of sparks from the upper (high-voltage) IVG stage with lengths of several tens of meters, that propagated along very complex trajectories parallel to the ground until they stroked (as lightning) to far-removed objects (trees, buildings, etc.).

From the early 30s to the 60s of the 20th century, 10 large IVG of different designs for a voltage of a few megavolts with energy of a few hundred kilojoules were built in the USSR based on domestic complete equipment. Most of them are still in use in high-voltage laboratories of universities, scientific-research institutes, and plants producing the high-voltage equipment. 

Accelerating, frontal, discharging and charging resistances, and spark gaps are necessary for each impulse voltage generator to ensure its reliable operation.

These units will be considered in a special course.

7.1.2. Modern history of pulsed power

Intensive investigations in the field of pulsed power were started in the early 60s simultaneously in the USSR and USA. A. A. Vorob’ev, G. A. Vorob’ev, and G. A. Mesyats founded at Tomsk Polytechnic Institute one of the first scientific schools in this direction in the USSR. Their works in the field of impulse generators provided the basis for further investigations in such related areas as generation of high-power electron and ion beams; generation of high-power optical, x-ray, and microwave radiation; physics of gas discharge; plasma physics; solid state physics; etc. [28-30]. In their turn, high-power relativistic electron beams started to play an important role in a solution of many problems, including plasma heating to thermonuclear temperature; excitation of high-power electromagnetic oscillations in microwave range; collective methods of acceleration of charged particles; creation of sources of intense x-rays for an analysis of radiation-induced effects in solids, liquids, gases, and biological objects upon exposure to large radiation doses; physics of high energy densities studying the behavior of materials under extreme conditions; registration of transient processes in dense media; physics of microcosmos connected with a study of processes described by small interaction cross sections; excitation of 3-D discharges and pumping of high-power gas lasers with an electron beam [8]. The prospects for application of high-power electron beams to many branches of science and engineering stimulated the development and construction of impulse high-current electron accelerators, search for and investigation of new methods of generating high-power electron beams.

The progress in technology of generating high-power electron beams was connected with successes in the field of high-voltage impulse engineering as well as with a study of electric breakdowns of vacuum gaps and with the development on this basis of high-power channel-free electron sources. It is also explained by accumulation of a large volume of experimental data on breakdowns in gases, liquids, and solid dielectrics. All these branches of technical physics are intimately interrelated and use achievements in many related fields of science and engineering.

The pioneer works in the field of creating high-current electron accelerators (HCEAs) were performed in Tomsk under the leadership of Academician G. A. Mesyats. They were logical and very successful continuation of works aimed at the development of high-voltage nanosecond equipment. Generators of high-voltage nanosecond impulses have become a powerful tool for an analysis of processes in dielectric media in extremely high electric fields (~106 V/cm and higher). The phenomenon called explosive electron emission was revealed in the study of the formation of vacuum discharges. The essence of the phenomenon is that superstrong electric fields create high energy density on the cathode surface that causes overheating of microtips and their explosive destruction. From this moment, ionized metal vapors formed as a result of explosion rather than metal of the cathode supply electrons in the interelectrode gap. The electron flux intensity in this case is at least by a factor of 103 greater than the corresponding electron flux intensity from the most efficient thermal electron emission cathodes. The metal consumption in each explosion is small (10–8–10–9 g); therefore, the cathode-emitter can have long operating lifetime [32-33]. Exactly the explosive emission yields high (103–106 A) short current impulses for HCEAs.

The power of electron beams of existing HCEAs and of laser picosecond beams is greater than that of any other controllable power sources. The impulse power of an electron beam of the world’s largest Aurora high-current electron accelerator built in the USA in 1975 [30] is 21013 W. The electron accelerators have much greater pulse energies than lasers. Thus, the pulse energy of the Aurora high-current electron accelerator is 3 MJ, whereas the laser beam energy does not exceed a few kilojoules. In addition, a very high power flux density can be obtained in focused electron beams. For example, a power flux density of 51012 W/cm2 was obtained in the Triton accelerator at I. V. Kurchatov Institute of Atomic Energy.

In the USSR, impulse HCEA were developed in many scientific institutions* in Moscow (I. V. Kurchatov Institute of Atomic Energy and P. N. Lebedev Institute of Physics of the USSR Academy of Sciences), Leningrad (D. V. Efremov Scientific-Research Institute of Electrophysical Apparatus), Novosibirsk (Institute of Nuclear Physics of the Siberian Branch of the USSR Academy of Sciences), Tomsk (Institute of High-Current Electronics of the Siberian Branch of the USSR Academy of Sciences and Scientific-Research Institute of Nuclear Physics at Tomsk Polytechnic Institute), Khar’kov (Physical-Technical Institute of the Academy of Sciences of the Ukrainian Soviet Republic), Gor’kii (Scientific-Research Radio-Physics Institute), etc. The largest foreign scientific institutions that contribute significantly to the development of technology of generation of high-power electron beams and hence of high-power high-voltage impulses, are the American Sandia Corporation, Physics International, Naval Laboratory (USA), National Bureau of Standards (USA), English Research Center in Oldermaston, etc. 

The pace of work in the field of pulsed power were very high over approximately 30 years (1960–1990) due to huge investments from governments of the USA, the USSR, England, and some other countries in these research and development programs. The pace of work became even faster after the declaration by R. Reigan, President of the USA, the Strategic Defense Initiative (SDI), called the Program of Star Wars by the public, in 1982. The secret character of work and many scientific institutions involved in it do not allow us to trace the history of the development of pulsed power in strict chronological sequence setting correct priorities. However, we can state that two countries – the USSR and USA – were the leaders and that the Tomsk high-voltage and accelerator engineering school in the USSR contributed significantly to the competition between these super-States in this strategic field of scientific-technical process.

*Names of scientific institutions are given as of the early 90s.

Pioneer investigations virtually on all key problems of pulsed power, including physics of pre-breakdown and breakdown phenomena in vacuum [32-35], gases [36], liquids [37], and solid dielectrics [38,39]; electrical insulation of the equipment of impulse generators, accelerators, and lasers [40,41]; energy storage [42]; commutating switches [43]; explosive and plasma current switchovers [44,45]; high-current explosive emission diodes [33]; microwave generators [31]; and electroionization and gas-discharge lasers [46-48] were carried out at the Scientific-Research Institute of Nuclear Physics at Tomsk Polytechnic University organized in 1958, in the Department and Laboratory of High-Voltage Engineering, at the Scientific-Research Institute of High Voltages established on their basis at Tomsk Polytechnic University in 1968, and at the Institute of High-Current Electronics of the SB RAS (opened in 1977) in collaboration with scientific groups from other Tomsk institutions of higher education and scientific institutes.

Over the past 10–20 years, the field and pace of this work have been significantly reduced, especially in Russia, because of significant reduction of budget financing. The intensive search for technological applications of pulsed power started together with the search for new principles of storage and switching of high power density. Commercial applications of accelerators, lasers, technological facilities for electric impulse and electric discharge processing of materials make their low prices, simple service, reliability, and long operating lifetime the most important characteristics. 

The element base of classical circuits of high-voltage impulse generation is continuously modernized. The main technical problems in the field of pulsed power and methods of their solution will be briefly considered below.

7.1.3. Main technical problems and methods of their solutions

As a rule, the high-power impulse generator comprises a primary energy storage device and a system of power amplification, which consists of an intermediate storage device – an energy concentrator or a shaping line – and a commutating switch. The need for one or several intermediate storage devices is caused by the fact that spurious parameters of its discharge circuit increase with energy stored in the primary energy storage device, and hence this energy storage device cannot directly ensure the required super-high parameters of voltage impulses. The commutating switch together with the intermediate energy storage device provides shaping of an impulse with the required front width, flat part, decay rate, and power [28,49,50].
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Fig. 7.1. Shaping of a voltage impulse in circuits with capacitive (а) and inductive energy storage (b).
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The primary energy storage device of high-voltage impulse generators can be constructed based on the principle of the electric field energy storage in a capacitor or the magnetic field energy storage in an induction coil. In the case of capacitive storage (Fig. 7.1а), electric energy stored in capacitor C charged to voltage U0 is 
[image: image2.wmf]2

0

/2

CU

, and after closure of commutating switch S, it is transmitted into load Rload. For the case of magnetic storage (Fig. 7.1b), the magnetic energy of current I0 in induction coil L is 
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; it is transmitted into Rload when the commutating switch S is open. The energy can also be stored in the form of kinetic energy of the rotating rotor of an electric machine, electrochemical energy of a storage battery, or chemical energy of explosives [51],see Table 7.1 from [31].

        The indicated values of energy density characterize the efficiency of energy storage. Taking into account the energy stored in the device of each type, its geometrical sizes can be judged. A specific short-circuit current and minimum width of impulses being shaped allow us to estimate the maximum specific power and hence the total impulse power with consideration of geometrical dimensions of the device.
А. Types of main and intermediate energy storage devices

In the case of capacitive storage, the maximum power density is determined by the electric strength of the chosen dielectric (mainly multilayer paper and film impregnated with liquid). The working field strength of these devises was increased to 106 V/cm, and the capacitor impedance was significantly decreased through the application of new perfect insulation (paper-film insulation impregnated with a capacitor oil or new synthetic liquids) and more efficient methods of field regulation. The time of energy output from modern high-voltage impulse capacitors is about 300 ns for an energy capacity of a single jar of ~104 J and a stored energy density of (1–5)102 J/dm3.
Table 7.1  The comparative characteristics of energy storage of different types [31].
	Type of energy storage device
	Energy density, J/dm3
	Maximum stored energy, J
	Specific short-circuit current, A/dm3
	Impulse width, s
	Specific impulse power, W/dm3

	Capacitors

Inductive storage devices

Shock generators

Accumulators

Chemical explosives
	(0.5–3)(102
(1–4)(104
(1–4)(104
(1–5)(105

107
	107

108

108
108

108
	104

1–10

3–10

(3–10)(102

–
	10–8

10–1

10–4
10–3

10–7
	(1–5)(108

(1–10)(105

(3–10)(104
(3–10)(104

1014


The maximum permissible magnetic fields are determined by the mechanical strength of materials used in inductive storage devices, and the magnetic field strength for them ranges from 500 to 600 kOe. Their magnetic energy density is of the order of 105 J/dm3. As to the amount of the energy stored, the advantage of magnetic energy storage over the capacitive one is obvious, but their use at megavolt voltages is difficult due to the lack of reliable current switchovers (commutating switch S in Fig. 7.1b).

The amount of energy that can be stored in inductive storage devices based on the superconductivity phenomenon is virtually unlimited. However, the energy output from superconducting magnetic storage devices is extremely difficult. The prospects for future application of superconducting magnetic storage for the formation of short high-power impulses can be considered good. The problem of creating combined systems of commutating switches with effective switching times of 10–5–10–6 s for storage of energy greater than 107 J has been solved almost completely.

P. L. Kapitsa used mechanical energy of the rotor of an electric machine transmitted into a load while short-circuited to create strong magnetic fields. Based on this principle, special shock generators were subsequently developed [51]. The rapidly rotating solid rotor of the generator has stored a large amount of energy. At acoustic velocities, the kinetic energy of unit rotor volume is about 5105 J/dm3. At present, there are generators with energies of 200–400 MJ stored in the rotor. However, this energy can be converted into electrical energy only for a long time determined by the rotor inertia.

Even slower energy storage devices are chemical storage batteries. However, the rate of output of energy of chemical explosives converted into electrical energy can be significantly increased in magnetic explosive generators. The energy of shock waves generated by explosion is used for compaction by metal walls of the magnetic flux preliminary created by an external source.

A comparison of energy storage devices of different types tabulated in Table 7.1 demonstrates that despite low energy content in unit volume, capacitors can generate very large impulse currents and high impulse powers due to low internal impedance. Therefore, capacitive energy storage is used in most high-power high-voltage impulse generators for primary energy storage. The employed capacitor type is most important for the choice of the parameters and design of the capacitive energy storage device. The requirements on capacitors and capacitive energy storage devices developed on their basis coincide. They are large amount of energy stored, small inductance of employed capacitors and connecting circuit of capacitors in the facility, dynamic stability of capacitors and contacts, and sufficient operating lifetime in the mode of repeated discharges into a small load.

One of the two connection circuits is used for capacitive energy storage. To increase the output voltage of the storage device, capacitors are most often connected in the circuit of voltage multiplication; an impulse transformer or autotransformer is less often used. In the  both cases, it is impossible to obtain nanosecond rise time of a high-voltage impulse at the generator output because of large inductance of the system.

Over the past decades, the IVG production technology has been significantly improved in connection with the development of high-power impulse facilities. In addition to the achievement of minimum inductance, the IVG energy considerably increased. Practical IVG application demonstrated that the IVG with output voltages up to 3 MV and energy stored of a few ten kilojoules reliably operates outdoors. It can be built fast without considerable expenditures and is simple in service and output voltage regulation.

The disadvantage of IVGs for outdoor installation is their large overall dimensions and hence large inductance and considerable level of electromagnetic noise arising in the process of IVG operation. In addition, with an increase in the output voltage, the inductance of IVG coupling with the intermediate energy storage device also increases, and problems of high-voltage insulation of high-voltage input of the intermediate storage device become more complicated. Therefore, IVGs with output voltages higher than 2–3 MV and energy stored of the order of 100 kJ and higher are placed in media with high electric strength, for example, in transformer oil or in atmospheres of gases with high electric strength.

IVGs of most high-current electron accelerators built in research centers of the USA and USSR are placed in transformer oil. Thus, the primary energy storage device of the world’s largest Aurora HCEA with energy stored of 5 MJ consists of 4 oil IVGs connected in parallel. Each IVG contains 95 capacitor stages formed by four serial-parallel capacitors with a capacity of 1.85 F and voltage of 60 kV. The shock IVG capacity is 78109 F, its output voltage is 11.4 MV, and its inductance is 12 H. To trigger it, a separate IVG with output voltage of 600 kV is used; 6106 kg of transformer oil fills all high-voltage facility.

Sources of high-power supply impulses for Angara (Institute of Atomic Energy, Moscow) and Tonus (Scientific-Research Institute of Nuclear Physics at Tomsk Polytechnic University, Tomsk) HCEAs are based on the same principle.

In addition to impulse generators with voltage multiplication in the Arkad’ev–Marx circuit, generators based on other methods of voltage multiplication are used in high-power electron beam accelerators. 

Impulse transformers and autotransformers are used to increase the output voltage of HCEA capacitive energy storage devices for voltages up to 3–4 MV. 

Coaxial and strip lines are most often used for intermediate energy storage in high-voltage impulse generators. The main line parameters are the velocity of electromagnetic wave propagation determining the width of impulses being shaped and the wave impedance determining the impulse current for the chosen voltage level.

The simplest circuit of voltage impulse shaping in the generator based on lines with distributed parameters is the discharge circuit of the line preliminary charged to voltage U0 having length l into the load resistance Rload (Fig. 7.2a). Intermediate storage devices of Gidra, Gémbl-1, Gémbl-2, and Ural accelerators are based on this circuit 
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Fig. 7.2. Impulse generator circuits with storage (a), double storage (b), and double coaxial storage lines (c).
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Disk shaping lines are used when an impulse voltage of a few ten nanoseconds and a current of a few hundred kiloamperes must be obtained at the output from the intermediate energy storage device. This is explained by the fact that in this case, a coaxial line will have impermissibly small length-to-diameter ratio. The intermediate energy storage based on disk lines naturally combines functions of voltage impulse shaping and of concentration of the energy stored at the line center, where a load, for example, an electron gun, is connected. The strip intermediate energy storage devices with strips diverging in radial directions from the load placed at the center also meet the same requirements. In order that d remained unchanged at constant , the ratio d/a must be constant. This means that the line electrodes must be shaped as two coaxial cones with a common vertex.

The current flowing through the line is determined by the permittivity and electric strength of the insulation material as well as by geometrical line dimensions.

The intermediate energy storage based on other more complex circuits is also used. The intermediate energy storage devices comprising shaping lines with distributed parameters connected in series occupy a unique place in the technology of high-power rectangular voltage impulse shaping. This principle is based on the inversion of voltage polarity of the short-circuited shaping line. The circuit with a double shaping line (DSL) (Fig. 7.2b) was called the Blumlein line (by the name of its author). The DSL in the matched mode consists of two identical lines with wave impedance  and length l charged to voltage U0. The load resistance Rload = 2 is connected between the lines. When the commutating switch is closed at the end of one of the lines, the voltage impulse with amplitude U equal to the charging voltage and width 
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. In this case, all the energy stored in the DSL will be transmitted into the load. 

Coaxial DSL with the external electrode of the first line forming the housing of the intermediate energy storage device under an earth potential, the central electrode common for both lines, and a load connected between the central electrode (the internal electrode of the second line) and the housing of the storage device are most convenient (Fig. 7.2c). The housing of the storage device can be commutated with the central electrode, and the central electrode can be commutated with the internal electrode. To charge the internal DSL circuit, its central electrode is connected through induction coil Lch to the earthed housing of the intermediate storage device.  

The intermediate storage devices based on coaxial DSL are used in Aurora, Hermes-II, REBA, and TONUS high-current electron accelerators [25]. Strip and disk DSLs are used in high-current electron accelerators. In this case, parallel line connection is often used to increase the load current, and series line connection is used to increase the accelerating voltage amplitude. Snark, Proto-II, Pioneer, and Neptune accelerators belong to accelerators of this type [25].

In impulse sources with magnetic energy storage, capacitive energy storage devices, shock electrical machine units, and high-power rectifiers can be used as pump power sources. The magnetic energy storage in this case plays the role of intermediate storage. As already mentioned above, the existing magnetic storage devices and the magnetic storage devices being developed at present can be used to store energy of 106–108 J. Cryogenic engineering allows to keep the energy stored for 1 s and even longer; it can be kept for infinitely long time in the case of application of superconductors. The main problem here is fast energy output from the magnetic storage device. Now this problem is solved with the help of explosive, plasma, and semiconductor current switchovers.

B. Commutating switches for capacitive energy storage devices

Problems of fast switching of high powers are no less important for pulsed power than problems of energy storage. The tendency for increasing power of impulses and their increasing use in different fields of science and engineering impose high requirements on the reliability and long continuous operating lifetime of the generator. In this case, the commutating switch of the intermediate energy storage device ensuring the formation of a voltage impulse with the preset parameters becomes one of the key units of high-power high-voltage impulse generators. Spark dischargers operating in vacuum, compressed gas atmosphere, and liquid and solid dielectrics are used as commutating switches in systems with capacitive energy storage [43].

The most important characteristic of the discharger is the switching time tS which determines the minimum possible width of the voltage impulse front at the output from the intermediate energy storage device. A number of dischargers connected in  parallel or a single discharger with a large number of simultaneously forming channels, that is, a multichannel discharger must be used to commutate currents of a few hundred kiloamperes for 10–20 ns.

To ignite many channels of the commutating switch, the spread in delay times of their breakdowns must be much less than the switching time tS. If this condition is violated, one channel will cause a decrease in the voltage on the electrodes, which will make the formation of the remaining channels impossible.

Whereas a solution of the problem of multichannal commutation is of great importance for voltage impulse shaping in low-impedance intermediate energy storage devices based on coaxial and strip lines, the intermediate energy storage devices based on disk lines can operate only with synchronous triggering of a large number of dischargers arranged along the perimeter of disk electrodes of the energy storage device. This is also the case for storage devices based on many lines and connected in parallel to a single load. 

It should be noted that all recommendations done for many years of research about the influence of different factors (electric field strength, overvoltages, ionizing radiation, pressure, electrical field shape, etc.) on operation of spark dischargers for voltages up to 100 kV remain valid for megavolt dischargers. The probability of ignition of a large number of channels in a spark gap increases with decreasing internal resistance of the generator. The requirements on a decrease in the spread of delay times of breakdowns of individual channels are reduced as the switching time increases with the growth of current. UV radiation from the spark discharge channel formed first stabilizes the breakdown time of the remaining channels. Under these conditions, to ignite many channels is the easier, the greater the overvoltage  on the gap. The latter is the greater, the higher the rate of increase of charging voltage applied to the high-voltage electrode of the discharger or of the trigger pulse applied at the control electrode of the discharger.

One of the main requirements on the multichannel dischargers is a short triggering time. Therefore, intensive studies of fast triggering of high-power megavolt dischargers have been performed recently. In this case, not only conventional controllable dischargers (trigatrons, spark relays, and three-electrode and multielectrode dischargers) but also comparatively new commuting systems (dischargers with laser triggering, controlled by a high-energy electron beam, and operating by the principle of electric field distortion) are used.

Alongside with the improvement of time characteristics of voltage impulses being shaped, the multichannal commutation results in a more efficient utilization of energy of the intermediate storage device. Thus, for a commutating current of 130 kA and double electrical length of the shaping line of 18 ns in a single-spark mode, more than half of energy of the storage device has been lost in the commutating switch, whereas the power losses in the commutating switch with 8 channels do not exceed 10% of the power stored in the device.

The dimensions and inductance of gas commuting dischargers become impermissibly large as the charging voltage of the intermediate storage device increases to a few megavolts. In this case, liquid dischargers with a controllable gas gap are promising. Figure 7.3 shows the circuit of one of them. In the process of impulse discharge of the intermediate energy storage device, the voltage is redistributed because of self-capacitances of the discharger electrodes, and gas discharger 1 is triggered. This results in a breakdown of the gap between electrodes 2 and 4 and then between main electrodes 3 and 4. When a number of such dischargers connected in parallel operate, a triggering pulse must be applied to the gas discharger 1.

In the Aurora accelerator, these dischargers are placed in transformer oil (insulation of the intermediate energy storage devices – coaxial DSLs). Four DSLs are triggered synchronously and shape accelerating voltage impulses applied to 4 electron guns connected in parallel.


[image: image8]
Fig. 7.3. Liquid discharger with a controllable gas gap.

В. Switchovers for magnetic energy storage devices

It is well known that if a current impulse flows through a thin metallic wire  (or foil) so that the current density in the wire exceeded 108–1010 A/cm2, electric explosion of the wire will be observed. In this case, because of inertia of liquid metal, it is overheated and evaporates with an explosive rate. During evaporation, the metallic conductivity of the wire rapidly drops, and the current is switched off. Circuit breaking initiates a voltage impulse on the inductance coil proportional to the inductance and rate of current change. This impulse can be used as accelerating voltage applied to the HCEA diode of direct action. Thus, the energy in the accelerator shown in Fig. 7.4 is stored in capacitor C. With the help of the main commuting switch, the capacity is discharged through the current switchover into the inductance. The current switchover CB is actuated when the current reaches maximum. As the current decreases, a voltage impulse arises on the inductance, which initiates a breakdown of the discharge gap D and the inductance is switched to the cathode of the vacuum diode. The amplitude of the voltage impulse on the induction coil L is at least ten times greater than the charging voltage.


[image: image9]
Fig. 7.4. Electric circuit of the accelerator with the intermediate magnetic energy storage device comprising primary storage device C, main commutating switch S, current switchover CB, induction coil L, and discharger D. Here Cath and A denote the cathode and anode of the vacuum diode, R1 and R2 denote shunts, R3 and R4 denote the voltage divider, and FC denotes the Faraday cylinder.

Multistage IVGs can be used instead of capacitors C. The same impulse generator can have different output parameters depending on the current switchover, which can be used for the development of versatile compact generators with sufficiently high power capable of changing the parameters depending on a concrete problem.

In the 80s, the development of impulse generators based on intermediate magnetic storage gave rise to a new class of switchovers called plasma  opening switches (POSs). These breakers are a plasma bridge connected to the generator output in parallel with the load. In the stage of energy output in the intermediate magnetic storage device, this bridge disconnecting the load from the generator circuit acts as an almost ideal conductor. The plasma parameters are matched so that at the moment close to the moment of maximum current in the intermediate storage device, the conductivity of the plasma bridge decreases thereby leading to a sharp voltage rise on the load with the amplitude greater than the initial output voltage of the primary storage device. Just after the POSs construction, it seemed that PCBs would cause a rapid progress in the development of superhigh-power impulse generators of multiterrawatt range; however, hereinafter this enthusiasm somewhat dampened. It was established that the complex of phenomena observed in POSs was so wide that special numerical methods and approximate analytical models were developed to understand the POSs physics. Large facilities were built to perform full-scale experiments [22].

The third direction in the development of methods for solving a problem of current break for impulse generators with magnetic energy storage involved semiconductor breakers [52]. However, the highest-power conventional semiconductor device capable of switching for a few nanoseconds – a field-effect transistor (MOSFET) – could commutate only a few tens of amperes at a voltage of a few hundred volts, which was insufficient for solving problems of pulse power. A solution of this problem was found rather unexpectedly.

In the early 80s, I. V. Grekhov with co-workers from A. F. Ioffe Physical-Technical Institute of the Russian Academy of Sciences [52] demonstrated that the process of recovery of the conventional high-power silicon diode with deep diffusive pn-junction switched from forward to reverse bias can proceed very fast under certain conditions, providing nanosecond breaking of high reverse current. This diode connected in series with the magnetic storage device and in parallel with the load, for a few nanoseconds transfers current of the storage device into the load; in this case, the current through the diode breaks completely. This device was called the drift diode with sharp recovery (DDSR). The DDSR commutates power two orders of magnitude larger than MOSFET, and can be easily connected in series in high-voltage circuits. The DDSR development stimulated a rapid progress in semiconductor nanosecond pulse power; semiconductor generators with impulse power of a few ten megawatts operating at a frequency of a few hundred hertz became widespread already in the late 80s.

At present, the highest-power generator based on the DDSR has an impulse power of 64 MW (80 kV and 0.8 kA) at a frequency of ~1 kHz and a pulse rise time of 0.8 ns. The main advantage of this device is very fast (nano- and subnanosecond) and complete (almost to zero) current breaking; its principal disadvantage is comparatively low impulse power. In addition, the creation of primary commutating switches is a very complicated problem, in particular, in reverse current circuit in which currents of a few hundred and even thousand amperes should rise for no longer than (100 ns. Usually an auxiliary DDSR (impulse generator) is used for this purpose, which complicates significantly the generator design and reduces the efficiency of the system.

The above-described problems are simplified in the so-called inverse recovery diodes (IRDs). In the IRD, a fast response time in the DDSR mode is combined with a large amount of “working” plasma per unit area, that is, with a capability of forming a very high-power nanosecond impulse. In such a diode even for a long (1–5 s) forward current impulse, that is, for a large amount of working plasma in the device, the process of recovery occurs similarly to the DDSR mode, but with a much greater (approximately by a factor of 5) width of the reverse current pulse. The peaking factor (the ratio of the front rise time of the reverse current to the width of its breaking front) for the IRD is extremely high (500–600 compared to ~100 for DDSR), but the working current density is the same as for the DDSR.

In 1992–1993, the process of diode recovery with a semiconductor design similar to that used in the DDSR mode but for direct and reverse current densities sharply (at least by an order of magnitude) exceeding the current densities in the DDSR mode was investigated  at the Institute of Electrophysics of the Ural Branch of the Russian Academy of Sciences. It was established that under these conditions, a sharp current break was observed for certain current densities and pulse width, and its mechanism obviously differed from the DDSR. The subsequent experiments and calculations have allowed the researchers to elucidate the physical pattern of this phenomenon, which was called the SOS-effect (SOS is the abbreviation of Silicon Opening Switch). The working current density was usually in the range 2–5 kA/cm2, the current breaking time was 4–10 ns, the pulse width of the forward current was 300–600 ns, and the rise time of the reverse current was 50–150 ns. The current through the diode breaks only incompletely, ~85% of the total current passes into a load. At very short times of direct (~40 ns) and reverse (~10 ns) current impulses, the current switchover time is reduced to 0.5–1.0 ns. A high-power generator on SOS-diodes can be used to generate short impulses of direct and reverse currents.

Very high densities of working currents in SOS-diodes allowed the researchers to develop a high-power nanosecond generator with the following parameters: voltage up to 450 kV (impulse power of ~250 MW), impulse width of 30–60 ns, and frequency of 300 Hz. According to [50,53], even higher-power systems with voltage of the order of a few megawatts will be built in the nearest future.

The same scientific group proposed an original circuit design of a high-power impulse high-frequency electron accelerator with a magnetic energy storage and a thyratron current switchover [54].
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