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Foreword

The book contains a lot of the unique experimental data and results of theoretical
estimations in the field of powerful pulsed electric discharges in superdense gases.
The main motivation for the authors of the book to publish it is the unflagging
interest of researchers and practitioners to the electrophysical methods of ultrahigh
energy gas plasma obtaining and use of such plasma in physical experiments. At the
authors’ participation, many studies have been carried out to identify the possi-
bilities for using the low-temperature plasma as a source of intense X-ray and other
types of radiation. It has been experimentally established that an increase in the
initial gas pressure to hundreds of megapascals is increased the stability of arc
burning, efficiency of energy transfer from the arc to the gas, and growth of the
enthalpy of the plasma. The obtained data are the basis for the development of
electrophysical devices with a high energy density of the gas plasma. These include
high-intensity sources of visible, UV, and X-ray radiation for laser pumping,
generators of high-enthalpy plasma jets, and plasmachemical reactors. One among
the main results of the studies is that the increase in particle concentration in the arc
at growth of temperature causes intense X-ray radiation. Besides, it was found that a
shock wave reflected from the wall of the electrodischarge chamber compresses the
arc and increases the energy density of the plasma and its temperature. Based on the
original designs of electric discharge chambers, the highly efficient pulsed plasma
generators had been developed those withstand the repeated impact of ultrahigh
energy plasma. The book summarizes the results of researches published in articles
and reports presented at conferences. The book includes chapters devoted to a
detailed description of the results of investigations of both pulsed electric arcs and
the design of pulsed plasma generators.

I am sure that this book will be useful both for professionals in this field, and for
students of relevant specialties.

St. Petersburg, Russia Prof. G. A. Shneerson
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Preface

This book is based on the results of the experimental and theoretical studies of the
electrical mega-ampere pulsed arcs and mechanisms of energy transfer from arc to
hydrogen, helium, and air under initial pressure up to 360 MPa, and current up to
2 MA. The principal motive for carrying out of these researches was the pressing
need of transition from already mastered in a science and technics range of energy
of 106–107 J to higher values. Such problem, in turn, has demanded the increase in
the discharge current amplitude till 1–10 MA and more at time length of the first
half-period of the discharge current � 10−4 s.

It was found experimentally that increasing to hundreds of MPa of the initial gas
pressure leads to arc stability, high efficiency of the energy transfer from arc to gas,
and plasma enthalpy growth. In the book, the revealed features of such discharges
caused in high density of energy in the arc channel and a high pressure of sur-
rounding gas are described. These features are absent or weakly are present in the
discharges in less dense environment and with smaller density of plasma energy.

Obtained data are the basis for the development of electrophysics devices with
high energy density. Those include high-intensity sources of visible, UV, and
X-rays irradiation for the lasers pumping, generators of high-enthalpy plasma jets,
and plasmachemical reactors.

The interest of researchers in these studies is explained by achieving the extreme
plasma parameters and increasing the energy density in the arc. For these purposes, the
X- andZ-pinches, plasma focuses, andmultiwire assemblies are used. Furthermore, in
these complex electrical devices with a rate of current rise � 1014 A/s, plasma exists
less than one microsecond in the volume not more than few cubic millimeters.

High-density plasma of more volume with the electron concentration of
1019–1021 cm−3 and temperature of 105–106 K can be produced by means of
Z-pinches devices those have low MHD instabilities. To supply such arcs, it can use
the capacitive storages with a lower rate of current rise, i.e., cheaper than mentioned
above.
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It was found that the growth of the particle concentration in arc at temperature
increasing generates the intense X-ray irradiation. The cumulation of the shock
wave reflected from the cylindrical wall of the Z-pinch discharge chamber com-
presses the arc and increases its energy density and temperature.

High-power thermal flows to the electrodes produce such kind of erosions as
ejection of surface layer of molten metal from the electrodes and electrode jets.
These jets form the turbulent zones and greatly impact the properties of arc, and the
heat and mass transfer to the gas. All these are contrasted sharply against the arcs
with lower current density, in which the jets do not play a significant role.

Vapor and particles of electrodes’ metal under the high concentration change the
arc properties. This applies in particular to the sharp growth of the near-electrode
voltage drops, which has not still a convincing explanation. The results of our study
show that one reason for this phenomenon is the electrode jets.

Under the initial gas pressure of tens and hundreds of MPa, the radiative
characteristics of the arc are changing. These changes are caused by growth of
temperature and concentration of particles in the arc. As a result, it is changing the
transparency of the arc itself, and the transparency of the transition layer between
the arc and the surrounding gas. Under these conditions, the effect of radiation
imprisonment is observed, and arc temperature is increased. In its turn, growth of
arc temperature and concentration of the radiative ions cause the arc compression
and increase of energy density in arc due to excess of radiation power above the
electric power.

In the book, the description of experimental stands with the maximal storage
energy up to 9 MJ and current amplitude up to 10 MA and designs of pulse
generators of plasma take the important place, due to which there was the possi-
bility of carrying out the researches in a unique range of parameters. Experiments
were realized in hydrogen, helium, and air at initial pressure from 0.1 up to 360
MPa and current amplitude of 0.2–2.0 MA at current rise rate of 108–1010 A/s. It is
necessary to note that by virtue of features of the discharge initiation at high
pressures, for this purpose, the metal wire was used. Thereof, and also because of
erosion of electrodes in rather “slow” discharges, the channel plasma consisted of
ions of metal. In faster discharges for erosion-resistant electrodes (or other ways of
initiation), the structure of plasma was defined by surrounding gas.

In our opinion from the results of researches described in the book, the greatest
scientific and practical interest is represented with the following:

• The developed designs of plasma generators that allow experiments to be per-
formed at an initial gas molecular concentration of >1022 cm−3 and currents as
high as 10 MA.

• Mode of programmed energy input in an arc which allows to increase essentially
an energy input at constant current amplitude.

• Occurrence of a mode of turbulent heat exchange between an arc and sur-
rounding gas due to which efficiency of gas heating can exceed 90%.

• Formation of near-electrode zones with is abnormal voltage drop (>1 kV),
caused by intensive electrode jets.
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• At high density of working gas, the contribution of shock waves to gas heating
considerably grows.

• The mode of the discharge channel contraction which was observed at current
amplitude of 0.5–1.5 MA and gas pressure of 5–30 MPa and arose at excess of
power of radiative losses over the Joule heating power enclosed in an arc is
discovered and investigated.

The main contents of the book are presented in papers, in conferences, and in
authors’ dissertations. The book may be of interest for both undergraduate and
graduate students in related disciplines, and for professionals employed in other
fields of studies who would want to further explore this subject in depth.

St. Petersburg, Russia Victor Kolikov
Alexander Bogomaz

Alexander Budin
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Chapter 1
Introduction

Abstract Till now, the study of low-temperature dense gas plasma generated by
powerful pulsed electrical arcs is active enough. These researches were begun in the
middle of XX century and were inspired mainly by the needs in high-enthalpy
plasmas for aerospace and other applications. Currently, physics of high-power
pulsed electrical discharges in gases under high and ultrahigh pressure is an
essential part of high-energy density physics and physics of extreme states of
matter. Relevance and importance of the performing research are determined by the
needs of modern science and technology in increasing the energy of plasma above
the achieved now of 105 to 107 J. Solution of this problem involves the imple-
mentation of technical tools and scientific methods to perform the experiments with
current � 10 MA and discharge pulse duration � 10−4 s.

The book presents the results of development of plasma generators’ designs and
study of powerful pulsed electrical arcs in gases at high and ultrahigh pressure.
Discharge current in the arcs is � 105 to 106 A, initial pressure of the gas is 0.1–
200 MPa and duration of the first half-cycle of current is 2–500 ls.

Pulsed arcs of such parameters in comparison with the arcs with lower currents
and initial pressures are differed, primarily, by the high energy and greater stability.
High temperatures and concentrations enable to use such arcs as sources of UV
radiation and soft X-rays [1–9], in various electrophysical installations [10–16], in
pulsed plasma generators [17, 18], in high-current switching systems [19, 20], etc.

Pulsed arcs at current of 105 A and atmospheric pressure for relatively long time
are used in the above electrophysics devices and much experimental and theoretical
studies are devoted to them. Since the processes in such arcs are very diverse
because of the wide range of parameters, there is no need to examine them all in
detail. At the same time, the most important results of these studies will be pre-
sented in the review of the works and some of them will be used at further
discussion.

The review [21] presents the main directions of researches of high-pressure arcs
and shows the main methods of diagnostics of the dense gas-discharge plasma. It is
indicated that at increasing of pressure, the dominant component of the energy
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balance of the arc becomes the radiation. Reference [4] was one of the first works to
show experimentally that in mega-ampere arcs, the electrical energy is efficiently
converted into light energy.

The works [22–25] present the results of the study, the conditions of equilibrium
and stability of the high-current self-constricted arc in plasma with varying degrees
of transparency. It is indicated that the arc in dense, low-temperature, optically
opaque plasma is more stable than in the high-temperature plasma. In the trans-
parent plasma, the main cause of instabilities is the overheating caused by the slow
rate of heat flow connected with the radiation, which is unable to compensate the
increase of the temperature fluctuations because of Joule heating [23].

Besides, in plasma at increasing density due to nonideality, the speed of sound
c is decreased because c ¼ ffiffiffiffiffiffiffiffi

P=q
p

, and pressure P is raised slower than density q.
For example, plasma of iron [26] under 7 eV and increasing of the ions concen-
tration from 1017 to 1021 cm−3, the speed of sound decreases by *4 times. Since
for the most dangerous long-wave instability in the form of necks, the increment c
is proportional to the speed of sound [27]. At the increasing of density, the time of
rise of this instability is increased.

Since the speed of sound is also included in increments of the flexural and
shorter wave instabilities, higher particle density in the arc must increase the arc
stability. This is true in relationship to the metal plasma, which in our case is
formed at the explosion of the initiating wire and electrode erosion. To hydrogen
filling the discharge chamber in the most experiments, this effect is less pro-
nounced, as in the case of metal plasma, where nonideality at increasing of plasma
density is appeared earlier.

Along with an increase of density in the arc, its stability is increased at
increasing of the density around the pinch. At number of experimental and theo-
retical studies it was shown that in the arc with a voltage of about megavolt, the
appearance of the plasma around the denser central part of the pinch, so-called
corona, it led to increase its stability. In this case, the main part of the current flows
through the outer rarefied and relatively hot part of the pinch—small fraction of its
mass [28–31]. The work [32] by the confirmation of this structure was the absence
of radiation collapse, which would appear under uniform distribution of the mass
along the radius. Continuous plasma generation around an artificial neck during the
current rise increases the time of its steady state [30]. Perhaps the increase of the
steady state is connected with the constant rise rate of current, on this possibility
was pointed out in the work [33].

The data of the work [34] indicate that the Z-pinch in a dense gas is a new type
of discharge. In such pinches, the plasma is heated by the ohmic processes, and
the magnetic field only keeps the plasma from expanding. Plasma of the dense
Z-pinches has no thermal contact with the wall. Involvement of the cold gas into the
arc may increase power of the X-ray by increasing of the gas density in the arc.
Pinch surrounded by the dense neutral gas is more stable in relationship to the
magnetohydrodynamic instabilities than the arc plasma in the vacuum [35, 36].
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The idea thermal insulation of hot plasma was proposed in the work [37]. At
high temperatures, when the gas is ionized, its thermal conductivity can be greatly
reduced by a magnetic field. Such plasma is not has a number of instabilities, which
are inherent to vacuum plasma. Besides, this plasma is protected from wall
impurities by thick layer of gas at high pressure. In the work [38], the dynamics of
the high-temperature pinch with condensed dispersed phase was studied and it was
concluded that high pressure and dust phase makes the discharge more stable.

The works [39–45] are presented the results of study of pulsed ultrahigh pressure
arcs in hydrogen, helium, and argon at pressure of up to 100 MPa. It was found the
formation of a high-temperature area because of the radiation “imprisonment” from
the central part of the arc. The estimation the diffusion time of photons from the
central area to the periphery of the arc channel was performed. It was pointed out
that if the time is longer than the characteristic time of energy input, the axial area
of the arc is additionally heated. It is noted that such arcs are opaque to visible light,
so at their research is necessary to use soft X-ray radiation that and has been done
by the authors. The phenomenon of radiation “imprisonment” in the pulsed
high-current arc in hydrogen is indicated also in the work [46]. Radiation “im-
prisonment” is appeared because of the strong absorption of the radiation by the
multiply charged ions. As a result of these factors action, the maximum temperature
T in the arc is *2 � 105 K and concentration of ions ni * 1018 cm−3.

Similar results are also presented in the works [47, 48] where in a capillary
discharge at increasing capillary length up to 30–50 mm, a sharp increase in
temperature on the arc axis to (1.5–2.0) � 105 K took place. This phenomenon is
explained the radiation shielding by the vaporized near-wall layer of capillary
material. In the standard reference source developed by the authors, at a current of
10 kA and capillary length of 10 mm, the brightness temperature is equal to the gas
kinetic 3.9 � 104 K [49]. These studies show that the temperature of the central
zone can be increased by reducing the thermal conductivity of the peripheral parts
of the arc by increasing the density of the gas.

The important role in the mega-ampere arcs plays the erosion of the electrodes.
In these arcs, the electric power is 108 to 1010 W, main part of which is directed
onto the electrodes. Erosion of the electrodes may reach 10−3 to 10−2 g/C [50, 51],
what corresponds to the loss of mass of the electrode per discharge of few grams.
This leads to the appearance significant mass of metal in the arc channel that
changes the characteristics of the discharge and increases the erosion of the
electrodes.

The electrode material is eroded in the form of the individual particles, drops,
and vapor consisting of neutral atoms and ions of the electrode metal [52, 53]. The
share of these fractions depends on the specific conditions of the discharge: dis-
charge current, current density, duration of discharge, initial pressure, material, and
geometry of the electrodes.

For arcs in air at pressure � 0.1 MPa and the current of several kA, these
questions are presented in detail in the work [52]. In many papers relating to
electrode erosion at current � 105 A, it is indicated that the main erosion is in the
liquid phase [20, 51, 54, 55]. In our view, as will be shown below, this is true only
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at average surface current density j � 105 A/cm2. In these studies for solving the
task on determining the thickness of the electrode melting, the volt equivalent Ue is
assumed equal to 10–20 V [20, 55, 56]. It corresponds to the actual heat flow onto
the electrode q = jUe * 106 W/cm2 and is close to the near-electrode voltage drop
U0 * 10–20 V [53, 57].

At mega-ampere discharges in gases of high and ultrahigh pressure, the arc is
compressed due to thermal contraction and pinch effect. In this case, the average current
density j on the electrode can be up to 106 to 107 A/cm2, volt equivalent Ue up to
hundred volts [58]. At this conditions heat flow onto the electrode is q * 109 W/cm2.
At such energy densities at the electrode is possible an emergence of new types
of erosion.

Estimations from the works [51, 54] show that the main contribution to the
magnitude of q is given with radiation. Therefore, such impact onto the electrode
can be compared with the laser radiation. The density of the heat flow onto the
electrodes under above conditions is comparable with laser radiation of power flow
density 107 to 109 W/cm2. The effect of laser radiation on the various metals was
studied in detail in the works [59–61]. In this case as under the impact of laser
radiation can be formed erosion jets those change the properties of the arcs.

Cathode and anode jets in arcs with a current of up to several tens of kA have
long been known and studied in detail [19, 62]. Speeds of the cathode and anode
jets, concentration of charged particles at the base of the jets, electrode consumption
have been determined. Reviews on the results of these researches are presented in
the works [63, 64]. In number of studies was investigated the interaction between
the cathode and anode jets with each other and opposite electrode [65, 66]. The
discharge current in these studies does not usually exceed 10 kA.

In mega-ampere arcs at high-energy input and high pressure of gas, the electrode
jets can impact on the properties of the arc and heat transfer to the gas. As noted,
value of total near-electrode voltage drops at discharge current of*60 kA is 500 V
[44], and for mega-ampere arcs, this value can be up to *1 kV [67].

At the study of impact of electrode jets onto the structure of the arc under current
*10 kA, it was seen the formation of luminous shock-compressed areas, which in
dependence of the initial conditions are formed in the middle of the discharge gap
or in near electrode regions [68]. If the electrode jet reaches the opposite electrode
at a supersonic speed, the electrode destruction occurs by melting the metal and
then blowing out it by jet.

Destruction of the electrodes may be caused by the jet of plasma from the region
of arc contraction [69]. The jet can reach the opposite electrode at supersonic speed
only at asymmetric input of the electrode metal into the interelectrode
gap. Otherwise, the interaction of jets leads to the formation of the
shock-compressed plasma area in the electrode gap [70]. Shock-compressed areas
arising at the interaction of the jets can be observed in the visible range of the
spectrum, and in the soft X-rays [71]. The formation of the shock-compressed areas
are accompanied by the growth and instability of the voltage drop across the arc.

In the area of the jets collision, the high energy is outputted. At collision of
opposing deuterium plasma flows with energies up to 600 J at speed of 3.5 � 105 m/s
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were recorded the neutron emission and soft X-rays [72]. At collision of the plasma
flow with the target at speed of 2 � 106 m/s was obtained completely ionized alu-
minum plasma with electron temperature of 30 keV [73]. Electrons with temperature
of 150–300 eV can be obtained in the neck of the cathode jet at current I * 103 to
104 A and rise rate dI/dt *109 to 1010 A/s [74].

As noted in the work [67], quasi-stationary arc with current density of 105 to
107 A/cm2 has a number of specific properties. One of these properties is a sharp
increase in voltage drops near the electrodes, which reaches of several hundred
volts. Such growth can be caused by electrode jets, which can cause the turbulence
in light gas, which improves heat transfer from the arc to the gas.

In the work [75], it is shown that the cause of abnormally high rate of the gas
cooling after the extinction of the current is the turbulent hydrodynamic processes.
Based on experimental data, the estimation of the coefficient of turbulent thermal
conductivity was performed, which by two orders of magnitude is higher than
conventional thermal conductivity at temperature when the gas electric strength is
restored. It is assumed that in our experiments, the high thermal conductivity is also
due to the electrode jets. One of the tasks was to clarify the mechanism of formation
of such mode.

To achieve the high-energy density in the arc, it is necessary to increase the
current and pressure. This leads to that the main component of the balance of the
energy outputted from the arc is the radiation. Estimation of the energy balance of
the arc in hydrogen at pressure of 10 MPa and current up to 104 A showed that
almost all energy is outputted from the arc by the radiation [76]. This also applies to
different configurations of the pinches with mega-ampere current (plasma focus,
Z-pinches, X-pinches). Recently interest grows to such discharges due to the fact
that they allow obtaining the high-temperature plasma with high density [7–9, 38,
77–79].

Generation of X-rays with low-energy output was carried out in the work [80],
where was used the capacitive power supply with energy of few kilojoules. To
generate the radiation with energy of hundreds kilojoules and above, the systems
with complex high-voltage equipment are required.

In some cases, for example, in the final stages of convergence of the plasma
sheath at the point in the “plasma focus” and at the explosion of deuterated poly-
ethylene filaments were obtained the longer steady state of plasma *200 ns. It
should be borne in mind that the duration of the steady-state of plasma is deter-
mined by its temperature.

Applications of such discharges are the generation of soft X-ray photons with
energy of*1 keV, and usage them as high-brightness light sources. Generating the
hard X-ray in such discharges occurs within a few nanoseconds due to the short
lifetime of the radiation sources, known as “hot spots.”

For most practical applications, the volume generation of soft X-ray is needed,
when the main share of the arc energy is radiated. This raises the problem to obtain
more stable state of the arc. Progress in this direction is connected with the search
for the new geometries, for example, Z-pinch as a “book” [81].
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To stabilize the Z-pinch in the work [82] was used the current sheath with high
speed of convergence to the point. In this case, the mode is obtained in which are
formed not the individual “hot spots,” but the continuous arc between the elec-
trodes. Its time of existence on an order of magnitude is more than that of “hot
spots.”

In the work [83] was investigated the possibility of transition from the channel
mode to the mode of the micropinch or “hot spot” in the installation of the “plasma
focus.” There were presented the criteria for such transition performance. The
increase in steady-state time of Z-pinches would give more energy output from the
arc.

Particular importance in this connection has the pinches in the gas of high
density [34]. Interest in such pinches is associated with their possible use as a
compact source of soft X-rays. The size of the arc in these pinches can be smaller
than in conventional arcs, but emission characteristics are higher due to the ability
to achieve higher temperature and higher concentration of radiating atoms and ions.

These arcs have a number of features. Since the arcs in the dense gas are more
resistant to the MHD instabilities than the arc in a vacuum [35], so for their feeding,
you can use capacitor banks with greater discharge duration. In the work [84] is
pointed out that during the flow of mega-ampere current more than critical current
Pisa–Braginskii through the copper wire with a specific weight of 100 lg/cm, the
modes are possible, when time of radiation instability occurrence, which associated
with a change in the transparency of the arc, is *1.0 ls. It is noted the complexity
of the dynamics of the homogeneous along the axis Z-pinch due to the instability of
the steady state occurring during the transition from the volume radiation to the
surface radiation.

In general, the possibility to obtain the steady Z-pinch, taking into account the
radiation and heat conductivity is considered in the work [85]. The dependence of
the steady state of the arc on two dimensionless parameters was researched. First of
them characterizes the influence of the external pressure, the second d character-
izing the effect of heat conductivity, and is equal to the ratio of the cooling time due
to the loss of energy in the radiation to the time of equalization of the temperature
by the thermal conductivity. It is shown that there are d values, at which the steady
state is absent, and the value, at which the only one steady state is possible. In
addition, there are values of d, for which there are two steady states.

Availability of the current of Pisa–Braginskii is a special case of a more general
solution of the problem of the steady state of the arcs. Contraction of the
high-current arc due to the achievement of the critical current of Pisa–Braginskii Icr
[86–88], since the discovery of this phenomenon and to date has been investigated
theoretically and described in large number of the works. Already in the first papers
[86–89] contraction is associated with excess of radiation losses over the energy
inputted in arc that occurs when I > Icr. Later, this phenomenon became known as
the radiative contraction [90, 91], or the radiation collapse [92–94], what means the
nonstop contraction of the pinch under the conditions mentioned above.
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In fact, the radiative collapse is continued as long as the energy outputted by
radiation, and the energy inputted in the arc is not equalized. Model of the radiative
collapse allowed to explain many phenomena in the high-current arcs contracting
under the action of its own magnetic field. For example, it allows to describe the
formation of the “hot spots” [91], development of constriction in X-pinch [95],
dynamics of the plasma focus [96], final stage of which is determined by heavy
impurities [97].

It has been shown the possibility of the arc contraction modes while increasing
the temperature and density of the particles in the arc [90, 92]. Modeling of the
Z-pinch dynamics at radiative contraction has shown that the radiation increases the
hold parameter in high-temperature plasma in Z-pinch constrictions, and at dis-
charges in the deuterium, it could lead to increase of the neutrons output [98]. Most
of these researches are related to vacuum arcs and arcs under the gas pressure,
which is significantly less than atmospheric. Under such conditions, the arcing is
occurred in the metal plasma produced by the explosion of the initiating wire and
by evaporation of the electrodes and at current of Icr is 100–200 kA. According to
results of the work [91],

Icr ¼ 0:27
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lnK=K

p
MAð Þ; ð1:1Þ

where ln K is Coulomb logarithm, and K is ratio of total power of volume radiation
to power of volume bremsstrahlung radiation.

At high emissivity ability of metal due to bar-shaped radiation, when K * 100,
Icr is substantially lower than for the arcs in hydrogen. As described in the work
[89], the reduction in the radiation intensity increases Icr. Consequently, Icr is not
constant, as at increasing of the current, the radiation in lines is decreased, and
therefore, K and Icr are increased [94].

Value of K may vary and for other reasons, for example, due to decrease of
transparency of the arc [93]. As shown in the work [89], the velocity of the arc moving
at radiative contraction depends on the radiation losses. Therefore, changing the
radiative characteristics of the arc, it is possible to change the speed of its contraction
in one direction or another. Since, the increase in the concentration of xenon atoms in
the deuterium plasma results in growth in the increment of azimuthal radiative
instability [99]. And vice versa, complete ionization of the neon reduces the rate of the
radiation losses and prevents the development of the radiative collapse [100].

High initial pressure of hydrogen and helium contributes to the emergence of
acoustic and shock waves. The emergence of the cylindrical acoustic oscillations at
pulsed discharges known for relatively long time and is described in the numerous
papers. For example, in one of these works, acoustic oscillations were observed in
pulsed tube lamps that have been used to determine the average gas temperature
[101].

It is noted that the type of oscillations depends on the method of initiation of the
arc. At more powerful discharges at discharge current of 100–600 kA and its rise
rate of 1011 to 1012 A/s, the shock waves are formed, which are focused on axis of
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the arc [102–106]. For example, in the work [107] was recorded the shock wave,
which is passed through the core and is reflected from the arc axis.

At increasing of initial gas pressure, the shock wave amplitude is increased, and
at increasing of the gas initial density in which the discharge is occurred, the energy
input into the arc is increased. In the work [108], it was showed that into the
initiating wire at the stage of its heating in the water it is possible to input two times
more energy than in the air.

The study of electrical explosion of conductors in the zone of converging shock
wave [104] showed that the increase of the initial gas pressure increases the energy
in the metal wire before the explosion. In the work [109], it is noted that the heating
of dense plasma on the mutual axis of the plasma jets generates sharp peak of
temperature, what can produce the short-wave X-ray radiation. At the initial gas
pressure of 10–15 MPa, amplitude of the shock waves can reach the several hun-
dred MPa. Reflection of these waves from the cylindrical wall of the discharge
chamber may significantly change properties of the arc. Besides in the arc are
generated oscillations associated with the interaction of the magnetic and
gas-kinetic pressures.

Let us consider the arc in which the kinetic pressure Pg was placed in equilib-
rium by the magnetic pressure Pm. We assume that under the action of external
disturbance, the arc is contracted and the change of pressure in the arc is adiabatic.
That disturbance can be an acoustic wave generated by breakdown of the inter-
electrode gap and converging in the center of the discharge chamber after reflection
from the cylindrical wall.

At the adiabatic process,

PgV
c ¼ Const ð1:2Þ

where V is volume of the cylindrical arc, and c is adiabatic index.
Since V * r2,Pg * I/r2c and Pm * I2/r2. If the arc is contracted, since the

c > 1 and current I is constant, then Pg, there will be more than Pm, and the arc
should expand, and vice versa. This results in the arc oscillations, whose frequency
is determined by the speed of sound, radius of the arc and current.

Theoretically, such oscillations were considered in the works [110–113]. In the
work [110], it is indicated that the interaction of the plasma pressure acting outward
and magnetic force J � B acting inside causes radial oscillations. Solution of
MHD-equations describes the adiabatic radial oscillations of the ideal conducting
Z-pinch of DC. If I � IB (IB is current at which the magnetic pressure is balanced
by gas-kinetic pressure), then period of oscillations corresponds to the time of few
runs of the acoustic waves from the center to the wall of the discharge chamber.

The sustainability analysis shows that the oscillation period may be shorter than
the time constant of the constriction instability that allowing to observe such
oscillations at the experiment. In the work [111], the radial MHD-oscillations of the
plasma cylinder in the adiabatic approximation were considered. The solution for
the frequency of the nonlinear radial oscillations, in which the initial current dis-
tribution can be set arbitrarily, was obtained. In the particular case, where the
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current density is the same over the cross section of the arc, oscillations of the arc
boundary occur with a frequency corresponding to the period T

T ¼ 56r2

I

ffiffiffiffiffiffiffiffiffiffiffi
mn
c� 1

r
; ð1:3Þ

where r is radius of the arc, I is current, m is mass of the metal atom in the arc, and
n is concentration of the metal in the arc.

In the works [112, 113] found solution, describing the pinch oscillations during
the output of energy from the arc by radiation. The case of the collapsing pinch,
when at high current the outputted energy due to radiation higher than the Joule
heat input, was considered. As an example, the model of Pisa–Braginskii, when
energy output is carried out by bremsstrahlung radiation accompanying electron-ion
collisions, was used. It has been shown that, of all dissipative processes the main is
output of energy by radiation. If the outputted energy is much less than inputted
energy, the pinch performs large number of oscillations near the Bennett-type
equilibria in, which the plasma pressure is approximately balanced against the
magnetic forces. At increasing of the energy outputted by the radiation, the period,
amplitude and number of oscillations are reduced.
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Chapter 2
Test Benches of the IEE RAS’ Pulsed
Plasma Generators

Abstract Two test benches have been designed to perform research with powerful
pulsed plasma generators operating at the IEE RAS. Benches are equipped with
capacitive power supplies for plasma generators and measuring hardware for reg-
istration of the parameters of pulsed arc in various gases of high density, and
properties of the low-temperature plasma. Test benches differ in their energy per-
formance and diagnostic capabilities and hereinafter called as “small” and “big”
ones. “Small” test bench is equipped with a capacitive power supply CPS-10 based
on the capacitor bank voltage of 10 kV, energy store 6 MJ, and a maximum
discharge current of 2 MA. CPS-10 has option the programmable input energy in
arc and is used, currently, for power supplying the powerful pulsed plasma gen-
erator PPG-3, diagnostic discharge chamber, and electrodischarge installation with
adiabatic compression of gas. Powerful pulsed plasma generator PPG-3 is designed
for large-scaled tests under maximal inputted energy. Diagnostic discharge chamber
is applied for in-depth study of parameters of pulsed arcs using optical techniques.
Electrodischarge installation of preliminary adiabatic gas compression is used for
studying the arcs at ultra-high pressure. “Big” test bench with the programmable
capacitive power supply CPS-25 voltage of 25 kV, energy 9 MJ, discharge current
of up to 10 MA, and the world’s highest current integral action is used for power
supplying of powerful pulsed plasma generator PPG-6 for research of arcs, burning
at a current up to 2 MA, and at ultra-high initial pressure.

2.1 Construction and Equipment of the Test Benches

To perform the investigations of mega-ampere pulsed electric arcs and
low-temperature plasma, the test benches besides plasma generators and power
supplies must include:

• Gas preparation and supply system
• Control and measuring system for the initial parameters of the experiment
• Equipment for measuring and registering
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• Devices for registering, processing, and storage of experimental data
• Supporting equipment.

Gas preparation and supply system includes containers for transportation and
storage of gas, high pressure compressor, and pipelines with valves.

Control and measuring system includes control room devices for measuring
voltage of the capacitor bank, initial pressure of gas, thyristor regulator of capacitor
bank charging current.

Vacuum pumps are used, if necessary, for vacuuming the discharge chamber
before filling it by gas.

Measuring and registering equipment includes pulses current sensors, voltage
dividers, pulsed pressure sensors, sensors of X-rays, high-speed shooting camera,
shadow and interferometry devices, and spectrographs.

Supporting equipment are analytical balances for measuring weight of electrodes
before and after experiment to determine the erosion, and some other devices.

2.2 Power Supplies for Pulsed Plasma Generators

Most expensive and oversized component of the test bench is the power supply. At
relative diversity of power supplies systems for pulsed plasma generators and other
electrophysical devices, such as electric machines [1–3], cryogenic and supercon-
ducting inductive energy storages [4, 5], compulsators [6, 7], MHD-generators [8–
10], ME-generators [11–13], and even nuclear reactors [14]. MHD-generators there
are some very complex devices with low energy conversion efficiency.
ME-generators are single-acting sources of supply, in fact, is a powerful bomb.
Thus, the most prevalent and easy-to-use are capacitive power supplies. There are
several reasons for those:

• Capacitive power supplies are consisted mainly of standard components (capaci-
tors, cable, vacuum switches, et al.)

• Energy of capacitive power supply is determined only by the number of
capacitors

• Voltage of capacitors is varied from few to hundreds of kV
• Capacitive power supplies can be fitted with option of programmable input of

energy in arc
• Capacitive power supplies as opposed to the electric machines do not

mechanical impact on test bench foundation.

At the same time, the capacitive power supplies have disadvantages, the main of
which is the big weight and size indicators. However, this drawback as improve-
ment of capacitors is eliminated. Already capacitors with energy density 2–3 J/cm3

available are available [15–18], and now capacitors are developed with energy
density 10–30 J/cm3 and more [19, 20]. These capacitors allow developing the
compact power supplies for pulsed generators and other electrophysical devices.
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With that unlimited increase of stored energy of capacitive power supplies
increases, the probability of the capacitor explosion, which at energy *100 MJ, is
very high.

2.2.1 Capacitive Power Supply CPS-25

The power supply CPS-25 of voltage 25 kV and stored energy of 9 MJ (design
energy is 17 MJ) is used to supply powerful pulsed plasma generators and to study
phase transitions in carbon at very high pulsed pressure.

CPS-25 is modular capacitive energy storage (Fig. 2.1). The half-cycle of the
discharge current in short-circuit mode is 65 ls, and maximal discharge current is
10 MA. Design of energy storage allows simultaneous supply of several loads.
Energy storage control system provides the ability to operate both in the
single-pulse mode, i.e., simultaneous switching-on of all modules, and in the
programmable mode, when module is switched on in required time. Under pro-
grammable mode, the required pulsed current form and increase of the discharge
duration up to 3 ms are achieved.

CPS-25 characteristics:

• Stored energy—9 MJ
• Voltage—25 kV

Fig. 2.1 Power supply CPS-25 [21]
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• Maximum discharge current—10 MA
• Frequency of discharge current at short circuit—7.7 kHz
• Number of modules—12
• Stored energy of module—750 kJ
• Number of cells in the module—8
• Capacity of storage—53 mF
• Electric charge of storage—1325 C
• Dimensions—17 � 12 � 9 m.

At the IEE RAS has developed the capacitive energy storages differing in stored
energy, voltage, discharge current, and its rise rate [22, 23]. Stored energy is from
0.1 to 9 MJ, voltage from 5 to 50 kV, maximal discharge current from 0.1 to 10 MA,
and discharge duration from few ls to 3 ms.

The design of the power supply CPS-25 is modular one (Fig. 2.2). Currently in
operation 12 modules placed in three stories. The capacity of all modules is 0.0288
F, at charging voltage of 25 kV the stored energy is 9 MJ. In short circuit, the
discharge current is 10 MA, and duration of the half-cycle is 65 ls.

Each of twelve modules includes eight capacitor cells, ignition unit (1), charging
(5), and discharging (6) contactors. Control pulses from synchronization unit (2) are

Fig. 2.2 CPS-25 power supply modules [21]
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delivered to the ignition unit (1). Charging and discharging of capacitive storage are
carried out by the remote control unit (3) and computer (4) located in the shielded
chamber (Fig. 2.3).

Capacitor cell (Fig. 2.4) is the basic unit of power supply; its circuit diagram is
shown in Fig. 2.5.

The cell concludes the parallel connected capacitors C1–C10 each of 30 lF,
vacuum spark-gap (1) with ignition system, and charging and discharging resistors
R1, R2. The capacity of the cell is 300 lF. Spark-gap (1) switches on discharge
current up to 150 kA.

The elements C11 and R3 are used to improve the stability of the spark-gap
operation. The cell is connected to the collector by means of four coaxial cables (5).
The frequency of short-circuit current of the cell is 25 kHz. The control pulse
(Ignition) is delivered to the ignition transformer (2) from the ignition unit (in
diagram it is not shown).

Fig. 2.3 Circuit diagram of the capacitive storage CPS-25 [21]
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The resistors R1, R2 limit the charging current and in accident limit the current
between the cells, increasing the reliability and safety of the power supply operation.
The cell has a protective fence, when which removed the key (4) closes the capacitors.
The discharge current is measured by the Rogowski coils connected in series.

Module. Module of the capacitive storage concludes eight cells by capacitance
2400 lF and stored energy 750 kJ. The control system allows charging indepen-
dently any module to the required voltage. Cells are connected to high-voltage
feeder separately by two parallel resistors: wire resistor R1 of 1 kX and power of

Fig. 2.4 Capacitor cell of the CPS-25 [21]

Fig. 2.5 Circuit diagram of the CPS-25 capacitor cell [21]

18 2 Test Benches of the IEE RAS’ Pulsed Plasma Generators



500 W; and assembly of silicon oxide nonlinear resistances R2 (Fig. 2.5). These
resistors prevent both discharges of the cells to trouble one and recharge between
the cells at programmable mode. The module is equipped with the high-resistant
voltage divider for measurement the initial and residual voltages.

Module includes two high-voltage keys: normally open to connect the module to
the feeder; normally closed to neutralize the electric charge. At neutralizing of the
capacitors charge, most of the energy is released in the assembly of nonlinear
resistors R2. At charging, voltage of 25 kV temperature of resistor R2 at discharge is
increased by 40 °C, and the heating of the wire resistor R1 is negligible.

Control system of the capacitive storage concludes the synchronization block
and twelve blocks of spark-gaps initiation. Each initiation block has two pulsed
generators, producing four synchronous pulses of 1.2–1.6 kA, voltage of 8 kV, and
duration of 5 ls.

Pulsed generator is controlled by the synchronization block, produces pulses of
12 A, 600 V, and 5 ls.

Synchronization block generates two modes:

• Synchronous, when all 24 pulse generators forming single pulse;
• Asynchronous, when pulses are generated with delays controlled by computer

[24, 25].

At programmable mode, the value and shape of the current are determined not
only by the discharge circuit parameters and initial voltage of capacitors, but also by
the time between switching-on of the modules in the discharge circuit. Varying
these time intervals one can form the required shape and amplitude of the current,
and realize optimum energy input in the load.

Current collector. The collector connects the load to the power supply at the
discharge current up to 10 MA and voltages up to 25 kV (Fig. 2.6). The collector
consists of six blocks (1), each block connects 80 coaxial cables (3). Insulation
of the block tested at twice operating voltage, i.e., 50 kV. Now to each block,
64 cables are connected from 16 cells, i.e., from two modules.

Thus, the module of the capacitive storage can be divided into two parts, each
part can supply the own load, that enables to supply 6 independent loads. At
operating on a single load all blocks are connected to the collector output buses (2).
Inductance of collector is 1.6 nH. Blocks and output buses are placed on the
supporting frame. Output buses are isolated from each other by multi-layer poly-
ethylene insulation of 1 mm thickness (5). To compensate the electrodynamic
forces occurring during the discharge current, the six loads (6) by total weight of
6000 kg are used.

Elements mentioned above together with the output cables (4) form the dis-
charge circuit with the following parameters:

• Inductance 13.3 nH
• Wave resistance 0.68 mX
• Frequency of the discharge current at short circuit 7.7 kHz.
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To the output buses, the different loads can be connected or directly to the
collector buses, either by coaxial intermediate current collector (Fig. 2.7).

Charge unit. The device is used to charge the capacitor bank by rectified and
stabilized current to 25 kV. The main element of the device is the three-phase oil
transformer of power 160 kW, voltage on the secondary winding of 25 kV, and
voltage on the primary winding 380 V. Rated current of the primary winding is 557 A,
and secondary current is 23 A. The charging time of the capacitor bank to voltage of
25 kV is *5 min.

Connecting of the modules to the charging circuit is carried out by means of
high-voltage contactors (4) (Fig. 2.5).

Control system. The control system is used for registration of the voltage of the
capacitor bank and gas initial pressure in the discharge chamber of the plasma
generator. For measuring voltage of the capacitor bank, the high-voltage dividers
are used. The number of measuring circuits is 24. The voltage from the low-voltage
shoulder of the voltage dividers is delivered to the control unit. Visual control of the
charging process is carried out by the digital voltmeters. After the charging, voltage
at the module is registered by computer. For each of the 24 channels, several
countdowns are performed, as long as the difference between countdowns not more

Fig. 2.6 Collector of the CPS-25 [21]
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than 0.1%. Voltage of the modules is recorded in the experiment file. The residual
capacitor bank voltage is measured after the experiment in a similar manner.
Voltage measurement error does not exceed 0.5%. Registration of the initial gas
pressure in the discharge chamber of the generator is performed by potentiometric
pressure sensor mounted on the feed gas pipeline.

Data registration and processing system. Registration of the experiment
parameters by the two-channel digital oscilloscopes is performed. Oscilloscopes run
by clock pulse from the capacitor bank synchronization system. Recording, pro-
cessing, and storage of data are performed by the computer.

During the experiment are recorded as follows:

• Gas initial pressure in the discharge chamber
• Charge and remaining voltage on the modules
• Electric charge of the modules
• Time delay of the modules switch-on
• Signals of the measuring devices at the time of start-up
• Discharge current of the modules and total discharge current
• Voltage drop across the arc
• Flowed electric charge
• Pulsed pressure in the discharge chamber of the generator
• Signals of the magnetic probes and other sensors
• Clock pulses of the photorecording devices.

Fig. 2.7 Intermediate current collector (left) connected to the generator PPG-5
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After the experiment, the results of direct measurements are processed and are
calculated: power of the arc; energy inputted in the arc; arc resistance; current
integral, etc.

2.2.2 Capacitive Power Supply CPS-10

Power supply CPS-10 of 6 MJ energy, and voltage of 10 kV as well as the CPS-25
is used to carry out the researches of the pulsed plasma generators (Fig. 2.8).

Capacitance, inductance, internal resistance and charging voltage of supply,
resistance and inductance of the discharge circuit and arc define uniquely the
amplitude-frequency characteristics of the current pulse. However, it is valid when
the load is linear (in our case it is not so), and power supply and discharge circuit
parameters are constant.

The arc is nonlinear load, which has variable both resistance and inductance.
Parameters of the discharge circuit elements such as current collector, current input,
connecting cables, and spark-gaps are also vary in dependence on the shape of the
discharge current and its rise rate.

To determine inductance, wave and active resistance of the discharge circuit, and
the capacitor bank of the power supply CPS-10, a series of experiments at short
circuit was carried out. The current I in oscillatory circuit with capacitance C,
inductance L, and active resistance Rdc is determined as

I ¼ Ui

ffiffiffi
c
L

r
e�dt sinxt: ð2:1Þ

Fig. 2.8 Power supply CPS-10 [26]
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where Uo is charge voltage, d is damping constant, x is circular frequency of the
current, t is time.

Knowing the period of oscillation T, we find circular frequency x = 2p/
T. Decrement damping d is the ratio of the adjacent current amplitudes I1/I2

d ¼ 2 lnðI1=I2Þ
T

: ð2:2Þ

Based on x, d, and bank capacity c, we determine the resistance Rdc, inductance
L, and wave resistance Zdc

Rdc ¼ 2dL; ð2:3Þ

L ¼ 1

C x2 þ d2
� � ð2:4Þ

Zdc ¼
ffiffiffiffiffiffiffiffiffi
L=C

p
: ð2:5Þ

During studies, some modernizations of the power supply were carried out;
together with those its characteristics were changed.

At first embodiment of the battery, all capacitors were connected parallel that
allowed working at voltage up to 5 kV. At this configuration, the power supply was
used in the first test, and then, based on results of obtained data, it was decided to
connect the capacitors at series–parallel manner.

After that, two significant modernizations of the power supply were performed,
resulted in doubling of capacity of the battery in comparison with the initial value.

Now the power supply CPS-10 consists of 4320 capacitors of 100 lF, 50 nH, and
voltage of 5 kV. The stored energy in one capacitor at rated voltage is 1.25 kJ. Power
supply circuit is shown in (Fig. 2.9). Main characteristics of the power supply
CPS-10 are as follows:

• Capacity 0.113 F
• Energy stored at voltage of 10 kV—5.6 MJ
• Resistance of the discharge circuit 1.46 ± 0.08 mX
• Inductance of the discharge circuit 0.248 ± 0.015 lH
• Impedance 1.5 mX
• Current rise rate 3.2 � 1010 A/s.

The capacitor bank is divided into six independent modules C1–C6, each may
independently be charged to required voltage by means thyristor voltage regulator
TC, high-voltage transformer Tr, rectifier R, charging resistors R1

3�R6
3, and

vacuum switches k1–k6.
By means of air trigatron dischargers P1–P6, the modules C1–C6 are connected

to the load Rl that allows controlling the duration, shape, and amplitude of the
discharge current. The neutralization of capacitor bank charge is carried out by
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closing of the high-voltage six-pole contactor k through a discharge resistors
R1

p�R6
p to the ground.

The capacitor bank concludes the 144 cells, each with the 30 capacitors. The cell
by size of 70 � 80 � 120 cm is closed by three sides of the steel sheets of 1.5 mm
thickness, which prevent scattering of capacitors’ debris at the accident. To the front
side of the cell, two copper buses are attached, which by means of copper wires are
connected to capacitors terminals. Copper wires at the accident of capacitor act as
the fuses, preventing the discharge of the all capacitors on the emergency one.
Shells of the capacitors and cells are connected together and grounded.

Initially, the capacitor bank has been developed for operating at voltage of 5 kV.
At this, its capacity was 0.24 F, energy 3 MJ, and electric charge 1200 C. The first
experiment showed poor agreement with the arc. It was decided to rewire capacitor
bank to voltage of 10 kV. For this collector, buses of two cells were connected in
series, and pair of cells by means of coaxial cable is connected to the
collector-switch (Fig. 2.10). The collector-switch in its turn by means of coaxial
cables is connected to the current collector.

Fig. 2.9 Power supply circuit of the CPS-10 [26]
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Increasing of the initial capacitor bank voltage from 5 to 10 kV was intended to:

• Achieve better match of the power supply and arc, as typical voltage drop across
the arc is 6–8 kV

• Improve the efficiency of energy transfer from the arc into the gas
• Halve the electric charge of the capacitor bank, which is reduced proportionally

the electrodes erosion.

Experience on power supply CPS-10 operating shows that the reliability of its
operation is possible at voltage � 8 kV.

Figure 2.11 shows the graph of the ratio of the accidents number Ne to the
number of all experiments Nt versus charge voltage.

Some rise of curve at 6 kV due to that the most number of experiments was
performed at this voltage, and therefore the probability is more accurate compared
to the point corresponding to the voltage of 7 kV.

Thus, the level of the stored capacitor bank energy at relatively safe operation is
*4 MJ.

2.3 Components of Power Supply

Since the design of the capacitive power supplies is fundamentally similar, but have
some structural differences, therefore, let’s give a brief description of the CPS-10 as
more simple.

Power supply CPS-10 is consisted of the next elements:

Fig. 2.10 Connection of the capacitor banks’ cells [26]
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• Charge unit
• High-current switching system (cables, collector-switch, current collector)
• Discharge unit
• Control system.

Charge unit (Fig. 2.12). The basic element of the charge unit of the power
supply CPS-10 is a three-phase transformer power of 400 kW, voltage on the
primary winding is 380 V, and at the secondary one 10 kV. Rated primary current is
557 A, and secondary is 23 A. In the primary coil of the transformer is switched the
thyristor voltage regulator. Regulator is applied to maintain in the primary winding
constant by value current, which is not exceeded the maximum permissible current
in the secondary winding of the transformer.

As mentioned, if necessary, it can be use the separated (“module by module”)
charging of the capacitor bank, which is performed by connecting the required
module to the charging circuit by means of high-voltage switches at the current-free
mode. Charging time of the capacitor bank up to 8 kV is *60 s.

High-current switching system. The system is consisted of the collector-switch
with six air trigatron dischargers, current collector, and coaxial cables.

Collector-switch (Fig. 2.13) is the intermediate element between the capacitor
bank and the load. The collector-switch performs switching of the pulsed current by
amplitude up to 2 MA at the voltage up to 10 kV.

The capacitor bank is connected with the collector-switch by means of
seventy-two coaxial cables and the collector-switch with the collector current by
twelve coaxial cables. Switching of the current is carried out by six air trigatron
spark-gaps. Ignition of the spark-gaps is performed by pulses of 16 kV voltage, and
duration of 10 ls from the multi-channel generator. It is possible to control
spark-gaps to ensure their optimal performance at different voltages on the capacitor

Fig. 2.11 Ratio of the accidents number Ne to the number of all experiments Nt versus the charge
voltage [26]
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bank. To measure pulsed current, six current coils on the collector-switch are
installed.

Current collector (Fig. 2.14) is the end element of high-current switching system
of the power supply CPS-10.

Fig. 2.12 Charge unit of the power supply CPS-10 [26]

Fig. 2.13 Collector-switch with the air spark-gaps [26]
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Current collector of outer diameter 250 mm connects the braids and cores of
twelve coaxial cables with its collets connecting them to the coaxial current inlet of
the plasma generator. Current collector operates at pulsed current of up to 2 MA,
and electric charge up to 800 C.

Discharge unit (Fig. 2.15). Function of the discharge unit is neutralization of the
capacitor bank electric charge at voltage of up to 8 kV. The apparatus includes the
six-phase high-voltage normally closed contactor with electromagnetic drive and
six load resistor blocks. Each load block is consisted of ten series-connected
resistors and has resistance *1 X. Time constant of the capacitor bank discharge at
voltage is 8 kV *0.1 s.

In addition to the discharge unit, the capacitor bank is equipped by two earthing
rods: one is the high-resistant and other is short-circuiting, stationary contactors,
which constantly closed and opened only at experiment.

Control system (Fig. 2.16). The control system of the power supply CPS-10
drives the discharge unit, contactors connecting the modules to the charge unit,
ignition generators of the spark-gaps, etc.

Start of two ignition generators and oscilloscopes are performed by six-channel
pulsed generator with adjustable delay up to 6 ms.

Control devices of the power supply parameters, oscilloscopes, and computer are
located in the shielded control room.

Fig. 2.14 Coaxial current collector [26]
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Fig. 2.15 Discharge unit [26]

Fig. 2.16 Control system [26]
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2.4 Diagnostic Methods and Measurement Equipment

The measurement equipment includes the registering devices of initial, current, and
final parameters of the experiment.

Initial parameters are:

• Capacity and charge voltage of the capacity bank
• Parameters of the discharge circuit
• Pressure and kind of gas in the discharge chamber
• Volume of the discharge chamber and its configuration
• Interelectrode gap
• Weight of the electrodes.

Current parameters and processes are:

• Discharge current
• Voltage drop across the arc and some parts of the discharge circuit
• Pressure in the discharge chamber
• Evolution of the arc
• Electrode jets and shock waves
• Emission spectra
• Intensity of the arc luminescence
• Intensity of X-ray irradiation of the arc, and others.

Final parameters of the experiment are:

• Residual voltage of the capacitor bank
• Weight of the electrodes
• Traces of arc binding to the electrodes.

2.4.1 Initial Parameters of Experiment

One of the main initial parameters of the experiment is the energy stored in the
capacitive power supply. For its evaluation, in addition to charging voltage, you
must know power supply capacitance.

Capacitance of the capacitor bank module was measured by digital device.
Average capacitance of one module of the CPS-10 is 18 mF. Measurement error of
the digital device at the three-digit counting is ±0.5%. Measured “module by
module,” the total capacitance of the capacitor bank is 113 ± 0.6 mF. Thus, storage
energy of the capacitor bank is 5.65 MJ at charging voltage of 10 kV. To calculate
the outputted energy, the system that measures the charging and residual voltage on
each module has been developed.

Charging voltage on the modules of the CPS-10 is measured by the high-voltage
resistive dividers consisting of high-voltage shoulder of 40 MX, and low-voltage
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shoulder of 4 kX, thereby dividing ratio is 1/10,000. Voltage from dividers is
delivered to the switching unit, then to digital voltmeter, and finally to PC. After
capacitor bank charging, the switching unit sequentially connects the measuring
circuit to the voltmeter input. On each measuring circuit, several countings were
performed until the difference between them is reduced to 0.1%. Voltages on the
modules are registered by the PC.

Residual voltage on the modules is measured after the experiment in similar
manner. Measurement error does not exceed 0.5%. In addition, to the voltage
dividers are connected pointer voltmeters for visual control of the capacitor bank
charging.

Gas initial pressure in the discharge chamber is measured by means of high
accuracy static pressure sensor with resistance output. Measurement error of the
pressure sensor in the range 20–40 MPa is no more than ±0.4%. To display the
sensor readings, there is the digital voltmeter with the measurement error ±0.5%.

Volume of the discharge chamber is calculated by dimensions of its elements.
Changing of the discharge chamber volume was carried out by set of anode inserts.

Weight of the gas is calculated by the volume of the discharge chamber and
initial gas pressure. Due to that even at pressures of 20–40 MPa, there is the gas
nonideal, the calculation of the gas weight is carried out taking into account
covolume [27, 28].

Erosion of the electrodes is determined by weighing the cathode and anode
before and after the experiment on an analytical balance with error ±10 mg.
Knowing the capacitance c, difference between the charging and residual voltages
DU, it was determined electric charge Q = cDU. Ratio of electrodes weight loss to
electric charge Q gives the specific erosion of the electrode metal.

2.4.2 Pulsed Current

When capacitor bank with energy of several mega-joules at voltage of 10–25 kV is
discharged on the arc or other loads with impedance 5–10 mX, discharge current is
1–5 MA and rise rate 109 to 1011 A/s. Measurement of such current is not easy task.
The most common in practice are two methods: the Rogowski coils and
low-inductance shunts.

Measurement of discharge current at the CPS-10 is carried out by six
series-connected Rogowski coils. Each of them is encircled the central core of
cables connecting the collector-switch and current collector.

Configuration of the current measuring system was carried out by means of the
reference oscillating circuit, whose parameters were measured with error � 1%.
Capacitance of the circuit is 30 lF, fundamental frequency 25 kHz, and charging
voltage 15–20 kV. By comparison of the measured signal with the calculated curve,
the measurement error was determined. Based on obtained data, the signal pro-
cessing program for PC was developed, which provides the discharge current
measurement error � 3%.
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As alternative configuration of the current measurement system, the
low-inductance reference shunt was used. The coaxial shunt has the constantan
measuring element of 0.2 mm thickness.

Load capacity of the shunt, i.e., its resistance change due to the heating by the
current, was evaluated according the formula

Rf ¼ Ri 1þ I2aRiatcur
Cms

� �
: ð2:6Þ

where Rf is final shunt resistance, Ro is initial shunt resistance, Ia is rated current, tcur
is time current flow, a is temperature coefficient, C is heat capacity, ms is weight of
the measuring element.

Evaluations have shown that heating of the shunt by discharge current results in
change of its resistance � 0.2%, which is significantly less than the measurement
error of the shunt resistance.

To ensure high accuracy of measurements in the whole range of frequencies of
the recorded signal is necessary that the thickness of the measuring element was
much less than the thickness of the skin-layer at the maximal signal frequency. The
ratio of active shunt resistance at alternating current Ra to its resistance at direct
current Rc can be estimated by the formula

Ra

Rc
¼ 1þ 1

3
d
b

� �4

: ð2:7Þ

where d is thickness of the conductor, b is thickness of the skin layer.
Value of b is calculated by formula

b ¼
ffiffiffiffiffiffiffiffiffiffiffi
2

pclx

s
: ð2:8Þ

where l is magnetic permeability of the shunt metal, c is specific conductivity of
the shunt metal, x is circular frequency of the current.

Considering that the circular frequency of the current is less than 10−4 s−1, for
constantan b = 5 mm. At the thickness of the shunt d = 0.2 mm from the formula
for the resistances ratio must be that a change of the shunt resistance � 0.1%.

2.4.3 Voltage Drop Across Arc

To determine the energy inputted in the arc, arc resistance, and power of discharge,
it is necessary to perform accurate measurement of the voltage drop across the
discharge gap. For such reliable registration, you must have the measuring devices
and line with a bandwidth � 1 MHz.
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As the voltage sensors for the capacitor bank of the CPS-10, the ohmic dividers
were used. Dividers are connected to the measured parts of the discharge circuit
through the coupling capacitors. The division factor of the dividers is 1/1000.
Measurement error of the dividing factor at direct current does not exceed ±1%.
From the low-voltage shoulder of the dividers, signals are delivered to the digital
oscilloscopes and then to the PC.

Bandwidth of the divider fd and reaction time Tr are determined by the dis-
tributed capacitance of divider elements cg against its grounded housing, by the
resistance Rhv of the high-voltage shoulder and can be calculated by formulas [29]

fd ¼ 1:46
Rhvcg

; Tr ¼ Rhvcg
6

: ð2:9Þ

Capacitance of the divider against ground

cg ¼ 2pp0e ld
lnðr2=r1Þ : ð2:10Þ

where ld is divider length, r1 is outer radius of the divider’ resistor, r2 is inner radius
of the divider housing.

Estimated value of cg is 10 pF, for bandwidth fd of 1 MHz, resistance Rhv of the
divider’ high-voltage shoulder must not exceed 140 kX. At resistance Rhv of 100 kX,
reaction time Tr is 0.16 ls.

In our case at measurement of voltage drop across the arc, it is necessary to take
into account those on current lead, its holder, current collector housing, outer sheath
of cables connecting discharge chamber to collector-switch, and potential difference
between grounds of collector-switch and oscilloscopes.

Additional measurements at short circuit have shown that main voltage drop
under the discharge current of 1 MA is across the current lead *470 V, and the rest
voltage drops no more than few tens of volts. These voltage drops were accounted
by experimental data processing.

2.4.4 Pulsed Pressure

Important data of the plasma generator operating such as internal energy of the gas,
motion of the arc, and shock waves can be obtained by pulsed pressure sensors.
Pulsed pressure is one of the main parameters that characterize the properties of the
generated plasma. For measuring the pulsed pressure in gases up to 1000 MPa, the
most commonly used are piezoelectric sensors.

At our experiments, it is necessary to measure gas pulsed pressure that higher
than strength limit of the piezoelectric elements. Produced commercially sensors to
measure such pressure under required time resolution are film dielectric and strain
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ones. However, they are unsuitable for operating under high thermal, electromag-
netic, and acoustic interferences.

To measure pulsed pressure under these conditions at the initial stage of our
researches, we have developed the piezoelectric sensor with time resolution 0.6 ls
(Fig. 2.17). The sensor measures the pulsed pressure up to 500 MPa at current rise
rate *1012 A/s.

For measuring the pressure at lower current rise rate, the piezoelectric sensors
“Kessler” T-500 and T-6000 were used. These sensors allow to measure pulsed
pressure up to 600 MPa and have cutoff frequency of 250 kHz, sensitivity of the
sensors is 0.2 ± 0.02 pC/MPa, and the nonlinearity is ±0.5%. The signals from
sensors are delivered to the charge amplifier, then to digital oscilloscopes, and
further to the PC. Bandwidth of the charge amplifier is 1 MHz at nonlinearity of
±1%. To improve measurement accuracy, the calibration curve of each sensor is
registered in the computer. Thus, total pressure measurement error is ±1.5%.

During discharge current, the potential difference up to several tens of volts
between the plasma generator housing and ground is occurred. This potential, if the
pressure sensor is not insulated from the generator, is delivered to the charge
amplifier and distorts the measured signal. To prevent these distortions, we use
insulating adapters with reliable sealing and shortest length of channel.

Protection from electromagnetic interference of measuring circuits of pulsed
pressure transducers by the screening of both the sensors and their amplifiers was
performed.

The peculiarity of measurement of pulsed pressure in the discharge chamber of
the plasma generator is the channel connecting the discharge chamber with a
pressure sensor. Channels’ length of some generators is from 5 to 15 cm and
diameter is 4 mm.

To determine the pressure waveform amplitude-frequency distortion due to those
channels, several experiments were carried out under lower pulsed pressure. At the
experiments, two sensors were used: main sensor with the long (15 cm) channel,
and control one with minimal (5 mm) length of the channel. Comparison of signals

Fig. 2.17 Rod pulsed pressure sensor [33] 1 is cable connector, 2 is sound absorber, 3 is
insulation, 4 is tourmaline piezoelement, 5 is sealing, 6 is ceramic rod
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from the main and control pressure sensors showed no significant amplitude dis-
tortion; however, the signal from the main sensor comes with time delay Dt

Dt ¼ aoDl: ð2:11Þ

where ao is speed of sound in cold gas, Dl is difference between the channels
lengths of the main and control sensors.

Further those delays and amplitude distortions are taken into account at signal
processing.

Rod piezoelectric sensor. It was established experimentally that the effective
protection of the sensor from electromagnetic fields is the sensor housing itself,
however, in some works the double shielding of the sensor is applied [30, 31].

Acoustic interference immunity of rod sensors is performed by absorption of
load wave by the sensor rod, acoustic matching of the rods and other designs
addressed to adequate transfer of the initial perturbation [31, 32]. Attempts to
eliminate the parasitic acoustic waves by electrical filtering, compensating sensors
connected by the differential circuit, are low effective.

Time resolution of the rod sensor is determined by increasing of pressure pulse
front at its passing through the face rod and by the time of sound wave passing the
distance between the plates of the piezoelement. Time resolution of the sensor
with a beryllium face rod registered by voltage pulse generated by piezoelement is
0.54 ls [34].

Pressure pulse rise time t, due to the pressure front dispersion in the face rod, is
determined by [34]

t ¼ 2:3l
2
3
x
d

� �1
3d
c
: ð2:12Þ

where l is Poisson’s ratio of the rod material, x is distance from the face end of the
rod to the piezoelement, d is diameter of the rod, c is speed of sound in the rod
material.

Pressure pulse rise time due to the dispersion of pressure front in the face rod is
� 0.1–0.2 ls. Passing time of the sound wave through the piezoelement is deter-
mined by its length and the speed of sound in it.

At best, when the piezoelement is tourmaline 0.2 mm in length, time of sound
wave passing is 0.03 ls. If consider that at registration of the voltage on the
piezoelement’s plates it must be repeated passage of a sound wave, the rise time of
the pulse pressure due to that is 0.1–0.2 ls.

However, the rise time of the pulse pressure can be substantially reduced, when
registered not voltage (U = Q/c, where Q is charge of the piezoelement under
pressure impact, c is capacity of the piezoelement and registration circuit), but the
current in the short-circuit piezoelement [35, 36]
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I ¼ S
dI
dt

¼ KS
as
l

P0 � P1ð Þ: ð2:13Þ

where S is cross-sectional area of the piezoelement, dI/dt is bias current, as is speed
of sound in the piezoelement, l is piezoelement length, P0 and Pl are pressures on
the face and back plates of the piezoelement, K is characteristic of the piezoelement
material.

Piezoelement switched on under this circuit, according to data of work [36] at
piezoelement length of 0.5 mm registers the pressure rise time of 0.07 ls. At this
registering circuit, when piezoelement length is 0.2 mm, its resolution time is 0.03 ls.
Thus, rise time of the pulse pressure for the rod of piezoelectric sensors is determined
mainly by the pressure front dispersion in the face rod and is of 0.2 ls.

The data presented above are more informative and indicate the problems are
faced us in the initial stage of the research. Superfluous to say that there are now
commercially available pulse pressure sensors with time resolution of a few
nanoseconds, allowing investigating the ultrafast phenomena such as the shock
waves generated by pulsed electrical discharges in dense gases and liquids.

2.4.5 Optical Registration

Shadow photography of the processes in the discharge chamber was carried out on
the diagnostic discharge camera (Fig. 3.16) as shown in Fig. 2.18. It was used
the method of the visualizing diaphragm in focus [37]. The method involves the
location of the circular visualizing diaphragm in focus of the receiving lens of the
shadow device. The diaphragm of a given diameter is used for qualitative research,
and for quantitative measurements is used the spatial filter with a known trans-
mission function.

The choice of this method is based on high decreasing of own discharge irra-
diation, and at the same time on allocation of required interval of the rays deflection
in the light beam of the transmission source. The light source is the argon laser with
spectral intensity of radiation exceeding the spectral intensity of any other available
light source that allows selecting the probe radiation on the background of the arc
radiation. Power of the laser radiation of 4 W is distributed in five wavelengths:
514.5, 496.5, 488.0, 476.5, and 457.9 nm. The highest intensity is in 514.5 and
488.0 nm wavelengths.

High-speed photography was performed in single frame mode and in photo-
graphic scan mode. High-speed camera photographs the arc through the neutral
filters with optical density from 0.5 to 2. Such increase in optical density corre-
sponds to decrease in intensity of the radiation source up to 100 times. The
high-speed camera makes 300 images at shooting frequency up to 106 frames/s, and
resolution 25 lines/mm.
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At photographing, the frequencies of 125,000, 250,000, and 500,000 frames/s
were used. For photography the arc, spectrometric, and pyrometric measurements at
pulsed pressure up to 600 MPa and current rise rate 1010 to 1011 A/s, the poly-
carbonate optical window was used.

Determination of the shock waves and arc light radiation impacts on the optical
properties of windows was carried by means the extensions allowing varying the
distance from the arc to the window from 40 to 150 mm. At distances � 60 mm, the
windows deformation is small and a noticeable impact on the images quality was
not detected. At location of the windows � 50 mm and at higher energy input in the
arc, the considerable residual deformation of the polycarbonate windows was
observed. Therefore, windows at the distance � 65 mm from the arc were located.

The photographic of the arc glowing by the camera with optical filters provided
registration in the spectral range near the wavelength of *500 nm was made. The
photographic slit is located perpendicular to the axis of the arc in the middle
between the anode and cathode. When slit width 1 mm: time resolution is *1 ls.

Measuring of the brightness temperature on the diagnostic discharge chamber
was performed.

Figure 2.19 shows the scheme of the measurements.
The brightness temperature of the various sections of the arc by the film’s

blackening density was estimated. Photographing by using of various density filters
was performed. As the standard, the film’s blackening density of Podmoshensky
capillary source with brightness temperature of 4 � 104 K was accepted [38].

By the plasma generator PPG-6, the arc brightness temperature registered by two
identical monochromatic pyrometers with the calibrated semiconducting radiation
detectors with maximal sensitivity at wavelengths 550 and 694 nm, and time res-
olution *1 ls. Pyrometers by the standard Podmoshensky capillary source were
calibrated.

Fig. 2.18 Scheme of the shadow device [33]. I is high-speed camera, II is matching lens, III is
receiving part of the shadow device, IV is discharge chamber, V is collimator of the shadow
device, VI is light source, 1 is speed camera, 2 are filters, 3 is second component of the matching
lens, 4 is visualizing diaphragm, 5 is first component of the matching lens, 6 is receiving lens, 7 are
diagnostic windows, 8 is arc, 9 is cathode, 10 is anode, 11 is collimator lens, 12 is beam cleaning
device, 13 is condenser, 14 is electrodynamic gate, 15 is argon laser
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2.4.6 X-ray Registration

Because of the arc’s plasma opacity, are particularly important the X-ray diagnostic
techniques. It should be noted that the study of X-ray radiation from the arc is
complicated by high density of the gas surrounding the arc, and large thickness of
the optical windows. At transmitting of the arc by soft X-ray radiation to those
difficulties, the problem choosing of the suitable X-ray source is joined.

The results of the arc burning in argon at pressure of 40–60 MPa and current of
several tens of kA by the X-ray sensing are presented in papers [39, 40]. As
radiation source is standard, X-ray tube for structural analysis was used. At higher
currents, to explore the structure of the arc in argon was not possible due to the
metal vapor of electrodes.

In papers [41–43], sensing of the low pressure pinch discharges plasma, by the
X-pinch as source of soft X-ray, was carried out.

In order to study the density of metal-halogen arc sections in work [44] was used
the fluorescence induced by X-ray radiation.

For our study, the special X-ray tube with detector protected from the high gas
pressure has been developed.

Registration of the arc soft X-ray radiation. The challenge for the registration of
the soft X-ray radiation from the arc was in need to protect the radiation detector
from impact of high (up to 300 MPa) pulsed pressure, temperature up to 3000 K,
and shock waves. For this, the special camera with the X-ray detector has been
developed [45]. As a radiation detector, the X-ray diode SPD-8UVHS was used.
Figure 2.20 shows the scheme of the soft X-ray measuring.

X-ray detector (1) placed in a special buffer chamber (2) connected to the
housing of the plasma generator’s discharge chamber (4). The buffer chamber in
volume of *1.5 dm3 is protected the X-ray detector from high pressure, temper-
ature, and shock waves in the discharge chamber (6). The buffer and discharge
chambers are connected by the measuring channel (3) of diameter 3 mm. The
distance from the axis of the arc initiated by the explosion of the wire (10) and
burning between cathode (7) insulated from the housing (4) by insulator (5) and the

Fig. 2.19 Scheme of the arc
brightness temperature
measuring [33]. 1 is camera, 2
are neutral filters, 3 is mirror,
4 and 8 are windows, 5 is arc,
6 is cathode, 7 is anode, 9 is
standard light source
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anode (8) to the detector is *25 cm. The heated gas after the rupture of the
diaphragm (9) is flowed from the discharge chamber. As the filter the aluminum
foils of 20–25 lm thickness were used. For estimation of the temperature by foils
method, the two identical diagnostic units with filters of various thicknesses were
simultaneously used.

Diameter of the detector core is 3.2 mm. Spectral range of the SPD-photodiodes
is continuous and is 0.02–1100 nm, and sensitivity in the range of irradiation from
20 to 20,000 eV is *0.25 A/W.

X-ray sensing. To determine the distribution of a concentration of the metal
vapor eroded from electrodes (3, 4), one of which (4) insulated (8) from the housing
of the discharge chamber, and metal vapor of the ignition wire (6) in the
high-current arc (7), the X-raying was applied (Fig. 2.21) [46].

The scheme is consisted of the pulsed X-ray source with energy of 20–50 keV
(1) and X-ray CCD-camera (5). To power the pulsed X-ray source, two
high-voltage nanosecond pulsed generators with pulse duration of 10–20, and 50 ns
were used.

According to our estimates, the metal vapor at concentration of 1019 to 1020 cm−3

is located in area of diameter 1–2 cm (7) near the arc axis [47]. The absorption of the
X-ray radiation to measure the concentration of metal vapors of 1019 to 1021 cm−3

against background absorption in polycarbonate diagnostic windows (2) and in area
filled by hydrogen at pressure of about 10 MPa is optimal at the quanta energy range
of 30–40 keV.

Fig. 2.20 Scheme of the soft
X-ray radiation from the arc
measuring [33]
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To provide the radiation dose rate *108 R/s required for the registration of the
concentration of metal vapor at tube voltage 40–50 kV, electron beam current
should be 102 to 103 A that in our experiments was accomplished by means of the
X-ray tubes of properly type with explosive emission cathode.

2.4.7 Data Registration and Processing System

Recording equipment and control system are located in the control rooms shielded
from electromagnetic fields (Fig. 2.16).

Registration of the experimental parameters by two-channel digital oscilloscopes
is carried out. Start of the oscilloscopes and spark-gaps is performed by pulses from
six-channel generator synchronously or with delays required by the experiment
conditions.

At the experiments are recorded:

• Initial and residual voltage of the capacitor bank
• Discharge current
• The voltage drop across the arc
• Primary and pulsed gas pressure in the discharge chamber of the generator.

For personnel safety, measuring elements and sensors are isolated from the
plasma generator and power supply or connected to the oscilloscopes via the
coupling capacitors and transformers.

Recording, processing, and storage of experimental data are carried out by the
PC connected to the oscilloscopes, control system, and voltmeters used for mea-
suring voltage of the capacitor bank modules. The program for the PC has been
developed that allows changing quickly the settings of the oscilloscopes and pro-
cessing the experimental data. Based on the experimental data, it was developed the
database containing information of all experiments.

Fig. 2.21 Scheme of
X-raying the arc [33].
L1 = 13 cm is area filled with
hydrogen under high pressure,
L2 is area with the metal
vapors, L3/2 = 1.25 cm is
thickness of the diagnostic
windows (2)
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Chapter 3
Pulsed Plasma Generators

Abstract Applying of the pulsed plasma generators as powerful X-ray sources or
sources of forplasma for fusion involves usage of plasma-forming gases with low
molecular/atomic weight, such as hydrogen or helium at pressure up to hundreds of
megapascals. Pulsed plasma generators are relatively simple devices, but their
developments require novel technologies and materials. This is due to the param-
eters of the generated plasma and the characteristics of the electrical energy used to
power them. Plasma parameters and characteristics of modern plasma generators
are next:

• Mean weight temperature of the gas up to 104 K
• Gas pressure up to 1000 MPa
• Discharge current up to 2 MA
• Voltage up to 25 kV
• Energy input in the arc up to 10 MJ.

Combination of these parameters shows the complexity of the problems those must
be solved at the developing and study of these devices. Basic component of the
pulsed plasma generators is electrodischarge chamber.

3.1 Types of Electrodischarge Chambers

Active works on pulsed plasma generators were begun in the mid-twentieth century
and were originally addressed to developing hypersonic wind tunnels simulating
flight of the spacecrafts. Even at that time, the electrodischarge chambers of the
pulsed plasma generators were based on almost all design ideas, which according to
the novel technologies are used in today’s designs.

To navigate the various designs of the electric discharge chambers of the pulsed
plasma generators, we will present their classification on the basis of shape and
arrangement of electrodes formulated in works [1, 2].

At this, almost all names of the electrodischarge chambers’ types presented in
these works were corrected in the book. This is made to bring the type’s names of
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the electrodischarge chambers to exact match in English with classification criteria
and their design features.

And so, almost all, at rare exceptions, designs of the electrodischarge chambers
are divided into four types as follows:

• Discharge chambers with coaxial electrodes (Fig. 3.1a)
• Coaxial discharge chambers (Fig. 3.1b)
• Discharge chambers with coaxial opposing rod electrodes (Fig. 3.1c)
• Discharge chambers with coaxial rod and ring electrodes (Fig. 3.1d).

All electrodischarge chambers have common elements: two electrodes (1, 5),
insulators (3, 4), locking diaphragm (7), nozzle (6), and fuse (2).

Let us describe briefly the designs of the discharge chambers types. Here we note
that now and further a comparison of the characteristics and conclusions on the
advantages and disadvantages of various types of discharge chambers we will make
on the basis of their applicability to the powerful plasma generators and working
gases such as helium or hydrogen and in specified cases other gases.

Discharge chambers with coaxial electrodes. In these discharge chambers
(Fig. 3.1a) central–axial (1) and external–coaxial (5) electrodes form an electrode
system. The electrodes are insulated from each other and the discharge chamber
housing by insulators (3, 4). Normal polarity of the electrodes: axial is cathode and
coaxial is anode. Initiating of the arc, as in majority of the plasma generators’
electrodischarge chambers is performed by fuse (metal wire) (2).

Characteristic feature of the arcing in such electrodischarge chamber is arc’s
mobility, or as they call this phenomenon in some works—“magnetic blowing” [4].
Nature of the phenomenon is in moving of the arc, which is ignited in point of the

Fig. 3.1 Types of electrodischarge chambers [3]
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fuse location and moves then along the discharge chamber toward the nozzle while
increasing own length. The reason of this phenomenon is the action of the magnetic
field of the arc current on carriers of current, so and gas pressure gradient in the
discharge chamber caused by the uneven gas heating. The velocity of the movement
of the arc, in dependence on the value of current, its rise rate, type of gas, and its
initial density is several hundred meters per second and higher.

This phenomenon has positive so negative aspects:

• The positive is the intensive flowing of the gas in the chamber caused by the
movement of the arc and by the electrode jets, which perform efficient heat
transfer from the arc to the gas, and accelerate the thermodynamic equilibrium in
the discharge chamber

• The negative is the fast extinction of the arc, i.e., short duration of a single
current pulse and a relatively low level of inputted energy in the arc.

Based on the results of a number of the experiments carried out at the IEE RAS,
such discharge chamber design in relation to powerful pulsed plasma generators can
be characterized by negatively rather than positively. This conclusion is not
definitive, since subsequent experience with similar—coaxial discharge chambers
leads us to conclusion that this type of camera was not studied enough, that not
allowed revealing their potential.

In the early sixties, a number of electric heaters for pulsed wind tunnels were
developed, including the super power pulsed generator with coaxial electrodes of
the Mac Donnell Douglas (Fig. 3.2) [5].

The discharge chamber is powered by a capacitor bank of energy is 7 MJ,
voltage 12 kV, and the inductance of the discharge circuit *10−6 H. Operating gas
is the air at a pressure up to 70 MPa.

Fig. 3.2 Electrodischarge chamber with coaxial electrodes of the McDonnell Douglas [5]
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The housing of the electrodischarge chamber of weighing *3500 kg is made of
stainless steel and had been calculated for operating at an internal pressure up to
700 MPa. At the development of the discharge chamber the successful design was
used with the easily removable electrode assembly with conical split surface
(3) concluding the electrode system (8, 9), nozzle block with the replaceable nozzle
insert and the diaphragm (4, 5, 7), and the drainage device for gas outlet (1, 2).
The weight of the electrode assembly is 1050 kg, volume of the discharge chamber
*17 dm3, and limit internal pressure of the electrode assembly is 42 MPa.

The electrode system consists of two insulated from each other coaxial elec-
trodes (8, 9) made of beryllium bronze and designed to operate at a current up to
4 MA. Initiating the arc by explosion of the wire was carried out.

The electrode system is located in the locking nut eccentrically in order to an
area of the arcing, which is determined by the place of installation of the fuse, was
cogruent with the axis of the discharge chamber.

As the result of the experiments, carried out on this discharge chamber, it was
discovered the phenomenon of arc stretching under the action of the own current
magnetic field and the pressure gradient, it was revealed the growing dependence of
the voltage drop across the arc on the initial density of the air, it was estimated the
dependence of the efficiency of the system operation on the initial gas pressure and
capacitor bank voltage, in the first case is growing one, in the second—falling [4].

To this type of chambers is owned the discharge chamber of the wind tunnel
SKB-8A of the AEDC, USA [6].

Coaxial discharge chambers (Fig. 3.1b) have as prototype the discharge cham-
bers with the coaxial electrodes and are differed in that they have the length of the
coaxial electrode is equal to the length of the discharge chamber, and this electrode
is under the potential of the discharge chamber housing. Thus, in this design is
necessary and sufficient the one insulator between the axial electrode and the housing
that makes it the simplest and most reliable in comparison with any other types of
discharge chambers.

In addition, the coaxial discharge chambers have next advantages:

• High voltage drop across the arc
• High coefficient of heat transfer from the arc to the gas
• Fast the thermodynamic equilibrium in the discharge chamber
• Stable the arcing under virtually unlimited initial and pulsed gas pressures.

Initial and pulsed gas pressures for such devices are 40–120 MPa and 600 MPa,
respectively. Limit pulsed pressure is determined by the mechanical strength of the
discharge chamber housing and electrode’s insulation. On coaxial discharge
chambers, the energy input in the arc to 2 MJ was reached at the possibility of its
multiple increasing.

Disadvantages of these discharge chambers include the strong dependence of the
arcing and gas parameters on the interelectrode gap, and the instability of the
discharge current and voltage drop across the arc.
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To these discharge chambers are owned the plasma generator PPG-4, IEE RAS
(Fig. 3.3). The generator consists of the housing (3), inside which is placed the
electrode system consisting of the current lead (2) and cathode (4) placed in the
holder (1), anode (6), and fuse (5). The discharge chamber is sealed by the dia-
phragm (7) and the rubber seals.

Volume of the discharge chamber is 0.7–1.2 dm3, pulsed gas pressure up to
400 MPa. The inner surface of the steel anode is coated by the plasma sprayed
tungsten of thickness *0.3 mm. This coating makes it possible the operation of the
discharge chamber at high reproducibility of the plasma final parameters and mod-
erate contamination of the gas by eroded metal. Elements of the discharge chamber
were operated under pulsed currents up to 1.5 MA and gas pressure up to 320 MPa.

This type of discharge chambers has chambers 50-0 and 50-0M of the wind
tunnel “Hotshot-2” [7], discharge chamber of the wind tunnel “Tunnel-F” [8], and
discharge chamber of the plasma generators PPG-1, PPG-2, and PPG-3 (IEE RAS).

Thus, the coaxial discharge chambers have possibilities to control the parameters
of the discharge current and gas. By the sum of the advantages and disadvantages,
this type of discharge chambers is most preferred for high-power pulsed plasma
generators operated with hydrogen of ultra-high initial density.

Discharge chamber with coaxial opposing rod electrodes. The chambers of this
type (Fig. 3.1c) have electrodes (1) placed on the one axis (their polarity is irrel-
evant), each electrode has the insulator (3), in addition, in some designs, the inner
surface of the discharge chamber is covered by the heat-resistant insulator (4),
which preventing the breakdown electrode ! housing ! electrode and protects
the inner surface of the discharge chamber from heat flow arc radiation. Ignition of
the arc is carried out usually by the metal fuse (2).

Some cameras use a third additional igniting electrode (trigger), which is
powered from a separate supply, usually by two–three orders of magnitude lower
than energy of the main power supply. A fuse is connected to igniting and main
electrodes. Explosion of a fuse ionizes the interelectrode gap and initiates the arc

Fig. 3.3 Discharge chamber of the plasma generator PPG-4 [3]
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between main electrodes. Application of this scheme eliminates the switch of total
discharge current, but complicates the design of the discharge chamber.

Discharge chambers with rod electrodes are characterized by the predominance
of disadvantages to advantages. Main disadvantages are next:

• Big numbers of insulators and, therefore, higher probability of the breakdown in
comparison with other types of chambers

• Small arc length, at increasing of the length of the arc, there are instabilities
• Inefficient heat transfer in the discharge chamber
• Low voltage drop across the arc
• Low energy input into the arc
• High current density and fixed spot of the arc connection to the electrodes.

All mentioned above shows that the discharge chambers of this type are not used
now in high-power generators of the megajoule level, but used at the studies of the
pulsed arc where is needed the high stability of the arcing under fixed initial
conditions of the experiments.

Let us present the discharge chamber of this type developed at the L’Institut
Franco-Allemand de Recherches de St. Louis, France [9].

The discharge chamber of the plasma generator (Fig. 3.4) is a thick-walled steel
vessel (1) with two opposing electrodes (2), which are fixed in the housing by the
nuts (3).

Fig. 3.4 Discharge chamber
of the L’Institut
Franco-Allemand de
Recherches [9]
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Noteworthy is the absence of the high-temperature insulator that, in our opinion,
is a reasonable design, the absence of insulator is compensated by the increased
length of the isolators (4). Volume of the discharge chamber is 80 cm3, diameter is
35 mm, and length is 85 mm. Sealing of the hydrogen under initial pressure up to
14 MPa is performed, by diaphragm (7), which is fixed to the housing (1) by the
flange (6) and bolts (5). Pulsed pressure is up to 600 MPa, and gas temperature up
to 8000 K.

Generator is powered by the capacitor bank of energy 800 kJ, voltage 16 kV, and
pulse duration 40 ls. Efficiency of the generator is very low that is agreed with the
above disadvantages of this type of discharge chambers. It should be noted,
however, that a significant increase in efficiency and reduce heat load to the ele-
ments of the discharge chamber can be achieved by increasing the initial pressure of
hydrogen and a reasonable choice of power supply parameters, in particular,
voltage.

Content of papers published on this subject at the time leads us to the conclusion
that these opportunities had been not used by researchers, and as a result, the
developments of high-power pulsed plasma generators with this type of discharge
chambers have been stopped because of seeming hopelessness.

Among the devices of this type, it can be mentioned the discharge chamber of
the wind tunnels of the AEDC [10], and plasma generator PG-3 of the IEE RAS
[11].

There are designs of the discharge chambers that did not satisfied to the clas-
sification. For example, discharge chamber of the wind tunnel of the AEDC
(Fig. 3.5) [12] has the parallel arrangement of the electrodes (1). Here as well as in
other discharge chambers, the electrodes are insulated from the housing (3), the arc
is initiated by fuse (2), inner surface of the discharge chamber is covered by
high-temperature insulator (4). However, this arrangement of the electrodes sub-
stantially changes the arcing process and brings this chamber to the type of dis-
charge chambers with coaxial electrodes.

Discharge chambers with coaxial rod and ring electrodes (Fig. 3.1d) were
widespread in the past. The chamber consists of a rod axial cathode isolated from
the housing (1) and spaced from cathode the ring coaxial anode (5). Anode is at a
potential of the discharge chamber housing. The difference between these discharge
chambers and discharge chambers with coaxial electrodes is in insulating bushing.

This bushing defines the characteristics of the arcing; the most important is next:

• High and almost constant the arc length
• High and stable voltage drop across the arc
• High degree of filling by the arc of the discharge chamber
• Active gas mixing and intensive heat transfer from the arc to gas
• Unlimited tangential mobility of the arc.

The arc in all similar discharge chambers is initiated by metal wires, the shape of
which in some cases may even be spiral [13].
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However, having a number of advantages these discharge chambers have some
disadvantages; the main is a heat-resistant insulator which because of its low
strength and fragility make it impossible repeated operating of the discharge
chamber under high rise rate of the pressure. Another disadvantage under high
initial pressures of the gas is the instability of the arcing at the low power supply
voltage 5–10 kV.

These discharge chambers operate rather well at hydrogen, helium, argon, and
nitrogen at initial pressure of 0.1–6.0 MPa, currents up to 350 kA, pulsed pressure
up to 120 MPa, and high energy input. In some cases, these chambers operate at
liquids, particularly at methanol [14]. At PPG-2 generator when powered by the
shock generator was reached the highest energy input of 10 MJ [1].

Devices of this type are the discharge chamber of the high-pressure shock tube
[15], and discharge chamber of the plasma generator of the TZN, Germany [16].

3.2 IEE RAS’ Pulsed Plasma Generators

At the IEE RAS over the last fifty years is conducted study of the high-power
pulsed arcs in hydrogen, helium, nitrogen, argon, and other media under the initial
pressure up to 250 MPa, current of up to 2 MA and arc temperature up to 50 eV.
For these purposes, the reliable and high-performance pulsed plasma generators had
been developed. Among them, the diagnostic discharge chamber developed for
producing the plasma of the supercritical parameters for thermonuclear fusion, and
to determine the possibility of the powerful X-ray source’s development.

Fig. 3.5 Discharge chamber
of the wind tunnel of the
AEDC [12]

50 3 Pulsed Plasma Generators



3.2.1 Design of Plasma Generators

Plasma generator PG-1 was the first of the pulsed plasma generator developed at
the IEE RAS. The electrode system of the generator consists of the axis rod and
coaxial ring electrodes. By means of this generator, the basic elements of design:
current leads, electrode system, diaphragm unit, energy and gas supply systems,
control and measuring devices were worked out. Power supply of the generator was
the capacitor bank of 100 kJ and voltage of 5 kV. The initial pressure of
the hydrogen is up to 14 MPa. The discharge current was measured by the
low-inductance shunt and Rogowski coil, voltage drop across the arc by the
resistive divider.

Plasma generator PG-2 was developed for the same operating parameters, but is
differed from the first generator by the type of electrode system. Two rod electrodes
were arranged coaxially along the axis of the discharge chamber in front of each
other. The generator had two optical windows for sensing plasma by the helium–

neon laser.
Plasma generator PG-3 was used to continue the research the pulsed arc’s

characteristics based on the discharge current, voltage drop across the arc, and gas
pulsed pressure data obtained earlier. In addition, the optical spectra of arc plasma
radiation were recorded, and photographs of the arc were made [11]. Generator
PG-3 (Fig. 3.6) as well as PG-1 and PG-2, of low-carbon steel were made, which is
characterized by the low hydrogen fragility.

By the type, the generator PG-3 is owned to the discharge chambers with coaxial
opposing rod electrodes. Generator PG-3 is the thick-walled vessel (1), designed to
pulsed pressures up to 200 MPa. Discharge chamber is of 5 cm diameter and volume
of 130 cm3. Two copper or tungsten rod electrodes (3) of diameter 7–10 mm are
insulated from the housing (1) and arranged coaxially in the current leads (4).
Current leads are attached to the housing of the discharge chamber by the nuts
(5) and sealings (6).

Inner surface of the discharge chamber is protected by thermo-insulating bushing
(2) made of aluminum oxide. With bushing and current leads, the volume of the
discharge chamber of the generator was *75 cm3. Locking diaphragm (8) in some
experiments was made of plexiglass to perform optical measurements.

Plasma generator PPG-1 (Fig. 3.7) is designed to further enhance the plasma
parameters by increasing the power and energy input into the arc.

Generator’s housing consists of the sections fastened together by flanges and
bolts. Housing was calculated to the pulsed pressure of 200 MPa. By type of
electric discharge chamber is matched to the chambers with coaxial rod (1) and ring
(4) electrodes. Volume of the discharge chamber is 0.8–5.6 dm3 and interelectrode
gap is 2.5–50 cm. Inside the discharge chamber was inserted high-temperature
ceramic insulator (liner) (3) with inner diameter of 9 cm for fixing the length of the
arc and protect the inner surface of the chamber from the radiation of the arc and the
heat flow from the high enthalpy gas. The arc was initiated by the explosion of
tungsten or constantan wires (2) of 0.15–0.7 mm diameter.
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When the gas pressure is increased, the rupture of the diaphragm (5) and outflow
through the nozzle take place. The measurement section (not shown in the diagram)
with two windows of quartz or plexiglass provide the diagnostics of the optical
parameters of the arcing. Generator was used for researches at the current up to
200 kA, discharge duration *1 ms, current rise rate 108 A/s, and initial pressure
0.1–4.0 MPa [17]. Maximal energy input in the arc is 10 MJ, pulsed pressure up to
150 MPa. Power supplies of the generator are the capacitor bank, shock generator
with flywheel, and inductive storage [1, 18, 19].

Plasma Generator PPG-2 (Fig. 3.8) is the modernization of the generator PPG-1
[20]. Generator had the discharge chamber with the coaxial rod (6) and ring
(9) electrodes. The aim of the modernization was to facilitate operation of the
generator. The problem was solved by the use of a hydraulic jack (2), which
provided the axial force of 106 N, needed for sealing the between sectional copper
rings.

Fig. 3.6 Pulsed plasma
generator PG-3 [11]
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Generator is mounted on the berth (4), where the units of the discharge chamber
and the movable stop (10) are moved on the lunettes. Fixed (1) and movable
(10) stops are connected by two steel rods (3), which provided the force of the
hydraulic jack to the between units sealings. The arc is initiated between the cath-
ode (6) insulated from the housing (5) and anode (9) by the explosion of the fuse
(7). The arc length is determined by the number of the units and length of the
insulating liner (8).

Designs of both the generators are typical for these devices where the distin-
guishing feature is multisection, which allowed changing the volume of the dis-
charge chamber and interelectrode gap in dependence on the experiments
conditions. At these generators, a lot of researches were performed, including at the
highest energy input of 10 MJ at powered by the shock generator with flywheel.

Fig. 3.7 Powerful pulsed plasma generator PPG-1 [17]

Fig. 3.8 Powerful pulsed plasma generator PPG-2 [20]
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Plasma generator PPG-3 (Fig. 3.9) has the coaxial discharge chamber of vol-
ume from 0.5 to 2.0 dm3. Generator consists of the steel housing (1) fastened by the
steel bandage (2) of the total weight 900 kg. The housing of the generator was
tested by static pressure of 800 MPa. Inside the housing is placed easily removable
electrode unit with insulated by fiberglass (3) electrode lead (4) with the cathode
(5), anode insert (6), holder (7) with three rubber sealing rings (8), and the back nut
(9).

Initiation of the arc is carried out with copper plates (10) by thick *0.5 mm and
width 3–4 mm. After the plate’s explosion, the arc itself and binding spots to the
electrodes are moved toward the diaphragm (11). Single pulse duration is 500–700 ls,
and energy input during this time is � 1 MJ.

Plasma generator PPG-4 as well as generator PPG-3 has a coaxial discharge
chamber (Fig. 3.3). The generator consists of the housing (3), inside which is placed
the electrode system consisting of the current lead (2) and cathode (4) placed in the
holder (1), anode (6), and fuse (5). The discharge chamber is sealed by the dia-
phragm (7) and the rubber seals.

Volume of the discharge chamber is 0.7–1.2 dm3, pulsed gas pressure up to
400 MPa. The inner surface of the steel anode is coated by the plasma-sprayed
tungsten of thickness *0.3 mm. This coating makes it possible the operation of the
discharge chamber at high reproducibility of the plasma final parameters and

Fig. 3.9 Powerful pulsed plasma generator PPG-3 [3]
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moderate contamination of the gas by eroded metal. Elements of the discharge
chamber were operated under pulsed currents up to 1.5 MA and gas pressure up to
320 MPa.

This type of discharge chambers has chambers 50-0 and 50-0M of the wind
tunnel “Hotshot-2” [7], discharge chamber of the wind tunnel “Tunnel-F” [8], and
discharge chamber of the plasma generators PPG-1, PPG-2, and PPG-3 (IEE RAS).

Plasma Generator PPG-5 (Fig. 3.10) was designed to study high-current arcing
in hydrogen and helium, between the steel electrode of diameter 6–20 mm, at
interelectrode gap 0.5–9.0 mm, initial pressure 10–40 MPa, pulsed pressure up to
1.5 GPa, and weight average temperature up to 4000 K. During the researches, the
voltage of the power supply CPS-25 ranged from 8 to 16 kV, energy from 0.5 to
2.0 MJ, discharge current 2 MA, current rise rate *2 � 1010 A/s, duration of the
current pulse *100 ls, voltage drop across the arc 3–5 kV, energy input 150–500 kJ,
and energy transfer efficiency from the arc to gas � 90%.

Generator PPG-5 is the thick-walled vessel (1) made of high-strength steel and is
fastened together by means of the steel bandage (2). Electrodischarge chamber with
the coaxial opposing rod electrodes includes current lead (5) with the cathode
(6) insulated (4) from the housing (1), and anode (7) at the housing potential. Arc is
initiated by explosion of copper wire diameter of 0.5 mm (11). Current collector
(3) connects the power supply and the electrode system of the generator.
Diaphragm (8) seals the gas, which after the diaphragm rupture is expired through
the nozzle (9), pressure of the diaphragm opening is ranged from 50 to 300 MPa.
Gas inlet into the discharge chamber through the valve (10) is performed.

The generator is designed to operate at the discharge current up to 2 MA.
Volume of the discharge chamber is 250 cm3. In the discharge chamber, there are
two coaxial windows (not shown in the diagram) for recording the optical pa-
rameters of the arc and gas.

Plasma Generator PPG-6 (Fig. 3.11). The task of raising the gas parameters for
researches at hypersonic speeds of the gas expiration required the development of
the discharge chamber operating under high gas pressures. One of these devices is

Fig. 3.10 Powerful plasma generator PPG-5 [21]
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the plasma generator PPG-6. From the other ones, the plasma generator is differed
by the current lead design.

The generator housing (1) of volume 500 cm3 is made of high-strength steel. The
cathode unit consists of the electrode holder (8) with cathode (10), and insulator (9).
Sealing of the cathode unit is performed by movable bushing (11). Arc initiation by
the explosion of the fuse (12) is carried out. Inlet of the gas into the discharge
chamber through the valve (13) is performed. For measuring the pulsed gas pres-
sure and recording the shock waves, two piezoelectric transducers (14) mounted at
the distance of 120 mm from each other are used.

Supersonic nozzle (2) is connected to the housing (1) by the clamps (3). In the
critical section of the nozzle (2), the tungsten insert (4) is placed. Upstream of the
nozzle the diaphragm unit (5) with the diaphragm (6) and the protective screen
(7) are placed. Protective screen is designed to reduce pollution of the gas by the
metal particles and vapor of electrodes and the discharge chamber walls. To
measure, the discharge current Rogowski coil (15) is used. Generator is powered
from the power supply CPS-25.

Two-stage electrodischarge installation with dI/dt of 1010 A/s (Fig. 3.12) con-
sists of the piston adiabatic compression of hydrogen channel (1), discharge
chamber with the coaxial rod electrodes (5), and the nozzle unit (10) connected to
channel (1) by means of flanges (9), and clamps (12). Power supply of the instal-
lation is the CPS-10.

The installation is operated as follows: before the experiment, the discharge
chamber (5) and compression channel (1) are filled by hydrogen through the inlet
(7) and valve (8) to pressure of 10–25 MPa. Under the impact of gas formed at
combustion of gunpowder (2), the piston (3) is moved in the channel (1) and
compresses the gas to pressure of 250–350 MPa that corresponds to the concen-
tration of hydrogen molecules of (2.0–3.3) � 1022 cm−3. Braking and stopping of
the piston in the transition unit (4) is taken place. When voltage is applied from the
power supply through the current lead (6) to the cathode (7) and anode (13), there
are explosion of the copper wire and arc initiation. Hydrogen heated to pressure of

Fig. 3.11 Powerful plasma generator PPG-6 [21]
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200–600 MPa and temperatures of 3000 K breaks the diaphragm (9) and is expired
through the nozzle (10). Diameter of the discharge chamber and compression
channel is 6 cm. Volume of the discharge chamber is 70 cm3, and compression
channel is 640 cm3. Such ratio of the volumes gives the maximal ratio of gas
compression is *10.

Pressure sensors (11) are installed in the compression channel (1) (are not shown
in the diagram) in the discharge chamber (5) and in the nozzle (10). Sensor installed
in the nozzle generates a signal that controls the switching of the power supply to
the discharge circuit. The interelectrode gap is varied for sustainable arcing and
efficient energy transfer from the arc to the gas.

Two-stage electrodischarge installation with dI/dt of 1011 A/s (Fig. 3.13).
Design of the installation is similar to the previous one (Fig. 3.12). The difference is
that the discharge chamber has lower inductance, as a combination of the coaxial

Fig. 3.12 Two-stage electrodischarge installation with dI/dt of 1010 A/s [21]

Fig. 3.13 Two-stage electrodischarge installation with dI/dt of 1011 A/s [21]
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discharge chamber and chamber with coaxial opposing rod electrodes (7, 8). The
discharge chamber inductance reduction increases dI/dt on an order of magnitude.

Installation consists of the compression channel (1) where the piston (2) and the
powder charge (3) are placed. The steel piston was accelerated with the help of a
powder charge. Hydrogen is filled in the discharge chamber (4) through the valve
(5) under initial pressure of 6–20 MPa. Piston compresses hydrogen up to pressure
of 150–350 MPa that corresponds to the concentration of hydrogen molecules of
(1.5–3.3) � 1022 cm3. Discharge chamber is connected to the power supply by the
current collector (6). The arc burns between the cathode (7) and anode (8) at a
current of 80–500 kA. Pulse pressure is measured by the sensor (9). Optical
measurements are performed through the window (11). Diaphragm (10) at pressure
build-up is ruptured and hydrogen flows from the discharge chamber.

Low-inductance electrodischarge installation (Fig. 3.14). Installation consists of
eight low-inductive capacitors of 3.7 lF, and voltage 50 kV. The total stored energy
is 37 kJ.

Capacitors are combined in pairs in the four units. The units are connected to the
discharge chamber (1) by two flat copper bars (2) of 3 mm in thickness. Copper bars
are isolated from each other by the sixteen layers of polyethylene film (4). Current
collector (5) is the connecting element of the discharge chamber and copper bars.

Figure 3.15a shows the discharge chamber design. The inductance of the
installation discharge circuit is determined by the inductance of the discharge
chamber and is 80 nH. The current rise rate is 6 � 1011 A/s. The discharge current
measured by the Rogowski coil (6) and at the maximal number of the capacitors
and voltage of 50 kV is 600 kA.

Housing of the discharge chamber connected to the top plate of the current
collector (6) is the reverse current lead. To the bottom plate of the current collector

Fig. 3.14 Unit of the
low-inductance
electrodischarge installation
[22]
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(+50 kV) is connected the anode (4) and insulated from the housing of the discharge
chamber by the insulator (5). The cathode holder (1), cathode (3), and the locking
diaphragm (2) are the exhaust valve. The inner diameter of the discharge chamber is
4 cm, and with the insulator is 2–3 cm. The interelectrode gap is 1–5 cm.

In order to initiate an arc in helium at initial concentration of normal atoms of
(1.4–4.0) � 1021 cm−3 the plasma injector located in the anode housing
(Fig. 3.15b) was developed. The injector consists of the housing (1) (anode), dis-
charge chamber of the injector (2), cathode (3), and insulator (4).

At study of the arcing in the air under atmospheric pressure, the initiation of the
arc by means of the additional electrode was carried. To register the pulsed pressure
distribution in the cross section of the discharge chamber, the piezoelectric sensor
has been developed. One of these sensors is placed in the anode housing (1), i.e., on
the axis of the arc, the second one on the wall of the discharge chamber.

Diagnostic electrodischarge chamber (Fig. 3.16) has been developed for the
study of the processes in the discharge chambers of the power pulsed plasma
generators with the coaxial discharge chamber.

Housing (5) of the diagnostic chamber is made of heat-treated high-strength steel
and has the removable element (2) for contacting with the current collector. Coaxial

Fig. 3.15 Discharge chamber (a) and anode-injector (b) [22]
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electrodischarge chamber consists of the cathode (7), electrode holder (4) insulated
from the chamber housing by the insulator (1), and two anode plates (8) attached to
the upper and lower inner surfaces of the discharge chamber.

You can change the initial type of the discharge chamber to the chamber with the
axial opposing rod electrodes. To the side surfaces of the chamber are attached steel
lids having depending on the conditions of the experiments, two longitudinal slots
(9) or the circular windows. In the upper wall of the chamber in the openings
(6) can be placed up to four piezoelectric sensors. The gas fills the discharge
chamber through the opening (10). The nozzle (12) has the sealing (11), sealing nut
(13), diaphragm (14), and outlet channel (15). Volume of the discharge chamber is
1.37 dm3. The chamber is designed for pulsed pressure up to 40 MPa. Diagnostic
discharge chamber is powered by the one module of the CPS-10 of capacity 0.018 F
at voltage of 3.5–5.5 kV.

Maximal parameters of the experiments under initial hydrogen pressure of
2–5 MPa are next:

• Discharge current up to 400 kA
• Energy inputted in the arc up to 200 kJ
• Pulsed pressure up to 25 MPa.

The arc was initiated by the copper wires of diameter 0.15–2.0 mm.
Interelectrode gap, depending on the type of the discharge chamber was ranged
from 1.5 to 30 mm. The discharge current was measured by Rogowski coil, voltage
drop across the arc by the resistive voltage divider or by the inductive sensor.

Additionally, the arcing through the optical windows by the high-speed camera at
frequency up to 106 frames/s was performed. The recording of the processes by the
laser, and recording of the integral spectrum of the arc radiation by the diffraction
spectrograph were performed. At the optical measurements, the reference light
source of Podmoshensky with a brightness temperature of 4 � 104 K was used.

Parameters of some IEE RAS generators are presented in Table 3.1.

Fig. 3.16 Diagnostic electrodischarge chamber [3]
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3.3 Components of Plasma Generators’ Electrodischarge
Chambers

The first variant of the power pulsed plasma generator PPG-3 had the discharge
chamber with coaxial rod and ring electrodes (Fig. 3.1d) and was powered by the
power supply CPS-10. Electrodischarge chambers of this type were well-proved at
operation on the nitrogen and hydrogen under initial pressure up to 12 MPa, pulsed
pressure 80–100 MPa, and current up to 350 kA.

However, the first experiments under much higher initial pressure of hydrogen
showed the main disadvantage of these chambers—the unstable arcing, and as a
consequence, the impossibility to achieve the required � 1 MJ input of energy into
the arc. The reason for this was the large interelectrode gap that prevents the
repeated breakdown of the interelectrode gap and initiation of the new arc under
high initial pressure of hydrogen. It will be shown later that the repeated break-
downs provide a full battery discharge and maximal energy input into the arc.

Figure 3.17 shows the first discharge chamber of the generator PPG-3. Its main
features were the bipolar current lead (2, 7), two heat-resistant ceramic (Al2O3)
insulators (10, 12), and unsupported coaxial anode (9) (due to the ring gap between
the inner surface of the housing (13) and its (anode) outer surface. Cathode
(8) consists of the tungsten rods of diameter 10 mm soldered in the copper cup,
which is screwed into the electrode (2) isolated from the outer current lead (7) by
the fiberglass insulator (6). Sealings (1, 3, and 5) were made of polyurethane.
Initiation of the arc by explosion of metal wires (11) was performed.

Bipolar current lead (2, 7) and the outer ceramic insulator (12) were intended to
prevent the contact of the discharge chamber housing (13) with the arc. However,
after the first experiment, the ceramic insulator (12) was destructed completely and
the inner surface of the discharge chamber was melted off. This all indicate the
futility measures adopted are because of the lack of negative effects. Cathode
(8) was destroyed completely under the impact of shock waves and electrodynamic
forces.

Table 3.1 Parameters of the IEE RAS pulsed generators

Pulsed plasma generator PG-3 PPG-1 PPG-2 PPG-3

Discharge chamber volume (cm3) 75 870–2600 2000–3300 600–1600

Power (MW) 200 300 1,000 6600

Maximal current (MA) 0.36 0.18 0.35 1.9

Maximal energy input (MJ) 0.07 4 10 2.1

Gas H2 H2, N2 H2, N2, He, Ar H2, N2

Initial pressure (MPa/gas) 2.8/H2 4/H2 11/H2 42/H2

Pulse pressure (MPa) 160 70 80 520

Average temperature (�10−3 K) 20 10 20 4.5
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In addition, there was a partial destruction of the ceramic bushing (10) resulting
in the shunt arcs appearance and disruption of the camera operation, so this element
was removed, changing thereby the type of the discharge chamber.

However, changes in the discharge chamber (Fig. 3.18) did not have satisfied our
requirements; i.e., at too big (26 mm) interelectrode gap, the repeated breakdowns
of the interelectrode gap and ignition of the arc were absent.

Modified new discharge chamber (Fig. 3.18), the type of the previous discharge
chamber was saved. Bipolar electrode system consisting of the central electrode
(3, 6) and insulated from the outer electrode (7) by the insulator (4) was saved. The
outer electrode with the sealing (1), against the housing of the discharge chamber
by the insulator (2) has been insulated. In addition, the protective ring (5) was
added to protect the surface of the insulator (4) from the arc’s radiation and shock
waves. As usually for ignition of the arc, the metal wires (8) were used.

Fig. 3.17 First discharge chamber of the generator PPG-3 [3]

Fig. 3.18 Discharge chamber with coaxial electrodes of the generator PPG-3 [3]
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The modernization of the discharge chamber in order to maximize the transferring
of the power supply energy into the arc, ended in failure. In fact, the high-current
switch has been developed, where arc extinction occurs up to 100–150 ls and the
energy transferred into the gas did not exceed 300 kJ.

The main task, in these circumstances, was an increase of the duration of the
discharge pulse tp, when the electric arc power of 2.5 GW, was close to its maximal
value. Thus, if we exclude the discharge current I and the voltage drop across the
arc Ua, the energy input W can be increased only by increasing the discharge pulse
duration

W ¼
Ztp

0

IUa dt: ð3:1Þ

The problem was solved by applying the “coaxial” type of discharge chamber
(Fig. 3.1b). By the way, this type of discharge chamber has appeared as a result of
modernizations performed. One of the discharge chambers of this type is shown in
Fig. 3.19.

Figure 3.19 shows that the design of the discharge chamber was simplified
greatly. Firstly, the electrode system (2, 3, 6, and 7) became the unipolar one.
Second, the cathode (3, 6) is placed in the electrode holder (2), which is at the
potential of the discharge chamber (8). Thirdly, the number of sealings was reduced
to one (1). The inner surface of the brass anode (7) was coated with the molyb-
denum insert (4).

The main difference of these discharge chambers against previously used is more
stretching of the arc. At these conditions, the arc and its attachment spots to the
anode (7) and cathode (6) are moved axially to the nozzle for more time. All this
affected the increase in the duration of the discharge pulse. Pulse duration in its turn

Fig. 3.19 Coaxial discharge chamber of the generator PPG-3 [3]
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determines the characteristics of the arcing and heat transfer from the arc in gas in
the discharge chamber.

In particular, at the transition to the new discharge chamber, the duration of the
current pulse was increased from 100–150 to 500–700ls, i.e., in average by *500ls,
and the energy of the arc from 200–300 to 1.5–2.1 MJ. Thus, the task of ensuring the
required energy inputted into the arc was solved.

However, a number of new equally complex problems due to the high energy
inputted into the arc are appeared:

• Reliability of the most loaded elements of the discharge chamber, such as
insulator of the current lead, electrodes, diaphragm unit, and sealings

• Searching of the optimal arcing modes
• Reproducibility of gas parameters under the fixed initial parameters of the

experiment
• Minimization of gas pollution by the electrodes erosion
• Increasing the efficiency of energy transfer at all stages of its transformation.

As mentioned above, at the transition to the new type of discharge chamber, the
bipolar current lead has been changed to the unipolar one. The reason for this was
that the potential on the discharge chamber housing of the generator during oper-
ation does not exceed a few tens of volts. The main share of the voltage drop is
across the arc, and other small voltage drops are on the switching system, current
lead, cables, etc.

As a result of the changes, the discharge took place between the insulated
cathode (6) and the anode (7) having ground potential of the housing of the dis-
charge chamber. This simplified greatly the design of the generator, increased the
reliability, and safety of its operation.

The weakest element of the new discharge chamber was the unsupported anode
(7), which has been designed such way to prevent its jamming in the housing of the
discharge chamber (8) under the impact high gradient of the pulsed gas pressure.

Without radical changes of the discharge chamber design, more than one hun-
dred of the experiments were performed with over than thirty variants of the dis-
charge chamber differed by the shape, dimensions, and materials of the electrodes.

However, the disadvantage mentioned above as well as a number of other ones
such as the melting of the inner surface of the housing of the discharge chamber,
complexity of the replacing, and unreliability of the diaphragm unit have required
radical changes in design of the generator.

The result of the performed changes has become the coaxial discharge chamber
(Fig. 3.9), which has the relatively simple design, high efficiency, and reliability.

We have designed four pulsed plasma generators with coaxial discharge
chambers structurally similar to that in Fig. 3.9, which operate to this day.

Electrodes. Development of the reliable electrodischarge chamber of the pow-
erful pulsed plasma generator is impossible without the practical experience for
their exploitation. Significant part of this experience is the knowledge of specific for
such devices aspects of the materials science, engineering, and operating conditions
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of the elements of the electrodischarge chambers. In our opinion, it will be useful, at
least briefly, to dwell on these aspects and to present the main results of the work on
improvement of the elements of the electrodischarge chambers.

Electrode system of the plasma generator operates in the dense high-temperature
gases under the impact of the strong shock waves, and bending moments by
the electrodynamic forces of � 106 N � m. Besides, the cathode and anode are
exposed to arcing at current up to 2 MA and electric charge up to 700 °C. These
factors lead to melting, erosion, deformation, and destruction of the elements of the
electrode system that requires the necessary measures to ensure their reliability
operation.

Under the typical conditions of the experiments, the active arc resistance is � 6mX,
which causes the unipolar discharge of the capacitor bank and uniquely determines the
polarity of the electrode system. Wherein the central electrode is the axial cathode
connected to the negatively charged plates of the capacitor bank, and coaxial is anode.

The first electrode system of the PPG-3 plasma generator consists of the cathode
recruited from 19 tungsten rods of 10-mm diameter and of 50 mm length
(Fig. 3.20a), and anode made of high-strength steel (Fig. 3.20b).

At first experiment, the generator PPG-3 fed from the CPS-10 before reswitching
to 10 kV. At the experiment, the capacitance of the power supply CPS-10 was
0.24 F, stored energy is 3 MJ, and electric charge 1200 °C. During the experiment,
the cathode was completely destroyed (in Fig. 3.20a, the cathode shown before the
experiment) under impact of shock waves and bending moments, and anode was
melted significantly (Fig. 3.20b).

Fig. 3.20 Electrodes of the first electrode system generator PPG-3 [3]
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Later, the cathodes were made of various materials: tungsten, molybdenum,
steel, and pseudoalloys based on tungsten and molybdenum.

For the producing of the anodes steel, copper, brass, molybdenum, reinforced by
the steel pseudoalloys WNF (W + Ni + Fe), WNC (W + Ni + Cu), MWC
(Mo + W + Cu), and a number of other materials coated by copper, tungsten, and
chromium with ultradispersed diamond powder were used.

To determine the optimal design of the electrodischarge chamber and electrode
material, over thirty variants of the discharge chambers, large number of cathodes
(Fig. 3.21a), and anodes (Fig. 3.21b) have been developed and tested.

At that, some anodes and cathodes, for example molybdenum, are destroyed at
the first experiment, but others ones, such as copper anodes, withstood up to ten or
more cycles and were replaced because of the discharge chamber modernization.

As mentioned above, the processes in the discharge chamber depend essentially
on the sizes and shape of the electrodes. One should also emphasize that the
properties of the electrode material play a significant role in the arcing. The main
ones are: electric and thermal conductivity, atomic weight, density, melting and
boiling temperatures, and work function of the electron.

Let us represent some characteristics of the electrode materials used at the
experiments. There are several criteria for selection of electrode materials, the main
of which are:

• Mechanical strength
• Erosion durability
• Manufacturability
• Availability and cost.

In this list, the sequence of a listing does not reflect the priority of one over the
other criteria, so any of them could become the determining ones in a particular
case.

Mechanical strength. Electrodes are exposed by the combined impact of three
factors: bending moment of the electrodynamic force, which at a current of 1 MA
is *106 N � m, gas pulsed pressure � 620 MPa at rise rate of 106 to 107 MPa/s,

Fig. 3.21 Electrodes of the generator PPG-3 [3]
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and shock waves generated in forming of the arc. Thus, the electrode material must
have not only of high strength but also of high ductility.

Erosion durability. Application area of the pulsed plasma generators depends
essentially on the pollution of the gas by the products of electrode erosion, which
increases the molecular weight and changes other physicochemical properties of the
plasma. Since the electrode erosion gives main share of the impurities, but in most
cases, it is desirable that the concentration of impurities in the gas was minimal, it
requires the usage of electrode materials with the highest erosion durability, such as
alloys and pseudoalloys of tungsten.

Manufacturability. There are a number of materials with unique properties: very
high erosion durability and melting temperature, such as tungsten–rhenium alloy
and pseudoalloy MWC (Mo + W + Cu), but their hardness is so high that tooling
by means of conventional cutting tools is almost impossible.

Availability and cost. Some materials suitable for the electrode systems are not
produced by the required size, and other materials are very expensive for regular
use. Therefore, at the choice of electrode material, we are forced to take into
account these circumstances. Using the criteria listed above, we present a brief
description of some materials used for the manufacture the electrodes.

Tungsten and its alloys are some of the most expensive materials. Materials of
this group have a high melting point, maximum erosion durability, and high
mechanical strength. During the researches, six different tungsten alloys, including
pure tungsten have been tried.

Pure tungsten is used as the coatings on substrates by means of vapor deposition,
and plasma spraying. Despite the attractiveness of these methods and their indis-
putable advantages, such as low consumption of expensive tungsten and the pos-
sibility of its application to the electrodes of any shape and size, these coatings have
common disadvantage—low adhesion to the substrate material. This makes it
impossible multiple uses of these electrodes, and became the reason that these
electrodes were not use at our researches any more. However, when we need the
one-off electrode, then such coating may be quite acceptable.

Alloy of the tungsten and rhenium with obvious advantages—highest erosion
durability, melting point, and strength—has a very high hardness, which makes its
tooling is almost impossible. This fact makes its use in the high-power plasma
generators is limited.

Significantly greater opportunities for development of the discharge chambers
have pseudoalloys based on tungsten and molybdenum manufactured by powder
metallurgy. Among them, we used:

• WNF (80% W, 10% Ni, 10% Fe)
• WNC (90% W, 1.5% Ni, 5–10% Cu)
• MWC (50% Mo, 45% W, 5–10% Cu).

These pseudoalloys are differed from the tungsten–rhenium alloy by the lower
hardness. However, their common feature—the fragility—requires put a band of the
high-strength steel. Since these pseudoalloys are rather expensive and have highest
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erosion durability, then their use is expedient only when the discharge chamber
should generate the plasma with minimal concentration of metal vapor.

Molybdenum has a relatively high melting point, high erosion durability, is very
fragile (not withstand shock loads), and rather expensive—so in sum not be rec-
ommended as an electrode material for high-power pulsed plasma generators.

Copper has two main advantages: the availability and relative cheapness. For
this reason, and despite the relatively low erosion durability, low melting point and
strength, copper anodes have been used in large number of experiments, especially
at the initial stage of research.

Steel is characterized by high strength, high shock toughness, manufacturability,
low cost, and availability. However, it has low erosion durability. If the average
temperature of the gas does not exceed the boiling temperature of steel *3000 K,
when the effervescence of the surface layer of the electrode takes place, the use of
steel is quite acceptable.

Aluminum alloys and brass are characterized by extremely low erosion dura-
bility, low melting temperature, and low strength, which make their use impossible.

Current leads. These elements of the discharge chamber had required the most
efforts at working out and operation, in particular, their isolation. Considering the
combination of the operating conditions, the current leads are the most loaded
elements of the discharge chamber. The next factors impact to them:

• Voltage up to 25 kV
• Mechanical loads of the gas pressure exceeding the strength of any dielectrics

except diamond and ceramics
• Bending moments � 106 N � m of the electrodynamic forces
• Heat flow from the gas at 4500 K
• Radiation from the arc
• Shock waves
• Heating from the surface layer of a current lead due to the skin effect.

During the operation with the discharge chambers, three types of current leads
were used:

• Rectangular current lead (Fig. 3.22a)
• Conical current lead (Fig. 3.22b)
• Combined current lead (Fig. 3.22c).

Omitting the details of the long searches for the insulation material of the
electrodes, it is necessary to say that, ultimately, the choice was made in favor of the
composite materials, in particular, the fiberglass—all the other materials for various
reasons were rejected. From that time where it was possible, the insulation was
performed of the high-modulus fiberglass impregnated with epoxy compound.
Current leads were made of heat-treated high-strength steels. The surface of the
current leads was coated by the layer of electrolytic copper thickness of *0.3 mm
in order to reduce its active and contact resistance.
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Rectangular current lead (Fig. 3.22a) is characterized by the supporting surface
perpendicular to its axis. Such shape of the electrode was unsuitable because of:

• Low ratio of supporting area to the cross-sectional area of the electrode, which is
exposed the gas presses (factor determining the stress in the insulation material)

• Impossibility to perform the optimal winding, when the fiberglass is imposed at
the angle of 45° to the current lead’s axis, thus achieving its spatial fixation.

Glass fiber tangentially imposed on these current leads had low mechanical
strength. As the result, the insulation material in the place of the sealing rings was
broken under high load because of gas pulsed pressure.

Conical current lead (Fig. 3.22b) is differed from the rectangular one by the
shape of the support surface, which is a cone. Changing the shape of the current

Fig. 3.22 Types of the current leads [3]
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lead increased the support surface and made it possible to apply cross-scheme of
the glass fiber imposition. As a result, the monolithic insulation was developed
with low porosity and high shear strength. These current leads were used in more
than two hundred experiments at pulsed pressure in the discharge chamber up to
510 MPa, and voltage of 12 kV.

Combined current lead (Fig. 3.22c). Further increase of the pulsed pressure in
the discharge chamber of the plasma generators requires the development of current
leads, differing by the larger supporting surface. This design requires the additional
sealing element. At the same time to provide the necessary mechanical strength, the
insulation of the current lead was reshaped. The latter circumstance made inap-
plicable cross-winding of the insulation, and required the constituent elements
bonded with each other by means of glue. This all complicated the process of
insulation imposition and somewhat reduced reliability due to the joints between
the insulating elements.

Three discharge chambers with the current leads of this type had been developed.
The schematic diagram two of those are shown in Figs. 3.11 and 3.12. Some current
leads of this type operated at pressure up to 620 MPa and voltages up to 15 kV.

Recently, in pulsed technique and technology of high pressures, a large
spreading has polycarbonate—material with the dynamic reinforcement. Dynamic
reinforcement is unique property of certain substances in several times to increase
its strength under the impact of pulsed load. Polycarbonate is used by us for the
insulators of the compact high-pressure discharge chambers.

Diaphragms. An important part of the pulsed plasma generators performing the
function of the high-velocity output valve is the locking diaphragm (Fig. 3.23). On
the functioning of this element depends such operating characteristics of the plasma
generator as the initial and pulsed pressures in the discharge chamber.

To the diaphragm, a number of often conflicting requirements are made.
Diaphragm should be mechanically strong, therefore thick in order to withstand the
initial pressure of the gas under several tens of megapascals and high pulsed

Before opening After opening

Fig. 3.23 Locking diaphragms [3]
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pressure during the arcing. At the same time, the diaphragm should be low-inertial
for fast opening and ductile to prevent the tearing of its blades. Thus, the searching
for the optimal sizes and material of the diaphragms is the searching for compro-
mise between what is desirable and possible.

Properties of the diaphragm significantly depend on the shape and size of the
grooves—stress concentrators on the surface of the diaphragm, which are the
rupture lines. The grooves depth is about one-third of the diaphragm thickness and
placed radially from the center. In the center, the hole of depth slightly greater than
the depth of the groove hubs, but less than the thickness of the diaphragm is drilled.
These grooves provide the full opening of the diaphragm of 5 mm thickness under
the pulsed pressure of 300–500 MPa for a time of 60–70 ls.

Material of the diaphragms must have a high mechanical strength and dynamic
viscosity. The low-carbon stainless steels satisfy to these requirements more than
other ones. The elements of the diaphragm unit are made of high-strength steel heat
treated to � 1200 MPa.

For the effective operation of the plasma generator, the particular importance has
a “right”—with no separation of blades and without significant narrowing of the
output cross section of the diaphragm unit, as the separated blades make the plasma
unusable, and nozzle narrowing reduces the speed characteristics of the plasma
flow.

To the correct opening of the diaphragm, great importance has the nozzle form,
i.e., the place where after the opening, the diaphragm blades are laid. Exactly the
form of the nozzle, sizes of the diaphragm, properties of its material, value and rise
rate of the pulsed gas pressure, and gas temperature determine the integrity of the
diaphragm after its opening.

Large number of factors impacting on the opening of the diaphragm difficult the
searching the unambiguous recommendations on the optimal form of the nozzle, so
in each case the question must be solved by trial and error, which requires addi-
tional time and efforts.

There is the different diaphragm unit, where the number of inner faces is equal to
the number of blades [23]. Thus, in these constructions, the flat flexure of the
diaphragm blades takes place that is reduced the stress concentrations, which is
their major advantage. The disadvantages of this design are the relative complexity
of manufacturing these bushings, and that they have stress concentrators.

For some applications, it is essential knowing the opening time of the diaphragm.
The method of the opening time determination is based on the registration of the arc
light radiation. The light from the arc passes through the opening diaphragm, is
reflected from the mirror, and directed onto the photomultiplier. The same other
photomultiplier at the same time registers the background illumination. The signals
from the photomultipliers are delivered to the oscilloscope, where background
illumination of the additional photomultiplier partially compensates the background
illumination of the main photomultiplier. Obtained by this method, the radiation
waveform contains the information of the start and end of the diaphragm opening.

The characteristic time of full diaphragm opening thickness of 5 mm at the
pulsed pressure of 300–500 MPa is 60–70 ls [24].
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Chapter 4
Parameters of the Arc

Abstract The main characteristics of the pulsed arc, operating gas, and discharge
process, which are available for immediate registration during the full-scale
experiment on the powerful pulsed plasma generators, are:

• Discharge current
• Voltage drop across the arc
• Initial and pulsed gas pressure in the discharge chamber of the generator
• Erosion of the electrodes
• Discharge duration.

On the basis of these data, the following parameters are calculated:

• Peak and average power of the discharge
• Arc resistance
• Energy inputted into the arc
• Electric charge
• Internal energy of the gas
• Average gas temperature.

These parameters are used to determine such characteristics of the generator:

• Coefficient of the power supply energy conversion into the arc
• Coefficient of the arc electrical energy conversion into the internal energy of the

gas
• Specific erosion of the electrodes
• Apparent molecular weight of the gas
• Speed of sound in the gas, etc.

The nature and the parameters of the arc for the particular type of the discharge
chamber are determined by many factors which are from the power supply
parameters to the chemical composition of the electrode material. During resear-
ches, some factors that mainly determine the nature of the arcing and arc’s
parameters were identified. These factors are next:

• Capacitance and inductance of the power supply
• Inductance and resistance of the discharge circuit
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• Charging voltage
• Gas and its initial pressure
• Interelectrode gap
• Material and shape of the electrodes
• Configuration and volume of the discharge chamber.

At this, we must remember of the significant impact of nonlinear arc parameters
(resistance and inductance) on the amplitude-frequency characteristics of the dis-
charge current. Thus, there is a multifactorial interaction of the initial conditions of
the experiment and the load, and their joint impact on the characteristics of the
discharge process.

4.1 Resistance

Oscillograms of the discharge current and voltage drop across the arc allow us to
draw a graph of the impedance of the arc on time and determine the average arc
resistance and active resistance at the current maximum. The resulting data can be
used to analyze the arcing and for searching the ways to improve the efficiency of
the plasma generator, since the resistance of the arc is a key parameter that
determines the efficiency of energy transfer from the power supply into the arc.

Figure 4.1 shows the oscillograms of the discharge current and voltage drop
across the arc, the graph of the arc resistance, and dynamic volt–ampere charac-
teristics of the discharge in the experiment, which was carried out at the elec-
trodischarge chamber of 1.12 dm3 of the generator PPG-3. Discharge chamber had
steel cathode and tungsten anode at interelectrode gap of 8 mm, copper fuse
of diameter 1.2 mm, charging voltage of 8.5 kV, and initial hydrogen pressure
29 MPa.

Oscillogram of the voltage (Fig. 4.1b) shows that in the 10th ls, the explosion of
the wire and peak of voltage of 5 kV took place. By comparison of the oscillograms
of the experiments carried out at various interelectrode gaps but at the same elec-
trode’s material, it can be concluded that the peak of the voltage is proportional to
the interelectrode gap.

Further, there is a steady increase from 2 to 8 kV, while at 100th ls the char-
acteristic recession and the peak of the voltage are observed, which will be analyzed
below.

At 145th ls at the arc voltage of 10.5 kV, there is a sharp decline in the voltage
up to the voltage of the power source, which may be due to self-breakdown of the
arc. During this time, the current at the 80th ls reaches its maximum of 920 kA and
then is decreased at 150th ls to 560 kA. At this, the rise rate of the current at period
from 0 to 50 ls is *1.5 � 1010 A/s.

This time interval (0–150 ls) is characterized by almost constant (with a slight
rise in the 140th ls) resistance of 5–8 mX. Later on from the 160th ls, there is an
exponential increase in resistance until the extinction of the arc.
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200 kA/div; 50 μs/div

2 kV/div; 50 μs/div

(a)

(b)

(c)

Fig. 4.1 Oscillograms of the current (a), voltage drop across the arc (b), graphs of the arc
resistance (c), and dynamic volt–ampere characteristics (d) [1]
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Based on the analysis of the oscillograms of this and other experiments per-
formed under similar conditions, it can be concluded that such character of the arc
resistance variation is typical for situations, when the arc is initiated in a wide
interelectrode gap, and when one or both electrodes are made of highly
erosion-resistant material; in this case, the anode material is tungsten.

When the electrodes are made of material with low erosion resistance, such as
stainless steels, the character of the arcing and changing of resistance are signifi-
cantly different from the case presented above.

Figure 4.2 shows the oscillograms of the discharge current and voltage drop
across the arc, and graph of the arc’s resistance in the experiment under similar
initial conditions: voltage of 7.8 kV, initial pressure of 19.5 MPa, interelectrode gap
of 12.5 mm, and volume of the discharge chamber of 1.3 dm3.

Graph of the arc resistance has a sawtooth shape, i.e., characterized by the large
number of the maximums and minimums at the average repetition frequency
of *10 kHz. Such character of the arc resistance change (curve–initial) is caused
by the multiple breakdowns of the interelectrode gap, which occur approximately
every 100 ls.

The average resistance (curve–filtered) from 0.05 to 0.45 ms is increased from
7 to 18 mX, in the time interval from 0.45 to 0.75 ms after a slight decline is almost
constant *16 mX, and in the time interval of 0.75 ms is growing until the
extinction of the arc.

Such change in resistance can be caused by the following reasons:

• from 0.05 to 0.4 ms, by increasing pressure in the discharge chamber;
• from 0.4 to 0.75 ms, by the stable parameters of gas at a relatively low

power *700 MW;

Fig. 4.1 (continued)
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• from 0.75 ms till the arc extinction, by decreasing supply voltage, by decreasing
discharge power, by intense outflow of gas, and by decreasing the arc and gas
temperature.

Fig. 4.2 Oscillograms of the current (a), voltage drop across the arc (b), and graph of the
resistance (c) [1]
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The average value of the arc resistance for all experiments is *6 mX that
confirms earlier conclusion of that the arc parameters, in particular its active
resistance, are critical in the battery discharge, since the resistance of the discharge
circuit is four times less *1.5 mX. At the current maximum when length of the arc
is 10 cm and its radius is 2 cm, the average specific resistance of the arc is
6.2 � 10−5 X m, and the specific conductivity of 1.6 � 104 (X m)−1.

Figure 4.3 shows the dependences of the arc resistance versus initial gas pressure
at fixed interelectrode gaps.

Both dependences are growing; at this, the curve corresponding to large (6–16mm)
interelectrode gaps is substantially higher than curve corresponding to the small
(0.5–3.0 mm) gaps. This difference can be explained by that at larger interelectrode
gaps, the arc is lengthened more because the breakdown of the interelectrode gap,
which restricts the lengthening of the arc, takes place at the higher breakdown and
post-breakdown voltages.

Figure 4.4 shows the dependence of the arc resistance versus interelectrode gap
at low and high initial pressures of hydrogen.

The dependency of arc growing can be explained by the greater voltage drop
across the arc in the moments of repeated breakdowns of the gap at higher inter-
electrode distances. In addition, the curve corresponding to the high initial pressure
is higher than curve corresponding to the low pressure, which is explained by the
growing nature of the dependence of the resistance versus pressure (Fig. 4.3).

Figure 4.5 shows the dependence of the arc resistance versus mass of the eroded
electrode metal.

Dependence, unlike the presented above, has falling character due to the increase
in the arc conduction at the growth of the charge carrier’s concentration (electrons
and ions), which is proportional to the mass of eroded metal.

Fig. 4.3 Resistance of the arc versus initial gas pressure [1]
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Figure 4.6 shows the statistical volt–ampere characteristics of the arc at initial
hydrogen pressure of 20, 30, and 40 MPa.

Graph shows that all characteristics are falling, at this the voltage drop across the
arc at the same discharge current the above, than is higher the initial pressure of
hydrogen.

Fig. 4.5 Arc resistance versus mass of the eroded metal [1]

Fig. 4.4 Resistance of the arc versus interelectrode gap [1]
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4.2 Electric Field Intensity in Generator PPG-3

To determine the electric field intensity in the arc, it is necessary to know the arc
length La, the voltage drop across the arc Ua, and the near-electrode voltage drops
Une. The arc length, with some error, can be determined by the speed of its
movement va, which in the time from zero to maximum current is *1300 m/s at
average dI/dt * 9 � 109 A/s. We must estimate the arc length at the current
maximum, when the inductive component of the arc resistance is zero. The average
time of the current maximum is 100 ls.

Since the increment of the arc length depends on the dimensions of the discharge
chamber and angle between the surfaces of the anode and cathode, you need to set
this parameter. As most of the experiments are performed on the discharge
chambers where the angle between the surfaces is 60–90°, taking it of 75°, we make
the error of ±20% that is quite acceptable for such assessments. Additionally, by
“autograph” method it was found that the path length of the arc attachment to the
surface of the anode is average of 10 cm, and that to the cathode is 5–7 cm. Thus,
the arc length La, obtained at these assumptions, is *10 cm and in most cases
cannot be larger because it is limited by the sizes of the discharge chamber.

The average sum of the near-electrode voltage drops can be estimated from the
plot of post-breakdown voltage on the interelectrode gap Lig (Fig. 4.7) when
extrapolated to zero.

The dependence is obtained based on the voltage across the interelectrode gap at
time close to the maximum of the first current pulse. If we assume that for the
time *10 ls, when the current after the breakdown at rise rate of *1.5 � 1010 A/s
reaches 150 kA, and the arc voltage during this time at dU/dt *3.7 � 107 V/s is
remained practically unchanged, then at velocity va *1300 m/s the arc moves from

Fig. 4.6 Volt–ampere characteristics of the arc at various initial pressures of hydrogen [1]

80 4 Parameters of the Arc



the start point no more than 1.0–1.5 cm, and thus, the increment of its length
depending on electrode system configuration will not exceed 1.5 cm.

Considering that the electric field intensity E in the arc under similar conditions
is *300 V/cm [2], the near-electrode drops Une are somewhat lower than those
obtained from the graph, and taking into account the above considerations, it is *1 kV
at *150 kA. Therefore, at these near-electrode drops Une � 1 kV, the electric field
intensity E in the arc is *230 V/cm

E ¼ Ua � Uneð Þ=La: ð4:1Þ

Electric field intensity E in the arc can also be estimated from the voltage rise
rate dU/dt and growth rate of the arc length va

E ¼ dU
dl

¼ dU
vadt

¼ 1
va

dU
dt

: ð4:2Þ

Typically for these experiments dU/dt = 3.7 � 107 V/s and va � 1.3 � 103 m/s,
the electric field intensity E calculated by the formula (4.2) is 280 V/cm, i.e., 20%
higher than the formula (4.1).

Parameters of the arc are depended strongly on the type of the discharge
chamber. This is clearly seen in the comparison between the above data and data of
the arcing process in the discharge chamber with coaxial rod electrodes, obtained in
experiments at the diagnostic discharge chamber (Fig. 3.16) [12].

Assuming that the plasma in this case is formed by electrode jet of the second
type, the concentration of tungsten ions n and the average ion charge z were
determined at the time of 70 ls on brightness plasma temperature T near the

Fig. 4.7 Post-breakdown voltage versus interelectrode gap [1]
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electrode, and pressure P in the front of the shock wave, formed under the action of
the electrode jet.

According to data of the work [3], the concentration of metal vapor near the
cathode spot is 1019–1020 cm−3, the plasma must be in a state of local thermody-
namic equilibrium, and the brightness temperature T must correspond to the
equilibrium temperature.

Concentration of tungsten ions n and their average charge z were determined
from the system of equations [4]

I �zþ 1
2

� �
¼ kT ln

AT3=2

�zn

P ¼ n 1þ�zð ÞkT
A ¼ 6 � 1021cm�3eV�3=2

ð4:3Þ

where I is ionization potential of the tungsten in the point (z + 1/2), P is pressure in
the front of the shock wave, A is constant, and k is Boltzmann constant.

Pressure in the front of the shock wave P, formed by the action of the electrode
jets from the cathode (1), was assessed by its coordinate (2) (Fig. 4.8), using the
data of the work [5]

P ¼ Pud � l
0:64d

� �2

ð4:4Þ

where Pud is the gas pressure in the unperturbed medium, l is distance from the
cathode to the front of the shock wave, and d is diameter of the cathode.

At l/d = 3.6, the pressure in the front of the shock wave is 126 MPa. For more
correct assessment of P, we assume the equality of the magnetic and gas-kinetic
pressures in the point of the expiration of the jet, based on the observed contraction
of the jet [7, 8].

Fig. 4.8 Shock wave,
formed by the jet from the
cathode [6]
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The magnetic pressure

P ¼ 1:6� 10�4 I
2

r2
: ð4:5Þ

where I is discharge current and r is arc radius.
At J = 316 kA and r = 3 mm, the pressure P in the arc and thus in the front of

the shock wave is 177 MPa.
Solution of the system (4.3) at T = 5.9 � 104 K, P = 177 MPa and tungsten

electrodes gives z = 3.1 and n = 5.3 � 1019 cm−3.
At the 90 ls, the brightness temperature of the arc near the anode is 5.2 � 104 K,

pressure 190MPa, average ion charge 2.6, and concentration of ions 7.4 � 1019 cm−3.
Higher ion concentration n near the anode in comparison with cathode is due to

its higher specific erosion [9] under equality of the speeds of the anode and cathode
jets [10].

Values of z and n determined by the system (4.3) according to experimental data
T and P for tungsten cathode and anode are close to the values of z and the n,
obtained by calculations in [11] for plasma aluminum vapor, titanium, and gland.
Therefore, the averaged results of these calculations are used to approximate esti-
mates of the plasma conductivity and the length of the photons run Rosseland.

Near-electrode voltage drops. At the values of T, z, and n obtained above, the
specific conductivity r of the plasma in the arc is *400 (X cm)−1 and that at the
current density j *106 A/cm2 corresponds to the electric field intensity
E * 2.5 � 103 V/cm. The current density j * 106 A/cm2 at 70–90 ls had
determined that the calculated diameter of the arc is equal to the diameter of the
luminous zones near the electrodes and is close to the diameter of the electrodes.
The total voltage drop U near the electrodes is *1 kV [12–14]. The arc length l, on
which this value of the voltage drop is determined from the U/E ratio, is 4 mm at the
interelectrode gap of 1.7 cm.

Thus, the sections of the arc, in which the maximal energy is outputted, are
located near the cathode and anode and have a length of *2 mm, and the photon
run length there by the Rosseland of the same order of magnitude. Therefore, we
can conclude that the plasma for radiation with these length waves is translucent
and that most energy is transferred by the radiation.

In the case of completely transparent plasma under the same conditions, the
recombination radiation power would exceed electrical power IU by several orders
of magnitude. At the translucent plasma, the recombination radiation power is
comparable to the electric power.

Power of the recombination radiation from a unit volume of completely trans-
parent plasma with charge Z according to data of the work [15]
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Q ¼ 5� 10�31 � Z4 � neniT�1=2; ð4:6Þ

where Z is ion charge (3.1), ni is ion concentration (5.3 � 1019 cm−3), ne is electron
concentration (Zni), and T is temperature in the arc (5.1 eV).

The radiation power Q from the near-electrode areas with a radius of 3 mm and a
length of 4 mm at these data is 2 � 109 W.

In the case of the fully opaque plasma emitting as a blackbody, the radiation
from the ends and the side surface of the electrodes is (2pr2 + 2prl)/r
T4 = 9.1 � 107 W. Electrical power of those areas is *3.2 � 108 W and is
between these values.

Existence of the intensively radiating electrode sections of the arc of *2 mm
length at 70 ls is supported by the next facts:

• Photograph of these areas near the ends of the cathode (1) and anode
(3) (Fig. 4.9)

• Voltage drop of *1 kV across the interelectrode gap of 2–4 mm [16, 17]
• Voltage peak of 400 V at the moving of the arc attachment spot from the side

surface of the anode to its end (Fig. 4.10).

Figure 4.10 shows that the peak of the voltage drop DU = 400 V near the anode
at the electric field intensity in the arc E = 2500 V/cm is corresponded to the part of
the arc of 1.6 mm length.

Fig. 4.9 Glowing zones (1,
3), shock-compressed area
(2) formed at the collision of
the anode and cathode jets [6]

Fig. 4.10 Peak of voltage
drop DU at the passing of the
arc attachment spot from the
side surface of the anode to its
end [6]
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One of the causes of the abnormally high voltage drops on the arc areas can be
the occurrence of the shock-compressed areas (2) at the interaction of the cathode
(1) and anode (3) jets (Fig. 4.11a).

In the last case (Fig. 4.11b), interaction is occurred near the cathode (1). As the
confirmation of it the dependences of the voltage drop across the arc and pressure in
the discharge chamber on the interelectrode gap serve, obtained in the experiment
with the copper electrodes of 10 mm diameter at the current of 300 kA, and initial
pressure of 1 MPa (Fig. 4.12).

The graph shows that the voltage drop across the arc and steady pressure in the
chamber are maximal when the interelectrode gap is *15 mm; at this, the greatest
impact of the anode jet on the cathode takes place (Fig. 4.11b). At increasing
interelectrode gap, the shock-compressed area is not formed, and the voltage drop is
reduced. Increase in the voltage drop can also be connected with the occurrence of
the current’s component directed perpendicular to the arc axis.

Using the results of the work [3], we can estimate the rate of the cathode jet in
the area located behind the space charge, as well as the contributions of the dynamic

Fig. 4.12 Voltage drop
across the arc (open circle)
and pressure in the discharge
chamber (open diamond)
versus interelectrode gap [6]

Fig. 4.11 Shock-compressed areas [6]
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pressure and electromagnetic pulse to the jet acceleration. Consider the cathode jet
at 70 ls, when the anode jet is not formed yet. For the estimation of the cross
section for calculating, we select the area on the border with the space charge and
denote it by index (1), and we assume that in this cross section there are temperature
T and pressure P. We select the second cross section with index (2) before the area
of the sharp rise of the voltage drop near the anode.

Considering v1 = 0 and P2 << P1, then the law of momentum conservation is

Gv2 ¼ SP1 þQ ð4:7Þ

where G is total erosion of cathode metal, S is cross-sectional area of the cathode,
P1 is pressure in the section (1), v2 is jet velocity in section (2), and Q is contri-
bution to the jet acceleration of electromagnetic pulse, which is defined as

Q ¼ I
c

� �2

ln
ra
r
� I

c

� �2

ln
l
r

ð4:8Þ

where I is total current of the arc, c is velocity of the light (3 � 108 m/s), ra is arc
radius in cross section (2), r is radius of electrode (0.3 cm), and l is interelectrode
gap (1.7 cm).

Since the cathode jet has a cone shape, and generatrix of the cone has angle
of *45° with the axis of the arc and r < l, then ra * l.

According to data of the work [9], the specific erosion of the cathode alloy WNF
is 6.5 mg/C; then, at the current of 300 kA, the rate of cathode metal erosion is
2.1 mg/s. Inserting the data into the formula (4.7), we obtain v2 = 104 m/s.

Thus, at the current in the arc >300 kA, main role in accelerating the metal vapor
in jet is played by the electromagnetic force, which by formula (4.8) is 1.7 � 104 N
and more than in three times higher than gas-dynamic force, which by formula (4.7)
is 4.8 � 103 N.

This estimation is approximate because pressure P2 is different from zero, and
the total consumption of the cathode metal according to the work [9] includes both
the vapor and dropping phases. However, at the estimation of the velocity v2, these
errors partially compensate each other.

Another possible reason for the occurrence of high voltage drop across the arc
near-electrode areas may be discrepancy between the vectors of the current direc-
tion and the expansion of jet (Fig. 4.13).

Additional increase in the electric field intensity in the arc E, due to the mutually
perpendicular directions of the vector velocity expansion jet v and the magnetic
field vector B, can be estimated as E = v � B, where B = lI/2pr.

If the angle of the jet expansion is large, the transverse and longitudinal com-
ponents of the speed are close in magnitude. According to the performed assess-
ments and data of the works [10, 18–20], the longitudinal component of jet velocity
is *104 m/s. If the current I is *105 A, radius of electrode r is 3 mm that
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corresponds to the experimental data, the electric field intensity E * 103 V/cm. For
smaller angles of the jet expansion, such value of E should be matched to the larger
discharge current.

4.3 Current Density

To estimate the current density in the arc, it is necessary to know the value of the
current and cross-sectional area of the arc. The current is determined from the
oscillograms, and diameter and cross-sectional area of the arc with a certain degree
of confidence can be determined by the “autographs” method, i.e., by size of melted
surface areas of the anode and cathode. Diameters of the melted spots depending on
the distance from the point of ignition of the arc are varied from 2 to 5 cm, and the
maximum value of the current corresponds to the maximum diameter of the spot.
Thus, if we take the arc diameter equal to the diameter of the spot, then
cross-sectional area of the arc is *20 cm2. When the average value of current is
equal to the first maximum of 1 MA and the average cross-sectional of the arc
is *20 cm2, the average current density j at experiments performed with the
generator PPG-3 is *5 � 104 A/cm2.

There is another method of estimating the current density at rise rate of 1010 A/s.
In this case, it is assumed that under these conditions the self-regulating stabi-
lization of the current density at (3–5) � 104 A/cm2 takes place. At this, the
electron emission sources are the thermal cathode spots of II type [19, 21]. As one
can see, the obtained data are practically the same.

It should be remembered that when the current is *1 MA, the arc contraction
under the “pinch effect” takes place. The contraction greatly increases the current
density in the arc. At some tests performed on the plasma generator PPG-5, current
density reaches 107 A/cm2.

Fig. 4.13 Mutual location of
the vector velocity expansion
jet v and the magnetic field
vector B [6]
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4.4 Inductance

Arc inductance La and its variation DLa have some effect on the arcing. At
dI/dt * 1.5 � 1010 A/s, counter-emf (dILa/dt) at the experiments performed with
plasma generator PPG-3 is up to several kilovolts. At these experiments,
counter-emf is consisted of two components: one due to the inductance of the
current lead and the other due to the inductance of the arc itself.

In order to eliminate the parasitic inductance and resistance of the current lead,
the electrode system, where the voltage drop across the arc was recorded maximal
near the binding spots of the arc to the electrodes, had been developed.
Unfortunately, there was no reliable operation of this system, so this method of
measuring the voltage directly across the interelectrode gap (with obvious advan-
tages) had rejected.

To determine the current lead inductance, the short-circuit experiments were
performed with the current lead in the discharge circuit and without it. Inductance
of the current lead, which is defined as the difference in inductances of these two
experiments 330 and 160 nH, was *170 nH. The inductance of the arc itself is
estimated by its characteristic dimensions, taking into account its specific resis-
tivity *20 nH [22].

Assessment of the total inductance of the current lead and arc can bemade based on
the oscillograms of the discharge current and voltage drop across the arc (Fig. 4.1a, b).
In the time of 130–150 ls, the average rise rate dI/dt is *1.5 � 1010 A/s andDU (due
to the counter-emf) is *3 kV. Thus, the inductance is *200 nH that almost coincides
with the data presented above.

As we can see, the arc inductance is *6% of the inductance of the discharge
circuit of the power supply CPS-10 and therefore cannot significantly affect the
characteristics of the discharge.

Another method of inductance evaluation of the arc in the air at atmospheric
pressure, based on the analysis of the programmable discharge of the power supply
CPS-25, gives the value of arc inductance 20–70 nH [23], which is close to the
value shown above.

The high inductance of the current lead (is mainly due to its material) gives the
overvoltage peaks substantially exceeding the voltage at the power supply and
decreases voltage drop across arc that negatively affects the efficiency of energy
transfer from the power supply to the arc.

4.5 Temperature

To estimate the heat transfer from the arc to the gas, it is necessary to know the
temperature of the arc. In order to determine the temperature of the arc, the arc
plasma conductivity and ion concentration are necessary.

88 4 Parameters of the Arc



Arc plasma specific conductivity r calculated by the formula r = j/E based on
the current density j = 5 � 104 A/cm2 and electric field intensity E = 260 V/cm
is *2 � 104 (X m)−1.

The averaging for all experiments the concentration of evaporated from the
electrodes metal atoms nm allows to approve, that the mass of metal in the vapor
state mm less than 0.3 of the total mass of eroded metal [24] when its distribution is
uniform in the discharge chamber by formula (4.9) is 7 � 1019 cm−3

nm ¼ mm

lmuVc
: ð4:9Þ

where lm is average atomic mass of metal, Vc is volume of the discharge chamber,
and u is atomic mass unit.

The averaging for the same number of experiments the concentration of
hydrogen molecules n0 at initial pressure P = 31.5 MPa and temperature 290 K by
formula (4.10) is *8 � 1021 cm−3

n0 ¼ 10�6 Nl P : ð4:10Þ

where Nl is Loschmidt number.
Thus, the concentration of the metal atoms is � 1% of the hydrogen molecules’

concentration.
It can be assumed that the ratio of the concentrations of hydrogen and metal

atoms in the arc would be approximately the same that in the remaining volume of
the discharge chamber. This assumption is based on the fact that arc moving at the
speed of *1500 m/s intensively mixes the metal atoms and hydrogen molecules.
However, the metal atoms act on the arc conductance quite strongly, as shows the
dependence of the arc resistance on weight of the metal eroded from electrodes
(Fig. 4.5). The dependence can be explained by intense electrode jets, where the
metal concentration is more than the average concentration.

On the other hand, this value can be considered as somewhat overestimated,
since it corresponds to the total electric charge Q0, whereas to the maximal current,
i.e., to 100th ls, its current value does not exceed 30–50% of Q0.

The pressure in the arc Pa in the maximum of the current is the sum of gas
pressure Pg in the chamber and magnetic pressure Pm in the arc

Pa �Pg þPm: ð4:11Þ

The average gas pressure Pg in the discharge chamber at this moment is 30–50
MPa. The magnetic pressure Pm in the arc at uniform current density distribution is
determined by the formula (4.12) [25]

Pm ¼ 10:6� 10�4 I
2

r2a
: ð4:12Þ
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where I is maximal current (A) and ra is radius of the arc (cm).
When the current I = 1 MA and average arc radius ra = 2 cm, the magnetic

pressure Pm = 40 MPa. Thus, the pressure in the arc as the sum of these two
pressures Pa � 100 MPa.

The arc in the hydrogen at the current 1 MA, particle concentration >1019 cm−3,
and pressure *100 MPa has temperature of (2, 3) � 104 K [26, 27]. At this in the
near-electrode areas under similar conditions, the brightness temperature >5 � 104 K
had been registered [28]. At this temperature T and pressure Pa, the hydrogen disso-
ciation degree is close to 1 and the degree of ionization ai * 0.3 [29].

Concentration of hydrogen atoms in the arc nH calculated by the formula
(4.13) and taking into account the increase in concentration due to ionization is
2.2 � 1020 cm−3

nH ¼ Pa

1þ aið ÞkT : ð4:13Þ

where k is Boltzmann’s constant.
Electron density according to (4.14) is 7 � 1019 cm−3

ne ¼ ainH: ð4:14Þ

At such particles’ concentration, the plasma properties can differ substantially
from the ideal. The criterion of distinction is the Debye coupling parameterD [30, 31]

D ¼ Zae2

kT rD; rið Þ : ð4:15Þ

where rD ¼
ffiffiffiffiffiffiffiffiffiffi
kT

8pnee2

q
, ri ¼ 4pni

3

� ��1
3, e is electron charge, Za is atomic number, rD is

Debye radius, ri is average distance between the ions, ne is electron density, and ni
is ion concentration.

To estimate D, take the highest value of rD and ri. When ne � 1020 cm−3 and
T = 2.5 � 104 K, parameter D = 0.5. Calculation dependences for ideal gases and
plasma are applicable at D << 1; therefore, for estimation of the temperature of the
arc plasma based on its electrical conductivity, the Spitzer formula is not applicable.

Estimation of the arc plasma temperature can be made based on the data from the
work [29], where the calculated values of the hydrogen plasma conductivity are
presented. In accordance with these data at r = 250 (X cm)−1 and ne = 1020 cm−3,
the arc plasma temperature T = 2.5 � 104 K.

Analogical data are presented in work [32], where at similar conductivity and
concentration, the arc temperature T is 2.3 � 104 K.

Estimations based on the mathematical model of the discharge in hydrogen at
initial pressure of 10 MPa and current of 10–30 kA [33, 34] also give similar
T = (2.4–2.7) � 104 K.
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Evaluation of the transition layer temperature was made based on the spectro-
metric measurements data. Absorption lines are observed on the background of the
continuous spectrum corresponding to radiation of the transition layer between the
current channel and the cold gas. After determining the temperature of the layer, it
is possible to estimate the minimal temperature of the arc plasma.

The temperature of the transition layer was calculated by the half-width of the
absorption lines of the doublet Na 5890 E and 5896 E. It is known that at the
concentration of the perturbing particles nd < 1022 cm−3 for determination of the
line half-width, the impact approximation is applicable [35]

Dc ¼ 1:3Dc0:46 v0:6h nd : ð4:16Þ

where vh is average thermal velocity of the particles, Dc6 is difference between the
constants c6 van der Waals potential of the initial and final states, and nd is con-
centration of the perturbing particles.

The constants c6 were calculated from the data of work [35], where they were
defined for helium considering the difference in polarizability of the H2 and He.

Experimental width of each line of the Na doublet is 4.5–5.0Å and according to
formula (4.16) is corresponded to the temperature of the transition layer T = (1.1–
1.4) � 104 K. This result is in good agreement with the data of works [24, 25];
where at initial hydrogen pressure of 0.5–6.0 MPa and current of 60–70 kA, the
surface temperature of 1.2 � 104 K was registered.

To determine the efficiency of energy transfer from the arc into the gas, the
experiments at “manometric bomb” mode were carried out. Evaluation of the
increment of internal energy of hydrogen was carried out based on the initial density
of the gas and pulsed pressure in the chamber. Deviation of hydrogen properties from
the ideal was taken into account based on the data of the work [36]. The efficiency of
energy transfer from the arc into the gas at initial pressure of 4–5 MPa is 0.4–0.5.

Figure 4.14 shows the oscillogram of the pulsed pressure in the discharge vol-
ume, which is characterized by the acoustic oscillations.

Fig. 4.14 Pulsed pressure at “manometric bomb” mode [6]
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The propagation velocity of the oscillations is coincided with the speed of sound
in hydrogen which had been determined by the final pressure. The frequency of the
acoustic oscillations is 6.8 kHz at initial hydrogen density of 4.4 � 10−3 g/cm3 and
pressure of 22 MPa to 1100th ls.

To these conditions, the average temperature of hydrogen 1200 K and sound
speed c of 2500 m/s are corresponded. The frequency of longitudinal acoustic
oscillations f at chamber length l of 19 cm estimated by the formula

f ¼ c=2l ð4:17Þ

is 6.6 kHz, which is close to the value obtained from the pulsed pressure oscillo-
gram (Fig. 4.14).

Based on these data, the temperature of the arc at our experiments is (2.3–
2.7) � 104 K and temperature of the transition layer is (1.1–1.4) � 104 K.
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Chapter 5
Erosion of Electrodes

Abstract It is important for understanding the processes in the electrodischarge
chambers of the pulsed plasma generators are the basic mechanisms and quanti-
tative characteristics of the electrothermal erosion of the electrodes. The fact is that
the metal, which evaporated from the electrodes, affects both the characteristics of
the arc (electric field intensity, emission characteristics, dynamic characteristics,
etc.), and the heat transfer processes in the discharge chamber, changing the
physical characteristics of the gas (heat capacity, thermal conductivity, density, and
viscosity). In addition, the erosion of the electrodes is accompanied by the powerful
electrode jets, which also impact the processes of heat transfer in the discharge
chamber and the arc characteristics. In some cases, there was erosion in the form of
the ejection of the surface layer of the electrode’s metal. Besides, the change of
physical characteristics, in particular an apparent molecular weight of the mixture
gas + metal and associated directly with it the sound of speed, impact significantly
the efficiency of heat transfer from the arc to the gas.

5.1 Specific Erosion of Electrodes

This section presents data on the specific erosion of different electrode materials
used in research at electrodischarge chambers of coaxial type. The data were
obtained at the discharge current of up to 1.4 MA, average gas temperature up to
4500 K, and electric charge up to 900 C.

Paper [1] presents the dependencies of the mass of eroded materials (copper,
molybdenum, and titanium) on the electric charge Q, which defined by the formula

Q ¼
ZT

0

Ij jdt: ð5:1Þ

where I is current and T is discharge time.
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This work indicates that the erosion is essentially independent on the electric
charge at its values of up to 10 C for copper and 40 C for titanium. When the charge
is above these values, erosion is increased abruptly and then is depended on the
charge linearly.

Figure 5.1 shows the diagram of the specific erosion of electrode materials based
on the data obtained at the average for all performed experiments discharge current
of 800 kA, charge of 360 C, and average temperature of 2600 K.

Analysis of the data of specific erosion of the electrode materials showed the
dependences on the discharge current for the cathodes (Fig. 5.2) and anodes
(Fig. 5.3), and on the average gas temperature (Figs. 5.4 and 5.5).

Figure 5.2 shows the dependences of the specific erosion on discharge current
for the cathodes of Al, steel, Mo, WNF, MWC, and WNC.

Graph shows that dependencies have general growing nature; at this highest
erosion resistance has WNC and lowest the aluminum.

Figure 5.3 shows the dependences of the specific erosion on current of the
anodes made of steel, Cu, W, WNF, and WNC. Here, as in previous case,
dependences are growing and lowest erosion resistance has the steel. Using the steel
is justified in those cases, where the average temperature of the gas, under the
experimental conditions, does not exceed its boiling temperature of 3000 K.

In several experiments, the anodes that were made of brass, which is at low
mechanical strength, have very high specific erosion *180 mg/C, and therefore, its
usage was abandoned, even in combination with WNF.

MWC WNC WNF Mo Steel Al

MWC WNC WNF W Cu Steel

(b)

(a)Fig. 5.1 Specific erosion of
the cathode (a) and anode
(b) materials [2]
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Figure 5.4 shows the dependence of the specific erosion of cathodes made of Al,
steel, Mo, WNF, MWC, and WNC (dependence for aluminum was extrapolated to
the high temperatures) on the average gas temperature.

The graph shows that the average value of the erosion of all the materials used at
the temperatures from 1000 to 4500 K is changed by two to three times; at this, the
character of the specific erosion change is linear.

Fig. 5.2 Specific erosion of the cathode materials versus current [2]

Fig. 5.3 Specific erosion of anode materials versus the current [2]

5.1 Specific Erosion of Electrodes 97



Figure 5.5 shows the dependence of the specific erosion of the anodes made of
steel, Cu, WNF, WNC, and MWC, and plasma sprayed W with C mixtures and
pure W on the average temperature of the gas.

For all four groups of the dependences is characteristic that the highest erosion
resistance have the alloys based on tungsten, and lowest have Al, steel, and Cu.

Thus, these experimental data on the specific erosion of electrode materials
should be considered as derivatives of the large number of additional factors, some
of which have been mentioned above.

Some experiments to study the erosion of the electrodes were performed at
installations with rod electrodes. At the current up to 400 kA and power of the heat

Fig. 5.4 Specific erosion of the cathode materials versus average temperature of the hydrogen [2]

Fig. 5.5 Specific erosion of the anode materials versus average temperature of the hydrogen [2]
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flow onto the electrodes *(105–108) W/cm2, the experiments at the diagnostic
chamber (Fig. 3.16) were performed. At the current up to 1.6 MA and power of the
heat flow onto the electrodes up to 109 W/cm2, a study was performed at the
generator PPG-5 (Fig. 3.10).

Figure 5.6 shows the photograph of the cathodes’ end surfaces after experiments
at various power of heat flow and at current of *200 kA. Differences in the surface
structure of the cathode (alloy CuCr) at power of the heat flow of 105 W/cm2

(Fig. 5.6a) and cathode (Cu) at power of 106 W/cm2 (Fig. 5.6b) are due to ther-
mophysical characteristics of their materials.

Figure 5.6c shows the surface of the steel electrode at current of *1.6 MA and
power of heat flow of 109 W/cm2. Diameter of the crater on the surface of the
cathode is corresponded to the diameter of the arc defined by a photographic of its
glow in stable phase of arc burning by duration of *20 ls.

Figure 5.7 shows the dependence of the total specific erosion on the current
of the steel rod electrodes of 10 mm diameter in hydrogen at current density of
*2 � 106 A/cm2.

Fig. 5.6 Cathodes after the experiments at various heat flow power [3]

Fig. 5.7 Specific erosion of the steel electrodes versus current in hydrogen [3]
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Figure 5.8 shows the dependence of the specific erosion of the rod tungsten
electrodes diameter of 6 mm on the initial hydrogen pressure at the current
of *220 kA and the interelectrode gap of 13 mm.

Figure 5.9 shows the dependence of the specific erosion of the rod tungsten
electrodes diameter of 6 mm versus the current at interelectrode distance of 13 mm
and air initial pressure of 0.1 MPa.

The total erosion of the electrodes of WNF in the air at the discharge current of
220 kA is 2.8 mg/C and copper electrodes is 2.1 mg/C.

Fig. 5.8 Specific erosion of the tungsten electrodes versus initial hydrogen pressure [3]

Fig. 5.9 Specific erosion of the tungsten electrodes in the air versus current [3]
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5.2 Liquid and Vapor Erosions

Besides the above data, which characterize the total erosion of the electrodes’ metal
in the vapor and liquid phases, no less interest for the understanding of the pro-
cesses in the discharge chambers of the plasma generators is the ratio between these
phases or the emission factor k. The work [4] states that the emission factor k at the
range from 70 to 800 kA is independent on charge Q and is 40% for copper.

The work [1] shows that for Mo emission, factor k is 40% for Ti—20%. This
means that under such scatter of the emission factor, the differences in the erosion
resistance Re [C/mg] for various materials is:

Re ¼ cTmt

kUne
ð5:2Þ

where c is heat capacity, Tmt is melting temperature, k is emission factor, and Une is
near-electrode voltage drop.

Besides when replacing of the electrode material pair on other at small inter-
electrode gap, the variation of the erosion may occur due to changes in the intensity
of the electrode jet’ impact onto the opposite electrode, and due to the transfer of the
molten metal from one electrode to another.

This fact is confirmed by the data of the work [5], where it established a con-
nection between erosion and interelectrode distance and experimentally shown that:

• The smaller the electrode diameter, the greater the energy of the jet
• The larger the area of the opposite electrode, the more energy it receives from

the jets
• The smaller the atomic mass of the electrode material, the smaller the jet energy
• The greater the interelectrode distance, the less energy the electrode receives

from jet.

Furthermore, this paper presents the erosion data for large number of copper
alloys. Some distinctive features in erosion have the pseudo-alloys, which repeat-
edly had been used at our experiments due to their high resistance to erosion.

Authors of the work [6] investigated the nature of the electrode melting in places
of the arc binding. It was found that the energy input into the pseudo-alloys is less
than into homogenous materials. The reason for this is the heat flows in the surface
layers of the material fix the cathode spots in places with facilitated vaporization
and with high electron emission. At this does not form the continuous melt pool that
makes it difficult the ejection of the melt, and hence, the erosion of the material is
decreased.

In the works [7, 8], the erosion and destruction of the electrode materials at
current from 230 to 500 kA were investigated. It is indicated that the removal of
molten metal from the melt pool is due to the interaction of the magnetic field with a
current flowing through the liquid metal.
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Estimations of the ratio of the liquid and vapor phases of eroded metal versus
power of the heat flow q at our experiments were performed at discharge duration
s = 10−5–10−4 s

q ¼ jUne ð5:3Þ

where j is current density and Une is near-electrode voltage drop.
At transition from the liquid phase erosion to the vapor erosion that is due to the

electrode jets appearance, the near-electrode voltage drop Une is increased from tens
to thousands volts that at current density j * 105–106 A/cm2 corresponds to an
increase in the heat flow power from 106 W/cm2 to the critical value of 109 W/cm2.

Assuming q is an average value between the power of the heat flow q1 required
to achieve the temperature of the metal evaporation on the surface of the electrode
and the power of the heat flow q2, at which the evaporation rate is equal to the rate
of heating the metal to the melting point then according to data of the work [9]

q1 ¼ 0:085Tkffiffiffiffiffi
as

p ; q2 ¼ Lq

ffiffiffi
a
s

r
; q ¼ q1 þ q2

2
: ð5:4Þ

where T is boiling temperature, k is thermal conductivity, a is thermal diffusivity,
L is specific heat of vaporization, q is density of the electrode metal, and s is
duration of the heat flow.

Let us compare the data of two experiments at currents of 380 kA [9] and
1.5 MA [11], where time s of the electrode jet occurrence is known.

At the first experiment, the time of the electrode jet occurrence and its speed is
determined from the photographs. Let us estimate q for the discharge in hydrogen
with tungsten electrodes of 6 mm diameter and with time of the electrode jets
occurrence of 70 ls. At this time, the discharge current I = 133 kA. Boiling tem-
perature of tungsten T = 5680 K, thermal conductivity k = 1.69 W/(cm � deg),
thermal diffusivity a = 0.65 cm2/s, and qL = 9.5 � 104 J/cm3 [8]. Then
q1 = 1.2 � 106 W/cm2, q2 = 9.2 � 106 W/cm2, and a = 5.2 � 106 W/cm2.

Near-electrode drop of voltage Une before the occurrence of the electrode jets is
22 V that is consistent with the data of the works [3, 12, 13]. Thus, the time of
occurrence of the electrode jet coincides with the calculated value Une = 20 V, what
characterizes the erosion with a predominance of the liquid phase.

In the second experiment At Imax = 1.5 MA, the occurrence of the electrode jet
was determined by the time of the sharp rise in the near-electrode voltage drops.
Growth of the near-electrode voltage drops was determined by the decrease in
electric field intensity in the arc at constant total voltage across the discharge
gap. Time of occurrence of the electrode jet T is 7-14 ls. Let us estimate q in this
experiment for steel electrodes of 20 mm diameter.

The boiling temperature of steel T = 3050 K, thermal conductivity k = 0.51 W/
(cm � deg), thermal diffusivity a = 0.15 cm2/s, and qL = 5.5 � 104 J/cm3. Let us
assume s * 14 ls, then q1 = 0.93 � 106 W/cm2, q2 = 5.7 � 106 W/cm2, and
a = 3.3 � 106 W/cm2. If the average current density j for the 14 ls defined by a
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photographic of the arc glow and by current oscillogram is 4.5 � 105 A/cm2, then
Une = 8.2 V.

Ratio between vapor and liquid phases of the electrode’s material after the
intense evaporation (Fig. 5.10) is determined by the speed v of the boundary
between the liquid (2) and vapor (1) phases, temperature T0 of vapor on surface, and
thickness of the melted layer (x2) for various q. Then the thickness of the vaporized
layer x1 = vt, where t is time of the heat flow.

Values of v and T0 according to the data of the works [14, 15] were determined
from the joint solution of equations:

v ¼ q

qkþ 5
2
RT0
A

ð5:5Þ

v ¼ c� exp� k
RT0

ð5:6Þ

where R is universal gas constant, A is atomic weight of the metal, c is speed of
sound in the electrode material, and k is thermal conductivity.

Thickness of the layer of molten metal x2 was determined by motion of the
isotherm with temperature Tmt(x, t), equal to the melting temperature of the elec-
trode material, which is determined by the equation of thermal conductivity [14, 15]

Tn x2; tð Þ ¼ T0 � exp� x2v
a

ð5:7Þ

For a rough estimation, you can use the ratio x2 * a/v.
Table 5.1 presents the results of the joint solution of equations for the thickness

of the evaporated x1 = vt, and molten x2 = a/v layers of the tungsten electrode at
various powers of the heat flow onto the electrode during 160 ls.

Value of the q in Table 5.1 is corresponded to the average power of the heat flow
during the electrode jet action.

For comparison with the estimated data were used the experimental data of the
experiment at Imax = 125 kA. Power of the heat flow onto the cathode averaged
over time interval t1–t2 in this experiment obtained from the formula (5.8) is
2.2 � 107 W/cm2

Fig. 5.10 Electrode under the
heat flow action [3]
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q ¼
R t2
t1
j0 sinxt � Une � sinxtdt

t2 � t1
: ð5:8Þ

where j = Imax/S (4.4 � 105 A/cm2), S is area of the electrode end, Une is
near-electrode voltage drops (100 V), T/2 is current half-period (380 ls), and x is
angular frequency (2p/T).

Duration of the heat flow causing the evaporation of the electrode was determined
from the photographs as the difference between the disappearance t2 = 260 ls and
occurrence t1 = 100 ls of the electrode jet.

At the moment of maximal current, near-electrode voltage drop Une was
determined from experimental data of the work [9]. For other moments, as in the
work [16] we assumed that the near-electrode voltage drop at j � 105 A/cm2 is
proportional to the current density.

At q = 2.2 � 107 W/cm2 mass of evaporated tungsten calculated by the formula
(5.9) is 0.11 g

m ¼ qSx1 ð5:9Þ

where S is cross-sectional area of the electrode and q is density of the electrode
material.

Specific erosion G in this case is 3.8 mg/C.
Data of Table 5.1 show that the weight of the vaporized electrode material is

almost by four times more than of the liquid phase. Experimental value of specific
erosion of the cathode for the same conditions is 3–4 mg/C, which is close to the
calculated value.

Figure 5.1 shows that the data of the specific electrode erosion in the plasma
pulsed generator PPG-3 [17] correspond to the second experiment at the cur-
rent *1.5 MA, current density of *5 � 104 A/cm2, and energy input into the gas
up to 1 MJ. Since the spots of the arc binding in the discharge chamber of this
generator move along the electrodes under the action of magnetic and gas dynamic
forces at high speed, so the time of the electrodes heating less than in the experi-
ments with rod electrodes, and thus erosion in this case, as in the papers [3, 18, 19]
is in the liquid phase predominantly.

Table 5.1 Thicknesses of the
evaporated x1 and molten x2
layers of the tungsten
electrode

q (W/cm2) T0 � 103 (K) v1 (m/s) x1 (mm) x2 (mm)

109 30 79 13 8.2 � 10−4

108 19 10 1.6 9.2 � 10−3

2.2 � 107 14 1.2 0.19 5.2 � 10−2

107 13 1.0 0.16 6.5 � 10−2

5 � 106 12 3.2 0.051 0.2

106 10 1.0 0.016 0.58

104 5 Erosion of Electrodes



In the extreme case, for the rough estimation of the specific erosion G in the
liquid phase the ratio can be used

G�Une=cTmt ð5:10Þ

where c is specific heat of melting, Tmt is melting temperature.
For vapor phase

G�Une=rstTst ð5:11Þ

where rst is latent heat of vaporization and Tst is evaporating temperature.
Data of Table 5.2 show that at lower current density the liquid phase is domi-

nated and at higher current density the vaporous phase prevail.
At transition from the liquid to vapor phase, the average value of the specific

erosion G is varied little and is 0.01–0.1 g/C. Table 5.2 shows that the product rstTst
approximately by an order of magnitude greater than cTmt, then for small changing
of the G is necessary to increase the Une at least on an order of magnitude.

Figure 5.11 shows the dependence of the voltage drop near the electrodes on the
interelectrode distance at dI/dt * 1010 A/s.

Table 5.2 Ratio of specific erosion of copper GCu to specific erosion of tungsten GW for the liquid
and vapor phases

Liquid phase (j = 5 � 104 A/cm2,
G * Une/cTmt)

Vapor phase (j = 2.8 � 105 A/cm2, G * Une/
rstTst)

W cTmt = 567 J/g W RstTst= 5.0 � 103 J/g

Cu cTmt = 400 J/g Cu RstTst= 5.4 � 103 J/g
GCu
GW

Calculation Experiment GCu
GW

Calculation Experiment

1.42 1.27 0.93 0.77

Fig. 5.11 Voltage drop across the arc versus interelectrode distance [3]
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The dependence was obtained at the maximal current, thus after the appearance
of the electrode jets. In the graph, the sum of the anode and cathode near-electrode
voltage drops determined by extrapolation to zero of the interelectrode gap
is *2 kV.

Figure 5.12 shows the change in the nature of erosion and the corresponding sharp
rise of the near-electrode voltage drops caused by the electrode jets at j > 105 A/cm2

[16]. In the graph curve, (1) is total near-electrode voltage drop for tungsten elec-
trodes. (2) is the total near-electrode voltage drop, (3) is near-anode voltage drop, and
(4) is near-cathode voltage drop for copper electrodes.

Before the formation of powerful electrode jets at 16–24 ls, were observed the
jet of the lower intensity, which are the sum of the microjets from rapidly moving
and group electrode spots [20]. Specific erosion at this stage more than an order of
magnitude less � 10−4 g/C [13, 21].

5.3 Erosion as Electrode Jets

As noted above, the erosion of the electrodes in the megaampere arcs significantly
affects both the arcing, and the improving the heat transfer from the arc to the gas.
At high (108–109 W/cm2) power of the heat flow onto the electrode, arc mainly
burns in the vapor of the electrode metal. In addition, the anode and cathode jets at
the collision with each other and with the opposite electrode generate shock waves,
which also increase the efficiency of heat transfer from the arc to the gas, and affect
the properties of the arc. This section presents the results of the study of these
processes at currents up to 1.5 MA and current density of 2 � 106 A/cm2.

Evolution and moving of the electrode jets in the hydrogen are shown in shadow
pictures at incomplete filtering of its own radiation (Fig. 5.13). Photographs were
done at experiments with tungsten electrodes of 6 mm diameter (anode left, cathode
right) at interelectrode distance of 10 mm, current of *125 kA, and initial
hydrogen pressure of 1 MPa.

Fig. 5.12 Near-electrode
voltage drop versus current
density [16]
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Similar photographs were made in the visible range of the spectrum (Fig. 5.14).
Here the tungsten electrodes of 6 mm diameter (cathode left, anode right) have also
been used at interelectrode distance of 17 mm, current of *380 kA, and initial
pressure of the hydrogen *1 MPa.

Figure 5.14 shows that after the explosion of the wire at 4 ls, the arc is formed
while the breakdown of the interelectrode gap. Arc is heterogeneous, due to the
occurrence of hydrodynamic instabilities (necks), which are similar to those
observed in fast Z-pinches. At this in points of the arc contraction, plasma ejections
under high pressure are observed.

At 16-th ls, the cathode jet and then at 24-th ls anode jet are appeared. The
anode and cathode jets are visible through the translucent expanding arc. By 8 ls,
the electrode jets darker, i.e., the intensity of their glow is lower than of the arc, and
by 16 ls is converse. At 24 ls intensely luminous area is appeared, as a result of the

8 μs 16 μs 32 μs

72 μs 88 μs 128 μs

168 μs 248 μs 288 μs

Fig. 5.13 Arc evolution and moving of the electrode jets in the hydrogen [3]
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anode and cathode jets collision. These so-called “jets of the first type” are by
themselves the sum of microjets generated by fast-moving electrode spots.

Figure 5.15 shows the typical oscillograms of the discharge current and the
voltage drop across the arc at initial hydrogen pressure of 1 MPa and tungsten
electrodes of 6 mm diameter.

Figure 5.16 shows the dependence of the expansion speed of the translucent arc
in the hydrogen versus initial pressure [22]. The data are consistent with those
presented earlier in the work [23].

4 μs 8 μs 16 μs

20 μs 24 μs 28 μs

Fig. 5.14 Formation and moving of the cathode and anode jets at expanding of the translucent arc
in the hydrogen [3]

Fig. 5.15 Oscillograms of the current (a) and voltage drop across the arc (b) [3]
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More complete picture of the evolution of the arc is obtained by joint analysis of
shadow photographs with incomplete filtering of the arc radiation and photographs
in the visible part of the spectrum with the use of the neutral filters their optical
density varies from 0.5 to 2 that gives a 100-fold decrease in the intensity of the arc
radiation [10].

Initial stage of the process at initial hydrogen pressure of 0.1 MPa, tungsten
electrodes of 6 mm diameter, and current of 100 kA is clearly visible in Fig. 5.17,
because the arc in the air is more optically transparent.

Later occurrence of the electrode jets in Fig. 5.13 due to the lower discharge
current of 125 kA in comparison with 380 kA in Fig. 5.14.

The radiograph in Fig. 5.18 shows that the symmetrical cathode jet is appeared
from the center of the left electrode and in the case when initiating wire is partially
vaporized, and breaks down on separate fragments.

Powerful electrode “jets of the second type” are appeared from the common melt
pool. Formation time of the melt pool depends on the properties of the electrode
material, its diameter, and current density.

Fig. 5.16 Speed of the translucent arc expansion versus initial hydrogen pressure [3]

1 μs 8 μs 16 μs

Fig. 5.17 Shadow photograph of the expanding arc in the air [3]
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Formation of these jets is shown in Fig. 5.13, where at 72-nd ls and then at
168-th ls the powerful anode and cathode jets are formed. Time of 128 ls is
corresponded to the same their intensities and appearance of the luminous
shock-compressed area of the disk form.

Figure 5.19 shows the simultaneous existence of two types of the jets. On the
anode the long, narrow and darker “jet of the second type” is visible on the
brightness background of the broad conical “jet of the first type”.

According to data of the works [24, 25], the cause of the “jets of the second
type” on the anode may be “pinch effect”. At current of � 10 kA, the magnetic
pressure becomes close to the gas-kinetic pressure that leads to contraction of the
arc spot banding to the electrode and its (spot) further heating.

Central jet by its form and conditions of the appearance is similar to the “plasma
focus” that at compressing of the arc by the magnetic field of the current takes place
[26, 27].

5.4 Erosion as Electrode Surface Layer Ejection

At some experiments, the particular type of the electrode erosion was registered.
This erosion is the ejection from the surface of the electrode the molten metal layer
in the form of a hollow hemisphere. Photographs of this phenomenon at experi-
ments with tungsten electrodes of 6 mm diameter, interelectrode distance of 10 mm,
initial hydrogen pressure of 1 MPa, and current of 180 kA are shown in Fig. 5.20.

Fig. 5.18 Radiograph of the
cathode jet and nonevaporated
fragments of initiating wire
[3]

Fig. 5.19 Jet of the second
type (2) from the anode on the
brighter background of the
first type jet (1) [3]
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These ejections are caused by the uniform melting of the surface metal layer at
the ends of the electrodes. By the metal ejection, the formation of the powerful
electrode jet is preceded.

Besides, at the experiment with the same tungsten electrodes, interelectrode
distance of 17 mm, current of 280 kA, and initial hydrogen pressure of 1 MPa after
arc extinction, ejections of the metal particle clusters from the cathode were reg-
istered (Fig. 5.21).

It is obvious that the observed phenomenon is caused by exceeding of the
gas-kinetic pressure near surface of the electrode over the magnetic pressure that
(exceeding) is occurred till the arc extinction.

On the balance of these pressures at the surface of the anode spot near the current
maximum (10–20 kA) is indicated in the works [24, 25].

Fig. 5.20 Ejection of the surface layers from the tungsten cathode (a) and anode (b) [3]. 1 is
cathode contour, 2 is anode contour, 3 are metal ejections

Fig. 5.21 Ejection of clusters
of the metal particles from
cathode [3]. 1 is cathode end,
2 are clusters of metal
particles
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At constant current density along the axis of the arc, when the gas-kinetic
pressure is balanced by the magnetic pressure, the profile of the gas-kinetic pressure
is determined by the formula [28]

P rð Þ ¼ Pmax 1� r2

r20

� �
¼ l

I2

4p2r20
1� r2

r20

� �
ð5:12Þ

where r0 is arc radius equal to the radius of the electrode.
Average over the cross section, the maximal magnetic pressure Pmax at I = 120

kA and r0 = 3 mm estimated by the formula

Pmax ¼ l
I2

4p2r20
ð5:13Þ

is 51 MPa.
At our experiments, due to the high power of the heat flows onto the electrodes

through few microseconds, the common melt pool is formed of diameter close to
the diameter of the electrode. On a similar phenomenon reported in the work [29],
where on the surface of the electrodes with similar sizes and at same currents, the
melt pools with a diameter close to the diameter of the electrodes and the depth
of *1 mm emitting the X-ray radiation with a continuous spectrum were resisted.

It was found that in common melt pool, the center hole is not formed, as the melt
is not squeezed out by the gas-kinetic pressure toward the periphery. From this, it
follows that within the melt pool, there is pressure, which balances the pressure
above the melt surface. About this phenomenon for the single cathode spot is
mentioned in the work [30].

Thus, when the current is decreased, the gas-kinetic and magnetic pressures over
the surface of the molten pool are reduced faster than the pressure inside the melt.
The result of this is ejection of the molten metal, which during expansion is par-
tially converted to vapor. Since ejection of the molten metal from the electrode
surfaces due to, in particular, high energy output in the near-electrode zones of the
arc the molten metal is ejected both from the cathode and anode (Fig. 5.20).

At experiments with electrodes of more than 10 mm diameter in the center of
anode by 20–50 ls is formed jet of 1–2 mm diameter, which indicates to higher
current density in the electrode center. At this, more current density must comply
more magnetic pressure than by the formula (5.13). In this case, in the center of
electrode after current maximum, the metal jet of 1–2 mm diameter is formed
(Fig. 5.19).

Let us consider in greater detail the phenomenon of ejection of molten metal
from the electrode end in the form of hemisphere. Figure 5.22 shows the shadow
pictures of the initial moment of the ejection of metal from the cathode at initial
hydrogen pressure of 1 MPa and current of 125 kA. The metal is ejected by the
powerful electrode jet with diameter equal to the diameter of the cathode, by 280 ls
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when the discharge current is decreased. The speed of movement of the metal jet
determined from photographs in Fig. 5.22 is *90 m/s.

At this experiment, when the power of the heat flow on the end surface of the
electrode is 2.2 � 107 W/cm2, the ejection of the molten metal in the form of
hollow hemisphere is occurred. The thickness of the layer in according to Table 5.1
is 0.052 mm. However, in order to the ejection is looked like semicircle, but not as
hemisphere, it is necessary that the metal is in the vapor state with the layer
thickness according to optical measurements of 0.5 mm. In this case, the vapor
concentration in the hemispherical layer should be 3 � 1021 cm−3 at temperature
close to the boiling temperature of the tungsten *6500 K.

264 μs 280 μs

304 μs 320 μs

Fig. 5.22 Shadow photographs of tungsten ejection from the cathode surface [3]. 1 is cathode
end, 2 is ejection of metal, 3 is contour of cathode, 4 is contour of anode
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Absorption coefficient j0 of the radiation with a wavelength of 514.5 nm cor-
responding to the wavelength of light transmission defined by the Kramers’ formula
[31] is *4 cm−1

j0 ¼ 0:96� 10�7 NZ
2

T2
0

exp� x1 � xð Þ
x3

: ð5:14Þ

where x1 ¼ I=kT; x ¼ hm=kT , I is the first tungsten ionization potential (8 eV), kT
is temperature of metal in hemisphere (*6000 K), N is concentration of vapor
*3 � 1021 cm−3, hm is energy of transmission radiation photons with wavelength
of 514.5 nm (2.45 eV).

The optical path length across the plasma hemisphere in section BB′ (Fig. 5.23)

is 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RþDRð Þ2�R2

q
, the optical path length across the plasma hemisphere in

section AA′ (Fig. 5.23.) is 2DR, and their ratio is
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2R=2DRþ 1

p
. The smaller the

relative thickness of the hemisphere, the ratio is greater.
At R = 0.3 cm and DR = 5 � 10−2 cm, the ratio is *2.4. Then j0lAA′ = 0.4,

and j0lBB′ * 1. It is known that j0l * 1 is condition for the significant absorption
of radiation. Therefore, the ejection of metal vapor is observed as semicircle,
instead the hemisphere, as it really is.

Thus, the conclusion about the liquid phase predomination in the products of
electrode erosion in high current arcs holds for j � 105 A/cm2. For j > 105 A/cm2

and times *10−4 s, the vapor phase is dominated.

5.5 Erosion and Molecular Weight of Gas

Erosion products of the electrodes being in a vapor state form a gas mixture with
operating gases (hydrogen, helium, air), the speed of sound in which is lower the
higher, the concentration of metal atoms, i.e., the higher molecular weight of the gas
mixture. The apparent molecular weight of the gas mixture lm was calculated from
Formula 5.15 assuming that *20% of the eroded metal is in the vapor phase [1]

Fig. 5.23 Ejection of metal
in form of hemisphere
thickness DR from electrode
end [3]
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lm ¼ 1Pn
1 gi=li

: ð5:15Þ

where gi are weight fractions of gas mixture (gi = Mi/Mm, where Mi and Mm are
weight of i-th component and total weight of mixture); li is molecular weight of i-th
component.

Dependence of the apparent molecular weight of the gas mixture on the ratio of
the weight of pure hydrogen Mg to the weight of the metal Mm eroded from
electrodes is shown in Fig. 5.24. Graph shows that the molecular weights of the gas
mixture are from 2.05 amu (that corresponds to molecular weight of practically pure
hydrogen) to 3.4 amu (that is somewhat lower than the atomic weight of helium).
Average statistical value of the apparent molecular weight of the operating gas is
2.5 amu that is for an average statistical experiment this parameter by 25% higher
than the molecular weight of pure hydrogen.

Dependences of the speed of sound in pure hydrogen and in operating gas on
average temperature are shown in Fig. 5.25. It is noteworthy that the curve for pure
hydrogen and most points of the real gas curve practically coincide up to 2000 K,
and then the curve of the real gas is somewhat lower, at this the degree of its
deviation increases with increasing of temperature.

This circumstance is due to the fact that at calculating of the molecular weight of
the working gas (as a mixture of hydrogen and metal atoms of the electrodes), the
ratio of the vapor fraction to the total weight of the eroded metal was assumed as
constant (20%) and did not take into account its growth, depending on the gas
temperature increase, although such dependence takes place, and at high gas
temperatures it must be taken into account.

Fig. 5.24 Apparent molecular weight of the gas mixture versus the ratio of the weight of pure
hydrogen to the weight of the eroded metal [2]
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This dependence is due to an increase in the fraction of atomic metal in the gas at
average temperatures exceeding the melting point of the metal of the electrodes.
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Chapter 6
Oscillations of Arc’s Diameter

Abstract At the study of megaampere pulsed electric arcs, a number of phe-
nomena have been established that have a significant effect on the arc parameters
and processes in the discharge chambers of pulsed plasma generators. Such phe-
nomena include transverse oscillations of the arc. At investigations of this phe-
nomenon, the types of acoustic oscillations appeared in the discharge chamber were
determined. The estimation was made of the arc diameter changing associated with
the oscillation of the voltage drop. To the jump of the voltage drop across the arc of
*3 kV a change in the arc diameter of 0.4–0.7 cm is corresponded. It was
established that periodic changes in arc parameters are associated with the impact of
magnetic and gas-kinetic pressures. It was found that the resonance of acoustic
oscillations and oscillations caused by magnetic and gas-kinetic pressures leads to a
sharp increase in the electric field strength and energy density in the arc. It is shown
that the fluctuation in the intensity of soft X-ray radiation at initial hydrogen
pressure of 5–7 MPa is caused by a periodic change in the diameter of the arc.
Analysis of the frequency and amplitude of the oscillations and the absorption of
soft X-ray radiation indicates to the high-temperature zone in the arc of *1 mm
diameter and temperature 40–60 eV.

6.1 Acoustic Oscillations

Acoustic oscillations in the discharge chamber appeared as a result of multiple
reflections of shock waves from the cylindrical wall and their cumulation in the center
of the discharge chamber. Since the interelectrode distance in these experiments was
1–2 cm, diameter of the arc at the discharge current maximum is 0.7–1.0 cm, and
diameter of the discharge chamber is 4.2 cm, the ratio of these dimensions determines
the geometry for determining the characteristics of acoustic oscillations as something
average between the spherical and cylindrical.

For spherical geometry, shock waves in hydrogen can be considered according
to the data of the work [1] as a set of an infinite number of the own harmonic
oscillations with period TK
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TK ¼ 2pR
lK

ffiffiffiffiffiffiffi
q0
cP0

r
; ð6:1Þ

where R is radius of discharge chamber, lK is set of roots of a special function
similar to the Bessel function, q0 is gas density, c is adiabatic index, P0 is gas
pressure, and K is root number of the special function.

To the basic tone of acoustic oscillations K = 1 and l1, the smallest positive root
of the equation tgl = l, equal to 4.49 corresponds. Thus, the period of the basic
tone of the oscillations T1 = 1.39 R/c (where c is speed of sound).

For cylindrical geometry, formula (6.1) is also applicable, but the roots lK
correspond to the solution of the first order Bessel equation I1 (lK) = 0. To the basic
tone period value lK = 3.83 corresponds, then T1 = 1.65 R/c. In the intermediate
case corresponding to the conditions of our experiment, we will consider T1 as the
arithmetic mean of these values, i.e., 1.52 R/c (Table 6.1).

Let us also estimate the periods of acoustic oscillations, which are caused by the
secondary breakdown of the interelectrode gap, according to formula (6.1). This
means that the shock waves propagate in the heated gas and are accompanied by the
expansion of the metal vapor of the electrodes.

Table 6.1 presents the results of these estimations for experiments, when the
hydrogen pressure is 30–157 MPa, and the shock wave propagates through the
“cold” gas and when it propagates in gas heated by the first discharge pulse.
The speed of sound in hydrogen c was determined by its pressure and density after
compression [2].

Figure 6.1 shows the oscillogram of pressure at preliminary adiabatic com-
pression of hydrogen up to 60 MPa, where a slight decreasing of the period of
acoustic oscillations due to heating of the gas takes place. Decreasing of the period
is associated with increasing of the propagation speed of the shock wave. Up to
90 ls, the gas is heated and the period of acoustic oscillations is increased. The
close values of the periods of the voltage drop oscillations across the arc and
acoustic oscillations show that the shock waves impact the characteristics of the arc.

The amplitude of acoustic oscillations is increased at increasing of initial
hydrogen pressure. As will be shown in the next section, the increasing of the
electric field intensity in the arc corresponds to a decrease of the arc radius, which in
its turn is caused by the impact of the compression wave. This is clearly seen in the
oscillogram of the voltage drop of the experiment # 27 (Fig. 6.2) with a preliminary
adiabatic compression of hydrogen up to the pressure of 157 MPa, which corre-
sponds to hydrogen density of 5.6 � 10−2 g/cm3.

The presented below estimations, based on the formulas (6.2–6.5), show that
about value of the oscillation amplitude of the arc radius can be concluded by the
electric field intensity in the arc, and consequently, by the voltage drop across the
arc. A comparison of the voltage oscillograms in Figs. 6.1 and 6.2 indicates not
only the increase in amplitude of the acoustic oscillations, but also the grows of
their number at increase of the initial pressure from 60 to 157 MPa.
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6.2 Shock Wave Compression of Arc

Oscillations of the voltage drop across the arc DU can be caused by changes of the
arc diameter, conductivity of the plasma in the arc, and inductance of the arc at its
contractions. If we assume that the oscillations of the voltage drop across the arc are
caused by a change of its inductance, then the voltage estimated by the formula
(6.2) is *100 V, which is much less than the recorded amplitude of voltage
oscillations reaching of several kilovolts

DU ¼ �I
l0l

2pr tð Þ
dr
dt

ð6:2Þ

where I is discharge current, l0 is magnetic permeability of the vacuum, r is
average radius of the arc, and l is arc length.

Fig. 6.1 Decreasing of the period of acoustic oscillations at the hydrogen heating [3]
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Let us estimate the changes of the arc diameter at experiments # 23 (Fig. 6.3) and
# 28 (Fig. 6.4) by the amplitudes of the voltage drop oscillations across the arc and
the amplitudes of the pressure oscillations.

Since the conductivity r for a multiply charged plasma at Spitzer conductivity
with an average charge of the ion Z is proportional to T3/2/Z, and Z can be
approximated at the ion concentrations of 1018–1020 cm−3 and temperature*105 K
according to the work [4] as � ffiffiffiffi

T
p

, then

E ¼ j
r
� I

r2 � T ; ð6:3Þ

where j is current density, r is radius of the arc, and T is temperature.
Assuming the compression of the arc is adiabatic, and magnitudes of the electric

field intensity in the arc E0, an arc radius r0, and an arc temperature T0 are the same
as an arc parameters before compression, and, respectively, E1, r1, T1—parameters
after compression, and putting r * T in accordance with the data of the paper [4]

T1 ¼ T0
r20
r21

� �c�1

; ð6:4Þ

Fig. 6.2 Discharge in the hydrogen at initial pressure of 157 MPa (experiment # 27) [3]
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where c is adiabatic index.
Since the oscillations of the arc occurred near the maximum of the current, the

current can be considered as constant and then

E1

E0
¼ r20T0

r21T1
¼ r0

r1

� �4�2c

: ð6:5Þ

Since for a metal arc plasma at a particle concentration of *1020 cm−3 and
temperature of *105 K, the adiabatic index c * 1.1 then

E1

E0
¼ r0

r1

� �1:8

: ð6:6Þ

At the experiment # 23 (Fig. 6.3) E0 = 1.9 kV/cm, E1 = 5.1 kV/cm, so using the
formula (6.5), and assuming that, as at the experiment # 34 (Fig. 6.5) r0 = 0.35 cm,
r1 = 0.2 cm, so this values of the electric field intensity corresponds to reduction of
the arc radius by 0.15 cm.

Fig. 6.3 Discharge in hydrogen at initial pressure of 104 MPa (experiment # 23) [3]
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Fig. 6.4 Discharge in hydrogen at initial pressure of 84 MPa (experiment # 28) [3]

50 100 150 200   μs

Fig. 6.5 Discharge in
hydrogen at initial pressure of
110 MPa (experiment # 34)
[3]. Photograph scan of the
arc luminosity (above),
graphs of arc diameter (D),
brightness (B), and pressure
(P) (bottom)
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Graphs of the arc diameter (D) and the arc brightness (B) were receive by
analysis of the photometric section of the arc luminosity. Pressure in the front of the
sound wave near the surface of the arc [5] is given by

Pm ¼ Axqc; ð6:7Þ

where A is decrease of arc radius, x is circular frequency of acoustic oscillations, q
is hydrogen density after adiabatic compression, and c is speed of sound in
hydrogen at maximum of current.

At the experiment # 23 (Fig. 6.3), A = 0.15 cm, q = 4.2 � 10−2 g/cm3,
x = 0.9 � 106 s−1, c = 4.1 � 105 cm/s, at this Pm = 230 MPa and pulse pressure
magnitude on the chamber wall is of *70 MPa. Assuming that the pressure
decrease in the front of the cylindrical shock wave is inversely proportional to the
square root of the radius of its coordinate, and then, calculated pressure on the
wall at radius of the discharge chamber of 2.1 cm and average radius of the arc of
0.26 cm is *80 MPa, which is close to the registered pressure.

At the experiment # 27 (Fig. 6.2), E0 = 1.7 kV/cm, E1 = 2.1 kV/cm, if we
assume that, as in other experiments, r0 = 0.35 cm, then by the formula (6.5)
r1 = 0.89 cm, r0 = 0.31 cm, what is corresponded to arc contraction by 0.04 cm.
For this experiment (Table 6.1), q = 5.65 � 10−2 g/cm3, c = 4.16 � 105 cm/s,
and x = 0.9 � 106 s−1, and then, calculated pressure near the surface of the arc is
84 MPa, and on the chamber wall is 33 MPa. The recorded pressure on the chamber
wall is *40 MPa.

According to the presented estimations, the fluctuations of the electric field
intensity in the arc are due to the impact of a shock wave repeatedly reflected from
the wall of the discharge chamber.

However, oscillations of the arc can also be caused by the impact of magnetic
and gas-kinetic pressures.

6.3 Oscillations of Arc’s Diameter Caused by Magnetic
and Gas Pressures

Let us consider the case, where the gas-dynamic pressure inside the arc Pg is
balanced by the magnetic pressure Pm appeared due to the current in the arc.
Suppose that under the action of a shock wave formed during a secondary break-
down of the interelectrode gap and reflected from the wall of the discharge
chamber, the arc had contracted.

Since the contraction process is assumed to be adiabatic, then

PgV
c ¼ const; ð6:8Þ

where V is volume of the arc, and c is adiabatic index.
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Since V * r2, then Pg * 1/r2c and Pm * I2/r2. If the arc had compressed, then
at c > 1 and I is constant, Pg > Pm, and the arc is expanded, and vice versa. As a
result, radial oscillations of the arc are occurred, and their frequency is depended on
the speed of sound in the gas, radius of the arc, and current. Theoretically, such
oscillations are considered in the works [6–8].

In the work [7], the results of studies of radial MHD-oscillations of the plasma
cylinder at the adiabatic approximation are presented. Solution is obtained for the
frequency of nonlinear radial oscillations, where the initial current distribution can
be specified arbitrarily. In the case of a homogeneous current density, the oscilla-
tions of the arc have period T

T ¼ 56r2

I

ffiffiffiffiffiffiffiffiffiffiffi
mn
c� 1

r
: ð6:9Þ

where r is radius of the arc, I is current, m is mass of the metal atom in the arc, n is
concentration of metal particles in the arc, and c is adiabatic index.

In the work [6], it is indicated that the interaction between the pressure of the arc
plasma and the magnetic pressure causes the radial oscillations of the Z-pinch. The
solution of the system of MHD-equations presented in this paper describes the
adiabatic process of radial oscillations of Z-pinch ideally conducting current. If
I � IB, where IB is the Bennett current, at which the magnetic pressure is balanced
by the gas-kinetic pressure, then oscillations occurred with a period equal to the
time of several ranges of sound. The analysis of stability shows that the period of
these oscillations can be less than the time constant of the constriction instability,
which allows observing such oscillations at the experiment.

In the work [8], the solution was found that describes the evolution of the pinch
oscillations with allowance of energy output by radiation. The case of a collapsing
pinch system had considered, when at high current the energy loss by radiation
exceeds the Joule heating. As an example, the Pisa-Braginskii model is used, when
the output of energy is due to the bremsstrahlung accompanying electron-ion col-
lisions. It is shown that of all dissipative processes, the largest is the emission of
energy Q. For small Q, the system performs a large number of oscillations near the
Bennett equilibrium. With increasing Q, the number of oscillations, their period,
and amplitude are decreased.

At the experiment # 34 (Fig. 6.5) (Table 6.1), at initial hydrogen pressure of
110 MPa, tungsten electrodes of 6 mm diameter and interelectrode distance of
12 mm: the arc temperature T = 105 K and ion concentration ni = 1.6 � 1020 cm−3

were determined on the pressure and conductivity with an error of *20%.
The oscillation period T for this case, determined by formula (6.8) for r = 0.35 cm,

I = 4.9 � 105 A, n = 1.6 � 1020 cm−3, m = 10–22 g, is 5.8 ls, which is close to the
experimental value of 6.7 ls. However, the external pressure on the arc is not taken
into account in formula (6.8), so it is more correct to apply this formula to experiments
at initial hydrogen pressure of 5–7 MPa and current up to 1.5 MA, since under these
conditions the external pressure is negligible compared to the magnetic pressure.
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The close values of the frequencies of the two types of arc oscillations make it
possible to explain the sharp increase of the electric field intensity oscillations in the
arc, which in experiment # 23 (Fig. 6.3) increases from 1.9 to 5.1 kV/cm, what
according to formula (6.8) at initial arc diameter of 0.7 cm is corresponded to
contraction of the arc diameter to 0.4 cm.

At equal times of the arrival the compression wave reflected from the wall of the
discharge chamber into the center of the chamber and of the moment of arc com-
pression by the own magnetic field, diameter of the arc is decreased by the higher
extent, which leads to additional increase of the electric field intensity and the
energy density in the arc.

6.4 Oscillations of Soft X-rays Irradiation Intensity

Additional heating of the metal plasma near the arc axis can occur as a result of a
collision of a shock wave reflected from the chamber wall with perturbation wave
caused by the magnetic pressure. In this case, near the arc axis, a high-temperature
zone is formed, which is the source of soft X-ray radiation (SXR).

It was found that the frequency of the SXR intensity fluctuation recorded in
experiments with steel electrodes of 20 mm diameter, interelectrode distance of
10 mm, initial hydrogen pressure of 5–7 MPa and current of 1.0–1.5 MA varies in
phase with the electric field intensity in the arc. As the SXR filter, the aluminum foil
of 10–20 lm thickness was used. The X-ray diode that registered the radiation was
located from the axis of the arc at distance of 16 cm.

At these experiments, the contraction of the arc was recorded at the discharge
current equal the critical current of the Pisa-Braginskii. To the most contraction of
the arc at 20–25 ls the maximum output of the SXR, feature on the oscillogram of
the current, and peak of the voltage oscillogramm corresponds.

Fig. 6.6 X-ray signal before the maximal contraction of the arc (t1), current (I), voltage (U) [3]
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SXR intensity fluctuations with a frequency of 150–250 kHz were registered
both before the arc contraction (Fig. 6.6), and after that (Fig. 6.7).

At initial hydrogen pressure of 30 MPa, the stable arcing phase of *20 ls
duration was observed before the contraction of the arc, while the diameter of the
arc during this time is constant and equal to the diameter of the erosion crater on the
electrode. When the initial hydrogen pressure changed from 20 mm Hg to 35 MPa,
the diameter of the erosion crater changed insignificantly and is *10 mm. The
non-uniform distribution of temperature and pressure at the cross section of the arc
is reflected on the shape of the erosion crater.

Figure 6.8 shows the end face of the steel electrode with the erosion crater formed
after single discharge in hydrogen at current of 1.5 MA and half-period of 50 ls.

Fig. 6.7 X-ray signal after the maximal contraction of the arc (t1), current (I), voltage (U) [3]

Fig. 6.8 Melt column in the
center of the erosion crater [3]
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As a result of the action of arc binding spot to the electrode, the erosion crater
with the melt column in its center is formed. The diameter and height of the column
are *2 mm that is correlated with the diameter of the high-temperature zone of the
arc.

The high-temperature zone in the center of the arc formed due to the shielding of
radiation from the arc was also observed in a number of studies at high initial gas
pressure [9, 10]. The average temperature at the cross section of the arc is about ten
electron volts, and the temperature of the high-temperature zone at later estimations
is 30–40 eV. In our opinion, this high-temperature zone of the arc is the source of
the SXR.

It was shown in the work [8] that as the intensity of radiation from the arc
increases, the frequency of arc oscillations caused by the action of magnetic and
gas-kinetic forces is increased, and amplitude of arc oscillations is decreased.

In this case, the frequency of oscillations of the SXR at the current maximum
(50–75 ls) is decreased, and their amplitude is increased (Fig. 6.7). This indirectly
confirms that the increasing heating of the transition layer of the arc leads to the
decrease in the energy output from the arc by radiation. This is explained by the
decrease of the arc transition layer transparency and, as a consequence, by increase
of its shielding degree.

Using experimental data, we shall estimate the arc parameters and show that
shock waves can cause noticeable fluctuations in the SXR intensity.

The concentration of metal ions ni near the maximum of current I = 1.2 MA we
shall estimate by the average frequency of the SXR oscillation intensity equal to
200 kHz, assuming that frequency is due to oscillations of the arc.

The arc oscillation frequency we estimate when the radiation from the arc plays
an important role, which is typical for arcs burning in gases at low (5–7 MPa) initial
pressure, in contrast to arcs at ultrahigh initial pressure obtained by adiabatic
compression.

According to the data of the work [8], the period of such oscillations T is

T ¼ 3r=c: ð6:10Þ

where c is average speed of the sound in the arc, and r is radius of the arc.
Speed of the sound in the arc

c ¼
ffiffiffiffiffiffiffiffiffiffiffi
cP=q

p
; ð6:11Þ

where c is adiabatic index (*1.1), and q is plasma-forming metal density (ni mi),
where mi is mass of the iron ion, ni is concentration of iron ions, and P is pressure in
the arc.

Assuming that the gas-kinetic pressure Pg is close to magnetic pressure
Pm = 1.6 � 10−3 � I2/r2, then
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ni ¼ 2� 10�4I2T2

r4mi
: ð6:12Þ

Substituting the values we obtain ni = 1.2 � 1021 cm−3. At such ni and gas-kinetic
pressure Pg equal to magnetic pressure Pm, pressure in the arc P = 920 MPa.

According to the data of the work [11], to these parameters the average tem-
perature in the arc of *8 eV and plasma conductivity of 1.3 � 103 (X � cm)−1

corresponds, what is agreed to the measured maximum brightness temperature of
6.5 eV at initial pressure P0 = 5 MPa.

The electric field intensity in the arc E estimated by the conductivity is 1.2 kV/cm,
which is close to measured earlier.

The average density of acoustic energy qa by the period of oscillations is

qa ¼ qA2x2=2; ð6:13Þ

where A is amplitude of acoustic oscillations, x is circular frequency of oscillations,
and q is density of plasma-forming metal.

The value of A we estimate by the increment of the electric field intensity in the
arc DE at the instant in time of the in-phase increase of the SXR intensity (Fig. 6.7).

According to Ohm’s law r ¼ ffiffiffiffiffiffiffiffiffiffi
I=pr

p
E1=2, hence

A � Dr ¼ 1
2

ffiffiffiffiffiffi
I
pr

r
E�3=2DE: ð6:14Þ

Substituting the values in the formula (6.14), we obtain A � Dr = 6.5 � 10−2 cm.
If we use formula (6.5), which takes into account the change of conductivity under
adiabatic contraction, then A � Dr = 6.2 � 10−2 cm, and acoustic energy density
qa = 34 J/cm3.

Oscillations of the arc with the same frequency are recorded in the arc glow of
the arc at initial pressure of 30 MPa. For the radius of the conduction zone, the
radius of the glowing zone with density of blackening 0.7 was assumed. In this
case, the change of the arc diameter at such density of blackening is consistent with
the value of the voltage peaks. If the density of acoustic energy during the period of
oscillations at the arc radius of 0.5 cm is 34 J/cm3, then at the radius arc contraction
up to 0.05 cm, it will be 3.4 kJ/cm3.

The equality of frequencies of the arc contraction and the SXR oscillations
intensity leads to the conclusion that the energy of the acoustic oscillations is
converted to the energy of the SXR. At this, the temperature in region of the
maximal arc contraction is by an order of magnitude more than average temperature
at the arc cross section.

The concentration of iron vapor n determined by the frequency of the SXR
oscillations (Fig. 6.7) is 1.2 � 1021 cm−3, i.e., by an order of magnitude higher than
at the experiment # 34 (Fig. 6.5) with adiabatic compression (Table 6.1). This is due
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to both the difference in the thermophysical characteristics of tungsten and steel
electrodes and the current density. Estimations of the time of the erosion jet
occurrence from the tungsten electrode at the experiment # 34 (Fig. 6.5) show that
the arc plasma is formed from the vapor of the copper initiating wire.

Let us estimate the concentration of the metal vapor n by the data of the
experiments, where the erosion of the electrode is *2 g. We will assume that the
entrainment of the erosion products from the electrode is occurred at the speed of
sound (Formula 6.10), assuming that the gas-kinetic pressure Pg is equal to half the
maximum magnetic pressure Pm at current of 600 kA.

At Pg = Pm = 1.6 � 10−3 � I2/r2, r = 0.5 cm, c = 1.1, we have c ¼ 5:2�
1015=

ffiffiffi
n

p
cm/s. According to the experimental data, the rate of entrainment of the

erosion products from the steel cathode at the current of*1 MA is 4 � 10−2 g/s. In
this case, during the first half-period *120 ls, electric charge Q is 72 C. Then, the
weight of the metal M evaporated from the electrode is 2.9 g, and the concentration
of metal vapor n

n ¼ M
ffiffiffi
n

p
5:2� 1015mtpr2

; ð6:15Þ

where m is metal atomic weight, and t is time of discharge.
Then,

n ¼ M2

m2 � 5:22 � 1030 � t2 � p2 � r4 : ð6:16Þ

SubstitutingM = 2.1 g, m = 56 � 1.67 � 10−24 g, t = 1.2 � 10−4 s, r = 0.5 cm
in the formula (6.16) we obtain n = 4 � 1021 cm−3.

Thus, the concentration of metal vapors estimated by the frequency of the SXR
oscillations is close to the concentration had determined by the wear of the steel
electrode. The higher vapor concentration estimated by this way is due to that it was
assumed that the metal vapors are scattered as a cylinder with a diameter equal to
the diameter of the electrode. However, photographs of the arc at a current of
*500 kA show that the metal vapors are scattered as a truncated cone, the smaller
base of which is equal to the diameter of the electrode. In this case, the average
concentration of metal vapor in the arc will be lower.
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Chapter 7
Processes and Heat Transfer
in Electrodischarge Chamber

Abstract Investigation of the processes in the discharge chambers of plasma
generators is complicated by the absence of optical windows, which are necessary
for determining the main characteristics of the arc such as dimensions, optical
characteristics, and nature of motion. The point is that to obtain limiting plasma
parameters, the ultimate strength of the discharge chamber is necessary, whereas the
openings for optical windows are concentrators of mechanical stresses, which
substantially reduce the strength of the discharge chamber of the plasma generator
[1, 2]. Naturally, in the absence of data of optical measurements, such parameters as
temperature, electric field intensity in the arc, current density, etc., can be estimated
only using various assumptions. Therefore, numerical estimations of the above
parameters at the large-scale experiments were performed based on indirect data
obtained by measuring current, voltage and pulsed pressure, and by visual and
instrumental monitoring of the state of the electrodes and other elements of the
generator before and after experiment. Based on these data, it is possible with a high
degree of reliability to make conclusions about such parameters as discharge current
and voltage drop across the arc, discharge power, arc resistance, electric charge,
inputted electric energy in the arc, integral specific erosion of electrodes. With
somewhat lesser degree of reliability, one can make conclusions about concentra-
tion and aggregate state of the products of erosion of electrodes and their quanti-
tative ratio, average temperature, and internal energy of the operating gas. With
even less reliability, we can conclude about the electric field intensity, current
density in the arc, optical, and dynamic characteristics of the arc.

7.1 Arcing in Coaxial Discharge Chamber

The study of heat transfer from the arc to the gas is fundamentally important,
because the knowledge of the mechanisms of heat transfer and their quantitative
characteristics can help at choosing the optimal operating modes for the electric
discharge chambers of pulsed plasma generators.
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The arcing process in the discharge chambers of the coaxial type is characterized
by a number of phenomena and features inherent for both other discharge cham-
bers, and for this type of discharge chambers. Among the distinguishing features,
the main is pulling the arc under the action of electromagnetic and gas-dynamic
forces resulting in a multiple increases of its length; repeated, and, in some cases,
multiple breakdowns of the interelectrode gap, after which follows the appearance
and formation of a new arc is parallel to the already burning one. In addition,
reflected shock waves and electrode jets have an appreciable effect on the arc and its
characteristics.

To illustrate the processes during the arcing, in Fig. 7.1 the diagram of coaxial
discharge chamber with designations of its main dimensions, arc parameters and the
direction of the forces action are presented.

Let us consider the features of arcing in the coaxial discharge chamber of length
Lc, diameter Dc and with an interelectrode distance Lie. At this, we use oscillo-
grams of two experiments performed under relatively close initial conditions, and
differing by the material of the electrodes.

An arc of diameter d2 initiating at point (a), under the effect of the resultant
F electrodynamic and gas dynamic forces, occupies positions (b and c) step by
step. When the arc reaches position (d), its contact with the chamber wall occurs at
point (e) takes place. These conclusions are made based on the analysis of the arc
binding spot traces on the inner wall of the discharge chamber, i.e., by the method
of “autographs”.

Figure 7.2 shows the oscillograms of the discharge current and the voltage drop
across the arc at the experiment with voltage of 8.5 kV, initial pressure of hydrogen
25 MPa, volume of the discharge chamber of 1.12 dm3, and interelectrode distance
of 10 mm. The cathode material is tungsten, anode is steel.

Fig. 7.1 Arc in the coaxial electric discharge chamber [26]
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By the time before the current peak at the 86th ls, wire explosion (6th ls) takes
place, to this moment the peak of voltage of 2 kV and duration of 4.5 ls is
corresponded. Then within 6 ls, there is a sharp increase of the voltage across the
discharge gap, which ends by the breakdown of the interelectrode gap through the
vapor of the initiating wire at the 17th ls. After the breakdown during 14 ls, the arc
channel is formed at the voltage drop across the gap from 6 to 2 kV. After this,
beginning from 30th ls, under the action of electrodynamic and gas-dynamic
forces, the arc is drawn into the volume of the discharge chamber, occupying
successively the positions (b, c, and d). The drawing of the arc is accompanied by
an increase in the voltage drop from 2 to 8 kV. The current to 96th ls reaches

Fig. 7.2 Oscillograms of the
current (a), voltage drop
across the arc (b) [26].
Current—200 kA/div; voltage
is 2 kV/div, time is 50 ls/div
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maximum (940 kA). In this case, the average rise rate of voltage dU/dt for a time of
*125 ls is 8 � 107 V/s, and the rise rate of current dI/dt at the linear region
(50 ls) is 1.4 � 1010 A/s.

The voltage drop across the arc from 30 to 84 ls monotonically, but with small
oscillations, is increased from 2 to 7.8 kV. At 84th ls, the feature is observed on the
voltage oscillogram, which is expressed in a short-term decay and a subsequent
increase of the voltage drop. The voltage drop of *0.9 kV occurs for 9 ls at rise
rate of 108 V/s, and the voltage peak of 2.8 kV with a rising front of *14 ls and
voltage rise rate of 2 � 108 V/s.

A similar feature, approximately at the same time, is also observed on other
voltage oscillograms at experiments under similar initial conditions.

In our opinion, this feature can be due to four reasons:

• Repeated breakdown of the interelectrode gap
• Contact of the arc with the anode surface at point (c) position (d) (Fig. 6.1)
• Impact of a reflected shock wave on the arc
• Impact on the arc of the unloading wave that occurs when the diaphragm is

opened.

Repeated breakdown of the interelectrode gap. The assumption that the singu-
larity is caused by breakdown of the interelectrode gap is untenable, since the
duration of the voltage drop after its maximum, fixed on the oscillogram, is about
15 ls, then, as is known, that in breakdown, it does not exceed fractions of a
microsecond [3]. In addition, in coaxial discharge chambers with a large, as in this
case, interelectrode distance and high initial gas pressure, a secondary breakdown
of the interelectrode gap does not occur at all, as will be discussed later.

Contact of the arc with the surface of the anode. The possibility of such phe-
nomenon itself raises doubts, but even if it is assumed that it had occurred, then in the
place of contact, there should be new spot binding of the arc to the surface of the
anode, somewhere near the point (c), when the arc occupies the position (d) (Fig. 7.1).
In its turn, it should lead to a decrease of the voltage drop across the arc caused by a
decrease of the arc length, i.e., by shunting. In this case, the voltage drop should be
more than that recorded in the oscillogram. If we consider the relationships of the parts
resistance of the arc at the moment of contact as linear, then the decrease of the voltage
drop across the arc can be *30%, whereas in our case, it is slightly more than 10%.

The impact on the arc of the reflected shock wave. Another factor that can affect
the character of the arcing is the shock wave [4]. To estimate the time of
encountering of the reflected shock wave with the moving arc, it is necessary to
specify the speed of the arc motion and speed of the shock wave. The speed of arc
motion can be determined by empirical relationship for the velocity of the plasma
piston vp in the air at atmospheric pressure [5]

vp ¼ 0:16
dI
dt

� �0:4

: ð7:1Þ
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The calculated arc speed for the first 50 ls at dI/dt = 1.5 � 1010 A/s is 1800 m/s;
then speed is decreased and for the next 40 ls at dI/dt = 5 � 109 A/s is 1200 m/s,
which gives an average arc speed of *1500 m/s. The data obtained are of an
evaluation nature, since the formula (7.1) does not take into account the gas nature
and its density.

The experimental data of our studies at current of 350 kA and initial hydrogen
pressure of 5 MPa give the following values of the arc speed: At initial stage of
40 ls speed is 1600 m/s and then to the maximum of current, speed is decreased to
1000 m/s. Thus, the average speed of the arc motion up to the moment of maximal
current is *1300 m/s. If we take into account the difference in the discharge
current, we can assume that this value will be somewhat higher. As we see, the
values had obtained by calculation and experimentally, taking into account the
difference of the initial conditions, are very close. Let us assume that the arc speed
is *1.400 m/s.

The speed of the shock wave was determined at the series of experiments were
aimed to determine the time of the diaphragm opening. During the experiments, it
was assumed that the cause of the diaphragm opening is the impact on it of the shock
wave formed during the explosion of the wire and at the initial stage of expansion
and motion of the arc. As a result, it was established that the opening of the dia-
phragm, i.e., the time of arrival of the shock wave to the diaphragm is 70–80 ls,
while the time from the beginning to the full opening of the diaphragm is *50 ls.
Thus, at the distance from the initiating wire to the diaphragm in this experiment
equal to 19 cm, the shock wave speed calculated on the moment of the diaphragm
opening is *2400 m/s that corresponds to the Mach number *1.8.

The calculation of the coordinate, which the reflected shock wave from the
opposite surface at the time of 84 ls is reached, indicates that it must be in 4–6 cm
distance from the initiating wire, whereas the arc during this time passes the dis-
tance of 12–13 cm, and to the moment of its encounter with the arc is corresponded
the time *70 ls, which differs somewhat from the time of the voltage peak
appearance.

The impact on the arc the unloading wave arising at the diaphragm opening.
The time for which the unloading wave caused by the diaphragm opening reaches
the arc is composed of the diaphragm opening time of 70–80 ls and the time of
reaching by the unloading wave the arc of 20 ls. Thus, the total time is 90–100 ls,
which approximately corresponds to the time when the peak is appeared in the
voltage oscillogram.

Thus, only the last two factors: the impact on the arc of the shock and unloading
waves are corresponded more or less to the time of the feature appearance.

At the time from 110 to 150 ls, the voltage is raised from 6.7 to 11 kV at the
voltage rise rate of 108 V/s. The maximum voltage at the 150th ls is approximately
by 2.5 kV higher than the voltage at the power supply, which is due to the
counter-emf arising in the inductive components of the arc and current lead at the
current decrease, at its rise rate of 1.5 � 1010 A/s.

At the 150th ls, there seems to be the self-breakdown of the arc section, as at
this the voltage across the arc is dropped to 7 kV. In the oscillogram of the current,
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to the breakdown is corresponded the inflection point, after which the current rise
rate is decreased halved (from 1.5 to 0.7) � 1010 A/s.

From the moment of self-breakdown, the current is redistributed between two
parallel arcs—in the “new” arc, the current is increased, and in the “old” arc, the
current is decreased, at this current rise rate dI/dt cannot exceed the limiting value
of *3.3 � 1010 A/s corresponding to the short circuit mode. The final current rise
rate is the reason why the total current in two parallel arcs does not exceed the
current at the time of breakdown in the “old” arc but leads only to somewhat
slowing of the rate of its decrease. At the 180th and 225th ls, two self-breakdowns
of the arc are appeared at 9.5 and 9 kV.

Another characteristic feature of this and a number of similar experiments is the
large (*7 kV) residual voltage of the power supply. The reason for this is a large
(10 mm) interelectrode distance, which makes it impossible the repeated break-
downs of the interelectrode gap with subsequent ignition of the arc, and conse-
quently, more complete utilization of the energy accumulated in the battery (this
problem will be discussed later).

The dependence of the residual voltage of the power supply on the interelectrode
distance for refractory and fusible metals is shown in Fig. 7.3. For both types of
electrode metals, the dependence is increasing; however, for refractory metals,
the residual voltage is much higher than for fusible metals. In the shown range of
the interelectrode distances, the optimal, in our opinion for various reasons, is the
interelectrode distance of *2 mm. This interelectrode distance for fusible and
refractory electrode metals is corresponded to residual voltages of 0.5 and 1.5 kV,
respectively.

This interelectrode distance is optimal from the point of view of reducing the
contamination of the operating gas by the products of electrode erosion at practi-
cally equal energy parameters. So, the increasing of the residual voltage reduces the
electrodes erosion linearly and, for example, at initial voltage of 7 kV and residual
voltage of 1.5 kV, the electrodes erosion is decreased by 20% in comparison with

Fig. 7.3 Residual voltage of
the power supply versus
interelectrode distance [26]
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the case when the residual voltage is zero, at this case the unused energy is only
*5% of the initial energy.

At analyze of the oscillograms of the voltage drop across the arc at the most
experiments, where the multiple breakdowns are occurred, a criterion is needed
according to which it is possible to distinguish the breakdown of the interelectrode
gap against the self-breakdown of the arc (both of them can occur during the one
arcing process). Such a criterion can be the ratio of the post-breakdown voltage to
the voltage before the breakdown, let us denote this ratio by the coefficient kbd. If
we refer to the oscillogram of the voltage drop across the arc (Fig. 7.2b), then at the
breakdown at the 150th ls, the kbd is 0.64. For comparison, let us present the
oscillogram of the voltage drop at the experiment performed under similar initial
conditions, but differing by that the metal of the electrodes is steel (Fig. 7.4).

The process of arcing in this experiment is accompanied by numerous break-
downs, while the kbd is from 0.38 to 0.64. Statistical analysis of the experimental
data shows that the boundary value kbd for the two types of breakdowns is *0.5.
Thus, we assume that the kbd > 0.5 corresponds to self-breakdown of the arc, and
kbd < 0.5 to breakdowns of the interelectrode gap.

Figure 7.5 shows the dependences of the voltage of the first breakdown of the
interelectrode gap and of the post-breakdown voltage on the interelectrode distance.

Fig. 7.4 Oscillogram of the
voltage drop across the arc
[26]. Voltage is 2 kV/div, and
time is 100 ls/div

Fig. 7.5 Breakdown and
post-breakdown voltages
versus interelectrode distance
[26]

7.1 Arcing in Coaxial Discharge Chamber 141



At determination of those dependencies, the factors that, in one way or another,
impact on the parameters of interest to us were identified, and rigid frameworks for
them were given. Thus, the dependences are valid for refractory metals at initial
pressure P0 = 30–40 MPa, final pressure Pf = 200–300 MPa, and discharge current
I � 1 MA.

Figure 7.5 shows that the value of kbd is 0.3–0.4, what in agreement with the
chosen criterion value.

7.2 Arc Movement

As mentioned in the introduction to this chapter, the lack of opportunities for
optical measurements (because of the high requirements to the strength of
the generator discharge chamber) significantly narrowed our understanding of the
processes in the discharge chamber of plasma generators, and especially about
the arcing process and size of the arc.

Partially, this gap was filled with the results obtained during the research at the
diagnostic chamber (Fig. 7.6). The design of the diagnostic discharge chamber
(Fig. 3.16) is similar to that of the electric discharge chambers of powerful plasma
generators [6]. At simulating the operation of such generators, the camera housing
(5) is the anode. The initiating wire was installed in the narrow gap between the
conical cathode (7) and the camera housing.

The main task of these studies at the diagnostic chamber was to verify the
assumptions about the nature of the arc movement in the discharge chamber of the
powerful plasma generators, and about physical parameters and geometric char-
acteristics of the arc.

The diagnostic chamber was powered by the one section of 0.018 F capacitance
of the power supply CPS-10. The maximal electrical energy inputted into the arc
was 200 kJ, discharge current *500 kA.

At the diagnostic chamber for the first time by means of the high-speed camera,
the images of the evolution and movement of the arc were obtained throughout the
entire arcing process. Analysis of the arc motion and changes of its parameters was
carried out by the juxtaposition of the oscillograms of the current, voltage drop
across the arc, and pulsed pressure in the chamber with photos of the arc.

Figures 7.7 and 7.8 show the oscillograms of the discharge current, voltage
drops across the arc and arc images at the experiment when the volume of discharge
chamber was 1 dm3, initial voltage 4.2 kV and initial hydrogen pressure 5 MPa.
The pulsed pressure in the discharge chamber was 15 MPa, discharge current was
340 kA, electric energy inputted into the arc was 140 kJ, and pressure of the
diaphragm opening was 12 MPa.

Obviously, the values of the above experimental parameters are significantly
lower than those are characteristic for the PPG generators, where initial voltage
U0 = 7–8 kV, initial pressure P0 = 40 MPa, electric energy inputted into the arc
We = 1–2 MJ, pulsed pressure Pp = 400–500 MPa. However, the comparison of the
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oscillograms of the discharge current and voltage drop across the arc lead us to the
conclusion that in both cases there are common characteristic features that allow
speaking about the similarity of the arcing processes.

Figure 7.8 shows that in the images corresponding to 2-nd and 16th ls, after the
wire explosion, the arc is widened, whose diameter to the 16th ls is 6.5 cm, and at
this, the front boundary of the arc is moved by the distance of 9.5 cm, which
corresponds to the average speed at this time of 1200 m/s. While the speed is
average and at the end of the time interval it is 250 m/s, it can be assumed that at the
beginning, speed should significantly exceed the average value and can be
2000–2200 m/s and higher, what is consistent the earlier estimates of the speed of

Fig. 7.6 Diagnostic discharge chamber

Fig. 7.7 Oscillograms of the current and voltage drop across the arc [26]
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2 µs 16 µs

79 µs 81 µs

128 µs 130 µs

171 µs 177 µs

Fig. 7.8 Arcing process in the diagnostic chamber [26]
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the shock wave *2400 m/s, if we estimate it by the speed of the front boundary of
the arc at the initial stage of its formation. The current in this time is *100 kA,
voltage drop across the arc is 1.2 kV.

In the images corresponding to 79, 128, 171, and 216th ls, the moments of
breakdowns of the interelectrode gap are shown. The breakdowns are occurred
when the arc is burning in the volume of the discharge chamber.

At the 79th ls, the first breakdown of the interelectrode gap is occurred at the
current of 340 kA, to which is corresponded the decrease of the voltage drop across
the arc from 2 to 0.7 kV and the current growth from 340 to 370 kA. The next
breakdown is occurred at 128th ls when the arc occupies the maximal volume and
has the longest length at the current of 280 kA. At this, the pre-breakdown voltage
is 3 kV, and the post-breakdown voltage is 0.7 kV. At the 216th ls, the third
breakdown of the interelectrode gap is observed at the current of 130 kA.

The speed of the front boundary of the arcs moving in the heated hydrogen is
3000–4000 m/s. For the discharge that occurred at the 216th ls, the arc speed is
*2000 m/s.

Figure 7.9 shows the oscillograms of the pulsed pressure in the diagnostic
chamber of the same experiment. Two pressure transducers were used: one located
just above the initiating wire (T1), and the second (T2) at the distance of 16 cm
from the first.

183 µs 189 µs

216 µs 224 µs

Fig. 7.8 (continued)
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The first two peaks in the oscillogram from the T1 transducer (Fig. 7.9a) are
corresponded to the compression waves from the discharges caused by repeated
breakdowns, they are also observed in the oscillogram from the T2 transducer
(Fig. 7.9b). The propagation speed of these waves is *2700 m/s that correspond to
the Mach number of *2.3 for hydrogen at pressure of 5 MPa and temperature of
300 K.

Attention is drawn to the fact that on the oscillogram obtained from the T1
sensor (Fig. 7.9a), the time of appearance of the first pressure peak exceeds the time
of the first peak registered by the sensor T2 (Fig. 7.9b). Naturally, this circumstance
causes bewilderment. However, there was the perfectly logical explanation that this
peak is corresponded to the first shock wave formed during the arc movement from
the T1 sensor coordinate, and thus, it was not registered by this sensor.

Fig. 7.9 Oscillograms of the pulsed pressure in the diagnostic chamber [26]
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7.3 Heat Transfer from Arc to Gas

At the hydrogen pressure >10 MPa and arc temperature >12,000 K, practically all
energy transfer is by the radiation [7], and the coefficient of radiant thermal con-
ductivity exceeds by three orders of magnitude the coefficients of electron and
atomic thermal conductivities.

To determine the diameter of the arc, it is necessary to estimate the speed of its
expansion ve. In the work [8], the ve = 102 m/s for the arc in the hydrogen at close
parameters P0 = 40 MPa and I = 30 kA had been registered. The same value of
the expansion speed is presented in the work [9]. Based on the theoretical model
of the discharge in hydrogen presented in this paper at P0 = 10 MPa, I = 100 kA,
and the discharge duration of 200–250 ls, the arc radius is 2.0–2.5 cm.

In the work [10], where a “quasi-stationary” model of a high-current pulsed
discharge in dense gases at current of 1 MA and rise rate of 1010 A/s is presented, the
radius of the arc ra = 3 cm. This estimation is in good agreement with ra = 2.5 cm
presented above and obtained under the assumption that the current density is
constant.

7.3.1 Irradiation

The obtained parameters of the arc make it possible to estimate the contribution of
different types of heat transfer from the arc to the gas. To do this, let us set the next
initial conditions:

• Volume of the discharge chamber 1 dm3

• Initial hydrogen pressure 40 MPa
• Discharge current 1 MA
• Electric energy inputted in the arc 1 MJ
• Arc temperature 2.5 � 104 K
• Radius of the arc 2 cm
• Length of the arc 8 cm
• Surface area of the arc 100 cm2

• Duration of discharge 1 ms.

At a pressure of 100 MPa and temperature of 2 eV < T < 8 eV, the hydrogen
plasma radiates as the absolutely black body and energy in the radiation Wr

according to the formula (7.2) is 200 kJ

Wr ¼ rBT
4Sas; ð7:2Þ

where rB is the Stefan–Boltzmann constant, T is temperature of the arc, Sa is
surface area of the arc, s is duration of discharge.
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Consequently, by the radiation*20% of the electric energy inputted in the arc is
transferred. In order to estimate the fraction of the radiation energy consumed on
heating of the gas, we use the dependence of the absorption coefficient of the
radiation km by hydrogen on the energy of quantum (Fig. 7.10).

The graph shows the dependence of km on the energy of quantum hm in the
continuous spectrum at hydrogen pressure of 100 MPa and temperature of 2000 K
(curve 1), 3000 K (curve 2), and 4000 K (curve 3).

The estimation was performed under the assumption of local thermodynamic
equilibrium in accordance with the data of the work [11]. Figure 7.10 shows that km
has two ranges of values: km < 0 for hm < IH (where IH = 13.6 eV is the ionization
potential of hydrogen) and km > 1 for hm � IH.

Thus, the low-frequency radiation from the arc almost unimpeded reaches the
wall of the discharge chamber, while the high-frequency radiation is absorbed by
the hydrogen near the arc. The fraction of absorbed energy is

XðTÞ ¼ 1
rKT4

Z1

IH=h

JpvðTÞdv; ð7:3Þ

where Jpm(T) is the Planck frequency (m) distribution of energy of the absolutely
black body at temperature T.

Figure 7.11 shows the dependence of the fraction of energy absorbed by
hydrogen X(T) on the arc temperature.

At arc temperature of 25,000 K, *40% of the radiated energy is heated the gas,
the rest is absorbed by the wall of the discharge chamber. The value of X(T) is
somewhat lowed since the energy absorbed in hydrogen and metal lines is not taken

Fig. 7.10 Coefficient of absorption of radiation by hydrogen versus energy of quantum [26]
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into account. Estimation of this energy shows that up to 50% of the radiated energy
can be absorbed in the chamber volume, however, and in this case the fraction of
arc energy transferred to the gas by radiation � 10%.

7.3.2 Thermal Conductivity

The density of the energy flux from the arc to the gas by means of thermal
conductivity

I0 ¼ kPgradT : ð7:4Þ

where kP is sum of the coefficients of the atomic ka, electron ke, and dissociative

kd thermal conductivities (the ionization thermal conductivity at such concentra-
tions can be neglected).

Assuming T = 25,000 K and n = 3 � 1020 cm−3, the coefficients of thermal
conductivity can be calculated by the formulas from the work [12]:

ka ¼ lavaqcv=3; ð7:5Þ

ke ¼ 1:83� 10�12 T
5=2

lnK
: ð7:6Þ

where la = (nra)
−1 is mean free path of atom, va ¼

ffiffiffiffiffiffi
8kT
pma

q
is average thermal speed

of atom, qcv is specific heat capacity, lnK is the Coulomb logarithm (*1.5).
The coefficient of thermal conductivity due to dissociation and recombination of

molecules in the transition layer, according to the data of the work [12], is con-
nected with the coefficient ka by the relation

Ω (T)Fig. 7.11 Dependence of
fraction of the arc radiation
energy absorbed by the
hydrogen versus arc
temperature [26]
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kd ¼ ka � 0:1 D=kTDð Þ ¼ 0:9ka: ð7:7Þ

where D is dissociation energy of the hydrogen molecule (4.48 eV), TD is tem-
perature at which the hydrogen dissociation degree ad *0.5 (*0.5 eV) at pressure
of 100 MPa.

Thus, the sum of the coefficients kP= 0.14 W/(cm � K). The maximal value of

the temperature gradient can be estimated based on the data of high-current dis-
charge studies in the helium, where the thickness of the transition layer between the
arc and the cold gas was determined by the optical method Dx *3 � 10−3 cm [9].
Considering that the temperature difference between the arc and the gas is
DT *23,000 K, we obtain gradT = 8 � 106 K/cm.

Energy transferred to the gas by heat conduction

Wtc ¼ I0Sas ¼ 100 kJ: ð7:8Þ

That is 10% of the energy inputted in the arc.

7.3.3 Turbulent Heat Transfer

The main mechanism of energy transfer from the high-current arc to the gas, when
the arc temperature does not exceed the temperature of the hydrogen more than by
3 � 104 K, is turbulent heat transfer [13]. It is known that for large Rayleigh
numbers, the laminar motion of the gas becomes the turbulent. In this case, the
Rayleigh and Grashof numbers turn out to be of the same order of magnitude [14].
The Grashof criterion Gr

Gr ¼ gd3q2ðTa � TwÞ
g2Tw

: ð7:9Þ

where g is acceleration of gravity, d is diameter of the arc, q is gas density, η is
dynamic viscosity coefficient, Ta is surface temperature of the arc, and Tw is wall
temperature of the discharge chamber.

Substituting in the formula (7.9), the average values: d = 3 cm, q = 5� 10−3 g/cm3,
η = 2.5 � 10−4 g/(cm�s), Ta = 25,000 K, Tw = 2000 K, we obtain Gr *108. To
numbers of Gr � 104 the developed turbulent gas flow corresponds [14]. The energy
transferred by turbulent heat transfer

Wt ¼ kt
@T
@r

Sas: ð7:10Þ

where kt= qcVDt is coefficient of turbulent thermal conductivity, Dt = ltvt is coef-
ficient of turbulent diffusion, lt is scale of turbulence, vt is average speed of inho-
mogeneities motion in direction of the temperature gradient [14].
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The value of vt cannot be less than the speed of the arc expansion, i.e., vt � 102

m/s; as for lt, the exact estimating seems difficult; however, it can be assumed that
the scale of turbulence is of the same order of magnitude as the thickness of the
transition layer at turbulent heat transfer, and the expression for Wt can be sim-
plified by setting

lt
@T
@r

� lt
DT
Dr

� DT : ð7:11Þ

Then for q = 5 � 10−3 g/cm3, vt = 102 m/s, DT = 23,000 K, Sa = 100 cm2, and
s = 1 ms, we obtain Wt = 700 kJ. Such estimation of Wt is approximate, but it
allows us to conclude that turbulent heat transfer is the main share of the energy
inputted in the arc and transferred to the gas. The maximal electric power of the arc,
at its surface area Sa = 200–300 cm2, reaches 3–5 GW.

7.3.4 Shock Waves

Along with the heat transfer mechanisms presented above, a certain role is played
the shock waves. Depending on the experimental conditions and the gas, the
contribution of shock waves to heat transfer is varied significantly.

At increase of the energy input and the initial hydrogen pressure in the chamber
of the PPG-3 plasma generator (Fig. 3.9) at current rise rate of 1010 A/s, the increase
of the pressure in the front of the shock wave was observed. At discharge current of
900 kA and initial hydrogen pressure of 40 MPa, the shock wave with the pressure
in the front of 100 MPa with Mach number 1.4–1.5 was registered. However, as
will be shown below, the energy transferred by the shock waves in hydrogen does
not exceed a few percent of the energy inputted in the arc, and, therefore, cannot be
an essential factor for hydrogen heating. At the diagnostic chamber (Fig. 3.16) at
initial hydrogen pressure of 5 MPa, discharge current up to 450 kA, and current rise
rate of 1010 A/s, shock waves with the Mach number of 1.2 were registered.

The heat transfer by shock waves in the helium is significantly different than in
the hydrogen. On the low-inductance electric discharge installation (Fig. 3.14) the
pulsed arc in the helium at initial pressure up to 15 MPa and in the air at atmo-
spheric pressure was studied [15]. At initial voltage of 50 kV and discharge circuit
inductance of 80 nH, the current rise rate was 6 � 1011 A/s. At initial pressure up to
15 MPa, discharge current of 600 kA, and current rise rate of 6 � 1011 A/s, the
shock waves are moved with Mach number of *5 that at radius of the discharge
chamber 1–2 cm due to their multiple reflections from the wall provide the main
heating of helium. At this, the pulsed pressure on the arc axis was 440 MPa [16].
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7.3.5 Shock Waves in Hydrogen

The high-current arc in the high-density gas is the source of the shock waves. The
shock waves are transferred some share of the electric arc energy, heating the gas in
the electrodischarge chamber.

Figure 7.12 shows the oscillogram of the pulsed pressure in the electrodischarge
chamber of the plasma generator PPG-3.

The front pressure jump (Fig. 7.12) is corresponded to the front of the shock
wave, by the magnitude of which will estimate the fraction of energy transferred by
the shock wave. The relative change of the temperature when the shock wave
passing through the gas is expressed by the formula

DT
T0

¼ 2ðc� 1Þ
ðcþ 1Þ2M2

1

M2
1 � 1

� �
1þ cM2

1

� �
: ð7:12Þ

where T0 is initial temperature of the gas; c is adiabatic index; M1 is ratio of the
shock wave speed to speed of sound in unperturbed gas.

The typical speed of the shock wave in the plasma generator chamber is 1600 m/s;
then M1 = 1.25, and for c = 1.4, we have: DT/T0 *0.16; i.e., the gas temperature
increase by *16%.

7.3.6 Shock Waves in Helium

The pulsed arc in helium was investigated at the low-inductance installation
(Figs. 3.14 and 3.15). At initial pressure up to 15 MPa, the arc was initiated by the
jet of helium plasma with radius of *0.1 cm from the anode-injector (Fig. 3.15b).
As the results of the calculations presented in the work [17] show, this method of

Fig. 7.12 Oscillogram of pulsed pressure in the electrodischarge chamber of the plasma generator
PPG-3 [26]
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initiating of the interelectrode gap, except more stable breakdown due to the
presence of metal vapors, increases the temperature and pressure in the arc. The
radius of the discharge chamber varied from 0.9 to 2.0 cm.

Figure 7.13a shows the experimental data at initial helium pressure of 1 MPa,
capacitance of the power supply is 7.4 lF, initial voltage is 35 kV, and interelec-
trode distance is 4.2 cm. The discharge was initiated by self-breakdown.

Figure 7.13b shows the experimental data at initial helium pressure of 10 MPa,
capacitance of the power supply is 22.2 lF, initial voltage is 50 kV, and inter-
electrode distance is 3 cm. The discharge was initiated by the plasma injector
(Fig. 3.14).

Figure 7.13a shows the graph of current and pressure at the arc axis, at initial
helium pressure of 1 MPa, here the second maximum in the pressure plot is the
synchronous with the current maximum in the second half-period. At initial helium
pressure of 10 MPa (Fig. 7.13b), the second maximum of pressure comes later and
corresponds to the front of the shock wave reflected from the wall of the discharge
chamber.

In the graph of the arc glow (Fig. 7.13c) obtained at initial pressure of 10 MPa
and current of 560 kA, there is the curve inflection point corresponding to the
sudden change of the arc expansion speed (from 2 to 5.7) � 103 m/s that coincides
with the beginning of the decrease of the discharge current after maximum.

Fig. 7.13 Graphs of discharge current (a), pressure (b), and photostreak of the glow of the arc in
helium (c) [27]

7.3 Heat Transfer from Arc to Gas 153



The gas heating was registered by the pressure sensors located on the axis and
wall of the discharge chamber. At the research, the diameter of the discharge
chamber and the energy inputted in the arc were varied (Fig. 7.14).

The front of the pressure on the chamber wall lags by 4–7 ls relative to the
pressure on the axis (Fig. 7.15), what corresponds to the expansion speed of the
high-pressure zone (3–5) � 103 m/s (Fig. 7.16) and agrees with the expansion
speed determined from the photo scanning. The capacitance of the power supply at
these experiments was 7.4 lF. The curve (1) corresponds to initial voltage of 30 kV
and discharge current of 240 kA, curve (2) to 50 kV, and 390 kA.

Fig. 7.14 Plasma jet at various inputted energy W and diameter of outlet hole a—diameter
0.4 mm, b—diameter 0.7 mm, c—diameter 1.0 mm [27]

Fig. 7.15 Graphs of pressure
on the axis P0 and wall of the
discharge chamber Pr [27]
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At the radius of the discharge chamber of 1.5–2.0 cm, there is no noticeable
equalization of the pressure during the discharge and shock waves are fixed on the
chamber wall; their amplitude is comparable with the pressure at the arc axis. At
radius of the discharge chamber of 0.9 cm, the pressure drop on the arc axis after
the current pulse is negligible.

The change of the pressure in the chamber on the arc axis and wall of the
chamber during the heating of the gas is in qualitative agreement with the results of
the calculations presented in the work [16]. As is known, for a pinch in radius r0
with uniform current density, the distribution of pressure on radius r is expressed as:

P rð Þ ¼ Pmax 1� r2

r20

� �
ð7:13Þ

Then for average pressure on the square with radius r1, it will be:

�P ¼
Zr1
0

2prpðrÞdr
pr21

¼ 2p
Zr1
0

Pmax r � r3

r20

� �
dr

pr21
¼ Pmax 1� r21

2r20

� �
; ð7:14Þ

where �P—means value averaged over square of the sensor’s rod.

�P ¼ Pmax 1� r21
2r20

� �
¼ 3:2� 10�4 I

2

r2
1� r21

2r20

� �
: ð7:15Þ

The pressure determined by formula (7.15) is 380 MPa, The pressure registered
by the sensor at the distance from the arc axis r1 = 0.2 cm at the current I = 570 kA
is 440 MPa, what is close to the calculated value for a pinch with uniform current
density in the arc of 0.5 cm radius determined from the photo scanning.

The active resistance of the arc at discharge current of 200–600 kA is
(3–5) � 10−2 X. In this case, the average electric field intensity in the arc is

Fig. 7.16 Speed of the shock wave propagation versus initial pressure of helium [27]
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increased slightly at increasing of initial helium pressure from 2 to 15 MPa and is
(4–7) kV/cm. As the distance between the electrodes is decreased, the electric field
intensity is increased.

The average temperature and density of the plasma in the arc at the current
maximum can be estimated by the speed of propagation of the shock wave and by
the pressure at the current maximum. Using the formula from the work [16], we have

Pa

Pi
¼ 2ciM

2
i � ci � 1ð Þ
cþ 1ð Þ 1� ca � 1ð Þaa

cþ 1ð Þaa Mi � 1
Mi

� �	 
� 2ca
ca�1ð Þ

: ð7:16Þ

where Pa is helium pressure in the arc (400 MPa), Pi is initial helium pressure (10
MPa), ci and ca are adiabatic indexes (1.67), ai is speed of sound in the chamber
(*103 m/s), aa is speed of sound in the arc.

According to the photo scanning, the maximum arc expansion speed is
5.7 � 103 m/s, what is corresponded to the Mach number Mi = 5.38. By the for-
mula (7.16), we determine the speed of sound in the arc aa, and then the arc
temperature, assuming the helium is the ideal and completely ionized gas [16].

Speed of sound in the arc

aa � c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cð1þ ZÞkT

A
;

r
ð7:17Þ

where Z is charge number, c is speed of sound in the arc, A is atomic weight of
helium.

At Z = 2 and c = 6.4 � 104 m/s, A = 4 � (1.67 � 10−24) g, from the formula
(7.15) we have T = 3.4 � 105 K, and from the relation P = (1 + Z) nikT,
Ni = 2.4 � 1019 cm−3.

The specific conductivity of the helium plasma of 100–200 (X � cm)−1

obtained from the experiment is below then Spitzer plasma. At increasing of
temperature, the number of Coulomb collisions is decreased and the magnetic field
of the arc current begins to effect on the conductivity of the arc plasma.

7.3.7 Shock Waves in Air

In addition to data on the shock waves in the hydrogen and helium, we present here the
results of investigations at discharges in the air. The discharge in the air at atmospheric
pressure was initiated by the plasma injection from the anode and self-breakdown. The
discharge chamber radius at these experiments was 1.5 cm, initial voltage 20 kV,
capacitance of the power supply 7.4 lF, and interelectrode distance 1 cm.

On the photo scanning of the arc glow at the initial stage, the weak glow of the
front of the shock wave propagating at speed of 104 m/s was registered. The shock
wave occurs during the breakdown of the interelectrode gap. At the same time, the
arc is expanded at speed of *103 m/s.
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At the initial stage of arc expansion, the measured radii and pressure are con-
sistent with those calculated from the theory of the thermal wave proposed in the
work [18]. After the time t1 (Fig. 7.17), the rate of the intense glow zone expansion
is changed due to the impact of the arc own magnetic field. Since the current rise
rate in our case is higher than in the work [18], stage of the arc expansion is
occurred earlier.

As is known, for a pinch with a uniform current density, if the magnetic and
gas-kinetic pressures are equal, the average cross section pressure

�P ¼ 1:6� 10�4 I
2

r2
; ð7:18Þ

where �P is average pressure in cross section of the arc (Pa), I is current (A), and r is
arc radius (cm).

At the time t1, the arc radius r = 0.12 cm, discharge current I = 60 kA
(Fig. 7.16), what corresponds to the pressure of 40 MPa by formula (7.18). Since
the radius of the arc r at this time is smaller than the radius rp of the probe
measuring pressure placed into the electrode (r = 0.12 cm, rp = 0.165 cm), the
pressure from the pressure probe is understated by (rp/r)

2 times. With this correc-
tion, the values of the calculated and measured magnetic pressure are close to each
other. At the time corresponding to the maximum current (144 kA), the radius of
the glowing zone rz = 0.25 cm completely overlaps the end of the pressure probe.

It is easy to show that for the pinch of radius r with the uniform current density,
the average pressure measured at the radius r1 corresponding to the radius of the
probe is expressed by the formula (7.15). Substituting the values of r and I, cor-
responding to the maximal current, we have �P = 83 MPa, at this measured pressure
�P *60 MPa.

Measurements of the pressure on the arc axis at radii r1 and r2 make it possible to
estimate the distribution of the current density along the radius of the arc. From

Fig. 7.17 Graphs of the
current, voltage drop,
pressure, and photo scanning
of the discharge glow in the
air at atmospheric pressure
[27]

7.3 Heat Transfer from Arc to Gas 157



formula (7.15), the ratio of the two average pressures measured at radii r1 and r2 at
constant radial current density is

P1

P2
¼ 2r20 � r21

2r20 � r22
: ð7:19Þ

The ratio of pressures P1=P2 at the current of 144 kA, measured at radii
r1 = 0.1 cm and r2 = 0.2 cm, is 1.6. Using formula (7.19), we determine the radius
of the conduction zone r0 = 0.21 cm, which is close to the radius determined from
the photo scanning of the glow and equal to 0.23 cm.

Since for the current of 144 kA, its density over the cross section is constant
and the current radius is close to the light one, then the conductivity, which is
200 (X � cm)−1, can be found from the measured arc resistance.

The radiation spectrum of the arc is continuous with absorption lines of the Fe,
Mn, and Cr. For the current of 144 kA, the arc’s active power is about 1 GW. The
power balance is fulfilled if it is assumed that the arc radiates as the absolutely black
body with the radius of 2 mm and surface temperature of *105 K.

Let us define the parameters of the arcing in the air (Fig. 7.17), at the time
corresponding to the maximal current by the conductivity r and pressure
P measured along the axis, using the data of the work [19].

At the current 144 kA, conductivity is 200 (X � cm)−1, and pressure is 77 MPa,
the ion concentration ni = 1.1 � 1019 cm−3, temperature T = 105 K, and average
ion charge Z = 3.2. According to the data of the work [20], lnK = 5.2. The con-
ductivity of the plasma r in the magnetic field

r ¼ r0
1þ x2

m2
: ð7:20Þ

where r0 is conductivity in absence of magnetic field, x is Larmor frequency, and m
is frequency of Coulomb collisions of electrons with ions.

Since for this case, x = 2.4 � 1012 s−1 and m = 4.8 � 1013 s−1, the plasma can
be considered as unmagnetized. Indeed, for these parameters, the Spitzer conduc-
tivity is 290 (X � cm)−1, which is close to the experimental value of the
conductivity.

The coincidence of the temperature calculated on the radiation of the arc as an
absolutely black body with the temperature determined from the balance of the
power and conductivity indicates the reliability of the measured voltage.

At the current of 290 kA based on the experimental data, we have P1

P2
[ 2, what

does not correspond to the condition of constant current density over the cross
section of the arc. This means that at the radius r1 smaller than r2, the current density
is higher. At the same time, on the radius r1 = 0.1 cm the average pressure is of
170 MPa, that under assuming the plasma density in the center of the arc be lower
than at atmosphere pressure, corresponds to the plasma temperature of � 105 K.
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7.3.8 Impact of Electrode Jets on Heat Transfer

As the result of the studies of the pulsed arcs in hydrogen, helium, nitrogen, and
argon at dI/dt * (1–3) � 108 A/s and initial pressure of 0.1–4.0 MPa, the arc
temperature, speed of the arc expansion, and the heat transfer efficiency from the arc
to gas had been determined [21–23].

Figure 7.18 shows the photo scanning of the arcs and Fig. 7.19 shows the graphs
of the arc temperature changing in the argon, helium, and hydrogen.

Data on the speed of the arc expansion in various gases determined by the
intensity of the glow (I), and signal from the pressure transducer (P) are presented
in Table 7.1.

Ar

He

H2

Fig. 7.18 Photo scanning of the arcs in argon, helium, and hydrogen [27]
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For the arc in hydrogen with the temperature of *104 K, initial pressure of
1 MPa, surface area of 250 cm2, and discharge time of *1 ms, the energy transfer
efficiency from the arc to gas is *80%.

As was shown in Sect. 7.3.3, the main mechanism of energy transfer from the arc
to hydrogen is turbulent heat transfer.

The prevailing contribution of turbulence to heat transfer from arc to gas is
evidenced by the fact that at the arcing in argon (Fig. 7.18) when the degree of
turbulence is minimal and the surface temperature of the arc is higher than in
hydrogen, the average temperature of argon is much lower; i.e., the total heat
transfer is lower than under conditions of developed turbulence.

The similar conclusion was made in the work [24], that in a cause of the
anomalously high rate of gas cooling after extinction of the current the turbulent
gas-dynamic flows arises. Estimations made by the results of the experiment give
the value of the coefficient of turbulent thermal conductivity by hundred times
higher than its usual value at the temperature when the restoration of the dielectric
strength of the gas begins.

Fig. 7.19 Arc temperature
changing in argon, helium,
and hydrogen [27]

Table 7.1 Speed of the arc
expansion

Gas Pin (MPa) Vw (m/s)

I P

H2 0.18
0.6
1.0
1.25

–

152
210
–

175
150
200
250

He 0.13
1.0
1.5
2.1

600
244
164
190

–

200
–

–

Ar 0.19
0.54
0.96
2.0

192
161
97
76

280
–

–

–
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To the turbulent regime of heat transfer at the arcing in the hydrogen is corre-
sponded the voltage and pressure oscillations [21, 22], which increase the efficiency
of gas heating at the interelectrode gap decreasing (Fig. 7.20). This phenomenon
was detected at the PPG-1 generator at the discharge current of 80 kA, interelec-
trode distance from 5 to 30 cm, initial hydrogen pressure of 1.6 MPa, and duration
of the first half-period of the current of 2 ms.

The arcing in hydrogen differs from that in other gases by significantly higher
near-electrode voltage drops of *1 kV (Fig. 7.21).

As the atomic number of the gas is increased, the degree of turbulence is
decreased, and turbulence thus plays less important role in heat transfer from the arc
to gas. Thus, on the image of the photo scanning of the glow of the arc in helium,
turbulence is still existed, but in the argon the expansion of the arc is symmetrical
(Fig. 7.18).

One of the reasons for the turbulence occurrence was established at the studies
performed at the diagnostic chamber; this is interaction of anode and cathode jets. It
can be assumed that electrode jets had being appeared at the generator PPG-1 at
operation on hydrogen at initial pressure of 0.6 MPa, discharge current of 80 kA,
and half-period of 1 ms (Fig. 7.20). The decrease of the interelectrode distance was
accompanied by increase of the final hydrogen pressure (Fig. 7.22).

29 cm 9 cm

Fig. 7.20 Increase of the amplitude of pressure oscillations at the discharge in hydrogen at
interelectrode distance decrease [27]

Fig. 7.21 Voltage drop
across the arc versus
interelectrode distance [27].
1—is hydrogen, 2—is helium,
3—is nitrogen, 4—is argon,
5—is vacuum
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These curves are consistent with the nonmonotonic increase of the pressure and
voltage drop across the arc due to the interaction of the anode and cathode jets
(Fig. 5.13).

Fig. 7.22 Pressure in the chamber of the generator PPG-1 versus interelectrode distance [27].
1—steady-state pressure, 2—pressure at maximal current

260 µs

280 µs

Fig. 7.23 Gas flow in the diagnostic electrodischarge chamber [27]
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In addition, electrode jets are the some kind of “fan” pumping gas through itself,
which also efficiently mix the gas in the discharge chamber.

This effect is demonstrated in Fig. 7.23. Experiment conditions are next: tung-
sten electrodes of 6-mm diameter, interelectrode distance 12 mm, gas is air, max-
imum current 110 kA, and anode on left, cathode on right.

The distribution of gas density was determined from the shadow photographs
under the assumption of cylindrical symmetry. The gas surrounding the arc is
sucked at the base of the jet, heated, ionized, and ejected into the discharge
chamber. Gas speed in the jet at its periphery is 1000–1500 m/s.

In the discharge chamber, the turbulent flow is formed, which develops efficient
heat transfer from the arc to the gas. The velocity of the reverse flow of gas near the
walls of the chamber is *300 m/s.

The most share of the gas is entered into the arc at the base of the jet, i.e., at the
end of the electrode. This is one of the reasons that the zone at the end of the
electrode is the zone of maximum energy output and increased electric field
intensity.

7.4 Energy in Arc and Heat Transfer Components

Except the heating of the gas and walls of the chamber, some share of the power
supply energy is consumed to maintain arc burning, heating, melting, and evaporation
of the electrodes. The energy of the arc Wa is composed of the gas-kinetic, disso-
ciative, and ionization components, and estimated by the formula (7.21) is of 150 kJ.

Wa ¼ Vana 1þ að Þ 3
2
kT þ D

2
þ aI

� �
: ð7:21Þ

where Va is maximal volume of the arc (*300 cm3), na is concentration of atoms in
the arc (3 � 1020 cm−3), a is degree of ionization of hydrogen in the arc (0.3), D is
dissociation energy of the hydrogen molecule (4.48 eV), I is ionization potential of
the hydrogen atom (13.6 eV).

After the extinction of the current, the arc energy is transferred to the gas by the
heat conductivity.

At arcing in a mode of thermal cathode spots of the second kind, the share of
vapor in the erosion products does not exceed 10% [25]. The average mass of the
eroded metal at the experiments at the generator PPG-3 * 30 g, for melting and
partial evaporation of this metal is consumed *80 kJ. Part of this energy can also
be transferred to the gas.

Based on the performed estimations, we present the heat transfer components
and their fractions in the energy balance of the high-current arc in the high-density
hydrogen.

Table 7.2 presents the approximate distribution of the energy inputted in the arc
among the main types of the heat transfers for the energy of 1 MJ.
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The data in Table 7.2 show that the calculated coefficient of the energy transfer
from the arc to the gas is *85%, what is close to its experimental values.

At experiments of the “manometric bomb” mode, the higher energy transfer
coefficients were recorded, which is explained by the relatively low energy input
and, consequently, the smaller losses by radiation into the wall and for erosion of
the electrodes.

Another conclusion based on the presented data is that during the discharge, the
main share of the energy is transferred from the arc to the gas by the turbulent heat
transfer.
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Chapter 8
Modes of Arcing

Abstract The searches for the ways to increase the efficiency of the plasma gen-
erator are leaded, among other things, to the determination of such modes of the
arcing, at which the share of the energy transferred to the arc from the power supply
is the maximal. This is realized under the condition when the active resistance of the
arc repeatedly exceeds the resistance of the discharge circuit and internal resistance
of the power supply. As has been repeatedly noted, the characteristic feature of the
arcing in the discharge chambers of the coaxial type is the effect of the so-called
magnetic blow, i.e., “pulling” the arc and moving of the anode and cathode spots
along the surface of the electrodes in the direction of the Lorentz force. The term
“magnetic blow” needs to be adjusted, because it unilaterally characterizes the
mechanism of the occurrence of this phenomenon. The point is that at the initial
stage of the arcing, the gas-kinetic pressure is much higher than the magnetic
pressure, and consequently, it determines the mechanism of the arc motion
[Lebedev, in I All-union seminar on dynamics of the high-current arc discharge in
magnetic field, Novosibirsk, 1990, 1]. Similar conclusions were made in the work
[Gurevich et al. in Rep. AS USSR 293, 1102 (1987), 2], where it was stated that in
the “plasma focus” at the gas pressure higher than atmospheric, the motion of the
current sheath is also due primarily to the gas-kinetic pressure. Thus, partially
retaining the terminology of the works [Bianchetta and Sivier, in Second sympo-
sium on technic research at hyper sound speeds, Denver, (1962), [3, Rotert and
Sivier in National symposium on hypervelocity techniques (1960), 4], it is more
correct to call this effect as “gas-magnetic blow”.We have determined the basic
principles controlling the arcing regime:

• The interelectrode distance should be such that the final length of the arc is
maximal

• There must be guaranteed repeated breakdown/breakdowns of the interelectrode
gap, to maximize the transfer of the power supply energy into the arc.

The consequence of the not performing of the last condition is the unused energy in
the capacitor bank and, consequently, the decrease of the parameters of the plasma
generator.

© Springer International Publishing AG, part of Springer Nature 2018
V. Kolikov et al., Powerful Pulsed Plasma Generators,
Springer Series on Atomic, Optical, and Plasma Physics 101,
https://doi.org/10.1007/978-3-319-95249-9_8

167

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95249-9_8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95249-9_8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95249-9_8&amp;domain=pdf


8.1 Arc at Refractory Electrodes

In addition to the above principles for controlling the arcing regime, it is necessary
to mention other factors that also affect the arcing regime, among them:

• Initial gas pressure
• Initial voltage of the power supply
• Metal of the electrodes.

The first experiments at the coaxial discharge chambers were carried out with
tungsten electrodes at large interelectrode distances [5].

Figure 8.1 shows the oscillograms of the current and voltage drop across the arc
of such experiment at volume of the discharge chamber 1.12 dm3, initial pressure of
the hydrogen of 29 MPa, voltage of 8.5 kV, and interelectrode distance of 8 mm.

The oscillograms show that the current has almost sinusoidal shape and the
voltage drop across the arc is increased. The duration of the current pulse is 150–
200 ls, which by 2–3 times shorter than the half-period of the battery discharge at
the short-circuit mode. This indicates that the increase of the arc resistance, by
increasing its length, intensive heat transfer to the cold gas, while reducing the
voltage on the battery, and reducing the discharge power, lead to the extinction of
the arc.

In this case, the interelectrode distance is such that the residual voltage (7 kV) at
the source does not ensure breakdown of the interelectrode gap and reignition of the
arc. Thus, under these conditions, is realized the single-pulse mode of the discharge
that is characterized by underusing of the significant, in this case *70% of the
energy stored in the capacitive bank.

Naturally, such regime of arcing cannot be considered as acceptable. To solve
this problem, the main requirements for regulating the discharge of the battery on
the load were developed and the conditions for repeated breakdown of the inter-
electrode gap and ignition of the arc were experimentally determined.

The comparative analysis of the data of the experiments has shown that the
voltage necessary for the repeated breakdown of the interelectrode gap is

Fig. 8.1 Oscillograms of the current (a) and voltage drop across the arc (b) [5]. Current is145 kA/
div, voltage is 2 kV/div, time is 50 ls/div
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proportional to both its value of Lie and to the pressure of the gas Pp in the
discharge chamber at the time of extinction of the first current pulse. Thus, for given
conditions of the experiment (initial gas pressure, metal of the electrodes, etc.), the
solution to the problem was to determine the interelectrode distance Lie, at which
repeated breakdown of the interelectrode gap and arc ignition are guaranteed.

Changing the interelectrode distance, we thereby have changed the arcing
regime in the discharge chamber obtaining firstly the separation through the time
intervals current pulses at Lie * 2 mm (Fig. 8.2), and then their continuous
follow-up at Lie * 1 mm (Fig. 8.3).

It was also established that at low interelectrode distances Lie there is no
single-valued and precise correspondence between Lie and the arcing regime.
Initially, it was assumed that as Lie is decreased, the time intervals between the
separated current pulses should be reduced up to their disappearance. However, in
practice this assumption was not confirmed as fully.

The reason for this is that at small interelectrode gaps, there is then uncertainty
about their actual value during the discharge process. This uncertainty was due to
the transverse bending (in the direction of increasing the interelectrode gap) of the
central current lead and cathode under the action of electrodynamic force and
intensive erosion of the electrodes in the zone of the minimal interelectrode
gap. This was confirmed by the significant residual bending of some current leads at
currents exceeding 1 MA and considerable erosion of the electrodes.

Fig. 8.2 Oscillograms of the current and voltage drop across the arc at regime of separate pulses
[5]. Current is 300 kA/div, voltage is 2 kV/div, time is 50 ls/div

Fig. 8.3 Oscillograms of the current and voltage drop across the arc at the mode of continuously
following pulses [6]. Current is 300 kA/div; voltage is 2 kV/div; time is 50 ls/div
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Thus, it was established that the maximal interelectrode gaps for the coaxial
discharge chambers with refractory electrodes at which the arcing occurs in the
regime of continuously following current pulses and residual voltage on the ca-
pacitor bank are � 2 kV. The interelectrode gaps for these conditions are 2–3 mm.

In addition to the maximum, the minimal value of Lie was determined, below
which there is no pulling out of the arc and restoring the dielectric strength of the
interelectrode gap, and the arc burning mode corresponds to a short circuit
(Fig. 8.4).

Such regime is characterized by lowest coefficients of the energy transfer from
the power supply to the arc and from the arc to the gas (17%), because of the arc is
localized in the point of the smallest interelectrode gap.

At this experiment, with interelectrode gap Lie = 0.65 mm and initial voltage
Ui = 6.5 kV, the maximal current was 1.6 MA, average voltage drop *2 kV.
However, if we take into account that the total voltage drop consists of the voltage
drop across the arc and current lead, then the voltage drop only across the arc is
� 1.1 kV, and the active resistance of the arc at the maximal current is 0.7 mX.

The initial pressure of hydrogen has a significant effect on the arcing regime,
which is confirmed by comparing the oscillograms of the experiments in Figs. 8.5
and 8.6. The experiments were carried out with the same interelectrode distance and
electrodes of the similar erosion properties: WNF and WNC, respectively. At the
experiment (Fig. 8.5), the initial pressure Pi was 42 MPa, and at the experiment
(Fig. 8.6) 19 MPa.

Fig. 8.4 Oscillograms of current and voltage drop across the arc at the regime of extremely small
interelectrode gap [5]. Current is 300 kA/div; voltage is 2 kV/div; time is 50 ls/div

Fig. 8.5 Oscillogram of the
current at Pi = 42 MPa [5].
Current is 300 kA/div, and
time is 100 ls/div
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The comparison of the oscillograms shows that although in both cases
Lie = 1.5 mm, the arcing mode at the experiment (Fig. 8.5) is characterized by the
separate current pulses following through some time intervals, whereas at the
experiment (Fig. 8.6) the arcing mode is characterized by the continuous current
pulses.

Thus, the range of interelectrode distances Lie, at which the optimal arcing mode
is realized in the coaxial discharge chamber with refractory electrodes and high
efficiency of energy transfer from the battery to the arc, is 1–3 mm.

It is necessary to mention the action of the initiation wire to the arcing mode.
Although this aspect has not been studied in detail, one thing can be noted: the use
of low-melting materials (aluminum) as a wire results in the “smoothing” of the
voltage peak at the time of the wire explosion, the value of which can exceed the
initial voltage at using the refractory materials (tungsten). Thus, under the condi-
tions of the experiments carried out, the material and mass of the wire essentially
affect only at the initial period of arc formation.

The overwhelming number of the experiments was carried out using copper
wires of 0.01–0.05 g weight, and at only one experiment the weight of four
tungsten wires was 4 g. For comparison, the average weight of eroded metal from
the electrodes at experiment is *10 g.

8.2 Arc at Fusible Electrodes

Except the interelectrode distance and initial gas pressure, the material of the
electrodes is appreciable affected on the arcing [5]. The oscillograms presented in
the previous section were obtained at the experiments with the electrodes of
refractory highly erosion-resistant metals and alloys, such as Mo, MWC, WNC,
WNF, and plasma-dusted tungsten.

The oscillograms obtained at the experiments with electrodes from the relatively
fusible metals such as steel and copper are differed substantially from the above
oscillograms (Fig. 8.7).

At these experiments, the interelectrode distance varied from 11.5 to 15 mm and
initial gas pressure from 17 to 22 MPa. Attention is drawn to much larger

Fig. 8.6 Oscillogram of the
current at Pi = 19 MPa [5].
Current is 300 kA/div, and
time is 100 ls/div
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interelectrode distance, than at the experiments with refractory electrodes. In this
case, the arcing mode is similar the arcing mode with refractory electrodes at
interelectrode distance of *1 mm, which positive distinguishes this design of the
discharge chamber from those considered in the previous section.

The characteristic features of these experiments: the high concentration of ions,
electrons, atoms, metal particles in the gas, and the powerful electrode jets those
contribute to the occurrence of the repeated breakdowns of the interelectrode gap at
the early stage of the arc pulling. The arcing under these conditions is characterized
by the continuous current pulses, when their amplitude is decreased monotonically
as the voltage of the power supply is decreased.

Another feature of these experiments is the high and almost constant arc resis-
tance, whose average value is *10 mX. The coefficient of energy transfer from the
power supply to the arc at these experiments is *75%.

8.3 Multipulse Mode

The investigations aimed at increasing the efficiency of plasma generators were
carried out mainly at the PPG-3 generator (Fig. 3.9). The design of the discharge
chamber of this generator was developed taking into account all the experience
accumulated over the long period of research. The main distinguishing feature of
the camera is its reliability, for the achievement of which some additional elements
were used, which not only increased the reliability of the installation, but also
greatly simplified its maintenance.

The changes were connected not only to the elements of the discharge chamber,
but also its internal configuration, and most important of them were increasing of
the angle between the outer surface of the cathode and the inner surface of the
anode from 45° to 90°. Such change of the configuration of the discharge chamber
led to the appearance of the new arcing mode. The new mode, called the “multi-
pulse”, is characterized by multiple current pulses (up to 20) continuously following
each by other [6]. Moreover, if the similar arcing mode was observed at a number of
the experiments before, it was realized, most often, spontaneously, whereas in the

Fig. 8.7 Oscillograms of current and voltage at experiments with steel electrodes [5]. Current is
200 kA/div (a), voltage is 2 kV/div (b), time is 100 ls/div
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new discharge chamber the multipulse mode became stably reproducible under
similar initial conditions of the experiments.

Figure 8.8 shows the oscillograms of current, voltage drop across the arc, and
resistance graph at the experiment typical for the number of the similar experiments
performed at the PPG-3 generator.

The initial conditions of the experiment: volume of the discharge chamber is
1.5 dm3, initial gas pressure is 36 MPa, capacitance of the power supply is 0.076 F,
initial voltage is 5 kV, interelectrode distance is 1.5 mm, anode is steel, and
cathode is aluminum alloy.

Fig. 8.8 Oscillograms of
current, voltage drop across
the arc, and arc resistance
graph at the multipulse mode
[5]
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The sequence of pulses is visible in the oscillogram of the current (Fig. 8.8a), the
first pulse has maximal amplitude of *680 kA and duration of *200 ls, followed
pulses 250–370 kA, what is approximately 50% of the amplitude of the first pulse
and duration of 60–110 ls. The arc resistance (Fig. 8.8c) for all the process is
stably high *6 mX.

The multipulse arcing mode has both advantages and disadvantages. To the
advantages can be attributed repeatedly appearing and extinguishing arcs, the
motion of which in the discharge chamber leads to active mixing of the gas, and
thus, to the intensification of heat transfer from the arc to gas.

Along with this, there is the mass transfer of the eroded metal of the electrodes
caused by the motion of the gas (effect of the “ventilation” of the interelectrode gap
Fig. 7.23). This helps to reduce the concentration of metal vapor (as well as other
charge carriers), i.e., restoration the initial conditions preceding the next gap
breakdown and arc ignition, and maintaining a stably high arc resistance, which is
confirmed by the oscillograms of the current and voltage.

The only disadvantage of this mode is the long (� 1 ms) and practically
uncontrolled duration of the arcing process, which in some cases is undesirable.

8.4 Two-Arc Mode

At currents above 1 MA, it was found that under the action of electrodynamic and
gas-dynamic forces, the current lead is bended and, as a consequence, the inter-
electrode distance is increased. To prevent this undesirable phenomenon, the series
of the experiments was performed for ensuring the transverse stability of the current
lead by creating the symmetrical current circuit formed by the second arc [5]. The
scheme of the directions of the moments (M1, M2), currents (I1, I2), and magnetic
fields (H1, H2) at this configuration of the discharge chamber is shown in Fig. 8.9.

By the autograph method, it was found that the two parallel arcings are occurred
at approximately equal currents and outputted energies, what indicate that the goal
had been achieved.

Fig. 8.9 Discharge chamber
at two-arc discharge mode [5]
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However, the analysis of the data of these experiments has shown that this
method of compensating of the mechanical load has significant drawbacks,
expressed in approximately twofold reduction of the load resistance (Fig. 8.10) and
in similar increase of the total discharge current (Fig. 8.11).

Last circumstances have caused the significant reduction of the coefficient the
transfer of energy from the power supply into the load. Consequently, these
experiments were stopped, and the problem of stability of current leads had to be
solved by increasing of their mechanical strength.

8.5 Programmable Mode

At the PPG-3 generator were carried out the studies of the programmable energy
input into the arc [7]. This section shows the characteristic features of the pro-
grammable capacitive bank discharge at forming the desired arcing.

Fig. 8.10 Resistance of the
load versus discharge current
[5]

Fig. 8.11 Discharge current
versus initial voltage [5]
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Figure 8.12 shows the oscillograms of the current, voltage drop across the arc,
and pressure in the discharge chamber at the experiment with sequential (3 + 2)
switching on of the battery modules at delay of 0.4 ms.

The experiment was carried out at initial voltage of 7 kV, hydrogen pressure of
40 MPa, discharge chamber volume of 0.6 dm3, and interelectrode distance of
1.5 mm.

The oscillograms of the current and voltage (Fig. 8.12a, b) show that the
switching on of two modules in the discharge circuit occurred at the required time at
the residual voltage of the three modules of 4 kV. The third discharge pulse is the
result of the spontaneous breakdown of the interelectrode gap at the voltage of all
five modules of 4.2 kV.

The oscillogram of pressure (Fig. 8.12c) (the oscillogram has time delay of
0.4 ms) shows that at 0.7 ms, the noticeable growth of the pressure is observed,
which corresponds to the input of additional energy of two modules into the arc.

However, the connection of the additional modules to the discharge circuit does
not always lead to the repeated breakdown and the appearance of the arc, as

Fig. 8.12 Oscillograms of
the current, voltage drop
across the arc, and pressure at
the experiment 3 + 2 with the
delay of 0.4 ms [5]. Current is
300 kA/div (a), voltage is
2 kV/div (b), pressure is
100 MPa/div (c), and time is
100 ls/div
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evidenced by the increase of the voltage across the interelectrode gap at time of
0.4 ms.

Figure 8.13 shows the oscillograms of such experiment. At time of 0.4 ms, three
sections are connecting to the discharge circuit, but there is no breakdown of the
interelectrode gap, and since the current through the discharge gap no longer flows,
but the dischargers are still initiated, these modules are recharged onto already
partially discharged ones, what leads to the increase of their voltage from 3 to 5 kV.

Given this fact, at all subsequent programmable experiments, the switching on of
the additional modules to the discharge circuit was performed at the time preceding
the arc extinction.

Figure 8.14 shows the oscillograms of such experiment. The sequence of the
modules switching on is 3 + 3 through the 0.1 ms.

The oscillogram of the current (Fig. 8.14a) shows that the connection of the
additional modules occurred at the moment when the discharge current from the
first three modules begins to decrease and the connection of these additional sec-
tions prolongs the discharge of the capacitive bank and maintains the discharge
current at the level of the first maximum.

Figure 8.15 shows the oscillograms of the current and voltage drop across the
arc at the experiment with synchronous switching on of all modules of the
capacitive bank. The current at this experiment has one expressed maximum of
1.4 MA, after which it is monotonically decreased to zero.

Fig. 8.13 Oscillograms of the current and voltage drop across the arc at recharging of the
modules [5]. Current is 300 kA/div (a), voltage is 2 kV/div (b), and time is 50 ls/div

Fig. 8.14 Oscillograms of the current and voltage drop across the arc at the modules switching on
of 3 + 3 through the 0.1 ms [5]. Current is 300 kA/div (a), voltage is 2 kV/div (b), and time is
50 ls/div
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Figure 8.16 shows oscillograms of the current and voltage drop at the pro-
grammable experiment with sequential connection of modules 2 + 2 + 2 through
the 0.2 ms. Here the current has three maxima: 0.7, 0.8, and 1 MA.

The nature of the voltage drop change across the arc at the regime of syn-
chronous switching on of all the modules is corresponded to the nature of the
current change, i.e., the expressed maximum at the beginning of the process and the
subsequent monotonic decrease.

Current is 300 kA/div (a), voltage is 2 kV/div (b), time is 50 μs/div

Current is 500 kA/div, time is 0.1 ms/div

Voltage is 2kV/div, time is 0.1 ms/div

Fig. 8.15 Oscillograms of
the current and voltage drop
at the synchronous mode [5]

Current is 500 kA/div, time is 0.1 ms/div

Voltage is 2kV/div, time is0.1 ms/div

Fig. 8.16 Oscillograms of
the current and voltage drop
at the programmable mode [5]
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At the programmable mode, the practically constant voltage drop across the arc
throughout the arcing process is observed, due to the connection of the additional
modules. Thus, the power in the programmable mode is actually constant during the
arcing time, i.e., during of 1 ms.

The presented data show that it is possible to effectively influence the arcing
process by programming of the input of the energy into the load.
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Chapter 9
Arc Contraction: Modified
Piza-Braginskii Critical Current

Abstract At study of the discharges in the hydrogen and helium at high and
ultrahigh pressure, single and multiple contractions of the arc at increase of the
current near its maximum were recorded. Contraction of the arc was accompanied
by the decrease of its glow. This chapter presents the results of the experiments at
which these phenomena were observed. Measurements of the arc parameters were
carried out at the moment of the maximal discharge current, when the inductive
component of the voltage drop across the arc is absent. In other experiments, this
component was compensated by means of hardware. At the time of maximum
contraction of the arc, coming before the maximum of the current, on the oscillo-
grams of the current the “features” and on the oscillograms of the voltage drop the
characteristic peaks are observed. Such “features” and peaks are characteristic for
the Z-pinches, but under the significantly lower initial hydrogen pressure.
Photometric sections of the arc brightness at various times show that the expansion
and contraction of the arc are corresponded to increase and decrease of the
brightness of the arc near its axis. Furthermore, it was found that the arc contraction
is occurred with the subsonic speed, so the shock waves at these experiments did
not appear.

9.1 Arc at Initial Hydrogen Pressure of 5 MPa

In this chapter are presented and analyzed the data of the experiments performed at
the installation with preliminary adiabatic compression of the hydrogen at current
rise rate of 1011 A/s. At one experiment with tungsten electrodes, the initial
hydrogen pressure was 5 MPa, and current 500 kA.

Figure 9.1 shows the photo-scanning of the arc glow at the center of the inter-
electrode gap (top left), photometric cross sections of the arc at the time of 9, 20,
and 37 ls (lower left), graphs of the dependences of the arc diameter (D) on the
time, brightness in the arc axis (B) (top right), and graphs of the current (I) and
voltage drop across the arc (U) (bottom right).
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The photostreak of the arc glow shows the several contractions of the arc. The
speed of the arc border motion at the time of maximal contraction is 6.4 � 102 m/s;
thus, the shock wave at this experiment did not form. The electric field intensity in
the arc E was determined taking into account the anode and cathode voltage drops
Uac from the relationship U = El + Uac, where U is voltage drop across the arc, and
l is interelectrode distance. The sum of the anode and cathode voltage drops Uac

was determined from the graph of the dependence of the voltage drop across the arc
U versus interelectrode distance l at the extrapolation of the function to zero.

At the current of 105–106 A and its rise rate of *1010 A/s, the Uac is *2 kV.
Unlike discharges under the low initial pressure, in our case, value of DU caused by
the change of the inductivity of discharge gap at the arc contraction is not high

DU ¼ �I
dL
dt

; L ¼ l0
2p

� ln
rch
r tð Þ ; ð9:1Þ

where rch is radius of the discharge chamber, where the internal surface is the
reverse current conductor, l0 = 4p � 10−7 H/m.

DU ¼ �I
l

2pr tð Þ
dr
dt

: ð9:2Þ

The value of the DU at the arc contraction speed of 6.4 � 102 m/s, current of
480 kA, arc radius ra = 0.2 cm, and interelectrode distance l = 1.2 cm is 740 V. The
experimentally registered DU = 680 V confirms the contraction of the arc that is not
related with the optical effects. For pinch discharges at low pressure, DU is much
higher because of the high speed of arc contraction [2].

The experiments under the higher initial hydrogen pressure and higher discharge
current were performed at the generator PPG-5.

Fig. 9.1 Arc characteristics under initial hydrogen pressure of 5 MPa [1]
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Figure 9.2 shows the photo-scanning of the arc glow in hydrogen at initial
pressure of 32 MPa and current of 1.2 MA (top left), graphs of the photometric cross
sections of the arc brightness at the time of 9, 23, and 37 ls (bottom left), graphs of
the dependence of the arc diameter D and brightness B in the center of the arc versus
time (upper right), and oscillograms of the current I and the voltage drop across the
arc U (lower right). At the experiment, the steel electrodes of 20 mm diameter were
used at interelectrode distance of 20 mm. There is erosion crater of 11 mm diameter
on the end cathode surface, the central hole for installing the initiating wire.

The graph of the dependence of the arc diameter D on time shows the arc
contraction at time of *35 ls with corresponding decrease of the brightness B.

Figure 9.3 under the same initial conditions of the experiment shows the arc
scanning (top) synchronized with the graphs of the brightness temperature of the arc
in its center Tbr at wavelength of 694 nm, arc diameter D, and with the oscillograms
of the current I and voltage drop across the arc U.

The beginning of arc contraction corresponds to features on the oscillograms of
the current I and to the voltage drop across the arc U.

It should be noted that the glow of the arc decreases when the arc is contracted.
This phenomenon is absent at the discharges in the vacuum, where at contraction of
various Z-pinches with the metal plasma, the intensity of radiation in the visible
range of the spectrum increases. The decrease of the glow of the arc begins by 10–
15 ls earlier than arc contraction.

Figure 9.4 shows X-ray intensity graphs from the sensors screened by the alu-
minum foil of 10 and 18 lm thick. The graphs were obtained at initial hydrogen
pressure of 7 MPa, initial voltages of 12 kV (a), and 16 kV (b). Under these
conditions quantums with energy of 0.8–1.5 keV were registered.

The increase of the signal from the X-ray sensor at the maximal arc contraction
corresponds to the appearance of “features” on the oscillograms of the current I and
the voltage drop across the arc U.

Fig. 9.2 Arc characteristics under initial hydrogen pressure of 32 MPa [1]
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Figure 9.5 shows the graphs of the arc brightness temperature changing versus
time at various initial hydrogen pressures, obtained by the high-speed pyrometer at
wavelength of 694 nm.

At this the beginning of the decrease of the arc brightness temperature ahead the
instant in time of the “feature” on the current oscillogramm and the jump of the
voltage by 4–8 ls, is registered at the wavelength of 694 nm and almost coincides
at the wavelength of 550 nm. Comparison of the photostreak of the arc glow with
pyrometry of the arc brightness temperature shows, that the beginning of the arc
contraction is close to the time of the arc brightness temperature decay due to loss
of transparency of the transition layer [3]. At the growth of initial hydrogen pressure
the decrease of the arc brightness temperature and appearance of the “features” on
the current and jump of the voltage shifts to the later time (Fig. 9.5).

The moment when the current reached the critical value Icr correspond to the
beginning of the arc contraction. This moment is between the times of the sharp
decrease of the arc glow, which in Fig. 9.5 is noted by arrows for the experiments at
various initial hydrogen pressures, and the time corresponding to the current feature
and the voltage jump is shown in Fig. 9.4 of the vertical line.

The dependence of the maximum arc brightness temperature Tbr versus initial
hydrogen pressure Pi is presented in Fig. 9.6.

Figure 9.7 shows the dependences of the experimental current corresponding to
the sharp decrease of the arc brightness (curve 1 and black squares), and the current

Fig. 9.3 Discharge in the hydrogen at initial pressure of 32 MPa [1]
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corresponding to the moment of the feature in the current and jump in the voltage
drop (curve 2 and empty squares) versus initial hydrogen pressure.

Thus, the experimental data of the critical current Icr on the initial hydrogen
pressure are between the curves 1 and 2 (Fig. 9.7).

Fig. 9.4 Oscillograms of the current, voltage, and signal from the X-ray sensor near the moment
of the maximal arc compression [1]

Fig. 9.5 Brightness
temperature of the arc Tbr,
measured in the middle of the
interelectrode gap at initial
hydrogen pressure of 5 MPa
(1), 15 MPa (2), and 30 MPa
(3) [2]
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9.2 Discharge in Helium

The discharge in the helium is characterized by higher brightness temperature.
Figure 9.8 shows the results of the experiment performed at initial helium pressure
of 25 MPa, steel electrodes of 20 mm diameter, and interelectrode distance of
20 mm.

The photo-scanning of the arc glow in the middle of the interelectrode gap is
synchronized with the current (I) and the voltage drop (U). The dependence of the
arc diameter on time was obtained at the various blackening density (i, ii, iii) of the
photo-scanning.

The comparison of the oscillograms of the current, voltage, and photo-scanning
of the arc glow shows that the moment of maximal arc contraction corresponds to
the feature on the oscillogram of the current. Arc contraction occurs later than
decrease of the arc glow.

To estimate the arc parameters and its contraction, the channel model is used,
based on the assumption that all the current flowed in a region of radius r0 near the
arc axis [4, 5].

For discharges in gases of high and ultrahigh pressure, such model is quite
acceptable, since at increasing of the gas pressure, the arc is contracted and the
thickness of the transition layer is decreased. The arc plasma is transparent for its
own radiation. Outside the arc, the gas density is increased and its temperature is

Fig. 9.6 Maximal arc
brightness temperature Tbr
versus initial hydrogen
pressure [1]. Interelectrode
gap is 10 mm (1);
interelectrode gap is
20 mm (2)

Fig. 9.7 Critical current Icr
versus initial hydrogen
pressure [1]
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decreased; therefore, part of the radiation is absorbed in the narrow transition layer
at the boundary of the arc [6].

For example, at radius of the arc in the helium of few millimeters, the width of
the transition layer at initial pressure of 15 MPa determined by the total absorption
in the lines of the copper initiating wire is 3 � 10−3 cm [7, 8].

According to the data of the work [9], the thickness of the transition layer of the
arc of 0.3 cm radius at initial hydrogen pressure of 10 MPa and current of 10 kA is
6 � 10−2 cm.

Absorption of radiation in the transition layer is increased at increasing of
pressure; at this, the increase in radiation losses significantly affects the charac-
teristics of the Z-pinch [10]. The increase of energy losses by the radiation from the
arc leads to increase of the critical current Icr, at which the contraction of the arc
begins, and the brightness temperature of the arc is decreased.

The channel model assumes that the arc has few changing of the temperature and
width of the transition layer, through which the heat transfer by the radiation and
thermal conductivity takes place. Due to the high temperature of the arc, its central
region is transparent to its own radiation, and because of its high radiant heat
conductivity, the arc has the table-shaped temperature profile, to which is corre-
sponded the equal conductivity over the cross section of the arc.

Fig. 9.8 Discharge in the
helium [1]
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The estimations show that in the transition layer under these conditions the
coefficient of radiative heat conductivity is more than by an order of magnitude
higher than electron heat conductivity coefficient. As a consequence, all heat
transfer in the transition layer is due to radiant heat conductivity.

The heat flux from the surface of the arc due to the heat conductivity S is
proportional to the temperature gradient

S ¼ �k � gradT ; ð9:3Þ

where k is coefficient of heat conductivity.
Let us compare the coefficients of the radiant jl and electron je heat conduc-

tivities, the formulas for estimating of which are taken from the work [3]

jl ¼ 16rT3lr=3; ð9:4Þ

where lr is mean free path of the radiation quantum carrying the main share of the
energy in an optically dense plasma, T is temperature, and r is Boltzmann constant

lr ¼ 4:4� 1022 � T 7
2

n2i Z Zþ 1ð Þ ; ð9:5Þ

where ni is ion concentration, and Z is ion charge.
The coefficient of electron heat conductivity je is given by

je ¼ 1:9� 10�5 � T5=2

Z � lnK ; ð9:6Þ

where lnK is the Coulomb logarithm *6 [3, 11].
For multiply charged metallic plasma at T > 105 K, (Z + 1), we replace by Z,

and using the approximation with the error of *10%, Z = 1.6 � 10−2 √T [12], we
have jl/je = 1.8 � 1028T3/ni

2. At T > 105 K, ni � 1020 cm−3, what is typical for
the considering range of temperature and concentration, we have jl/je � 103. This
indicates the predominant role of the radiation in the energy losses from the arc.
Such estimation of the heat flux from the arc due to radiant heat conductivity is
valid for the optically dense plasma.

At lf � r, where lf is photon mean free path averaged over the Planck, we can
assume that the plasma is optically transparent, and the radiation power Qr from the
unit length of the arc of radius r is Qr = 4prT4r2/lf

lf ¼ 1:1� 1023T7=2

n2i � Z Z þ 1ð Þ2��x1
: ð9:7Þ

where �x1 is the average relative ionization potential ðI=kTÞ, and I—average ion-
ization potential, calculated according to statistical weights of ions with different
degrees of ionization.
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According to the data of the work [13] �x1 � 5. Power of the electron heat
conductivity is given by

Qe ¼ 2prje
dT
dr

;
dT
dr

� T
0:1r

: ð9:8Þ

Setting Z * (Z + 1) and using the approximation Z = 1.6 � 10−2 √T,
after permutations at ni * 1019 cm−3, T * 4 � 105 K, and r = 0.3 cm, we obtain
Qr/Qe * (10−28ni

2r2)/T.
At the current of 1.2–1.6 MA, arc contraction is began at ni * 1019 cm−3,

T * 4 � 105 K, and r * 0.4 cm (Figs. 9.2 and 9.3), at this Qr/Qe * 103, which
also indicates about the prevailing losses of the energy from the arc due to radiation.
Therefore, for our conditions, taking into account the magnetic and external pres-
sures at the absence of the shock waves, to determine the arc parameters at the
equilibrium state, we had used the system of equations

Pg ¼ Pm þPi

j ¼ rE
Qel ¼ Qr

8<
: : ð9:9Þ

where Pg is gas-kinetic pressure in the arc, Pm is magnetic pressure, Pi is pressure of
the gas, j is current density, r is conductivity, E is electric field intensity, Qel is
electric power, and Qr is radiation power. It is universal system of the equations
from which the Pisa-Braginskii relationship follows.

9.3 500 kA Arc at Tungsten Electrodes

For the hydrogen plasma, neglecting by the external pressure, which in our opinion
corresponds to the conditions of the experiment (Fig. 9.1), in dependence on the
parameters of the arc, the system of (9.9) should be as follow

2nikT ¼ 1:6� 10�4 I2
r2

1:5�10�4T
3
2E

lnK ¼ I
pr2

IE ¼ pr2 1:39� 10�34T1=2 þ 5:35� 10�29T�1=2
� �

n2i

:

8><
>: ð9:10Þ

where I is current (A), E is electric field intensity in the arc (V/cm), T is temperature
(K), r is arc radius (cm), ni is ion concentration (cm−3), and k is the Boltzmann
constant.

In view of the high radiant heat conductivity, the temperature across the section
of the arc of radius r is assumed to be the same.

In the first equation of the system, the plasma of the arc is assumed to be
completely ionized, when the gas-kinetic pressure is balanced by the magnetic
pressure.
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The second equation is Ohm’s law for the plasma with conductivity
according to Spitzer [4]. At the times close to the maximal arc contraction when
ni = ne * 7 � 1020 cm−3, then T * 4 � 105 K (Table 9.1), at this the Coulomb
logarithm lnK * 6.

In the third equation, the plasma is assumed to be transparent radiating the
recombination Qrec and the bremsstrahlung Qbr spectra, so the third equation can be
represented as

IE ¼ pr2 Qbr þQrecð Þ ¼ pr2KQbr; ð9:11Þ

where according to the data of the work [14] Qbr = 1.39 � 10−34T1/2ni
2,

Qrec = 5.35 � 10−29T−1/2ni
2, ne = ni.

The coefficient K shows how many times the radiation from the unit of the arc
volume is higher than the bremsstrahlung

K ¼ Qbr þQrecð Þ
Qbr

¼ 1þ 3:8� 105

T
: ð9:12Þ

The system of (9.12) is used as a first approximation for estimating the possi-
bility of the radiative contraction of the nonmagnetized dense hydrogen plasma
with recombination-bremsstrahlung. The arc plasma is assumed to be transparent at
its maximal compression, since the path length of the quantum of radiation by the
Planck is much larger than the arc dimensions, and, as will be shown later, for
initial pressure 5 MPa, at moment of maximal arc contraction, the absorption of
radiation in the transition layer can be neglected.

As for the presence of metal in the arc, the estimations show that at Imax = 500 kA
and Pi = 5 MPa, the conductivity and radiative characteristics will be determined
mainly by the hydrogen. If the concentration of metal vapor of the ignition wire and
electrodes n < 1018 cm−3, so the concentration of hydrogen ions is 1.6 � 1020 cm−3.
The average concentration of the metal wire vapor in the discharge chamber
is n * 1019 cm−3. However, after wire explosion, the main mass of the metal vapor
is concentrated in the front of the shock wave, so the metal concentration in the arc is
lower. In addition, at the explosion of the wire, some of it remains in the form of
nonevaporated fragments (Fig. 5.18) that also reduces the concentration of metal in
the discharge chamber.

At the specific erosion of the electrodes metal is *10−4 g/C, the typical con-
centration of metal vapor, formed by electrode jets from rapidly moving spots is
n < 1018 cm−3. The estimations show that at current of *500 kA and tungsten
electrodes, the time of the electrode jet formation is *10−4 s, i.e., by two orders of
magnitude higher than for discharges at current of *1.6 MA and steel electrodes.
Thus, the electrode jet is appeared at the end of the first half-period of the discharge
current and does not effect on the process of the arc contraction.

In addition, as will be shown below, for the metal plasma after reaching a current
of 480 kA, the arc would continue to contract, which is not observed at the
experiment.
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Doubling the equations of the system (9.10), we can show that the system has a
stationary solution only at one current I = Icr

Icr ¼ 3:9� 105
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lnK=K

p
: ð9:13Þ

This result is analogous to that obtained by Braginskii in the work [15] and also
in the work [16]. Here it has been shown that for the completely magnetized
hydrogen plasma with recombination-bremsstrahlung Icr * 1.6 MA, i.e. when
K = 1 and lnK * 15.

Expression (9.13) was obtained for the nonmagnetized, dense, hydrogen plasma
with recombination-bremsstrahlung. Under these conditions at ni * 1020 cm−3,
even for arc radius r = 0.1 cm and current *0.5 MA, the frequency of Coulomb
collisions mei is higher than the cyclotron frequency x.

Indeed, according to the data of the work [3],

mei ¼ 52nilnK

T
3
2

; x ¼ 1:76� 106
I
r
: ð9:14Þ

where ni is ion concentration, T is temperature, H is magnetic field intensity, I is
current, and r is arc radius.

At the maximum arc contraction, as will be shown below, at r = 0.1 cm,
E = 1,600 V/cm, I = 480 kA, and T = 4 � 105 K: ni = 7.7 � 1020 cm−3. In this
case, mei * 1015 s−1 and x * 1013 s−1.

The impact of the magnetic field on the conductivity of the arc plasma r along
the electric field vector is estimated from the relation [4]

r ¼ r0

1þ x
mei

� �2 ; ð9:15Þ

where r0 is conductivity of the plasma at absence of a magnetic field.
This relationship shows that the magnetic field does not effect on the

conductivity.
From the system of (9.10), it also follows that

Qrad

QJ
¼ I

Icr

� �2

; ð9:16Þ

therefore, when I > Icr the arc is contracted, and at I < Icr, the arc is expanded,
because at I > Icr, the gas-kinetic pressure is decreased, and the magnetic pressure
remains the same and vice versa. This expression is valid both for the cases con-
sidered by Braginskii and for the metal plasma with multiply charged ions [16].
Therefore, it is suitable for estimating the critical current.

At the purely bremsstrahlung, the system of (9.10) does not allow us to deter-
mine T and r; i.e., when the critical current is reached, the arc is contracted, and this
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is due to that QJ *(T3/2r2)−1 and Qrad *(T3/2r2)−1. The diameter of the arc is
stabilized when QJ grows due to the increase of the arc resistance, for example, due
to the appearance of instabilities or when Qrad decreases due to the opacity of the
arc [17].

In our case, when the arc temperature is such that we must take into account
the recombination radiation, the solution of the system at the critical current is
due to the dependence of K on T (Formula 9.14). For maximal arc contraction at
r = 0.1 cm, E = 1600 V/cm, and I = 480 kA, the temperature T can be determined
from the system (9.10), and using T, by the Formulas 9.14 and 9.15, estimate the
critical current Icr. The critical current Icr is higher than the effective current I by
30% at maximal contraction of the arc.

One possible reason for the error of such estimation may be the lack of cor-
rection for the nonideality of the plasma. Indeed, at ni * 4 � 1020 cm−3 and
T * 4 � 105 K for hydrogen plasma, the corrections for nonideality on pressure
are 10% and on conductivity is 25% [18]. Other reasons for the error of determining
Icr may be an inaccurate estimate of the radius of the conducting zone r and an error
in the determination of the electric field intensity in the arc E. In addition, a small
addition of metal vapor of concentration ni � 1018 cm−3 may affect the radiative
characteristics of the arc.

More accurate values of Icr had been determined for three times: before the
maximal contraction t0 − 1.4 ls, at maximal contraction t1, and 6 ls after maximal
contraction t2 (Table 9.1).

The arc radius r was determined from the photo-scanning; the electric field
intensity in the arc E was calculated based on the experimental data taking into
account the near-electrode voltage drops and the inductance of the discharge circuit.
Based on r and E, the conductivity r and the magnetic pressure Pm were deter-
mined. The gas-kinetic pressure Pg is assumed equal to the magnetic pressure Pm,
and the external pressure is neglected

P ¼ 1:6� 10�4I2=r2; r ¼ I=pr2E; ð9:17Þ

where I is current, P is pressure, and r is arc radius.
Based on the obtained data of the pressure P, conductivity r, and according to

the data of the work [18], the temperature T and the ion concentration ni were
determined. The critical current Icr was calculated by the Formula (9.16).

For all three cases, the path length of the quantum of radiation according to
Planck [3] is much larger than the arc diameter, and thus, the arc plasma can be
considered as transparent. The power of recombination-bremsstrahlung of the
hydrogen was calculated by the formula from the work [14]

Qrad ¼ ð1:39� 10�34T1=2 þ 5:35� 10�29T1=2Þpr2ni: ð9:18Þ

The arc parameters and critical currents obtained from experimental data are
presented in Table 9.1. At this, the characteristics of the arc were determined at the
assumption that the plasma is hydrogen. If the metal predominates in the arc

9.3 500 kA Arc at Tungsten Electrodes 193



plasma, then at the same pressure and conductance corresponding to t1, according to
data of the work [19] ni = 6 � 1018 cm−3, T = 220 eV and mean free path of the
radiation quantum averaged over the Planck lr = 20 cm. In this case, for an optically
thin body [3]

ð9:19Þ

therefore the arc must continue to contract, which is not observed at the
experiment. Thus, at initial hydrogen pressure of 5 MPa and current of 500 kA, the
recorded contraction of the arc with tungsten electrodes occurs predominantly in the
hydrogen at the mode of the radiative contraction. The decrease of the critical
current in comparison with the Pisa-Braginskii current is connected with the
decrease of the ln K by 2–3 times in comparison with high-temperature,
low-pressure arcs, where this value is 10–15 and with recombination radiation,
which leads to the increase of the K.

9.4 1.6 MA Arc at Steel Electrodes

At current of 1.6 MA and steel electrodes, due to the increase of the heat flux onto
the electrode q and other thermophysical properties of the electrode metal, the time
for the occurrence of the electrode jet is approximately by two orders of magnitude
lower than at current of *500 kA and tungsten electrodes and is several
microseconds. Therefore, in this case, the arc in the metal vapor surrounded by the
hydrogen of high density is considered. The advantage of metals with the high
atomic weight used as electrodes is the possibility to achieve a high energy density
because of higher degree of the arc contraction due to radiation and ionization
energy losses [20, 21]. Because of the high (*100) value of the K due to the high
emission in the lines of multiply charged ions [16], the critical current for the arcs in
the vacuum is reduced to*100 kA. The decrease of the critical current occurs even
if only the recombination-bremsstrahlung of multiply charged ions is taken into
account.

For the multiply charged semitransparent plasma, the system of (9.9) takes the
form

1þ Zð ÞnikT ¼ 1:6� 10�4 I2
r2

1:5�10�4T
3
2E

ZlnK ¼ I
pr2

IE ¼ 4prT4r2
lf

:

8><
>: ð9:20Þ

where Z is average charge of the ion, which is approximated by the expression
Z = 1.6 � 10−2 √T with an error of *10% at temperature of 6 � 104–106 K and
heavy particle concentration 1018–1020 cm−3, ni is ion concentration, k is the

194 9 Arc Contraction: Modified Piza-Braginskii Critical Current



Boltzmann constant, I is current (A), r is arc radius, E is electric field intensity in the
arc, lf is the photon mean free path averaged over the Planck, r is Stephan
Boltzmann constant, and lnK is the Coulomb logarithm.

lf ¼ 1:1� 1023T7=2

n2i Z Z þ 1ð Þ2�x1
; ð9:21Þ

where �x1 � I=kT is average relative ionization potential of the metal.
According to the data of the work [13] at the temperature of 6 � 104–106 K and

concentration of the metal ions 1018–1020 cm−3: �x1 � 5. At the temperature of
6 � 104–3 � 106 K and concentration of heavy particles of 1018–1020 cm−3:
ni * 1019–1020 cm−3, which gives the average error of �x1 � 20% [19].

The third equation of the system (9.20) is applicable when r 	 lf; further
estimates show that this relation is satisfied.

Substituting these relations into the equations of the system (9.20) and assuming
that (1 + Z) * Z, we obtain Icr = 0.7 � 105 √lnK, since for the dense plasma
ni * 1020–1021 cm−3, T * 106 K, lnK * 6, then Icr * 170 kA. This value must
be somewhat lower if we take into account the radiation in the lines of multiply
charged ions. For example, in the works [22, 23], the Icr for the iron vapor plasma,
at which the radiative contraction was observed, is less than 150 kA. This esti-
mation shows that the critical current for the multicharge ions plasma decreases at
least by an order of magnitude in comparison with the classical value Icr obtained
first by Braginskii.

We assumed that the contraction of the arc observed in the photo-scanning
(Figs. 9.2, 9.3, and 9.8) is due to the achievement of Icr. However, the experimental
current Iexp = 0.5–1.2 MA, at which the contraction begins, is to be almost by an
order of magnitude higher than that generally accepted for vacuum low-inductance
arcs with the metal plasma of multiply charged ions.

In our opinion, this increase of Icr is associated with decrease of the emissivity of
the arc, which is caused by the absorption of the radiation by the transition layer
between the arc and surrounding gas. To confirm this, the critical current under our
experimental conditions was estimated.

The dependence of K on the absorption of radiation in the transition layer of the
arc in formula (9.22) was taken into account for the arc with the metal plasma at
initial hydrogen pressure of 32 MPa [16]

Icr ¼ 0:27
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lnK=K

p
; ð9:22Þ

where lnK is the Coulomb logarithm, and K is the ratio of the total power of the
volume radiation to the power of the volume bremsstrahlung.

The arc radius r was determined from the photostreak (Fig. 9.3). In this case, it
was necessary to determine which brightness is corresponded to the current radius.
The arc diameters, determined at the different density of the filters, were compared
with the oscillograms of the current and voltage. The brightness corresponding to
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the current radius was chosen so that the relative change of the radius Dr/r corre-
spond to the registered DE * 500 V/cm. At this, we have used the relations

E ¼ I=pr2r; DE ¼ @E
@r

Drþ @E
@r

Dr ¼ 2E
Dr
r

þE
Dr
r

; ð9:23Þ

where E is electric field intensity in the arc, determined from the voltage drop taking
into account the near-electrode drops and the inductance of the discharge circuit, r
is conductivity, r is arc radius.

The change of the arc inductance corresponds to an order of magnitude less
change of DE. To the current radius is corresponded the relative brightness of 0.7
on the photo-scanning of the arc glow. The arc radius oscillation, in our opinion, is
related to the interaction of the magnetic and gas-kinetic pressures [24–26].

Based on the experimental values of r, E, and I, the conductivity r and the
magnetic pressure Pm were determined assuming that Pm is equal to the gas-kinetic
pressure Pg, while the external pressure was neglected. According to the data of the
work [19], the temperature T and the ion concentration ni were determined from
pressure and conductivity.

Before the decrease of the arc glow, its temperature determined from the con-
ductivity and pressure was *9 eV. If we assume that the arc radiates as the
absolutely black body, then the equality between the power of the arc radiation Qrad

and the electric power QJ is satisfied. Then, the sharp decrease of the arc glow is
observed associated with increase of the transition layer temperature and decrease
of its transparency; at this, the arc temperature rises.

After *6 ls from the decrease of the brightness temperature of the arc, its con-
traction occurs. The brightness temperature of the arc Tbr * 1 eV, E = 1100 V/cm,
r = 0.45 cm, and I = 1.2 MA. These values correspond to n * 1.7 � 1019 cm−3,
T * 40 eV, and the mean free path of the Planck radiation quantum lf * 13 cm.
At such length of the path of the radiation quantum, the arc plasma is transparent, and
the radiation power per unit length without taking into account absorption in the
transition layer

Qrad ¼ 4prT4r2l�1
f ¼ 1:3 � 109W/cm: ð9:24Þ

At this QJ = IE = 1.3 � 109 W/cm.
Let us determine what the parameters of the transition layer should be, so that the

current 1.2 MA, at which contraction begins, could be considered critical, i.e., the
condition

Qrad � exp �nnrilð Þ ¼ QJ : ð9:25Þ

where exp(−nnril) takes into account the absorption of the arc radiation in transition
layer of thickness l.
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The concentration of neutral hydrogen atoms in the transition layer nna = 2.1 �
1020 cm−3 was determined from the experimental brightness temperature T * 1 eV
under the condition of thermodynamic equilibrium in the transition layer and at
pressure of 32 MPa. It is assumed here that the main share of the energy, in the case
of metallic plasma, is emitted from the arc by quanta with energy hm * 1.5 kT [20]
with photoionization absorption cross section

ri ¼ 5:42� 10�17 hm0=hmð Þ3:5; ð9:26Þ

where hm0 is hydrogen ionization potential of 13.6 eV [3].
Then, ri = 3 � 10−19 cm2. If we assume that the relation (9.26) holds, then

exp �nnarilð Þ ¼ QJ=Qrad ¼ 2:5� 10�2; ð9:27Þ

hence we have nnaril = 3.7 and l = 5.8 � 10−2 cm.
From comparison of the sizes of the current and glow zones determined from the

photo-scanning, we obtain a close value l * 0.1 cm (Fig. 9.3), which coincides
with the data of the work [27], where l = 0.06 cm.

The estimation of the parameters of the transition layer shows that the relation
(9.26) can be satisfied, and the current of 1.2 MA can be considered as critical for
the beginning of the radiative contraction of the arc. At the process of the arc
contraction, it is heated further. So, when the arc is contracted to r = 0.16 cm, from
the values of conductivity and pressure, it follows that T = 260 eV, E = 1,200 V/cm,
ni = 1019 cm−3, lf = 17 cm. The radiation power in this case is higher than the Joule
heating power

Qrad ¼ 8:5 � 1012 � expð�nnarilÞ � QJ ¼ 1:4 � 109W=cm ð9:28Þ

where ril is absorption cross section in the transition layer corresponding to the
quantum energy of 1.5 kT at T = 260 eV, since ril 	 ri and exp (−nnaril) 
 1.

At further reduced of the arc radius, the condition Qrad > QJ, which is necessary
for radiative compression, is fulfilled.

Thus, before the arc contraction, the critical current is *1.2 MA, and at further
reduction of the arc radius, the conditions for its further radiative contraction are
fulfilled.

According to the work [28], the decrease of the emissivity of the arc, which may
be due to various causes, leads to increase of Icr. For example, in the work [29], the
mode of radiative contraction of the arc in hydrogen and helium was considered,
where it was shown that self-absorption of radiation in the arc leads to increase
of Icr.

In our case, one of the reasons for the decrease of the emissivity of the arc can be
decrease of K (Formula 9.24) due to the absorption of radiation in the transition
layer.
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In this case, we write the formula (9.24) as

Icr ¼ 0:27

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lnK

Kexp �nnarilð Þ

s
: ð9:29Þ

The presence of the transition layer according to formula (9.29) leads to increase
of Icr by [exp(−nnril)]

−1/2 times. In our case, exp(−nnril) * 2.5 � 10−2 and critical
current increases approximately by an order of magnitude in comparison with the
current of the arcs in vacuum.

Summarizing the results of the estimations, we can say that the observed con-
traction of the arc can be of radiative nature, and the growth of Icr is due to the high
density of the surrounding hydrogen.

9.5 Soft X-rays Irradiation

The above estimations show that the plasma temperature in the arc at times close to
the maximal arc contraction is close to one hundred of electron volts, which must be
accompanied by intense soft X-ray irradiation (SRI).

To register the SRI, the special diagnostic system was developed [30], by means
of which SRI was registered at experiments under the current of 1.0–1.6 MA and
initial hydrogen pressure of 5–7 MPa. Registration of SRI at higher hydrogen
pressures could not be performed because of the large thickness of the walls of the
discharge chamber of the plasma generator.

As a result, it was found that at the moment of maximal contraction of the arc,
the energy of SRI quanta is *1 keV, at this the plasma temperature reaching of
hundreds of electron volts. Measurements have shown that SRI accompanies the
whole process of current flow, and features on the oscillograms of the current
correspond to bursts of SRI intensity.

The results of the estimates of the ratio of SRI intensities passing through
aluminum filters of 10 and 18 lm thicknesses and the hydrogen layer of 25 cm
thickness at pressure of 7 MPa are presented in Table 9.2.

Table 9.2 Ratio of SRI
intensities

hm (eV) Al 10 lm + H2 Al 18 lm + H2 I10/I18
400 <10−18 10−34 1016

600 1.9 � 10−8 6.2 � 10−13 3 � 104

700 5 � 10−6 6 � 10−9 800

800 1.5 � 10−4 1.2 � 10−6 130

900 1.1 � 10−3 3.4 � 10−5 33

1000 4 � 10−3 3.1 � 10−4 13

1200 5 � 10−2 6 � 10−3 8
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For the calculation, the data of the works [31–33] were used. The registered ratio
of SRI signals corresponds to quantum energy of 1.0–1.2 keV (Table 9.2).

Figure 9.4 shows the oscillograms of the signals from X-ray sensors together
with oscillograms of the current and voltage. Filters for sensors are made of alu-
minum foils of thicknesses: 1 foil of 10 lm and 2 foil of 18 lm. The vertical line
corresponds to the moment of maximal contraction of the arc. The peak observed at
this moment on the voltage oscillogram is much higher than the value that could be
caused by the change of the arc inductance due to reduction of its diameter.

Figure 9.4a shows that the contraction of the arc clearly corresponds to features
on the oscillograms of the current and voltage. In this case, the registered ratio of
the SRI intensities I10/I18 < 6 that corresponds to hm > 1.2 keV.

At the experiment (Fig. 9.4b), contraction of the arc is less pronounced, which is
confirmed by the signal from the SRI sensor. In this case, I10/I18 � 20 that cor-
responds to hm � 1 keV. It is necessary to note, that this calculation is executed
under assumption, that the arc plasma consist from metal vapour, and the main part
of energy losses is radiated by quantums with energy of *1.5 kT [19].

The output of radiation quanta with this energy was recorded from the
low-inductance spark in the vacuum [34].

9.6 Heating of Hydrogen by X-ray Irradiation

Figure 9.9 shows the dependence of the efficiency η of the energy transfer from the
arc to the hydrogen on the initial pressure Pi, at various electric energies inputted
into the arc.

Curve 1 corresponds to the dependence of η at inputted energy in the arc of
� 300 kJ, curve 2 at energy � 300 kJ, and curve 3 at constant energy of SRI
quanta.

Dependencies have the growing character. The value of η was determined as the
ratio of the energy transferred to the hydrogen to electric energy inputted into the
arc. The energy transferred to hydrogen was determined on a difference between
initial and final pressures of gas, the electrical energy as

R
lUdt. At estimating the

energy of X-ray quanta, it was assumed that the hydrogen heating takes place only
by means of them. In this case, the radiation energy onto the chamber wall

Fig. 9.9 Efficiency of the
energy transfer from the arc to
hydrogen versus initial
pressure [1]
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I ¼ I0exp �nrlð Þ; ð9:30Þ

where n is concentration of hydrogen molecules, l is distance from the arc to the
chamber wall, and r is absorption cross section of quantum [3].

r ¼ 5:4� 10�17 hm0
hm

� �3:5

: ð9:31Þ

The average energy of SRI quantum estimated from the ratio 1 − η = exp(−nrl)
at initial pressure of 5 MPa is *840 eV, and at 35 MPa is *1.050 eV.

Assuming hm * 1.5 kT for metal plasma, then at increasing of initial hydrogen
pressure, the temperature of the central zone of the arc is increased too. If the energy
of the SRI quanta were constant, then due to the growth of the initial hydrogen
pressure, the dependence of η on Pi would correspond to curve 3 (Fig. 9.9). Thus, at
the increasing of the radiation “imprisonment,” the temperature in the axial zone of
the arc is increased.

The dependence of η on the electric energy inputted in the arc (Fig. 9.10) shows
that at decrease of the energy input to the arc, the efficiency of energy transfer from
the arc to the hydrogen is increased due to decrease of the arc plasma temperature
and, as a consequence, increase of the cross section of the absorption of the
quantum.

9.7 Arc Glow Change at Contraction

The glow of the arc after its maximal contraction is decreased and then remains at a
level corresponding to the brightness temperature Tbr = (10–15) � 103 K
(Fig. 9.5). This means that the transition layer glows itself heated by SRI, at this the

Fig. 9.10 Efficiency of the
energy transfer from the arc to
the hydrogen versus energy
inputted into the arc [1]
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radiation from the arc in the visible range of the spectrum is completely absorbed.
In this case, the mean free path of the radiation quantum in the visible range lk
becomes equal to, and then less than, the width of the transition layer [3]

lk ¼ 1
x
¼ T2

brx
3

0:96� 10�7ne� xk�xð Þ ; ð9:32Þ

where x = hm/kTbr, x1 = hm1/kTbr, hm = 1.79 eV, hm1 = 13.6 eV, and n is concen-
tration of hydrogen atoms.

In its turn, the mean free path of the SRI quantum is equal to the thickness of the
transition layer Dx. According to the data of the work [3], r = 5.42 � 10−17 (hm1/hm)

3.5

for hm � hm1. For hydrogen, hm1 = 13.6 eV. Then,

Dx ¼ 1=nr ¼ 5:42� 10�17n 13:6=1:5Tð Þ3:5
h i�1

: ð9:33Þ

It is assumed that the main share of SRI energy is transferred by quanta with
energy hm = 1.5 kT, where T is average arc temperature.

From the relation lk = Dx for k = 694 nm (hm = 1.79 eV) at the arc brightness
temperature Tbr changing (from 1.5 to 2) � 104 K, the arc temperature Ta is
changed from 87 to 29 eV (Table 9.3).

For k = 550 nm, the temperature is slightly higher, as radiation is emitted from
the deeper layers of the arc.

The similar phenomenon is observed in the powerful shock waves. The
brightness temperature of the powerful shock wave becomes smaller than the true
temperature behind the front. So, for the shock wave in the air at true temperature
behind the front of *9 � 104 K, the brightness temperature is *2 � 104 K [3].
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Chapter 10
Arc at Ultrahigh Pressure

Abstract Most publications presenting the results of studies of high-current pulsed
arcs in gases describe the discharges in the vacuum or in gas at low pressure. At the
same time, pulsed arcs in gases at high and ultrahigh initial pressures are the relatively
poorly studied area of electrophysics. Our investigations of high-current pulsed arcs in
super dense gases have revealed a number of characteristic phenomena inherent only
for such arcs. Three installations have been developed to carry out the researches in
this area: two two-stage electric discharge units with dI/dt—1010 A/s and one with
dI/dt—1011 A/s. The two first installations were designed for operation at currents
up to 500 kA and initial concentrations of normal molecules and atoms of gas to
3.3 � 1022 cm−3. The PPG-5 plasma generator was designed to operate at current of
up to 2MA and initial concentration of molecules and atoms up to 1022 cm−3. The aim
of these studies was generation and diagnostic of the hydrogen and helium plasmas
with the charged particles concentration up to 1021 cm−3 and temperature up to 50 eV.
The results of the experiments show that the increase of the initial concentration of
hydrogen molecules makes it possible to reach the temperature of the central arc zone
above 30 eV at concentration of the electrons is 1019 to 1021 cm−3. Since the plasma
with such parameters at duration of steady state of *10 ls is the source of UV and
soft X-ray radiation, the diagnostic of these radiations is added to the number of the
basic problems. It is determined that increase of the initial gas pressure causes the
increase of the electric field intensity in the arc and its contraction. Other important
conclusion is that at such initial gas pressures, the increase of the discharge current
from 100 to 500 kA and its rise rate from 109 to 1010 A/s leads to the increase of the
near-electrode voltage drops. The coefficient of the energy transfer from the arc to gas
at initial pressure � 20 MPa reaches 90%.

10.1 Arc in Pre-compressed Gas

Study of the arc at ultrahigh initial gas pressure at two-stage electric discharge units
(Chap. 3.2) was performed. At the installation with rise rate of current of 1010 A/s,
the arc in hydrogen was investigated at adiabatic compression up to 350 MPa. It is
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established that the diameter of the arc does not exceed 3–4 mm, and its temper-
ature reaches of 1.8 � 105 K [1]. At increase of the initial concentration of
hydrogen molecules from 1021 to 3 � 1022 cm−3, the electric field intensity in the
arc is increased from 300 to 1300 V/cm.

Similar studies were performed at the installation with the rise rate of the current
1011 A/s and current up to 500 kA. As the result of adiabatic compression, the
initial concentration of hydrogen molecules was 2.3 � 1022 cm−3.

Figure 10.1 shows the photo-scanning of the arc glow (top left), the pressure in
the discharge chamber (bottom left), the current I and voltage U oscillograms
(bottom right), and the graphs of the variation of arc diameter (D), brightness of the
arc (B), and pressure in the discharge chamber (P) (top right). The experiment was
carried out with tungsten electrodes of 6 mm diameter with interelectrode distance
of 12 mm.

The process of adiabatic compression of hydrogen from 9.5 to 110 MPa had
been recorded on the oscillogram of the pressure in the discharge chamber (bottom
left). At the moment of maximal compression of hydrogen, the arc is initiated, as a
result of that the pressure increases from 110 to 300 MPa. The change of the
pressure during adiabatic compression of hydrogen is expressed by the equation

P1 ¼ PiðVi=VfÞc; ð10:1Þ

where c is adiabatic index (1.4), P1 is pressure after compression (110 MPa), Pi is
initial pressure (9.5 MPa), Vi is initial volume of hydrogen, and Vf is final volume of
hydrogen.

The distinctive feature of the pulsed arcing in hydrogen at initial pressure of
several hundred megapascals is the oscillations of large amplitude of the voltage
drop across the arc and pressure with frequency of 150–200 kHz. The amplitude of

Fig. 10.1 Characteristics of the experiment at initial hydrogen pressure of 110 MPa [2]
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the oscillations in some cases reaches and even exceeds the average value of the
voltage drop and pressure. At lower initial pressures of 5–30 MPa, the amplitude of
voltage drop and pressure oscillations does not exceed a few percent of their
average value.

The photo-scanning of the arc glow and the oscillograms of the current and
voltage drop (Fig. 10.1) show that the arc contraction begins after the maximum of
the current. The pressure oscillogram shows that the beginning of arc contraction is
sinphase with the appearance of intense shock waves with frequency of *150 kHz.
The end of the arc contraction corresponds to sharp decrease of the voltage and
pressure oscillations. Indirect confirmation of the fact that the voltage and pressure
oscillations are due to shock waves is that with increasing of initial hydrogen
pressure their amplitude and number are increased.

Thus, for example, at initial hydrogen pressure of 12.6 MPa, there are no
appreciable voltage oscillations, and the pressure oscillations are weak and have
high frequency (Fig. 10.2).

At the experiment with adiabatic compression of hydrogen up to 84 MPa
(Fig. 10.3), the amplitude of voltage drop and pressure oscillations is lower, in
comparison with experiments where the pressure is much higher. So, the ratio of the
hydrogen pressure at the experiments (Figs. 10.1 and 10.3) is*1.3, and the ratio of
the pressure oscillation amplitude is *1.2. The oscillogram of pressure also shows

Fig. 10.2 Oscillograms of the experiment at initial hydrogen pressure of 12.6 MPa [2]
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oscillations of higher frequency, which are disappeared at stop of the energy input
into the arc (Fig. 10.3).

At the experiment (Fig. 10.5) at initial hydrogen pressure of 157 MPa, the
amplitude of the voltage drop oscillations at initial stage of the process reaches 6 kV
at average voltage of *3 kV. To this time, when the amplitude of the voltage drop

Fig. 10.3 Oscillograms of the experiment at initial hydrogen pressure of 84 MPa [2]
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oscillations is highest, the feature on the current oscillogram is corresponded, which
also occurs at number of other experiments.

To estimate the arc parameters, we use oscillograms of current and voltage,
which in most cases are similar to the oscillograms of the experiment in Fig. 10.1.
In addition, we use the results of estimates of the concentration and temperature of
copper vapor in the arc from its conductivity and pressure, presented in the work
[3].

The electric field intensity in the arc was determined from the slope of the curve
of the dependence of the voltage drop across the discharge gap on its length.

It was established that the calculated and experimental parameters of the arc are
close to each other in the case when it is assumed that the arc consists only of the
vapor of the initiating copper wire.

Estimates of the time of occurrence of the electrode jet from tungsten electrodes
at current of 490 kA (Chap. 5) give the value of *200 ls, which on average is
twice more than arcing time at series of these experiments.

At increasing of the initial hydrogen pressure up to 132 MPa at the experiments
(Figs. 10.4 and 10.5), the voltage oscillations are more pronounced.

At the maximum of the discharge current, the arc radius determined from the
photo-scanning is 0.35 cm, and the electric field intensity in the arc is 1.3 � 103 V/cm
(Fig. 10.1). This corresponds to the specific conductivity of the arc plasma 960
(X � cm)−1.

The pressure in the arc is the sum of the magnetic pressure and hydrogen
pressure in discharge chamber of 610 MPa. The hydrogen pressure in the discharge
chamber was averaged by the data of two pressure transducers, by one of which
recorded the pressure change at the adiabatic compression of hydrogen and sub-
sequent heating of hydrogen by the arc, and by the second recorded the pressure in
synchronism with the current and voltage.

The oscillograms in Fig. 10.1 show that the hydrogen pressure in the discharge
chamber is 300 MPa. When the plasma consists of copper vapor, then with an error
of *10% for pressure in the arc of 610 MPa and conductivity of the plasma 960
(X � cm)−1 are corresponded the concentration of ions ni *2 � 1020 cm−3,
temperature T * 9 � 104 K, and average ion charge �z = 2.6.

According to the estimations made earlier, at such high gas density the critical
current, at which contraction of the arc begins, should be few megaamperes. In this
case, the radiative contraction of the arc does not occur, and the change of the arc
sizes must occur when inputted energy is equal to radiated energy.

Let us estimate the radiation power from the arc. According to the data of the
work [4], the mean free path of the Rosseland lr at multiple ionization is defined as

lr ¼ 4:4� 1022T7=2

n2i �Z �Z þ 1ð Þ2
: ð10:2Þ

where T is arc temperature, ni is ion concentration, and �Z is average ion charge.
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For the copper plasma lr = 10−2 cm, what is much less than the diameter of the
arc (0.7 cm). Therefore, the arc radiates as the absolutely black body. In this case,
the radiation power Nr is

Nr ¼ 2prlrT4

R x
0

x3dx
ex�1R1

0
x3dx
ex�1

; x ¼ hm
kT

: ð10:3Þ

where r is radius of the arc, l is arc length, T is arc temperature, and hm = 13.6 eV is
the ionization potential of the hydrogen.

Substituting r = 0.35 cm, l = 1.2 cm, and T = 9 � 105 K, we have

Zx

0

x3dx
ex � 1

¼ 0:7;
Z1
0

x3dx
ex � 1

¼ 6:49: ð10:4Þ

At r = 5.67 � 10−12 W/cm2, the radiation power Ni = 1.61 � 108 W at electric
power of the arc Ne = IUl = 7.6 � 108 W.

Fig. 10.4 Oscillograms of the experiment at initial hydrogen pressure of 132 MPa [2]
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Let us show that short-wave quanta of radiation with energy 4 kT, by which in
the case of radiant heat conductivity is transferred the main share of the energy,
cannot go beyond the boundaries of the arc. According to the data of the work [5] to
the hydrogen density of 4.16 � 10−2 g/cm3 and pressure of 300 MPa, are corre-
sponded the average hydrogen temperature in the discharge chamber of 1160 K and
isothermal speed of sound 2.68 � 103 m/s.

The mean free path lr of radiation quanta with energy of 4 kTl

lr ¼ 1=nr: ð10:5Þ

where n is concentration of hydrogen, r = 8.3 � 10−18 (hm0/4 kT)3 [4].
At hm0 = 13.6 eV and 4 kT = 34.5 eV: r = 5.1 � 10−19 cm2. Then at

n = 1.2 � 1022 cm−3, the mean free path of quanta lr = 1.6 � 10−4 cm, and,
consequently, the radiation is actually “locked” in the arc. Therefore, at the tem-
perature of 105 K almost all radiation from the arc by quanta with energy above the
ionization potential of hydrogen will be absorbed in the transition layer, whose
thickness by several orders of magnitude is less than the diameter of the arc.

Fig. 10.5 Oscillograms of the experiment at initial hydrogen pressure of 157 MPa [2]
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The power balance will be satisfied when we take into account the power for the
formation of shock waves, the pressure in the front of which according to the
oscillogram in Fig. 10.1 reaches 150 MPa.

The average specific power of the shock wave Nsw at harmonic oscillations
according to the work [6]

Nsw ¼ 1
2
P2
f

qc
: ð10:6Þ

where Pf is pressure in the front of the shock wave (150 MPa), q is hydrogen
density (10−2 g/cm3), and c is speed of sound in hydrogen.

The speed of sound determined on the time of passage by the shock wave from
the explosion of the wire to the pressure transducer place is 2.72 � 103 m/s, and by
the density and pressure of hydrogen is 2.68 � 103 m/s [7]. Substituting the values
of Pf, q, and c into formula (10.6), we obtain Nsw = 107 W/cm2. Since the specific
power of the shock wave is recorded on the wall of the discharge chamber, the total
power of the shock wave Nt assuming that the wave has cylindrical shape

Nt ¼ I2prchl; ð10:7Þ

where rch is radius of the discharge chamber and l is interelectrode distance.
For rch = 2.1 cm and l = 1.2 cm, the total shock wave power Nt = 1.6 � 108 W.

Since the arc periodically contracts and expands, the shock waves reflected from the
wall of the discharge chamber and cumulating in the center of the arc must appear.
This is confirmed by recorded oscillations of the SRI intensity, whose frequency
coincides with the frequency of the voltage oscillations.

The power of the shock waves cumulating in the center of the arc is also
estimated from formula (10.6). Since for the shock waves of cylindrical shape
Pf * r−1/2, and at r = 2.1 cm, the pressure on the chamber wall is Pf = 150 MPa,
then on the arc surface at r = 0.35 cm, the pressure Pf = 370 MPa. The density of
copper vapor in the arc q at their concentration of 2 � 1020 cm−3 is 2.1 � 10−2 g/cm3.

The speed of sound c in copper vapor is determined by the relation

c ¼
ffiffiffiffiffiffiffiffiffiffiffi
cP=q

p
; ð10:8Þ

where P is pressure in the arc (610 MPa) and c is adiabatic index (1.1) [8].
Then c = 5.6 � 103 m/s, and total shock wave power Nt= I(2pr)/2 * 1.51 �

108 W.
The shock wave power Nsw = 1.6 � 108 W was determined taking into account

that the radiation is “locked” by the size of the discharge chamber, according to
more accurate calculations [6], the total shock wave power Nt due to oscillations of
the arc of length h � l is expressed as
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Nt ¼ 2Ipr2k
h

; ð10:9Þ

where I is radiation intensity at distance r from the arc axis and k is wavelength of
the radiation.

Substituting in the formula (10.9) values I = 107 W/cm2, r = 2.1 cm,
k = cT = 1.8 cm, and h = 1.2 cm, we have Nt = 4.2 � 108 W.

The power balance for the arc in the presence of shock waves IEl = 7.6 � 108 W;
Ntl + Pw + Nt * 7.3 � 108 W, where Ntl is power of radiation passed through
the transition layer, Pw is shock wave power on the chamber wall, and Nt is total
shock wave power.

As shown earlier, the energy of the shock wave is transformed into energy of the
SRI. Since the total radiation power of the arc and shock wave is 7.3 � 108 W, and
the electric power of the arc is 7.6 � 108 W, the power balance is satisfied with
error of *5%, with significant share of the electric energy inputted in the arc is
transformed into the shock wave energy.

10.2 Arc at Current of 220 KA

Study of the pulsed electric arc in the hydrogen at high initial pressure was per-
formed at the two-stage electric discharge installation with preliminary gas com-
pression. Initial conditions of experiments are next:

• Energy in the capacitive storage up to 300 kJ
• Discharge current up to 220 kA
• Rise rate of the current *108 A/s
• Initial voltage up to 6.0 kV
• Concentration of hydrogen molecules after compression up to 3.3 � 1022 cm−3.

During the experiments, the electrical parameters of the arc and hydrogen
pressure were measured. Estimated parameters under these initial conditions are as
follows: The arc temperature is (1.3–1.8) � 105 K, concentration of charged par-
ticles (0.7–1.2) � 1020 cm−3, and arc radius is 0.14–0.2 cm.

The two-stage electric discharge installation (Fig. 3.12) with dI/dt of 1010 A/s
was used to perform the researches. At its development, the combination of the
principles piston adiabatic compression of hydrogen and pulsed electric discharge
was used. The power source was the capacitive energy storage CPS-10 with
capacitance of 0.11 F and maximal voltage of 10 kV [9].

The installation operates as follows: Before the experiment, the discharge
chamber and the compression channel are filled with hydrogen up to pressure of
10–25 MPa. Adiabatic compression of hydrogen was performed by the piston
moving along the compression channel under the action of gases formed at com-
bustion of the powder charge. As a result of the compression, the hydrogen pressure
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in the discharge chamber increases up to 250–350 MPa, what corresponds to the
concentration of hydrogen molecules (2.0–3.3) � 1022 cm−3. The maximal
hydrogen pressure after heating by the electric arc is 600 MPa, and the average
hydrogen temperature is 3000 K.

The igniting copper wire of 0.3–0.6 mm diameter was installed between the
cathode and the housing of the discharge chamber, which is anode, interelectrode
distance of 2–20 mm. It is envisaged the change of the electrode system to ensure
the stability of arcing and high efficiency of energy transfer from the arc to the
gas [10].

The aim of the study was to determine the effect of the initial concentration of
hydrogen molecules on the parameters of the electric arc. For this, based on the
experimental data, the arc diameter, its temperature, and the conductivity of the
plasma were estimated.

Typical oscillograms of the discharge current and voltage drop across the arc at
initial concentration of hydrogen molecules of 2 � 1022 cm−3 are shown in
Fig. 10.6.

The absence of pronounced voltage jumps testifies to the stability of the arcing
process, what is the characteristic feature of the discharge under these initial con-
ditions. As was shown earlier and confirmed at this series of the experiments, the
voltage drop across the arc depends mainly on the initial concentration of hydrogen
molecules or, equivalently, on the initial hydrogen pressure.

The oscillogram of the pressure characterizing the process of the adiabatic
compression of hydrogen and its subsequent heating by the arc in the discharge
chamber is shown in Fig. 10.7.

The section of the pressure curve 1 ! 2 corresponds to the adiabatic com-
pression of hydrogen. At the time of 5.1 ms the diaphragm opens, which is
the signal to connect the power supply to the discharge circuit that causes the wire
explosion and initiation the electric arc. Section 2 ! 3 corresponds to the increase
of the hydrogen pressure due to its heating by the arc and its expiration from
the discharge chamber.

Fig. 10.6 Oscillograms of the discharge current (I) and voltage drop across the arc (U) [2]
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The graph of voltage drop across the arc versus interelectrode distance at con-
centration of hydrogen molecules (1.5–3.3) � 1022 cm−3, steel (Fe) and tungsten
(W) electrodes is presented in Fig. 10.8.

Figure 10.8 shows that the dependence of the voltage drop across the arc U on
the interelectrode distance is close to linear and can be described with acceptable
accuracy by the expression

U ¼ Ue þElie; ð10:10Þ

where Ue are total near-electrode voltage drops, E is electric field intensity in the
arc, and lie is interelectrode distance.

Analysis of the experimental data and data obtained earlier [11–14] shows that
the initial concentration of hydrogen molecules strongly affects the electric field

Fig. 10.7 Pressure of hydrogen in the discharge chamber [2]

Fig. 10.8 Voltage drop across the arc versus interelectrode distance [2]
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intensity in the arc. At the initial concentration (1.7–2.3) � 1022 cm−3, the average
electric field intensity is 700 V/cm, and the total near-electrode voltage drops are
450–500 V. At increase of the initial concentration up to (2.8–3.3) � 1022 cm−3,
the average electric field intensity in the arc increases up to 1300 V/cm, at this the
total near-electrode voltage drops remain the same 450–500 V (Fig. 10.9).

Determination of the diameter of the arc used in further calculations was per-
formed by the “autograph” method, i.e., by measuring the spot of binding the arc to
the surface of the cathode. The spot size did not exceed 4 mm at cathode of 8 mm
diameter, i.e., it was assumed that the radius of the arc is *2 mm.

The efficiency of energy transfer from the arc to the hydrogen is defined as the
ratio of the internal energy of hydrogen to the energy inputted in the arc. The
internal energy of the hydrogen was calculated by formula

Wg ¼ P V � aMð Þ � Pi Vi � aMð Þ
c� 1

: ð10:11Þ

where a is covolume [15], c is adiabatic index [16], Pi is initial hydrogen pressure,
P is final hydrogen pressure, Vi is initial volume of hydrogen, V is final volume of
hydrogen, and M is hydrogen weight.

The coefficient of the energy transfers from the arc to the hydrogen

g ¼ Wg=Wa: ð10:12Þ

where Wg is internal energy of hydrogen and Wa ¼
R
UIdt is the electric energy

inputted in the arc.
At interelectrode gap greater than 5 mm, the energy transfer coefficient from the

arc to the hydrogen was close to 100%. The average temperature of the hydrogen at

Fig. 10.9 Electric field intensity in the arc versus the initial concentration of hydrogen molecules
[2]
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these experiments did not exceed 1300 K, and maximal energy inputted in the arc is
140 kJ.

Estimation of the parameters of the arc in the hydrogen at ultrahigh pressure was
performed based on the data, at discharge current I, electric field intensity in the arc
E, and hydrogen pressure P at the current maximum.

Previously, it was assumed that the radius of the arc should be close to the radius of
the spot of binding the arc to the cathode, i.e., � 2 mm. In this case, estimations made
based on conductivity and hydrogen pressure give the arc temperature of *105 K,
and the ion concentration, taking into account the total ionization of hydrogen
*1020 cm−3. The results of calculations of the thermodynamic and transport prop-
erties of the ultrahigh-pressure hydrogen plasma obtained in the work [17] were used.
These results were used also for more accurately determining the parameters of the arc
from the solution of the system of equations, received from (9.11) and (9.12):

2n0kT0 ¼ Pþ 1:6� 10�4 � I
2

r20

IE ¼ 5:35� 10�29pn20T
�0;5
0 r20 : ð10:13Þ

E
I
¼ 1

pr20rðT0; n0Þ
;

where P is hydrogen pressure, I is current, E is electric field intensity in the arc, r0 is
arc radius, T0 is arc temperature, r is arc plasma conductivity, ni and ne are ion and
electron concentrations, and k is the Boltzmann constant.

According to the data of the work [17] at T * 105 K and n0 * 1020 cm−3:
ni = ne * n0 (owing to full ionization of hydrogen plasma), and the correction for
the nonideality in the value of the pressure inside the arc is negligible, what was
used in the first equation of the system (10.13).

200–400 MPa, нeoбxoдимo в oтличиe oт paзpядoв пpи aтмocфepнoм
дaвлeнии.

The first equation of the system (10.13) assumes the equality of pressure inside
the arc and external pressure, which is the sum of the pressure of the hydrogen
surrounding the arc and the pressure of the own magnetic field of the current.
It is necessary to consider the pressure of the hydrogen P, which in our case is
200–400 MPa, in contrast to discharges at atmospheric pressure.

The second equation of the system (10.13) assumes that the electric power per
unit arc length is equal to the power of losses from the arc with recombination
radiation. In view of the fact that the path length of radiation quantum averaged
over Rosseland for T0 * 105 K and n0 * 1020 cm−3 is *30 cm [18], the arc
plasma is transparent and its radiation is volumetric. At the boundary of the arc, i.e.,
in the transition layer, the temperature decreases, and the density of the hydrogen is
increased, so the path length of the radiation quanta decreases sharply. So, for
T * 4 � 104 K and n0 * 1021 cm−3, the mean free path of radiation quanta is
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*10−3 cm [4]. At this, energy from the arc into the hydrogen is transferred by
radiant heat conductivity.

It was assumed that the Joule heating of hydrogen in the transition layer is
negligible because of its low conductivity. The reason for this conclusion is the
presence of the overheating zone in the arcs at ultrahigh gas pressure [19, 20]. The
results of estimating the arc parameters at experiments at various initial concen-
trations of hydrogen molecules and the corresponding them electric field intensity
in the arc are presented in Table 10.1.

At increasing the initial concentration of hydrogen molecules, the electric field
intensity in the arc increases, and the radius of the arc decreases. In the made
estimations, the equality between the electric power and the power of the radiation
from the arc is assumed. However, as noted in the work [21], the time of diffusion
of radiation through the transition layer at such plasma parameters may be longer
than the time of the input of energy into the arc. In this case, the radiation
“imprisonment” takes place, and the arc temperature can be much higher.

These estimations are based on the assumption that the wire metal, as in the
work [19], does not affect the characteristics of the arc. However, at some exper-
iments a wire with a diameter of 0.4 mm was used. The radius of the expansion of
the vapors and fragments of the wire r0 can be estimated at the equality between the
internal energy of the vapor of the wire metal and the energy expended for
expanding the hydrogen surrounding the wire after the hydrogen compression

pr2w
nkT
c� 1

¼ pr20P: ð10:14Þ

where k is the Boltzmann constant, n is vapor concentration of the wire metal before
the arc expansion (6 � 1022 cm−3), T is arc temperature (1 eV) [22], P is pressure in
the discharge chamber at time of compression end and arc ignition (160 MPa), c is
adiabatic index (1.1), and rw is radius of the igniting wire.

In this case r0 is *0.2 cm, and concentration of metal vapor *1021 cm−3. The
conductivity of the plasma at the current maximum and arc radius of 0.2 cm,
determined from the experimental data, is *1200 (X � cm)−1. The pressure in the
arc is equal to the sum of the external gas-kinetic pressure of hydrogen of 300 MPa
and the pressure of the own magnetic field of the current of 90 MPa, i.e., 390 MPa.

To aforementioned values of pressure and concentration of metal vapors,
according to the results of calculations, presented in the work [8], corresponds the
conductivity of *1200 (X � cm)−1, and the temperature of 8.4 � 104 K, which
coincides with our experimental data.

Table 10.1 Parameters of the
arc

Test number E (V/cm) n0 (cm
−3) T0 (K) r0 (cm)

1 600 7.0 � 1019 1.5 � 105 0.20

2 720 1.0 � 1020 1.8 � 105 0.15

3 1170 1.2 � 1020 1.3 � 105 0.14
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The mean free path of radiation quantum over the Rosseland at 8.4 � 104 K is
10−2 cm, i.e., the arc plasma is opaque. If we assume that the outer surface of the
arc radiates as the absolutely black body, then the balance between the radiation
power and the arc power at radius of r0 = 0.2 cm comes at the external arc layer
temperature of 6.7 � 104 K.

Thus, it is possible that all current flows through the vapor of the wire metal in
the arc of 0.2 cm radius at vapor concentration of *1021 cm−3. At this radius of the
arc, the experimental conductivity value coincides with the calculated at tempera-
ture of 8.4 � 104 K. The arc is screened by the transition layer with temperature of
6.7 � 104 K. In this case, the increase of the electric field intensity in the arc at
increasing of initial hydrogen pressure can also be associated with the decrease of
the arc diameter, which (decrease) leads to the increase of the current density in the
arc. The decrease of the arc diameter is associated with the decrease of the radius of
expansion of the wire metal vapor at increase of the initial hydrogen pressure.

However, the option assuming that the all current flows across the metal vapors
is unlikely. At low (*108 A/s) current rise rates characteristic for the performed
experiments, in contrast to experiments at high current rise rates [23–25], the
process of evaporation of the wire metal due to thermal and magneto-hydrodynamic
instabilities can be accompanied by its partial destruction (fragmentation). Thus,
because of this phenomenon, the concentration of metal vapors will be much less
than 1021 cm−3.

The estimations show that at metal vapor concentration of 1018 to 1019 cm−3 and
pressure of 300–400 MPa, the equilibrium vapor temperature of the metal should be
of (2–10) � 105 K. In this case, the power of the losses by radiation at the arc
diameter determined from its conductivity must exceed electric power by several
orders of magnitude.

Thus, in any of the considered cases, the calculated radius of the arc does not
exceed 0.2 cm, and the increase of the electric field intensity in the arc at increasing
of initial hydrogen pressure is associated with decrease of the arc radius and
increase of the current density.

The high efficiency of energy transfer from the arc into the hydrogen is asso-
ciated with the absorption of radiation by metal vapors at the subsequent transfer of
energy into the hydrogen, and also with the absorption of radiation by the hydrogen
molecules.

10.3 Arc at Current of 500 KA

This chapter presents the results of the investigation of the high-current arc in
high-density hydrogen at the modernized installation with preliminary adiabatic
compression of hydrogen. The experiments were performed under the next initial
conditions:
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• Energy of the capacitor storage up to 450 kJ
• Voltage of the power supply up to 14 kV
• Discharge current up to 500 kA
• Current rise rate 109 to 1010 A/s
• Initial concentration of hydrogen molecules up to 2 � 1022 cm−3.

The main result of the study is that the increase of the initial concentration of
hydrogen molecules and the current rise rate cause the decrease of the arc diameter
and increase of its temperature.

The two-stage electric discharge installation with dI/dt of 1011 A/s and discharge
current of up to 5 � 105 A (Fig. 3.13) is the upgrade of the installation (Fig. 3.12).
In this installation, there is window of 3 mm diameter for recording the optical
parameters of the arc, in particular, the photo-scanning of the arc evolution.

The oscillogram of the preliminary compression of hydrogen and the subsequent
increase of its pressure due to heating by the electric arc in the discharge chamber is
similar to that shown in Fig. 10.7. In a number of experiments at this series, both
single and multiple contractions of the arc were recorded. To the moments of the arc
contraction are corresponded the abrupt increase of the voltage drop across the arc
and feature on the oscillogram of the current.

Figure 10.10 shows oscillograms of the current and voltage drop across the arc
of experiments with various current rise rates, but with similar other initial
conditions.

The oscillograms show that both the discharge current and the voltage drop
across the arc multiply (more than twice) increase at increasing the current rise rate
from 109 to 1010 A/s. At this, on both oscillograms there are characteristic voltage
peaks and current features, which are more pronounced on oscillograms with higher
current rise rate (Fig. 10.10b).

Based on the data of the oscillograms, the dependences of the voltage drop
across the arc on the interelectrode distance were plotted (Fig. 10.11).

To determine the near-electrode voltage drops at various current rise rates, the
extrapolation of the voltage drop curves to zero value of the interelectrode distance
was performed.

Figure 10.12 shows that the electric field intensity in the arc increases at the
growth of the initial concentration of hydrogen molecules.

Figure 10.13a shows the oscillograms of the current and voltage drop and the
photo-scanning of the arc glow in the visible range of the spectrum at initial
hydrogen pressure of 5 MPa, and the same oscillograms in Fig. 10.13b at pressure
of 110 MPa. The aperture of the photoregistrator was located perpendicular to the
axis of the arc at the middle between the electrodes.

The short-term (*6 ls) contraction of the arc on the image of photo-scanning
is observed (Fig. 10.13a, b). At pressure of 5 MPa, the diameter of the arc
decreases from 7 to 1.6 mm, and at pressure of 110 MPa from 7 to 3.8 mm. The
more accurate estimation of the arc diameter at the time of maximum contraction is
impossible that at this time the intensity of the arc radiation in the visible spectral
range decreases to zero.
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Fig. 10.10 Oscillograms of the current and voltage drop [2]. dI/dt is 109 A/s (a), dI/dt is 1010 A/s
(b)

Fig. 10.11 Voltage drop across the arc versus interelectrode distance [2]
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To the maximal arc contraction is corresponded the short-term peak on the
oscillogram of the voltage drop across the arc and slight decrease of the current
(feature), and the maximal yield of the X-ray. At some experiments, several voltage
peaks and current features were registered (Fig. 10.13a), which indicate multiple
contractions of the arc.

As a rule, the time of the arc contraction beginning is increased at increase of
initial hydrogen pressure, but at this the arc contraction is occurred both before and
after the current maximum.

We estimate the arc parameters for two cases, assuming that the arc:

• In pure hydrogen at initial concentration of hydrogen molecules *1022 cm−3

• In the vapor of metal of the initiating wire and electrodes.

In the first case, the radiation inside the arc is recombination-bremsstrahlung, the
plasma is optically transparent. The system of equations for estimating the
parameters of the arc at the maximal contraction in this case

IE ¼ An2i T
1=2
a ¼ BniT

1=2
a

� �
pr2a

2n0kTa ¼ PþC I2
r2a

E
I ¼ 1

pr2arðTa;naÞ
ni ¼ ne � na

8>>>><
>>>>:

ð10:15Þ

where k is the Boltzmann constant, Ta is arc temperature, ni is concentration of
hydrogen ions, ne is electron concentration, ra is arc radius, r is plasma conduc-
tivity, P is pressure of the outer gas, I is current, E is electric field intensity in the
arc, na is concentration of hydrogen atoms, A is 1.39 � 10−34, B is 5.35 � 10−29,
and C is 1.6 � 10−4. This system is similar (9.11) with that difference, that in the
second equation the pressure of surrounding gas was taken into account.

Fig. 10.12 Electric field intensity in the arc versus initial hydrogen concentration [2]
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The values of P, I, and E were determined from their oscillograms at the time
corresponding to the contraction of the arc. The value of the conductivity r of the
hydrogen plasmawas obtained from thework [17], ofmetallic plasma from thework [8].

The system of equations was solved at two values of the electric field intensity E:
1600 V/cm (Fig. 10.13a), and 3600 V/cm (Fig. 10.13b), in both cases I * 500 kA
and P = 300 MPa.

Solutions of the system of equations for the first case:

• At E = 1600 V/cm: Ta = 3 � 105 K, na = 3.4 � 1020 cm−3, ra = 1 mm
• At E = 3600 V/cm: Ta = 3 � 105 K, na = 1021 cm−3, ra = 0.6 mm.

Fig. 10.13 Photo-scanning of the arc, oscillograms of current, and voltage drop across the arc [2]
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The comparison of the obtained data shows that for the higher electric field
intensity E in the arc is corresponded the smaller arc radius ra, higher particle
concentration na in the arc, at this the temperature Ta and number of particles in the
arc are the same.

In addition, for this case (when the arc burns in pure hydrogen), the photo-scanning
of the arc at the experiment in Fig. 10.13a is corresponded to a greater degree, i.e., the
twice arc radius of 2 mm obtained by calculation is corresponded to the registered
diameter of the arc of 1.6 mm at the time of arc maximal contraction.

In the second case, when the arc in the metal vapor of the initiating wire and the
electrodes, we assume that the arc radiates as the absolutely black body. In this
case, solving the system of equations

IE ¼ 2prarbT4
a

ðIþ�zÞkTa ¼ PþC I2
r2a

E
I ¼ 1

pr2arðTa;n0Þ

;

8><
>: ð10:16Þ

where rb is Stephan Boltzmann constant, Z is charge number, C is 1.6 � 10−4.
we have Ta = 1.25 � 105 K, n0 = 1020 cm−3, and ra = 2 mm.
The photo-scanning of the arc at the experiment (Fig. 10.13b), is more corre-

sponded to the arc in the metal vapor of the initiating wire and the electrodes. The
diameter of the initiating wire at this initial pressure and the current rise rate
according to the estimations is 4 mm and is equal to twice the radius of 4 mm
obtained from the solution of the system of equations (10.16), what agrees with
experimentally measured at this experiment arc diameter of 3.8 mm. It is necessary
to note, that at ultrahigh pressure (as against a mode of radiative contraction at
pressure of 5–30 MPa) an arc all time is in near-equilibrium condition. Therefore
the estimations of arc parameters are done at the moment of a current maximum.

10.4 Arc at Current of 2 MA

The purpose of this study was to develop the physical basis for generation
and diagnosing of dense gas plasma with a charged particle concentration up to
1021 cm−3 and temperature of up to 50 eV generated at powerful pulsed arcs in
hydrogen and helium at current up to 2 MA and initial pressure up to 30 MPa. The
results of the experiments showed that an increase of the initial concentration of
molecules and/or atoms makes it possible to reach the temperature of the arc central
zone up to � 30 eV at electron density of 1019 to 1021 cm−3.

The registration of UV and SXR radiations from the arc showed their significant
yield at steady-state plasma duration of *100 ls.

The contraction of the arc near the maximum of the discharge current is occurred
due to the achievement of the critical Pisa-Braginskii current. Earlier it was shown
that at megaampere currents, the arc burns in metal vapor eroded from the
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electrodes. An increase of the critical Pisa-Braginskii current up to *1 MA in
comparison with the theoretical value (100–200 kA) for arcs in the vacuum is due
to the effective absorption of radiation from the arc by the high-density gas.

Methods of diagnostics. By the high-speed camera, the arc was photographed at
the frame-by-frame and photo-scanning modes. Through the window with a light
diameter of 8 mm, the integral spectrum of radiation from the arc was recorded. The
resulting photographs were digitized using AserScan 450 and BearPaw 4800 TA II
scanners. The scanners were calibrated with the step and linear optical attenuators
of the LOT-Oriel Instruments with the optical density of 0.04–4.00, which provided
an error of measurements of � 5%. Using the reference brightness source, the
photometric curve of the film was obtained through these same attenuators.

Based on the analysis of the photographs, it can be concluded that the arc is
contracted, i.e., a pronounced arc channel is observed. In the all range of initial
pressures, one or more arc contractions are observed both before and after the
maximum of the current.

At processing of these experiments data, the distorting effect of the material of
the optical window (polycarbonate) on the spectrum of the arc radiation was taken
into account. In addition, polycarbonate strongly fluoresces upon irradiation in the
visible and UV ranges, for example, under irradiation by light with wavelength of
550 nm.

In order to determine the brightness temperature of the arc, we compared the
average intensity of its glow with the intensity of the reference capillary
Podmoshensky source, which has brightness temperature of 4 � 104 K. At mea-
suring of the brightness temperature was selected such range of the spectrum, which
was free of absorption lines both for the reference source itself and for the arc under
investigation. The brightness temperature of the transition layer measured at this
manner was of (2–4) � 104 K.

The discharge current was measured by Rogowski coil, voltage drop across the
arc by resistive voltage divider. The error of measuring current and voltage did not
exceed 5%. The maximal pulsed pressure in the discharge chamber was 450 MPa,
which corresponds to the average gas temperature of 3000 K.

Figure 10.14 shows the oscillograms of the discharge current and the voltage
drop across the arc at interelectrode distance of 10 mm, initial pressure of 40 MPa,
and voltage of 12 kV.

A characteristic feature of this experiment is an insignificant change of the
voltage drop across the arc during the discharge process. Peaks on the oscillogram
of the voltage after the maximum current are due to contraction of the arc. The
maximal electrical power of the arc is 8 � 109 W.

The oscillogram of pressure in the discharge chamber is shown in Fig. 10.15 at
an initial hydrogen pressure of 20 MPa and voltage of 10 kV.

The time delay on the pressure oscillogram is due to the channel connecting the
pressure sensor to the discharge chamber. The first peak of pressure corresponds to
the front of the shock wave arising at the initial stage of arc formation.
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10.5 Critical Pisa-Braginskii Current

The critical current of Pisa-Braginskii under these conditions is substantially higher
than at experiments at low pressure (vacuum). To the study of the nature of this
difference is devoted this chapter.

Arc in the hydrogen. The results of diagnosing the optical and electrical
parameters of the arc in hydrogen at initial pressure of 32 MPa are shown in
Figs. 10.16, 10.17, 10.18 and 10.19. At these experiments, we used steel electrodes
of 20 mm diameter at interelectrode distance of 20 mm.

Figure 10.16 shows the photo-scanning of the arc glow by duration of 50 ls. The
time of 37 ls corresponds to the arc contraction and the dimming of its glow.

Figure 10.17 shows the photometric cross sections of the arc glow brightness,
obtained by processing of the photo-scanning in Fig. 10.16.

Fig. 10.14 Oscillograms of the discharge current I and voltage drop across the arc U [2]

Fig. 10.15 Pressure in the discharge chamber [2]
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The arc according to the graph has the maximal diameter of 12 mm, the arc glow
brightness is uneven in the time, and the arc is somewhat asymmetric.

On the photometric curves of the photo-scanning (Fig. 10.18), the small con-
traction of the arc diameter (D) is observed with decreasing brightness of its glow
(B), at this decrease of the brightness of the glow begins by 10–15 ls earlier than
the contraction of the arc.

On the end of the cathode, an erosion crater of 11 mm diameter is formed during
arcing (the central hole is intended for installation of the initiating wire)
(Fig. 10.18).

Since the diameter of the arc remains practically unchanged for the time of*30 ls
(Fig. 10.18), i.e., the main part of the arcing process, we therefore assume that the
arc diameter is equal to the diameter of the crater. At estimating the parameters of
the arc, we will use just this value of the arc diameter.

Fig. 10.16 Photo-scanning
of the arc glow [2]

Fig. 10.17 Photometric cross
sections of the arc glow
brightness [2]

Fig. 10.18 Diameter of the arc (D), the arc glow brightness (B), and the photo of the end surface
of the cathode [2]
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To the instannt in time of most arc contraction corresponds the feature on the
current oscillogram (I) and the peak on the oscillogram of the voltage drop across
the arc (U) (Fig. 10.19).

The characteristic feature of such arcs is the decrease of the arc glow at arc
contraction, which distinguishes them from arcs in vacuum, where the intensity of
radiation in the visible range of the spectrum increases at the contraction of the
Z-pinch in the vapors of the metal plasma.

The brightness temperature of the arc in hydrogen at wavelength of 550 nm is
less than that at wavelength of 694 nm, and its maximum is occurred later
(Fig. 10.20).

Fig. 10.19 Oscillograms of the current (I) and voltage drop across the arc (U), time (ls) [2]

Fig. 10.20 Brightness temperature of the arc in the hydrogen (a), oscillogram of the current and
voltage drop across the arc (b), time (ls) [2]
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The arc in helium is differed from the arc in hydrogen by the higher brightness
temperature.

Figure 10.21 shows the brightness of the arc glow in helium.
At the arcing in helium, as at arcing in hydrogen, the brightness temperature at

wavelength of 550 nm is less than at wavelength of 694 nm (Fig. 10.22).
At arcing in helium, the moment of maximum arc contraction corresponds to the

feature on the current oscillogram, at this voltage peak practically absent, and arc
contraction is occurred by the decrease of the brightness temperature (Fig. 10.23).

Figure 10.24 shows the graphs of the brightness temperature of the arc at
wavelength of 694 nm for various energies inputted into the arc. At increasing of
the inputted energy, the brightness temperature of the arc grows (the curve 1
corresponds to the greater energy, than curve 2).

The rise rate of the current at these experiments ranged (from 3 to 5) � 1010 A/s.
For the arcs with a lower current rise rate, arc contraction, which on time is close to
the brightness temperature maximum, occurs earlier than for the arcs with higher
current rise rate and lower current. The maximal brightness temperature of such arcs
is higher than that of arcs with a higher current rise rate, which is due to the different
density of metal vapor in the arc.

To estimate the parameters (T, I, and E) of the arc, which is metallic plasma of
multiply-charged ions surrounded by hydrogen or helium at high pressure, the
system of equations was used

Fig. 10.21 Photo-scanning
of the arc glow in helium [2]

Fig. 10.22 Brightness temperature of the arc in helium [2]
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ð1þ zÞnikT ¼ 1:6� 10�4 I2
r2

3=2�10�4T3=2

zlnK ¼ I
pEr2

IE ¼ pqr2f ðTÞ
:

8><
>: ð10:17Þ

where k is the Boltzmann constant, I is discharge current, E is electric field intensity
in the arc, T is arc temperature; r is radius of the arc, ni is concentration of the metal
ions of the wire and electrodes, q is radiation power from unit arc volume, taking
into account the recombination-bremsstrahlung and line radiation of
multiply-charged metal ions, lnK is the Coulomb logarithm, z is average ion charge,
which is approximated by the expression z = 1.6 � 10−2T1/2 [26].

The first equation of the system is the equality of the gas-kinetic and magnetic
pressures.

The second equation of the system is Ohm’s law, where the conductivity is
expressed by the Spitzer formula for multiply-charged plasma. The Coulomb log-
arithm estimated by the temperature and concentrations of electrons and ions in the
arc is taken equal to 6.

Fig. 10.23 Discharge current (I) and arc voltage drop (U), time (ls) [2]

Fig. 10.24 Brightness temperature of the arc at wavelength of 694 nm [2]

228 10 Arc at Ultrahigh Pressure



The third equation of the system is the equality of the electric energy inputted in
the arc and energy radiated from the arc. In this case, the arc plasma is assumed to
be transparent.

Taking into account the energy yield with radiation, as in the work [27] it was
assumed that the average energy of the emission quanta hm is (1–2) kT, and in this
case it is assumed to be *1.5 kT. According to the data of the work [28]
q = 1.09 � 10−26 ne ni (W/cm2), where ne = z ni = 1.6 � 10−2 T1/2.

The function f(T) characterizes the energy transfer by radiation passing through
the transition layer

f Tð Þ ¼ expð�dnlÞ: ð10:18Þ

where n is concentration of molecules and/or atoms of the gas, l = 10−2 cm
according to the data of the work [29], d = 8.3 � 10−18(hm/1.5 kT)3 for hm1—
hm * hm1, hm1 = 13.6 and 24.6 eV for hydrogen and helium, respectively [4].

After the substitutions, the system of equations is

1:4� 10�15niT3=2 ¼ I2
r2

4:9� 10�3T ¼ I
Er2

IE ¼ 5� 10�28T1=2r2n2i f ðTÞ

8<
: ð10:19Þ

It follows that the electric energy Qe = IE inputted in the arc can be expressed as
Qe = 2.9 � 10−13 niT

1/2.
On the right side of the third equation, there is an expression for the energy radiated

by the arc and passing through the transition layer Qr = 5 � 10−28 T1/2r2ni
2f(T) then

Qr/Qe = 1.8 � 10−15nir
2f(T).

IfQr > Qe, then the arc loses energy and contracts. Therefore, the condition for the
beginning of arc contraction is the fulfillment of the relation r2ni

2f(T) � 5.7 � 1014.
The value r2ni is proportional to the total number of ions per unit arc length.

Since this value is not known in advance, it is varied at the solution of the system.
The value of r was determined from the diameter of the erosion crater, which is
close to the diameter of the arc before beginning of contraction (Fig. 9.2).

From the relation r2ni
2f(T) = 5.7 � 1014, the temperature T was determined,

from which the critical current Icr was found by the first equation of the system
(10.19).

Table 10.2 Calculated critical current Icr

Test Gas Initial pressure (MPa) r2ni
(cm−1)

T
(eV)

Icr
(kA)

Iexp
(kA)

1 H2 30 1018 40 659 775 (after 10 ls)

2 H2 30 3 � 1018 39 1120 1200 (after 10 ls)

3 H2 6 3 � 1018 23 750 700

4 He 21 3 � 1018 62 1025 1050
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The results of estimations of the critical current Icr are presented in Table 10.2,
where its value is compared with the experimental value Iexp at which arc con-
traction begins.

The decrease of the arc glow begins by 10–15 ls earlier than its contraction.
During this time, the arc temperature rises to *4 � 105 K, and the brightness tem-
perature at wavelength of 694 nm decreases to *2 � 104 K. After this, due to
contraction of the arc, a rapid increase in its temperature begins. Since at this time the
third equation of the system (10.19) is no longer satisfied, since pr2qf(T) > IE, so the
results of the work [8] were used to estimate the temperature of the arc T. In this case,
the arc temperature in section 1 (Fig. 10.18) at the time 8 ls after the arc con-
traction estimated (time) based on its conductivity and pressure is 3 � 106 K,
ni * 1019 cm−3, r = 0.16 cm, and nir

2 = 2.6 � 1017 cm−1. According to the data of
Table 8.2, to the beginning of arc contraction is corresponded nir

2 * 3 � 1018 cm−1.
The decrease of the particles number can be due to the outflow of plasma in the

longitudinal direction from the contraction zone. A similar phenomenon is
described in the work [30]. The speed of sound calculated by the formula (10.20) is
9.4 � 104 m/s

c ¼
ffiffiffiffiffiffi
c
P
q

s
ð10:20Þ

where c is adiabatic index (1.1), P is pressure (7.6 GPa), and q is density
(9.4 � 10−4 g/cm3).

At this speed of sound during few microseconds, a part of the metal can escape
from the contraction zone, whose length does not exceed the interelectrode distance,
i.e., 2 cm. In this case, additional heating of the plasma is possible near the ends of
the electrodes, caused by the collision of electrode jets with metal vapor jets moving
longitudinally from the arc contraction zone [31, 32]. It is possible that the zones of
intense X-ray radiation near the electrodes are due to this phenomenon [33, 34].

At estimation of the conductivity, the electric field intensity E in the arc was
determined on the difference of the voltage drops across the arc at various arc
lengths. The value E = 1200 V/cm, taken for calculations, corresponds to the upper
limit, and hence to the lowest arc temperature. As will be shown later, this value of
temperature is consistent with the temperature of the arc, determined on the
decrease of the arc glow in the visible range of the spectrum and from the intensity
of the X-ray radiation.

At the experiments (Figs. 10.23 and 10.24) and at the experiments 1 and 2 of
Table 10.2, the critical current was determined from the oscillograms at the time of
10 ls after the brightness temperature began to decrease at wavelength of 694 nm.
The agreement with the calculated current Icr, which increases at increasing of the
arc power, is satisfied at increasing nir

2 from 1018 to 3 � 1018 cm−1. The difference
in the start time of arc contraction in these experiments can be explained by that the
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plasma in the arc contraction zone, as in the micropinch region [35], is formed as a
result of evaporation of the electrodes.

Earlier, it was found that at increasing of arc power, the near-electrode voltage
drops increase [36]. This is due to an increase of the concentration of metal vapor in
the arc and the energy supplied to the electrodes, what causes the highest con-
centration of metal vapors near the electrodes.

Experiments 2, 3, 4 (Table 10.2) were carried out at the same current rise rate, so
the value nir

2 for them is the same. When estimating Icr for helium (Experiment 4,
Table 10.2; Figs. 10.22 and 10.23), it was assumed that the thickness of the tran-
sition layer, depending on the mean free path of X-ray quanta, is inversely pro-
portional to their absorption cross section l * l/d * 1/(hm1)

3, therefore, in
comparison with hydrogen, where l * 10−2 cm, for helium l * 1.7 � 10−3 cm.
Figure 10.21 shows two arc contractions, at this the second, faster contraction is
more consistent with the estimates.

The data in Table 10.2 show that the Icr increases at increasing of initial gas
pressure and at increasing of metal ions number in the arc. For helium the tem-
perature, at which contraction of the arc begins, is higher than for hydrogen.

Decreasing of the arc glow brightness at arc contraction, which is observed in the
visible range of the spectrum, is associated with the formation of transitional layer
heated by X-rays. Similar phenomena were observed at the front of strong shock
waves at increasing temperature in the wave front [4].

The arc glow after its maximum is decreased, and then remains constant, cor-
responding to the brightness temperature Tbr = (1.0–1.5) � 104 K (Fig. 10.23).
This can mean that the transitional layer glows at heating by X-ray and the radiation
from the arc is completely absorbed. In this case, the mean free path of the radiation
quantum in the visible range lk becomes at first is equal, and then less than the
thickness of the transition layer [4]

lk ¼ 1=v ¼ T2
brx

3

0:96� 10�7 n exp½�ðxl � xÞ	 ; ð10:21Þ

where x = hm/kTbr; x1 = hm1/kTbr; hm = 1.79 eV; hm1 = 13.6 eV, n is concentration
of hydrogen molecules.

In its turn, the mean free path of the SXR quantum is equal to the thickness of
the transition layer Dx.

According to the data of the work [37], d = 5.42 � 10−17 (hm1/hm)
3.5 at hm 


hm1, for hydrogen hm1 = 13.6 eV, then

Dx ¼ 1=nr ¼ 1
5:42� 10�17 n ð13:6=1:5TÞ3:5 : ð10:22Þ

As mentioned earlier, the main share of the radiation energy is transferred by
quanta with hm = 1.5 kT, where T is average temperature of the arc.

From the ratio lk = Dx for k = 694 nm (hm = 1.79 eV), at the brightness tem-
perature change from 104 to 1.5 � 104 K, the arc temperature changes from 370 to
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90 eV. For k = 550 nm, these temperatures are slightly higher, because the radi-
ation leaves the deeper zones of the arc.

X-ray radiation from the arc was recorded at initial hydrogen pressure of 5 MPa.
Preliminary estimations show that the energy of the registered emission quanta is
� 370 eV.

Thus, the critical current at which the contraction of the arc containing the metal
of the electrodes and the initiating wire begins at initial gas pressure of 5–30 MPa is
*1 MA, whereas for the arc in vacuum is *100–200 kA.

This difference is due to a decrease of the energy loss with radiation due to the
absorption of radiation in the transition layer. The critical current also increases
with increasing number of metal ions in the arc.

The transition layer surrounding the arc makes it possible to effect the param-
eters of the arc by changing the initial pressure and the type of gas.

The occurrence of a high-temperature zone in the arc in gases at high initial
pressure is due to the same reasons as the formation of “hot spots” at arcing in
vacuum, i.e., by radiation contraction.
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Chapter 11
Energy Features of Plasma Generator

Abstract Thirteen pulsed plasma generators to study megaampere pulsed electric
arcs and characteristics of the dense gas plasma at high and ultra-high pressures
were developed at the IEE RAS. Plasma-forming gases during the operation of
generators were hydrogen, helium, nitrogen, argon, and air. The generators were
also intended for solving other scientific problems and therefore differed in the type
of the electrode system, the design and volume of the discharge chambers, and
some other characteristics. In Chap. 3, the types of discharge chambers of plasma
generators and the design of the generators themselves in detail are presented;
therefore, in this chapter, we shall dwell only on the results of estimating the energy
parameters of plasma generators, the efficiency of their operation, determined by the
coefficients of electrical energy transfer from the power supply (capacitor bank),
into the arc energy, share of which in its turn is converted into the internal energy of
the gas. In addition, we consider the main factors and conditions that determine the
efficiency of the pulsed plasma generators.

11.1 Energy Transfer Coefficients

The efficiency η of the plasma generator supplying from a capacitive storage is the
ratio of the internal energy of the gas ΔWg to the electrical energy stored in the
power supply We

g ¼ Wg

We
: ð11:1Þ

The process of energy conversion in the system “power supply ! plasma
generator” occurs at two stages.

The first stage is the transfer of the energyWe stored in the power supply into the
energy of the electric arc Wa; its efficiency is characterized by the coefficient ηe and
is determined by the ratio
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ge ¼
Wa

We
ð11:2Þ

The second stage is transforming of the arc electric energy into the internal
energy of the gas. Its efficiency is characterized by the coefficient ηt and is deter-
mined by the ratio of the increment of the internal energy of the gas ΔWg to the
energy inputted in the arc We

gt ¼
DWg

We
: ð11:3Þ

Let us represent the values of the energy transfer coefficients obtained based on
their dependencies on the gas parameters and the characteristics of the power
supply.

The coefficient ηe is defined as the ratio of the electrical energy inputted in the
arc Wa to the electrical energy stored in the power supply We. The energy inputted
in the arc Wa during the discharge time T is given by

Wa ¼
ZT

0

IUadt: ð11:4Þ

where I is current in the arc and Ua is voltage drop across the arc.
In the case when the power supply is the capacitor bank, We is defined by

formula

We ¼ c Uc � Urð Þ2
2

: ð11:5Þ

where c is capacitance of the capacitor bank, Uc is voltage of the capacitor bank and
Ur is residual voltage of the capacitor bank.

Since the electric energy is inputted only in the active resistance of the arc, the
coefficient ηe can also be defined as

ge ¼ 1� Rc

Rc þRa
: ð11:6Þ

where Rc is active resistance of the discharge circuit and Ra is active resistance of
the arc.

The results of studies of the characteristics of pulsed generators of dense
hydrogen plasma show that the average active resistance of the pulsed arc in
hydrogen at initial pressure of *40 MPa and currents of *1 MA is *6 mX.

The active resistance of the discharge circuit of capacitive storages with multi
MJ energy used to supply of the high-power arc loads can vary widely; for
example, this parameter of the super-power wind tunnel power supply of the
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McDonnell Douglas is 0.1 mX [1, 2]. However, the development of power supplies
based on capacitor banks with such resistance of the discharge circuit is very
expensive, since requires a lot of expensive materials.

The most experiments on megaampere arc research were performed using power
supplies CPS-25 and CPS-10; their wave impedance of the discharge circuit is 0.68
and 1.47 mX, respectively.

One of the factors, which are affecting the energy transfer coefficient from the
battery to the arc ηe, is the initial gas pressure Pi. The dependence of ηe on Pi for the
capacitor bank CPS-10 is shown in Fig. 11.1. The dependence has growing char-
acter, with the average values of ηe varying from 0.48 to 0.85 at change of the initial
hydrogen pressure from 5 to 42 MPa.

Despite the fact that the most experiments (at exception of several experiments
where were used nitrogen, helium, and air) were performed with hydrogen, the
main common factors for all cases, which can affect the arc resistance and, con-
sequently, the efficiency of energy transfer from the power supplies to the load, in
addition to the initial gas pressure are the interelectrode distance, charge carriers
concentration in the arc, material of the electrodes, the gas type, volume of the
discharge chamber, etc.

The dependences of the arc resistance on the interelectrode distance and the mass
of the eroded metal of the electrodes are shown in Figs. 11.2 and 11.3.

The dependences plotted for various initial hydrogen pressures have a growing
character, and at interelectrode distance from 2 to 14 mm, the arc resistance varies
from 3 to 7 mX.

Fig. 11.1 Coefficient of energy transfer from the power supply CPS-10 to the arc versus initial
hydrogen pressure [3]
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The dependence of the resistance on the weight of the eroded metal has the
opposite nature of the dependence presented above. When the weight of eroded
metal varies from 2 to 55 g, the arc resistance varies from 11 to 3 mX.

The specific resistance of the arc plasma versus the ratio of the weight of
hydrogen Mg to the weight of the metal Mm evaporated from the electrodes is
shown in Fig. 11.4.

The characteristic feature of the dependence is the prevailing number of points
corresponding to the ratio of the weight of hydrogen to the weight of metal

Fig. 11.2 Resistance of the arc versus the interelectrode distance [3]

Fig. 11.3 Resistance of the arc versus the weight of the eroded metal [3]
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evaporated from the electrodes from 1 to 10, what indicates at significant weight of
eroded metal and low values of resistivity in most experiments. This necessitated
the minimization of metal erosion to improve the efficiency of energy transfer from
the power supply to the arc.

The coefficient ηt is determined by the ratio of the increment of the internal
energy of the gas ΔWg to the energy inputted in the arc Wa

gt ¼
DWg

We
: ð11:7Þ

ΔWg can be estimated from the formula

DWg ¼
P V � amg
� �� PiV

c� 1
: ð11:8Þ

where P is final gas pressure in the discharge chamber, V is volume of the discharge
chamber, mg is the weight of the gas, Pi is initial gas pressure, c is the adiabatic
index, and a is covolume.

The value of We was determined from the oscillograms of the current and
voltage. The main parameter affecting the coefficient ηt is the initial hydrogen
pressure. Figure 11.5 shows the dependence of the coefficient of the arc electric
energy transfer into the internal energy of hydrogen on its initial pressure. Here the
average values of the coefficient ηt for initial pressures from 20 to 42 MPa, which
are typical for the conditions of the experiments, are 0.7–0.9.

Fig. 11.4 Specific resistance of the arc plasma versus the ratio of the weight of hydrogen Mg to
the weight of the metal Mm evaporated from the electrodes [3]
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Figure 11.6 shows the dependence of the coefficient of the arc electric energy
transfer to the internal energy of hydrogen on the volume of the discharge chamber,
at pressure in the discharge chamber of 20 and 40 MPa.

The dependencies have a growing character, which can be explained both by the
increase of the geometric dimensions of the chamber and by the increase of the

Fig. 11.5 Coefficient of the arc electric energy transfer to the internal energy of hydrogen versus
its initial pressure [3]

Fig. 11.6 Coefficient of the arc electric energy transfer to the internal energy of hydrogen versus
the volume of the discharge chamber [3]
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weight of the gas, what should lead to an increase in the degree of dissipation and
the efficiency of energy absorption.

11.2 Simulation of Plasma Generators Processes

Some experimental results obtained at the investigation of plasma generators can be
explained with the help of simplified mathematical models of the main processes
occurring during the operation of the generator.

The operating cycle of the generator can be represented as a combination of two
processes:

• Transfer of electrical energy from the power supply to the arc
• Heating by the arc of the operating gas (hydrogen) in the discharge chamber.

The modeling task is greatly simplified if the effect of the operating gas on the
arc parameters is not taken into account. In this case, the problem of the discharge
simulation is solved independently, and its solution can be written as the depen-
dence of the electric power on time. In this case, the connection between the electric
power of the arc and the rate of increment of the internal energy of the gas is given
by the empirical relation

ga ¼ 1� e�
16;000q

I ; ð11:9Þ

where ηa is ratio of the growth rate of the internal energy of hydrogen to the arc
power, q is initial gas density in the discharge chamber (kg/m3), and I is average
current by process (A).

The arc, being a nonlinear load, with a small error can be considered as a
constant counter-emf connected in the discharge circuit [4]. The value of the
counter-emf is assumed to be equal to the voltage drop across the arc at the current
maximum.

An analysis of the experimental data shows that the average voltage drop across
the arc for all experiments is 3.8 kV. The discharge is described by the system of
equations

dI
dt

¼ IRþU � Ua

L
dI
dt

¼ I
C
;

ð11:10Þ

where C is capacitance of the capacitor bank, L is discharge circuit inductance, R is
active resistance, Ua is voltage drop across the arc, and U is voltage of the power
supply.
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The solution is reduced to calculating of the current discharge parameters until
the moment of the current passing through zero, which is equivalent to the con-
dition of the arc extinction.

In this formulation, the possibility of repeated breakdowns is not taken into
account, as data analysis shows that in the overwhelming majority of cases, the
energy input from them is significantly lower than from the primary pulses.

To estimate the accuracy of this thermodynamic model, the maximal pressure in
the discharge chamber was calculated from the data of 40 experiments. The his-
tograms of the distribution of the ratios of the calculated pressures to their exper-
imental values are shown in Fig. 11.7.

The pressure spread is largely due to the spread of the diaphragm rupture
pressure, the value of which in the calculations was assumed to be constant and
equal to 100 MPa.
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Chapter 12
Applications of Pulsed Plasma
Generators

Abstract The development of industry is accompanied by the increase of its
negative impact on the natural environment and man. One of the main types of such
impact is the entry in the environment of toxic chemicals formed at the production
stage, in the form of waste and/or in the form of these substances that have become
unusable after their use. Until the middle of the twentieth century, most industrial
wastes entered the natural environment almost without any processing, in terms of
its (nature) adaptive capacity. However, as experience and scientific knowledge on
the negative impact of industrial wastes on the biosphere have become evident, as
so many toxic substances persist for a long time, migrate and transform, adversely
affecting the environment, and significant harm is also caused to a person as at
direct exposure to waste and through food chains. This especially applies to organic
substances that have no analogues in the natural environment. The number of such
substances is steadily increasing with the development of chemistry, chemical
technology, and related industries. One of the tasks of researchers is to find ways to
safely destroy toxic substances and their hardware design.

12.1 Application of Plasma Generators in Scientific
Researches

Super- and hypersonic wind tunnels. These devices can be considered the first, in
which powerful pulsed plasma generators were used. Wind tunnels are designed to
study super- and hypersonic aerodynamics, simulate the entry of spacecraft into the
atmosphere of planets, etc. The results of these studies are presented in the works
[1–6]. The required parameters of the heated gas flow in the working part of the
wind tunnel determine the parameters of the gas in the chamber of the plasma
generator. One of the main requirements is the high temperature of the gas, in order
to avoid its condensation at large degree of the gas expansion in the nozzle.

To ensure the stability of the gas flow parameters, it is necessary to maintain the
gas parameters in the generator chamber. To meet this requirement, the most
suitable is the chamber with rod electrodes. On the other hand, the operating time of
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the wind tunnel (the time of the quasi-stationary gas flow) is usually much longer
than the discharge time of the capacitive energy storage, and, therefore, the arcing
time. Under these conditions, after rapid heating of the gas in the chamber, its flow
through the nozzle occurs at decrease of the parameters of the braking of the flow,
but at almost constant Mach number.

In this case, the stability and duration of the arcing process does not play a
determining role; therefore, plasma generators with other types of discharge
chambers having higher efficiency of heat transfer can be used as a gas heater.

Among the wind tunnels developed based on powerful plasma generators, the
above-mentioned hypersonic pulsed wind tunnel of the aviation company
McDonnell (Fig. 12.1) occupies a special place [1].

The generator is powered by the capacitor bank with energy of 7 MJ and voltage
of 12 kV. The discharge chamber of the plasma generator is designed for a max-
imum pressure of 700 MPa. The parameters of the gas flow in the working part of
the tunnel are next: speed of gas flow from 1800 to 5400 m/s, range of Mach
numbers from 10 to 27 at gas density corresponding to an altitude of more than
30 km.

The wind tunnel has a simple conical nozzle. There is two operating parts: one of
1270 mm diameter for large Mach numbers and another of 762 mm diameter to
simulate flight conditions at lower altitudes with large Re numbers and small Mach
numbers.

The vacuum system is capable to produce a vacuum in the operating part of the
tunnel up to 10–6 mm Hg. The design of the discharge chamber provides the
possibility of replacing all elements of the electrode system as a separate unit.

The Institute of Theoretical and Applied Mechanics of the Siberian Branch of the
Russian Academy of Sciences developed the pulsed hypersonic wind tunnel IT-301
(Fig. 12.2) [6].

In this installation, the coaxial discharge chamber was used [7]. The installation
was powered by a capacitive storage with energy of 0.5 MJ and voltage of 5 kV.
Nitrogen and air were used as the operating gases. Operating parameters are next:

Fig. 12.1 Plasma generator
of the McDonnell’s pulsed
wind tunnel [1]
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• Initial gas pressure in the discharge chamber 2.5–15.0 MPa
• Maximal pressure in the discharge chamber 200 MPa
• Gas temperature 1000–4000 K
• Mach numbers 8–16
• Reynolds numbers 105–108

• Diameter of the nozzle is 140 mm at M is 8–12, and 250 mm at 10–16.

Electric rocket engines. The using of plasma generators as a basis for low-thrust
rocket engines, for example, spacecraft orientation engines is considered [8]. The
main advantage of a plasma generator, in this case, is the ability to design an engine
with a very high specific pulse, i.e., with a high gas flow speed. For a plasma
generator, this parameter can be realized when hydrogen or helium is used as an
operating gas.

Since reliability of operation and stability of output parameters are of great
importance for such devices, the generators with a coaxial-type discharge chamber
at relatively low initial gas pressure are the most suitable.

Technology and test benches. One of the possible applications of powerful
plasma generators is the developing of test benches for testing various materials
under extreme conditions. Such facility has the design similar with a hypersonic
wind tunnel, but with a wider range of output parameters. Such possibilities of
plasma generators as the producing of high-speed and high-temperature gas flows,
saturation of the gas flows by micro- and macroparticles of the various materials,
and achieving the pressures of several hundred MPa in the chamber, can be used.
Obviously, depending on the specific task, the appropriate type of the discharge
chamber should be selected.

Another promising use of plasma generators is a developing of facilities for the
destruction of high toxic chemical compounds, for example, military poisonous
substances. The working gas temperature of several thousand degrees, which is
typical for plasma generators, is sufficient for the complete decomposition of any
chemical compounds. At the same time, rapid cooling of the decomposed products

Fig. 12.2 Pulse wind tunnel IT-301 [6]
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at flowing through the supersonic nozzle (“hardening”) prevents the formation of
new toxic compounds.

A somewhat smaller spreading of plasma generators in such areas of science and
technology as:

• Sources for gas-discharge, gas-dynamic, and gas-dynamic lasers with combined
pumping, which make it possible to increase their efficiency by additional
vibrational nonequilibrium

• Simulation of energy removal from a thermonuclear reactor
• Modeling the impact of some factors of nuclear explosion on structural materials
• Plasma chemical technologies at supercritical parameters.

12.2 Application of Plasma Generators for Toxic
Substances Destruction

Since the beginning of the 1940s and 1950s, scientific and technical developments
and industrial technologies for the processing of toxic waste have appeared with a
view to neutralizing them, which in turn has led to a certain decrease of their
negative impact on the environment and human beings.

Among the various methods of processing toxic waste, the most universal
methods are high-temperature mineralization (HTM). The essence of the HTM
method is in the thermal impact on waste, as a result of which their gasification or
reduction takes place with the formation of inorganic substances. Typically, this
reduces the toxicity of the waste or performed their complete detoxification. If
necessary, gaseous products of the HTM can be subjected to additional purification.

The most common methods of the HTM implementation are incinerators. There,
combustible wastes having various aggregate states burn in the air stream at tem-
peratures of 1200–1700 K, depending on the chemical nature of the wastes. In
those cases where the internal energy of the waste is not sufficient to maintain the
required temperature, additional fuels are supplied in the combustion furnace.

At present, dozens of different designs and various technological schemes of the
HTM are used in the world industrial practice, the design and instrumental features
of which are determined by the parameters of waste, the characteristics of the main
production facilities, and regional requirements for such devices and protection of
the environment.

The idea of using plasma generators for the destruction of various high toxic
substances and the decontamination of industrial and other wastes has become
particularly relevant due to the fact that, as is known, the chemical binding energy
of the molecules of some of these substances is so high that it is impossible to break
these bonds using traditional methods [9]. Taking into account that the arc tem-
perature in pulsed plasma generators is � 25,000 K, and the internal energy of the
working gas reaches the multi-MJ level, under these conditions, depending on the
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chemical composition of the waste and the plasma-forming gas, the stable two–
three atomic compounds can be formed: oxides, hydrides, and halides. The exhaust
gases formed in the plasma chemical process, containing secondary toxic sub-
stances, undergo an additional purification, usually chemo-absorption.

Compared to incinerators, the plasma chemical installations for neutralizing
waste have the following advantages:

• Possibility to adjust the temperature of the plasma-forming gas in the reactor
from 1000 to 10,000 K

• Short reaction times in the reactor
• Much smaller mass and size characteristics of the reactor and the installation as a

whole
• Possibility of full automation of the technological process
• Short time to put into the operating mode.

At the same time, plasma chemical installations have two main shortcomings:

• Limited operating resource of plasma generators
• Increased power consumption.

Comparison of incinerators with plasma chemical installations shows that the
use of the former is advisable at neutralizing large quantities of complex mixed
waste containing a large proportion of combustible waste and low-toxic substances.
The use of plasma chemical installations is advisable at neutralizing relatively small
amounts of concentrated high toxic substances. It is particularly advisable to use
them at the site of formation or storage of high toxic waste. At destroying of high
toxic substances, the special attention is paid to the problem of localizing accidents
and eliminating their consequences that may arise in the technological process.
Small-sized plasma chemical installations can be placed in hermetical rooms with
remote automatic control of operation, both in normal mode and during localization
of accidents and elimination of their consequences.
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