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Abstract. The presented work describes an element of the hierarchy of radiation-plasmadynamic
mathematical models that are designed to study sources of pulsed electrical discharge of various
classes. As a result of the conducted computational studies, data were obtained on radiation-
plasmadynamic processes and phenomena in pulsed erosive electric discharge sources of ultraviolet
radiation and various types of shock waves.
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1. Introduction

Thermophysical processes play an important role in many scientific and technical fields in
various types of discharges and circuits [1-8]. The use of electric discharge plasma sources is
primarily associated with the need to develop and obtain energy sources and particles of different
ranges [9-15].

Ohmic-heated radiation sources, or, in another way, high-current emitting discharges (HCED),
are discharges in which the action of their own electromagnetic forces is directed at the magnetic
localization of plasma formation forming in the interelectrode gap [16-23]. In this case, the role of
the kinetic energy of the plasma in the energy balance of the discharge should be minimal with the
most efficient conversion of Joule energy directly into the internal energy of the plasma. It should
be noted that the ohmic plasma heating mechanism will be effective provided that the rate of energy
transfer from electrons to ions exceeds the rate of energy transfer from an electric field to electrons.
This condition is fulfilled by limiting the discharge current density j to a value of
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which in typical cases (n.~10%-10* cm, T~ 10-100 eV) is jo-< 1 MA/cm?. In addition, the
effective introduction of Joule energy into the plasma of such discharges should be carried out
under conditions of limiting the thermal expansion of the heated plasma, i.e. by limiting the
characteristic transverse size b, since the highest values of the active resistance of the plasma
Ry~ L/[rb*c(T)] are realized (where L is the length of the interelectrode gap, o is the conductivity
of the plasma with temperature 7). In HCED, the transverse restriction of the plasma channel can be
carried out not only by a magnetic field, but also by gas and solid walls.

The most promising, from the point of view of increasing the brightness temperatures of
HCED plasma, are the so-called open discharges developing in an unlimited (or partially limited)
medium with solid walls: open HCED in vacuum and gases. According to the factors limiting the
rapid expansion of the plasma channel, all open HCED are divided into:

e vacuum open unbounded discharges where only compressive electromagnetic forces act;

e vacuum open surface discharges with the action of compressive electromagnetic forces and
a solid dielectric surface;

e gas open unlimited discharges (OUD) under the action of compressive electromagnetic
forces and back pressure of the gas surrounding the gas discharge;
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e gas open surface discharges (OSD) in which the limitations of the thermal expansion of the
plasma are carried out simultaneously by electromagnetic forces, the external gas
environment and a solid surface.

2. Discharges and modes

One of the most important features of any radiative plasma dynamic (RPD) process is the
presence of strong nonlinear interactions between the various processes that compose it: radiation,
gasdynamic, electromagnetic and thermophysical. Due to the complexity of local diagnostics and
experimental research of such processes and phenomena of RPD, in many cases experimental data
on the parameters and characteristics of the process or phenomenon under study are integral, it is
often insufficient to find cause-and-effect relationships that determine the basic physical patterns,
and identify effective ways to optimize these processes and manage them. In such a situation, the
success in creating high-energy RPD systems and installations for various purposes largely depends
on the level of theoretical developments. Moreover, the most effective research method should be
recognized as a computational experiment, which allows at some stages to replace expensive field
experiments, and in a situation where experimental data are practically absent, numerical modeling
remains the only way to obtain both qualitative and quantitative data about the process.

In the standard case, the description of radiative magnetoplasmadynamic processes in the
considered types of electric discharge sources should be carried out in a three-dimensional spatial
approximation. The solution of the above system of equations in this case even now seems to be
very problematic. Therefore, it is advisable to consider and build a hierarchy of spatially
approximate models based on a complete system of equations, including the simplest one-
dimensional models, which allow us to identify, first of all, the main qualitative features of
dynamics and spectral brightness characteristics of discharges.

The magnetogasodynamic mode (MGD- mode) takes place in a certain range of values of the
average specific electric power Pe € [P, Pe2]. The criterion determining the end of the MGD-
mode, is the complete degradation of the gas dynamic gap (GD-gap) as the outer boundary of the
discharges. The physical reasons for the discharge exit from the MGD — mode are associated with
an increase (with an increase in P.) in radiation fluxes and electromagnetic forces acting in the
discharge zone.

At values Pe; > P2 the magnitude of the radiation fluxes that were absorbed by the GD-gap
region should be sufficient to warm up the entire boundary region of the GD-gap during time < #1/2
to temperatures at which current flows in it, and the resulting inhibitory electromagnetic forces will
exceed the dynamic gas pressure in the GD-gap, thereby causing a radiation-magnetogasodynamic
effect the disappearance of the GD-gap area and the transition of discharges into a quasi-pin mode.

The values of the critical values of the specific electrical power P2, which are the upper limit
of the existence of the MGD — mode, depend on the type of discharge and the properties of the
environment. As calculations have shown, for OUD in argon P.2 ~ 140 MW/cm, and for OSD in
argon P.2 ~ 300 MW/cm. That is, the P2 for OSD in argon is approximately twice as high as the
P for OUD in argon.

The main reason for this difference in P is the difference in travel speeds GD-gap for OUD
and OSD. For OSD higher velocities and levels of values of the velocity pressure piDm?/2 of the gas
in GD-gap require for its braking large values of electromagnetic forces acting in the region GD-
gap, and, consequently, higher values of Pe;.

The optical properties of the surrounding gas have a significant influence on the value P.2. A
necessary condition determining the possibility of complete degradation of the GD gap is the
condition for the penetration of radiation generated by the high-temperature plasma region of the
discharge into the gas layer of the GD gap with intensity and spectral properties that ensure heating
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of this layer to temperatures 71 ~ 20 kK, at which the inhibitory electromagnetic force effectively
begins to act. A characteristic optical property of the air environment is the relatively low value of
the spectral boundary of the “transparency window” of cold (7 < 15 kK) air — Avi= 6 eV. An
increase P leads to an increase in the temperature of the plasma zone 7> and a shift of the
maximum of the radiation spectrum to the area of the shortwave range (hvm = 3kT2¢eV). At
temperatures characteristic of the MGD mode (P.; > 40 MW/cm) the temperature values of the
plasma discharge 7> > 40 kK the main part of the thermal radiation generated by high-temperature
plasma is in the region of short-wave radiation with quantum energy Avm =~ 12 €V and, as can be
seen, is outside the “transparency window" of cold (7 < 15 kK) of air. Radiation cannot penetrate
the GD-gap, heat it to a temperature 71 ~ 20 kK and during the first half-period # provide the
conditions necessary for complete degradation of the GD-gap.

3. Description of the features

To identify the main qualitative features of the dynamics and spectral brightness characteristics
of discharges in the main phase of Joule energy release, i.e. in the first half-period of the discharge
current, we can limit ourselves to a one-dimensional approximation. At the same time, the direction
perpendicular to the surface of the interelectrode insert is highlighted as a priority for OSD, and for
OUD - the direction perpendicular to the axis of symmetry of the discharge. To ensure the identity
of the conditions for comparing radiation-magnetoplasmadynamic processes in OSD and OUD, the
simplest geometry was chosen for both discharges — a flat discharge with a simple Z-pinch
configuration.

Numerical studies of the plasmadynamic processes of discharges developing in argon (Ar) or
atmospheric pressure air (Air) were carried out with variations in the length of the interelectrode
gap, L =25-100 cm the level of the amount stored in the capacitive storage, C = 3—10 pF energy

CcuU;

W, = ~1+100 kJ (U, =25+300 kV), (1)
and the duration of the first half-cycle of the discharge current #; = 5-10 us. The range of change in
the average specific (per unit length of the interelectrode gap L) the electric power released in the
plasma was P =1-400 MW/cm. The width of the discharge electrodes b =1 cm. Corundum
(AL203) ceramics, the thermophysical characteristics of which are taken from [14], was chosen as
the material of the interelectrode insert for the OSD.

At the initial 7= [0—#,], essentially non-stationary stage of the discharge, a transition occurs
from the initial (¢ = 0, J = 0) state (simulating the situation after the breakdown of the interelectrode
gap of the discharge) to a quasi-stationary state. The calculation results showed that the value ¢, for
the studied conditions does not exceed the values ~ 1 ps. During the rest of the time of the first
half—cycle of the current (i, —t1) — the phase of the main allocation of Joule power — the spatial
distributions of the radiation-plasmadynamic parameters of plasma formation have a quasi-
stationary character, by the type of which one can judge the features of the emerging structures and
dynamics of the propagation of discharge plasma, and, consequently, talk about the modes of
discharge.

Both types of considered HCED (OSD and OUD) are characterized by strong attenuation of the
discharge current with maximum Joule energy release in plasma

2
W,=[' R, dt ~(0.4+0.99) C2U° : )

in the first half-period #1 < 10 ps of the discharge current J.
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On the basis of analyses of the degree of influence of individual discharge parameters, it was
found that the main physical parameter determining its radiative and plasmadynamic characteristics
is the average (for the first half-period) specific (per unit length L ) rate of energy input into the
discharge plasma, P, = W1/ La the value of which in these calculations varied in the range of 1-
400 MW/cm. In addition, it was found out that under the conditions of limitation of plasma
expansion by the gas medium and its own magnetic field, the HCED in relation to P can exist in
three different quasi-stationary regimes (explosive, magnetogasodynamic, and quasipinch)
depending on the structure and parameters of the plasma.

We consider the specific features of the behaviour of radiation and plasmadynamic parameters
of HCED in each of them. The boundary values of the average specific electric power P.;, which
determine the regions of existence of the modes, depend on the properties of the surrounding gas
and are different for OUD and OSD, reflecting the specific features of OSD associated with the
presence of a solid dielectric surface, which is a rigid spatial limiter and a source of light-erosion
plasma. The performed calculations and their analyses have shown that the HCED modes are
related to the plasma parameters (velocity, density, etc.) in the boundary zones of the expanding
plasma formation. With Pe < Pe1 an "explosive" mode is carried out, in which the external
boundary of the discharge is a gas-dynamic shock wave propagating in the surrounding gas at a
speed of D ~ Py, In the magnetogasodynamic mode (P1 < P < Pey2) there is a limitation of the
growth of the velocity D of the external boundary of the discharge with increasing specific electric
power. In the magnetogasodynamic regime, there appears the effect of shock wave degradation, in
which the gas compression rate behind the external rupture becomes less than the Hugoniot
compression rate and continues to decrease as the power put into the plasma increases. The effect of
the shock wave degradation was observed in experiments [15] under the action of strong external
fields on the spark discharge plasma. In the quasi-spark regime with Pe; > P2 the external rupture
transforms from a compression rupture into a radiation-magnetogasodynamic rarefaction wave. The
values P, are different for OUD and OSD, which reflects the specific features of OSD associated
with the presence of a solid dielectric surface, which is a rigid spatial limiter and a source of plasma
that causes light erosion. Such powerful discharges and radiation sources can be used for a wide
range of applications [24-37].

4. Conclusion

The paper presents an element of the hierarchy of radiation-plasmadynamic mathematical
models, which are designed to study pulsed electric discharge sources of various classes. With the
help of computational studies, data on radiation-plasmadynamic processes and phenomena in pulsed
erosive electric discharge sources of ultraviolet radiation and shock waves of various types were
obtained. For electroplasma discharges, criteria have been established that determine discharge
modes that differ in the degree of influence of electromagnetic processes and, as a result, the
dynamics of formation and spatial distributions of plasma parameters. The effect of radiation-
magnetic degradation of a shock wave is briefly described, which manifests itself in a decrease in
the degree of compression of gas at the front and takes place under conditions of radiation
ionization of gas in the front area and the action of inhibitory electromagnetic forces.
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