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Abstract: This research is devoted to the calculation and theoretical analysis of physical processes in
the powerful electric discharge sources of UV radiation and shock waves with required and controlled
technical and physical characteristics. Based on the calculations, the processes of converting the
initially stored electromagnetic energy into internal, kinetic, magnetic and radiation energy formed
in the electro-discharge plasma sources of plasma formation were studied, and the interactions of
discharged plasma and its radiation with matter in different aggregate states were also studied. All
the main magneto-plasma dynamic and radiative parameters of plasma formation in the electric
discharge sources of UV radiation and shock waves are obtained.

Keywords: hot temperature; mathematical modeling; plasma dynamic; high current emitting dis-
charge

1. Introduction

Electro-discharge plasma radiation sources of high spectral brightness and shock
waves (SW) [1,2] are an independent class of discharges carried out with a powerful (up to
10 GW) pulse (discharge time ti = 10–500 µs) discharge of the main energy storage device
to the interelectrode interval of a special configuration (Figures 1 and 2). Electromagnetic
energy supplied to the discharge under the condition of pulse currents of high amplitudes
(jm = 10 kA–1 MA) is converted into the internal, kinetic and radiation energy of a formed
plasma formation or flow.

Depending on the type of prevailing plasma heating mechanism, all known electric
discharge sources of the specified range of parameters can be divided into two main types:

(1.) Electric discharge sources with an ohmic mechanism of plasma heating and a high
amplitude and density current (up to 1 MA/cm2), at which the conversion to internal
energy is due to the joule mechanism of energy dissipation and is associated with the
transfer of energy of the electrons accelerated by the external electric field, yielding
heavy plasma particles as a result of elastic and inelastic collisions;

(2.) Electro-discharge sources with a plasma dynamic mechanism of plasma heating,
operating on the effect of the shock wave braking of plasma formation (flow) previ-
ously accelerated by electromagnetic forces and the thermalization of directed kinetic
energy of a heavy component.

Sources of radiation with ohmic heating, or otherwise high-current emitting discharges
(HCED), include discharges in which the action of intrinsic electromagnetic forces is
directed to the magnetic localization of plasma formation, formed in the interelectrode gap.
At the same time, the role of the kinetic energy of the plasma in the energy balance of the
discharge should be minimal, with the maximum efficient conversion of joule energy going
directly into the internal energy of the plasma. It should be noted that the ohmic mechanism
of plasma heating itself will be effective if the energy transfer rate from the electrons to
the ions exceeds the electric field energy transfer rate to the electrons. This condition is
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fulfilled when the discharge current density is limited to the value jcr ≈ ene(3kT/M/)1/2,
of which, in characteristic cases, (ne = 1018–1020 cm−3, T ≈ 10–100 eV) is jcr ≤ 1 MA/cm2.
In addition, the effective introduction of joule energy into the plasma of such discharges
should be carried out under the conditions of limiting the thermal expansion of the heated
plasma (i.e., limiting the characteristic transverse size b), since the highest values of the
active resistance of the plasma are realized such that Rp ≈ L/

[
πb2σ(T)

]
(where L is the

length of the interelectrode gap and σ is the conductivity of the plasma with a temperature
T). 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.
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Figure 1. Circuits of open high-current emitting discharges (HCED). (a) Vacuum open unlimited 
discharge (OUD). (b) Vacuum open surface discharge (OSD). (c) Gas open unlimited discharge. (d) 
Gas open surface discharge. 1: discharge electrodes; 2: plasma of the gas or products of erosion of 
the structural elements of the electrode system; 3: dielectric solid surface; 4: shock-compressed gas 
area; 5: undisturbed gas medium; and 6: shock wave. 
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Figure 2. Model configurations of OUD (a) and OSD (b) electrode systems and the equivalent electrical circuits. 

Figure 1. Circuits of open high-current emitting discharges (HCED). (a) Vacuum open unlimited
discharge (OUD). (b) Vacuum open surface discharge (OSD). (c) Gas open unlimited discharge.
(d) Gas open surface discharge. 1: discharge electrodes; 2: plasma of the gas or products of erosion of
the structural elements of the electrode system; 3: dielectric solid surface; 4: shock-compressed gas
area; 5: undisturbed gas medium; and 6: shock wave.



Symmetry 2021, 13, 927 3 of 14

Symmetry 2021, 13, x FOR PEER REVIEW 2 of 15 
 

 

  
(a) (b) 

(c) (d) 

Figure 1. Circuits of open high-current emitting discharges (HCED). (a) Vacuum open unlimited 
discharge (OUD). (b) Vacuum open surface discharge (OSD). (c) Gas open unlimited discharge. (d) 
Gas open surface discharge. 1: discharge electrodes; 2: plasma of the gas or products of erosion of 
the structural elements of the electrode system; 3: dielectric solid surface; 4: shock-compressed gas 
area; 5: undisturbed gas medium; and 6: shock wave. 

Fx

Fx R  oH  y

C

L o

L

b

j
jz

x

y



 

Fx

 y

L

j

C

R  o

b

j
z

H  y

H  y

х

L o

Fx

(a) (b) 

Figure 2. Model configurations of OUD (a) and OSD (b) electrode systems and the equivalent electrical circuits. Figure 2. Model configurations of OUD (a) and OSD (b) electrode systems and the equivalent electrical circuits.

The most promising discharges, in terms of increasing the brightness temperatures
of the HCED plasma, are the so-called open discharges developed in an unlimited (or
partially limited) solid environment: open HCED in vacuums and gases. According to the
current factors that limit the rapid expansion of the plasma channel, all open HCEDs are
divided into the following categories:

(1.) Vacuum open unlimited discharges (Figure 1a), with only compressive electromag-
netic forces;

(2.) Vacuum open surface discharges (Figure 1b), with compressive electromagnetic forces
and a solid dielectric surface;

(3.) Gas open unlimited discharges (OUD, Figure 1c), with the action of compressive
electromagnetic forces and the back pressure of the surrounding gas discharge;

(4.) Gas open surface discharges (OSD, Figure 1d), in which limitations of the thermal
expansion of plasma are carried out simultaneously by electromagnetic forces, an
external gas medium and a solid surface.

Model configurations of electrode systems and equivalent electric discharge circuits
for OSD and OUD are shown in Figure 2. The electrode system represents two parallel flat
strips of a certain width b at a distance L from each other. In the case of OUD, a flat surface
is present in the interelectrode gap (IEG). The origin (x = 0) of the Cartesian coordinate
system is located on the IEG surface for OSD and on the plane of symmetry of the discharge
for OUD. The voltage supply from the capacitive accumulator to the electrodes provides
the creation of electric field strength E(x,t) in the interelectrode gap and current flow with a
density j(x,t) in the OZ axis direction. In the discharge region, an inherent magnetic field
with an intensity H(x,t) directed along the OY axis occurs. The configuration of the electrical
conductors closing the electrical circuit is selected such that the resulting electromagnetic
forces in the OUD are directed to the plane of symmetry of the discharge, and for the OSD,
the electromagnetic forces are directed to one side from the IEG surface and to the side of
the unperturbed gas medium (the IEG surface, providing general magnetic compression of
the plasma).

Plasma formed in interelectrode space with time t, coordinate x and values of density
ρ, pressure p and temperature T propagates at speeds u in the direction of the X axis to the
area of an initially fixed gas medium with known parameters.

The most promising direction for creating powerful sources of radiation with ohmic
heating, meeting the requirements of many practical and scientific applications, is the use
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of open surface HCEDs in gases (Figure 1d). The OSD group includes discharges whose
plasma formations are formed above the cylindrical or flat surface of the non-destructible
dielectric, which is not only a plasma-forming substance, but in some cases (for example, a
linearly stabilized surface discharge (LSSD) in dense gases) performs the function of the
necessary structural element responsible for initiating discharge.

One of the most important features of any radiation magnetoplasmadynamic (RMPD)
process is the existence of strong nonlinear interactions between the various components
of its processes: radiation, gas dynamic, electromagnetic and thermophysical. Due to the
complexity of local diagnostics and experimental research of such RMPD processes and
phenomena, in many cases, experimental data on the parameters and characteristics of
the studied process or phenomenon are integral. It is often not enough to find causal
relationships that determine the main physical patterns and identify effective ways to
optimize and manage these processes. In such a situation, success in the creation of
high-energy RMPD systems and installations for various purposes largely depends on
the level of theoretical development. Moreover, the most effective method of research
should be recognized as a computational experiment which, at some stages, allows for
replacing 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 for the process [3,4].

In general, the description of radiation magnetoplasmadynamic processes in the con-
sidered types of electric discharge sources should be carried out in a three-dimensional
spatial approximation. The solution of the given system of equations in this case, even at
present, seems very problematic. Therefore, it is advisable to consider and construct a hier-
archy of spatially approximate models based on a complete system of equations, including
the simplest one-dimensional models, which allows one to primarily identify the main
qualitative features of the dynamics and spectral brightness characteristics of discharges.

2. Mathematical Models and Methods

This section is devoted to the development of mathematical models of RMPD pro-
cesses in powerful electro-discharge sources of radiation of high spectral brightness and
shock waves. Based on the analysis, it can be argued that the description of the RMPD
processes taking place in them can be carried out in the framework of a single physical and
mathematical model, formulated on the basis of the equations of multicomponent, single-
temperature radiation magnetogasdynamics. Electromagnetic processes are described
by a system of Maxwell and Ohm equations in plasma with finite conductivity. Radia-
tion transfer is described within the multi-group diffusion approximation. The system is
supplemented by equations describing the processes of heating and evaporation (within
the framework of the model with the Knudsen layer) of the surfaces of the structural
elements of the electrode assembly. The system is closed by the equations of the electric
discharge circuit. This system of equations takes into account the methods for calculating
the equations of the states of matter and the absorption coefficients of the natural radiation
of plasma:

∂ρ/∂t + ∂(ρu)/∂x = 0,

∂(ρu)/∂t + ∂
(
ρu2 + P

)
/∂x = fx, fx = − 1

c jz Hy,

∂(ρE)/∂t + ∂
(
ρEu + Pu + q∑

)
/∂x = qx,

qx = jzEz, q∑ = qe + qi + ∑
v

qv, P = Pe + Pi

(1)

where t is time, x is a coordinate, ρ is the density, u is the velocity along the x coordinate,
P = P(ρ, ε) is the static pressure, ε is the specific internal energy, E =

(
ε + u2/2

)
is the

total energy of the flow, qv is the spectral radiation flux, Te and Ti are the electron and ion
temperatures, respectively, such that T = Te = Ti, fx is the electromagnetic force, qx is the
energy inflow from the electromagnetic field, qe = −λegradTe, qi = −λigradTi, λe and λi
are the thermal conductivity coefficients of the electrons and ions, jz is the current density,
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→
H(r) is the magnetic displacement vector, Pe is the electron pressure, Pi is the ion pressure
and v = (1, 2) for flat and axial symmetry.

The coefficients of electronic and ionic thermal conductivity λe,i in the case of magne-
tized plasma, can be calculated using formulae [5]. The calculations of the parameters of
the working media included in this system of equations of thermodynamic e(T, ρ), P(T, ρ)
and optical χi(T, ρ) were carried out as part of the LTR approximation using the ASTER-
OID computer system developed by academician of the Russian Academy of Sciences S.T.
Surzhikov [6], the Thomas–Fermi model with quantum and exchange amendments [7,8]
and the average charge model [9].

The transfer of broadband radiation was taken into account by using a multi-group
diffusion approximation, the equations of which are as follows [10]:

∂qv

∂x
+ χvcUv = χv4σT4,

c
3

∂Uv

∂x
+ χvqv = 0 (2)

where qv, Uv are the spectral flux and bulk density of the broadband radiation, respectively,
c is the speed of light, ν is the number of frequency groups, χv is the spectral absorption
coefficient, n = 0 is the flat layer, n = 1 is the infinite one-dimensional cylinder and n = 2 is
the spherical symmetric case. Here, the value qv refers to the radiation flow in the direction
of the X axis. The value σi was calculated using the following formula:

σi = 2k2π[ f (αi+1)− f (αi)]
(
c2h3), αi =

hνi
kT ,

f (α) =
α∫

0

β3

eβ−1
dβ '

 α3
(

1
3 −

α
8 + α2

62.4

)
, α<2

6.4939− e−α
(
α3 + 3α2 + 6α + 7.28

)
, α ≥ 2

(3)

To solve the radiation transfer equations in a multi-group approximation, the spectrum
was divided into groups, taking into account the peculiarities of the electronic structure of
the atoms that were part of the plasma of the light-erosion vapors and ambient gas. The
whole spectrum consisted of 7 groups, with interval boundaries [0.1–3.14–5.98–6.52–7.95–
9.96–18.6–200] eV for the discharges in air and [0.1–3.14–5.98–11.62–15.76–18.82–27.63–200]
eV for the discharges in Ar.

The magnetic induction equation for the field component is written as follows [10]:

∂(Hy/ρ)
∂t + 1

µ

∂(uHy/ρ)
∂x = c2

4πµρ
∂

∂x

(
1
σ

∂Hy
∂x

)
,

jz = σ
(

Ez +
1
c uHy

) (4)

Electrical conductivity was determined by the Spitzer formula [5], taking into account
possible magnetization of the plasma.

The system of equations describing the processes of heating and evaporation of the IEG
surface material and discharge electrodes under the action of incident and fully absorbed
heat radiation flow with a density qx, without taking into account the hydrodynamic
processes in the condensed medium, consists of a quasi-uniform equation of thermal
conductivity in a mobile (associated with the evaporation wave front) coordinate system
with an X axis perpendicular to the surface and a Y axis parallel to the surface:

∂Ts

∂t
= aM

∂2Ts

∂z2 + V0
∂Ts

∂z
(5)

with the following boundary and initial conditions:
km

∂Ts
∂z (0, y, t) = qz(0, y, t) − Lvρ(0, y, t)v(0, y, t), Ts(z→∞,y,t) = T0 and Ts(0, y, t = 0)
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= T0. The system of equations defining the kinetics of the condensed matter surface
evaporation within the Knudsen layer model is as follows [11,12]:

T(0, t)
Ts(0, t) =

[√
1 + π

(
(γ−1)m
(γ+1)2

)2
−
√
π

γ−1
γ+1

m
2

]2

,

ρ(0, t)
ρs(0, t) =

√
Ts(0, t)
T(0, t)

[(
m2 + 1

2

)
em2

er f c(m)− m√
π

]
+ 1

2
Ts(0, t)
T(0, t)

[
1−
√
πmem2

er f c(m)
]
,

ps(t) = p1 exp
[
=Lv
RT1

(
1− T1

Ts(0, t)

)]
,

m = V(0, t)√
2RT(0, t)/=

, ρ(0, y, t)v(0, y, t) = ρmV0

(6)

where Ts(x,t) is the condensed medium temperature at one point at a moment in time,
aM, kM, ρm are the temperature conductivity and thermal conductivity coefficients and the
material density, respectively, V0 is the evaporation wave rate, ps and ρs are the condensed
substance saturated steam pressure and density at surface temperature Ts(x = 0, t), respec-
tively, R is the universal gas constant, T1 is the condensed medium surface temperature
value corresponding to the saturated steam pressure p1, Lν is the latent heat of evaporation,
= is the molar mass of steam, T(0, t), ρ(0, t) and V(0, t) are the temperature, density and
plasma velocity at the outer boundary of the Knudsen layer at a point (x = 0) and a time t,
respectively, and γ is the adiabatic index of condensed matter vapors.

The condition for applying a quasi-one-dimensional approximation was determined
by the possibility of neglecting the term ∂2Ts/∂y2 in the two-dimensional thermal conduc-
tivity equation, which was justified by its smallness with respect to the derivative of the
normal component (i.e.,

(
∂2Ts/∂y2)/(∂2Ts/∂z2) ≈ 10−3 ÷ 10−4).

The electrical equation of the equivalent discharge circuit for the case when a capacitor
battery with a capacitance C is used as power energy storage has the following form [13]:

1
c2

dLC J
dt

+ RC J = Uk,
dUk
dt

= − J
C

(7)

with the following initial conditions: t = 0, J = 0, Uk(t = 0) = U0, where J is the full
discharge current, U0, Uk(t) are the initial and current voltages at the capacitor battery,
RC = R0 + Rp − 1

2c2
dLnπ

dt , LC = L0 + Lp, L0, R0 are the inductance and resistance of the

external circuit and Lp = c2

4πJ2

∫
V

H2dV, Rp = 1
J2

∫
V

j2
σ dV, corresponding to the inductance

and ohmic resistance of the discharge plasma, in which integration is carried out according
to the volume of the calculated area, at the boundaries of which the magnetic field intensity
value tends toward zero.

In the initial state, interelectrode space is uniformly filled with a gas medium with
known properties and the initial thermodynamic parameters (T0 = 300 K, p0 = 105 Pa).
This discharge step corresponds to the electrical breakdown of the gas gap between the
electrodes and is modeled as an instantaneous occurrence at a certain time in the origin
region (x = 0) of a narrow (thickness δ = 10−3 m) ionized gas layer with a temperature
T = 15 kK.

The spectral flux and volumetric density of the broadband radiation at the initial
moment of time are zero. At the moment of time t = 0, the intensity of the “seed” magnetic

field
→
H(r) in the environment is a fraction of a Tesla field.
In the system of electrical circuit equations with initial conditions t = 0, J(0) = 0,

UC(0) = U0, the ohmic resistance and plasma inductance are determined by the following
formulas:

Rp = L

/
ψb

l∫
0

σ(x)dx , Lp = (`n(2L/b +ψxT) + 0.5)L
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where xT(t) is the coordinate of the current layer boundary in the discharge, ψ = 1 is the
OSD and ψ = 2 is the OUD.

The values of the gas dynamic, radiative and electromagnetic parameters were set at
the boundaries of the design area, which in these calculations was considered to be limited
on the “left” side by the coordinate x = 0 (IEG surface is for the OSD, while the plane of
symmetry is for the OUD) and on the “right” side by the undisturbed gas medium with
the coordinate x = `.

The gas dynamic parameters of speed, density, pressure and internal energy at x = 0
for the OUD were determined by the conditions of “leakage.” For the OSD, in the case
of no evaporation, the “leakage” conditions were also used. In IEG evaporation, when
ps(t) < p(0, t), the boundary values of the gas dynamic parameters were determined
using Equations (1)–(4). From the “right side”—that is, at the point with the coordinate—for
both bits, the conditions of “non-flowing” were set.

The following conditions were set at the boundaries of the design area to solve the
radiation transfer with Equation (2): ∂qv(x = 0, t)/∂x = 0, ∂qv(x = `, t)/∂x = 0.

It should be remembered (when setting the boundary conditions on a magnetic field)
that for the OSD, fundamentally different cases are possible that differ in the location of
the external current supply buses. Here, an embodiment will be considered in which the
magnetic field of the external current supply lines in the discharge zone is zero, and the
boundary conditions on the magnetic field will take the following form:

Hy(0, t) = − 2πJ
cb , Hy(`, t) = − 2πJ

cb for OSD,

Hy(0, t) = 0, Hy(`, t) = − 2πJ
cb for OUD.

The computational algorithm, including the method of numerical solution of one-
dimensional equations of the plasma dynamics, which is based on the method of fractional
steps is described in detail in [9,14]. At the first fractional step, gas dynamic processes are
taken into account (these processes correspond to the “hyperbolic” part of the considered
system of equations). At the same time, the processes of radiation transfer, electromagnetic
processes and processes of evaporation of the interelectrode insert, which take place in the
electric discharge sources, are considered at the second fractional step.

For the “hyperbolic” part of the plasma dynamics equation system, a nonlinear, quasi-
monotonic, compact polynomial difference circuit of an increased accuracy order [14] was
used, and for the “parabolic” part of the equation system, a numerical method was used
(which allowed for calculations in the cases of intense breaks in the transport coefficients)
to solve the magnetic field diffusion equation and the thermal conductivity equation using
a monotonized difference circuit of an increased accuracy order.

The method of calculating the transfer of broadband radiation was considered on
the basis of multi-group diffusion approximation [9–11]. The time step necessary for
integrating the above compact polynomial difference scheme was selected based on the
condition that the Courant–Friedrichs–Lewy stability criterion was met. The numerical
technique was verified by solving a number of test problems [9,14–18].

3. Results

In order to identify the main qualitative features of the dynamics and spectral lumi-
nance characteristics of the discharges at the main phase of joule energy extraction (i.e., in
the first half-period of discharge current), it was possible to limit the scope one-dimensional
approximation. For the OSD, the direction perpendicular to the surface of the interelectrode
insert was highlighted as a priority, and for the OUD, the direction perpendicular to the
axis of symmetry of the discharge was highlighted. In order to ensure the identity of the
conditions for comparing RMPD processes in the OSD and OUD, the simplest geometry
was chosen for both discharges: a flat discharge with a simple Z-pinch configuration.

Numerical studies of the plasma dynamic processes of discharges developing in an Ar
or air medium (Air) at atmospheric pressure were carried out in variations with a length of
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the interelectrode gap L = 25–100 cm, level of value stored in the capacitive accumulator
C = 3–10 µF, energy W0 = CU2

0 /2 ≈ 1÷ 100 kJ and duration of the first half-period of
discharge current t1 = 5–10 µs. The range of change of the average specific (per unit length
of the interelectrode gap) electric power released in the plasma was Pe = 1–400 MW/cm.
The width of the discharge electrodes was b = 1 cm. As the IEG material for the OSD,
corundum (Al2O3) ceramics were selected, the thermophysical characteristics of which
were taken from [19].

At the initial t = [0 − tH], a substantially non-stationary stage of the discharge, a
transition occurred from the initial (t = 0, J = 0) state (simulating the situation after the
breakdown of the interelectrode discharge interval) to the quasi-stationary state. The
results of the calculations showed that the value tH for the test conditions did not exceed
the value of ~1 µs. During the rest of the time of the first half-period of the current (tH – t1),
the phase of the main separation of joule power, the spatial distributions of the radiation
plasma dynamic parameters of plasma formation were quasi-stationary in nature. With
their appearance, one can judge the features of the emerging structures and dynamics of
the propagation of discharge plasma and therefore talk about modes of discharge.

Both types of HCED (OSD and OUD) were characterized by strong discharge current
attenuation with a maximum joule plasma energy release

W1 =
t1∫
0

Rp J2dt ≈ (0.4÷ 0.99)CU2
0 /2 in the first half-period t1 ≤ 10 µs of the discharge

current J.
Based on the analysis of the degree of influence of individual discharge parameters,

it was found that the main physical parameter determining the radiative and plasma
dynamic characteristics was the average (for the first half-period) specific (per unit length
L) rate of energy input into the discharge plasma Pe = W1/Lt1, the value of which in these
calculations varied in the range of 1–400 MW/cm. In addition, it was clarified (Figure 3)
that under the conditions of limiting the expansion of plasma formation by the gas medium
and its own magnetic field, HCED, depending on Pe, could exist in three different quasi-
stationary modes (explosive (EM), MHD and quasi-pitch (QP)) which differ in the structure
and parameters of the plasma (see Figure 3).
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lower and upper limits of the existence of the MHD mode.
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Let us consider the peculiarities of behavior in the radiation plasma dynamic param-
eters of HCED for OUD and OSD. The boundary values of the average specific electric
power, which determined the areas of existence of the modes, depended on the properties
of the surrounding gas and were different for the OUD and OSD, reflecting the specific
features of OSD associated with the presence of a solid dielectric surface, which was a rigid
spatial limiter and a source of light-erosion plasma.

The calculations and their analysis showed that the HCED modes were associated
with the plasma parameters (e.g., speed and density) in the boundary zones of the expand-
ing plasma formation. In the case of Pe < Pcr1, an “explosive” mode was carried out, in
which the external boundary of the discharge was a gas dynamic shock wave propagat-
ing into the surrounding gas at a speed of D~P1/3. For the magnetogasdynamic mode
(Pcr1 ≤ Pe <≤ Pcr2), there was a limitation on the increase in velocity D of the external
discharge boundary for the increase of the specific electric power (Figure 3).

In the magnetogasdynamic mode, the effect of SW degradation appeared (Figure 4a),
in which the compression ratio of the gas behind the outer break became smaller than the
Gyugonio compression ratio and continued to decrease as the power embedded in the
plasma increased. The effect of SW degradation was observed in experiments [20] under
the conditions of strong external fields’ action on the plasma of the spark discharge. In the
quasi-pitch mode Pe > Pcr2, the external rupture turned (Figure 4b) from a compression
rupture into a radiation magnetogasdynamic vacuum wave. The values Pcr2 were different
for the OUD and OSD, reflecting the OSD’s specific features associated with the presence
of a solid dielectric surface, which was a rigid spatial limiter and a source of light-erosion
plasma.

Here is a brief description of a magnetogasdynamic regime that is quite interesting
from a practical point of view. As Pe = W1/Lt1 grows, the discharge current J ≈ Q0/t1 ≈
(kiPe)

1/2 and the discharge plasma temperature T2 ∼ (t1/cnπρ0b)P1/3
eπ increase. Magneto-

gasdynamic and radiation processes in the discharge plasma are intensified. An increase
in the temperature T2 causes an increase in the radiation flows qm ≤ σCBT4

2 generated
inside the plasma formation and shifts the maximum of the radiation spectrum beyond the
“transparency window” of the gas surrounding the plasma.

Since the values of Pe ≈ Pcr1 ≈ 30–40 MW/cm operate in the digit area’s magnetic
pressure pM = H2

0 /8π = πJ2/2c2b2 = kmPeπ, the size order is compared to the value of the
gas kinetic pressure in the plasma of the category resulting from Joule heating of the plasma
in the conditions of shock wave scattering such that pg ≈ ρ0(Pe/bρ0)

2/3, β = pM/pg ≈
kβP1/3

e > 1. The action of electromagnetic forces (along with the significant role of radiation
effects) became a determining factor in the dynamics of the development of discharges and
emerging structures. Therefore, this mode was called magnetohydrodynamic (MHD).

Spatial distributions of the OUD and OSD parameters in argon for U0 = 100 kV,
L = 25 cm and the Pe ≈ 100 MW/cm variant are shown in Figure 4. The schematic spatial
distributions were (x) and u(x). As can be seen from the above graphs, the discharge
boundary in all cases was the compressed gas region I (ρ1/ρ0 > 1), and the density in
the high temperature plasma zone II, in terms of the value, coincided with the density
of the undisturbed gas. The maximum plasma temperatures of the discharges with a
characteristic level of 60 kK were reached in the area of the OUD axis and approximately in
the central part of the plasma region. In the direction of the outer discharge boundary, the
temperature decreased monotonically, and the nature of this drop (especially in the area of
the outer discharge boundary) depended on the properties of the surrounding gas.
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Figure 4. Effect of radiation magnetogasdynamic degradation of the shock wave in HCED, showing
the distribution of gas dynamic parameters by spatial coordinate at the moment of maximum
discharge current for the OUD in argon. 1: region of degrading MHD discontinuity; 2: region of the
RMHD rarefaction wave. (a) Pe ≈ 100 MW/cm (MHD mode); (b) Pe ≈ 300 MW/cm (quasi-pinch
regime).

For the OUD in argon, compressed layer I was sufficiently uniformly heated to tem-
peratures of about 15 kK and to 5–10 kK in air. In the OSD, due to the cooling effect of
light-erosion vapors, the temperature dropped in the direction of the surface. The action of
the magnetic forces was clearly manifested in the presence of strong static pressure gradi-
ents in the plasma zone. The maximum pressures were achieved, as with the temperature,
on the OUD axis and in the central part of the OSD plasma region. In the OUD, the action
of the electromagnetic forces provides almost completed the inhibition of plasma in the
area of the discharge axis and the occurrence of negative velocities in the zone adjacent to
the GD rupture, clearly indicating the existing radiation magnetogasdynamic process of
“outflow” of mass from the GD rupture region.

The following main features of the MHD mode can be noted.
The nature of the dependence of the GD fracture front speed on the specific electric

power Pe varied compared with the blasting mode. In the range Pe ≈ 30–50 MW/cm, the
growth rate D from Pe decreased, with a further increase from Pe to Pcr2, while the speed
slightly depended on Pe. The limit value of the velocity of the discharge boundaries into
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the environment was reached, the value of which depended on the type of discharge and
the properties of the environment.

The gas parameters behind the boundary of the GD break’s front were not determined
from the ratios for the simple strong gas dynamic SW. The gas in the GD fracturing region
was heated to T1 = 5–30 kK, and the compression ratio ρ1/ρ0 depended on Pe and varied
from (γ + 1)/(γ− 1) at Pe ≈ Pcr1 to (ρ1/ρ0)min ≈ 1 at Pe ≈ Pcr2.

High-temperature plasma zone II was magnetically compressed (p2 ≈ pM) to a dense
(ρ2 ≥ ρ0) plasma region.

The qualitative picture of physical processes in bits for the MHD mode is as follows.
Radiation from the high-temperature plasma region provides heating to temperatures of
>20 kK for the GD rupture gas layers adjacent to the plasma zone. In these layers, current
begins to flow, and its interaction with the magnetic field of the discharge current causes
the formation of electromagnetic forces acting in the direction of the plasma zone. These
forces inhibit the gas in these layers, which is equivalent to the “outflow” of gas from the
GD fracturing region and corresponds to its entry into the high-temperature region.

Thus, the gas parameters in the GD rupture zone are determined by a complex of
active radiation magnetogasdynamic processes:

(1.) Propagation of the front edge of the GD rupture into the undisturbed gas medium at a
speed D provides the shock wave seal of the gas under the condition of its additional
heating with discharge plasma radiation;

(2.) From the “inner” side of the GD rupture, a radiation magnetogasdynamic discharge
wave propagates, ensuring the outflow of gas mass to the plasma region.

As a result of the interaction of SW and the radiation magnetogasdynamic wave of the
discharge, the intensity of which depends on Pe, the gas dynamic break characteristic of the
MHD mode is formed, the parameters of which are determined by the value Pe. Reduction
of the compression ratio ρ1/ρ0 with Pe growth can be interpreted as the effect of radiation
magnetogasdynamic degradation of the SW.

It is important to note that this effect is manifested in conditions where the propagation
rate of the leading edge of the rupture D is practically independent of Pe (Figure 4), reaching
the limit value DM, which is associated primarily with the manifestation of the action of
electromagnetic forces. With the same Pe value, the propagation rate of the OSD boundary
is approximately twice as high as that of the OUD, taking into account the expansion of the
OUD plasma volume in two directions (see Figure 4). With all other conditions being equal
(e.g., discharge length and electrical circuit parameters), the influence of the environment
on DM is manifested through the value of the effective adiabatic index γ2 in the plasma
discharge zone. Since γ2(T2, Ar) > γ2(T2, Air), the velocity of the external discharge
boundary in the air exceeds its value in the argon.

The MHD mode occurs in some range of values of the average specific electric power
(Pcr1 . . . Pcr2). The criterion determining the end of the MHD mode is the complete
degradation of the GD gap as an external bit boundary. Physical reasons for the discharges
output from the MHD mode are related to amplification (with Pe growth) of the radiation
flows and electromagnetic forces operating in the discharge zone. At Pe > Pcr2, the value
absorbed by the GD rupture region, the radiation flows should be sufficient at time ≤t1/2
to warm up the entire boundary region of the GD rupture to the temperatures at which the
current flows in it, and the resulting braking electromagnetic forces will exceed the dynamic
gas pressure in the GD rupture, thereby causing the radiation magnetogasdynamic effect
of the GD rupture region and transition disappearing.

The critical values of the specific electric power of Pcr2, which are the upper limits of
the existence of the MHD mode, depend on the type of discharge and the properties of the
environment. As the calculations showed, for the OUD in argon, Pcr2 ≈ 130–140 MW/cm,
and for the OSD in argon, Pcr2 ≈ 300 MW/cm. In other words, Pcr2 for the OSD in argon
was approximately twice the Pcr2 for the OUD in argon. The main reason for this difference
in Pcr2 was the difference in the GD break speeds for the OUD and OSD. For the OSD,
higher speeds DM and levels of gas velocity ρ1D2

M/2 in the GD break were required for the
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braking large values of the electromagnetic forces acting in the GD break area, therefore
leading to higher values of Pe.

The optical properties of the surrounding gas have a significant effect on the Pcr2 value.
A necessary condition determining the possibility of complete degradation of the GD rup-
ture is the condition of penetration of radiation, generated by the high-temperature plasma
region of the discharge into the gas layer of the GD rupture with intensity and spectral
properties, ensuring heating of this layer to certain temperatures (T1 ≈ 20 kK) at which the
braking electromagnetic force effectively begins to act. A characteristic optical property of
the air medium is the relatively low value of the spectral boundary of the “transparency
window” of cold (T ≤ 10–15 kK) air (hν ≈ 6 eV). The increase in Pe leads to an increase
in the temperature of the plasma zone T2 and a shift in the maximum of the radiation
spectrum in the short wave range (hνM ≈ 3kT2). With the temperature values T2 > 40 kK
of the plasma discharge zone being characteristic of the MHD mode (Pe > 40 MW/cm2),
the main part of the thermal radiation generated by the high-temperature plasma is in the
region of short-wave radiation with quantum energy hνM > 12 eV and, as can be seen, is
outside the “transparency window” of cold (T ≤ 10–15 kK) air. Radiation cannot penetrate
the GD rupture, heat it to temperature T1 ≈ 20 kK or, during the first half-period t1, provide
the conditions necessary for the complete degradation of the GD rupture.

The magnetic Reynolds number Rem = VLX/νm varied in the range Rem∈ [0.01, 1].
Here, LX ~ 0.01 m was the characteristic spatial dimension, and νm= с2/4πσ ~ 3× (102−101)
m2/s was the magnetic viscosity of the plasma. This estimate shows the need to take into
account the induced electric fields in LSSD modeling.

The interval of variation of the magnetic Euler number was estimated from the
following relation: Eum = PM/(ρV2/2) ~ 102−10−1. Here, the value of the characteristic
magnetic pressure PM = H2

8π can be estimated using the expression PM ≈ πJ2
X/(2c2b2)

≈ (3−103) atm = 3 × (105−108) Pa, where b ≈ 0,01 m is the characteristic transverse
dimension and JX ≈ (20−500) kA, being the characteristic value of the maximum value
of the current flowing in the plasma, which can be approximately estimated using the
expression JX ~ Q/(t1/2) (where Q = CUO is the charge of the capacitor bank). Thus, it can
be seen from this that the influence of electromagnetic forces on the motion of the discharge
plasma can be significant.

The radiative Boltzmann number, defined as Bo = πqb/Pe (q is the characteristic total
radiation flux LSSD) at brightness temperatures T = (20−100) kK, had a level of values
to the order of unity, which means that broadband thermal radiation of plasma plays an
important role in LSSD energy balance, and radiation processes must be taken into account
when developing a numerical model of a high-current-emitting discharge [21].

4. Discussion and Conclusions

It is important to note here that one of the interesting results [21] was the discovery of
the anisotropy of the properties of the plasma and the gas dynamic boundary LSSD (in the
directions of the Z and Y axes) at different values of the power energy parameters.

Therefore, to clarify the physical nature of the anisotropy of the properties of the
LSSD plasma, additional work was performed, some of the results of which are presented
in this article. In the presented article, a 1D mathematical model was used, in which
one-dimensional radiation magnetogasdynamic equations were used in two spatially
distinguished directions (one direction parallel to the surface of the interelectrode insert
and one direction perpendicular to the surface of the interelectrode insert), qualitatively
and correctly describing the LSSD plasma dynamics. In the 1D linearly stabilized discharge
model, these two directions were deliberately separated from each other.

The purpose of the study using a 1D mathematical model was to obtain qualitative
regularities of the plasma dynamic characteristics of the discharge (studying the effect of
“degradation” of the gas dynamic parameters of the shock wave), which depend on the
Joule energy release, electromagnetic forces and the radiation field and are not distorted by
the mutual influence of the Z and Y directions.
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The quantitative correctness of the results obtained using the 1D model of a linearly
stabilized discharge was confirmed by comparing the 1D results and the results of the 2D
numerical calculations. This comparison showed that there was good agreement between
the results, indicating the validity of the 1D model of the linearly stabilized discharge
adopted in the work (the difference in the results was at a 10–15% level).

Note that the time t2 of the current rise in the LSSD was comparable to the characteristic
time τ of the expansion of the plasma formation:

t2 ≈ t1/2 ∼
[

1
J

dJ
dt

]−1
≥ τ.

Hence, it follows that the description of the physical processes in LSSD does not apply
to any of the limiting cases (t1 >> τ, t1 << τ) when a simplified consideration of the plasma
radiation dynamic processes would be possible.

Thus, in the LSSD, there is a strong mutual influence of the main physical factors
(Joule input of energy into the discharge plasma, electromagnetic forces, thermal broadband
radiation and evaporation of the material of the interelectrode insert). Therefore, these
processes, which are of a complex nature, can be described only within the framework of
the nonstationary mathematical model described in this article.

This paper presents a hierarchy of elements of RMPD mathematical models, which
are designed to study the pulsed electric discharge sources of various classes. Data on
plasma radiation dynamic processes and phenomena in pulsed erosion electric discharge
sources of UV radiation and shock waves of various types were obtained with the help
of the performed calculation studies. For these discharges, criteria were established that
determined the discharge modes, differing in the degree of influence of electromagnetic
processes and, as a result, the dynamics of formation and the spatial distributions of
the plasma parameters. The effect of radiation magnetic degradation of the shock wave,
manifested in a decrease in the compression ratio of gas at the front (compared to the
Gyugonio adiabatic) and occurred in the conditions of radiation ionization of gas in the
front area, and the action of braking electromagnetic forces was briefly described.

Author Contributions: Conceptualization, V.V.K. and S.V.R.; software, V.V.K.; validation, V.V.K.;
writing—review and editing, S.V.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was partially funded by the Ministry of Science and Higher Education of the
Russian Federation, grant number 0705-2020-0044.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Grishin, Y.M.; Kozlov, N.P.; Kuzenov, V.V. On the degradation of a shock wave in high-current radiating discharges in gases at

atmospheric pressure. Tech. Phys. Lett. 1998, 24, 444–445. [CrossRef]
2. Chung, J.H.; Jeong, S. Experimental performance analysis of a small thermoelectric system applicable to real-time PCR devices.

Symmetry 2020, 12, 1963. [CrossRef]
3. Xu, Q.; Tian, H.; Zhao, Y.; Wang, Q. Effect of time delay on laser-triggered discharge plasma for a beyond EUV source. Symmetry

2019, 11, 658. [CrossRef]
4. Bugrimov, S.N.; Kamrukov, A.S.; Kashnikov, G.N.; Kozlov, N.P.; Ovchinnikov, P.A.; Opekan, A.G.; Protasov, Y.S.; Shchepanyuk,

T.S. High brightness pulse periodic ultraviolet radiation source utilizing a linearly stabilized surface discharge. Sov. J. Quantum
Electron. 1986, 16, 44–50. [CrossRef]

5. Braginskii, S.I. Transport processes in plasma. In Reviews of Plasma Physics; Leontovich, M.A., Ed.; Consultants Bureau: New York,
NY, USA, 1965; p. 205.

http://doi.org/10.1134/1.1262166
http://doi.org/10.3390/sym12121963
http://doi.org/10.3390/sym11050658
http://doi.org/10.1070/QE1986v016n01ABEH005148


Symmetry 2021, 13, 927 14 of 14

6. Surzhikov, S.T. Computing System for Solving Radiative Gasdynamic Problems of Entry and Re-Entry Space Vehicles. In
Proceedings of the 1st International Workshop on Radiation of High Temperature Gases in Atmospheric Entry, Lisbon, Portugal,
8–10 October 2003; Volume 533, pp. 111–118.

7. Kuzenov, V.V.; Ryzhkov, S.V.; Frolko, P.A. Numerical simulation of the coaxial magneto plasma accelerator and non-axisymmetric
radio frequency discharge. J. Phys. Conf. Ser. 2017, 830, 012049. [CrossRef]

8. Kuzenov, V.V.; Ryzhkov, S.V.; Shumaev, V.V. Numerical thermodynamic analysis of alloys for plasma electronics and advanced
technologies. Probl. At. Sci. Technol. 2015, 4, 53–56.

9. Ryzhkov, S.V.; Kuzenov, V.V. New realization method for calculating convective heat transfer near the hypersonic aircraft surface.
ZAMP 2019, 70, 46. [CrossRef]

10. Chetverushkin, B.N. Mathematical Modeling of Problems of the Dynamics of a Radiating Gas; Nauka: Moscow, Russia, 1985; p. 304.
(In Russian)

11. Samarskii, A.A.; Popov, Y.P. Difference Methods for Solving Problems of Gas Dynamics; Nauka: Moscow, Russia, 2016; p. 424.
(In Russian)

12. Knight, C.J. Theoretical modeling of rapid surface vaporization with back pressure. AIAA J. 1979, 17, 519–523. [CrossRef]
13. D’yachenko, V.F.; Imshennik, V.S. Two-dimensional magnetohydrodynamic model for the dense plasma focus of a Z-pinch. Rev.

Plasma Phys. 1974, 8, 199–299.
14. Kuzenov, V.V.; Ryzhkov, S.V.; Starostin, A.V. Development of a Mathematical Model and the Numerical Solution Method in a

Combined Impact Scheme for MIF Target. Russ. J. Nonlinear Dyn. 2020, 16, 325–341.
15. Kuzenov, V.V. Testing the individual elements of the method of calculation of physical processes in the target MIF. Appl. Phys.

2016, 2, 16–24.
16. Ryzhkov, S.V.; Kuzenov, V.V. Analysis of the ideal gas flow over body of basic geometrical shape. Int. J. Heat Mass Transf. 2019,

132, 587–592. [CrossRef]
17. Kuzenov, V.V.; Ryzhkov, S.V. Approximate calculation of convective heat transfer near hypersonic aircraft surface. J. Enhanc. Heat

Transf. 2018, 25, 181–193. [CrossRef]
18. Kuzenov, V.V.; Ryzhkov, S.V. Approximate method for calculating convective heat flux on the surface of bodies of simple

geometric shapes. J. Phys. Conf. Ser. 2017, 815, 012024. [CrossRef]
19. Babichev, A.P.; Babushkina, N.A.; Bratkovskii, A.M. Physical Quantities: Reference Book; Grigor’eva, I.S., Meilikhova, E.Z., Eds.;

Energoatomizdat: Moscow, Russia, 1991; p. 1231. (In Russian)
20. Omarov, O.A.; El’darov, S.S.; Yakubov, I.V. Features of shock and thermal wave propagation in the case of a discharge in an

external magnetic field. High Temp. 1993, 31, 526–530.
21. Kuzenov, V.V.; Ryzhkov, S.V. Numerical Simulation of Pulsed Jets of a High-Current Pulsed Surface Discharge. Comput. Therm.

Sci. 2021, 13, 45–56. [CrossRef]

http://doi.org/10.1088/1742-6596/830/1/012049
http://doi.org/10.1007/s00033-019-1095-1
http://doi.org/10.2514/3.61164
http://doi.org/10.1016/j.ijheatmasstransfer.2018.12.032
http://doi.org/10.1615/JEnhHeatTransf.2018026947
http://doi.org/10.1088/1742-6596/815/1/012024
http://doi.org/10.1615/ComputThermalScien.2020034742

	Introduction 
	Mathematical Models and Methods 
	Results 
	Discussion and Conclusions 
	References

