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The dynamics of vortex structures and states of current in
plasma-like fluids and the electrical explosion of conducters:
IL. Computer experiment

N B Volkov and A M Iskoldsky

Russian Academy of Science, Ural Division, Institute of Electrophysics,
34 Komsomolskaya St., Yekaterinburg 620219, Russia

Received 4 September 1992, in final form 20 September 1993

Abstract. In the present paper which is the second in a series, the dynamics of non-equilibrinm
phase transitions and states of current in electrophysical systems providing an external cirenit
and a nonlinear element, the model of which has been developed in the first paper of the
series (in the development of the model local kinetic transport coefficients were assumed to
be constant), has been analysed and simulated. A non-equilibrium phase transition has been
shown to be induced by large-scale hydrodynamic fluctuations (vortex structures). Critical
exponents of the amplitude’s singular behaviour (the order parameters) for three types of
circuit have been determined. Non-equilibrivm phase transitions induced by external harmonic
noise with a random or deterministic phase have been studied. The detuning between the
external noise frequency and natural frequencies of a nonlinear element determined by large-
scale hydrodynamic fluctuations have been shown to give rise to random osciliations, which
are typical of a strange attractor. When the frequencies coincide, a limit cycle appears in the
system, which is characterized by the fact that the phase trajectory does not filf the phase space
completely. -

1. Introduction

Int the first paper of this series [1], a dyramic model of a non-equilibrium phase trapsition
(NPT) has been offered and studied. This model, in our opinion, describes the initial stage
of the turbulence nucleation in a conducting fluid (see our paper [2] which indicates an
analogy between the initial stage of the electrical explosion of a conductor (EEC) and the
turbulence nucleation in an incompressible liquid). It was also noted in [i] that a further
évolution of vortex structures, corresponding to a transition to an isofropic spectrum, which
is characteristic of a developed turbulence, would be a consequence of the splitting of the
space scale. Assuming that the splitting is absent or hindered (as follows from [1], for the
splitting to take place, the existence of a laminar flow of fluid is essential), then aiready
in the framework of model [1], general problems of the dynamics of states of current in
a conducting liquid can be studied, particularly, the dynamics of a transition to a steady
state of the turbulence resistance. The model of [1] is a model of a nonlinear element (NE)
inserted into the electric circuit that is a thermostat with respect to the NE.

The purpose of the present cornputer experiment was to study proper motions that appear
in the dynamic system, consisting of the NE model and the electric circuit, the dynamics of
& spontaneous symmetry breaking in the initially laminar electron fiuid, and also the NPT
dynamics, induced by either a deterministic or a stochastic external noise.
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| Figure 1. Electric circuits: (g) cireuit 81, (b) 82 and (c) 83.
— 1, The following notation is used: Lo inductance; Co capacitance;
Co R ballast resistance; Rz the tesistance of & nonlinear element;

Lyo its external inductance; R3 load impedance, Circuit S1 ¢an
T easily be transformed to the pC current source if we formally let

Lo —> co. Similarly, circvits S2 and 53 can easily be transformed
b to the B¢ voltage sources if we formally let Co — co.

2. Equations and procedure

We discuss three types of external electric circuit: 81 (figure 1(a)), S2 (figure 1(b}) and

83 (figure 1{c)), where I, L and K, are the currents in the corresponding branches of

a network (see the figure caption for details of other notation). Circuit S1 can easily be

transformed to the DC current source if we formally let Ly — oo. Similarly, circuits S2

and $3 can easily be transformed to the DC voltage sources if we formally let Cp — o0,
Equations describing transition processes in the circuits are:

A. The model of a nonlinear element.

X =s(=X + LY) ¢))
Y=aX(~Z4airh)-Y (2)
Z=—(@XY +bZ) (3)

where the point symbol “*’ stands for the differentiation operator of a dimensionless time
T =ty tg = (4g12vm) "1bro? is the basis time; [ = ipJp™" is the dimensionless current:
ri = RR,™! is the control parameter of the model; a, = 7g;~! = 0.819; g, = 3.83171
corresponds to the first zero of the Bessel function J; (x); b = %; R and R, are, respectively,
the magnetic Rayleigh number and its critical value.

As was noted in [1], knowing X(z), ¥(r), Z(r), and /(7) enables determination of
the paths of particles transferring mass (*hydrodynamic particles”) and current (conduction
electrons), while solving the motion equations

Ry = —C, Xcos(wkZ,) )1 (g1 R.) @
Z, = C; Xsin(wkZ,) Jo(g1 Ra) (5)
and
Re = 2Bk, Ysin(wk Z.) J; (g1 Re) (6)

Ze = B[2L + (@)™ (V2¥ cos(mk Ze) T, (81 Re) + 2Z(J1%(81 Re) — Jo* (81 Re)))] @
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where R,, Z, and R,, Z. are the coordinates of the paths for atoms and conduction electrons
respectively; C, = 21%mg, % C, = g1k7'C,; B = bcHo(16men.ymg12)™"; e and n, are
the unit charge and the conduction electron density, respectively. Since (4)-(7) determine
the particle paths corresponding to each moment of time 7, then in their integration the
X, Y, Z and I amplitudes shonld be regarded as constant, i.e. sets (4)—(5) and (6)}-(7) are
autonomous dynamic systems of.second order on the plane (r, z). .

B. Circuir S1.
—[My £y + Ta(fy — ar ™1 Z)] (8)
where IT; = R;cztgLo_[, Iy = Rp[}czi‘oLo-I and a = Jt_lfgz(gl).

C. Circuir 52.

U =T, &)
Iy = Gy '[U + G Thhar, ™' Z] (10)
h=(4+LmLY, : (1

where Ty = RpoRy™', [Ta = RsRi™!, T = #(ReCo)™, Gi = 1+ I3~" and
Gg_ 1+ GyII,.

D. Circuit 53.

I =TsU — [Ty + Tgls + Ugl ) (12)
U= —TLL; (13)
b = g™ {I3(1; — £5) — Ux] (14)

where Ugp = TTa(h — ary~12Z), T} = Ric? tgLo -1, Ty = RpocttpLo™!, Ty = Rac®nolo™,
[y = Iptg(UoCo)~t, TIs = Uscto(fpLo)™! = LyoLo™! and Uy, Io are the basis
voltage and the current. If we choose Uy and Io so that Uy = R [y, then 1]} = II;s
and T1y = #(RCp)~'. From (9)14) one can see that the circuit with a DC voltage
corresponds to II; = 0. The initial condition for (8) is [(0) = 1 and for (9) it
is U = 1. Correspondingly, for (12)-(14), the initial conditions are of the form
H( = KL{D) =0, U(0) = 1. To diminish the arbitrariness in choosing initial conditions
for (1)-(3), we take one of the values on the surface of stable solutions of (I)}~(3) at
I, =1 = constant: X{(0) = Y({0) = —1.1419, Z(0) = —0.40048. In compuier experiments,
we set s = vy~ = 0.3779 x 1072 in practically all the cases (below, other values of X (0),
Y(0), Z(0) and s are marked clearly).

It can be shown that (1)-(3) and (8), and also (1)—(3) and (9)-(11), (1)—(3) and (12}~
{14), without a load resistor, exhibit an asymptotic behaviour similar to that of equation (50)
in [1]. Actually, for circuit S1 and also for a one-loop circuit §3, we obtain (below, £, is
the time corresponding to the singularity)

X~ — 1.8315(¢, — ! (15)
Y~Z~ —0.9569i(r (asT) ") 2@, — ! (16)
I~ — 1.9139i(a o (r s) ") 2, — £)~12, a7n .
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Similar asymptotes for a one-loop circuit have the following form

X ~ —1.221(aa2G1 G, N2, — ™! (18)
Y ~ 1.105i(G3(asTy) " D2, — 1)1 | (19)
Z ~ 1.105i1G3Gs " e, — 1)1 20
L ~ 1.105iallzr " (sGs) 2t — 1)} 21)
U ~ 1.105ialTaILr; ~ (sG4) " n(t, — 1) (22)

where Ga = 1+ [z, G4 = Gi(ally)™! —a;. The imaginary unit i in (15)+(22) points to
& fluctuating character of transition processes in circuits S1-83. It is worthwhile noticing
that without NE in circuits S1 and S2, a fluctuating process is impossible.

We noted above that, knowing the X, ¥, Z and [ amplitudes, we can plot spatial field
distributions of hydrodynamical (u(r, z)) and current (ur(r, z)) velocities at any point of
time. Therefore it is necessary to solve (4)—(5) and (6)}-7).

Equations (1)(3), (4){5), (6){7) and (8)~(14) are dynamic systems which are in
general non-autonontous, Therefore, to study them, a mathematical technique of the theory
of dynamic systems [3-7] can by employed. In particular, one of the methods used below
i that of Lyapunov’s characteristic exponents [8,9]. Despite the fact that equations (1)-
(14) describe physical processes in an open dissipative system, this, as will be shown
below, refers to the class of mixing dynamic systems (K-systems {10, 11}, determining
relaxation to a thermodynamic equilibrium [11]. If instant values of Lyapunov’s exponents
are regarded as time-averaged logarithms of Yakobian’s eigenvalue modules of a linearized
dynamic system, then these exponents can be used to analyse a transition chaos in the
dynamic system and the time behaviour of the phase-space fractal dimensionality and also
of the Kolmogorov—Sinai metrical entropy, related to the positive Lyapunov exponents {;}
by S = 2: X;7 [4], can be found. To calculate Lyapunov’s exponents we use the algorithm
proposed in [8, 9] and to calculate fractal dimensionality we use the Kaplan—Yorke formula
N21d; = j+ it Ml 7Y, where j is evaluated from the conditions 37_, A; > 0 and
2{:11 A; < 0. Below, parallel with the Kolmogorov-Sinai entropy S, we use the value
F = 3%, %. Computer experiments show that in our dynamic system the case of all the
Lapunov exponents being positive is realized. Here, by comparing § and F, we can find a
characteristic time when the behaviour of the process changes, i.e. the so-called explosive
regime appears,

A characteristic property of the dynamic systems described by (1)-(3) and (8)~(14) is
the existence of a one-to-one phase-space mapping onto the plane U~!, which is sometimes
called a U/ [-characteristic {vCG—it should be noted that, strictly speaking, the notion of
VCC is applicable only for a stationary state of the dynamic system). With a uniform step
of the amplitude mapping in time (Az), VCC can be regarded as the Poincaré point mapping
(accurate within the step At). There is a stationary state at a DC voltage in the circuit $2;
also an analytical expression for VCC can be found for this circuit. Actually, the cument in
NE is determined by the following expression

L=C+ Cgi‘1_lz 23
(C1=UG,C,=0C {IaaaGs ™), therefore voC takes the form

Uy =TIo(1 — a3Cy Y Iz + TaasC1Cy 71 24)
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A stationary solution for circuit S2 at Iy = () has the form
Xoo = F(—bZeoToooa; H? (25)
= H(—bZoo(ar loo) 1) (26)

nCi(l —2aCy [ +(1 462(1—aﬁc,zn)(lualcz))‘”}
2051 — a;C3) a;Ci?ri(1 = 2a,C)?

Lo =— 27

where I, is determined by formula (23). It is seen from (27} that at negative root values a
stationary solution is non-existent. Expressions (25) and (26) point to the existence of two
stationary solutions in the circuit 82 which differ in X, andfor ¥, signs.

3. Computer experiment and discussion

In our computer experiment we investigated the following problems:

(1) To find out how initial data influence the dynamics of processes in the dynamic systems
~ under study and also the role they play in reaching and choosing a stationary state from a
set of permissible stationary states.

(2) To study the spectral dynamics of Lyapunov’s exponents and the Kolmogorov—Sinai
entropy and also the role of transition chaos in *forgetting’ the initial condition.

(3) To investigate the dynamics of establishing a limiting cycle in circuit S3-under a BC
voltage and its connection with the initial data.

(4) To find out the difference between physical processes occurring in the dynamic systems
with a finite energy content {circuits Sl and $3) and those in circuits under a DC voltage
{circuits S2 and §3).

(5) To analyse the problem of transformation of the time in the model (1) and to study the
chaos in a ‘transformed’ dynamic system.

(6) To determine and to classify the characteristic features of a spontaneous symmetry
breaking and the transition to turbulent resistance in the initially laminar electron fluid.
{7) To study the dynamics of NPT induced by an external noise {deterministic or chaotic)
and also the influence of frequency detuning on the transition process in the circuit §3.

Presented below are the pnnc1pa1 results of our computer experiment and their brief
discussion. ]

The dynamics of transition processes has been found to be of a threshold character,
a transition to a steady-state regime occurring through a sequence of bifurcations at a
sufficient level of supercriticality. In this case, the transition process in circuits S and $2
is an oscillating one and a section with a negative differential resistance appears on the vCC.
Figure 2 displays VCC in the circuit 81. One can see that, for a critical regime, the system
‘wishes’ to perform a phase transition, though due to the lack of supercriticality the initiated
perturbations subside and the system comes back into the steady state, corresponding to zero
curreni in circuit S1.

In the circuit S2 under a DC voltage there is 4 stationary state determined by expressions
(25)+27). A transition to this state occurs through a sequence of bifurcations (curves 1 and
2 in figure 3 show, respectively, the change in the current and the voltage drop across NE).
Let us note that without NE in the circuit S1 the fluctuating process fails. The fluctuations
appear due to the fact that NE is actually a dissipative electrodynamic system where energy
transforms step-by-step from mechanical degrees of freedom to the electromagnetic field
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Figure 2. UlJ-characteristics of a nonlinear element in
the circuit $1: curve 1, subcritical conditions (r; = 5%
curve 2, critical conditions (ry = 6.34); curve 3, supercrit-
tcality (r| = 6.5).
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Figure 3. Characteristics of the transition process in
the circuit 52 with a DC voltage source: curve 1, current
in the nonlinear celi; curve 2, voliage in the nonlinear
cell. 1n circuit S2, at a constant R, oscillations are
impossible. The oscillations shown in the figure are
the result of their own internal motion in the nonlinear
element.

Figure 4. Characteristics of the transition process in the
circuit S3 with a pC veltage source: curve 1, the total
current; curve 2, current in the nonlinear cell; curve 3, a
load current. Adding the Ly and Lpp inductances to
circuit 52 results in the destruction of the stationary
state obtained in circuit S2. Instead, the limit cycle acts
in circuit 83.

and vice versa (see [1]). The stationary state corresponds to a practically zero current in
NE, the amplitude of which is sufficient to sustain this regime, the voltage drop across the
conductor being non-zero. The NE resistance in the stationary state surpasses considerably
its initial value. Next we show that it is determined by the formation of vortex structures
in the electron fluid (by a spontaneous symmetry breaking), which is why it can be referred
to as a turbulent resistance.

As follows from expressions (25)(27), the VCC corresponds to two stationary states
which differ in the X and (or) ¥ signs. The realization of one of the signs is determined
by X (0) and (or) ¥ (0). Our simulation showed that the initial state of the system with the
signature {— — —} or {— + =}, {— — 0} or {— + 0} leads to the choice of the stationary
state with the signature {— — —}, The initial state with {++ —} or {+ — =}, {+ 40} or
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{+ — 0} results in the choice of the stationary state, respectively, with {++ —} (the symbol
0 denotes that Z(0) = 0 and, hence, its sign is neutral). It has also been shown that the
signature of the stationary state, when X(0) = Z{0) = 0, is determined by the sign of
Y (0): the signature {— — —} corresponds to the signature of the initial state {0 — 0}, and
the signature {0 + 0} corresponds to {+ + —}.

Figure 5. Time variation of the Kolmogorov-Sinai
entropy S(¢) and the current in the nonfinear cell for
circuit $2 with a pe voltage source: (@) S(z) (b) the
i8 20 29 24 25 28 starting section of the curve S{z); (c) the starting section

1 of the current curve; the sign * marks characteristic
points for which sections of the conductor are drawn in
the plane r—z (figure 9): the second point corresponds
to the break of the curve S(¢} when afl the Lyapunoy
exponents are non-negative (f2 = 0.9: the beginning
of switching); and the third point to the inflection point
Sty (I = 0.1 — 0.15: the end of switching). The
maximum §{¢) corresponds to the maximum transition
chaos (to the minimum time for tripping the correlation
e ~ S~ [13]).

A similar condition takes place in the circuit S3 under a DC voltage. The presence of
reactance elements in the circuit, i.e. the inductance Lg and L g, brings about the distortion
of the stationary state that existed in circuit 2. A Hmit cycle acts as a stationary state in
circuit 83 {see figure 4).

The stationary selution in circuit 52 and the limit cycle in circuit 83 at fixed circuit
parameters ‘forget’ about the starting data due to bifurcations in the dynamic system (the
starting data influence the time of transition to the stationary state rather than the stationary
state itself). The character of forgetting the starting data is characterized by the time of
uncoupling the correlations ¢, which is connected with the Kolmogorov—Sinai entropy by
the relation 7, ~ §~! [10,13]; the entropy, in turn, is determined by the spectrum of
the Lyapunov exponents. Figure 5 shows the entropy time alteration for circuit S2; the
star symbol * marks characteristic moments of time corresponding to the cross sections
of the conductor passed by the plane r—z in figure 9. The maximal entropy growth rate,
and, hence, the maximal rate of the descent of ., fall at the region of a transition chaos,
which corresponds to the process when the system passes through successive bifurcations.
Figure 5 shows the initial section S(¢) where, among the points marked by #, there are
two characteristic points: the first one comesponds to the time when all the Lyapunov
exponents become non-zero (positive) and the derivative S(f) is discontinuous; the second
one corresponds to the inflection point of the curve S(f). The breakpoint corresponds to



6656 N B Volkov and A M Iskoldsky

the current 0.9 and the inflection point to 0.1-0.15 (see figure 5(c) which shows the curve
of current in NE). This allows us, as is shown in the third paper of the present series,
to formalize the notion of the ‘start” and the ‘end’ of commutation, while processing the
experimental findings. The maximum on the entropy curve (figure 5(@)) corresponds to
a maximal chaos. On reaching this chaos the system ‘settles down’ and S(z) tends to a
certain limit, which, generally speaking. depends on the point in phase space from which
we start at the initial moment. Under fixed circuit parameters, as is shown by computer
experiment, the stationary state comesponds to an infinite set of starting data (trajectories).
This behaviour is characteristic of dynamic systems with mixing (K -systems) [4, 10,11, 13].

10000

Figure 6. Mapping of the phase trajectory of
the amplitude X () and ¥ (¢) plane obtained in
circuit S2 with a pC voltage source and the
o = USSR nonlinear element in the model in which the time
20 -15 10 o 5 2

2 - 5 0 15 2 sign is replaced by the opposite sign {(a nonlinear
X element with backward running time).

In the indicated set of trajectories, there is one (in the sense of an optimal control [14])
in the & vicinity, where the Kolmogorov—Sinai entropy is minimal. Therefore it can be
called geodesic. We found it by converting the time in the initial equations of the model
(it should be noted that we were prompted to do so by the comments in [13] that the state
with all Lyapunov exponents positive comresponds to a repefling centre—a repeller [4]; in
this case the state at t = —oo corresponds to an attractor). We expected that, having passed
through the region of transition chaos, the sysiem returns to the state close to the initial
one. However this assumption proved to be wrong. In the dynamic system obtained by
converting the time, when it approaches the onset of the region of a transition chaos, chaos
appears in the cross section of the phase transition in the X-¥ plane (figure 6). Since NE
are included in the circuit with a DC voltage source, the X, ¥, Z and I amplitudes tend to
infinity during a finite time ‘covering up’ the whole region of the phase transition. Starting
from any point on this trajectory we come back to the stationary state directly along this
line (see figure 7, which shows the change in X (a), ¥ {c) at the backward running time,
and X (b), Y (d) at the forward time). Starting from any other trajectory point except the
geodesic one, we will also come to the stationary state, though along another trajectory,
which eventually wili tend to a geodesic one; in this sense a geodesic trajectory is an
attractor (see figure 8).

Polarity reversals of the current occurring in the dynamic system with constant local
kinetic coefficients during successive bifurcations point to the fact that a spontaneous
symmetry breaking takes place. Figure 9 shows cross sections of the conductor in the r—z
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1 Figure 7. Time vaciation of the X and ¥
Y amplitudes in circuit $2 with a DC voltage source
0.00] at a backward running and a forward running
:l time: {#) X(1) in the circuit with the nonlinear
] element at the back running time; (&) X () in
] the circuit with the nonlinear element at forward
] . mnning time; () Y(£) in the circoit with the
T o E— —  -10000———T — T 0 nonkinear element at backward running time;
0.00 10.00 -0.00 10,00  (d) Y{¢) in the ¢ircuit with the nonlinear element
t t at forward running time. ’

plane ‘at characteristic times marked by * on the curve S(r) (see figure 5(2)). Figure %{(a)
presents the initiation of a double stationary point of the dynamic system ‘centre-saddle’
(3) (the moment of the first vortex set initiation) and figure 9(5) shows the second vortex
set initiation. From the moment of the first vortex set initiation, a separatrix surface forms,
which divides the region occupied by the current into two parts, with part of the total current
being partly ‘intercepted’ by vortices. Sites marked by * in figure %«), correspond to the
location of a Joule heating source due to the disturbance of the conductor uniformity. These
sites correspond to the so-called *hot points” revealed in electrically explosive conductors
[15] (we will discuss them in detail in the third paper of the present series). During a further
evolution the region occupied by a laminar current is ‘re-squeezed’ (figures 9(c) and (d)
show the field of the separatrix at the onset and at the end of the commutation, respectively).

Thus, the increase in-the effective conductor resistance is a consequence of the change

'in the topology of the conductor region occupied by the current and not an increase in a
‘local specific resistance that is caused by small-scale kinetic fluctuations.

Figure 9(¢) corresponds to the first connection of current in reverse polarity. One
can see that it' is not the change of particle rotation in the vortex which the polarity
reversal corresponds to, but a reconnection of trajectories belonging to the separatrix between
neighbouring couples of singular points on the external surface of the conductor. Figure 9(f)
shows the field of separatrices for the state of the dynamic system close to a stationary one.
1t can by seen that in the stationary state a low current, sufficient to sustain the steady state
in an open dissipative system, is reached, An effective turbulent conductor resistance in the
stationary state is greater by two orders of magnitude than the initia! one. Figure 10 shows
the field of conduction electron trajectories which correspond to the time close to that in
figure 9(fF). ‘ o ’ :

Figure 11 shows the field of hydrodynamic particle trajectories. It is easy to notice
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Figure 8. Time variation in the length of the radius  Figare 9. Cross section of the separatrix surface in

vector of the amplitudes W = (3. ¥)Y2, {¥i} = the r—z plane, which separates finite majectories of
{X,Y.Z,I}: curve 1, the marked trajectory (see conduction electrons from infinite ones in the circuit
figure 7); curve 2, the wrajectory from its & vicinity. 52 with a pC voltage source at times marked by * on

the curve S(f) (figure 5(z)). Sites marked by * in (a)
correspond to the location of a Joule heating source;
arrows in {a) direct the vector field velocity of plasma-
like medium particles, The state corresponding to {f)
is similar to a stationary one.

that the hot points are squeezed between hydrodynamic vortex loops, the particles of which
move towards each other near the axis. It is known [16] that voriex loops can move along
the loop axis, the direction of their motion coinciding with the direction of particles near
the axis. Hence, vortex loops, the particles of which move towards each other near the axis,
are attracted, forming pairs similar to Cooper pairs in superconductors [17], and loops, the
particles of which move in opposite directions near the axis, are repelled. Due to this fact
the conductor starts splitting into pieces which have (see [1]) &y = 0.5k and which are
topologically equivalent to the sphere without an axis. This fact allows us to understand
the similarity hypothesized in [1], that, in splitting, the following hierarchy takes place:
ky = 2ky — k3 = 2ks — k4 = 2ka etc, proceeding on the assumption that particles formed
as a result of the conductor splitting ‘contain’ paired vortex loops.

Transition processes in circuits with a finite energy store differ essentially from those
in circuits under a DC voltage, in particular, the steady state in the circuit S3 corresponds to
the condition Xoo = Yoo = Zoo = 1o = Jaoe = 0. Figure 12{z) shows VCC in the circuit
83, the parameters of which are chosen so that the transition process in a subcritical regime
may be close to the aperiodic one: [Iy = I} =13 = 1, [1; = 0.1, [T, = 0.5, [I5 = 0.1;
X = 11419, Y{0) = Z(0) = 0, rp = 750. The onset of a curved portion with a
negative differential resistance of NE corresponds to a topological reconstruction of singular
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Figure 11. Vector field of the hydrodynamic
velocity.

points of the dynamic systém determined by (1) (see figures 12(&), {c)), in consequence of
which a channel for a laminar flow along the conductor axis is formed. During the initial
and decaying portions of VCC where the circuit current is low, closed toroidal structures

may be formed which are ellipsoids or spheres ‘dressed’ on the axis which is a separatrix
(figure 13).



6660 N B Volkov and A M Iskoldsky

2.32r,

1.16r,

1.16rg

|
J
)

-1,161,

3

N VR -2.321

-2,32r,

o

Figure 12. U [-characteristics (), and the cross section  Figure 13, Vector field of the current density and the
of the separatrix surface at the moment of the first vortex  ¢ross section of the separatrix surface during the decay
system Initiation (&) and at the begitming of the UJ-  section of the I/ [-characteristics in the circuit 83 with
characteristics with a negative differential resistance (¢)  a limited energy content.

by * in (¢) in the circuit 83 with a limited energy

content,

It should be noted that in circuits with finite energy store sources, the dynamics of the
states of current and NPT are determined not only by the control parameter r; but also by the
initial amplitude of the field of hydrodynamic velocity X which depends on the prehistory
of the process (in particular, on the process of storing mechanical defects during the stage
of pre-melting and melting). Since we deal with an electrodynamic system, the NFT can be
realized only due to X , i.e. due to energy stored in mechanical degrees of freedom in the
previous stages of the process. This idea is supported by experiments where the conductor
current was interrupted while the conductor was still melting. For example, in [18] the
conductor was shown to break down after about 100 ps.

For the dynamic system with backwards running time, separatrices split the current
into three laminar currents; the boundaries between them are formed by separatrices with
vortices, the area of which changes chaotically (in time). Figure 14{(a¢) shows the time
variation of the Kolmogorov—Sinai entropy; the point on the curve §(¢) corresponds to the
onset of chaos. Figure 14(b) shows separatrices of conduction electron trajectories at the
same time. In this case, the current and voltage drop across the conductor increase and
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Figure 14. {(a) Time variation of the Kolmogorov—Sinai entropy in the circuit $2 with a p¢
voltage source and the nonlinear element at the backward running time; and (&) the cross section
of the separatrix surface in the r-z plane at the time ma:ked by * on the curve S(¢).
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the absolute impedance has a considerably smaller value than in the stationary state of the
circuit §2.

Included as a component of circuits S2 and 83, a source of external noise in the form
E(t) = E cos(mt + ¢) with' a deterministic or random phase (uniformly distributed in the
space [0, 27]) enabled investigation of NPT induced by external noise. In the circuit S2 under
a DC voltage, time intervals between bifurcations were shown to increase under the action of
deterministic noise. In addition, the transition process in the intervals is basically determined

t

Figure 15. (), (b} Time variation in the current of the nonlinear element; and {(¢), () the
voltage across this element in citcuit S2 with a be voltage source and with an additional source
of external harmonic noise.
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Figure 16. Time variation in the voltage across the nonlinear element in the circuvit $2 with abc
voitage source and with an external harmonic voltage source having a random phase distributed
in the interval [0, 2] with the probability » = (27)~*: {a), (&), {¢) and (¢} comespond to
various time intervals.

by an external harmonic EMF (see figure 15, exhibiting the change in current and voltage
in NE). The harmenic perturbation can be seen to destroy the stationary state in circuit $2
under a DC voltage by hindering a non-equilibrium phase transition (decreasing the degree
of supercriticality) and by changing the form of the resulting current and voltage pulses.
In the intervals between bifurcations the existence of topological structures characteristic of

sources with a finite store of energy is possibie and the effective resistance of NE is close
to the initial one.

Exposed to a harmonic #MF with a random phase, stochastic oscillations are brought
about in circuit S2 and their behaviour is determined not only by a random phase transition
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but also by bifurcations. In addition, in the intervals between the latter, the effective
resistance of NE does not reach its initial value (figure 16).

In circuit $3 under a DC voltage, the stationary state represents a limiting cycle with a
known frequency (in our case w = 0.4x). It is interesting to study the influence of EMF
having the same frequency and the detunings of frequency on processes in the dynamic
system. Figures 17-19 show point mappings of the dynamic system in the [;-I plane
for different time intervals. It can be seen that when affected by an EMF with & resonant
frequency, the transition chaos takes a finite time at the end of which the limiting cycle is
formed, representing a finite digital set of points. Hence, the fractal dimension is smailer
than the dimension of phase space. The detuning of the frequency results in the appearance
of chaotic fluctuations which are qualitatively similar to those appearing under the infiuence
of a harmonic EMF with a random phase.
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Figure.17. Point mapping of the phase trajectory in the plane &~I7 in circuit 53 with a
pC voltage source and an external harmonic noise voltage source with frequency & = 0.2
(@) z € [0.501; (&) £ € [50,100F () ¢ € [100,150); () ¢ & 1150, 2003; (&) + « [200, 250];
() £ € {250, 300],

4. Conclusion

The principal result of the present paper is a demonstration that large-scale vortex
perturbations determine the dynamics of states of current in plasma-like media. It is
important that the conductor material is-supposed to be incompressible and local kinetic
coefficients are constant. Hence, we have a sufficiently simple analogy with equilibrium
phase transitions, where a local potential of interaction between particles does not influence
practically the dynamics of the phase transition [19]. The results obtained and discussed
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above are mostly of a qualitative character, as they are not applicable from the beginning
of the space scale splitting. Nevertheless, they can be applied in a qualitative analysis of
experiments on the electrical explosion of conductors discussed in the third paper of our
series. -
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