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BOUNDARIES OF THE PLASMA-FREE REGIME OF
ELECTROEXPLOSION OF A FOIL

V. A. Demidov and V. 1. Skokov UDC 621.316.5:537.529

Results of the experimental studies of the commutation characteristics of an electroexplosive
breaker upon heating of a copper foil by a current pulse of duration 7 = 1 msec are given. The
dependences of the electric-field strength and the specific power of the circuit breaker during
an electroexplosion of the foil on the specific power of the source Ps are found and it is shown
that the transition of the plasma-free regime of electroezplosion of the foil to a plasma regime
occurs for Ps = 30-40 GW /g.

Introduction. It is known that upon heating of a foil by current pulses of duration 7 =~ 1 msec its
electroexplosion (EEF) can occur in two basic regimes. In the first regime [1], after an EEF the foil resistance
is R — oo, and the current is I — 0. This regime of EEF (we call it a plasma-free regime) is used in
electroexplosive breakers (EEB) [2].

Proceeding from the temperature of liquid copper at the initial point of the EEF [3] for 7 &~ 1 msec,
the process of foil heating is characterized by the rate of increase of its temperature dT/dt > 10° K/sec.
According to calculated estimates [2, 4], a significant degree of overheating (metastability) of the liquid
metal is reached in this case, and the EEF (transition to a two-phase liquid—vapor state) occurs by way of
homogeneous vaporization (volume boiling), which is accompanied by an abrupt decrease in pressure and
density of the metal. For example, Baikov et al. [5] found that the rate of expansion of the electroexplosion
products of an aluminum foil is v & 4 km/sec forr & 1 msec; this predetermines the high rate of foil-resistance
growth, because v ~ dv/dt ~ dR/dt, where 7 is the density of the foil. For the model used in [2], this rate is
one order of magnitude smaller. The measurements [6] of the shock wave generated by an electroexplosion of
a copper foil of thickness 40 um during 7 &~ 1 usec in Plexiglas showed that the pressure profile of the EEF
products is close to a triangle with an amplitude equal to approximately 10 GPa and its duration is less than
1 psec. Here the density and the pressure decrease.

The high rate of foil-resistance growth and the abrupt decrease in density and pressure which accompa-
nies the EEF for 7 = 1 psec facilitates the development of ionization (plasma) processes in the electroexplosion
products. These processes depend on the degree of ionization and are accompanied by a quasipause of the
current [1, 2, 7] and by further increase in the current after the EEF [8]; the latter is used for generation and
study of the plasma regimes after an electroexplosion.

To use the EEF for 7 =~ 1 usec in the EEB and obtain its maximum commutation characteristics (to
attain high voltages and power and short communication time), a plasma-free regime is required. The energy
ranges that must ensure these regimes are not yet known. This study deals with the solution of this problem.

Choice of the Parameter that Determines the EEF Regimes. The parameter at which the
EEF regimes are analyzed was chosen based on the following considerations. Andrezen et al. [1] used the
specific power of thermal-energy supply to the foil, which was determined at the initial point of the EEF,
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as a parameter that determines the degree of metastability of the liquid phase and the subsequent growth
of foil resistance in the electroexplosion at the stage of heating. This parameter can be found by means of
calculations or by using the power of a source.

Indeed, for a power source, the EEB are an actively inductive LR-load. The energy of the source is
spent to create the magnetic energy connected with inductance, and the foil is heated to the state of an
overheated liquid. Therefore, at the stage of foil heating and magnetic-energy accumulation, the balance of
the source power Ps reduced to the foil mass my is of the form Ps = g + p, g = LI(dI/dt)/my, p = I?R/m;,
where L is the inductance of the circuit and I is the current strength. When the source begins to operate
(R = Ry), it is necessary that the source power be spent for magnetic-flux storage in the circuit, i.e., Ps ~ g,
P; > p, and Ry < L(dI/dt)/I. However, at the initial point of the EEF (¢ = 0), we have R = (25-30)Ry)
(1], I = Imax = Io, and dI/dt = 0; therefore, Ps = p. Thus, at this point the specific energy-absorption power
of the foil is equal to the specific power of the source.

For t = 0, we now specify the linear law of increase in the resistance of the breaker and find its
commutation characteristics: the maximum values of voltage U,,, power P, and commutation time tg.
At the plasma-free stage of the EEF, the change in foil resistance is generally described by an exponential

dependence [1]; however, the ability of the breaker to commutate is determined by the integral | R(t)dt,

which depends little on the form of R(t). Therefore, for ¢t > 0, we specify the resistances of the breaker in
the form

R=kt, (1)

where k is the coefficient of high-speed response of the breaker. According to [1], the quantity & increases with
the current density jg at the initial point of the EEF in the plasma-free regime. In the EEF, the resistance
of the foil increases by 2 or 3 order of magnitude [2]; therefore, we ignore the value of R for ¢ = 0.

In the case of an arbitrary dependence of the breaker resistance R on the time, the current strength
changes by the following law:

R
I—Ioexp(~/—idt). (2)
Since the voltage U and power P of the breaker are determined as
Ut)=I{)R(t),  P(t) = I*(t)R(t), 3)

after substitution of (1) into (2) and then into (3) and differentiation of U and P with respect to ¢, we obtain
the maximum voltage at the breaker and the power

Um = 0.680\/k/I, P =0.43801\/k/L, (4)

where ®&; = LIy. It follows from (4) that U, is proportional to vk and @, and P, to V% and ®2. The
maximum electric-field strength in the foil and the specific power of the EEB in the EEF are determined as
follows: E = Un/l, Psp = Py /myg, where [ is the foil length.

The process of energy transfer from the inductive storage circuit to the load is accompanied by selection
of a fraction of the accumulated energy in the breaker in the form of heat, and the commutation time tg is
determined by its power. For an infinitely great load, the total energy Qo = ng /2 is released in the breaker,
and tg = Qo/Pm = 1.17\/L/k.

The effect of the source power on the output voltage and power of the EEB in the plasma-free regime
is schematically shown in Fig. 1; one can see the dependence of the relative resistance of the foil R/Ry
on the specific absorbed energy wg for various source powers. The dependence R/Ry = f(wg) consists of
two segments with different angles of slope to the wpg axis. The segments of foil heating, OA; and OAa,
are approximated by the linear dependence [2] R/Ry = 1 + Bwgr, where 3 is a constant, and correspond to
heating of a solid-state metal, its melting, and heating of a liquid metal prior to the beginning of vaporization.
The change in the density of the metal at this stage is comparatively insignificant, because the metal is in
the condensed state. The stage of electroexplosion proper (segment 2) is characterized by an abrupt and
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Fig. 1. R/Rj as a function of the specific energy wg absorbed at various
values of the source power: curves I and II refer to the specific power Py
and Py, respectively (Psp > Ps1): segment 1 corresponds to foil heating
and segment 2 to the electroexplosion proper.

significant expansion of the foil, which is accompanied by an increase in its resistance by several orders:
R/Ry = 100 [a; and a2 are the angles of slope of the dependences R/Ry = f(wg) to the wg axes after the
electroexplosion]. The points A; and A in Fig. 1 correspond to the onset of the EEF.

As is shown in [1], as Ps increases, one can observe two important changes in the dependence R/Rg =
f(wr):

1) the initial point of the electroexplosion {point A;) is shifted toward the larger values of wg and
R/Ry (point As), wgre > why;

2) the foil resistance at the electroexplosion stage grows more rapidly, as > a;.

Since Ps = p = jgp/'y (p is the specific resistance and v is the density), the current density increases with
P; at the initial point of the EEF. According to [1], for small jo this leads to an increase in the coefficient
of high-speed response of the breaker k; simultaneously, the broken magnetic flux ®¢ also increases with the
EEB in the circuit, other conditions being equal. It follows from (1) that the quantities U, and P, also
increase with & and ®g. At the same time, for certain values of Ps and jg, the character of the dependence
R(t) in the EEF should change owing to transition of the electroexplosion products to a plasma state [7-9].
However, because the broken magnetic flux continues to grow and the dependence of Uy, and P, of the EEB
on Pq is stronger than on k, it is likely that the voltage and power of the EEB also will continue to increase; as
a result, a characteristic break should appear in the diagrams of the dependences of the electric-field strength
E(P;) and the specific power of the breaker Psp(Fs), and the angle of slope of these dependences should
decrease. These are the considerations on the basis of which we determined the limiting value of Ps in the
plasma-free EEF regime from experimental data.

It is noteworthy that the function Psp(PFs) is, in essence, the coefficient of power amplification of the
breaker.

Scheme of Experiments. The effect of the specific power of a source on the commutation character-
istics of the EEB was studied experimentally on a stand whose electric circuit is shown in Fig. 2. The initial
flux in the storage inductance Ly was formed upon discharging of the capacitor bank C after a breakdown of
the discharger D. The charge voltage of the capacitor bank was selected in such a manner that the maximum
strength of the current Iy was 23-25 kA. At the moment of reaching the maximum Jp, an explosive breaker
(EB) operated and the circuit with the EEB was simultaneously switched on by an explosive switch (ES).
When the storage inductance Ly was broken, the EB formed a triangular current pulse of duration of order
1 psec and amplitude of about 10 kA at the EEB.

In all the experiments, a copper foil of thickness 20 pm and section S; = 0.02 mm? was used in the
EEB; the foil length ranged from 10 to 75 mm. The initial resistance of the foil Ry was 8.6-65.0 uQ2. The
power of the source in the experiments was changed from 70 to 220 MW owing to the use of different types of
EB. Thus, the specific power of the source varied from 5 to 125 GW/g. The dependence of the electric-field
strength E and the specific power Fyp in the EEF on the specific power of the source F; were studied for
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Fig. 2. Electric circuit of the experimental stand: Ly = 4.40 uH is the inductance of the storage circuit,
Lo = 0.51 pH is the buffer inductance, L3 = 0.16 yH is the EEB inductance, Ljy,q = 0.64 pH is the load
inductance; the EB and the EEB are the explosive and electroexplosive breakers, respectively, D is the
discharger: the ES is the explosive switch, C is the capacitor bank (240 pF): S is the energy source for
EEB charging, R; and Ry are the EB and EEB resistances, respectively, Iy, Iy, I, I3, and Iy are the
storage-circuit, EB, buffer-inductance, EEB, and load currents.

Fig. 3. Maximum electric-field strengths in the EEB and the specific EEB power in the EEF on the
specific power of the power source: filled points refer to the experimental dependence E(Fs), and open
points to Psp{Fs), respectively.

current densities of up to 7-107 A/cm?. The electroexplosion of the foil was performed in a medium of quartz
sand with grain sizes not larger than 0.5 mm.

In the experiments, integrating Rogowski coils registered the currents in all the circuits, and differ-
entiating Rogowski coils were employed to register the derivatives of the current dl3/dt and dlg/dt. The
total voltage at the EEB Us was measured by an ohmic divider assembled from TVO-10 resistors or it was
measured with the use of the measured dependence dly/dt. The measurement accuracy of these quantities
in a separate experiment was no less than 10%. The quantities Ps, R3. E, and Psp (see [1]) were determined
with the use of the measured Us, I3, dI3/dt, and dIg/dt at the stage of magnetic-flux storage in the EEB
and foil-heating circuits and at the electroexplosion stage proper.

Experimental Results. The experimental dependences E(Fs) and Pep(Ps) are depicted in Fig. 3.
In the range Ps = 5-125 GW/g, the experimental dependence E(PFs) is satisfactorily approximated by the
expression

E =5.68In P;—1.55, (5)
where E is measured in kilovolts per centimeter, and P in gigawatts per gram.

The resulting dependence E(F;) is a monotonically increasing function having two characteris-
tic intervals with different rates of E increase. For Py = 5-28 GW/g, this dependence is linear, and
kg = dE/dPs; =~ 0.8; for P; = 28-35 GW/g, there is a break on the curve; in the interval Ps = 40-125 GW /g,
the mean value of kg is approximately 0.1.

The experimental points Psp(PFs) in the studied range of Ps are approximated by a dependence similar
to (5). The monotonically increasing function also has two intervals with different coefficients of power
amplification k, = dPsp/dPs. The lengths of the first intervals, on which kg and k, are much greater than
those on the second ones, are almost the same (P; = 5-35 GW/g). On these intervals, the EEB operates in the
mode of a power amplifier with constant amplification coefficient k, = dPsp/dPs = 4. For Ps = 35-40 GW/g,
the dependence Psp(Ps) has a break, and, for Ps = 45-125 GW/g, the EEB operates in the mode of power
attenuation (dPsp/dFs = 0.7).

It follows from our experiments that to reach the maximum voltage and power of the EEB, it is
necessary to increase the power of an energy source. The efficiency of the breaker depends greatly on the
value of Fs.
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Fig. 4. Oscillograms of the foil electroexplo-

sion for Ps = 69 GW/g: curves 1 and 2 refer
to I3(t) and Us(t), respectively.

For P; < 30 GW/g, the coefficients of power k, and voltage kg amplification are maximum and are
the constant parameters of the breaker. As a function of the source power W = Pymy, the peak values of
Upn and P, are determined as follows: Uy = kgW and P, = k,W. For B > 45 GW/g, the values of
kg and k, decrease significantly. We now clarify the possible reasons of this phenomenon. Based on the
experimental dependences E(Fs) and Psp(Fs) and our considerations concerning the experimental procedure,
one can assume that, for Ps = 30-40 GW/g, the character of the dependence R(t) changes owing to transition
of the electroexplosion products to a plasma state. Figure 4 shows the oscillograms I3(t) and Us(#) in one of
the experiments for Ps = 69 GW/g and jp = 6.04 - 107 A/cm?.

The character of change of the foil resistance in the experiment is similar to the experimental curves
R;3(t) obtained in [7-9]. Upon heating of the foil to the initial point of the EEF, the foil resistance R3(t)
grows slowly and then abruptly and attains its maximum for approximately 0.1 usec: and then it smoothly
decreases almost to zero for about 1 usec. One can observe the stage of current quasipause in the EEB: after
the EEF, the current in the breaker is not interrupted and remains quite high (5-6 kA) for more than 3 usec
at an almost zero voltage.

Detailed studies [2] of the electroexplosion of an aluminum foil located in a dusty quartz have confirmed
that the formation of a quasipause of the current is related to the development of light ionization (plasma)
phenomena. Burtsev et al. [2] register light ionization phenomena in the regimes in which the quasipause of
the current was not observed.

The value of Ps at which the electroexplosion of an aluminum foil passes to a plasma regime can be
estimated on the basis of the following considerations: P! = PSUZ, where Z is the reduction coefficient.
The correction coefficient is equal to

Z= ]sz“ PAL TCu, (6)
JCu PCu YAl

At the initial point of electroexplosion, the cofactors in (6) are determined via the physical properties
of liquid aluminum and copper [10, 11]. The first cofactor is determined by the specific integral of action of
the current in aluminum and copper in a liquid state [10] and is approximately 0.4. The second and third
cofactors are approximately 1.6 and 3. Thus, we have Z = 2, and the values of F for aluminum that ensure
a plasma regime coincide in order of magnitude with the value of Ps for the copper foil.

When the EEF passes to a plasma regime, the phenomenon of voltage pulsation in the foil was also
revealed. In Fig. 5, the oscillograms of I3(t) and Us(t) for Ps = 118 GW/g are shown. The frequency of
damping oscillations is approximately 12 MHz, and their duration is greater than 3 usec. Since the active
voltage component is almost zero (R3 = 0) in this regime, the voltage oscillations after the EEF can be
connected with variation in the natural inductance of the foil. Upon expansion of the EEF products, the
pressure in them decreases abruptly, whereas the pressure in the magnetic field remains almost constant
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Fig. 5. Oscillograms of electroexplosion of
the foil for Ps = 118 GW/g: curves 1 and 2
refer to I3(t) and Us(t), respectively.

(I3 = const); this causes deceleration and reverse plasma motion. The phase of EEF-product expansion is
replaced by their compression. The internal pressure again rises during the axisymmetric deceleration of the
products, and the electroexplosion products again expand.

To substantiate this assumption, we now estimate numerically the values of I3(dL3/dt). According to
[12], the expression for the inductance of a single rectangular wire at high frequency can be approximated in
the form

ol nl
Ly~ — — 1],

8 27r<1no+b 1) (7)
where 119 is the magnetic permeability; [, b, and § are the length, width, and thickness of the foil, respectively,

and n is a constant. We differentiate (7) with respect to ¢, assuming that L3 changes only if the foil thickness
changes in the EEF, and multiply the resulting expression by I3. Then

ub+6)71, (8)

where v = dd/dt is the rate of foil expansion. Substituting I3 = 10* A, po = 47 - 107" H/m, I = 25 - 1072 m,
b+ 6 =10"% m, and v = 10% m/sec into (8), we find that at the stage of foil electroexplosion, the term in the
expression for Us, which is related to variation in foil inductance, can be approximately 5 kV. This estimate
is in satisfactory agreement with the experimental dependence of Us (see Fig. 5) whose oscillation frequency
after the EEF relative to the mean position is also several kilovolts.

It is necessary to mention that the current I3(dL3/dt) can appear only in the plasma EEF regime.
In addition, the estimate of I3(dL3/dt) and its possible change from experiment to experiment because of
the change in the electric-field pattern make it possible to explain the significant scatter of the experimental
points E(Ps) and Psp(Fs) in the plasma regime; therefore, registration and analysis of the commutation
characteristics of the EEB in this regime are not meaningful.

Conclusions. In the studied range of specific powers of the source P; = 5-125 GW /g, for a heating
regime of a copper foil with current density j ~ 107 A/cm? and current-pulse duration T ~ 107% sec, the
electric field strength E and the specific power of the EEB Psp in the EEF increase monotonically from 5.4 to
25 kV/cm and from 20 to 214 GW /g, respectively. As Fs increases, the quantities £ and Fyp grow rapidly in
the same manner on the intervals Py = 5-28 GW/g and Ps = 5-35 GW/g, respectively. For Ps; < 30 GW/g,
the dependences E(Fs) and Psp(Ps) are linear, and the EEB has a constant factor of power amplification.
After the EEF, the angle of slope of the curve of E(Ps) and Psp(Ps) at Ps > 45 GW/g and j > 6-107 A/cm?
in the EEB decreases owing to transition of the copper foil to a plasma state. The plasma-free EEF regime

occurs at a specific power of the source equal to Py < 30 GW/g. 15
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