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Electrical Behavior of an Ultralow-Energy
Plasma-Focus Device

Mario Oscar Barbaglia, Horacio Bruzzone, Hugo Néstor Acuiia, Leopoldo Soto, and Alejandro Clausse

Abstract— Measurements of electrical signals in discharges
performed in a miniature plasma-focus device (5 nF capacitor
bank, central electrode diameter and effective free length 2.0 and
0.5 mm, respectively, no outer electrode) are reported. A lumped
model is built that gives good agreement between the model and
the recorded signals. The main conclusions are as follows: the
voltage at which the chamber disk capacitor is charged is limited
by the gas filling pressure inside the chamber and not just by
the voltage in the capacitor energy source, and the behavior of
the discharge current within the vacuum chamber depends on
the whole system and not only on the last portion of the circuit,
even for longer transmission line lengths.

Index Terms—Fusion reactors, plasma devices, plasma focus.

I. INTRODUCTION

LASMA-FOCUS (PF) devices are known to be efficient

sources of short bursts of hard and soft X-rays, neutrons,
and ions, as well as electron beams [1]. Because of the fact that
these devices have unique qualities such as low cost, compact
size, and low operation risk (compared with isotopic neutron
sources), they are potential candidates to replace standard
radioactive nuclear sources.

Recently, some studies have been made on a device oper-
ating in a PF-like configuration involving an astoundingly
small driving energy [2], [3] in the order of tenths of a
joule. This device uses a coaxial electrode geometry without a
surrounding electrode (i.e., the cathode is simply the vacuum
chamber back plate), a configuration that was previously
studied by others [2], [4]-[6]. However, in the present case the
system is powered by a rather unconventional circuit whose
functioning is not obvious and deserves some additional study.
In this paper, an analysis of this circuit is presented together
with some measurements performed in one of these devices
currently operating in Argentina, in order to obtain a better
understanding of its electrical behavior.
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Fig. 1. Photo of the complete device (top left) and discharge chamber (top
right). Below: PF schematic diagram: 1: PVDF insulator. 2: cathode plate.
3: borosilicate window. 4: discharge chamber. 5: anode. 6: artistic line
simulating the current sheet. 7: Alumina insulator. 8: field intensifier.
9: transmission line. 10: spark gap. 11: charging resistor. 12: high-voltage
source. 13: power source capacitor.

II. EXPERIMENTAL SETUP

The device was initially conceived in a cooperative
research project between the National Nuclear Commissions
of Argentina and Chile. Two similar devices were designed
and build in each country. The Chilean device was named
Nanofocus (not to be confused with the 100-J PF reported in
[7]), and the Argentine device was called NanoPLADEMA.
The work reported in this paper was conducted in the latter.

Essentially, these devices can be divided into three parts
(Figs. 1 and 2): an energy source, a transmission line, and
a discharge chamber. The source consists of a small (nF)
capacitor (C1), typically charged at several kilovolts, which
is discharged through an adjustable length (d) air gap into
three parallel 50-Q coaxial cables several meters long forming
a transmission line, and then into the discharge chamber
consisting of two insulated metallic disks forming another
capacitor C.. The positive electrode of this capacitor con-
tains the coaxial central electrode, separated from the second
(grounded) capacitor plate by means of an alumina tube.
The diameter and length of the central electrode are 2.0 and
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Fig. 2. Circuit diagram of the device nanoPLADEMA. The discharge
chamber is shown at the right of the dashed line.

2.8 mm, respectively, and the outer diameter and length of the
ceramic insulator are 4.0 and 2.3 mm, respectively. A small
vacuum chamber is assembled on the ground plate, centered on
the central electrode, which was evacuated down to a pressure
of around 0.01 mbar. The chamber is then filled with hydrogen
(or any convenient gas) at the desired pressure (in the millibar
range). Fig. 2 shows a diagram of the equivalent electric
circuit. The circuit has the following measured parameters:
Ci = (B4 £0.1)nF C, = (4.9 £ 0.1) nF, coaxial lines
length = 4.0 m.

In order to predict the circuit behavior, one could, in princi-
ple, simulate the complete equivalent circuit and then compare
the calculated magnitudes (e.g., the discharge chamber current
time derivative) with the measured ones. However, in view
of the fact that there are too many unknown parameters
(L1, L, L3, and Ry in Fig. 2 and the closure details of the
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Fig. 3. Circuit diagram of the first configuration studied, where the

transmission lines are replaced by a shortcircuit.

gaps), a piecewise analysis of the circuit was chosen as a better
approach.

The first test case studied is a simple circuit which replaces
the lines by a short-circuit (that is, a fixed inductance). The
analysis of this configuration will provide information about
L1 and Ry, and also on the charging voltage dependence on the
air-gap separation distance (d). The second study is performed
by connecting the transmission lines but ending them in a
short-circuit, which allows the determination of the value
of L. In the third test, the transmission lines are connected
to a 4-nF capacitor, which simulates the disk plates of the
discharge chamber without the PF discharge and yields Ls.
Finally, the complete system is analyzed using the previously
obtained parameters. For each configuration described above,
the device discharges were performed in a repetitive way
(through simple self-breakdown of the gap), and it was verified
that the electrical signals observed were substantially the same.
In this paper, we show a representative dataset for each case.

A model of the concentrated parameters for the system in
the different configurations was constructed and numerically
simulated with Ngspice [8], a mixed-level/mixed-signal circuit
simulator.

III. RESULT
A. Case 1: Transmission Lines Replaced by a Short-Circuit

Fig. 3 shows the equivalent circuit in which the transmission
line was replaced by a short-circuit. With this configuration,
several shots were fired at three different separations of the air-
gap electrodes (i.e., d = 1, 2.7, and 4.5 mm). The maximum
charging voltage (Vp) of C; in each case was 4.1, 9.1, and
16.0 kV, respectively. In every discharge, the time evolution
of the voltage behind the spark gap, V|(), was measured with
a fast resistive voltage divider, and the current time derivative
dl1/dt was measured with a Rogowski coil. The recorded
traces were similar in all cases, and only varied in their ampli-
tudes when varying the d value. Fig. 4 shows typical signals
of the current derivative dI1/dt and the voltage V| after the air
gap, measured with d = 2.7 mm. It can be seen that, except
for an initial stage, the curves correspond to damped sinusoids
with the same period and damping in all the cases studied.

The numerical simulator was used to calculate V| and
dl/dt. The voltage drop Vg1 in the air gap was modeled
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Fig. 4. Electric signals of a 9.1 kV discharge in the circuit shown in Fig. 3.
Experimental measurements (solid line) and numerical simulations (dashed
line).

as [9]
2

Vg1 (1) = Vo————7~-
I+ exp (Z3)

(1

The values of Lq, L/Z, R1, and Ar were adjusted to obtain
a reasonable fit, which is shown by the dashed lines in
Fig. 4. The resulting values are: Ly = (61 + 2) nH;
L, = (40 £ 2) nH; Ry = 0.24 4+ 0.04 Q; and At = 8 ns. The
same set of values was found for all the air-gap separations.

The initial portion of the signals presents oscillations with
the same frequency but increasing amplitudes. This feature has
already been reported by [9] and [10] and can be explained by
the drop of the gap resistance below the required value to close
the circuit in a time interval comparable with the discharge
period. Although the full explanation of this effect is beyond
the scope of this paper, the specifics of the present case require
a comment. Note that, in order to close the circuit and get an
oscillating behavior, the equivalent spark gap resistance Ryg
should satisfy

Ry < 2\/(L1+ L)) /C1~9Q.

Assuming that the initial diameter of a spark in air at
atmospheric pressure is about 0.1 mm [11], the resistance
of forming a conducting channel of length d in the air gap
can be estimated as Rz = 4d 108/ . When the ionization
degree becomes larger than a few percent, the conductiv-
ity o depends only on the electron temperature 7, i.e.,
o ~ 2760 Te3/2§2 - m (7T, in eV units). Since T, remains
constant at about 2-3 eV until the completion of the ionization,
for the smallest d (1 mm) one can estimate Ry, ~ 11.7 Q.
Obviously, longer gaps should have larger resistances under
the same conditions. Therefore, to close the gap in this circuit,
additional electron heating (i.e., higher 7,) is required (which
cannot happen before reaching full ionization of the channel)
or, more likely, a diminution in Ry, through radial expansion
of the channel. The latter is indeed probable since the pressure
of fully ionized and thermalized plasma at a few electronvolts
and atmospheric density is about 200 times higher than that
of the surrounding gas. Hence the channel should radially
expand as a strong shock wave, doubling its diameter in about
20 ns. Therefore, if 7, maintains or increases its value by
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Fig. 5. Equivalent circuit of the system with a transmission line closed with
a short-circuit.

Joule heating, R, should diminish by at least a factor 4,
which satisfies the closure condition. The minimum amount
of energy required for forming a fully ionized and thermalized
1 mm channel is about 0.6 mJ, which is relatively small
compared to the total energy in the capacitor (45 mJ at 4.1
kV). Larger gap separations entail higher initial Ry, values but
with larger charging voltages, which preclude longer closure
times. In effect, [10] have shown that the time to fully ionize
and heat the ions is independent of the air-gap separation d,
and the power per unit length delivered to the plasma actually
increases with d. In any case, the energy expended in closing
the air gap is in the order a few percent of the total energy in
this device, and even smaller in that used by the Chilean group.

B. Case 2: Transmission Lines Ending in a Short-Circuit

In the second configuration, the transmission lines are short-
circuited at its end (Fig. 5). The transmission line and its con-
nections increase the inductance L/2 measured in the first case.
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Fig. 6. Electric signals of a 16 kV discharge in the circuit shown in Fig. 5.
Experimental measurements (solid line) and numerical simulations (dashed
line).
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Fig. 7.  Electric signals of a 9.1 kV discharge in the circuit shown in
Fig. 5 with the transmission line ended in a 4 nF capacitor. Experimental
measurements (solid line) and numerical simulations (dashed line).

The larger stray inductance in the second configuration, Lo,
is the one needed for the final circuit. The short-circuited side
of the line is modeled by an inductance L}. Fig. 6 shows
the signals of the current derivative dl1/dt and the voltage
after the air gap, V|, measured with d = 4.5 mm. The dashed
lines in Fig. 6 show the numerical simulation obtained. The
transmission line was simulated using a single lossy transmis-
sion line (TXL) model. The values of Ly and L that best fit
the experimental signals are 90 and 60 nH, respectively. The
values of Af, Ry, and L previously determined were used.
Additional measurements were performed in a circuit where
the short-circuit was replaced by a 4-nF capacitor emulating
the capacitor formed by the parallel plates of the chamber.
Fig. 7 shows the current derivative dI/dt, the voltage after the
air gap, V1, and the voltage V; on the 4-nF capacitor, using a
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Fig. 8.  Electric signals of a 9.1 kV discharge in the circuit shown in

Fig. 2. The charging pressure in the PF chamber is 5 mbar. Experimental
measurements (solid ine) and numerical simulations (dashed line).
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Fig. 9. Temporal evolution of V, for the circuit shown in Fig. 2 for different
Hj; filling pressures 2 mbar (solid line), 10 mbar (dashed line) and 19 mbar
(dash-dot line).

separation d = 2.7 mm in the gap. The dashed lines in Fig. 7
are the numerical simulations using the same set of parameters
as in Fig. 6, except for L}, which was adjusted to 75 nH.

C. Case 3: Complete System

Fig. 8 shows the experimental signals of dI/dt, V>, and
dl»/dt, measured during a 9.1 kV discharge with the trans-
mission line connected to the electrodes within the vacuum
chamber filled with hydrogen at 5 mbar. The dashed lines
in Fig. 8 are the corresponding numerical simulations of
the circuit depicted in Fig. 2 assuming a constant L. value.
The values of R;, Li, and L, are the same as before. The
operation of the second spark gap (the breakdown in the
chamber) was modeled as

1 +exp (_ 4.A41t/0)
14 exp [47'4&71”)]

which accounts for a time delay (z,) between the closure of
the air gap and the breakdown in the gas inside the chamber.
The best fit of the experimental signals at 5 mbar corresponds
tot, = 113 ns, At' =5 ns, L3 = 40 nH, R, = 0.45 Q, and

ng2 (t) =W (t) (2)
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L. = 2.5 nH. From the analysis of other signals (see Fig. 9), ¢,
showed an inverse dependence with the filling pressure, which
is in agreement with previous experimental reports [12] on
low-pressure gas breakdown.

IV. CONCLUSION

A procedure for determining the parameters of the electrical
circuit in a miniature PF device was characterized by means
of a lumped numerical model calibrated with experimental
diagnosis. It turns out that the plasma in the discharge chamber
can be represented by a relatively small and constant value of
inductance, at different filling pressures, when using a small
length transmission line. Hence, in this device the voltage
and current time derivative measurements are insufficient to
determine the dynamics of the plasma. We must note here
that the Chilean device has a 20-m transmission line and its
behavior cannot be trivially extrapolated from our results.

Another relevant observation is the fact that the voltage
at which the chamber disk capacitor is charged is clearly
limited by the gas filling pressure inside the chamber and not
just by the voltage in the capacitor energy source. This has
stringent consequences on the energy delivered to the plasma
in the chamber. Moreover, the present results suggest that the
behavior of the discharge current within the vacuum chamber
is likely to depend on the whole system and not only on the
last portion of the circuit, even for longer transmission lines.
How these facts affect the functioning of the device used at
the Chilean Atomic Commission cannot be assessed with this
paper and requires further studies.
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