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The triggering and guiding of electric discharges produced in atmospheric air by a compact 100 kV

Marx generator is realized in laboratory using an intense femtosecond laser pulse undergoing

filamentation. We describe here an approach allowing extending the lifetime of the discharges by

injecting a current with an additional circuit. Laser guiding discharges with a length of 8.5 cm and

duration of 130 ls were obtained. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4947273]

In the last decade, femtosecond laser filaments have

proved to be a powerful tool to trigger and guide electric

discharges in atmospheric air1 with gap length of a few

meters.2–6 The weakly ionized plasma column and subse-

quent low density channel generated by laser filaments allow

the precise triggering and guiding of electric discharges

between two electrodes with a significant reduction of the

breakdown voltage.7–9 This effect is potentially useful for

the development of laser lightning rod,4,10,11 high-voltage,

high-current switches,12 or virtual plasma antennas.13,14

For applications such as plasma antennas, extension of

the filament plasma lifetime is needed, since the plasma from

the filament recombines in a few nanoseconds, seriously limit-

ing the bandwidth of antennas to frequencies v> 109 Hz. This

can be done using additional femtosecond or nanosecond laser

pulses,15–17 but this technique is particularly complex and the

resulting plasma is limited to a few ls. Injection of electric

current through guided discharges appears to be a more prom-

ising way. The duration of the guided discharge mostly

depends on the high voltage (HV) source, with a typical dura-

tion on the order of 100 ns.2–4,14 In several publications, a

Marx generator was used as the HV source to produce meter

scale guided discharges. In this case, the discharge duration

is defined by the product of the Marx “stack” capacitance

Cmarx and a discharge load Rload. In Ref. 18, a compact Marx

generator was used to create a �21 cm guided discharge of

duration about 600 ns due to the mentioned Marx capacitance

Cmax� 2 nF and the discharge load resistance Rd� 300 X. In

this letter, we describe a method, which allows prolonging

this parameter up to 130 ls.

The experimental setup is presented in Fig. 1. The cir-

cuit is composed of two parts. The first part is a Marx gener-

ator described in Ref. 18. For this experiment, the generator

was composed of 5 stages charged up to 20 kV DC, resulting

in 100 kV output pulse with a negative polarity. An induct-

ance L1 was connected to the generator output electrode and

served as a load up to the moment when the Marx pulse pro-

duces a breakdown in the inter-electrode gap. The Marx

output electrode has a cylinder form with an axial hole

allowing the laser beam to enter in the generator and to trig-

ger it. The second electrode is a round finger with a 5 mm

radius. As described in Ref. 18, a chirped pulse amplified

laser system emitting at a wavelength of 800 nm is used to

produce the filaments between the two electrodes and inside

the Marx generator. The laser pulse with energy of 200 mJ,

pulse duration of 700 fs, and diameter of 30 mm FWHM is

focused by a convex lens (focal f¼ 5 m), generating a bundle

of plasma channels over 1.5 m before the geometrical focus

of the lens (see characterization of the filament bundle in

Ref. 19). The geometrical focus of the beam was positioned

30 cm after the Marx entrance electrode in order to trigger

the Marx generator as well as the guided discharge.

The second part of the circuit consists of a capacitor C2,

a resistor R2, and an inductance L2. To create a polarity

regime, the capacitor is charge up to 620 kV DC. The circuit

is operating as follows. The laser passes first between the

two electrodes and then enters into the Marx generator from

its output side. This configuration gives the shortest delay

FIG. 1. Schematic view of the experimental set-up with a HV source (Marx

generator) and an additional circuit R2L2C2.
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between the HV Marx pulse and the gap breakdown.18 The

breakdown generates a plasma column between the electro-

des, which makes possible discharging the capacitor C2

through L2, R2, and L1. There is almost no current from the

capacitor C2 discharging through the Marx because of well

matched parameters of the circuit. Thus a current is injected

in the plasma channel prepared by the HV charged source

with help of the low voltage charged circuit.

The operation of the circuit is monitored by means of

two shunts. The first one measures the current IL1 flowing

through the coil L1, while the second shunt measures the cur-

rent IL2 flowing through the coil L2.

To demonstrate the proposed method, a minimal dura-

tion of 130 ls has been chosen for the discharge. Based on

the previous study with the Marx generator,18 we chose pa-

rameters of the circuit producing an “effective” electric field

Umarx/L> 10 kV/cm with a breakdown delay smaller than

300–400 ns (where Umarx is the Marx output voltage and L is

the gap length). Therefore, we started the experiments with a

gap L¼ 85 mm and an inductance L1> 400 lH, which pro-

vides no more than 5% drop of the output Marx voltage dur-

ing the breakdown delay. To inject the Marx discharge into

the 85 mm gap, we need L2�L1, while the protection of the

capacitor C2 from the Marx 100 kV pulse brings the condi-

tion C2�Cmarx. To fulfill these conditions, the following

circuit parameters were chosen: L2¼ 29 lH, C2¼ 37 nF, and

L1¼ 404 lH.

Typical experimental signals of the currents IL1 and IL2

are shown in Fig. 2 in the case of oscillating regime with a

small resistance R2. Two cases are presented here: (a) without

any polarization: only high frequency oscillations (HF) defined

by the circuit Cmarx-L2-R2-C2 are observed. Their period is

T(HF)� 2p (Cmarx�L2)0.5¼ 1.6 ls, and the amplitude of the

first current peak is about 600 A. In this case, effective dis-

charge duration is about 10 ls. (b) The capacitor C2 is charge

negatively up to UC2¼�20 kV. In this case, the low frequency

(LF) oscillations with period T(LF)� 2p (C2�L1)0.5� 25 ls

produced by the circuit C2-L2-L1 become the most pro-

nounced. When a negative polarization U2 is applied, the

breakdown voltage reaches 80 kV, while in the case of positive

polarization, it reaches 120 kV. As a consequence, the break-

down delay decreases from 210 6 45 ns to 148 6 21 ns when

the polarity is changed. The current amplitude also depends on

the applied polarity U2. The regime of the negative polariza-

tion produces smaller HF amplitude (Ipeak¼�390 A for UC2

¼�20 kV against Ipeak¼�750 A for UC2¼ 20 kV) and higher

LF amplitude (Ipeak¼�220 A for UC2¼�20 kV against Ipeak

¼ 135 A for UC2¼ 20 kV). Due to the LF current injection, the

effective discharge duration becomes longer than 100 ls. Note,

in Fig. 2(c), that the LF currents IL1 and IL2 are opposite but

with the same amplitudes, meaning that the LF current circu-

lates inside the same circuit loop.

The resistance R2 allows changing the damping factor

of the circuit. To obtain an alternative regime, we used

R2¼ 10 X, which is much smaller than the impedances of

HF and LF circuits �110 X. A fitting of the current signals

considering a damped sinusoidal function allows one to

determine the total discharge resistance Rdisch and the circuit

parameters. The total resistance varies in the range between

16 X and 23 X depending on experiment series. These values

exceed the resistance R2¼ 10 X. Measurements with differ-

ent gap lengths L in the range of 15–85 mm revealed that

Rdisch does not depend on this gap length. It means that the

measured guided discharge resistance is mostly due to some

contact processes in the vicinity of the electrodes. It is also

interesting to note that Rdisch remains remarkably constant

during the discharge.

The guided discharge was imaged with the help of a

16-bit intensified charge-coupled device camera (ICCD)

operated with a gate opening time of 100 ns. Examples

of ICCD images for different delays in the range of

s¼ 15–130 ls are presented in Fig. 3. A dilatation factor of

Y/X� 4 has been used to present ICCD images for a better

visibility of the plasma cross section. An integrated image

of the discharge is also presented to show the electrode ge-

ometry (Fig. 3(d)). This series of instantaneous images

reveals that the guided discharge conserves the same linear

shape during the whole life of the discharge, up to 130 ls.

One should also note that the plasma is brighter close to the

Marx electrode.

FIG. 2. Current signals IL1 and IL2 with R2¼ 10 X: (a) without any polariza-

tion: Imax (HF)��600 A; Imax (BF)��45 A; (b) UC2¼�20 kV: two first HF

peaks are Imax (HF)��390 A and Imax (HF)� 470 A. Ipeak (BF)�� 220 A.
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Fig. 4(a) shows a typical transverse luminosity profile

integrated over 15 mm. To analyze the temporal evolution of

the plasma channel while minimizing artifacts due to discon-

tinuities, we integrated the luminosity profile with a thresh-

old defined as the half maximum of the luminosity profile.

Fig. 4(b) shows the temporal evolution of the integrated

discharge luminosity measured at each maxima of discharge

current. The points are well fitted by an exponential curve

with a decay time constant of 24 ls (red curve). It is worth

noting that the current decay time is almost two times longer,

with a value of 42 ls. It is an indication that the total light lu-

minosity is proportional to the square of the current. On

should note that with a higher temporal resolution, the

plasma luminosity should present an oscillating decay simi-

lar to the square of the current signal.

The treatment described above allows us to control

numerically the geometrical form of the guided discharge.

We observe ICCD images with different percentage of

guidance (70%–100%). As illustrated in Fig. 5; in some

cases, the guided discharge presents discontinuities that we

attribute to “jumps” of the initial current from one filament

to the other. Similar discontinuities were observed in the

guided discharges produced in our spark gap, Marx and

Tesla experiments.9,12,14,18 The average FWHM measured

on the homogeneous parts of the images changes very

weakly during 130 ls with a value of 2.1 6 0.2 mm.

The same measurements have been carried out in a

damped current regime when a ballast resistance R2¼ 100 X
close to the circuit impedance was used. In this case with a

positive polarization (see Fig. 6(a)), one observe two short

current peaks (�0.5 and 1.5 ls) with amplitudes of �500

and 165 A followed by a relatively long tail with a maximum

about 75 A.

Figs. 6(b) and 6(c) present the ICCD images taken at

times s¼ 1 ls, 14 ls, and 20 ls in the case of damped regime.

The luminosity behavior is very different from the oscillating

regime. It presents a rapid drop in the first 4 ls followed by a

relatively slow evolution. It is interesting to note that the evo-

lution of the plasma width in this regime is also significantly

different. Its value decreases from 1.9–2.0 mm at the current

beginning to 1.6 mm at its end (s¼ 20 ls) when the current

becomes close to zero (Fig. 6(d)).

In conclusion, we have increased the lifetime of a laser

guided discharge up to 130 ls by injecting a secondary current

with a 20 kV charged additional circuit. The guided discharge

was produced in atmospheric air by shorting an inter-

electrode gap 85 mm with the help of a compact 100 kV Marx

generator triggered by femtosecond laser source. We have

measured a discharge resistance of �10–20 X, mostly due to

contact processes in the vicinity of the electrodes. This result

is promising for the development of plasma antenna, where

electric circuit could be used in conjunction with intense

ultra-short laser working at a kHz repetition rate20 to realize a

quasi-permanent plasma column.

FIG. 4. (a) Plasma transverse luminosity profile measured by the ICCD cam-

era and averaged over a 15 mm length. (b) Temporal evolution of the inte-

grated discharge luminosity (blue squares) and the current signal (black line)

measured in the oscillating regime (R¼ 10 X). The results are well approxi-

mated by an exponential decay fit with a constant of 24 ls (red line).

FIG. 5. Current “jump” event imaged by the ICCD at s¼ 45 ls (a) and cor-

responding time integrated picture (b).

FIG. 3. ICCD images of the guided discharge taken at a delay s¼ 15 ls (a),

60 ls (b), and 130 ls (c) and time integrated image of the guided discharge

(d). The spatial scale is indicated in mm and intensity color scale is normal-

ized. The Marx generator is on the right side, and the laser beam comes

from the left.
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Finally, the guided discharge remains straight up to

130 ls. This surprising result might be due to the mechanism

of suppression of turbulent decay exposed by Leonov et al.
in Ref. 21 or by the generation of the low density channel by

the laser filament during the triggering of the discharge.22,23

In a next step, we will try to increase the guided discharge

duration up to the millisecond range and investigate further

the physical mechanism and the limitation of this long time-

scale guiding effect.
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FIG. 6. (a) Temporal evolution of the light emission of the discharge (blue

squares) and the current signal (black line) measured in the damped regime.

(b) and (c) ICCD images taken at s¼ 14 and 20 ls in the case of damped

oscillations. (d) Average full width at half maximum of ICCD image profiles

as a function of time. Resistance R2¼ 100 X.
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