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We study the creation and evolution of meter-scale long-lived laser guided electric discharges and the interaction be-
tween consecutive guided discharges. The lifetime of guided discharges from a Tesla HV generator is first increased up
to several milliseconds by injection of additional current. The subsequent discharge evolution is measured by recording
the electric current and by Schlieren and fluorescence imaging. A thermodynamic model of the gas evolution is devel-
oped to explain the discharge evolution. Finally, we analyze the succession of laser guided discharges generated at 10

Hz.

During the last decades, femtosecond laser filamentation'
has been used to reliably trigger and guide electric discharges
in the atmosphere”®. Through reduction of the gas density
and generation of long-lived charges, the plasma channel cre-
ated by the filament forms a preferential path for any streamer
or leader propagating in air>’~'0. Several applications have
been proposed for this spectacular effect, such as the laser
lightning rod®, the laser triggered Marx generator'' or the
plasma antenna'>'3. The main limitation for the later appli-
cation is the short discharge lifetime, since a plasma antenna
would require the existence of a permanent conductive chan-
nel. Discharges generated by high voltage generators cannot
deliver currents exceeding a few microseconds'*. These gen-
erators are typically Marx generators’ or Tesla generators'>13.
To increase the lifetime of the conductive channel, a technique
consists in combining a high voltage generator together with
an energetic current generator to maintain the laser guided dis-
charge. Demonstrated by Arantchouk et al.', this methods
has been improved to the millisecond duration by Theberge et
al.'®. For longer plasma lifetime, two approaches are possi-
ble: either increase the capacitance of the secondary current
generator or realize successive laser guided discharges.

In this paper, we characterize the evolution of a long-lived
discharge triggered by laser filamentation and generated by a
Tesla coil and a secondary current circuit. Several measure-
ment methods are used and a model is developed to explain
the evolution of the discharge that lasts for several ms. Then,
we study the guiding of two subsequent discharges separated
by 100 ms. The study of such a regime combining a long
discharge lifetime and a high repetition rate could create a
quasi-permanent conductive discharge in air, an ideal tool for
a plasma antenna'> 13,

A. Experimental setup

To create the filaments a laser pulse with an energy of 200
mJ, a pulse duration of 780 fs, at a central wavelength of 800
nm is focused in air through a 7 m converging lens. A bundle
of filaments of 1.5 m length is formed before the geometrical
focus of the lens, connecting two electrodes separated by 80
cm as presented in Fig. 1(a). A 300 kV high voltage Tesla
generator synchronized with the laser (see description in'?)
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FIG. 1. (a) Experimental setup. A 200 mJ, 780 fs, 800 nm laser pulse
is focused in air with a 7 m lens and produces filaments between
two electrodes separated by 80 cm. A 300-kV high voltage pulse
generated by a Tesla coil and synchronized with the laser creates a
discharge between the two electrodes. A secondary electric circuit
injects additional current into the discharge to increase the discharge
lifetime. The resulting long-lived discharges are characterized by
current measurements and with fluorescence and Schlieren imaging
of a study zone 30 cm away from the Tesla electrode. (b) Electri-
cal diagram of the setup. The tesla generator (represented in red) is
fully described in [12]. The secondary circuit (represented in blue)
is composed of a coil L = 47.8 mH, a capacitance C varying from
350 to 720 nF charged at 20 kV and by the discharge with resistance
Rpiasma- A shunt is present in the circuit to allow the measurement
of the discharge current.

delivers a voltage pulse on the left electrode while the second
one is connected to an oscillating circuit (designed as “sec-
ondary circuit”) used to inject additional current into the dis-
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charge to increase its lifetime, as presented in Fig. 1(b). This
secondary circuit is composed of a coil L = 47.8 mH, a capac-
itance C varying from 350 to 720 nF charged at 20 kV and by
the discharge with resistance R jqgmq- By varying the value of
this capacitance, the amount of current injected is varied and
the plasma lifetime is then increased. When a laser filament
is produced between the two electrodes during a maximum of
the Tesla voltage a guided discharge is produced between the
two electrodes with a reduced breakdown voltage!”, as pre-
sented in Fig. 2(a).

This guided discharge is characterized by several diagnos-
tics. A shunt is present in the electrical system to record the
electrical current passing through the discharge. A Schlieren
imaging setup records the temporal evolution of the discharge
radius by using a probe laser pulse at 640 nm with a duration
of 1 s collimated to study a zone of 3 cm diameter. This laser
is sent perpendicularly through the discharge at a distance D
= 33 cm from the Tesla electrode to avoid any point effect
due to the electrode. A high-speed camera, model Fastcam
SA-X2 from Photron, set at a frequency of 40 000 images/s is
used to record the Schlieren images. The probe laser is syn-
chronized with the high-speed camera. A narrow band filter,
centered at 640 nm, is placed in front of the camera to re-
duce the perturbation due to the light emitted by the discharge.
A characterization of the air density variation induced by the
guided discharge and by the filamentation is realized by us-
ing the previously described probe laser setup and by sending
it toward a Phasics SID4 wavefront sensor. This measure-
ment is repeated at different positions along the filamentation
zone to fully evaluate the filamentation under dense channel
responsible for the guiding of the discharge. Spectroscopic
measurement of the light emitted by the discharge is realized
at different time delays during the discharge lifetime using a
spectrometer Acton SP2756 from Princeton Instruments.

B. Characterization of the long-lived laser guided discharge

Measurements of the current in the discharge for three val-
ues of capacitance 350 nF, 540 nF and 720 nF are presented in
Fig. 2 (b). They show an increase of the current peak value and
duration as the capacitance is increased. These signals were
fitted with the damped wave function of an RLC circuit. The
value of L and C are given by the parameters of the electrical
setup (see Fig. 1(b)), and the value of R of the discharge resis-
tance is adjusted for a best fit and considered constant during
the discharge. A constant resistance gives a good match with
the experimental observations during the entire discharge, as
observed previously'. This analysis yields the values of the
discharge resistance, respectively 240 Ohm for a capacitance
of 350 nF, 175 Ohm for 540 nF and 147 Ohm for 720 nF. The
decrease of the resistance as the capacitance increases can be
explained by an increase of the conductivity of the plasma
when the current is increased.

To analyze the plasma column, we simulate the evolution
of the discharge temperature 7 based on the evolution of the
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FIG. 2. (a) Picture of the laser guided discharge. (b) Current flowing
in the discharge measured for the three values of capacitance, and
corresponding fits.

enthalpy H of the discharge system:

dH dU dav

a —a T
with U the internal energy of the system, P the pressure of
the system being equal to the ambient pressure, and V the vol-
ume of the discharge. Note that there is no term related to
the evolution of the pressure because the system is at pressure
equilibrium with the ambient pressure during the considered
time scale.

The temporal evolution of the internal energy of the sys-
tem is described by identifying the terms involved in the en-
ergy balance of the Elenbaas-Heller equation, resulting in the
equation:

@

au -
o = I A5 (rx A(T) x Zrhyav

d
+ [, o(T) x E(t)*av
- J]fv Qr(ra T)dV, (2)

With r the discharge radius, A the thermal conductivity of air,
o the electrical conductivity, E the electrical field strength and
O, the volumetric power of radiation losses.
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Each three term is then simplified using the following hy-
potheses:

e The first term related to the air thermal conductivity,
that will be named Pijermatconductiviry (1) > is transformed
using the Green-Ostrogradsky’s theorem. Furthermore,
the discharge is assumed to be a cylinder with a Gaus-
sian radial profile of temperature, and we consider it
invariant along its length by neglecting the point effect
of the electrodes:

.[‘ﬂé%(rx () x L0 4y

ar
dT (r,t
=5®€MTFWHM(I))X 8(: )lFWHM(t)dS
s
dT(r,t)

= ATrwum(t)) % or [Fwam() < S

= Pthermalcondum‘ivity (t) ) ©)]

e The second term related to the energy gain by joule ef-
fect, that will be named Pujeciricgain(?), is evaluated us-
ing the previously described measured value of the dis-
charge resistance R, and of the measured current i:

[[[ o(r) xE@?av =Ropm xi(x)?
\4
= Lelectricgain (t)7 ()]

e The third term represents the radiation losses of grey
body, that will be named P,giarive (), can be written as:

[[f e:nm)av = (1) x € x 0, x Ty
Vv
= Fradiative (t)v ®

with S the surface of the discharge, € the grey body emissivity,
o) the Stefan-Boltzmann constant and Trwpys the discharge
temperature at the FWHM position.

We then use these terms and integrate the equation (1) us-
ing a first order Euler method. All the radiation constants and
transport properties are interpolated from the values of the ta-
bles from'®2% and used as input in the code to be evaluated at
each time step.

The evolution of the system is then described by the two
equations:

AT (t) x cp x T X LXR(1)* % p(1)
—AT (ty) x ¢, x 7 x L x R(t9)? X p(to)
=PxmxLx(R(t)>—R(1)?)

1
+/ (Pelzcrricgain - (Prhermalt'onductivity +Prudiurive))dts (6)
fo

4x a(AT (1))

R(t+dt) =R(t) + 2% R()

(7

with AT the temperature variation at the FWHM position, c,
the air isobaric specific heat, L the length of the discharge
(in our case, 80 cm), p the air density, R the discharge ra-
dius defined as the position of the FWHM of the Gaussian
temperature profile, P the ambient pressure, & the air thermal
diffusivity, and o the starting time of the simulation.
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FIG. 3. Schlieren images of the guided discharge recorded (a) 5 ms
and (b) 100 ms after the discharge initiation, for a capacitance value
C =720 nF. The edges of the discharge, represented in yellow, stay
straigth during the recorded period of 100 ms.

Using this model, we simulate the evolution of the dis-
charge radius and of the discharge temperature over 2.5 ms
for the three values of capacitance in the secondary circuit.
The simulation starts 0.3 ms after the beginning of the dis-
charge since our model does not take into account the ini-
tial evolution resulting from the Tesla discharge. Over this
time period, the discharge has reached LTE (local thermody-
namic equilibrium) and can be described as a single tempera-
ture fluid. Using Schlieren imaging, we capture images of the
evolution at a rate of 40 000 frames/s and retrieve from these
measurements the evolution of the discharge radius. The first
important observation is that the post discharges channel stay
straight during all its lifetime recorded up to 100 ms, as pre-
sented in Fig. 3. Moreover, the comparison between the simu-
lated and measured evolution of the channel radius, presented
in Fig. 4(a), shows a good match for all tested values of capac-
itance in the secondary circuit. We attribute the slight differ-
ence observed between measurement and calculation here to
the limit of validity of the hypothesis of a constant resistance
for the discharge.

The simulated evolution of the temperature at the discharge
center is presented in Fig. 4(b). The results show a clear dis-
tinction between discharges with and without the secondary
circuit: without the secondary circuit, the temperature returns
to room temperature in less than a millisecond, while the use
of the secondary circuit increases both the maximum of tem-
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FIG. 4. (a) Measured (continuous line) and simulated (dotted line)
temporal evolution of the discharges radius for different capacitance
values C in the secondary circuit. (b) Simulated discharge tempera-
tures for different capacitance values in the secondary circuit.

perature and the time during which the discharge temperature
stays high.

To validate our model for temperature evolution, we per-
formed a spectroscopic measurement of the light emitted by
the discharge during the first and the second ms with a capaci-
tance C = 720 nF. The results, presented in Fig. 5(a), were fit-
ted using the Specair program?®! to retrieve the discharge tem-
perature. We analyzed the plasma evolution at the millisecond
timescale, which is order of magnitude greater than the elec-
tron collision frequency at atmospheric pressure. Therefore,
the discharge was considered as a single-temperature fluid and
the electronic, rotational, translational and vibrational temper-
atures were considered at equilibrium. We obtain tempera-
tures of 7 350 K and 5 500 K for the first and second mil-
liseconds, respectively. These values are compared to the root
mean fourth power v/< AT# > and are consistent with the
values given by the simulation of 7 830 K and 5 420 K, for
the time period from 0.3 to 1 ms and 1 to 2 ms, respectively
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FIG. 5. (a) Measured and fitted emission spectrum of the discharge,
for the first and second ms after the beginning of the discharge, for C
=720 nF. (b) Measured radial profiles of the air density variation in
the discharge for C = 720 nF, measured at a delay of 500 s (in blue),
1000 s (in orange) and 2000 s (in blue) after the beginning of the
discharge.

and are in the same range as similar discharges previously ob-
served by Theberge et al.'®,

In addition, the temperature radial profile of the discharge
was evaluated using a transverse interferometry technique. By
sending a probe beam perpendicularly through the discharge,
we measured the index phase shift variation. Note that this
measurement includes both the phase shift induced by the
electrons present in the discharge and the air density variation,
so the quantitative values of the density variation presented in
Fig. 5(b) are not valid. However, it gives us insight about the
radial profile of the density variation and by extension, of the
temperature profile, the system being at the pressure equilib-
rium at the studied timescale'®. The measurement was re-
peated for delays of 0.5, 1 and 2 ms after the beginning of the
discharge. The result, presented in Fig. 5(b), gives the same
value of radius as the ones resulting from the simulation and
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the ones measured by Schlieren imaging, and show profiles
that are consistent with the model hypothesis.

We now discuss the light emitted by the discharge. Our
model of discharge evolution only takes into account the light
emitted as a form of a grey body radiation, while our spec-
troscopic measurement shows the presence of spectral lines.
While this is a contradiction, it does not change the validity
of our model because the losses by radiation are negligible
in the energy balance for the temperature range of our dis-
charges. The radiation of the discharges was further measured
by taking pictures of the emitted light with a high-speed cam-
era (Fastcam SA-X2 from Photron) recording 50 000 frames
per second. With this setup, a 20 cm portion of the discharge
located in the middle of the electrode gap was examined (note
however, that we checked that the plasma evolution was ho-
mogeneous along the discharge axis except close to the elec-
trodes).

From these measurements, the temporal evolution of two
main parameters was retrieved: the total flux of light emitted
by the discharge, made by integrating the signal over the entire
captured images, and the light width, calculated by taking the
FWHM of the radial profile of the emitted light intensity and
by averaging it over the 20 cm of the observed discharge. The
measurements were repeated for the capacitance values in the
secondary circuit C = 350 nF, 540 nF and 720 nF.
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FIG. 6. Normalised measured luminous flux (blue continuous line)
compared to the normalised simulated luminous flux (dashed blue
line) for a discharge obtained with a capacitance value C = 350 nF.
The corresponding measured current is also shown in red.

A shown in Fig. 6, the evolution of the flux emitted by
the discharge presents maxima when the current is maximum,
but the amplitude of these maxima decreases faster than the
current. This flux temporal evolution is well reproduced by
our model for the evolution of the discharge (dashed line in
Fig. 6).

The observation of the width of the emitted light, as
commonly used in previous research studies of laser guided
discharges', shows a surprising temporal evolution: rather
than a continuous increase similar to the discharge radius mea-
sured by schlieren imaging (Fig. 4(a)), an initial slow increase
is observed, followed by a rapid jump, followed by a second

(a)
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FIG. 7. (a) Measured temporal evolution of the light width (FWHM)
emitted by the discharge for capacitance values in the secondary cir-
cuit C = 720 nF, 540 nF, and 350 nF. (b) Corresponding simulated
temperature on the discharge width. On each subfigure, the vertical
lines indicate the beginning of the jump in the measured emitted light
width.

slow increase, as presented in Fig. 7(a). The light width shows
an increase by a ratio of ~ 2.5 during the jump and this ratio
is the same for all capacitance values C. Its temporal position
is delayed as C is increased, but it is not synchronized with
the discharge current. We do not have a full explanation of
this phenomenon as we do not have a full identification of the
light emission processes involved. However, the jump seems
to be correlated with the temperature of the discharge. Us-
ing our model, we simulate the discharge temperature at its
FWHM and compare it to the temporal evolution of the emit-
ted light width. The results, presented in Fig. 7(b), show that
the jump precisely appears when the temperature drops be-
low 3750 K. We therefore hypothesize the behavior of the dis-
charge light emission as follows: We consider two emission
processes, with the first being dependent on temperature to a
higher order than the second one. During the initial stage of
the discharge, the temperature is high and thus the higher or-
der emission is predominant and dictates the light width evo-
lution. The later part of the discharge is at lower temperature
and the low order emission becomes predominant. The jump
is thus characteristic of the transition from one predominant
emission process to another one. We do not know the nature
of these two emission processes, but we infer that the high
order emission is related to air ionization, and might corre-
spond to grey body radiation while the observed temperature
threshold of 3750 K suggests that the other one is related pre-
dominantly to the emission from spectral lines (we note that
T =3750 K corresponds to the onset of ionization from NO to
NO™).
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C. Consecutive discharges

‘We now analyse the generation of consecutive millisecond
laser-guided discharges separated by 100 ms using a laser sys-
tem working at 10 Hz. We first generated consecutive dis-
charges without using the secondary circuit (C = 0). This test
was successful and 4 consecutive short discharges were con-
firmed to be guided. By using the Schlieren imaging setup
previously described, we observed that all these 4 discharges
were having similar evolution and no interaction between dis-
charges was observed.
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FIG. 8. Schlieren imaging of a long discharge followed by a second
discharge 100 ms after. (a) image of the first discharge, (b) image of
the second discharge. Note that in the second image, the background
noise is subtracted to distinguish the discharge path. (c) Image of the
second discharge in the presence of an airflow.

The second test consisted in generating consecutive dis-

charges using the secondary circuit to increase their life time.
Due to the limitation of our charging system, we were not able
to charge the secondary circuit in 100 ms, therefore only the
initial discharge had a prolonged lifetime. The succession of
this long duration discharge followed by a consecutive laser-
initiated discharge of shorter duration showed the following
phenomenon: while the initial discharge is perfectly guided
by the filament and a spark is observed, the second discharge
follows a more erratic path and fails to reach the ground elec-
trode, where no current is measured. This observation was
confirmed by Schlieren imaging, as presented in Fig. 8 (a-b).
An important background noise resulting from the heating of
the initial discharge was observed during the second discharge
propagation. Moreover, it is interesting to note that while the
second discharge path was erratic, it stayed confined within
the 2 cm wide hot channel formed by the first discharge heat-
ing. This measurement was repeated 5 times for all three val-
ues of C (720 nF, 540 nF, and 350 nF), but the second dis-
charge was never observed to be guided and never reached the
second electrode.
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FIG. 9. Measurement of the temperature variation of the under-dense
channel responsible for the guiding of the discharge, created by a 200
mlJ, 780 fs, 800 nm laser pulse focused at 7 m. This measurement was
done 1 s after the laser pulse.

To explain this phenomenon, it is important to recall that the
density variation induced by laser filamentation?>?? is respon-
sible for the guiding effect’”?*23. By reducing the air density,
the filaments define a path with a lower breakdown voltage®
that will be followed by the discharge. To quantify this density
variation in the condition of our experiment, we measured by
transverse interferometry? the under-dense channel resulting
from the filament heating over the 80 cm gap in the absence of
adischarge. This system being at pressure equilibrium, we de-
duced from this measurement, presented in Fig. 9, an average
temperature variation of 97 K and a maximum temperature
variation of 210 K.

‘We then use the model of the discharge evolution described
and tested previously to simulate the value of the discharge
channel temperature 100 ms after the beginning of the dis-
charge. The obtained values were 61 K for a short-lived dis-
charge (C = 0) and 248 K for a long-lived discharge (C =
720 nF). It is then clear why we observed consecutive guided
short-lived discharges and failed to see them when using long-
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lived discharges: in the former case, the remaining heating of
the initial discharge is less important than the heating due to
the filament, thus the guiding effect is preserved. However,
when using an initial prolonged discharge, the remaining heat-
ing is more important than the filament heating and the guid-
ing effect is prevented. Similar conclusions can be done for
prolonged discharges for capacitance value of 350 nF and 540
nF in the secondary circuit.

This adverse interaction could prevent the creation of a
quasi-permanent conductive channel. However, being related
to a thermal effect, it should be affected by an airflow suffi-
cient to refresh the medium between consecutive discharges.
We tested this hypothesis by using an air blower that creat-
ing a constant transverse airflow between the two electrodes
with a speed varying from 3 m/s near the electrode to 6 m/s
in the center of the gap. When the airflow was present, the
negative interaction was successfully canceled and a guided
discharge was generated following a long discharge, as pre-
sented in Fig. 8 (c). It is useful to note that even in this per-
turbed medium, the discharges were observed to be straight
which could be of importance for outdoor application.

In conclusion, we have shown that injecting additional cur-
rent into guided discharges can increase their lifetime to sev-
eral milliseconds. We characterized the evolution of the dis-
charge current, diameter and temperature by various measure-
ments and developed a model to explain these evolutions. The
generation of consecutive laser guided discharges separated
by 100 ms was then studied. While successive short-lived dis-
charges can be easily produced, the heating produced by a
millisecond guided discharge prevents the guiding of the fol-
lowing one by the laser. We have shown that this adverse
interaction can be suppressed by refreshing the air between
consecutive laser shots.
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