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Plasma dynamics of a laser filamentation-guided spark
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We investigate experimentally the plasma dynamics of a centimeter-scale, laser filamentation-guided spark
discharge. Using electrical and optical diagnostics to study monopolar discharges with varying current pulses
we show that plasma decay is dominated by free electron recombination if the current decay time is shorter
than the recombination characteristic time. In the opposite case, the plasma electron density closely follows
the current evolution. We demonstrate that this criterion holds true in the case of damped AC sparks, and
that alternative current is the best option to achieve a long plasma lifetime for a given peak current.

I. INTRODUCTION

The discovery of laser filamentation in air by Braun
et al. in 1995 resulted in a considerable interest for
the potential applications of this spectacular propagation
regime for ultrashort pulses, characterized by the beam
maintaining a very high intensity over several Rayleigh
lengths?. Among other things, it was soon demonstrated
that filamentation can trigger and guide spark discharges
along the path followed by the propagating laser pulse? 2.

This effect can be explained by the laser pulse en-
ergy deposited in air during propagation, chiefly through
photoionization®?, which leads to the formation and sub-
sequent hydrodynamic expansion of a hot air cylinder
along the filament, leaving a central air channel with re-
duced density®® 14, This results in the breakdown volt-
age of air being diminished along the pulse propagation
direction, hence the triggering and guiding ability of laser
filamentation on spark discharges. Previously, powerful
nanosecond lasers had already been used to trigger elec-
tric discharges by significantly reducing the breakdown
threshold of air!®L”, However in this case the laser en-
ergy is deposited in a very inhomogeneous way in the
form of discrete bubbles of dense and hot plasma whereas
filamentation acts continuously and, therefore, yields bet-
ter results.

Laser-triggered discharges are currently investigated
for the development of several pending applications. For
example, this may provide easily deployable and recon-
figurable radio-frequency (RF) antennas® as well as
potentially act as a lightning rod*2%2l  They can also
be used for contactless electrical power transmission?224,
All these applications require a precise control of plasma
parameters, especially electron density. This can be
achieved using standard plasma diagnostics such as in-
terferometry or diffractometry22. However such diagnos-
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tics usually involves cumbersome experimental tools and
data processing techniques.

In this Article we study centimeter-scale,
filamentation-triggered sparks with ~ 100 A peak
current and ~ 1 us duration. The time evolution of the
electron density is recorded by means of a two-color
interferometer28, while a simple current viewing resistor
is used to record the time trace of the discharge current.
By varying the amplitude and duration of the current
pulses in the monopolar regime we find that the dis-
charge plasma decay follows two different regimes: if the
discharge current evolves much faster than the plasma
recombines, then the electron density damps following a
hyperbola, characteristic of recombination. However if
the discharge current evolves slowly, the electron density
instantaneous value follows closely the current time
evolution. We also show these results to be valid in the
case of an AC discharge. Thanks to this simple criterion,
it becomes possible to have a relatively precise estimate
of the instantaneous electron density in the discharge
plasma using electrical diagnostics only. It also shows
that the evolution of electron density can be easily
controlled using a slowly varying current waveform.

Il. EXPERIMENTAL SETUP

The first part of this Article deals with a study
of the evolution of the plasma from centimeter-scale,
filamentation-guided spark discharges. To this purpose,
we used the same gap switch as used by Arantchouk and
co-authors?® (see figure[l}(a)). It is made of two cylindri-
cal electrodes separated by a 1 cm gap drilled with 3 mm
holes through which a laser pulse can propagate.

The corresponding electrical circuit is simple. It con-
sists of a series RLC circuit, in which the capacitor
C= 2 uF is charged to a voltage Uy = 15 kV DC (fig-
ure[T}(b)). This voltage is well below the self-breakdown
threshold of the switch U, = 30.7 kV, ensuring that no
discharge can occur without external triggering. When a
laser filament is formed in the gap, air breakdown voltage
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decreases down to Uy after a delay on the order of 10 ns?,
resulting in the formation of a plasma channel closing the
circuit and enabling the charge stored in C to flow.

probe pulses
(interferometry)

Figure 1. Experimental setup for the study of centimeter-
scale sparks. (a): photograph of the spark gap used in the
experiments. (b): schematic description of the experimental
setup, displaying the electric circuit and the different diagnos-
tics used: a current viewing resistor R, transverse two-color
interferometry on the plasma and plasma luminescence spec-
troscopic analysis.

The discharge evolution is monitored by various diag-
nostics. First, a current viewing resistor Ry = 50 m{2
with a 2 GHz bandwidth enables us to closely follow the
time evolution of the discharge current. Second, elec-
tron density and neutral density profiles in the discharge
are recorded in the single shot regime by means of the
two-color interferometric system described in reference?0.
This instrument makes use of both the first and second
harmonic from a Nd:YAG probe laser and has a 8 ns tem-
poral and a 10 pm spatial resolution with a field of view
covering the whole discharge gap. Its sensitivity is esti-
mated to be around 1022 m~3 for electron and 10?4 m—3
for neutral densities. Finally, plasma luminescence is col-
lected using an inverted telescope and analyzed by a spec-
trometer (model USB 2000+ from Ocean Optics), yield-
ing time-integrated emission spectra.

. INFLUENCE OF THE CURRENT WAVEFORM ON
THE PLASMA IN THE MONOPOLAR REGIME

The first performed study was to investigate the influ-
ence of the discharge current waveform on the evolution

of the spark plasma in the monopolar regime. In this
case, the charge in the capacitor C is kept constant while
the ballast resistor R is varied between 25 and 400 (2.
As the circuit self-inductance L is very low (L ~ 1 uH),
current always evolves in the overdamped regime, char-
acterized by an exponential decay corresponding to a RC
discharge. Corresponding current pulses have an ampli-
tude ranging from 36 to 352 A and a duration varying
from 4 ps to 100 ns (figure [2).
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Figure 2. Monopolar current pulses generated during the
study.

Two-color interferometry enables us to record space
and time-resolved electron density radial profiles from
discharge plasma, assuming a local cylindrical symmetry.
Figure [3}(a) displays examples of such profiles recorded
at an early time. These profiles are characterized by a
central electron peak, amplitude and width of which are
well ordered with respect to peak current, that is the
more intense the pulse, the denser and wider the elec-
tron density profile. Recorded peak densities lie around
1024 m—3, that is an ionization rate of a few percents.

Studying the decay of electron density in time, it was
found that there are two different regimes depending on
the current pulses, with a transition lying around a 100 A
peak current. As seen in figure (b)7 for low amplitude
and long current pulses with a relatively smooth cur-
rent time derivative, plasma damping is dictated by cur-
rent evolution, in this case following the same exponential
trend.

When the peak current is increased and the pulse du-
ration shortened, this is no longer true (figure[3}(c)). The
temporal evolution of electron density is instead well fit-
ted by a hyberbola. This is a mark of plasma recombi-
nation because the evolution equation of electron density
in an isolated plasma where diffusion processes can be
neglected is given by:

One(T,t) = —Bepyne(T, )%, (1)
where 3. is an effective recombination coefficient taking
all recombination processes into account”. The solution
to this equation is given by:
=>4 ne(7,0)

14+ ﬁeffne(?, O)t7

(2)



where n.(7,0) is the initial electron density. We define
the corresponding characteristic recombination time 7.
by:
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Figure 3. (a): radial electron density profiles for the different
current waveforms recorded at delay 50 ns after the discharge
onset, midway of the plasma channel. (b): temporal evolution
of the on-axis electron density for the 69 A current pulse.
FError bars correspond to + 1 standard deviation over a 5
shot statistics. Electron density evolves according to current,
following an exponential damping. (c): temporal evolution
of the on-axis electron density for the 352 A current pulse.
Error bars correspond to £ 1 standard deviation over a 5
shot statistics. Electron density evolution is now dominated
by recombination, as evidenced by the hyperbolic fit.

Using this definition, 7. is a 1/3 characteristic decay
time, close to the widely used 1/e characteristic decay
time. By fitting the time evolution of the electron den-
sity for the high current discharges, in which case plasma
density does not follow the current evolution, we could

extract the recombination time 7., yielding the follow-
ing results:

Tree(122 A) = 162 + 34 ns
Tree(212 A) = 162 + 46 ns (4)
Tree(352 A) = 206 + 42 ns.

It appears that 7., remains almost constant as the peak
current is increased.

We explain the regime transition for plasma decay by
comparing T,.. to the characteristic time of the current
evolution, 77. If 7. < 77, then the current dictates the
evolution of electron density because the plasma has time
to adapt to current changes in terms of density and tem-
perature. However when 7,.. 2 77, the current varies
too quickly and the plasma is unable to follow this rapid
evolution. If we go back to our example cases, the recom-
bination time for the 69 A current pulse can be supposed
to be similar to that of higher currents, since this pa-
rameter remains almost constant, that is 7,.. &~ 160 ns.
As for the current characteristic time, it is given by the
circuit time constant RC = 400 ns. We therefore have
Tr > Tree and the electron density evolution depends on
the current evolution. In the case of the 352 A current
pulse 77 = 54 ns, which is much lower than 7., and the
time evolution of the electron density is dominated by
recombination.
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Figure 4. Time-integrated emission spectrum of the discharge
plasma recorded for the 36 A current pulse, corrected for the
spectral response of the optical system. Main emission lines
are indicated on the graph: green for N* lines, red for O and
O™ lines and violet for H lines.

We also recorded the time-integrated emission spec-
trum of the discharge plasma to further investigate its
properties. The spectrum obtained with the 36 A pulse
is plotted in figure [l This spectrum is characteristic
of a thermal plasma with a continuum component and
emission lines superimposed over it. Almost all iden-
tified lines correspond to singly-ionized atomic nitrogen
and oxygen, with the notable exception of the hydrogen
Balmer-a emission line at 656 nm and of the atomic oxy-
gen triplet at 777 nm. As seen on the spectrum, the con-
tinuum component is rather well fitted by a black body
emission curve, yielding an estimated plasma tempera-
ture of ~ 3 eV. Discrepancy below 400 nm is due to the



response function of our light collection system, which
collapses quickly in the near-UV and renders recordings
unreliable. The coexistence of emission lines with a black
body behavior is explained by the fact that the spectrum
is time-integrated. Black body contribution comes from
early times when the plasma is at its densest and hottest
while it becomes optically thin later on, resulting in the
numerous recorded atomic emission lines. In means that
the estimated plasma temperature is the initial plasma
temperature. A 30 kK temperature level is indeed typical
for spark discharge events®<Z,

IV. COMPARISON WITH THE AC REGIME

We now compare the plasma evolution observed with
monopolar current pulses with that measured with an al-
ternating current (AC). To this purpose a solenoid coil
with a 28 pH inductance is introduced in the electric cir-
cuit described in figure (b)7 resulting in the discharge
current following exponentially-damped sinusoidal oscil-
lations.
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Figure 5. (a): current waveform measured in the AC regime
(red curve) with corresponding exponentially-damped sine fit
(black curve), and monopolar current pulse with similar cur-
rent amplitude (blue curve). (b): time evolution of on-axis
electron density in the AC regime (red squares) with an ex-
ponential fit (black curve), or in the monopolar regime (blue
circles).

A curve fitting (figure[5}(a)) enabled us to retrieve the

characteristic damping time 7 and frequency fy of the
waveform:

=377 us
{ fo = 659 kHz. (5)

Since the reached peak current is 117 A, these dis-
charges can be directly compared to monopolar dis-
charges studied in the monopolar regime with a 122 A
maximum current. The evolution of on-axis electron den-
sity for the two configurations is plotted in figure (b)

As seen in this last figure, electron density damps con-
siderably more slowly in the AC regime than for the
monopolar current pulse, remaining in a quasi-steady
state for several microseconds. Looking more precisely at
the decreasing trend for n., we can see that its evolution
is well fitted by an exponential decay, the characteristic
time of which is equal to that of the current damping
time. Indeed in this case there are two different current
characteristic times. The first one corresponds to the fast
sinusoidal oscillations and is given by:

1 1
I 47 fy 2w 1 ( )

Here the factor 1/2 was introduced because the plasma
reacts to the absolute value of the current, yielding a pe-
riod equal to half the period of signed current oscillations.
The second current characteristic time corresponds to the
slow exponential decay of the waveform and is equal to
Tr2 =T = 3.77 us. If we assume the recombination rate
in the AC regime to be the same as in the monopolar
regime, we can expect to have 7T... ~ 200 ns. We thus
have Trec > 77,1 while T.cc < 772. According to the crite-
rion established in the previous section, electron density
would therefore follow the long-time exponential current
decrease, but not the fast current oscillations, which is
precisely what is seen in figure [5}

V. CONCLUSIONS

In this Article, we devised a simple criterion on the
time evolution of electron density in a laser-induced spark
discharge plasma: if the characteristic recombination
time is higher than the discharge current evolution, then
electron density decays following a hyperbola, mark of
recombination. Conversely, if recombination is faster
than the current characteristic evolution time, the elec-
tron density will be pegged to the discharge current de-
cay. This criterion provides both a quick way to estimate
electron density in a discharge plasma, based on a mea-
surement of the discharge current only, and shows that
electron density can be easily controlled by using an ap-
propriate current waveform. This criterion was shown to
be valid both for monopolar and AC current waveforms.
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