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Abstract This paper summarizes the research this team has performed over the past few years
investigating laboratory electrical breakdown discharges in the presence of a plasma
cylinder created by a single ultrashort laser pulse. This work is part of a feasibility study
about the control of lightning using laser systems. Our experimental investigations have
included discharges (i) in modest (30 cm) air gaps mediated by streamers, and (ii) in large
(several meters) ambient air gaps for which the discharge took place through the formation
of a leader, the mechanism relevant to large scale natural discharges such as lightning. In
order to understand the observations, various physical models have been used, the main
results of which are discussed in this papB.cite this article: F. Vidal et al., C. R.
Physique 3 (2002) 1361-1374.
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Le contréle delafoudre au moyen delasers: propriétés desstreamers
et desleaders en présenced’ionisation induite par laser

Résumé Cet article résume les recherches que cette équipe a effectuées au cours des quelques
derniéres années concernant les décharges électriques en présence d’'un cylindre de plasma,
créé par une impulsion laser ultra-courte. Ce travail fait partie d’'une étude de faisabilité
sur le contréle de la foudre au moyen de systéemes laser. Nos études expérimentales ont
porté sur les décharges (i) dans de petits intervalles d'air (30 cm) ou le claguage s’effectue
par I'intermédiaire de streamers seulement et (ii) dans de grands intervalles d’air (plusieurs
metres) dans lesquels les décharges développent une phase leader similaire a celle observée
dans le cas de I'éclair. Dans le but d'interpréter nos observations, plusieurs modéles
physiques ont été élaborés, dont les résultats sont discutés dans cetRuoticleiter cet
article: F. Vidal et al., C. R. Physique 3 (2002) 1361-1374.
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décharges électriques/ leaders/ streamers/ ionisation induite par laser

1. Introduction

The use of lasers to investigate electrical discharges dates back to the mid-1960s [1-5] almost at the same
time as the laser technology has become widely available, producing pulses of nanoseconds or longer. By
ionizing the medium in which they propagate, laser pulses can trigger the discharge at a lower voltage than
in the unperturbed medium and guide it along the path of the laser pulse. It was then appreciated that laser
pulses, by allowing a control of the physical properties of the medium in which the discharge takes place,
constitute a unique tool to enrich our knowledge and improve our understanding of electrical breakdown
phenomena.

Soon, the idea has emerged that lasers could be used to guide and to trigger natural lightning [6,7]. This
potential application has motivated most research in the field of laser-triggered discharges in the past few
years due to the high interest of the electricity utility companies in lightning protection.

Much effort has been devoted to this end in Japan beginning from the early 1990s using relatively
long laser pulses (i.e., several nanosecond duration) in the infrared or in the ultraviolet spectrum [8—
12]. A research team in Osaka has even reported a successful attempt to trigger natural lightning in real
conditions using 2-kilojoule infrared laser pulses [10].

The main drawback of long laser pulses (especially in the infrared spectrum) is that local electron
avalanches have time to take place, producing considerable ionization, to the point that the laser pulse
is refracted outward, reducing its intensity and bringing the process to a close. With enough energy, the
laser-ionized channel appears as a succession of beads in each of which intense ionization takes place. The
use of such laser systems to create long ionized channels is thus rather costly from an energetic point of
view and requires heavy equipment and high voltage devices.

In 1995, investigations on the propagation of ultrashort laser pulses in ambient aix {i.picosecond
duration or smaller) showed that, in contrast to nanosecond pulses, long continuous ionized channels could
be produced using little laser energy (less than 1 J) and compact laser systems [13]. For such short laser
pulses, electron avalanches do not have time to form. However, at such short pulse duration the intensities
for the same pulse energy become very high and ionization can take place directly from the laser field.
The pulses are seen to propagate for remarkable distances (far greater than the typical Rayleigh length
for linear focusing), as a consequence of a balance between the plasma defocusing effect and confinement
due to the intensity-dependent part of the index of refraction of air molecules. Our own experiments have
shown that short laser pulses could propagate in air for distances of at least 300 m [14]. Due to these
particular features, ultrashort laser pulses have been rapidly perceived as a promising alternative way to
guide electrical discharges over long distances without the drawbacks of the large laser systems [15].

Starting with this concept, we have undertaken original investigations on the ability of ultrashort laser
pulses to trigger and guide electrical discharges in gaps ranging from 30 cm (parallel plane electrodes) to
7 m (from the tip of a 3.7 m rod electrode to the ground plane). As is well known, discharges in air gaps
smaller than~1 m at atmospheric pressure take place through the streamer mechanism. In larger gaps and
in non-uniform fields either the streamer mechanism or the leader mechanism can take place [16,17]. In
close relation with the experimental program, we have undertaken numerical modeling of several aspects
of the phenomena involved, in order to improve our understanding of the observed phenomena. This paper
discusses the main results of our investigations for both discharge mechanisms.

The paper is organized as follows. The next section deals with streamer discharges produced in the
uniform electric field of a 30 cm air gap at reduced pressures in a conventional laboratory at INRS, using
a local short-pulse laser system. Section 3 describes the results obtained with leader discharges obtained in
air gaps of several meters in rod-plane geometry in the High Voltage Test Laboratory of Hydro-Québec at

1362



Tocitethisarticle: F. Vidal et al., C. R. Physique 3 (2002) 1361-1374

Varennes, with a shielded laser specially installed outside the high-voltage test area. Section 4 deals with
the modeling of the leader transition region. The paper ends at Section 5 with a general discussion and
summary.

2. Streamer discharges

Although our interests were primarily in leader discharges several meters in length, because of potential
applications to the control of natural lightning, in order to establish workable procedures we started our
investigations on a simpler, smaller and more accessible system at INRS. We used laser-triggered discharges
with 30 cm gaps in a nearly uniform electric field between two parallel electrodes at reduced pressures
and with modest voltages which were readily available. With these choices, the discharges obtained were
naturally streamers of modest scale rather than the large-scale leaders which were our ultimate interest.
Apart from testing the developments for the large-scale system, the results are important for their own
worth and even more so because the triggering of streamers is an unavoidable step in the formation of a
leader stem.

In this section, we will emphasize two discharge topics. The first is the formation of positive streamers
from the laser-created plasma. We shall see that the streamers are generated through the mechanism of
local field enhancement due to the charged particle separation at the plasma edges. The second topic is the
influence of the laser pulse energy on the threshold electric field necessary to trigger the breakdown.

We shall see that the laser pulse energy influences the triggering of streamers through two key parameters:
(i) the plasma electron density per unit length, and (ii) the effective electric field' /(ny, /no), whereE
is the electric field and, /ng is the ratio of the air density to the usual atmospheric values.

The experimental setup used for these experiments is shown in Fig. 1 [18,19]. Two 50 cm diameter
plane circular electrodes separated by 30 cm were placed in a chamber in which the gas pressure could be
adjusted. A laser pulse of 0.5 ps duration and a wavelength of 0.526 pum and energy up to 120 mJ incident
through a 2 cm diameter central hole in the ground electrode was focused on the system midway between
the two electrodes. The diameter of the laser pulse at the focus lerns3vasn and the focal length was 50
cm. A double exponential positive voltage pulse was applied to the high voltage electrode with a rise time
of ~0.6 pys and a time to half-value 650 ps. The experiments have been performed in dry air at 350 Torr.
Because of the short duration of the laser pulse and its high intensity, the laser pulse focused between the
electrodes produces a high-density plasma in the vicinity of the focal point mainly through the mechanism
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of laser-induced photo-ionization of the ambient gas [20]. The plasma itself is heated mainly through the
mechanism of dissociative electron-ion recombination in which a significant part of the laser energy initially
spent in ionization is converted into kinetic energy of the fragments of the dissociated molecules. This
energy will lead to significant expansion of the plasma typicallyns after the laser pulse has passed.

An example of streak picture of a discharge performed in dry air at 350 Torr using a laser pulse of 120 mJ
is shown in Fig. 2(a). The shape of the voltage pulse is also shown in Fig. 2(b). In the present case, the laser
pulse was launched 10 ps before the start of the applied voltage pulse. The maximum of the applied electric
field is ~4.7 kV-cm™1, which is about 40% of the value of the natural breakdown threshold in dry air
(~26 kV-cm~t.atm1). The white traces on streak image show the light emitted from places where the
electric field is high enough to excite the gas significantly. The laser-produced plasma, located near the
horizontal center of the streak image (the focal point) is invisible in the picture because the electric field
is small in this conductive medium. One observes th@i25 s after the start of the voltage pulse, sharp
luminous traces reach the cathode, starting with a velocityld® m-s~! and accelerating te:10° m-s™1,
reach the cathode. These traces are due to the intense electric field at the head of positive streamers (i.e.,
those which travel in the direction that would be taken by positively charged particles). At almost the same
time as the connection of the first positive streamers to the cathode, one observes a slower luminous trace
starting from the opposite edge of the laser-ionized region (the length of whie-+$0 cm) and moving
toward the anode, which can be identified as a negative streamer. As the negative streamer propagates, new
positive streamers are regularly launched on the other side of the plasma channel. The breakdown of the
gap generally occurred shortly after the negative side of the plasma had reached the anode [19]. We have
observed that the production of the first positive streamers is a necessary and (nearly always) sufficient
condition for breakdown.

We believe that, after the connection of the first positive streamers to the cathode, a significant field
enhancement then occurs at the anode end of the laser-created plasma (due to their connection via
the continuous conductive channel formed by the positive streamers and laser-induced plasma) which
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causes the triggering of the negative streamers. The fact that this field enhancement mechanism was
necessary to launch the negative streamers is due partly to the higher threshold required by negative
streamers [16] and, as discussed below, partly to the smaller electron density gradient on the anode
side.

In order to understand how the streamers are generated from the laser-created plasma, we have developed
a numerical model describing the evolution of the plasma subjected to a time-dependent external electric
field [18]. The equation of continuity for the electrons, positive ions and negative ions have been solved
along the axis of the plane electrodes for a given plasma width by taking into account electric field
ionization, electron—ion recombination, electron attachment with oxygen, and ion—ion recombination. The
initial plasma conditions have been obtained using a simple geometrical propagation model for the laser
pulse and by using the theoretical rate of photo-ionization [20].

The mechanism of streamer formation resulting from the model is as follows. Due to the fast electron—
ion recombination, the initial plasma electron density can be represented roughly as a trapezium with a
flat central part and two different inclined edges. On the influence of the external electric field, the plasma
particles with opposite charges move in opposite directions, leaving a local net charge, which creates a local
electric field. Since no net charge is left in the flat part of the plasma profile, the local field essentially lies
at the plasma edges and is even more significant when the electron density gradients at the edges are higher.
When the appropriate conditions are met (amplitude of the external electric field, electron density, density
gradient, width of the edges, etc.), electron avalanches take place at the plasma edges, leading to the onset
of a streamer propagating along the axis toward the nearest electrode. It must be emphasized that the plasma
case is nothing like that of a floating metallic electrode where, because of its high conductivity, the skin
depth is small compared with the width, and thus the external electric field is excluded. Because the metal
conductivity is so high its value becomes irrelevant and we are left with a geometric field concentration
effect due to the shape and placement of the conductor. In the laser-induced plasma case, the electron
density is sufficiently low that the skin depth is large and the external electric field penetrates easily. Thus
significant modification of the externally imposed electric field here only occurs at the ends of the plasma,
where there are high local electric fields due to charge separation. Unlike the conductor case, the effect is
directly proportional to the electron density per unit length.

The experiments have shown that the minimum electric field required to trigger the breakdown can be
significantly reduced by increasing the laser pulse energy [19]. For example, in the experiments performed
in air at 350 Torr, when the laser pulse is launched nearly in coincidence with the maximum voltage
threshold electric fields 0£5.6 kV-cm™, ~4.6 kV.cm~! and ~3.2 kV.cm™? (the natural breakdown
value being~12 kV-cm~1) have been obtained for laser pulse energies of 15 mJ, 35 mJ and 120 mJ
respectively.

From the theoretical investigations it has been concluded that the influence of the laser energy on the
triggering of streamers can be usefully described by means of two main parameters [21]:

(i) The first parameter is the electron density per unit length= neerf7 (wheren, is the average
electron density per unit volume amt}, is the plasma radius) of the plasma near the focal point. In [21] it
has been shown that, increases with the laser pulse energy. Besides, using the above mentioned numerical
model for the onset of streamers [18], we have shown that the local electric fields induced by charge
separation at the plasma edges increase significantly with ®gtand ., [19] and thus with the laser
pulse energy. As discussed above, high local electric fields at the plasma edges can induce streamers, which
is a necessary condition for breakdown.

(i) The second parameter is the effective electric fiElgk = E/nj (n, being the air density). As the
laser pulse energy increases, more energy per unit volume is deposited in the plasma, causing its thermal
expansion and thus the increase of the effective electric figld As is well-known, most electric field-
dependent reactions in the plasma dependgninstead ofE alone [16]. Therefore, the decrease of the
air densityn;, due to thermal expansion (from conversion of ionization energy to plasma thermal energy
and thus pressure) can enhance sufficiently the effect of the applied electric field to actually ionize the

1365



F.Vidal et al./ C. R. Physique 3 (2002) 1361-1374

plasma and thus to increase the electron density per unit IéngtfThe induced expansion also probably
enhances the effect of the local electric field at the plasma edges.) There is, however, a characteristic cooling
time 7, of the plasma-heated and expanded region, given,py Rlz,/4xh, wherex;, is the air thermal
conductance. After this time the plasma contracts back to its initial volume as its temperature drops by
thermal conduction towards the temperature of the ambient medium. As shown in [21], this time scale
characterizes the maximum delay between the laser pulse and the voltage pulse for which streamers can be
triggered below the natural breakdown threshold.

3. Leader discharges

Since our main interest is the control of natural lightning by lasers, we have devoted the greater part
of our efforts to understand the leader triggering and guiding properties of long laser plasma channels in
long air gaps (3—7 m) where stable and free propagation of leaders can take place. Our approach was to
characterize experimentally the evolution of discharges, with and without a laser plasma, and to apply to
these the model of the positive discharge in long air gaps as elaborated by Bondiou and Gallimberti [22].
We have studied two rod-plane configurations. In one (classical), a positive high voltage pulse is applied to
the rod electrode placed above the ground plane [23,24]. In the other (non-classical) configuration, the rod
is placed on the ground plane and a negative high voltage pulse is applied to a large plane above [25].

In this section we will present results of the 7 m gap in the classical rod-plane configuration and show
that we can describe adequately the leader discharge in presence of a laser plasma channel by using the
Bondiou—Gallimberti model. We have observed experimentally that the linear ciiagj@ positive leader
is significantly smaller, compared to its ordinary value, when it develops along a laser-created plasma
channel. In the mode{,;, is a parameter which determines the rate of leader growth, linking its velgcity
with the current inpuf; produced by the progression of the corona front through the relatienl; /gy .

We have observed that the effect of a laser-produced plasma on the discharge can be accounted for in the
Bondiou—Gallimberti model by simply reducing the valuezgfover the laser plasma channel length.

The experiments have been performed at the Hydro-Québec High-Voltage Laboratory. In our exper-
imental classical setup, shown in Fig. 3, a circular 15-meter diameter ground plane electrode, with a
central hole for laser beam propagation, is located 3 m above the floor. The top electrode is a 3.7 m
rod (diameter 6 cm) with a 12 cm diameter sphere at its tip, attached at the center of a 5 m diameter
electrode. (This top electrode is far enough from the gap to have a negligible influence on the electric
field distribution.) A high voltage (HV) generator was used to apply a positive voltage pulse to the rod
electrode, with a critical rise time of 270 us matched to the gap length. The time to half-value of the
applied voltage pulse was 2.5 ms. Because of the necessity of leaving the high-field region completely
clear and to avoid the interference to the laser system from the high-voltage power system operation, the
laser system was placed in a shielded room outside the high voltage test, some 30 meters distant. We
used a BMI-Thomson Ti: sapphire laser system=800 nm, minimum pulse duratioa 60 fs, maxi-
mum energy in the laser pulse after compressiob00 mJ). An image-relay system enclosed in near-
vacuum (10° Torr) transferred the beam from the laser room to the test site (below the ground elec-
trode). The beam had an elliptical shape with principal axes of 4.5 cm and 3.2 cm. We used lenses
of various focal lengths (4.7 m to 8.8 m) to focus the laser beam approximately 30-40 cm below the
sphere at the tip of the top electrode. The minimum pulse duration (measured by second order auto-
correlation) that was used in these experiments was around 0.6—1 ps corresponding, with our optical
arrangement, to the appearance of white light on the surface of the focussing lens (threshold of damage
on this lens).

An example illustrating the dynamics of a laser-induced discharge appears in Fig. 4. We present a streak
record, the leader current and the corresponding HV pulse. For this event, the plasma was produced with
a 200-mJ laser pulse and the plasma channel length~@5 m. The laser beam was launched about
30 ps after the start of the voltage pulse, which had a peak amplitude of 1600 kV. With the laser-produced
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plasma we inferred from the streak images a very large effective leader velocity of aSomt<td, a

value which is ten times that of a natural leader. In the case shown the leader traveled in the gap at the
increased velocity up to the point where it left the laser-produced plasma, continuing its propagation at
the usual ‘natural’ velocity of about #0m-s~1 up to the final jump. In contrast to the rather erratic
motion of leaders in normal conditions, the leader was guided by the laser-created plasma and followed
a perfect rectilinear trajectory. As the leader propagated in the plasma created by the laser, the current
measured at the HV rod electrode showed strong fluctuations correlated with the vertical spikes in the
streaked images. We believe that these strong and irregularly-occurring current pulses observed during
guided leader propagation can be interpretecegsikes, since the leader grows too fast compared to the

rate at which the applied voltage increases. The average current of the laser-guided leader (1.4-1.8 A)
was higher than that measured in the case of the natural discharge without laser channel (0.6-0.8 A). By
integrating the current waveform, we could measure the leader charge as a function of its length. We inferred
in this case a linear charge density of approximately 15m1¢ (lower than the 40 p@~1 for a natural

leader development [26]) to sustain the guided propagation of the leader in the plasma channel. The lower
amount of charge per unit length and the higher average current leads naturally to a leader velocity of
(vp =11 /q1) ~ 10° m-s~1. The amount of leader current charge required to generate a unit leader length
(¢z) in presence of a laser channel indicates that this channel improved the efficiency of the corona-leader
transition.

Let us point out that there are other striking differences between the guided and the natural discharges.
In the guided discharge, there is no statistical delay for the inception of the first corona, as early free
electrons are provided by the laser pulse via photo-ionization. Also, there is no (or at most a very
short) dark period, so that the leader inception voltage is much lower. By firing the laser early with
respect to the voltage pulse, the leader inception voltage can be as low as 300 kV, which corresponds
to a reduction of more than 50% of the average normal leader inception voltage (without the laser) in
our experimental conditions. All this consistently indicates that the laser plasma is indeed providing a
conduction path that facilitates the initiation of the leader. It is also interesting to note that the breakdown
voltage of the gap (kb) is lowered when the leader is laser-guided, depending on the length of the
laser plasma channel. In the experimental conditions described, it is seen on Fig. 4 that the breakdown
voltage is 1400 kV for a plasma channel length of 3.5 m, whereas the natural breakdown voltage is
1600 kV.

We have used the Bondiou—Gallimberti model [22] to compute the development of the discharge in
presence of the laser plasma channel. The numerical simulations have been done for a 7 m gap, with
the same electrode configuration as in the experiments. The voltage pulse reproduces the one used in the
experiments. As remarked above, the effect on the leader of the laser-created plasma can be simply taken
into account in the model by changigg to the value necessary to give the experimentally measured
value for the leader velocity. There seems no need to change anything else in the model to reproduce
the leader propagation. Fig. 5 presents a simulation with a laser plasma channel of 3.5 m. In order to
reproduce the starting conditions in presence of the laser, we impose in the simulation the inception of the
corona-leader mechanism at a given time corresponding to the firing of the laser. As remarked above,
the laser-created plasma is taken into account in the simulation by simply lowgrifgompared to
the natural case) over a distance of 3.5 m. The valug;oéssociated with the presence of the laser-
produced plasma is-10 uGm~1. Fig. 5 shows the same features as Fig. 4: the leader velocity in the
channel is~10° m-s™1 and ~10* m-s! outside the channel; the leader corona extension (between
the leader tip and the corona head) associated with the propagation in the plasma channel is narrower
than for the natural propagation; the final jump occurs at a time-b30 ps at a voltage of 1400 kV.

The average leader current of 1 A is close to the experimental average value of 1.6 A. However, the
steadily-moving leader propagation model of Bondiou and Gallimberti is not able to reproduce the re-

strikes and the strong fluctuations of current that are seen experimentally (Fig. 4) during the guided leader
propagation.
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4. Modeling the positive leader transition region

In order to understand the effects of the laser-ionized channel in leader discharges, we have undertaken
the modeling of the leader transition region, in which new portions of the leader are formed, and which
separates the ambient medium from the main body of the leader. Two models are discussed in this section.

The first model discussed is aimed at explaining the reductiepn afhich has been observed in laser-
guided leader propagation. The model discussed in Section 4.1 uses the fact that the density of negative ions
per unit lengthV, is higher in a laser-ionized plasma along the leader’s path than in normal conditions. The
consequences of the increase\gf are that the required temperature in the leader transition region (from
which follows a lower value of ;) is now lower for achievement of the appropriate value for resistance per
unit length.

The second model discussed starts from a completely different point of view and has been developed to
study the plasma properties within a limited region around the leader tip. In that model, the charged particle
densities, the electric field and the air temperature are calculated self-consistently in a two-dimensional
geometry with axial symmetry. The model, its main results and its limitations are discussed in Section 4.2.
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4.1. Explaining thelowering of ¢y,

The mechanism described here to explain the lowering ddllows the guideline of the model proposed
by Gallimberti [26] (a component of the Bondiou—Gallimberti model [22]) for leaders propagating in
normal conditions (without laser-ionized channel). According to that model, the appropriate conductivity in
the transition region is achieved by detaching the electrons from the negative ions of the leader’s path. (Due
to the high electron mobility, the detached electrons increase considerably the conductivity.) The negative
ions in the streamer filaments (the part in contact with the leader region) result from the rapid attachment
(in only ~10~8 s) of the electrons initially generated in the streamer heads. The same applies to the plasma
generated some time earlier by the short-pulse laser. In the leader transition region, the electron detachment
necessary to advance the leader is presumed to be achieved by heating the air to a tempera&fe kf
through collisions of the neutral air particles with the charged particles accelerated by the electric field at
the leader tip.

The starting point of the model presented here is that the density of negative ions per unit length along
the leader’s path is higher for a laser-ionized channel than for an ensemble of streamer filaments. This
assertion is justified as follows. The laser ionized channel is characterized, in our experimental conditions,
by an average diameter of1 mm and a negative ion density of #810'3 cm=2 [25]. In virgin air a
new portion of the leader grows in an ionized channel made of a few streamer filaments. These filaments
are characterized by a diameter of 50-100 um and a negative ion density?ef@F cm~3 [16]. One
concludes that the ratio

f = (N-)laser channeﬁ(Nf)streamer channel (1)

where(N_)jaser channeBNd (N_)streamer channedl® the density per unit length of negative ions in the laser-
ionized channel and in a streamer-ionized channel respectively, is of the order of the ratio between the
cross-sectional areas of the laser-ionized plasma and the streamer-ionized region, i.e., of the order of 10—
100.

In order to extend Gallimberti’s model to the case of a laser-ionized channel, we first assume that the
leader geometry itself and the electric field distribution inside the leader are practically unaffected by the
laser-ionized channel. Following this assumption, and neglecting the influence of the leader velocity, the
charge per unit length reads simply [26,22]

gL ~3.5x 107&(T, — To). (2)

The mechanism by whicly;, is lowered might well be achieved as follows. In a medium in which a higher
density of negative ions per unit length is available, such as in a laser-ionized channel, only a smaller
temperaturel, in the transition region has to be achieved. This is because the negative ions themselves
contribute significantly to the conductivity so that a smaller fraction of the electrons have to be detached to
obtain the appropriate loresistance per unit length R. The latter is defined as the reciprocal of the laterally
integrated conductivity, and is expressed as

R M =epeNe +epuiN_ +epiNy. ©)

Hereu,. andu; are the mobility of electrons and ions respectively, ahd N_ and N are the densities

per unit length of electrons, negative ions and positive ions respectively. Since the tempEyafithes air

along the path of the leader depends weakly on the presence of a laser-ionized channel [24], the lowering
of ¢ thus follows directly from the lowering of the temperatdgen the transition region.

Quantitative results have been obtained as follows. By assuming that: (i) detachment nearly balances
attachment in the transition region (as in Gallimberti's model), and (ii) that the plasma is neutral, one can
easily expres® as a function ofv_ along the leader’s path. The temperatliras a function off, Eq. (1),
can then be obtained from the conditiB7 = 1500 K) = R(T,).
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The result is illustrated in Fig. 6 where the temperatfjrés plotted as a function of the ratif. One
observes that the temperature of the transition region decreagema®ases. By definition, the value of
f =1 corresponds to a temperature of 1500 K. The temperature vanisliepgsoaches the value 660
since in that case the negative ions alone can provide the required resistance per unit length and no electron
detachment is necessary. Using Fig. 6 and Eq. (2), one finds easily that a vglleeteen 10 and 50 is
needed to obtain the valuesgf observed in experiments for laser-guided leaders (i.e., 10—2uan
agreement with the estimate made above.

4.2. Two-dimensional model of the positive leader tip

The purpose of the model discussed here [27] is to investigate the properties of the air plasma surrounding
the tip of the leader. For simplicity we have assumed that the leader, including most of the transition region,
is a perfect conductor having a defined parabolic shape with a radius of curvature of 10 um at the tip.
This simplification allowed us to calculate self-consistently the motion of the charged particles (electrons,
positive ions, and negative ions), the electric field and the air temperature in a two-dimensional space,
assuming axial symmetry.

The model equations include the following: (i) the continuity equations for the charged species by
taking into account the rates of ionization, attachment, detachment, electron-ion recombination and ion—
ion recombination; (i) Poisson equation for the electric field; and (iii) the energy equation for the air
temperature in which the source term is the power dissipated by the collisions between the air molecules
with the charged particles accelerated in the local electric field. The air density has been assumed uniform
and the temperatures of the charged species have been described as simple function of the electric field.
The equations have been solved in the frame of reference of the leader tip assumed to evolve with the
constant velocityw; = 10* m-s~1, which is a typical value for normal leaders. The stationary solutions of
the equations of the model have been obtained within a parabolic system of coordinates.

Since the equations have to be solved within a limited domain around the leader tip, reasonable boundary
conditions have had to be prescribed in order to make the connection between two disparate domains. These
two are: (i) the relatively small calculation domain; and (ii) the rest of the system made up of the electrodes,
most part of the leader and the streamer corona. Moreover, since the leader is assumed to be a perfect
conductor of parabolic shape, appropriate boundary conditions have also been prescribed at its surface.

The main results of the model can be summarized as follows:

(i) Due to the shielding by the plasma surrounding the tip of the leader, the actual electric field is very
different from the bare geometrical field obtained using the same boundary conditions. For the chosen
radius of curvature of 10 um at the tip of the leader, the actual electric field at the tip is aSdim#8
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smaller than the bare field, but is relatively enhanced at distances largerthab cm from that point.

The electric field, as a function of the axial position, shows four different zones. The field has a maximum
of 38 kV-cm™1 at the tip and decreases rapidly+®0 kV-cm~! within ~0.15 cm from that point. Over

the next~1.8 cm, the field remains in the range 18—20dv 1, which corresponds approximately, in our
model, to the field value where ionization and detachment balance attachment and recombination. Beyond
~1.8 cm, the field decreases to the assigned value of 4-&kW, which corresponds to the field measured

in the streamers [28].

(i) Fig. 7 shows the various reaction rates per electrons as a function of the axial position as obtained
from the model. For a distance smaller tha®.1 cm from the tip, ionization is the most important process
(region 1), while farther from that point, where the field is still modest, detachment is more important than
ionization and attachment (region Ill). There is an intermediate region where attachment is the dominant
process (region Il). Electron—ion recombination is always negligible. Electron detachment from negative
ions thus plays an important role in the charged-particle dynamics in front of the leader, as hypothesized in
the model discussed in Section 4.1 and in [26]. However, detachment, while important, is not the dominant
source of electrons everywhere, since ionization becomes very significant close to the leader tip, where the
electric field has the largest amplitude.

(iii) A leader current of 0.21 A has been obtained, which is the correct order of magnitude for leader
in normal conditions although it is somewhat smaller than most measuremeén®s-1.0 A). (We suspect
that the current would be larger if the calculation domain was to include a longer portion of leader, limited
here by computer restrictions.)

(iv) Contrary to some expectations, the air heating obtained at the tip isxd0Q K, which is too small
to play any role in the physical processes occurring in the calculation domain.

While the model discussed here provides new insights in the plasma properties near the leader tip, its
main shortcoming is that the transition region is treated as a perfect conductor. A more satisfactory modeling
of the leader would require taking into account explicitly the gas dynamical processes (i.e., air heating and
expansion) taking place in the transition region. Besides, it is not clear whether the space and time average
of the streamer field near the tip used in that model would not conceal some important aspect of the leader
dynamics. For instance, it is unclear whether there are significant problems which have been simply ignored
when one combines ensemble of streamers, each of which is a complicated and very nonlinear plasma object
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into an effective mean-plasma model. However, such an improved model would involve difficult conceptual
and computational issues that we have chosen to avoid at this stage of our investigations.

A consequence of the ‘perfect conductor’ assumption made here is likely that the electric field and
ionization at the tip are overestimated (despite the observed damping due to space charges) since otherwise
the potential would vary more gradually. This lowering of ionization at the tip would be more consistent
with the electron detachment models discussed in [26] and in Section 4.1. As a matter of fact, it should
be realized that ionization is actually difficult to reconcile with leader transition region models in which
detachment plays a central role. This is because ionization alone, if significant enough, could well feed
the leader transition region with enough free electrons to achieve the required conductivity. The electron
detachment process could then be comparatively negligible.

Finally, let us add that the very low air heating found at the tip in this model probably indicates that the
leader heating does not take place suddenly at the tip. The heating is more likely to be distributed more
gradually in the transition region (possibly over centimeters), in a way more consistent with the simple
model discussed in Section 4.1.

5. Summary and conclusions

This paper has presented experimental and modeling results concerning discharges triggered by focused
ultrashort laser pulses. Streamer discharges in 30 cm gaps and leader discharges in gaps up to 7 m have
been considered. Our theoretical investigations on the leader transition region have also been discussed in
Section 4.

Laser pulses modify the medium in which the discharge takes place through ionization and gas heating.
We have observed that in 30 cm plane—plane air gaps at modest pressure (350 Torr) where streamer
formation dominates, laser energies of 120 mJ could trigger discharges at-@886 of the natural
breakdown electric field. Streamers are triggered from the edges of the laser-created plasma through the
mechanism of local field enhancement due to charge separation. Important plasma parameters are the
electron density per unit lengtN, and the effective electric fiel&es. The typical time by which the
heated plasma keeps its ability to trigger streamers below the natural breakdown electric field is given by
the thermal conduction characteristic timg.

In air gaps of several meters, a single laser pulse has been shown to trigger and guide the leader discharge,
and to increase the leader velocity by a factordf0. Modeling using the Bondiou—Gallimberti model has
been shown to provide results in good agreement with the experiments provided the pataniéier
charge per unit length) is lowered consistently with the experimental observations. In such large gaps, the
heating of the ambient gas by the laser pulse seems to be negligible. The main effect of the laser pulse is
likely to increase the density of negative ions per unit length in which the leader propagates. A model of the
leader transition region based on this finding and intended to explain the lowegpdak been discussed
in Section 4.1.

The two-dimensional model of the plasma near the leader tip discussed in Section 4.2 demonstrates that
much remains to be learned concerning the mechanisms of propagation of the leader from the point of
view of the elementary processes. The assumption made in that model, that most of the transition region
is a perfect conductor, because of the high ionization rate obtained at the leader tip, does not seem to be
consistent with a simple picture dominated by negative ion density per unit length. It rather seems that
an extended transition region in which the conductivity would increase gradually would constitute a more
realistic picture of the leader transition region. The self-consistent modeling of the leader transition region
still presents major challenges, both conceptual and technical, to the researchers in the field of lightning
discharges.

The feasibility study that we have undertaken is encouraging regarding the understanding of the control
of lightning by means of lasers. The achievement of this goal could be possible in the near future in view
of the rapid development of compact short pulse laser systems.
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