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AND THEIR APPLICATION TO CHARACTERIZATION OF PLASMA
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We experimentally investigate triggering and guiding of kilovolt electrical discharges in air over short (few centimetre) gaps
triggered by means of 1 ps light filaments at 527 nm. A method of direct measurement of free electron density along the plasma

channel is proposed.
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1. Introduction

Since the first demonstration of laser-induced elec-
trical discharge [1] control of laser-triggered lightning
discharges for lightning protection has became a long
pursued task holding a great potential for practical ap-
plications [2-4]. Instead of high-energy continuous-
wave lasers such as CO», emitting in the far infrared,
the ultrashort pulse lasers with much shorter wave-
lengths (from near-infrared to ultraviolet) have been
proven to be more advantageous offering a possibil-
ity to obtain continuous long ionized channels from
the light filaments [5, 6]. It is well known that when a
femtosecond laser pulse with power above the critical
power for self-focusing propagates in the atmosphere,
it forms a long white-light filament, which ionizes the
molecules of air [7]. This ionized trail (narrow plasma
channel) has been considered to be useful for triggering
and guiding the electrical discharges [8]. A number of
laboratory experiments had proven the validity of this
approach [9-13], and guided megavolt discharges with
spark lengths up to 3.8 m [14] were reported to date.

Physical processes underlying a laser-triggered dis-
charge are basically understood [12,15]. A simple
explanation is that the light filament by means of
multiphoton ionization produces a short-lived (in the
range of nanoseconds [16]) conducting plasma channel
[17,18] that serves as a precursor for discharge. In long
gaps free electrons are then accelerated by the external
electric field and start a local avalanche process — the
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ionization wave, called streamer. The avalanche zone
expands towards the direction of the opposite electrode
developing a self-sustained conducting path (leader).
Once a contact between the electrodes is established, an
electrical discharge occurs. However, plasma filament
cannot trigger an electrical discharge by itself because
of its short lifetime, and the electrical discharge (or
breakdown) appears after a certain delay (ranging from
nanosecond to microsecond time scale) with respect to
the optical pulse. As follows from the model, the build-
up time for electrical discharge is governed by transient
processes (electron drift velocity and avalanche ioniza-
tion [6]) to provide the critical electron density for a
conducting channel.

Somewhat different scenario is proposed for dis-
charges in small gaps, assuming a constant electron
density produced by the laser pulse. The current cir-
culating in the laser-induced plasma channel produces
significant heating of a thin air column by the Joule ef-
fect, which in turn is followed by radial expansion of
the heated volume, and air depression meets the condi-
tions providing a path for a guided discharge [13].

The number of free electrons in air under atmo-
spheric pressure in normal conditions is usually very
low (estimated to be less than 103 cm™> [19]) as
compared with the atmospheric molecular density of
3-10'? cm™3, therefore, if external electric field is ap-
plied, build-up time for a spontaneous discharge is long
and typically requires a strength of external electric
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field of 25-30 kV/cm. The situation becomes com-
pletely different if an ionized channel is created by the
laser pulse. The build-up time as well as the voltage
for electrical discharge are substantially reduced. Con-
sidering the above mechanism, it is clear then that the
creation of free electrons is a necessary condition for
a triggered discharge. Several methods to detect free
electron density along the plasma channel were sug-
gested. The simplest one is to measure the change of
air resistance between the two electrodes after passage
of the optical pulse [13] or to detect the free charges by
capacitive coupling to a pick-up capacitor [18]. More
complex methods include detection of electromagnetic
radiation [20], backward emission [21], and detection
of the sound waves emitted from an expanding plasma
channel [22]. More recently, most of these methods
were compared in multiparameter characterization of
longitudinal plasma profile [23].

In this paper we report simple laboratory experi-
ments on triggering and guiding of kilovolt electrical
discharges by picosecond light filaments. We show
that laser-triggered electrical discharge over small gaps
could be potentially useful for estimation of free elec-
tron density distribution along the plasma channel, pro-
duced by an ionizing light filament.

2. Experiment

Recently, some of the present authors have observed
several metre long white light filaments in air, induced
by picosecond laser pulses in the visible spectral range
[24]. In the experiment described in this paper, we have
used a similar set-up for filament excitation, just with
stronger focusing of an initial laser beam that results in
shorter filament length. A 1 ps laser pulse at 527 nm
with an energy of 2.35 mJ was produced by frequency
doubling of commercial Nd:glass laser system output
(TWINKLE, Light Conversion Ltd., Lithuania). The
second harmonic beam with the initial FWHM diame-
ter of 3.4 mm was focused in air by a f = 1 m lens
producing several tenths of centimetres long light fila-
ment with a constant FWHM diameter of ~50 um.

Electrical part of the set-up consisted of two stain-
less steal disk electrodes with 2 mm holes and con-
nected to high voltage supply with adjustable voltage
between 3 and 24 kV. One of the electrodes was placed
on a translation stage that allowed fine adjustment of
the gap between the electrodes. The whole compart-
ment was mounted on a long mechanical delay line al-
lowing movement along the light path (Fig. 1).

A2
Lens f=1m y

Fig. 1. Experimental set-up. Inset shows the geometry of electrical
spark.

Fig. 2. Electrical discharge in air: (a) spontaneous discharge, seen

as several sparks at random positions, U = 17 kV; (b) short fila-

ment induced discharge; the filament length is shorter than the gap

between the electrodes, U = 20 kV; and (c) laser-triggered and
guided 24 mm long spark, U = 23 kV.

Figure 2 illustrates three relevant cases of the ob-
served electrical discharge. In the first case, Fig. 2(a),
no optical pulse is present, and the electrical discharge
starts spontaneously at random positions due to break-
down of the air (photocamera catched several sparks
because of long exposure time). We have measured
that the minimum voltage required for spontaneous dis-
charge within the electrode gap of 5 mm is 17 kV.
That gives a value for the dielectric breakdown of air
of 34.0 kV/cm, which is fairly consistent with that for
the small gaps given in the literature [6]. The second
case illustrates triggering of the electrical discharge by
means of tightly focused (f = +300 mm) laser beam
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that creates local optical breakdown of the air near the
beam focus. In the breakdown region, the molecules
of air are strongly ionized and give way to guiding
of the electrical discharge over a short distance (half
a gap between the electrodes). However, outside the
ionized region, the guiding path is lost, and the elec-
trical discharge ends up spontaneously with a position
varying from shot to shot (Fig. 2(b)). In the third case,
the electrical discharge is fully triggered and guided by
the optical beam, that creates ~10 cm long filament of
a 50 ym FWHM diameter, see Fig. 4(a). In the ab-
sence of the laser pulse, the distance between the elec-
trodes Al = 23 mm is too large for spontaneous dis-
charge with 24 kV voltage applied. However, in the
presence of the optical pulse, that forms a filament,
which ionizes the molecules of air, electrical discharge
appears in the form of a straight line along the beam
path (Fig. 2(c)). Under those settings, the value for di-
electric breakdown of the air drops down significantly,
to 10.4 kV/cm. We have measured that the voltage
for guided discharge grows linearly with increasing the
gap between the electrodes (data not shown) according
to the law:

U=UL(Al+ A), (1)

where Uy, = 8.25 kV /cm, Al is the electrode gap, and
A = 2.5 mm is an additional distance set by the dis-
charge geometry, see inset of Fig. 1.

It was reported in some previous experiments that
the time delay between the optical pulse and the elec-
trical discharge is reduced increasing either the laser
intensity or the applied voltage [6]. This result is quite
obvious, considering that the laser pulse of higher en-
ergy produces higher electron density, and the higher
external electric field accelerates charges more to start
the discharge process. The latter case was examined
in our experiment by measuring time delay between
the optical pulse and the optical emission from the
electrical discharge (spark light), that was recorded by
a fast photodiode connected to a digital oscilloscope
(Tektronix, TDS 3032 with 300 MHz bandwidth) trig-
gered by an optical pulse. In these measurements, the
geometrical position of the focal plane was aligned to
be right in the middle between the electrodes. An expo-
nential trend was measured for a wide range of applied
voltages, see Fig. 3, and was found to follow the em-
pirical expression

At = 2.48 exp (Al + A), ()
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Fig. 3. Delay between the optical pulse and the laser-triggered

discharge as a function of the applied voltage and electrode gap.

Solid lines show the exponential fits as derived from Eq. (2), while
dashed lines show the measured trend.

where At is expressed in nanoseconds, Al and A in
millimetres, and U in kilovolts, respectively.

And finally, we have measured the voltage for a
laser-triggered discharge by moving the electrical com-
partment along the beam path (see the summary of re-
sults depicted in Fig. 4).

The beam diameter was measured by inserting a
movable fused silica plate into the beam path at 45°
incidence. A weak reflection from the plate was sent
onto a 10-bit dynamic range CCD camera (COHU with
Spiricon frame grabber). FWHM radius of the beam
was estimated from the magnified single-shot images
of the beam intensity profile (because of the optical
damage that occurs due to very high intensity, each
laser shot was reflected from a fresh region of the plate
surface).

In the presence of the laser pulse, voltage required
for triggering an electrical discharge drops down no-
tably, with a minimum value of 7 kV around the fo-
cal plane. From the measurement of the beam pro-
file, we estimated the filament length to be ~10 cm
(Fig. 4(a)), whereas the area of reduced voltage ex-
tends before and far beyond the geometrical beam fo-
cus. This finding could be explained that even outside
the filamentary zone the laser intensity is still suffi-
cient to ionize the molecules of air. Indeed, earlier ob-
servations indicate that free electron density of 10—
10" ¢cm™3 is still enough for triggering and guiding
the electrical discharge [10]. It has to be noted that
in our measurement the time delay between the opti-
cal pulse and the electric discharge varied much — from
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Fig. 4. (a) FWHM beam radius and (b) breakdown voltage as func-

tions of the longitudinal coordinate. 0 denotes the geometrical fo-

cus of the lens. Open circles show the minimum voltage for guided

discharge with a fixed electrode gap Al = 5 mm, while full circles

denote the voltage for guided discharge with Al = 5 mm and fixed

delay time At = 50 ns. Dashed line at U = 17 kV denotes the
voltage for a spontaneous discharge.

200 ns to several us depending on the applied voltage
and the position relative to the lens focal plane. We
repeated the measurement setting a fixed delay time
of At = 50 ns, as shown by full circles in Fig. 4(b).
A fixed delay time, in this case, means that all the
transient processes leading to electrical discharge are
“equalized” from one measurement to another while
moving along the beam path. Then the voltage curve
exhibited an extended plateau at U = 12.5 kV over
10 cm, that actually coincides with a constant filament
diameter of 50 um, see an apparent correlation be-
tween these two as shown in Fig. 4. Our measurement
shows that uniform plasma channels may be induced by
light filamentation due to the so-called intensity clamp-
ing effect [25]. Assuming that the relation between
the free electron density and the high-voltage thresh-
old for laser-induced discharge is linear [6], we con-
sider that the measurement of discharge voltage along
the filament with a fixed delay time directly reflects
the free electron density along the beam path. The
proposed method, however, needs to be further elabo-
rated extracting the real values of the free electron den-
sity.

3. Conclusions

In conclusion, we have demonstrated a simple set-
up for triggering and guiding of kilovolt electrical dis-
charges in air by means of picosecond light filaments
induced by the self-focusing effect. Under our oper-
ating conditions and capabilities of the electrical set-
up, we trigger and guide a 24 kV electrical discharge
over a 23 mm gap. We have shown experimentally that
in the presence of an ionizing light filament the elec-
trical breakdown voltage of air is significantly reduced
(from 34 kV/cm down to 10.4 kV /cm) in the short-gap
geometry. Laser-triggered discharge timing measure-
ments revealed an exponential dependence of the de-
lay time between the laser pulse and the laser-triggered
electrical discharge on the electrode gap for short build-
up times. And finally, we have demonstrated that laser-
triggered discharge over small gaps might be poten-
tially useful for the measurement and determination of
the free electron density along the ionizing light fila-
ment.
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MAZU MATMENU LAZERIU SUKELTI ELEKTROS ISLYDZIAI IR JU TAIKYMAS SVIESOS GLJU
SUKURIAMIEMS PLAZMOS KANALAMS APIBUDINTI
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Santrauka mis. Pasitlytas tiesioginis metodas, kaip, taikant $viesa indukuotus
elektros iSlydZius, galima nustatyti laisvyjy elektrony, sukuriamy

Eksperimentiskai tirti mazo atstumo kilovoltiniai elektros iSly-
Sviesos gijai sklindant ore, tanki iSilgai sklidimo krypties.

dziai ore, suzadinami ir valdomi pikosekundinémis $viesos gijo-



