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1. INTRODUCTION

Initiation of electric breakdowns in long air gaps by
laser pulses have been studied over four past decades
[1–19]. These studies are aimed at elaborating methods
for controlling the trajectory of a spark discharge, the
rate of its development, and the average breakdown
field in the discharge gap. In the long-run perspective,
the results of these studies can be used to develop
megavolt switches and methods for triggering light-
nings in thunderstorm clouds. In the past decade, spe-
cial attention has been paid to filamentary femtosecond
laser pulses [10–19]. The filamentation effect is caused
by the balance between self-focusing of laser radiation
due to the Kerr nonlinearity of air and its defocusing by
the plasma produced in the intense field of the self-
focused laser beam. In contrast to the bead structure of
long laser sparks produced by high-power nanosecond
pulses of 

 

ëé

 

2

 

 and Nd lasers [4–9], the plasma channel
(filament) is continuous and, therefore, is more suitable
for using as a conductor that triggers and guides an
electric discharge. Experiments have shown that the
electron density in the thin (~0.01 cm) plasma channel
is about 

 

10

 

16

 

 cm

 

–3

 

 and the gas temperature is relatively
low [20]. The problem of conversion of this channel
into a spark is reduced to the analysis of the two possi-
ble scenarios: (i) the nonequilibrium laser plasma
decays or (ii) the current generated in the channel by a
dc voltage applied to the gap has time to heat the gas;
slow down electron losses; and, finally, trigger associa-
tive ionization reactions involving O and N atoms.
Since these reactions can occur without an electric
field, the current–voltage characteristic of the discharge

becomes descending, which means completion of spark
breakdown. In this respect, the discharge initiated by a
laser-produced filament is similar to the streamer dis-
charge of an air gap [21], because, in the latter case,
there is also a rapidly forming plasma channel left in air
by an ionization wave propagating with a speed of up to

 

10

 

9

 

 cm/s. Similar to the filament, the initial gas temper-
ature in the streamer discharge is close to the ambient
temperature, while the electron number density can
reach 

 

10

 

14

 

–10

 

15

 

 cm

 

–3

 

.

The experimental part of this work is aimed at sys-
tematic measurements of the characteristics of a high-
voltage discharge initiated by a plasma filament. Cer-
tain aspects of this problem were studied in earlier pub-
lications. For example, laser-spark-aligned localization
of a megavolt discharge in a point–plane gap was
observed in [15]. It was demonstrated that the velocity
of the leader propagating along the laser spark
increased tenfold, while the leader threshold halved. A
decrease in the threshold of a high-voltage discharge
and its localization along the laser beam was also
observed in [17]. In [16], a laser-induced discharge was
excited in a plane gap to which a dc voltage of a few
tens of kilovolts was applied and the dynamics of a low-
density channel formed in a gas along the former
plasma filament was studied using time-resolved dif-
fractometry. In [16], a model was proposed according
to which the reduction in the breakdown voltage of a
high-voltage discharge is caused by a decrease in the
gas density within the filament due to Joule heating of
the plasma by the current generated in the filament
under the action of the applied dc voltage.
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Abstract

 

—High-voltage discharge initiated in air by a plasma filament produced by an intense femtosecond
laser pulse was studied experimentally. It is found that the threshold of a laser-induced discharge decrease three-
fold as compared to that of a discharge in undisturbed air. It is shown that the formation time of a laser-induced
discharge decreases by almost three orders of magnitude as the applied voltage increases by a factor of 2. A
numerical model of the discharge process is developed that adequately describes the experimental results. In
particular, simulations reproduce the experimentally observed steep dependence of the formation time of a
laser-induced discharge on the applied voltage, as well as typical values of the electric field required for such a
breakdown.
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However, many aspects of the influence of a plasma
filament created by a femtosecond laser pulse on a
high-voltage discharge in a plane gap (which is the eas-
iest to simulate numerically) remain unclear. The main
goals of the present study were to measure the break-
down voltage as a function of the laser pulse energy and
gap length and investigate the effect of the applied volt-
age on the time of spark development. The experimen-
tal data were used to test the results of numerical simu-
lations of the discharge process with a detailed account
of the plasma kinetic processes.

2. EXPERIMENTAL SETUP 
AND DIAGNOSTIC TECHNIQUES

The scheme of the experiment is shown in Fig. 1.
A high dc voltage from a stabilized power source was

applied to 60-mm-diameter plane polished duralumin
disk electrodes. The interelectrode distance was varied
from 1 to 16 mm. The discharge circuit contained a bal-
last resistance (

 

R

 

3

 

 = 100 

 

Ω

 

). The current in the dis-
charge circuit was measured using a noninductive shunt
(

 

R

 

2 = 1 

 

Ω

 

) and Tektronix 3052B oscilloscope with a
passband of 500 MHz. Laser radiation was input into
the discharge gap through 3-mm-diameter rounded-
edge apertures at the centers of the electrodes. A femto-
second Ti : Sa laser [22] generated pulses with the
wavelength 

 

λ

 

 

 

≈

 

 800

 

 nm, duration 

 

τ

 

 

 

≈

 

 70

 

 fs, and energy

 

W

 

 

 

≤

 

 15

 

 mJ. The diameter of the output laser beam was
8 mm. Laser radiation was focused by a spherical mir-
ror with a focal length of 80.6 cm. The experiments
were performed in atmospheric air.

3. EXPERIMENTAL RESULTS

In the absence of a filament, the breakdown voltage
corresponded to the usual breakdown voltage in air
[23]. The position of the discharge channel in the elec-
trode plane was random; i.e., the electrode apertures
had no effect on the electric strength of the gap. When
laser radiation was input to the gap via the electrode
apertures, the following was observed. If the energy of
the femtosecond laser pulse was insufficient to create a
plasma filament, then the gap breakdown voltage
remained the same and the position of the discharge
channel between the electrodes was random. When the
laser pulse energy exceeded the threshold value (

 

W

 

 

 

≈

 

0.5–0.6

 

 mJ), a plasma channel passing through the
electrode apertures and crossing the discharge gap
formed in the focal region of the laser beam. In this
case, the threshold voltage of a spark discharge
decreased significantly and the discharge itself became
strictly localized at the place where the filament was
produced.

The dependence of the breakdown voltage on the
laser pulse energy is shown in Fig. 2. Since the laser
energy varied from shot to shot, the following tech-
nique was employed to measure this dependence. First
of all, the laser was adjusted to generate pulses with a
certain average energy. Then, the voltage applied to the
electrodes was increased to the level at which the dis-
charge occurred in one-half of the pulses due to fluctu-
ations in the laser pulse energy. The open (closed) cir-
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 Scheme of the experiment.
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Fig. 2.

 

 Breakdown voltage as a function of the laser pulse
energy. The open and closed circles correspond to the pres-
ence and absence of a discharge, respectively. The distance
between the electrodes is 

 

d

 

 = 4.5 mm.
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cles in Fig. 2 correspond to the presence (absence) of a
breakdown. Then, the procedure was repeated for
another averaged laser energy. It is seen from Fig. 2
that, for the gap length 

 

d

 

 = 4.5 mm, the breakdown volt-
age decreased at least twofold when the filament
formed in the gap. As the laser pulse energy increased
further, the breakdown voltage remained nearly con-
stant.

Figure 3 shows the measured minimum breakdown
voltages 

 

U

 

i

 

 and 

 

U

 

fs

 

 for an undisturbed air gap between
plane electrodes in the absence of a filament and for a
laser-induced discharge, respectively, as functions of
the gap length 

 

d

 

. It is seen that, in both cases, the mini-
mum breakdown voltage increases nearly linearly with

 

d

 

. However, for the same gap length, the threshold field
in the presence of a filament is much lower, and this dif-
ference increases with increasing gap length. Note that
the measured values of 

 

U

 

i

 

 in an undisturbed air are in
good agreement with the data on the breakdown thresh-
old of a plane electrode gap. The data on the breakdown
electric field 

 

E

 

br

 

, which determines the rate of kinetic
processes in the plasma, would be more informative.
However, this parameter is difficult to estimate, because
the spatial distribution of the applied voltage is rather
complicated. In the initial stage of breakdown, just after
the formation of the filament, the applied voltage is
divided between the filament itself and the two air gaps
formed by the filament and the edges of the electrode
apertures. The typical lengths of this gaps is about the
radius of the electrode aperture, 

 

r

 

0

 

 ~ 1.5

 

 mm. As time
elapses, the laser-produced plasma is polarized and the
field is expelled from the filament to these gaps. Finally,
as soon as these gaps are broken, the voltage distribu-
tion rearranges again, depending on the conductivities
of the filament and the discharge channels formed in the
apertures. Taking into account such a complicated
sequence of processes, it can be expected that the actual
breakdown field 

 

E

 

br

 

 lies within the interval from

 

U

 

fs

 

/(

 

d

 

 + 2

 

r

 

0

 

)

 

 to 

 

U

 

fs

 

/

 

d

 

 and approaches 

 

U

 

fs

 

/

 

d

 

 with increas-
ing 

 

d

 

. It should be noted, however, that the linear depen-
dence 

 

U

 

fs

 

/

 

d

 

 indicates that the resistance of the discharge
channels formed in the apertures is small and, there-
fore, 

 

E

 

br

 

 is closer to 

 

U

 

fs

 

/

 

d

 

. This means that, for gap
lengths of 

 

d

 

 ~ 1

 

 cm or longer, 

 

E

 

br

 

 does not exceed
10 kV/cm, which is three times lower than that in an
undisturbed air.

The experiments show that the breakdown initiated
by a plasma filament is time-delayed with respect to the
femtosecond laser pulse. The waveform of the dis-
charge current exhibits two distinct peaks. The first
peak corresponds to the above sequence of the pro-
cesses related to the filament formation by a femtosec-
ond laser pulse, while the second, to the gap break-
down. It is found that the time delay of the breakdown
with respect to the laser pulse (the breakdown forma-
tion time) depends only slightly on the laser pulse
energy. It increases substantially only at energies close
to the threshold for filament generation, but decreases

significantly with increasing gap voltage (Fig. 4). As
the gap voltage increases twofold, this time decreases
by almost three orders of magnitude. Such a strong
dependence of the breakdown formation time on the
applied voltage has never been observed in spark dis-
charges. Observation of such a dependence in numeri-
cal simulations could be a fairly strong argument in
favor of the validity of the employed numerical model.

4. NUMERICAL SIMULATIONS OF AN AIR GAP 
BREAKDOWN INITIATED BY A LASER PULSE

The numerical model used in this study does not
describe the generation of a filament by a laser pulse
and the mechanism of its coupling to the electrodes via
the apertures coaxial with the filament. The initial
parameters of the model are the electric field, initial
electron density, and gas temperature within the fila-
ment. The simulations were aimed at describing the
plasma dynamics within the filament and the time
behavior of the discharge current. Hence, in solving the
problem, it was assumed that the electric field in the gap
was uniform, the plasma filament contacted the elec-
trodes, and the electric field was established simulta-
neously over the entire filament length.

In this case, the kinetic scheme of the numerical
model does not differ from that used to describe plasma
in the streamer channel after it has bridged the gap [21,
24]. The model includes the following balance equa-
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Fig. 3.

 

 Breakdown voltages of the self-sustained discharge,

 

U

 

i

 

 (circles), and the discharge initiated by a laser-produced
filament, 

 

U

 

fs

 

 (triangles), as functions of the gap length. The
laser pulse energy is 

 

W

 

 = 3–4 mJ. The solid line is the fit of
the experimental data on the breakdown threshold for air in
a plane gap [20].
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tions for electrons, positive and negative ions, and
excited and chemically active particles:

 

(1)

(2)

(3)

(4)

 

Here, 

 

N

 

 is the total density of neutral particles; 

 

N

 

a

 

, 

 

N

 

O

 

,

 

N

 

N

 

, 

 

n

 

e

 

, 

 

n

 

p

 

, 

 

n

 

n

 

, and 

 

n

 

*

 

 are the densities of 

 

é

 

2

 

 molecules,
O and N atoms, electrons, positive and negative ions,
and excited particles, respectively; 

 

kai is the associative
ionization rate constant; ki and  are the rate constants

of direct and stepwise electron-impact ionization; 

and  are the rate constants of dissociative and three-

body electron attachment to O2 molecules; kd and 
are the rate constants of electron detachment from neg-
ative ions due to their collisions with unexcited and
excited particles, respectively; k* and  are the rate
constants of generation and loss of excited particles;

∂ne

∂t
-------- kiN ki*n*+( )ne kaiNONN+=

– ka' ka''N+( )Nane kd N kd*n*+( )nn βeineni,–+

∂np

∂t
-------- kiN ki*n*+( )ne=

+ kaiNONN βeineni– βiinpnn,–

∂nn

∂t
-------- = ka' ka''N+( )Nane kd N kd*n*+( )nn– βiinpnn,–

∂n*
∂t

--------- k*Nne ki*n*ne– kq*n*N .–=

ki*

ka'

ka''

kd*

kq*

and βei and βii are the coefficients of electron–ion and
ion–ion recombination. Altogether, the numerical
scheme takes into account over 150 reactions involving
particles of 27 species.

The gas temperature in the plasma channel was cal-
culated from the equations

(5)

(6)

where λT, λR, and λV are the energy fractions transferred
by electrons to molecules due to elastic collisions and
excitation of rotational and vibrational levels, respec-
tively; j is the current density in the plasma filament; E
is the electric field; jion is the ion current density; c is the
specific heat of gas per molecule; QVT is the heat
released due to the quenching of the vibrational levels
of N2 molecules in the process of V–T relaxation; QET is
the heat released due to the fast conversion of the elec-
tron energy spent on the excitation of electronic states
of molecules [25]; and εv is the vibrational energy.

The numerical model implies that the cross section
of the plasma channel increases with increasing gas
temperature. As a result, the densities of all the plasma
components, the reduced field E/N, and, therefore, the
rates of electron processes change significantly. Similar
to [26], the cross section s of the plasma channel was
approximately calculated from the relaxation equation

(7)

where seq(t) = s0T(t)/T0 is the asymptotic cross-sectional
area corresponding to the current temperature T(t); s0
and s(t) are the initial and current cross-sectional areas
of the channel, respectively; T0 is the initial tempera-
ture; and τs(t) = r(t)/vs(t) is the current time constant of
the relaxation process, which is determined by the cur-
rent radius r(t) of the channel and the speed of sound
vs(t). The latter depends on the gas temperature T(t) in
the channel. This model is valid if the radii of the aper-
tures through which laser radiation is input into the gap
are much smaller than the gap length.

Let us first ignore the heating of the plasma filament
by the laser pulse and consider the evolution of the
plasma parameters under the action of a constant uni-
form electric field applied to the gap. We assume that
the parameters of the filament are constant over its
length and radius. The calculations were performed for
the following typical parameters [20]: the initial elec-
tron density in the filament was ne0 = 3 × 1016 cm–3, and
its initial radius was r0 = 0.005 cm. The breakdown time
was determined from the instant at which the current–
voltage characteristics of the plasma channel became
descendent. In fact, this occurred when the gas in the
channel was heated to 5000 K and the reaction

cN
∂T
∂t
------ λT λR+( ) jE jionE QVT εv( ) QET ,+ + +=

∂εv
∂t

-------- λV jE QVT εv( ),–=

ds
dt
-----

seq s–
τs

--------------,=
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Breakdown formation time, µs

Voltage, kV
6 10 12 14 16

10–1

100

101

Fig. 4. Breakdown formation time vs. gap voltage for W =
8–10 mJ and d = 4.5 mm.
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O + N ⇒ e + NO+ of associative ionization, whose rate
is independent of the electric field, became one of the
main sources of electrons.

Figure 5 shows the calculated breakdown formation
time tbr versus the electric field E in the gap. As in the
experiment (see Fig. 4), an increase in the electric field
leads to a very rapid decrease in tbr. This time decreases
by two orders of magnitude as E decreases by only a
factor of 1.5. An important point is that the simulation
results are in good agreement with the experimental
data: the minimum and maximum breakdown times are
close to 20–70 ns and ~10 µs, respectively. To the best
of our knowledge, there is no another form of a spark
discharge for which such a slight change in the electric
field leads to such a strong variation in the breakdown
formation time. In this respect, it is interesting to con-
sider the evolution of the plasma in the course of dis-
charge formation.

The simulation results presented in Fig. 6 were
obtained for an electric field in the discharge gap of
14 kV/cm, which corresponds to the breakdown forma-
tion time of about 225 ns. Just after the laser pulse, the
current flowing along the plasma filament is about 3 A.
The current decreases rapidly with time due to intense
electron losses in the cold plasma, and the electron den-
sity decreases by two orders of magnitude over a time
of about 50 ns, the main channel of electron losses dur-
ing the first 20 ns being electron–ion recombination
(over this time interval, the electron density decreases
by a factor of 30). Up to the instant of breakdown, the

main ion species is  (see Fig. 7). The decay of theO2
+

plasma filament is accompanied by its continuous heat-
ing. The increase in the gas temperature becomes
appreciable after about 1 ns, when the temperature
increases by about 100 K (see Fig. 8). The temperature
increases twofold over 10 ns and threefold over 100 ns.
The plasma behavior changes qualitatively at the time
of about 115 ns, when the gas temperature increases to
1000 K and the filament cross-sectional area increases
by 60%. At this instant, the radius of the expanding
channel is 0.00635 cm (Fig. 8) and the reduced field is
E/N ≈ 90 Td (1 Td = 10–17 V cm2). In such a field, the
total rate of electron production exceeds their loss rate.
As a result, the plasma density begins to increase
mainly due to electron-impact ionization of é2 mole-
cules (Fig. 7). The electron-impact ionization of excited
and unexcited N2 molecules becomes important only
10–20 ns before discharge termination, when E/N
becomes higher than 120 Td due to the channel expan-
sion. Associative ionization, N + O ⇒ e + NO+,
becomes important at temperatures above 5000 K,
which are achieved over the last 2 ns before discharge
termination.

It should be noted that, over a time of about 100 ns,
only a minor fraction of the energy stored in the vibra-
tional levels of molecules is spent on the rapid heating
of the plasma filament. The most important processes
occur at gas temperatures below 1000 K, at which the
time constant of V–T relaxation is more than 10 µs even
in humid air and reaches 1000 µs in dry air [27]. The
decrease in the growth rate of the vibrational tempera-
ture (see Fig. 8) also indicates that V–T relaxation plays
a minor role.

10–2
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Breakdown formation time, µs

Electric field, kV/cm

10–1

100

101

102

12 14 16 18

Fig. 5. Calculated time of breakdown formation along a
laser-produced filament with a radius of 0.005 cm as a func-
tion of the electric field. The initial electron density is 3 ×
1016 cm–3.
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Fig. 6. Waveforms of the current and electron density in
a discharge initiated by a laser-produced filament in an elec-
tric field of 14 kV/cm.
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The processes remain qualitatively the same also for
the slow development of breakdown, when the field
applied to the gap is 11.0 kV/cm, which is close to the
threshold value. In this case, the plasma stops to decay
and, accordingly, the discharge current stops to
decrease at the time 1.3 µs. At this instant, the temper-
ature is lower than 550 K, and it becomes higher than
1000 K only 100 ns before breakdown.

Of most interest for practical applications is the
minimum electric field at which a laser-induced spark
discharge develops in an air gap. According to the
experimental data, this field is close to 10 kV/cm.
Numerical simulations allow one to find the threshold
field as a function of the electron density in the laser-
produced filament and the filament radius r0. The rea-
son why the threshold field depends on the radius is
quite evident. A decrease in the radius leads to a propor-
tional decrease in the time constant (see relaxation
equation (7)) that determines the rate of filament expan-
sion and increase in the reduced field E/N. Hence, the
calculated threshold field should decrease with decreas-
ing r0. The lower boundary of the dependence Ebr(r0)
can easily be found by performing numerical simula-
tions at a constant pressure in the channel. In this case,
the radius of the filament drops out of the numerical
model. The results of simulations are presented in
Fig. 9 in the form of the dependence of the breakdown
field on the initial electron density ne0 in the laser-pro-
duced filament. For comparison, the figure also shows
the results obtained for r0 = 0.005 cm within the frame-
work of the basic model, which uses relaxation equa-
tion (7). It is seen that, as the radius decreases below
0.005 cm, the breakdown field Ebr decreases insignifi-

cantly. The calculated decrease in the breakdown field
is no larger than 10%, while the actual effect will be
even less because the model does not takes into account
diffusion.

1017
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1016

1015
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1010

0 0.05 0.10 0.15 0.20 0.25
Time, µs
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O4
+

N4
+

N2
+
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N2O2
+

Fig. 7. Dynamics of the ion composition in the discharge
plasma under the conditions corresponding to Fig. 6.
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Fig. 8. Time dependence of the channel radius and the
kinetic and oscillatory gas temperatures under the condi-
tions corresponding to Fig. 6.
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Fig. 9. Calculated breakdown field as a function of the ini-
tial electron density in a 0.005-cm-radius laser-produced
filament (1) for a discharge channel expanding according
to the relaxation law and (2) at a constant pressure in the
channel.
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The dependence of Ebr on the initial electron density
is more pronounced. It is well known that the typical
initial electron density in a streamer under normal con-
ditions is ne0 ≈ 1014 cm–3, which corresponds to Ebr ≈
19 kV/cm [28, 29]. The same result follows from
Fig. 9. As the plasma density increases to values typical
of a laser-produced filament (~1017 cm–3), the break-
down field halves, which can be important for practical
applications.

Finally, it is worth mentioning plasma heating by
laser radiation before applying the electric field.
According to estimates of the energy spent on gas ion-
ization, the temperature should increase by about
100 K. The numerical data presented in Fig. 10 make it
possible to conclude on the effect of such heating. The
threshold breakdown field decreases almost linearly to
8.5 kV/cm as the initial increment ∆T in the filament
temperature increases to 200 K. Undoubtedly, the
decrease in the breakdown field by about 20% is worth
studying and should be taken into account in numerical
simulations.

5. CONCLUSIONS

The results obtained in this paper can be summa-
rized as follows. Systematic experimental studies have
been performed of a high-voltage discharge initiated by
a plasma filament in an air gap between plane elec-
trodes—a configuration that is most easy to compare
with theoretical calculations.

It is shown that the electric strength of air decreases
threefold due to the presence of a nonequilibrium
plasma in the filament channel. As the gap voltage

increases twofold, the measured breakdown formation
time decreases by almost three orders of magnitude.
Such a behavior is a specific feature of a spark initiated
by a laser-produced filament. Such a strong dependence
has never been observed in an undisturbed air.

A numerical model of the discharge process with a
detailed account of the plasma kinetic processes and the
expansion of the heated filament channel has been
developed. The model adequately describes the experi-
mental results. In particular, the simulations reproduce
the experimentally observed steep dependence of the
breakdown formation time on the applied voltage. The
calculated values of the breakdown electric field are
close to the measured ones.
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