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Long, about a half of microsecond, nonuniform corona UV burst is observed after a
femtosecond-laser-filament plasma appears nearby an electrode biased �positively or negatively�
slightly higher than the corona discharge threshold and well-isolated from the natural streamer
discharge. A bright UV emission area moving outwards, over a 20 cm distance, with the velocity of
0.6% of the speed of light and tearing from the filament plasma in the case of the negative voltage
is observed. In the case of positive voltage, a bright, bouncing UV cone is formed at around 4 cm
far from the filaments exposing the appearance of a leader. Both phenomena could be explained
upon supposing the formation of runaway electrons in the vicinity of the filament plasma and
electrode. © 2010 American Institute of Physics. �doi:10.1063/1.3299389�

I. INTRODUCTION

Recently, the laser-filament plasma1–17 in a strong exter-
nal electric field has attracted interest both in the physics of
streamer discharges18,19 and in various applications such as
the discharge triggering,20–24 the generation of terahertz
radiation,25,26 and the measurement of electric fields in
atmosphere.27 The electric field measurements with the laser-
filament plasma may become an important instrument for
geophysical researches and for the implementation of elec-
trical facility protection. However, to make such measure-
ments, practical comprehensive studies of the kinetics and
dynamics of the laser-filament plasma in external fields of
various configurations is necessary.

Recently, several groups have already reported on ex-
periments with laser-filament plasma in an external field.
However, they have mostly focused on the femtosecond-
pulse-laser-triggered discharges20–24 trying to reduce the
breakdown voltage, which has been successfully done.
Moreover, the use of laser-induced filament plasma �LFP�
has resulted in a considerable lowering of the breakdown
voltage and appearance of the fast mode discharges.23 In the
experiments, the dynamics of LFP before the breakdown has
not been studied. An interesting phenomenon has been found
in pioneering experiment26 on the terahertz radiation of LFP:
the intensity of the radiation is very sensitive to the external
field strength. The UV radiation of LFP has been also found
very sensitive to external field strength:27 it increases nonlin-
early with the applied voltage. The measurements in Ref. 27
have been performed for the small size electrode inducing
the strong corona. The corona may result in the LFP dynam-
ics and radiation and vice versa.

The field dependency of UV emission may become a

basis for the remote field measurements in the atmosphere
and at industrial objects. However, there are various effects
which can also result in the LFP emission such as the sec-
ondary emission, strong corona, runaway electrons, and so
on and, therefore, can change the emission dependency on
the field strength. The LFP, itself, may also affect the field
distribution in the vicinity of measurements. To make a prac-
tical tool, we have to prove the conformity between the emis-
sion signal and the external field strength and the ability to
maintain it. Detailed studies of LFP behavior in the external
fields of different configurations are necessary to understand
whether such measurement can be calibrated or can provide
only the relative field measurements.

The parameters of LFP such as the electron density and
temperature strongly depend on the energy of laser pulses
and focusing conditions. Typically, a femtosecond-laser
pulse with energy of 20–200 mJ creates in air the LFP with
electron density of 1016–1018 cm−3 and diameter of D
�0.1–1 mm �Refs. 1–3 and 11� due to the nonlinear Kerr
self-focusing and tunnel and/or multiphoton ionization.28 The
laser filament has been reported to appear in the atmosphere
up to several km from the laser sources.6,24 A comprehensive
analysis of the laser-filament dynamics in air can be found in
Refs. 7. The LFP is not a conventional discharge plasma or
laser-breakdown plasma. Even in a strong electric field, LFP
is cold and the dissociation recombination reduces the LFP
electron density quickly: Ne=Ne0 / �1+�Ne0t�, where ��2
�10−7 cm3 /s �Refs. 19 and 29� and Ne0 is the initial elec-
tron density in the filament. At t� ��Ne0�−1��5–500 ps�,
the LFP is dense, the Debye radius is smaller than a plasma
size; electrons do not attach to oxygen molecules. �In this
regime, the LFP acquires and maintains a minimal potential
in its vicinity.� At t� ��Ne0�−1, the electron density loses the
information on the initial value. For tens of nanoseconds, the
electron density may exceed a “critical” electron density,
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�5�1014 cm−3,23 at which the electron attachment to mol-
ecules becomes dominant and the density of negative ions
rapidly grows. In this range, discharge between the electrode
and LFP, electrons avalanches and streamers heat up plasma
and change filament plasma dynamics.

In this paper, we study the dynamics of UV emission
from LFP with high spatial and temporal resolution when the
electric field at an electrode surface only slightly exceeds the
corona discharge threshold of �30 kV /cm. Both polarities
are examined. In contrast to our previous measurements in
the strong corona condition,27 we observe long and intense
corona bursts and formation of hot, long living plasma struc-
tures. The bursts parameters are very sensitive to the LFP
position and voltage applied. We scrupulously analyze the
burst dynamics to show that it requires the preionizers such
as runaway electrons or runaway electrons induced x rays.

II. EXPERIMENTAL SETUP

The scheme of the experimental setup is shown in Fig. 1.
A Ti:sapphire laser system �Thales Laser; Alpha 10/US-
20TW� was used for producing LFP. The Ti:sapphire laser
pulses ��=800 nm, �=50 fs, energy=84 mJ� with initial
diameter of about 50 mm were focused by a concave mirror
of 10 m focal length. A negative or positive high voltage was
applied on a spherical high-voltage electrode �HVE� with a
250 mm diameter placed at the distance of 10.4 m from the
focusing mirror and at least 1 m far from any grounded sur-
face to avoid any effect on laser-induced discharge. A high
voltage was varied between 0 and +400 kV or �400 kV.
The optical axis of the laser pulse was set at a height of 1.1
m above the floor and 5, 6.8, or 28 mm from the HVE.

The fluorescence of LFP was collected by a telescope
with a diameter of 152 mm located 20 m far from the HVE
and 1.3 m from the laser axis. The telescope measured
plasma over a range of 0.7 m by centering on the bottom of
HVE. The fluorescence was detected by a spectrometer
�Roper Scientific; SP-2358-P� and by an intensified charge
coupled device �ICCD� camera �Roper Scientific; PI-MAX:
1K-UV-MgF2�. The gate width and delay time of the ICCD
camera were set at each measurement. UV images of LFP
were taken by another ICCD camera �Roper Scientific; PI-
MAX1K-UniGen� with an UV lens �UV-Nikkor 105 mm
F4.5� and a filter �blocking: 400–800 nm� placed at 4 m from
HVE perpendicularly to laser axis. �This result was called as

“UV-ICCD image.”� Slightly beside the UV-ICCD camera, a
still camera with the UV lens and the filter was set with a
film �Kodak; T-MAX P3200�. �This result was called as
“UV-still image.”� The exposure time of all UV-still images
was set at about 10 s that corresponded to accumulate of 100
laser pulses, for which the UV-ICCD images and the spec-
troscopic data were accumulated. The triggers of the both
ICCD cameras were synchronized with the laser pulses. Trig-
ger signal of the spectroscopic measurement has no jitter
because the trigger signal was generated by the laser pulse
detected by photodiode. On the other hand, the trigger signal
for UV-ICCD camera had a �10 ns jitter. The delay was
defined to be zero when the fluorescence signal at 337.1 nm
or the UV image of filament plasma measured with the gate
width of 20 ns were strongest without voltage. The fluores-
cence in the range from 310 to 342 nm was detected.

III. NEGATIVE POLARITY

Images illustrating the voltage dependence and the tem-
poral behavior of the negative corona at different voltages
are shown in Figs. 2–4 in the presence of the LFP positioned
at 5 or 6.8 mm from the HVE surface. The corona discharges
are caused by the LFP already at U=−200 kV, and become
stronger at the higher applied voltages up to �400 kV. Vis-
ibly, there was no corona discharge in the absence of the LFP
at any voltage applied up to �400 kV. The LFP-induced
corona discharges exhibit a complicated dynamics and spa-
tial structure.

FIG. 1. �Color online� Experimental setup.

FIG. 2. �Color� UV-ICCD images of the negative corona induced by LFP
positioned at 5 mm from the HVE surface at several applied voltages from
�100 to �400 kV. The gate width, delay time, and gain of the ICCD camera
are 500 	s, 0 s and 250, respectively. The maximal values of color bar are
2000 for �100/�200 kV and 40 000 for �350/�400 kV.
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In the conventional negative corona, the Townsend
mechanism is known to be responsible for corona discharge
with the well-known Paschen condition:

�
R0

Rcor

�
�E/p� − a�E/p��dl = ln�1 + �−1� , �1�

where 
 and a are the ionization and attachment
coefficients,18,19 and � is the coefficient for a secondary elec-
tron emission from the electrode surface at x=R0 �electrode
surface�; Rcor-R0 is the corona length. In the first sight, if the
LFP appears at a distance greater than Rcor there is no essen-
tial effect on the corona: the filament electrons move out-
wards, the polarization field rapidly decreases from the fila-
ment as �D /x�2 with D the filament radius ��0.05 cm�. The
recombination of the LFP is so rapid that the ions from the
plasma cannot reach the electrode to cause the secondary
emission: ion mobility is about 	=2.1 cm2 /V s �Ref. 19�
and the velocity is about 105 cm /s at E�50 kV /cm and is
surely too low for that: the process ceases in 1 	s as shown
below. However, the LFP may affect the corona discharge

via the UV flash, which appears just after the creation of LFP
and the consequent electron emission from the electrode. The
latter assists the discharge developing between the LFP and
the electrode.

Assuming that the electrode electric field does not
change much along the LFP in the beginning, one can get the
filament filed as �60 kV /cm in the experimental conditions
using the conventional estimation: Ef =−�U0 ·R0 /Rf

2, where
U0 is the electrode potential, Rf is the filament position from
the center of the electrode, and � is the geometrical field
gain: for a cylindrical filament �=2. In the absence of in-
elastic collisions, the LFP electrons would have acquired the
average energy, ̄��M /3m�eEl�, with l as the electron free-
path and M as the ion mass. For the field in the experiment,
this value is about 1 keV. Therefore, at the experimental
condition an LFP electron is accelerated and loses its energy
for the ionization and excitation till it forms a negative ion in
reaction: O2+e→O−+O �max�8 eV�. Then the strong ra-

FIG. 3. UV-still images of the negative corona induced by LFP positioned at
5 mm from the HVE surface at several applied voltages from �100 to �400
kV. Each number in the figure showing periodic structure means as follows;
1: LFP radiation, 2: discharge between LFP and HVE, 3: periodic radiation
�black and white arrows show bright and dark layers, respectively�.

FIG. 4. �Color� UV-ICCD images of the negative corona induced by LFP
positioned at 6.8 mm from the HVE surface with the applied voltage of
�400 kV at several gate delay times of the ICCD camera from 0 to 350 ns.
The maximal values of color bar are 25 000 for 0/150 ns and 2500 for
300/350 ns. The gate width and gain of the ICCD camera are 50 ns and 250,
respectively.
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diation ceases. The intensity of UV flash depends on the field
strength27 and plays an important role in the LFP dynamics.
The initial UV burst is less than 20% of the maximum emis-
sion intensity, as will be shown later.

The UV radiation from the LFP may initiate the electron
emission from the electrode. This results in the rapid dis-
charge between the LFP, becoming a virtual anode, and the
cathode. This can be seen in Figs. 2–4. If the breakdown
appears swiftly, the electron density in LFP is high and the
LFP acquires the cathode potential because its capacity is
much lower than that of the cathode. As a result, the field at
the LFP surface drastically changes: Ef =−U0 /D. Since D
�200 	m, the field may become very high, �10 MV /cm.
Apparently the real field is smaller because the electron den-
sity in LFP decreased so rapidly that the LFP cannot main-
tain the whole electrode potential. �Assuming the streamer
type of this discharge and setting the streamer velocity about
�108 cm /s, one can get that the time for LFP to acquire the
potential is 5 ns for the 5 mm distance between the LFP and
electrode.� Nevertheless, such a field is strong enough to pro-
voke the streamer developing outward from the LFP and,
probably, cause the electron runaway �see Sec. V�. The ap-
pearance of the strong field must have a trace: a periodic
structure of UV emission beneath the LFP, as clearly seen in
Fig. 3, for the UV image at �350 kV. In the strong electric
field, the electrons of LFP are accelerated, generating the
strong UV emission and losing their energy in the excitation,
ionization, and dissociative attachment processes. The peri-
odic structure lining out the LFP consists of dark layers �low
UV emission�, where the electrons are accelerated by the
field, and bright layers �high UV emission�, where the elec-
trons lose their energy in inelastic atomic processes. This
complex structure of UV emission can be seen in Figs. 2 and
3 for the applied voltage U0=−350 kV and U0=−400 kV
both in UV-still images and in UV-ICCD images.

Dynamics of the corona discharge in the case of U0

=−400 kV is given in Fig. 4. One can see the two distinct
regions. First of all, the discharge is very anisotropic: its
length ��25 cm� exceeds the width by �2.0 times. The
field, due to the large electrode diameter of 25 cm, decreases
to 4 kV/cm at L�25 cm, which is about ten times less than
the threshold electric field for the positive effective ioniza-
tion factor. Such a long length of plasma in the area, where

�E / p�−a�E / p��0, cannot be explained by the conven-
tional scenario of the negative streamer discharge in neutral
air. The estimation using the electric balance equation and
the initial electron density of filament Ne=1017 cm−3 shows
that electrons vanish at the distance of about a few centime-
ters. On the other hand, the ionization region reached to this
place. In most of the UV emission region, except near the
HVE, we have �
−a��0, if ignoring the preionized plasma,
which contradicts the appearance of the long ionization re-
gion. However, so long preionized area assumes the ionizers
such as hard x rays or/and energetic electrons. Figure 5
shows the temporal and spatial evolution of UV emission at
the axis perpendicular to the laser filament through the center
of the HVE obtained from the results shown in Fig. 4. As
shown in Fig. 5, the UV emission spreads over 200 mm far
from the electrode for about 100 ns. On the other hand, the

emission at the filament position continuously increased in
the first 100 ns. Figure 6 shows the evolution of the UV
emission front, the point at 10% of the maximum intensity,
obtained from the results shown in Fig. 5. From Fig. 6, the
velocity of the UV emission front was estimated to be 0.6%
of the speed of light. As seen from Figs. 4 and 5, the strong
streamer radiation at a distance quite far from the electrode
lasted for �150 ns, and the postplasma recombination radia-
tion emitted for �0.5 	s. Such a long emission can be pro-
duced by a hot plasma, in our case the best fitting gives Te

�10 eV and Ne�1015 cm−3 �from local kinetic
simulations19�. This velocity agrees well with the velocity of
the streamers.18 The two distinguished regions may just re-
flect �i� the radiation of the streamer heads, far from the
electrode and �ii� the radiation of recombining LFP.

We performed the same measurements with the LFP po-
sitioned at 28 mm from the electrode as well. The voltage
dependence and the temporal behavior of the negative co-
rona in the presence of the LFP at 28 mm from the electrode
are shown in Figs. 7–9. There is no essential difference in the
behavior with the voltage among the 5, 6.8, and 28 mm
distance except the brightness of the initial UV burst from

FIG. 5. �Color online� Temporal and spatial evolution of UV emission in the
cross section perpendicular to the laser filament obtained from the UV-ICCD
images shown in Fig. 4. The cross section is vertically through the point on
filament that is the closest to the electrode surface.

FIG. 6. �Color online� Evolution of the position of the UV emission front
obtained from the results shown in Fig. 5.
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LFP irradiating the gap and the electrode surface, as seen in
Figs. 7 and 8. The clearly seen streamers at the edge of LFP,
as seen in Fig. 9, prove that the LFP has the electrode poten-
tial.

The voltage dependence and temporal evolution of the
UV spectra in the vicinity of LFP detected by the telescope is
presented in Fig. 10 for the 313.6, 315.9, and 337.1 nm ni-
trogen lines �N2:C 3�u→N2:B 3�g�. The temporal evolu-
tion of the peak signal height of N2 fluorescence corresponds
well to that of the UV emission in the vicinity of LFP shown
in Fig. 5. One can see the strong dependence of the UV
spectra on the external voltage. These UV spectra can be
used for the electric field diagnosis: it reflects the real field
near the LFP.

IV. POSITIVE POLARITY

We also tested the positive corona, as shown in Figs.
11–13, in the presence of the LFP positioned at 5 mm from
the HVE surface. Again, in the absence of the LFP, we ob-
serve no corona discharge. The LFP drastically changes the

FIG. 7. �Color� UV-ICCD images of the negative corona induced by LFP
positioned at 28 mm from the HVE surface at several applied voltages from
�100 to �400 kV. The gate width, delay time and gain of the ICCD camera
are 500 	s, 0 s and 250, respectively. The maximal values of color bar are
2000 for �100/�300 kV and 30 000 for �400 kV.

FIG. 8. UV-still images of the negative corona induced by LFP positioned at
28 mm from the HVE surface at several applied voltages from �100 to
�400 kV.

FIG. 9. �Color� UV-ICCD images of the negative corona induced by LFP
positioned at 28 mm from the HVE surface with the applied voltage of
�400 kV at gate delay times of the ICCD camera of 100 and 550 ns. The
maximal values of color bar are 40 000 for 100 ns and 10 000 for 550 ns.
The gate widths of the ICCD camera are 50 and 100 	s for the gate delay
time of 100 and 550 ns, respectively, with the gain of 250.
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corona dynamics. In the experiments, the irradiation of a
laser pulse was followed by a loud sound as if after a light-
ning revealing the formation of hot plasma in the positive
corona with LFP and accompanying acoustic waves.

In the figures, one can see a scenario which is expectedly
different from that for the negative streamer. The Townsend
mechanism does not work in the positive corona.18,19 In this
case, one can expect a stronger effect of the LFP because the
electrons from the plasma could reach the electrode: the nec-
essary time is about 20 ns since electron mean velocity in air
at the field strength E�30 kV /cm is not high, about 2
�107 cm /s.19 However, the electron evacuation must be
rapidly ceased when U0R0 /R2�Uf /D where R is a distance
between the center of HVE and the filament, and Uf is the
LFP potential; this process results in the strong initial UV
emission from LFP. In the case of the positive polarity UV
emission cannot provoke a discharge between the LFP and
electrode; the UV emission may only preionize air to stimu-
late the positive streamers, as seen in Fig. 12, where the
snapshots of the positive corona are presented.

This scenario is well proved by the plasma dynamics
illustrated by Figs. 13 and 14. In the figures, the temporal
evolution of UV emission in the space is shown, though the
integration time is large: 50 	s. Again, one can see two very
distinguished regions: the vicinity of the LFP and the area
around 4 cm far from the filament and the electrode. As well
as the negative corona, the UV emission of LFP rapidly de-
creases in 200 ns, while the UV emission at a far distance, as
seen in Fig. 14, lasts for more than 0.5–0.6 	s. Again, such
a long emission is possible only from hot air plasma: Te

�10 eV and Ne�1015 cm−3.19 This bright distant area is
quite big: ��5–7�� �3 cm2; the brightest area is far from
the filament and the electrode, its position does not change
during the discharge. This region, therefore, exhibits all char-
acteristics of a leader. Numerous streamers start from the

FIG. 10. �Color online� Fluorescence spectra of N2 molecules and peak
signal height of the N2 fluorescence for the wavelengths of 313.6, 315.9, and
337.1 nm in the vicinity of the HVE and filament when the optical axis of
the laser beam is set at ��a�–�c�� 5 mm and �d� 28 mm from the HVE surface
for the negative polarity. �a� Fluorescence spectra of N2 molecules at several
applied voltages and background spectra �shown as BG� taken at a voltage
of �400 kV without the LFP, �b� peak signal height of the N2 fluorescence
over background spectra as a function of applied voltage, and ��c� and �d��
peak signal height of the N2 fluorescence over background spectra as a
function of the gate delay time of the ICCD camera with the applied voltage
of �400 kV. The gate width and delay time of the ICCD camera for the
experiments shown in �a� and �b� are 500 ns and 0 s, respectively. The gate
width of the ICCD camera for the experiments shown in �c� and �d� is 50 ns.

FIG. 11. �Color� UV-ICCD images of the positive corona induced by LFP
positioned at 5 mm from the HVE surface at several applied voltages from
100 to 400 kV. The gate width and delay time of the ICCD camera are
500 	s and 0 s, respectively. The gain of the ICCD camera is 250 for
100/300 kV and 50 for 400 kV. The maximal values of color bar are 3000
for 100/200 kV and 30 000 for 300/400 kV.
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leader head and propagate downwards in the distance about
30–50 cm heating the leader head.

Appearance of leaders provoked by the LFP is difficult
to explain by the streamer developing in the neutral air with-
out the seeding electrons. In fact, to make such a long and
thick leader, a long preionized plasma channel seems to be
necessary. However, the free-paths of the ionizing UV radia-
tion are too short ��1 mm� to make such a channel. Only
x-ray emission could make such preionization. However in
the case of positive corona the electrons may run away only
toward the electrode. In general, it might be a source of x
rays.

The voltage dependence and temporal evolution of the
UV spectra in the vicinity of LFP detected by the telescope is
presented in Fig. 15. The dynamics of the UV spectra is very
similar to that for the negative potential, though the charac-
teristics of the laser-induced corona discharges are much dif-
ferent, and can be utilized for the electric field diagnosis.

V. HYPOTHESIS OF RUNAWAY ELECTRONS

We summarize all features observed in the experiments
in Fig. 16 where the stages of the LFP-induced corona bursts

are presented. In the first stage, the filament formation pro-
ceeds similarly for either polarity because the corona is very
weak. In the second stage, we observe the formation of the
streamer discharge between the filament and the electrode.
For the negative polarity, it is provoked by the initial UV
burst from the filament in the external field, while for the
positive polarity, it is the conventional streamer discharge
with the seeding electrons which come from the filament. In
the third stage, the filament acquires the electrode potential
and the long, intensive UV burst produced by the leader and

FIG. 12. UV-still images of the positive corona induced by LFP positioned
at 5 mm from the HVE surface at applied voltages of 300 and 400 kV.

FIG. 13. �Color� UV-ICCD images of the positive corona induced by LFP
positioned at 5 mm from the HVE surface with the applied voltage of 400
kV at several gate delay times of the ICCD camera from 0 to 500 ns. The
maximal value of color bar is 10 000. The gate width and gain of the ICCD
camera are 50 	s and 50, respectively.

FIG. 14. �Color online� Temporal and spatial evolution of UV emission at
the cross section perpendicular to the laser filament obtained from the UV-
ICCD images shown in Fig. 13. The cross section is vertically through the
point on filament that is the closest to the electrode surface.
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streamers appears. In the last stage, we observe a long re-
combination of the leader plasma: the filament in the case of
the negative polarity and the area �4 cm far from the elec-
trode in the case of the positive polarity. The characteristics
of the third part of the corona burst and appearance of the
quite hot plasma make us hope that an interesting phenom-

enon might appear in the experiment: the runaway electrons.
A discussion on the electron runaway in gas discharges

has been started long time ago.30 However, so far, there is no
complete physical picture of the process.31 Nevertheless, the
appearance of runaway electrons in gas discharges including
lightning at certain conditions is doubtless.32

The effect of runaway electrons in gas discharge appears
in strong electric field. An electron to runaway has to acquire
the kinetic energy from the field greater than the energy it
lost by ionization, excitation, and dissociation of air mol-
ecules: eEl�lost, where l���N�−1 with N as the air density,
� as an effective inelastic cross section, and lost as an effec-
tive energy. Choosing the Lotz ionization cross section:
�ion=4�10−14� ln� / I� / �I� cm2 �Refs. 19 and 33� � is an
electron energy, I is the ionization potential, and � is the
number of equivalent electrons� and lost� I, one can get an
estimation for the runaway field strength ERW�0.5 MV/cm
for an initially zero-energy electron. The detailed calculation
�see Ref. 30 for example� gives for ERW a bit lower value in
air, �320 kV /cm. In any rate, such a field is very high; it
vanishes shortly due to the corona effects. However, in such
a field, all electrons in plasma would run away. Assuming the
LFP density Nf�1017 cm−3, the diameter D�0.05 cm, and
an effective length of �5 cm, one can get the charge of
accelerated electrons Q�0.2 mC in air at E=ERW. How-
ever, an electron can run away if it has already a high energy.
In Fig. 17, the energy required for the runaway in the field of
30 kV/cm produced by the electrode and concentrated by the
LFP is shown as a function of the geometry parameter �.
The electron to be accelerated has to acquire the initial en-
ergy of about 0.5–0.9 keV. Generally speaking, it is possible
in the electrode-LFP discharge stage before the LFP acquires
the electrode potential. The calculation similar to that in Ref.
19 shows that in the field of 30 kV/cm in 5 mm distance
approximately 10−6 of LFP electron may reach the energy of

FIG. 15. �Color online� Fluorescence spectra of N2 molecules and peak
signal height of the N2 fluorescence for the wavelengths of 313.6, 315.9, and
337.1 nm in the vicinity of the HVE and filament when the optical axis of
the laser beam was set at 5 mm from the HVE surface for the positive
polarity. �a� Fluorescence spectra of N2 molecules at several applied volt-
ages and background spectra �shown as BG� taken at a voltage of 400 kV
without the LFP, �b� peak signal height of the N2 fluorescence over back-
ground spectra as a function of applied voltage, and �c� peak signal height of
the N2 fluorescence over background spectra as a function of the gate delay
time of the ICCD camera with the applied voltage of 400 kV. The gate width
and delay time of the ICCD camera for the experiments shown in �a� and �b�
are 500 and 0 ns, respectively. The gate width of the ICCD camera for the
experiments shown in �c� is 50 ns.

FIG. 16. The scenario of the corona bursts for the positive �a� and the
negative �b� polarities. 1—the filament formation; 2—the discharge between
the filament and the electrode; 3—the streamer stage; 4—the recombination
of the leader part.
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1 keV. Therefore, the charge of accelerated electrons may be
about 100 pC.

The appearance of runaway electrons could explain the
long corona burst in the case of the negative polarity and its
complicated structure as the streamer propagation in air pre-
ionized by the runaway electrons that would have the free-
path of about 10/20 cm. This effect could also explain the
appearance of the long leader in the case of the positive
polarity that might be a result of streamer developing in the
air preionized by x rays generated by the runaway electrons
from the electrode surface.

The complete answer needs x-ray measurements from
the LFP-induced corona discharges, which is difficult be-
cause of the strong absorption of the x rays with the range of
1–10 keV in air.

VI. CONCLUSION

We have performed the imaging and spectral measure-
ment of UV from laser-filament plasma in an external field of
different polarities produced by the spherical electrode with a
25 cm diameter. The field dependency of the UV emission is
very similar to that observed in the experiments with the
small sphere electrode when the electrode-induced corona
affects the LFP-electrode interaction. It is shown to be useful
at least for the relative field measurements �detection of field
distribution�. However, the dynamics of UV emission is very
different. Though similar to Ref. 27, the discharge between
the LFP and electrode plays the dominant role, we have ob-
served the long �tens of centimeters� positive and negative
corona induced by the laser-filament plasma initiated by a
femtosecond-laser pulse in the vicinity of an isolated elec-
trode without an initial corona. We have detected the differ-
ent stages of the corona bursts: the initial UV flash form the

LFP; the UV flash from discharge between the LFP as a
virtual electrode and the real electrode; and UV from the
streamer discharges and the hot leader plasma.

The corona dynamics is found to depend strongly on the
polarity while the initial UV bursts from filament run simi-
larly. At the negative polarity, the LFP-electrode discharge
runs for a half-microsecond and the streamer discharge lasts
much shorter, �200 ns; at the positive polarity the streamer
discharge firming a long, �5–7 cm, and thick, �3 cm,
leader lasts for more than 0.6 	s and UV emission from the
vicinity of filament rapidly decreases in 200 ns.

The spatial structure of the burst is also complicated. For
the negative polarity, we have observed the stratified UV
emission near the filament and the second UV emission peak
15 cm far from the filament. We attributed the strata to elec-
tron drag in the strong electric field formed at the LFP after
the LFP-electrode discharge. The second UV peak can be
explained either by the streamer developing at the velocity
0.6% of the speed of light at a softer Paschen condition �that,
however, cannot be maintained only for a short time,
�1 ns�, or by the air preionization by runaway electrons
formed when the LFP acquires the electrode potential. Since
these electrons deposit their energy via ionization at the dis-
tance of �10 /20 cm far from the LFP, the streamer can be
lengthened and initiates the bright UV emission far from
LFP. The structure of the positive corona burst exhibits the
formation of the leader with the hot, Te�10 eV, dense, Ne

�1015 cm−3 plasma. This also requires the strong preioniza-
tion. In the case of the positive corona such a preionization
could be produced by x rays generated by runaway electrons
from the electrode surface. The free-path of x rays �1 keV
in the air is about a few centimeters that length goes well
with the size of the leader. If the runaway electrons appear-
ance is true at the condition considered, the LFP may become
the unique instrument for emulating the electron runaway
appearance in the natural lightning.
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