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Stable, intense supercontinuum light generation at
1 kHz by electric field assisted femtosecond laser
filamentation in air
Yaoxiang Liu1,2, Fukang Yin1,2, Tie-Jun Wang 1,2✉, Yuxin Leng 1,2✉, Ruxin Li 1,2✉, Zhizhan Xu1,2 and
See Leang Chin3

Abstract
Supercontinuum (SC) light source has advanced ultrafast laser spectroscopy in condensed matter science, biology,
physics, and chemistry. Compared to the frequently used photonic crystal fibers and bulk materials, femtosecond laser
filamentation in gases is damage-immune for supercontinuum generation. A bottleneck problem is the strong jitters
from filament induced self-heating at kHz repetition rate level. We demonstrated stable kHz supercontinuum
generation directly in air with multiple mJ level pulse energy. This was achieved by applying an external DC electric
field to the air plasma filament. Beam pointing jitters of the 1 kHz air filament induced SC light were reduced by more
than 2 fold. The stabilized high repetition rate laser filament offers the opportunity for stable intense SC generation
and its applications in air.

Introduction
The supercontinuum (SC) light source comes from the

nonlinear propagation of ultrafast laser pulses in an optical
transparent medium. It is also called “white light” laser
when the SC spectrum stretches from the near ultraviolet
to the infrared wavelengths. The invention and develop-
ment of SC1 has advanced many applications, for instance,
in ultrafast laser pulse generation and compression (atto-
second pulse)2, extremely high-precision optical frequency
and time metrology3,4, terabits/sec high-capacity informa-
tion communication5, ultrafast laser spectroscopy6,7 and
imaging8. Towards the applications, the SC light sources
are mostly generated from bulk materials1,9 and photonic
crystal fibers10 which limit the SC pulse energy due to the

low damage threshold of solid materials. More recently
gas-filled hollow-core fibers have enabled high power
scaling up to ~ mJ11,12. SC generation in gases through
ultrafast laser filamentation13–15 is a subject of intense
studies since the first publication by Corkum et al.16

because it is in principle immune to damage.
Following the development of femtosecond lasers

operating at high repetition rates17, growing attention is
devoted to the high repetition rate laser filamentation18

because it offers new possibilities toward applications, for
example, forming air waveguide19, penetrating fog20,
inducing snow formation in a cloud chamber21, triggering
discharge18,22 and machining materials efficiently23, etc.
However, the milliseconds time scale of thermal diffusion
in an air filament24 leads to air density reduction at the
arrival of the next laser pulse for a kHz repetition-rate
laser. The thermal self-action effect results in significant
spatial and intensity jitters of the laser filament25–27. This
constitutes a challenge for applications using kHz fila-
ment and its SC light source.
In previous works, the fluorescence signal, enhanced

ionization and the lifetime of the filament under an extra
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electric field have been investigated28,29. Besides, filament
guided ionic wind was observed30. However, the beam
pointing properties of the SC light and the filament under
the electric field are not explored. In this work, we solve
the bottleneck problem of the self-generated jitters and
report a stable, intense, kHz SC generation of a Ti-
Sapphire laser through filamentation directly in air. This
was accomplished by simply applying an external DC
electric field on the filament’s plasma channel. Through
the combined effects of suppression of plasma based
thermal deposition19 and Coulomb interaction, both the
beam pointing and the intensity jitters of a 1 kHz air
filament induced SC light were reduced by more than
2-fold. This technique of reducing the thermally induced
instability of high repetition rate filaments would work at
other filamenting laser wavelengths due to the plasma
nature inside a filament and therefore provides new
opportunities for the generation of intense stable SC and
its applications. Besides the SC generation, the stability
improvement technique of kHz filament would be defi-
nitely useful not only to other filament based secondary
sources, such as, THG14,31, THz14, air lasing32, but also to
filament-based imaging33 and micro-machining of con-
densed materials23,34.

Results
A 1 kHz Ti-sapphire laser with 30 fs, 6.12 mJ per pulse

was focused to generate a filament in the 30% relative
humidity air by an f= 50 cm plano-convex lens. A copper
electrode was perpendicularly applied on the filament at a
distance of 1 mm from the tip of an electrode as shown in
Fig. 1a, c. The DC breakdown discharge of the electrode
as well as with filamentation is dependent on the relative
humidity. The breakdown voltages increase when the
relative humidity increases from the dry air. Multiple
filaments were produced and the plasma channel was
about 9 cm in length (Fig. 1c). Meanwhile, three white
light spots (including the top one and bottom two) were
generated in the forward direction. They are shown on the
diffusion screen as marked in Fig. 1e. The three white
light spots are generated by multiple filaments merged in
one plasma channel which can be treated as a whole when
applying the extra static electric field. The beam pointing
behaviors for the three white lights merely depends on the
interaction between the whole channel and the static
electric field. Thus, the trend behaviors of beam pointing
stability under the static electric field are coincident for
the three white lights. For the sake of data processing, we
chose the top white light spot (marked by the rectangle)
because of its higher intensity contrast. When applying a
DC voltage of 55 kV on the electrode, laser guided cor-
onas35,36 were observed (Fig. 1d) by a digital camera
(Nikon D7200, Fig. 1a) from the top. Far field beam pat-
terns at approximately 1.2 m to the end of the filament

were recorded by the digital camera as shown in Fig. 1f.
This digital camera operating at 60 fps was also used to
monitor the spatial stability of the white light laser spot on
the diffusing screen. A focusing lens (2-inches in dia-
meter, f= 6 cm) set at an angle of 30° to the laser pro-
pagation axis imaged the scattered light from the diffusion
screen (Fig. 1a) onto a fiber coupled spectrometer (Ocean
Optics HR4000) for spectral analysis. A neutral density
filter was put in front of the lens to attenuate the diffused
light. To monitor the filament jitter, an imaging system
was constructed as shown in Fig. 1b. A plano-convex lens
(f= 20 cm) was placed at a distance of 2-f after the
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Fig. 1 Schematic of experimental setups. a Generation and
characterization of stable high energy SC light in air at kHz repetition
rate. b Filament jitter measurement. Real color images of laser filament
in air with high voltage off c and on d. The corresponding far-field
forward beam patterns on a white screen in real color: e high voltage
off and f high voltage on. Laser pulse energy was 6.12 mJ and the
voltage applied on the electrode was 55 kV. The distance between the
electrode tip and the laser filament was approximately 1 mm. c, d and
e, f have the same length scale, respectively
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filament to image it into a laser-triggered high speed
camera (PCO. Dimax HS4). The high speed camera was
with an exposure time of 2.5 µs. The intensity of the
filamenting laser was attenuated before entering the high
speed camera by a high reflectivity mirror and several
neutral density filters.

Improvement of the pointing stability of the SC
light source
Figure 2 shows the statistical center positions of diameter

~100 μm filament cross sections (orange dots), ~5mm
diameter white lights (blue dots) and ~2.5 cm diameter free
propagated beams (red dots), respectively. Figure 2a (red
dots) shows the fluctuation of the spatial positions of the
initial laser beam (propagating freely without filamentation
and the high voltage) which should be contributed by laser
itself and air disturbance in the lab. The fluctuation of the
spatial positions of the filament at the focal zone without
the electric field (orange dots in Fig. 2a) is much larger than
the initial laser beam. Figure 2e shows the white light laser
spots on the scattering screen as measured in Fig. 1a
without the electric field. It is obvious that the beam
pointing of the forward white light laser beams appear in a
larger area (Fig. 2e) due to the wandering nature of the kHz
repetition rate filaments25–27.

Once the electric field was applied near the filament, the
pointing scattering of the filament and that of the white
light laser became smaller (Fig. 2b–d, Fig. 2f–h) indicating
the improvement of pointing stability as the voltage was
tuned from 1 kV up to 50 kV. It is noted that Fig. 2a–d are
magnified by 25 times as for a comparison with Fig. 2e–h
in the same scale. The time averaged current measured at
the electric field producing electrodes is large enough to
cause the DC current to sag (see the results provided in
the Methods).
The standard deviations (SDEVs) of the scattering

angles of the white light lasers and those of the filaments
are shown in Fig. 3a. The dithering of the forward white
light was larger than that of the filaments. The jittering
of the filament and the white light are due to the thermal
self-heating coming from the recombination of ions and
electrons inside the filament. The pointing stability of
the white light was improved by approximately 2 times
as the voltage increased from 0 to about 4 kV and tended
to be stable beyond 4 kV (Fig. 3a). This is because the
effective electric field applied on the filament increases
sharply as the applied voltage increases (as shown in
Fig. 3d) and it stabilizes beyond about 4 kV (see Methods
for derivation). This voltage corresponds to the thresh-
old electric field of ~2.6 × 106 Vm−1 at which corona
discharge starts to occur. When corona discharge occurs,
the electrode and the filament are bridged together by
the corona plasma. The electrons inside the filament
would be attracted and neutralized by the positive elec-
trode. The electron density inside the filament decays
exponentially when apply the electric field (see the
simulation in the Methods). The electric field from
the positive charge left behind in the filament cancels the
electric field from the positive electrode. Consequently,
the effective electric field acting on the filament stays
almost constant as the voltage further increases. Mean-
while, the recombination rate between electrons and
ions is reduced after corona discharge generation. Thus,
the self-heating effect due to recombination in the kHz
filaments is minimized and stabilized.
Moreover, similar results were obtained when the

direction of laser polarization was changed from the
vertical to the horizontal, i.e., the beam pointing stability
improvement of the white light laser by the electric field
was impregnable to the laser polarization direction.
Since the spatial jitter of laser filaments was principally
due to the self-induced thermal heating, the higher the
filament repetition rate was, the stronger the spatial
jitter would be when without the electric field (Fig. 3b).
Thus, the extra DC electric field control technique could
significantly improve the pointing stability by reducing
the beam jitters caused by filament self-heating. This
was significantly effective for the repetition rate up to
1 kHz (Fig. 3b).
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Since the SC laser was generated through filamentation
in air, the stable SC laser should originate from the loca-
lization of the filament under the external DC electric field.
By imaging the filament cross sectional pattern in the high
voltage zone using the technique shown in Fig. 1b, the
filament’s local position distribution was recorded by the
high speed camera synchronized with the laser pulse. By
accumulating 7000 shots (6.1mJ/30 fs), the SDEV of the
filament’s local position as a function of the high voltage is
shown in Fig. 3c. The smaller SDEV of the filament’s local
position when applying the external field corroborated the
improvement of filament pointing stability in air. Moreover,
the filament pointing stability varied with the laser repeti-
tion rate (see the points at 0 kV in Fig. 3c). The jitter of
filament pointing was bigger at higher repetition rate due to
filament induced self-heating19–22. Applying the extra DC
electric field clearly stabilized the filament pointing, espe-
cially, at 1 kHz laser repetition rate. This extra DC electric
field assisted filament pointing stabilization had much less
effect at laser repetition rate at or below 100Hz. The results
were in good agreement with the observation in Figs. 2 and
3a, b. Due to the threshold effect of the DC electric field,
the stability of the filaments could not be further improved
beyond the threshold for corona generation.

Spatial position shift
The spatial position of the white light laser can be tuned

by the external DC electric field. Once a positive DC field
was applied on the filament, the center of gravity of the SC
light beam pattern ‘suddenly’ moved significantly away
from that of the zero field position (Fig. 2f) through
Coulomb interaction between the electric field and the
filament. Afterwards, when the DC field was further
increased, the displacement decreased. As an example, the
detailed displacement in the (horizontal) plane containing
the electrode and the filament is shown in Fig. 4a (points).
The displacement stabilized (see also Fig. 2c–f) when the
threshold for corona generation (~2.6 × 106Vm−1)37 was
reached. Numerical simulation based on the Coulomb
interaction is in good agreement with the experimental
results (Fig. 4a, solid curve). The details of the simulation
is elaborated in the simulation on the filament spatial
position shift in the Methods section. The displacements
of the filament monitored under different electric fields
(The distance between the electrode tip and the filament
was 1 mm) are shown in Fig. 4b. The displacement trend
of the filament was similar to that of the SC light. The
position of the white light changes more markedly than
the filament as the voltage increased. The difference is due
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to the divergence angle of the white light relative to the
filament. The white light spot was recorded 1.2 m after the
filament (9 cm in length). This means that when the
filament moves 1 mm, the white light moves at least
27.7 mm according to the equality ratio of 124.5 cm/
4.5 cm. Thus, the position shift of the white light is more
significant than that of the filament.

Spectral stability
To monitor the intensity fluctuations, an iris was used

to select the white light spot from the whole beam pat-
tern. The iris aperture was large enough to let the entire
white light spot pass through for spectral intensity mea-
surement (Fig. 1e). Figure 5a shows the spectra of white
light laser after filamentation with (FIL+ 55 kV) and
without (FIL) an external DC electric field. The initial
laser spectrum (no FIL) is shown for comparison. The
spectra of the FIL and FIL+ 55 kV were significantly
broadened compared with that of the pump laser pulse
which is due to self-phase modulation (SPM) and possibly
self-steepening1,14. The SC bandwidth was further broa-
dened when the external electric field was applied. Due to
the SPM caused by plasma, the frequency change is Δω ¼
2πe2
cmeω0

l ∂ Ne tð Þ½ �
∂t

14 with e is electron charge, me is electron
mass, Ne(t) is the electron density and l is the effective
interaction length of the pump pulse in the plasma. Since
ionization in the filament can be enhanced by the external
electric field through collision ionization35, the plasma
density and the effective interaction length would increase
leading to broader bandwidth of the SC. Under each
electric field condition, 30 spectral intensity curves were
captured. The signal to noise ratio (SNR) of the spectral
intensity from 650 nm to 850 nm was obtained by the
mean value at each wavelength sample divided by the
corresponding standard deviation. As the electric field
increased, the SNR was significantly improved (Fig. 5b).
By using our approach, 3.55 mJ stable SC pulses at 1 kHz

was obtained when the input pump pulses (energy/pulse:
6.54 mJ) underwent filamentation directly in air with a
1 m external focusing lens (Fig. 5c).

Simulation results
During femtosecond laser filamentation in air, initially

there is a plasma density maximum on the optical axis due
to laser instantaneous ionization. Typically, the lifetime of
the plasma is within a few nanoseconds time scale in an
air filament. The thermal self-heating of laser filament
comes mainly from the high field ionization and electron-
ion recombination. The long thermal decay time (ms)
becomes non-negligible at high laser repetition rate. We
have carried out a simulation of the interaction.
The filamentation of the high-repetition laser pulse

was simulated considering the thermal accumulative
effect induced by the self-heat of the filament. Figure 6a
shows the laser intensity and plasma density for laser
pulses of 10 Hz and 1000 Hz repetition rates, respec-
tively. Affected by the density hole, the intensity
increases and the density of plasma decreases for the
high-repetition-rate filament38. The lifetime of the
plasma was also significantly extended (Fig. 6b). The
extended lifetime of the plasma was long enough (~ms)
to bridge the interval time between two successive pul-
ses. The self-heating effect through plasma recombina-
tion would result in air flow near the filament39, which
gave rise to the jitters of filaments and white light lasers.
In order to get an insight into the mechanism of air flow
near the laser filaments, we simulated numerically the
flow fields in 1 ms after the laser pulse. The 2D velocity
vector map of the airflow around the filament is shown
in Fig. 6c. The laser pulse propagated along the Z-axis
and the cross section of the filament was in the XY
plane. The released energy from the plasma recombi-
nation heated the ambient air and induced the airflow
and vortex around the filament. At both ends of the
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filament, air vortices emerged and the airflow velocity
reached its maximum along the filament propagation
path as indicated by the arrows as shown in Fig. 6c.
These air disturbances influenced the filament pointing
stability. The maximum airflow velocities along the
filament propagation axis (e.g., at Point A) by applying
different electric fields were calculated as shown in
Fig. 6d. Due to the suppression of the plasma recombi-
nation, the airflow velocity decreased quickly as the DC
field was switched on and further increased. The con-
sequence is that plasma based thermal energy deposition
in air was significantly suppressed. Thus, external DC
electric field assisted thermal suppression effect con-
tributes to the stability improvement of the laser fila-
ment as well as the filament based white light laser in air.
Secondly, due to the plasma property of laser filament,
external DC electric field provides an extra-control on
the spatial localization of laser filament through Cou-
lomb interaction (Fig. 4). All the details of the simula-
tions and the electric field from a coronal discharge are
provided in the Methods.

Discussion
Without the DC electric field, the plasma recombination

takes on the order of 1 ns after the laser pulse. After

plasma recombination, the excited heavy species de-excite
and the stored rotational energy transfers into transla-
tional energy (typically takes ∼100 ps), that is the source of
heat. The long lifetime (in milliseconds) diffusion of the
heat results in the turbulence in air which influences the
propagation of the following laser pulse at kHz repetition.
When an extra DC electric field (below the threshold

for corona discharge, ~2.6 × 106 V m−1) applied on the
filament, the electrons are accelerated and the plasma
lifetime are extended which can be up to microseconds
dependent on the electric field strength (Fig. 6b). The
recombination is restrained and less heat is deposited in
the air in the interval time between pulses compared
with that without the DC electric field. Consequently,
the thermal jitters are restrained. When the DC electric
field is larger than the threshold, besides suppressing
plasma recombination, the generation of ionic wind
from the electrode may also contribute the stabilization
process. The ionic wind can overwhelm the wind tur-
bulence by laser filamentation resulting in a steady
state. Under the extra electric field, the lifetime of
plasma channel as well as the steady state is extended to
even millisecond level which is long enough to
meet with the next laser pulse (at 1 kHz or higher
repetition rate).
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Moreover, since the improvement of the stability of the
white light laser by the electric field is mainly due to the
decrease of the recombination between electrons and ions
in the electric field, laser polarization state would not
affect the charges’ spatial distribution. Thus, the
improvement of pointing stability of the filament is
independent of the laser polarization. Furthermore, the
displacement of the filament as a whole with respect to
the electrode can be explained as follows. Once a small
DC field, positive for example, is applied, some electrons
inside the filament will be pulled towards the electrode
while the positive charges are repelled. The Coulomb
attraction between the positive charges and the electrons
will keep the filament intact. The filament as a whole will
thus be pulled towards the electrode inducing a sudden
change of position of the filament. When the electric field
is increased, some more electrons will be pulled out of the
filament into the electrode. Consequently, the extra
positive charges in the filament will be pushed slightly out

of the filament. The plasma density inside the filament
will be lower. Hence, the attractive force exerted by the
electrode is smaller. The filament displacement is thus
smaller. Consequently, the higher the electric field is, the
smaller the displacement will be (Fig. 4). When the
threshold for corona discharge was achieved, the strong
plasma at the tip of the electrode will partially shield the
field from attracting more electrons into the electrode.
Thus, the electric attractive force decreases and the dis-
placement of the filament decreases as the DC electric
field increases further. This shielding will stabilize when
avalanche ionization (or plasma density) saturates. Fur-
ther increase of the electric field will only increase the
volume of the ionization (plasma) zone. Consequently, the
displacement of the filament stabilizes also (Fig. 4).
The displacement of the SC light (laser filament) may

result from the guide effect of the plasma waveguide
formed by the previous laser pulse under the large DC
electric field since the displacement distance cannot be
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reached in the single laser pulse duration of 30 fs. The
minimum plasma density difference to guide a laser beam
of spot size ω0: 4Nmin

e ¼ 1
πω2

0r0
40,41 in which the classical

electron radius r0 � 2:82 ´ 10�15m. For the experimental
condition ω0 = 0.055 mm,4Nmin

e should be at least larger
than 3.68 × 1022m−3. The plasma density in our case is
~1023m−3, which provides the opportunity to form the
plasma waveguide as expected.

In summary, we have experimentally demonstrated stable
SC light source generation through femtosecond laser fila-
mentation in air by applying an external DC electric field on
the filament. As the electric field increases, the jittering of
the beam decreases while the general pointing direction
changes and stabilizes at a field higher than about
2.6 × 106Vm−1. This is principally due to the significant
suppression of plasma recombination resulting in less
thermal heating of the filament zone together with the
overwhelmed filament thermal jitter by generating ionic
wind from the electrode. Consequently, the beam pointing
jitters of a 1 kHz SC light are reduced by more than 2-fold.
The stable SC pulse with energy of 3.55 mJ at 1 kHz is
achieved by using 6.54mJ filamenting pump pulse directly in
air. Our approach solves the current standing problem of
kHz repetition rate filament associated strong jitters. This
works at other filamenting wavelengths due to the plasma
nature. The findings presented here not only paves a way to
generate intense high repetition rate SC light through
damage-immune gases and should be beneficial for SC
application, but also are crucial and useful for other
filament-based applications on secondary radiations, ima-
ging and micromachining of condensed materials etc.

Materials and methods
Calculation method of the SDEVs of SC laser and filament
scattering angle
The reference axis was the optical axis without fila-

mentation and the high voltage from the starting point of
the filament. The calculation methods of the standard
deviations (SDEVi) of each group of SC laser and filament
scattering angle were the same. Taking the white light for
example, for the ith group, the length of the reference axis
is l (the distance between the beginning point of the
filament and the screen along the optical axis). The SC

laser scattering angle in the ith group was defined as δij ¼
1
l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xj2 þ yj2

q
with (xj, yj) being the coordinates of the jth

white light spot on the screen. The SDEVi of each group
of SC laser scattering angle was calculated to depict the

pointing stability where SDEV i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

j¼1
ðσ ij�σ i jÞ2
N�1

r
with

σ ij ¼ 1
N

PN
j¼1σ ij being the average of the group scattering

angles of the white light and N= 300.

Simulation on high-repetition rate laser filamentation
Pulse cumulative effect leads to a “low density hole”

along high-repetition laser filament19. The NLSE cor-
rected by the “low density hole” for describing the laser
pulse propagation under different repetition rates can be
expressed as42,43:

∂E
∂z

¼ i
1
2k0

4?E � i
k

0 0

2
∂2E
∂t2

þ i
ω0

c
n2IE � βK

2
IK�1E

� σ

2
1þ iω0τð ÞρE þ ik04nE

ð1Þ

∂ρ

∂t
¼ βK

Kℏω0
1� ρ

ρair

� �
IK ð2Þ

The values of the parameters in the propagation model
(Eqs. (1) and (2)) vary with the air density and are
described detail in our recent work38.
The filament heating process can be regarded as an

isochoric (constant volume) process, the plasma recom-
bination led to the peak temperature variation of air
4Tpeak can be calculated according to ref. 38.
The energy deposition in the air can be described as44:

∂T
∂t

¼ α
1
r
∂

∂r
r
∂T
∂r

� �
þ ∂2T

∂z2

� �
ð3Þ

ρindex ¼
ρair
ρat

¼ Tð0Þ
TðtÞ ð4Þ

where α ¼ χ
cp

is thermal diffusivity, χ ¼
24:6 ´ 10�3W=ðm � KÞ is thermal conductivity of air.
The process of the energy deposition can be regarded as
isobaric process since the air pressure remains constant,
so cp ¼ 7kBρat=2 is heat capacities at constant pressure44.

The “air density hole” can lead to the refractive index
change:

4n ¼ ðn0 � 1ÞT tð Þ � Tð0Þ
Tð0Þ ð5Þ

where the refractive index of the ambient air n0 ¼
1:000275.

The envelope of the electric field ε of the input laser
beam could be written as45:

ε r; t; z ¼ 0ð Þ ¼ ε0 expð�r2=w2
0 � t2=t2p � ik0r

2=2f Þ
ð6Þ

where w0 ¼ wf 1þ d2=z2f

� �1=2
was transverse beam waist

at the distance d before the geometrical focus, the initial
beam waist was wf ¼ 4:4mm, the laser pulse duration was
tp ¼ 30 fs, the Rayleigh length was zf ¼ πw2

f n0=λ0, the
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lens focal length was f ¼ 50 cm, and the curvature of the
laser pulse at the distance d from the linear focus was
f ¼ d þ z2f =d.

Simulation of the static electric field from a corona
discharge electrode
There are two stages in the simulation: the first stage is

when the electric field is below 2.6 × 106Vm−1 (the
threshold of generating the corona discharge around the
electrode tip); the second stage is when the electric field is
beyond 2.6 × 106Vm−1 at which the electrode tip and the
filament are connected by a short plasma.
For the first stage, the effective electric field Eeff was

equivalent to the electric filed created by the voltage
applied on the electrode (Ev) and was calculated based on
the Poisson Eq. (7) and Maxwell Eq. (8).

∇ � εr � ε0∇Φð Þ ¼ �ρV ð7Þ

E ¼ �∇Φ ð8Þ
where εr is the relatively dielectric constant, ε0 is the
permittivity of vacuum, Φ is the electric scalar potential,
and ρV is the density of volume charges. The distribution
of DC electric field can be solved by Eqs. (7) and (8).
These equations are solved by a computer in 3D based on
finite element analysis which is widely used in electro-
magnetic field simulation. The calculation model was
established, at one-to-one scale, according to the condi-
tion in our experiment. The filament plasma channel was
considered as a conductor with the bulk conductivity of
100 siemens m−146. The simulation result is shown in
Fig. 7. The voltage is 4 kV. The maximum electric field
along the filament surface was taken as the effective
electric field applied on the filament.

For the second stage, the filament and the electrode tip
were connected and the electrons inside the filament
would move to the electrode tip. The plasma shielding
effect should be taken into consideration.
The electrode and the filament will be connected by the

corona discharge plasma with the density of 1014cm−347

which can be equivalent to a conductor. The electrons
inside the filament are then forced by the electric field to
move to the electrode tip along the ‘conductor’.
The electron mobility is48:

μe m2=V � s	 
 ¼ �N0

3N
5´ 105 þ E0

1:9 ´ 104 þ 26:7 ´E0

� �0:6

ð9Þ

E0 ¼ EvN0=N ð10Þ

where E is the electric field, N and N0 are the molecule
densities in the considered condition and in normal
conditions, respectively.
In the electric field, the resistance of the plasma con-

ductor over the pathway d expresses as49:

RðEÞ ¼ 1
eueA

Z d

0

d r!
ρð r!Þ ð11Þ

where A is the cross-section of the conducting area and ρe
is the free electron density. To simplify the simulation, the
cross-section A of plasma conductor is assumed to be the
area of 100 μm diameter same with the filament diameter
and ρ ¼ 1014cm�346. As a result, Eq. (11) is simplified as:

RðEÞ ¼ d
eueAρ

ð12Þ

Before the electric field reaching 2.6 × 106Vm−1, the
electrode and the filament form a capacitor, and its
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Fig. 7 Static electric field distribution in the horizontal plane with the filament plasma channel. The applied high voltage was 4 kV
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capacitance can be calculated by:

C ¼ Qeð0Þ=U ð13Þ
where Qeð0Þ ¼ V � ne is the total induced charges of the
filament. V is the volume of the filament and ne is the
electron density inside the filament. U= 2.6 × 106 × d is
the voltage difference between the electrode and the
filament. d is the distance from the electrode tip to the
filament.

In analogy with the capacitor discharging process, the
reduction of the induced negative charges of the filament
QeðtÞ can be described as:

QeðtÞ � Qeð0Þ exp � t
CRðEÞ

� �
ð14Þ

Then, the filament is positively charged and its charge
QiðtÞ is equal to the reduction of the negative charge QeðtÞ.
The electric field (Eeff ) near the filament created by the
electrode would be cancelled by the positive ions (Eion)
which can be simply written as:

Eion � Qi tð Þ
4 � π � ε0 � R2 ð15Þ

Eeff ¼ Ev � Eion ð16Þ
where the ε0 is the permittivity of vacuum and the R is the
diameter of the filament.

Simulation on plasma decay time in the filament
Under an external DC electric field, dominant processes

involved in the wake of plasma channel induced by fem-
tosecond laser pulse include electron-ion recombination,
ion-ion recombination, impact ionization, attachments
and dissociative attachments of electrons to oxygen
molecules. Therefore, time evolutions of electron density
ne, positive ion density np, and negative ion density nn can
be described by following equations48:

∂ne
∂t ¼ γne � ηne � βepnenp
∂np
∂t ¼ γne � βepnenp � βnpnnnp
∂nn
∂t ¼ ηne � βnpnnnp

8>><
>>:

ð17Þ

where impact ionization coefficient was γ ¼ N
N0

� �
5:7 ´ 109α5
1þ0:3α2:5

48.

N was air density, N0= 2.699´ 1025m−3, α ¼
3:34 ´ 10�7E N

N0
, and E was strength of external DC electric

field. Attachment coefficient of electron to O2 was η ¼
2:5 ´ 107s�1. The coefficients of electron-ion recombination
and ion-ion recombination were βep ¼ 2:2 ´ 10�13m3=s and

βnp ¼ 2:2 ´ 10�13m3=s, respectively48.

Simulation on filament spatial position shift
In the positive static electric field, the light electrons

inside the filament tend to move toward the positive
electrode, while the heavy positive ions are pushed slightly
away leading to the charge separation. The electron then
is attracted simultaneously by the positive static high-
voltage electric field and positive ions in the opposite
directions, as shown inset in Fig. 8.
According to our experimental observation, the fila-

ment diameter stayed nearly constant as the applied vol-
tage increases. Then the filament diameter was assumed
to be 100 μm.
Base on the Eqs. (9–11), the displacement (S) of the

electrons in the plasma lifetime (t) is approximated as:

S � μe � Eeff � t ð18Þ

Simulation on gas flow field around filament
The filament induced heat flux source was set by user-

defined functions (UDF) programmed with C language,
which was then interpreted and complied by Fluent 6.3. In
the experiments, when the pump laser with 6.12 mJ was
focused to generate the air filaments with a diameter of
100 μm and a length of 9 cm, the total deposited energy of
the filament (pump laser energy subtracts laser energy
after filament) was 1.24 mJ. In the 2D simulation, a uni-
form energy density inside the filament as in the experi-
ment is under consideration. To reduce the calculation
time, the length and diameter of the filament were set as
200 μm and 100 μm, respectively. Besides, the filament
was treated as a cylinder in 3D. Then the total deposited
energy was estimated to be 2.75 × 10−3 mJ which was the
energy to initiate the airflow disturbances. The heating
time was assumed to be the same as the plasma lifetime,
after which the deposited energy began to thermally dif-
fuse outward. When applying different DC electric fields

–e

+
–e –e–e–e –e–e –e –e–e –e–e

–e

–e–e–e–e–e–e

++ + + + + + + + +

+HV

–e –e

Electrode

Filament

R

F2

F1

Fig. 8 Schematic diagram of the high voltage electrode controlled
filament via the electric field lines as if it were a fan. R is the diameter
of the filament; F1 and F2 are the attractive electric forces in the
opposite direction induced by the positive high-voltage electric field
and the positive ions, respectively
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on the filament, the plasma lifetime was extended and
proportional to the DC electric field. As a consequence,
plasma recombination based thermal energy deposition in
air was significantly suppressed and therefore calculated.
The deposited laser energy under the DC electric field was
then used to calculate the airflow velocity under the
condition.

Time averaged current at the electric field producing
electrodes
The output current as a function of the applied high

voltage on the electrodes was measured as shown in Fig. 9.
The high voltage power supply is a DC constant voltage
source. Without the filament, the output current of cor-
onal discharges from the electrodes stays almost at 0 mA.
The current clearly increases with the increase of the
applied voltage when the filament was created around the
electric field producing electrode.
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