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Carrier-envelope phase-dependent electronic conductivity in an air filament driven
by few-cycle laser pulses
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The modulation of the electron conductivity in an air filament, which is produced by carrier-envelope phase
(CEP) stabilized 7-fs laser pulses, is realized experimentally. Numerical results based on a coupled 3D+1
generalized nonlinear Schrödinger equation including the real electric-field dependent ionization model are in
good agreement with those from the experiment. It is demonstrated that the CEP effect on the electron density
originates from the CEP-induced modification of the electric field of the laser pulse, and this modification is
amplified during nonlinear propagation. The results provide important information to help understand the physical
mechanism of the filaments driven by few-cycle femtosecond laser pulses.
DOI: 10.1103/PhysRevA.94.013827

The interaction of laser and plasma has been investigated
intensively for several decades. Driving laser pulses with
durations of tens to hundreds of femtoseconds have been
used in previous studies, such as generation of high-energy
electron beams, laser lightening, coherent THz emission, keV
x-ray radiation, and biological imaging [1–5]. In recent years,
thanks to the state-of-art technologies of intense few-cycle
lasers [6,7], the interaction of carrier-envelope phase (CEP)
stabilized few-cycle laser pulses with different targets is
investigated under extreme conditions to trigger and resolve
new physical processes at unprecedented time resolution.
When sub-10-fs laser pulses were focused into solid targets,
strong overdense plasma with high temperature was generated
[8], a pronounced increase of the absorption of p polarization
at increasing angles was recorded to be 77% [9], and direct
acceleration of electrons to 150 keV with very narrow angular
distribution was observed [10]. The accelerated electron pulses
and plasma waves in helium were obtained in real time [11].
The interaction of the few-cycle lasers with air plasma
opens the way to explore the new phenomena originated from
electrons in the air filament. If the electronic processes are
resolved, the evolution of the filament will be well understood.
For example, the CEP dependence of THz radiation for
8-fs laser pulses at 800 nm has been reported by Kreß
et al. They clarified the THz emission was sensitive to the
electric field which was modulated by the initial CEP. But the
propagation effect of the 8-fs laser beam in air was ignored
in their interpretation [12]. However Bergé et al. theoretically
demonstrated that the electric field was distorted during the
propagation process in air. Furthermore, the additional phase
shift was induced by third-harmonic generation and plasma
effect, while the filament could also be affected by the CEP
when the pulse duration closed to the few-cycle regime.
These interpretations have not been verified experimentally
[13]. In 2010, Laban et al. predicted that the length of
the filament generated by 6.3-fs laser pulses in air should
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change by 790-μm the CEP shifted π /2 rad; to the best of
our knowledge, there is no clear experimental evidence to
support this prediction [14]. In fact, the CEP effect during the
interaction between the laser and air filament has not been
fully investigated.
In this paper, the experimental measurement of the electron
conductivity of the filament generated by 7-fs laser pulses in
air was reported. The advantages of using the few-cycle laser
pulses are (1) only one filament is formed and (2) the CEP
effect can be controlled precisely in the experiment. Clear
evidence of the CEP effect on the electron conductivity in
the filament was observed, which shows strong modulation of
electron density with the CEP, and the maximum modulation
depth was 23.7%. By numerically solving a coupled 3D+1
generalized nonlinear Schrödinger equation, it was demonstrated that the effect of the initial CEP in the air filament was
preserved and enhanced by the optical nonlinearity during the
propagation of laser pulses in air.
The laser system is shown in Fig. 1(a). A commercial
Ti:sapphire chirped-pulse amplifier (Femtolaser Compact
PRO) delivers 25-fs, 0.8-mJ laser pulses at 1-kHz repetition
rate. The laser pulses are further spectrally broadened in a
differentially pumped neon-filled hollow fiber and temporally
compressed by the chirped mirrors [15]. The CEPs of the laser
pulses are actively stabilized with fluctuation of 85 mrad in
more than 7 h by locking both the oscillator and amplifier
loops. Finally, compression of 0.25-mJ laser pulses to below
7 fs is obtained [16]. As shown in Fig. 1(b), the intense 7-fs
laser pulses were focused in air with a 500-mm focal length
concave silver mirror, and two thin copper plates were located
between the focal point as electrodes. A laser beam was used
to drill holes in the copper plates, which let the laser pulses
go through, and a filament was generated. According to the
fluorescence of the filament, the distance between two copper
electrodes is chosen to be 10 mm in the center of the filament
in order to improve the signal-to-noise ratio. The discharging
circuit system, which was used to measure the conductivity of
the filament, was formed by the filament, two copper plates, a
high-voltage supply (200 V), and an oscilloscope. The typical
voltage signal detected by the oscilloscope is the decay signal,
as shown in Fig. 1(c).
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The free electrons in the filament are mainly contributed
by the ionization in oxygen because of its lower ionization
potential (compared to nitrogen) in the propagation of laser
pulses in air. According to the collision theory [17], the
filament is conductive and the maximum voltage signal is
proportional to the conductivity of the filament. In order to
explain the experimental results, we modeled the propagation
of a few-cycle laser pulse in air by the coupled 3D+1
generalized nonlinear Schrödinger equation for the pulse
envelope [18–21], which is expressed as
∂A
i −1
=
T ⊥ A + iD(i∂τ )A + ik0 n2 T |A|2 A
∂z
2k0
−i
FIG. 1. Schematic of the experiment. (a) The laser system
includes an acousto-optical modulator (AOM) and chirped pulse
amplification (CPA). The 0-to-f and f-to-2f interferometers are
controlled by the fast and slow feedback loops through the AOM,
respectively. (b) Schematic of the circuit system used to measure the
electron conductivity in the laser induced filament. (c) The voltage
signal detected by an oscilloscope.

Figure 2 shows the maximum voltage of the discharging
signal as a function of the CEP of the driving laser pulses.
The step of the CEP was π/20, and the voltage signal was
recorded by integrating over 10 000 pulses (it took 0.5 h to
measure the voltage over a range of 2 π ). When the CEP was
locked, a clear modulation with the CEP appeared, as shown
in Fig. 2(a). The period of the voltage modulation was π . The
modulation depth was 23.7%. However, when the CEP was not
locked, the voltage stayed as a constant, which meant the strong
modulation did come from the CEP of the driving laser pulses.
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where A is the laser electric-field envelope, z is the propagation
distance, and k0 and ω0 are the central wave number and
frequency. The Laplacian operator ⊥ denotes the beam
transverse diffraction. T = (1 + ωi0 ∂t ), T −1 ⊥ A accounts for
the space-time focusing, and 
T |A|2 A accounts for the selfn
n
n
steepening of the pulse. D = +∞
n=2 (∂ k/∂ω |ω=ω0 /n!)(i∂t )
describes to the dispersion of the air [22]. The nonlinear
index of the refraction n2 = 3.2 × 10−19 cm2 /W describes
the self-focusing effect due to the Kerr response of the air.
The plasma frequency is ωpe = [e2 ρ/(me 0 )]1/2 with e, me , ρ,
and 0 being the electron charge, mass, density, and vacuum
permittivity. The absorption of the plasma is described by the
last term, where Ip = 12.1 eV is the ionization potential of
oxygen. In order to describe the CEP effect on the electron
density of the filament, the ADK (Ammosov, Delone, and
Krainov) model was employed in this work [23] to describe the
instantaneous electric-filed dependent ionization. The electron
density is expressed as
∂ρ(t)
= (ρ0 − ρ)w(t),
∂t

  t



ρ(t) = ρ0 1 − exp −
w(t )dt ,

w(t) = ωp |C |
n∗

FIG. 2. Comparison of the maximum voltage signal with locked
(a) and unlocked (b) CEP.
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where
ωp = Ip /
and
ωt = e|E(t)|2 / 2me Ip ,
∗
∗
1/2
2
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∗
n = Z(Iph /Ip ) , |Cn∗ | = 2 /[n (n∗ + 1)(n∗ )]. Iph is
the ionization potential of hydrogen. E(t) is the instantaneous
electric field of the laser, which can be calculated from
the complex amplitude as E(t) = Re{A(t)exp(iω0 t)}.  is
Planck’s constant, and Z is the resulting net charge of the atom.
ρ0 = 5.4 × 1018 cm−3 . In our simulation, a 7-fs Gaussian laser
pulse is used, with the envelope of the laser pulse given by
2
2
2
A(x,y,z,,t)|z=0 = A0 exp[−(x 2 + y 2 )/r
√0 − t /τ ]exp(iϕCE ),
where the pulse duration
T = 2ln2τ0 = 7 fs. By
numerical solving Eqs. (1)–(4) with the full step fast Fourier
transform method in space and time with a 19.9-μm spatial and
0.07-fs temporal resolution, we obtain the spatial-temporal
distribution of the electron density in the filament along the
propagation direction.
Figure 3(a) gives the simulated spatial distribution of
electron density in the filament produced by a 7-fs laser pulse
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FIG. 3. (a) Spatial distribution of the electron density in the
filament from the solution of the nonlinear Schrödinger equation. (b)
Distribution of on-axis electron density in the range 50 < z[mm] <
130 for different CEP.

with averaged CEP. In order to see the details, the spatial
distribution of on-axis electron density is shown in Fig. 3(b) for
four ϕCE values, where obvious differences could be observed.
For the ϕCE = 0 (black solid line), there are two peaks along the
propagation axis. The intensity of the higher one (z = 110 mm)
is two times that of the lower one (z = 99 mm). As the CEP
shifted to π/2 (green dashed line with circle), there are two
relatively weak peaks. When ϕCE = 3π/4 (blue dashed line
with rectangle), there is no obvious peak. It is shown that the
maximum position of the on-axis electron density is shifted by
the initial CEP. The electron density distribution is sensitive to
the initial CEP.
In order to explore the dynamics of the 7-fs laser pulses
during the propagation, the electric fields are plotted as a
function of propagation distances and initial CEPs, which
are shown in Fig. 4. In the simulation results [in Fig. 4(a)
where ϕCE = 0], four values of z were selected between 0
and 200 mm. In the early stage of propagation, the electric
field maintains a good Gaussian shape in time (atz = 50 mm).
During the interaction with air, the laser field is strongly
distorted by the nonlinear propagation effect, especially near
the focus. The leading part of the pulse is redshifted and the
trailing part is blueshifted, and it is difficult to define the
CEP at this range (for example, z = 70 mm). In order to
clarify the CEP effect, the on-axis electric fields with different
CEPs at z = 109 mm are shown in Fig. 4(b). It is clear that
the electric-field structure is sensitive to the initial CEP. The
differences of the electric filed, which are induced by the initial
CEP during the propagation of few-cycle laser pulses in air,
lead to the difference of the spatial and temporal distributions
of the electron density. Furthermore, the electron conductivity
of the filament is affected by the CEP.
For a 7-fs Gaussian pulse, the maximum electric-field
difference is only 1.5% for ϕCE = 0 and π/2; how can we

FIG. 4. (a) On-axis electric field at different z for ϕCE = 0 and
(b) on-axis electric field at z = 109 mm for four ϕCE .

observe a modulation depth of 23.7%? In order to compare
with the experimental observations, electron conductivity was
calculated under two different conditions. After integration
over space and time (with a spatial and temporal range of

FIG. 5. Comparison of the conductivities as a function of CEP
under two conditions. After making the integration over space and
time, the red curve with hollow rectangles (Cnp ) and the black curve
with solid circles (Cp ) are the calculated conductivity without and
with propagation effects, respectively.

013827-3

WANG, LU, TENG, XI, CHEN, HE, HE, AND WEI

PHYSICAL REVIEW A 94, 013827 (2016)

3.36 mm and 23.6 fs), clear differences of the electron conductivity with and without nonlinear propagation effect were
shown in Fig. 5. The red curve with hollow rectangles (Cnp ) is
the conductivity calculated by applying the same parameters
mentioned above but without nonlinear propagation effect,
and there is not any modulation induced by the CEP, while
the black curve with solid circles (Cp ) is the conductivity
calculated with nonlinear propagation effect. The modulation
depth is 11.1%, which is comparable with the experimental
measurement. Although the difference of the electric field
induced by the initial CEP is less than 2%, it is increased
by ten times as the pulse propagates.
In conclusion, the electron conductivity of an air filament
driven by CEP stabilized 7-fs laser pulses was measured. The
strong modulation of the electron conductivity, the modulation
depth of which is 23.7%, was observed to be dependent on the
CEP with a period of π . The results are consistent with those
of a model calculation based on a generalized Schrödinger

equation including electric-field dependent ionization. The
simulation results show that the phase shift is sensitive to
the initial conditions and the difference induced by the initial
CEP is preserved during the propagation of few-cycle laser
pulses. The modulation of electron density originates from the
modification of the laser electric field, which is amplified by
nonlinear propagation effect.
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