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From a classical dynamic simulation, we find the kinetic energy of the electrons generated during laser plasma
generation depends on the laser polarization and intensity. The electron kinetic energy reaches its maximum
with a fixed laser intensity for circularly polarized laser pulse. The fluorescence spectra at 380.4 nm from
N2 and 391.3 nm from Nþ

2 are measured; these are generated by both the direct excitation and electron collision
excitation. The electron collision excitation is determined by the electron energy and reaches the maximal with a
circularly polarized pulse.
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The interaction of light and matter has been one of the
most active and fundamental research fields in atomic
physics for many years[1–13]. Laser filamentation in gaseous
media is an important branch, exhibiting as a long, bright
plasma channel[14–19]. Filamentation sets in when the inten-
sity of such a laser beam exceeds the critical powerPcr, i.e.,
the self-focusing induced by the Kerr effect prevails and
leads to beam collapse, which is then stopped by the
defocusing effect of the plasma generated by the multipho-
ton absorption of nitrogen and oxygen molecules. A dy-
namic balance between these opposite effects is then
established, and the beam is able to maintain a very high
intensity over long distances without significant defocus-
ing. The excitation of nitrogen and oxygen molecules due
to strong laser field leads to characteristic fluorescence
radiation, based on which the laser-induced breakdown
spectroscopy (LIBS) was developed and is now widely
used in quantitative analyses of chemical elements[20,21].
Except for LIBS, few-cycle pulse generation, THz radi-

ation, remote sensing of atmospheric pollution, light and
discharge triggering, etc. are all unfolded from laser fila-
mentations. Meanwhile, investigations into laser plasma
generation dynamics were also performed to understand
the excitation, the ionization, the process leading to fluo-
rescence, and the plasma temperature, all of which depend
on the intensity, the polarization, and number of external
fields[22–24]. As is well known, the fluorescence spectra and
the kinetic energies of free electrons born during laser fil-
amentations change with the laser polarization[24,25]. How-
ever, the peak intensity inside a filament generated by an
800 nm laser pulse in air is clamped to 5 × 1013 W∕cm2[26],
and the intensity dependence of the molecular excitation
in a plasma generated by a femtosecond laser pulse is still
an open question. A good understanding will help people
interpret the fundamental phenomenon of laser plasma
generation and develop its further applications, for
instance, backward and forward lasing in air[22,27].

In the present work, how the laser intensity and polari-
zation affect the molecular excitation during the plasma
generation of a femtosecond laser pulse is studied. The
electron energy spectrum generated by a strong laser field
in air is calculated, and the result shows the free electron
energy increases by tuning the laser polarization from lin-
ear to circular. With the increase of free electron energy,
the electron collision excitation will affect laser plasma
generation, exhibiting as the change of the proportion
of different excited particles. To confirm this result, the
fluorescence emission at 380.4 nm from N2 (C3Πu →
B3Πg) and 391.3 nm from Nþ

2 (B2Σuþ → X2Σgþ) is mea-
sured with different laser polarizations, and it agrees well
with the simulation.

When a femtosecond laser pulse interacts with air, N2
and O2 are ionized with the generation of free electrons.
An adiabaticity parameter η ¼ ðεi∕2εquivÞ12 is defined to
determine the ionization method[28], where εi is the ioniza-
tion potential (here, it is 15.6 eV for N2) and εquiv ¼
e2E2

0∕4meω
2 is the average quiver energy. e is the electron

charge, me is the electron mass, E0 is the peak laser field
intensity, andω is the laser frequency.When η < 1, tunnel-
ing ionization takes effect; otherwise, it is multiphoton ion-
ization. By a simple calculation, the peak laser intensity
I p ¼ 1.4 × 1014 W∕cm2 is the boundary of the two-ioniza-
tion model for N2. During the laser pulse duration, consid-
ering the time from t0 to t0 þ Δt, ð∂ne∕∂tÞt0 × Δt electrons
will be liberated, where neðtÞ denotes the electron
density. ð∂ne∕∂tÞt0 can be calculated by ionization rate
equations[29,30]. When the free electrons are liberated, they
will be accelerated by the follow-up electric field. The elec-
tric field of laser pulse for the simulation is formulized as

EðtÞ ¼
���������������
8πε0
c

I p

r
cosðπt∕TÞ½cosðωt þ ϕÞux

þ ε sinðωt þ ϕÞuy�θ
�
T
2
− jtj

�
; (1)
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where ε0, c, T , and θ are the vacuum permittivity, light
speed, laser pulse duration (35 fs, in our case), and the
Heaviside function. ε denotes the laser polarization. ϕ is
an arbitrary carrier envelope phase, which is set as ϕ ¼ 0
in our case. The evolution of the transverse electron
momentum can be described by the Newton equation.
After the laser pulse, the transverse electron energy Ekin,
produced at t0, is

Ekin ¼ 2Up cos2ðπt0∕TÞ½1− ð1− ε2Þcos2ðωt0Þ�; (2)

whereUP ¼ e2I p
2cε0meω

2. As is well known, the kinetic energy of
the free electrons in gaseous plasma generated by a
strong laser field with linear and circular polarization is dif-
ferent[31,32]. By adjusting the coefficient ε from 0 to 1, the
laser polarization is tuned from linear to circular.
The results in Figs. 1(a) and 1(b) show the calculated

energy spectra of the free electrons generated by the ex-
ternal laser field of an intensity of 1.4 × 1014 W∕cm2 with
different polarizations. With linear polarization, most
electrons are left with energy less than 2.0 eV, because
electrons experience an acceleration and deceleration
process, while the maximum value of the electron energy
distribution is around 16.0 eV in the case of circular polari-
zation. Figures 1(c) and 1(d) show the simulated average
energy of the liberated electrons as a function of the
laser intensity in the range from 0.1 × 1014 to 2.4 ×
1014 W∕cm2 with linear and circular polarizations. The
electron kinetic energy increases with the laser intensity
I p. The average energy of the electrons generated by a lin-
early polarized laser pulse is much smaller than that of a
circularly polarized laser pulse and does not exceed 2.0 eV
at a laser intensity of 2.4 × 1014 W∕cm2, while that gen-
erated by a circularly polarized pulse can reach 22 eV. The
average electron energy under a linear polarization pulse

increases faster when the intensity is greater than
1.2 × 1014 W∕cm2, at which point, tunneling ionization
almost supplants multiphoton ionization. By contrast,
the average energy nearly increases linearly for circular
laser polarization. Therefore, the polarization and inten-
sity of the incident laser pulse hold the key to controlling
the kinetic energy of the generated electrons, i.e., to
controlling the collision excitation during the plasma gen-
eration process, as suggested by previous studies[24].

In order to test how the electron energy affects the laser
plasma generation experimentally, we put our attention to
the fluorescence emissions 380.4 nm from N2 (C3Πu →
B3Πg) and 391.3 nm from Nþ

2 (B2Σþ
u → X2Σþ

g ) of laser-
induced plasma, which are experimentally measurable.
There are three different processes to get N2 (C3Πu)

[33–35].
One process is collision-assisted intersystem crossing from
excited singlet states,

N2 þmhν → N�
2; N�

2 þN2 → N2ðC3ΠuÞ þN2: (3)

Another is

Nþ
2 þ 2N2 → Nþ

4 þN2; Nþ
4 þ e → N2ðC3ΠuÞ þN2:

(4)

This is believed to be a minor contributor[35]. The collision
process

N2ðX1Σþ
g Þ þ e → N2ðC3ΠuÞ þ e; (5)

is believed to happen if the electron energy exceeds the
energy threshold of 11 eV and the cross section reaches a
maximum of 0.58 Å2 at an electron energy of 14.5 eV[36].
The excited ionic Nþ

2 ðB2Σþ
u Þ is generated due to direct

strong-field photon ionization of N2 molecules[37], whose
process can be written as

N2 þmhν → N�
2; N�

2 þ nhν → Nþ
2 þ e: (6)

With this process, the linear polarization is more
efficient[37]. The electron collision ionization

N2ðX1Σþ
g Þ þ e → Nþ

2 ðB2Σþ
u Þ þ 2e; (7)

will happen with a cross section of about 10−3 Å2,
when the electron energy reaches 27 eV[36]. The results
in Figs. 1(c) and 1(d) indicate electron collision ionization
can only happen if the laser intensity I p exceeds
2.4 × 1014 W∕cm2, which is beyond the output limitation
of our laser system for the experimental realization.

We measured the fluorescence spectral lines of 380.4 nm
from N2 and 391.3 nm from Nþ

2 with femtosecond laser
pulses of varying polarizations. In the experiment, a com-
mercial Ti:Sapphire laser system operating at 1 kHz is em-
ployed to supply laser pulses with pulse duration of 40 fs,
center wavelength of 800 nm. A single laser beam with a
pulse energy up to 2.0 mJ was focused to generate a
plasma by a lens with a focal length of f ¼ 100 mm in

Fig. 1. Calculated energy distribution of free electrons in the
case of (a) linearly (ε ¼ 0) and (b) circularly (ε ¼ 1.0) polarized
laser pulses with an intensity of 1.4 × 1014 W∕cm2, and the aver-
age electron energy with varying laser intensities with (c) linear
and (d) circular polarizations.
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air. In the experiment, the plasma size is less than 1 cm,
which does not exceed the Rayleigh length for our focused
beam with a diameter of 160 μm, and so it is claimed to be
a plasma rather than a filamentation. A quarter-wave
plate (λ∕4) was included in the beam path right before
the lens. The initial polarization of laser pulse is linear,
and the laser polarization can be adjusted from linear
to elliptical and finally to circular by rotating the quarter-
wave plate from 0° to 45°. A concave mirror was set at one
side of the filament to collect and couple plasma fluores-
cence into a fiber-pigtailed spectrometer (McPherson
2061) with high resolution. The fiber head is put on a
3-axis stage, which is moved to find the maximum of
the plasma fluorescence during the measurement. Due
to the limitation of our laser system, the laser intensity
I p is limited to 2.4 × 1014 W∕cm2.
Figures 2(a) and 2(b) show the measured fluorescence

spectrum for linearly and circularly polarized laser pulses
with intensities of 0.1 × 1014 and 1.0 × 1014 W∕cm2,
respectively. As our aim is the fluorescence emission gener-
ated by the decay of excited molecules and molecular ions,
the continuum emission of the plasma due to free electrons
impacting molecules and ions under the Coulomb force
is subtracted artificially. With a low laser intensity of
0.1 × 1014 W∕cm2, the results in Fig. 2(a) show that the
intensity of fluorescence emission of 391.3 nm for a linearly
polarized pulse is stronger than that for the circularly
polarized pulse, while there is no significant difference
for the 380.4 nm emission generated by different polariza-
tion pulses. From the results displayed in Fig. 1(d), the

average kinetic energy one electron can achieve is limited
to about 1.85 eV under this laser intensity. With this value
of energy, it is impossible to open the electron collision
excitation channel. A linearly polarized laser pulse is more
significant for Nþ

2 generation than a circularly polarized
pulse[37], as the linearly polarized pulse has a u⃗x component
that is stronger than that of the circularly polarized pulse.
The results illustrated in Fig. 2(b) show that the intensity
of the 380.4 nm fluorescence emission generated by a circu-
larly polarized pulse is higher than that generated by a
linearly polarized pulse. The average kinetic energy one
electron can achieve is around 11 eV, enabling the electron
collision excitation channel shown by Eq. (5). Meanwhile,
the 391.3 nm fluorescence emission generated by a circu-
larly polarized pulse is still less than that generated by a
linearly polarized pulse, i.e., the reaction channel displayed
by Eq. (7) still has no obvious contribution to the 391.3 nm
fluorescence emission. The dependence of the fluorescence
emission at 380.4 and 391.3 nm generated by linearly and
circularly polarized pulses on the laser intensity is illus-
trated in Figs. 2(c) and 2(d), respectively. The cross sec-
tions for the emission at 380.4 and 391.3 nm increase
with the incident laser intensity for both linear and circular
polarizations. Figure 2(c) shows directly that the electron
collision excitation begins to affect the 380.4 nm fluores-
cence emission since I p ¼ 0.5 × 1014 W∕cm2. However,
the density of molecular ion Nþ

2 (B2Σþ
u ) generated by a

linearly polarized pulse is higher than that by circularly
polarized pulse in our laser intensity range, as the kinetic
energy one electron can achieved is less than 27 eV.

Figure 3 displays the dependence of intensity ratio γ at
380.4 and 391.3 nm on the incident laser intensity. The
ratio γ is defined as the fluorescence intensity generated
by a circularly polarized pulse divides that generated
by a linearly polarized pulse. With a low laser intensity
of 0.1 × 1014 W∕cm2, the intensity ratio γ at 380.4 nm is
less than 1.0, indicating the electron collision excitation
has no contribution. The electron collision excitation
(Eq. (5)) begins to affect the generation of excited mol-
ecule N2ðC3ΠuÞ at I p ¼ 0.5 × 1014 W∕cm2, and the inten-
sity ratio γ at 380.4 nm is 1.4. The contribution from
the electron collision excitation to the N2ðC3ΠuÞ genera-
tion first increases with the incident laser intensity
until 1.0 × 1014 w∕cm2, then it begins to reduce until

Fig. 2. Fluorescence emission due to the decay of excited
molecule N2 (380.4 nm) and molecular ion Nþ

2 (391.3 nm)
generated by linearly (black line) and circularly (red dot line)
polarized laser pulses for intensities of (a) 0.1 × 1014 and
(b) 1.0 × 1014 W∕cm2, respectively. (c) and (d) show the inten-
sity of the fluorescence emission at 380.4 and 391.3 nm
generated by linearly (square black solid line) and circularly
(circle red dot line) polarized laser pulses with varying inten-
sities, respectively.

Fig. 3. Intensity ratio γ at 380.4 and 391.3 nm with varying laser
intensities from I p ¼ 0.1 × 1014 to 2.4 × 1014 W∕cm2.
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2.0 × 1014 W∕cm2, i.e., the cross section for the electron
collision excitation of the electronic states of N2 reaches
its maximum at I p ¼ 1.0 × 1014. In the range from 2.0 ×
1014 to 2.4 × 1014 W∕cm2, the ratio γ at 380.4 nm keeps
constant, i.e., the electron collision excitation has a fixed
contribution to the N2ðC3ΠuÞ generation. For the fluores-
cence emission at 391.3 nm, due to the decay of the excited
molecular ion Nþ

2 ðB2Σþ
u Þ, the electron collision ionization

may contribute to the generation of Nþ
2 ðB2Σþ

u Þ; however,
the cross section is so low (<10−3 Å2) that it can be
ignored within our intensity range[36]. The intensity ratio
γ at 391.3 nm keeps increasing with the laser intensity,
i.e., the cross section for the generation of Nþ

2 ðB2Σþ
u Þ

due to the multiphoton absorption of a circularly polarized
laser pulse increases faster than that of a linearly polarized
laser pulse. From the tendency of γ at 391.3 nm and the
results shown in Fig. 2(d), it can be predicted that the
emission at 391.3 nm will reach saturation with higher
intensities for both linear and circular polarizations.
Combined with a classical dynamic simulation, we

study the excitation mechanism during femtosecond laser
plasma generation by measuring the fluorescence at
380.4 nm from N2 and 391.3 nm from Nþ

2 . The kinetic en-
ergy of the electron generated in the strong field can be
manipulated by the laser polarization, which also exhibits
a laser intensity dependence. For circularly polarized laser
pulse, the electron kinetic energy reaches its maximal with
a fixed laser intensity, resulting in the enhanced genera-
tion of excited N2 due to the electron collision excitation.
The study provides us with a way to control the excitation
processes of laser plasma generation, which also benefits
its applications, such as the backward and forward lasing.
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