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We demonstrate that the filamentation process is strongly influenced by the polarization state of the driver
laser. When the laser polarization changes from linear to circular, the critical power for the self-focusing of
a Ti:Sapphire laser (800 nm, 40 fs) in air increases from about 9.6 + 1.0 to 14.9 + 1.5 GW, while the second
nonlinear refractive index n, of air decreases from 9.9 x 1072 to 6.4 x 1072 cm?/W. We also demonstrate
that the luminescence from the neutral nitrogen molecules at 337 nm is dependent on both the laser intensity and

plasma density inside the filament.
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Laser-induced filamentation is a unique nonlinear phe-
nomenon that has attracted a lot of interest since the first
experimental observation of a self-guided plasma channel
in 1995%. Filamentation generated by the most popular
Ti:Sapphire femtosecond laser in air can be attributed
to a dynamic interplay between Kerr self-focusing and
defocusing of the plasma generated by multiphoton/
tunneling ionization?. Due to the unique properties of
ultrahigh clamping intensity and a long self-guided plasma
channel, laser-induced filamentation has shown many
potential applications, including terahertz (THz) radia-
tion generation®¥, combustion diagnosis, generation of
air laser®2, atmospheric sensing™¥, and so forth. How-
ever, laser-induced filamentation is a highly nonlinear
process and, thus, sensitive to the experimental condi-
tions, such as external focusing condition™, initial beam
radius®, and laser pulse duration and polarization22,
which unavoidably lead to a strong effect on a variety
of phenomena associated with laser filamentation. For
example, it was demonstrated recently that fluorescing
and lasing generated in filaments can be strongly influ-
enced by the polarization states of the driver laser22,
On the other hand, it is well-known that filamentation
occurs when the driver laser power exceeds a so-called
critical power for self-focusing. Therefore, the critical
power is considered one of the most fundamental physical
parameters in the filamentation process and has been ex-
tensively investigated so farl2. For instance, it was found
that the critical power changes from 10 to 5 GW in air
when the pulse duration of an 800 nm driver laser in-
creases from 42 to 200 fs'Y) and that the critical power
is sensitive to the propagation media, e.g., ~268 GW in
helium gas? and ~2.2 GW in combustion flame2 for
800 nm and 40 fs laser pulses at atmospheric pressure.
The dependence of the critical power for self-focusing
on the polarization states has also been previously
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demonstrated for solid material by using chirped pulses
with pulse durations in the nanosecond range2. However,
to the best of our knowledge, the critical power for self-
focusing of the ultrafast femtosecond driver laser with
different polarization states in air has not been experimen-
tally determined yet; although, it is commonly accepted
that the critical power should be higher for the self-
focusing of a circularly polarized light than that of a
linearly polarized light22. Due to less nonlinearity con-
tribution from the nuclear response for an ultrafast femto-
second laser pulse, direct measurement of critical power
for self-focusing of a few 10 fs pulses with different polari-
zation states would provide more insights into the non-
linear properties of molecules in ultrafast intense light
fields.

In the present study, we experimentally measure
the critical power of different polarized lasers in air by
observing the shift of the laser focal position as a function
of the driver laser energy. This method is based on the
fact that when the laser power exceeds the critical power,
self-focusing occurs, leading to the focal position moving
toward the laser source; while when the laser power is
smaller than the critical power, the focal position would
not change™. Based on the measured critical powers,
we investigate the variation of the luminescence signals
of nitrogen molecules produced during the filamentation
of linearly and circularly polarized lasers in air under a sin-
gle filament condition. We find that along the propagation
axis of the filament, the fluorescence from the C°IT, —
B, transition of Ny at 337 nm and that from the
B? Y5 —X?Y " transition of Nj at 391 nm shows differ-
ent behaviors and demonstrates that these phenomena
can be influenced by both the plasma density and laser
intensity inside the filament.

The experiment was performed using a Ti:sapphire
femtosecond laser system (Spectra Physics, Spitfire)
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Fig. 1. Schematic diagram of the experimental setup. P, polar-
izer; F1, fused silicon lens with f = 1 m; PST, periscope system;
F2, fused silicon lens with f =6 cm.

producing ~40 fs pulses with the central wavelength
at 800 nm and the repetition rate at 1 kHz. Figure 1
shows the experimental apparatus used for the critical
power measurement. A half-wave plate (HWP, Thorlabs
AHWP05M-980) and a polarizer were used to control
the laser energy. A quarter-wave plate (QWP, Thorlabs
AQWPO05M-980) was installed after the polarizer to con-
trol the polarization of the laser pulse, and a fused silicon
lens (f = 1 m) was placed after the QWP to focus the
laser pulse directly in air. A single plasma channel
(filament) was produced, whose length depends on the in-
put energy and the laser polarization. The laser beam
diameter before the focal lens is about 10 mm. A periscope
system was prepared to collect the fluorescence perpen-
dicularly to the propagation direction of the laser beam,
so that the plasma channel (filament) can be aligned to
be parallel to the entrance slit of the spectrometer (Andor
Shamrock SR-303i). A fused silicon lens (f = 60 mm,
diameter = 50.8 mm) was used to focus the filament onto
the entrance slit of the spectrometer equipped with an
ICCD (Andor iStar). The fluorescence from the filament
was imaged on the ICCD camera. With this apparatus,
the plasma channel produced with the laser power com-
pared to the critical power can be totally imaged by
the ICCD camera so that the shift of the focal position
of the laser beam can be monitored. The entrance slit
width of the spectrometer was set to be 100 pm. The ICCD
gate width and delay of the ICCD were set to At = 200 ns,
and t = —10 ns, respectively. Note that ¢t = 0 is the
arrival time of the laser pulse at the interaction zone.

For the investigation on the variation of the lumines-
cence signals of nitrogen molecules produced by the lin-
early and circularly polarized lasers with higher input
energies, the periscope was removed, and instead a fused
silicon lens (f = 60 mm, diameter of 50.8 mm) was used
to collect the fluorescence from the filament in a 2f-2f
manner. The fused silicon lens (f = 1 m) that produced
the filament was placed on a moving stage, so that, by
moving the 1 m focal lens, the fluorescence along the
propagation axis of filament can be collected.

Shown in Fig. 2 are the typical spectra induced by the
filamentation of linear and circular 40 fs laser pulses in air.
Both the linearly and circularly polarized pulse energies
were 1.8 mJ. The spectral bands can be assigned to
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Fig. 2. (Color online) Typical spectra induced by the filamenta-

tion of linearly and circularly polarized femtosecond laser pulses
in air.

different vibrational level transitions between the C°II,
and B, states of Ny and those between the B?}"f
and X? ) T states of NJ 2. In Fig. 3, we show the mea-
sured focal position of the linearly and circularly polarized
laser pulses as a function of laser energy, respectively. Note
that the smaller value in the Y axis represents the closer
distance of the focal position to the focal lens. The focal
position of the laser pulse in Fig. 3 was determined, in
a similar way as those shown in Refs. [19,24], by recording
the luminescence at 337 nm for the C°IT, — BBHg transi-
tion from neutral nitrogen molecules along the laser
propagation direction.

It can be clearly seen from Fig. 3 that there are two dif-
ferent regions, that is (i) the focal position stays almost
constant when the input laser energy is smaller than a
certain value; (ii) the focal position moves toward the focal
lens when the input laser pulse becomes larger than this
value. This can be interpreted based on the combined con-
tributions of the external focusing and the self-focusing to

the input laser beam,

1 =1/f+1/z, (1)

where f represents the focal length of external focusing
lens, and z; is the self-focusing distance of a collimated
Gaussian beam. When the peak power exceeds the critical
power, the self-focusing distance can be determined by the

empirical formulal2,

0.367ka’
{[(P/P)"? —0.0852]> — 0.0219}1/2”

2)

Zf:

with k being the wave number, a is the radius of the beam
profile at the 1/e level, P is the input laser power, and P,
is the critical power. Therefore, when the peak power ex-
ceeding the critical power further increases, the focal spot
of the laser beam will move towards the external focal lens.
Whereas when the peak power of the laser pulse is smaller
than the critical power, the contribution from self-focusing
would be zero, leading to the unaltered focal position of
the laser beam at the geometrical focus of the external
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Fig. 3. Peak position of the 337 nm signal as a function of input
laser energy of (a) linearly and (b) circularly polarized laser
pulses. The solid lines are linear fits to the experimental results.

focal lens. Consequently, by linearly fitting the data in
these two regions in Fig. 3, it can be seen that the energies
at the cross point of the lines are 352 and 582 pJ for
Figs. 3(a) and 3(b), respectively. With the pulse duration
of 40 fs, the critical powers in air are determined to be 8.8
and 14.55 GW for self-focusing of the linearly and circu-
larly polarized pulses in air, respectively.

We further measured the critical power with different
polarization states of the laser pulse, as shown in Fig. 4.
The angles in the z axis represent different polarization
states with 0° and 90° being the linear polarization, 45°
being the circular polarization, and other values being
the elliptical polarizations with different ellipticities. All
of the critical powers were measured in the same way,
as shown in Fig. 3, by observing the shift of the focal spot
as a function of input laser energy. As can be seen from
Fig. 4, the critical powers obtained with elliptically polar-
ized pulses are in between the linear and circular cases.
By fitting the data in Fig. 4 with a sinusoidal function,
the critical powers for the self-focusing of the linearly
and circularly polarized pulses are determined to be
9.6 + 1.0 and 14.9 £ 1.5 GW, respectively.

The critical power measured in this work for self-
focusing of the linearly polarized pulse agrees well with
the previous measurement of 10 GW. It can also be
noted that the critical power for self-focusing of the
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Fig. 4. Critical powers measured with different pump laser

polarizations. The horizontal axis represents the rotation angle
of the QWP.

circularly polarized light is much larger, showing the in-
trinsic nature that the second-order nonlinear index coef-
ficient ny in an optical medium is smaller for circularly
polarized light than for linearly polarized light. According
to the relation of P, = 3.724%/(82ngn,), where n, and 1
are, respectively, the linear index of the refraction coeffi-
cient of air and the pump laser wavelength?, the second-
order nonlinear index coefficients of the air for the used
linear and circular polarization pulses (800 nm, 40 fs)
are deduced to be mny = 9.9 x 1072 cm?/W, and
ny = 6.4 x 10720 cm?/W, respectively (ny = 1 in air).
This value of ny = 9.9 x 1072 cm?/W is in good
agreement with the result (12 x 1072 ¢cm?/W for
800 nm, 90 fs laser pulses) measured by a polarization
technique®. In addition, it can be noted that the sec-
ond-order nonlinear index coefficients of air for the linear
polarization pulse is ~1.5 times higher than that for the
circularly polarized light, which is in good agreement with
the theoretical prediction?.

Furthermore, it is found that as the input laser energy
increases the luminescence signals at 391 and 337 nm
induced by the linearly and circularly polarized pulses
show different behaviors. In Fig. 5, we show the signal
distributions of the 391 and 337 nm luminescence along
the propagation axis produced by the circularly (green
circle) and linearly (red square) polarized laser pulses with
three laser energies of 0.7, 1.2, and 1.8 mJ, respectively.
In all three cases, the powers of linearly and circularly
polarized light are higher than their critical powers, and
a signal filament condition is preserved. It can be clearly
seen from Figs. 5(a)-5(c) that for all the three input
energies, the laser pulses with linear polarization are
more efficient for inducing the luminescence at 391 nm
from nitrogen molecular ions. It is well-known that the
ionization rate of nitrogen molecules is much higher
(1-2 orders of magnitude) for linearly polarized than cir-
cularly polarized light of the same intensity at the level of
1 x 10" W/em?2, The clamped intensity in the linearly
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Fig. 5. (Color online) Spatial evolution of (a)—(c) 391 nm and
(d)—(f) 337 nm produced by linearly and circularly polarized laser
pulses with the laser energy of (a) and (d) 0.7 mJ, (b) and
(e) 1.2 mJ, and (c) and (f) 1.8 mJ. The focal length is f = 1 m.

polarized light filament can be estimated to be 1 X
102 x 10 W/cm? with an fnumber of 100-15012,
and that in the circularly polarized light filament should
be 1.5 times higher, according to the measured critical
powersY. However, the clamped intensity difference could
not reverse the ionization rates of these two laser polari-
zation cases, which conforms to theoretical calculations?.
Thus, the experimental observation that the 391 nm
fluorescence is always stronger for linearly than circularly
polarized laser filaments verifies that strong-field-induced
ionization (including ionization-dependent2!) processes
are dominant in a single filament case for producing the
391 nm signals. On the other hand, it can be noted in
Figs. 5(a)-5(c) that the ratio of the 391 nm signal pro-
duced by circularly and linearly polarized pulses increases
as the laser energy increases, which may result from the
different contributions from the plasma densities that
vary differently for the linearly and circularly polarized
pulses as the laser energy increases!.

Nevertheless, unlike the luminescence phenomena shown
in Figs. 5(a)- _(_) it can be seen from Figs. 5(d)-5(f) that
there exists a reversal in the relative intensity of the 337 nm
luminescence between the linear and circular polarizations
as the laser energy increases. Similar behaviors of the
337 nm luminescence reversal in filaments have also been
previously reported®2Z, in which it was explained that
upon the increase of the input laser energy, electrons

induced by the circularly polarized laser pulses are acceler-
ated away from the molecular ion, and their kinetic energies
can be high enough to produce the excited state C°I1,, of Ny
when the laser energy is larger than a certain threshold

However, it has not been convincingly explained why the
electrons could gain more energy with the almost constant
clamped intensity inside a filament, that is, it is questioned
why, with the almost constant or slightly changed clamped
intensity in the filamentation condition, the electron energy
could not change significantly to induce the reversal behav-
ior of 337 nm luminescence.

Here, we propose that both the plasma density and the
laser intensity play important roles in the observed rever-
sal phenomenon. So far, the mechanisms proposed for the
337 nm luminescence can be summarized as follows: (i) the
collision reaction NJ + N, — N followed by N} + e —
N, (C®I1,) + N, processes with an electron density of
>1 x 10 em™E; (i) the collision-assisted intersystem
crossing with an electron density on the order of
1 x 10 em 3 (iii) the electron impact excitation in
the case of mrcular polarization?. When the laser power
(higher than the critical power) is lower, it is undoubted
that the first two collision mechanisms that have higher
probabilities in generating the 337 nm signals with linear
polarization are dominant, owing to the stronger 337 nm
signal shown in Figs. 5(d)-5(e). When the laser energy in-
creases with the generation of a single filament (P > P,,),
the laser intensity in the filament is clamped to an almost
constant value?2, which will give rise to an almost match-
ing electron kinetic energy distribution. However, it was
demonstrated that the plasma density could slowly in-
crease as the input power increases', and if the input
power further increases (P > P,.), multiple filaments
or superfilaments occur, giving rise to even one order of
magnitude denser plasma®’, and, thus, a larger probabil-
ity of electron impact for stronger 337 nm luminescence in
the case of circular polarization. That is, as the input laser
energy increases, although the electron energy kinetic
distribution keeps almost the same due to the almost
constant (or slightly changed) clamped intensity, the in-
creased electron density can significantly increase the elec-
tron impact probability and, thus, enhance the 337 nm
signals, leading to the reverse behavior of the 337 nm
luminescence.

In addition, it was shown that a tight focus can produce
amuch higher clamped intensity inside the filament than a
loose focus2Y. This will lead to a higher plasma density™
with higher energy electrons?, resulting in stronger
337 nm signals even in a lower input laser energy (higher
than the critical power). The stronger intensity in the
filament by a tight focus can also induce a higher ioniza-
tion rate, thus a stronger 337 nm signal than that in a loose
focus case, which is in contrast to the conclusion that the
first two mechanisms could be distinguished based on the
experimental results observed with a tight focus2?. Fur-
thermore, the reverse behavior of the 337 nm luminescence
could be wavelength-dependent. For the case of the driver
pulse with a longer wavelength, it is well-known that the
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electron accelerated by the circularly polarized pulse will
gain more kinetic energy due to the higher ponderomotive
energy2, which would lead to a higher probability to ex-
cite the state C®I1, of N,.

In conclusion, we investigate the influence of the laser
polarization on the critical power for self-focusing of fem-
tosecond laser pulses in air, and experimentally measure
the critical power for the used linearly and circularly
pulses that are 9.6 to 14.9 GW, respectively. Based on
the measured critical power, the second-order nonlinear
index coefficients of the air are deduced to be ~1.5 times
higher for the linearly than circularly polarized pulses. We
also demonstrate that the luminescence behaviors from
the neutral and ionic nitrogen molecules in filaments
are strongly influenced by external conditions. The plasma
density plays an essential role in the luminescence of neu-
tral nitrogen molecules at 337 nm inside the filament. Our
results shed more light on understanding the luminescence
mechanisms of nitrogen molecules in air filaments.
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