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Air lasing from the singly ionized nitrogen molecule N, in a femtosecond laser filament under low gas
pressures has been of intense interest in the field of ultrafast optics in the past decade. Several theoretical models
have been proposed to explain the origin of N,* lasing, but none of them have considered the competition
between spontaneous emission and gain-swept lasing from N, in the filamentation process. In this work,
we experimentally investigate such competition by measuring the dynamic fluorescence distribution along the
filament in the presence of an external probe pulse. The results show that the occurrence of lasing in the middle of
the filament reduces the side fluorescence and the absorption of lasing in the rear part of the filament increases the
fluorescence. By solving a time-dependent nonlinear Schrodinger equation and applying the transient ionization
injection model, population distributions along the filament are numerically simulated and well explain our

experimental observations.
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I. INTRODUCTION

Femtosecond laser filamentation in the transparent medium
is an interesting optical phenomenon as a result of the dy-
namic equilibrium between the Kerr self-focusing and the
defocusing in the laser-induced plasma when an ultrashort
laser pulse propagates nonlinearly through a transparent
medium, allowing high laser intensity to be transferred over
distances far beyond the Rayleigh length of the laser beam
[1,2]. Its occurrence is normally accompanied by a variety of
nonlinear effects such as white-light generation, third-order
harmonic, pulse compression, pulse splitting, laserlike emis-
sion generation (or lasing) [3,4], etc. Among them, the lasing
effect through the filament in gaseous media has received lots
of attention in the past decade due to its potential applica-
tions for atmospheric remote sensing [5]. Two kinds of lasing
effect in femtosecond filament were routinely investigated,
i.e., lasing from neutral nitrogen molecules (N3) [3,6,7] and
single-ionized nitrogen molecules (N,T) [4,8]. The physical
mechanism of the former lasing has been well accepted as
the electron-molecule inelastic collisions, in which the free
electrons with enough kinetic energy are produced by circu-
larly polarized laser pulses during filamentation [9]. On the
contrary, the gain mechanism of N, lasing has not been fully
understood after almost ten years and has become a hot topic
in the field of ultrafast optics.

N, lasing occurs at 391- and 428-nm wavelengths, which
are assigned to transitions B>ZF (v = 0)—>X 22;(1/ =0,1).
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For convenience, B>X, A%Tl,, and X >X} are termed as
B, A, and X in the following context, respectively. The first
observation of N, lasing was reported by Yao et al., in which
the authors employed tunable mid-infrared femtosecond laser
pulses to create filaments in air and observed strong laserlike
emission at multiple wavelengths including 391 and 428 nm
[4]. Soon after, Liu et al. as well as another two groups
simultaneously observed strong N, " lasing by employing a
single 800-nm femtosecond laser pulse to experience filament
in pure nitrogen and air [8,10]. So far, various approaches such
as the pump-probe technique [11], laser polarization modula-
tion [12], few-cycle femtosecond laser [13], and mid-infrared
lasers [14] have been applied to investigate the spatiotemporal
characteristics, quantum coherence, optical gain dynamics,
gain mechanisms, etc. On the one hand, some attempts like
Raman scattering [15,16] and ultraviolet supercontinuum gen-
eration [17] with application of the N, lasing as a remote
detector have been carried out. On the other hand, several
mechanisms have been proposed to explain the gain-buildup
process of the N,* lasing, such as population inversion
via transient ionization and coherent coupling [12,13,18—
22], population inversion via electron recollision [23,24], and
lasing without population inversion [25-27]. However, the
electron recollision theory was later proved not to be the
dominant mechanism [28,29]. Thereafter, there remains a very
controversial issue for N, lasing with and without inversion.
On the one hand, the intermediate A 2I1, (termed as A) state
is included, and population inversion between B and X state
is established via A-X-B three-state coupling after ionization
where the 800-nm pump laser resonantly promotes N, * from
the X state to the B state. On the other hand, the quantum
coherence of the different degrees of freedom established by
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the femtosecond laser in the N, system also induces lasing
even without population inversion, including electronic [14],
vibrational [19,26,30], and rotational [27,31] coherence.

In the theoretical treatment of the N,* lasing, space
isotropic spontaneous radiation of N>* at lasing wavelength
was absolutely not considered in various models. However,
as the lasing occurs in the longitudinal direction, it depletes
the population of the upper B state and thus decreases the in-
tensity of the spontaneous emission. Such competition would
inevitably affect the final outcome of lasing intensity and its
dependence on experimental parameters. In this work, we
report on the evidence of dynamic competition between spon-
taneous emission and gain-swept lasing along the filament.
Experimentally, the side fluorescence along the filament in the
presence of lasing for various gas pressures and cases with
or without a resonant probe pulse is investigated. Numerical
simulated population distributions along the filament based
on the transient ionization injection model qualitatively agree
with our experimental observations.

II. EXPERIMENTAL SETUP

Experimentally, a 35-fs, 800-nm near-infrared laser pulse
at 1-kHz repetition rate is emitted by a commercial
Ti:sapphire laser system (Astrella, Coherent, Inc.). The laser
pulse is split into two parts to build a pump-probe beam path.
The linearly polarized pump laser beam with a pulse energy of
~2.5 m] is focused into a gas chamber filled with pure nitro-
gen by a 40-cm focal length lens to generate an approximately
2-cm-long filament. Another laser beam is frequency-doubled
by a 200-um thick B-barium borate crystal and used as a
probe, whose pulse energy can be adjusted from 3 to 15 uJ
by a combination of a half-wave plate and a polarizer. The
center wavelength of the probe pulse is ~395 nm. On the
side of the gas chamber, a 6-cm focal length biconvex lens
is used to image the filament. The imaging lens is placed
about 12 cm away from the filament, and an inverted image
reduced by a factor of 0.87 is generated about 23 cm away
from the filament. Then the fluorescence spectrum is collected
by measuring this image with a fiber with a 400-um core
diameter. By longitudinally moving the fiber head along the
image, the fluorescence in different positions of the filament
can be recorded. The forward absorption spectrum of the
probe pulse and the side fluorescence spectrum are measured
by a high-resolution spectrometer (Model 2061, McPherson,
Inc.) with a 2400-lines/mm grating.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

To characterize the amplification of the probe pulse via the
N, lasing, we denote the initial intensity of the probe pulse
as I} and that after passing through the filament as /7. Both
of these intensities are calculated by integrating the measured
spectrum. Then, the optical density (OD) of the probe pulse is
investigated. OD = —log,((I” /1) represents the absorption
degree of the probe pulse through the whole filament and neg-
ative OD means amplification. In Fig. 1, the OD of the probe
pulse is plotted as a function of the nitrogen pressure with
different probe-pulse energies, where the time delay between
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FIG. 1. The forward absorption of the probe pulse as a function
of the gas pressure with different probe-pulse energies of 3 (blue
dotted line), 6 (orange dash-dotted line), 9 (yellow short-dashed
line), 12 (purple long-dashed line), and 15 (green solid line) uJ. The
horizontal red dashed line is used to mark the zero OD.

two pulses is set to be ~1 ps. We can see that the probe pulse is
amplified at pressures less than ~70 mbar due to the presence
of optical gain in N, ' and is absorbed at pressures exceeding
70 mbar. On the other hand, as the probe energy increases
from 3 to 15 wJ, the amplification of the probe pulse at low
pressures (< 70 mbar) becomes weaker, while the absorption
at high pressures (> 70 mbar) remains unchanged. It can be
explained by a simple propagation model: [ = I} e/, where
o represents the gain (positive) or absorption (negative), and /
is the propagation length. Here, « is determined by the status
of the filament and it is obvious that « is proportional to OD
but with opposite sign. When the incident intensity I} is weak
enough, the « is independent of 17, such as the absorption in
high-pressure cases. However, if the incident intensity 1 is
too strong to be amplified or absorbed adequately, the output
intensity /7 would approach I) when IJ increased. In other
words, o and the OD would approach zero, which is the same
as the cases at low pressures. Thus, the amplification of the
probe pulse is almost saturated with the energies we chose
here but is not for absorption.

At the same time, the intensity of the fluorescence around
391 nm is measured as well. In Fig. 2(a), the longitudinal
profiles of the fluorescence along the filament for various gas
pressures are shown, in which the filament is generated by the
pump pulse independently and starts from left to right. The
zero position of the filament is defined by the geometrical fo-
cus of the lens. When the nitrogen pressure increases, the po-
sition of the strongest fluorescence intensity moves backward,
which can be well understood by the self-focusing mecha-
nism. The higher the pressure, the bigger the nonlinear Kerr
index, and thus the intense laser has a shorter collapse length.

To investigate the relationship between the fluorescence
and the gain-swept N, ™ lasing, the longitudinal distribution
of the side fluorescence from the filament along the prop-
agation direction was measured with the presence of the
external probe pulse. We denote the fluorescence intensities
without and with the probe pulse as IVJ: /o and I\J; /> respec-
tively. Figure 2(b) shows the relative fluorescence intensity
y = loglo(l\’: /O/I\f: /) as a function of the collecting positions
of the filament for a large pressure range from 5 to 1000 mbar,
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FIG. 2. (a) The longitudinal distribution of the side 391-nm flu-
orescence along the filament for gas pressure ranging from 5 to
1000 mbar when only the pump pulse exists. (b)—(d) The relative
intensity y of the 391-nm fluorescence from different positions of
the filament for gas pressure ranging from 5 to 1000 mbar. The
filament is generated from left to right. The energy of the probe
pulse in panels (b) to (d) is set to 15, 9, and 3 uJ, respectively.
The results at 5, 10, 50, 100, 500, and 1000 mbar are presented as
blue circles, orange squares, yellow upward-pointing triangles,
purple downward-pointing triangles, green diamonds, and gray pen-
tagrams, respectively.

where the probe-pulse energy is set to 15 wJ. Naturally, y > 0
suggests the side fluorescence is suppressed owing to the pres-
ence of the probe pulse, whereas y < 0 means the opposite.
At low pressures (< 50 mbar), the entire filament can be
separated into three distinct regions. When the probe pulse
propagates through the filament, the fluorescence intensity
increases in the left and right regions, while decreasing in
the middle region. When the pressure exceeds ~50 mbar, the
fluorescence intensity changes induced by the probe pulse in
the right and middle regions disappear, and the fluorescence
enhancement in the left region reduces with the increasing
pressure. The above results in Figs. 1 and 2(b) reveal the
competition between the forward-lasing emission and the side
fluorescence. At low pressures, the fluorescence intensity in

the middle region is suppressed because the probe pulse
sweeps away a portion of the N, 1 population in the upper
B(v = 0) state. At high pressures, absorption in the left of the
filament dominates, and one can only observe the increase of
the fluorescence intensity.

The competition between the side fluorescence and the
forward lasing can be simply explained by their generation
mechanisms. The 391-nm fluorescence is induced by the
spontaneous emission whose intensity is proportional to the
population of the B(v = 0) state. While the 391-nm lasing
is a kind of superradiance, its intensity is proportional to
the population inversion between the B(v = 0) and X (v' = 0)
states. Once the population inversion is established, the probe
pulse will trigger the superradiance, which depletes a portion
of the B(v = 0) population and thus reduces the fluorescence
intensity. On the other hand, if the population inversion does
not exist, the probe pulse will be absorbed by the N, ion in
the X (v/ = 0) state, which increases the B(v = 0) population
and thus the fluorescence intensity. The results suggest that the
lasing emission can only be generated when the laser intensity
is high enough, e.g., in the middle region of the filament at low
pressures.

In the low-pressure case, one can also notice that the fluo-
rescence intensity increases in the left and right regions with
the presence of the probe pulse in Fig. 2(b), which means that
there is absorption in these regions. To have a deeper learning
about this absorption, the dependence of y and probe-pulse
energy is investigated. The longitudinal y values with lower
probe-pulse energies of 9 and 3 uJ are shown in Figs. 2(c)
and 2(d), respectively. The most significant difference among
Figs. 2(b)-2(d) is in the left region, where the absolute values
of y are decreased obviously when the weaker probe pulses
are applied and become almost zero with a 3-uJ probe pulse.
It is easy to understand that the higher the probe-pulse energy
is the more population in the X (v = 0) state will be pumped
to the excited B(v = 0) state, which leads to stronger fluores-
cence intensity. As a result, the intenser the probe pulse, the
stronger the absorption. This also agrees with the unsaturated
absorption in Fig. 1. However, the fluorescence intensity in the
middle and right regions is hardly influenced by the probe-
pulse energy. As y remains almost zero at high pressures
(= 50 mbar), we only discuss the results at lower pressures in
these two regions. As we discussed in Fig. 1, the probe-pulse
energy (in the magnitude of wJ) in this work is much stronger
than that used in previous works (in the magnitude of nJ) so
that the amplification of the probe pulse is close to saturated.
Thus, the values of y in the middle region slightly become
larger when the probe energy increases from 3 to 9 uJ, but are
relatively unchanged when the probe energy increases to 15 pJ
in Figs. 2(b)-2(d). On the other hand, the negative y in the
right region represents the existence of absorption. Unlike the
left region, its insensitivity to the probe-pulse energy means
that this absorption is not for the probe pulse but for the
forward-lasing emission generated in the middle region.

Additionally, the spectra of the forward lasing at different
pressures are measured in Figs. 3(c)-3(h). The side fluores-
cence spectrum of the B(v = 0) — X (v’ = 0) transition at
100 mbar in Figs. 3(a) and 3(b) is used as the calibration of
rotational lines of the forward lasing. The self-seeded (only
pump pulse) and external-seeded (the probe pulse acts as
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FIG. 3. (a) and (b) The side fluorescence spectrum of the transition B 22; v=0)—->X 22;(1;’ = 0) at 100 mbar. (c)—(e) The self-seeded
forward-lasing spectra at 2, 10, and 50 mbar, respectively. (f)—(h) The forward-lasing spectra externally seeded by a 15-uJ probe pulse at 2, 10,

and 50 mbar, respectively.

a seed pulse) forward-lasing spectra at different pressures
are shown in the left column [Figs. 3(c)-3(e)] and the right
column [Figs. 3(f)-3(h)], respectively. In self-seeded cases,
the position of the P branch bandhead deviates from that in
the fluorescence spectrum, and two rotational lines in the R
branch are split at 50 mbar, which is shown zoomed-in in
Fig. 3(e). When the probe pulse acts as the external seed, the
P branch of the forward lasing is significantly broadened, and
the peak splitting is more obvious, especially in the P branch.
The spectrum broadening is induced by the appearance and
superposition of rotational lines in the P branch, which can be
compared by the separate lines in the R branch. Besides, the
spectral splitting based on the propagation effect has also been
reported recently [32]. By comparing Fig. 2(b) and Figs. 3(f)-
3(h), it is obvious that fluorescence increment in the right
filament is related to the strong forward air lasing at 5 and
10 mbar. It suggests that the absorption of the forward-lasing
emission in the right filament is an indispensable repercussion
for the lasing emission. It might be efficient to improve the
lasing intensity by shorting or cutting off the right region of
the filament. Besides, it should also be noticed that the lasing
intensity at 50 mbar is only about 2% of that at 10 mbar, which
is too weak to affect the side fluorescence intensity in Fig. 2.

To understand the competition better, the laser intensity
and the population distribution in the filament are simulated.
We first employ a TDNSE to simulate the pump-pulse prop-
agation process as in Eq. (1), which could also be called the
nonlinear envelope equation:

i
.U = —T7'V
¢ 2ko

ko

2n0p;

. .o 2
WU +iDU +i—n,T|U|
c

,B(K)
2

i -ty U*2U — %,oU. (1)

It describes a forward-propagating pulse going through
different linear and nonlinear effects, such as diffraction,
dispersion, optical Kerr effect, and plasma effect during
laser-matter interaction. Its effectiveness has been proved in
both gas and solid medium [33-36]. Here, U(7, z,1)|,—0 =
e IR TzFlenS is the electric-field envelope, and Fieps =
e~ tkoro®/2f represents the phase change by the focusing lens
of the input beam, where ko, ry, and f are the wave vector
of pulses, the beam radius, and the focal length, respectively.
In the first term of the formula, T = 1 + (i/w()(3/9¢) and
V  are the spatiotemporal coupling operator and the spatial
second-order differential operator, respectively [37]. Then D
is the dispersion coefficients at the center frequency which
includes group-velocity dispersion and third-order dispersion,
wyp is the central angular frequency, and the nonlinear refrac-
tive index n, is dependent on the variation of the N, pressure
[38]. Moreover, the following terms are responding to plasma-
related processes, which are related to the plasma density
o directly, where ng, p., B*), k, and o donate the linear
refractive index, the critical plasma density of the medium, the
coefficient for multiphoton absorption, the ionization order,
and the cross section of collisional ionization, respectively.
We apply the MO-ADK model for the photoionization rates
in our circumstance; details of these parameters have been
discussed previously [39].

In the simulation, a 2.5-mJ pump pulse is focused in
5-, 50-, and 500-mbar pure nitrogen gas by a 400-mm
planoconvex lens. Figure 4(a) is the simulated laser intensity
in the filament region, and the position of 0 mm is the geomet-
rical focus of the lens. The laser intensity has a wide range
from 10'3 to 10'“W/cm? along the filament. The strongest
intensity position is close to the geometrical focus as ex-
pected, and this position moves backward with the increasing
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FIG. 4. The simulated laser intensity distribution (a), the pop-
ulation distribution of BzEj(v = 0) (thick lines) and X 2)3;(1)’ =
0) (thin lines) states (b), and the population inversion (c) along
the filament at 5 (blue solid lines), 50 (orange dashed lines), and
500 (yellow dotted lines) mbar.

pressure, which is because of the stronger self-focusing at
higher pressures. Meanwhile, the stronger intensity clamping
at high pressures leads to the lower intensity.

Based on the simulated laser intensity, we further calcu-
late the population distribution of X (v’ = 0) and B(v = 0)
states of the N, by applying the transient ionization injection
model [20], as shown with solid and dashed lines, respec-
tively, in Fig. 4(b). At high pressures (50 and 500 mbar),
the simulations show that the population injection to the
N,* ion states occurs considerably when the laser intensity
>1 x 10" W /cm?. The more intense the laser, the greater the
populations of two states, and the population of the X (v = 0)
state is always larger than that of the B(v = 0) state. How-
ever, the proportional relation between the X (v = 0) state

population and the intensity is interrupted due to the coherent
coupling between A and X states when the laser intensity
is higher than ~2.5 x 104 W/cm2 at 5 mbar. As a result,
the population inversion is established in the middle of the
filament at this pressure with high laser intensity (>2.8 x 10
W /cm?), but not at both edges of the filament at 5 mbar and
in the whole filament at high pressures (50 and 500 mbar),
which is manifested as the population inversion in Fig. 4(c).
Therefore, the experimental results in Fig. 3(b) can be well
explained by the population inversion between X (v = 0) and
B(v = 0) states. At low pressures (< 50 mbar), the fluores-
cence intensity decrease in the middle region is induced by
the population depletion of the B(v = 0) state when the probe
pulse triggers the population-inversion-based superradiance.
In the left and right regions, the population inversion is not
established, and the population of the B(v = 0) state becomes
larger by absorbing the probe pulse and the forward-lasing
emission, respectively. Thus, the fluorescence intensity in-
creases in these two regions. As for higher pressures, there
is no population inversion in the whole filament, and only the
absorption to the probe pulse exists.

IV. CONCLUSION

In conclusion, we observed the competition between the
forward superradiance and the side fluorescence from N,*
during the filamentation of a strong 800-nm femtosecond laser
pulse in low-pressure nitrogen gas by measuring the longitudi-
nal distribution of the side fluorescence under the influence of
a resonant probe pulse with different gas pressures. It was ob-
served that the N, lasing occurs in the middle of the filament
at the expense of the fluorescence, whereas the fluorescence is
enhanced on two sides of the filament. Numerical simulations
of population distributions of the N, well explain the above
experimental observations. Our results suggest that the phys-
ical models of the N, lasing should include the competition
effect between spontaneous emission and gain-swept lasing
emission in order to more precisely predict the behavior of
the N, lasing.
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