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We experimentally investigated the forward 353.8 nm radiation from plasma filaments in pure nitrogen gas
pumped by intense circularly polarized 800 nm femtosecond laser pulses. This emission line corresponds to
the B2Σþ

u ðv0 ¼ 4Þ−X2Σþ
g ðv ¼ 3Þ transition of nitrogen ions. In the presence of an external seeding pulse,

the 353.8 nm signal was amplified by 3 orders of magnitude. Thanks to the much enhanced intensity, we per-
formed time-resolved measurement of the amplified 353.8 nm emission based on the sum-frequency generation
technique. It was revealed that the built-up time and duration of these emissions are both inversely proportional
to the gas pressure, while the radiation peak power grows up nearly quadratically with pressure, indicating that
the 353.8 nm radiation is of the nature of superradiance.
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Cavity-free air lasing pumped by ultrafast laser pulses has
attracted much attention in recent years due to its unique
properties[1–12]. First, bidirectional air lasing occurs without
any external optical cavity due to a high single pass optical
gain. Second, the gain media are ambient air (N2, O2, Ar)
or their derivatives under laser excitation, which is ubiqui-
tous. Finally, air lasing can be potentially generated far
away from the pump laser system, since the intensity of the
driven ultrafast pulses can easily reach 1013–1014 W∕cm2

even a kilometer away thanks to the filamentation proc-
ess[13–16]. Because of the above characteristics, air lasing
holds great potential in optical remote sensing applica-
tions, which has been demonstrated in recent studies[17,18].
At present, most studies of air lasing are focused on
the lasing action of atomic oxygen (O)[1,10], argon atom[12],
neutral nitrogen molecules (N2)

[4,8,19,20], as well as ionic
nitrogen molecules (Nþ

2 )
[2,5–7,11]. Up to now, the physical

mechanisms of the lasing effect of O, Ar, N2 are more or
less understood[1,4,8,10,12]. In contrast, the lasing of nitrogen
ions exhibits very rich phenomena under different pump-
ing conditions, and its mechanism is still unclear[2,5–7,21–23].
Most studies on nitrogen ion lasing are focused on

the 391.4 nm and 427.8 nm emission lines, which corre-
spond to the optical transition between B2Σþ

u ðv0 ¼ 0Þ and
X2Σþ

g ðv ¼ 0; 1Þ states, respectively, where the v0 and v de-
note the vibrational quantum levels of the upper and lower
electronic states[2,5–7]. These two emission lines can be
readily produced by an 800 nm pulse with moderate pulse
energy (∼1mJ), with a focusing geometry of NA ∼0.02–
0.03 commonly used by different research groups[6,7,11].
To identify the nature of this radiation, the temporal pro-
file of these emissions has been studied for different gas

pressure p and plasma length with the time-resolved
method[22,24]. It was found that the built-up time and
the pulse duration both scale with p−1, while the radiation
peak power grows with p2, indicating that the 391.4 nm
emission is superradiance[22,24]. In the experiments, linearly
polarized pump pulses were usually employed. With an in-
crease of pump pulse ellipticity, it has been observed that
the forward lasing signal drops significantly[22,25,26]. For cir-
cularly polarized pump pulses, no forward 391.4/427.8 nm
signal or a much weaker one has been observed[22,25,26].
Surprisingly, Zhai et al. recently reported that with in-
tense circularly polarized 800 nm pulses, coherent forward
emission at 353.3, 353.8, and 354.9 nm can be generated.
This emission stems from the B2Σþ

u ðv0 ¼ 5; 4; 3Þ to
X2Σþ

g ðv ¼ 4; 3; 2Þ transition, i.e., the highly excited state
of nitrogen ions[27,28]. With external injected seeding pulses,
strong optical amplification has been observed, and the
gain dynamics have been measured[27,28]. Up to now, to
the best of our knowledge, the temporal profile of this
emission has not been characterized, and its mechanism
remains unclear.

In this study, we report on time-resolved measurement
of the seeded 353.8 nm radiation from nitrogen gas plasma
pumped by intense circularly polarized 800 nm femto-
second pulses. To identify the optimal experimental con-
ditions, we first investigated the pump laser ellipticity and
pressure dependence of the 353.8 nm emission. In the pres-
ence of an external seeding pulse at proper conditions,
a spectrum amplification by 3 orders of magnitude was
obtained. With the much enhanced emission energy,
we were able to characterize it in the temporal domain
with nonlinear sum-frequency generation (SFG) method.
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It was found that the pulse built-up time τd and the pulse
duration τw are inversely proportional to the nitrogen
pressure p, while the pulse peak power increases almost
quadratically with p. Based on these characteristic fea-
tures, we come to the conclusion that the 353.8 nm lasing
radiation from the high vibrational levels of Nþ

2 is
superradiance.
In the experiment, the femtosecond laser pulse (35 fs,

1 kHz) from a Ti:sapphire amplification system at the
796 nm wavelength has a maximum pulse energy of
11 mJ. The experimental setup is schematically shown
in Fig. 1. The output pulses were split sequentially into
three parts with two beam splitters, denoted as pump,
seed, and probe pulses in the figure. The energy of the
main pump pulses was 7 mJ, and a quarter wave-plate
(QWP, Thorlabs, WPQ10M-808) was installed on this
beam path to change its polarization from linearly to
circularly polarized states. For the generation of the seed
pulse with the spectral component around 353.8 nm, the
796 nm pulses first pass through a second harmonic gen-
eration beta barium borate (BBO) crystal to produce laser
pulses around 398 nm. The second harmonics pulses were
focused into a 3 mm thick fused silica sample to broaden
its spectrum through the self-phase-modulation effect. We
used interference filters with a bandwidth of 10 nm to se-
lect the required spectral component around 353.8 nm
from the broadened white-light spectrum. The pump
and the seed pulse were combined by a dichroic
mirror (DM) and then focused with an f ¼ 50 cm lens into
a gas chamber filled with pure nitrogen gas.
The third 796 nm pulse (probe) was combined with

the forward 353.8 nm radiation from the gas plasma by
another DM, focused by an f ¼ 100mm lens onto an
SFG BBO crystal cut at 44.3°. The SFG signal around
246 nm was spectrally filtered out from the residual
353.8 nm and 796 nm radiation with proper optical filters
(BG 11 and interference filter around 250 nm with 10 nm
bandwidth) and collected into a fiber spectrometer. The
seed and the probe pulse were equipped with high-preci-
sion mechanical optical delay lines, so that the time delay
between the three pulses can be adjusted separately.
We first measured the forward lasing signal as a func-

tion of pump pulse polarization with only the pump pulse.
The results are presented in Fig. 2. The polarization of the
pump pulse was changed by rotation of the QWP, where

0° and 45° represent circular polarization and linear polari-
zation, respectively. With circularly polarized 796 nm
pump pulses, a strong emission at 353.8 nm and a rela-
tively weaker peak at 353.5 nm were observed. The signal
drops down rapidly for polarization deviated from the
circular state, in agreement with previous reports[27,28].

We then injected an external seeding pulse inside the
nitrogen gas plasma, and the experimental results are
shown in Fig. 3. It should be noted that in Fig. 3 the spec-
tra of the seeding pulse and the 353.8 nm emission
obtained without the seeding pulse have been multiplied
by a factor of 100 for easy comparison. With both pump
and seeding pulses, the 353.8 nm signal was strongly en-
hanced. Compared to the spectral intensity of the seeding
pulse at 353.8 nm, an amplification factor of 3200 was ob-
tained. Considering a plasma length of 15 mm, we esti-
mated the optical gain to be g ¼ lnðI f ∕I 0Þ∕l ¼ 5.38 cm−1.

We further investigated the 353.8 nm signal intensity as
a function of nitrogen gas pressure in both cases without
and with the seeding pulses. As can be seen in Fig. 4, sim-
ilar pressure dependence was observed for the two cases,
with an optimal pressure around 90 mbar in our current
experiments.

Furthermore, we investigated gain dynamics of the
353.8 nm transition for different gas pressures. In the

Fig. 1. Schematic experimental setup. Beam splitters (not
shown) separated the laser pulses into three pulses, denoted
as the pump, seed, and probe. The forward 353.8 nm radiation
was recombined with the probe pulse by a dichroic mirror (DM).

Fig. 2. Dependence of 353.8 nm signal intensity as a function of
the rotation angle of the quarter wave-plate. The angles 0° and
45° correspond to circular polarization and linear polarization,
respectively.

Fig. 3. Amplified spectra of the seed pulse inside nitrogen
plasma. The spectrum of seed pulse and that from pump pulse
are also presented, multiplied by a factor of 100 for visibility.
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experiments, we measured the intensity of the amplified
353.8 nm as a function of the time delay between the
pump pulse and seed pulse. As shown in Fig. 5, the lasing
signal reaches its maximum of 0–500 fs after the pump
pulse and decreases gradually up to delay of ∼5 ps.
Importantly, it should be noticed that the rising edge
of the signal, i.e., the establishment of the optical gain,
is independent of the gas pressure. This observation is
distinct from the lasing action of N2, where the optical
gain is established in 5–10 ps and depends sensitively
on the gas pressure[19,20]. In the lasing process of N2 pumped
by intense circularly polarized 800 nm femtosecond pulses,
the mechanism for optical gain formation was attributed
to population inversion between the C3Πu and B3Πg states
based on electron–molecule collision excitation[8,19,20]. The
mean collision time between electron and N2 is on the
order of a fraction of a picosecond for electron energy
of >11 eV at standard temperature and pressure (STP)
conditions. Therefore, a gain formation time of several
picoseconds can be expected since many collision events
are necessary to result in population inversion. In the
meantime, the gain formation time depends on the gas

pressure, because the mean collision time decreases for
higher pressure. Here, the sub-picosecond formation time
of the optical gain at 353.8 nm and its independence on gas
pressure indicate that the pressure-dependent electron–
molecule collision cannot be the physical mechanism for
optical gain formation.

The pressure-independent sub-picosecond formation
time of the optical gain at 353.8 nm is actually similar
to that of the 391.4 nm lasing action[6,22], except that for
391.4 nm emission generation linearly polarized pump
pulses are much more efficient than circular polarization.
With the mechanism for optical gain at 391.4 nm inten-
sively debated nowadays[2,5–7,21–23], the underlying physics
for the optical gain at 353.8 nm is also unclear, which
requires further study.

Nevertheless, we were able to perform time-resolved
measurement of the radiation based on SFG of the
353.8 nm radiation and the weak 800 nm probe pulse, since
the intensity of the 353.8 nm radiation has been enhanced
by 3 orders of magnitude by injection of a seeding pulse
(Fig. 3). In the experiments, we recorded the SFG signal
at 246 nm for varying time delays between the 353.8 nm
signal and the probe pulse, which reflects the temporal
profile of the 353.8 nm lasing signal. The experimental re-
sults for different gas pressures are shown in Fig. 6(a). The
pump pulse was 500 fs precedent with respect to the seed-
ing pulse, and the zero delay was defined as the temporal
position of the seeding pulse. The small peaks at zero delay
correspond to the seeding pulse, which is not amplified.
The amplified pulse energy actually lags behind the seed-
ing pulse by a few picoseconds, with its peaks advancing

Fig. 4. Dependence of 353.8 nm signal intensity on gas pressure
without seeding and with seeding.

Fig. 5. Dependence of 353.8 nm signal intensity on the time de-
lay between the pump and seed pulses for different gas pressures.

Fig. 6. (a) Temporal profile of the amplified 353.8 nm signal for
different gas pressures. (b) Dependence of pulse delay, pulse
width, and peak intensity on gas pressure.
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toward the seeding pulse for higher gas pressure. In
Fig. 6(b), we present the dependence of the pulse built-
up time τd , the pulse duration τw, and the peak power
on the gas pressure. It is seen that both τd and τw are
inversely proportional to the gas pressure (p−1), while
the peak power scales up with a dependence of p2.9, point-
ing out that the 353.8 nm emission is of the nature of
superradiance. We noticed that the peak power scales
up faster than the quadratic dependence expected for
superradiance, which was also observed for the
391.4 nm emission[22]. This can be due to that for higher
gas pressure the self-generated white-light continuum
shifts gradually toward the short-wavelength side and
starts to serve as the seeding pulse, which further acceler-
ates the superradiant radiation process.
Why does the 353.8 nm emission manifest as superra-

diance, like the 391.4 nm radiation obtained with linearly
polarized pump pulses? It is known that in gain media,
superradiant emission can develop if the polarization
evolves faster than or on the same time scale as the
decoherence time[9,29]. The average Rabi frequency can be
estimated by Ω ¼ DBXE∕h, where DBX is the electric di-
pole moment, and E is the electric field amplitude. The
electric dipole moment DBX is found to be DBX ¼ 2D ¼
6.66 × 10−30 C·m[5]. The electric field is estimated in
the following manner. Considering the measured pulse
energy of ∼100 nJ, the pulse duration of ∼10 ps, and
the diameter of the gain area of ∼100 μm, the average
intensity of the 353.8 nm radiation was found to be
I ¼ 1.27 × 109 W∕cm2. The corresponding electric field
was then calculated to be E ¼ 1.04 × 106 V∕m. Based
on the experimentally measured parameters, we esti-
mated the Rabi frequency for the 353.8 nm transition to
be Ω ¼ 7.06 × 109 rad∕s. For nitrogen gas of ∼50mbar,
the molecule–molecule collision frequency is about
2 × 108 rad∕s. Therefore, the upper limit for the collision
dephasing rate is set to be 2 × 108 rad∕s. We can see that
the average Rabi frequency is much higher than the de-
phasing rate, and molecular coherence effects will occur,
which leads to superradiant emission in our case. This rea-
soning also applies to the case of 391.4 nm emission, where
its intensity is higher than or on the same order as that of
the 353.8 nm emission. Since the femtosecond pulses es-
tablish the optical gain for 353.8 nm (circularly polarized
pump) or 391.4 nm (linearly polarized pump) in an ultra-
short time window determined by its duration, the devel-
opment of the superradiant emission on the time scale of
tens of picoseconds is expected to be independent on the
pump pulse polarization.
In conclusion, we have performed a time-resolved study

of the forward 353.8 nm emission from high vibrational
levels of Nþ

2 pumped by intense circularly polarized femto-
second laser pulses. With the pump-probe method, it was
found that the optical gain is established in less than
500 fs, independent of the gas pressure. This suggests that
a photonics process, instead of an electron collision
excitation, is responsible for the creation of optical gain.
Spectral amplification by 3 orders of magnitude was

observed by injection of an external seeding pulse, which
enables a time-resolved measurement based on the SFG
technique. We found that the amplified 353.8 nm signal
exhibits characteristic dependence on nitrogen gas pres-
sure, with pulse built-up time τd and pulse duration τw
scaling with p−1 and radiation peak power scaling with
p2.9. Based on these characteristic features, we came to
the conclusion that the 353.8 nm emission is of the nature
of superradiance.
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