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Stimulated-Raman-scattering-assisted superfluorescence enhancement
from ionized nitrogen molecules in 800-nm femtosecond laser fields
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We have observed collective spontaneous emission (superfluorescence) from ionized nitrogen molecules
generated by 800-nm laser pulses. The superfluorescence intensity around 391 nm was found to be greatly
enhanced when injecting an external seed with various wavelengths. Our finding provides insights into
controlling the coherent emission from air filamentation induced by intense femtosecond laser fields, which
has great potential application in remote atmospheric sensing.
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I. INTRODUCTION

Ultrashort and ultraintense bench-top lasers are available in
laboratories due to the rapid development of laser technology,
which greatly promotes the study of laser-matter interaction
in the nonperturbative regime. Such laser-matter interaction
provides other routes to manipulate both the laser and the mat-
ter [1–3]. Narrow-band coherent emissions around 471, 428,
391, 357, and 330 nm were observed by Yao et al. when they
investigated the propagation of intense mid-infrared femtosec-
ond laser pulses in air [4]. These emission lines have been
assigned to the transitions between N2

+(B2�u
+, v′ = 0 − 2)

and N2
+(X2�g

+, v = 0 − 2). The observation shows that
the nonperturbative interaction between intense mid-infrared
laser fields and nitrogen molecules can be used to gen-
erate wavelength-tunable narrow-bandwidth coherent emis-
sion covering ultraviolet to visible wavelength region along
the laser propagation direction. This directional emission
utilizes the main constitutions of ambient air nitrogen as
the gain medium and is also termed as air lasing. It
improves tremendously the detection sensitivity of opti-
cal remote sensing in comparison with the nondirectional
fluorescence.

Various schemes have been proposed for generating air
lasing based on the understanding of laser-matter interac-
tion [5–11]. However, the laser-molecule interaction is very
complicated when the laser field becomes intensive [12].
Tunneling ionization is one of the fundamental processes
for molecules in intense femtosecond laser fields. According
to strong field molecular orbital theory [13], the molecular
ions are in the ground electronic state when the electron in
the highest occupied molecular orbital (HOMO) is removed.
Therefore, the molecular ions are in the excited electronic
states when ionization occurs through lower-lying orbitals.
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Advanced experimental methods have been developed to
identify the electronic states of molecular ions generated by
intense femtosecond laser fields [14–18]. Because the ion-
ization rate decays exponentially with respect to the electron
binding energy, it is usually assumed that the molecular ion
is dominantly in its ground electronic state. The generation
of air lasing from ionized nitrogen molecules implies that
excited electronic state plays a significant role in the laser
filamentation [19]. It is even suggested that the population
in the excited electronic state can be higher than that in
the ground electronic state for ionized nitrogen molecules
[20–22]. Evidence shows that the multiple coherent emission
lines are generated from a series of nonlinear processes in-
cluding four-wave mixing and stimulated-Raman scattering in
the case of a mid-infrared driving laser field [23,24]. However,
the underlying mechanism is still highly debated in the case of
a 800-nm driving laser field [25–31].

Previous work has concentrated on measuring the intensity
variation of the external seed based on the pump-probe tech-
nique, and it has been found that the intensity of the external
seed can be either amplified or attenuated depending on the
wavelength of the pump laser or the external seed [21,27]. In
this paper, we found that the coherent emission around 391 nm
can be greatly enhanced when an external seed around 357 nm
is injected into the ionized nitrogen molecules generated by
the 800-nm laser fields. By comparing the temporal profile
and the intensity of the enhanced 391-nm emission induced
by an external seed with different wavelengths, we concluded
that the enhanced 391-nm emission originates from the seed-
induced superfluorescence. In the case of the 357-nm seed, the
391-nm coherent emission is first generated by the stimulated
vibrational Raman-scattering process, the generated 391-nm
coherent emission then serves as an external seed to induce
the superfluorescence from the ionized nitrogen molecules.
This study demonstrates that the seed wavelength does not
have to cover the lasing wavelength from ionized nitrogen
molecules.
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II. EXPERIMENTAL SETUP

The experiments were carried out using a commercial
Ti:sapphire laser amplifier, which delivers linearly polarized
femtosecond laser pulses with a central wavelength of 800 nm,
pulse duration of 35 fs, and pulse energy of 6 mJ. The 800-nm
laser beam was split into three beams by two beam splitters.
The first 800-nm laser beam with a single pulse energy of
about 2 mJ was utilized as a pump laser to ionize neutral
nitrogen molecules. The second 800-nm laser beam with a
single pulse energy of about 3 mJ was introduced into an
optical parametric amplifier system to generate a tunable
mid-infrared laser source. Its fourth harmonics was generated
by two BBO crystals and utilized as an external seed. The
third weak 800-nm laser beam was utilized to generate the
sum frequency signal with the 391-nm coherent emission
from ionized nitrogen molecules in a BBO crystal. In the
experiment, the pump laser and the seed were recombined
collinearly by a dichroic mirror with high reflectivity around
320–470 nm and high transmission around 680–900 nm. Then
they were focused by an f = 300 mm convex lens into a
gas chamber filled with pure nitrogen gas. After filtering the
800-nm pump laser by another pair of dichroic mirrors,
the forward emission was focused into a fiber spectrometer.
The intensity of the forward emission from ionized nitrogen
molecules was measured as a function of the time delay
between the 800-nm pump laser and the external seed. The
temporal profile of the coherent emission was obtained by
combining it with the third 800-nm laser beam to measure its
sum frequency signal.

III. RESULTS AND DISCUSSION

Figure 1(a) shows a typical forward emission spectra from
ionized nitrogen molecules generated by intense 800-nm laser
fields. The incident laser was linearly polarized with pulse

FIG. 1. (a) Forward emission of pure nitrogen molecules irradi-
ated by intense 800-nm pump laser. In the inset the broad emission
around 400 nm is generated in argon atoms and attributed to the
second harmonic of the 800-nm pump laser. (b) Spectrum of the
357-nm external seed. (c) Forward emission in the presence of an
external 357-nm seed with optimized time delay. The region around
357 nm is magnified by a factor of 10 for visual convenience.

energy of 1.5 mJ and the gas pressure was 10 mbar. The
emission lines around 391 nm were assigned to the transition
of a P-branch and around 388 nm they were assigned to an
R-branch of N2

+(B2�u
+, v′ = 0 → X2�g

+, v = 0). In the
inset a broad emission around 400 nm is clearly observed in
argon atoms under a similar laser condition. The observation
confirmed that the second harmonic can be generated by
simply focusing an intense laser pulse in gases. It is known
that the inversion symmetry is required to be broken for gener-
ating second harmonic generation in gases, which is realized
by the charge separation induced by the intense laser fields
[32]. In agreement with previous reports [33,34], the observed
coherent emissions around 391 and 388 nm are attributed
to the self-seed triggered lasing and the seed is served by
the second harmonic of the pump laser. Fig. 1(b) shows the
spectrum of an external seed around 357 nm. The 357-nm seed
has a duration of about 200 fs and the wavelength corresponds
to the transition of (N2

+B2�u
+, v′ = 1 → X2�g

+, v = 0).
As shown in Fig. 1(c), the forward emission around 391 nm is
greatly enhanced by more than two orders of magnitude when
the 357-nm seed is injected with an optimized time delay
between the pump laser and the seed. It should be emphasized
that the absolute intensity of the enhanced 391-nm coherent
emission is about 50 times of the seed laser intensity.

Figure 2(a) shows the enhanced 391-nm emission intensity
as a function of the time delay between the 800-nm pump laser
and the 357-nm seed. It can be seen that the enhancement
occurs only in a limited temporal window near the duration
of the 357-nm seed (200 fs). Further, we measured the sum
frequency signal at 263 nm with a third weak 800-nm laser
beam in a BBO crystal and obtained the temporal profile of
the enhanced 391-nm emission. As shown in Fig. 2(b), the
enhanced 391-nm coherent emission lags behind the 357-nm
seed with a time of ∼4 ps. In addition, the lagged emission
lasts several tens of picoseconds and is superimposed by
some periodic modulations. The interval of ∼4 ps corresponds

FIG. 2. (a) The intensity of the enhanced 391-nm emission as
a function of time delay between the 800-nm pump laser and the
357-nm external seed; (b) the sum frequency signal at 263 nm
generated by the enhanced 391-nm emission and the weak 800-nm
laser as a function of time delay between them. The injection time of
the external 357-nm seed is marked by a red arrow.
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to the half fundamental rotational period of the rotational
wave packet of N2

+(B2�u
+). The duration of the enhanced

391-nm emission (∼40 ps) is more than two orders of mag-
nitude longer than that of the 357-nm seed (200 fs). This
measurement indicates that the enhanced 391-nm emission
is not produced directly from parametric processes, in which
temporal overlap is expected. It should be mentioned that, Li
et al. [35] reported that the duration of the 391-nm coherent
emission becomes shorter with increasing the plasma length
and the emission signal shows oscillation depending on the
plasma length. Liu et al. [19] measured the emission delay,
pulse duration, and peak power of the 391-nm emission as a
function of gas pressure. All results indicate that the 391-nm
coherent emission shows the nature of superradiance. Here we
noticed that the duration of the enhanced 391-nm emission is
about three orders of magnitude shorter than the spontaneous
lifetime of corresponding transition (∼60 ns) in our experi-
mental condition. The phenomena that the emission duration
is several orders of magnitude shorter than its spontaneous
lifetime has been observed in the 1s2 → 1s3p excitation of
helium atoms by 53.7-nm free-electron laser radiation and
the emission is attributed to a kind of collective spontaneous
emission, i.e., superfluorescence [36]. Combining previous
reports and the present measurement, the lagged 391-nm
coherent emission in our experiment is attributed to the seed-
induced superfluorescence. In comparison with atoms, the
temporal profile of the superfluorescence is more complicated
for molecules due to the molecular rotation and vibration.

In intense femtosecond laser fields, nitrogen molecules are
ionized through tunneling process. At the moment of ioniza-
tion, N2

+(B2�u
+) and N2

+(X2�g
+) are aligned along the

polarization direction of the pump laser due to the anisotropic
angular-dependent ionization probability [37]. After the laser
pulse, the transient alignment is revived at the times of the in-
tegers of half rotational period of ionized nitrogen molecules.
As shown in Fig. 1(c), the superfluorescence around 391 and
388 nm consists of many rotational emission lines correspond-
ing to the P-branch and R-branch of N2

+(B2�u
+, v′ = 0 →

X2�g
+, v = 0) transition. The dipole moment and emission

polarization are parallel to the molecular axis for these tran-
sitions [21]. At the times corresponding to the integers of
half rotational revival of ionized nitrogen molecules, all emis-
sion lines carry the same phase between different rotational
states of N2

+(B2�u
+, v′ = 0) and N2

+(X2�g
+, v = 0). The

constructive interference leads to periodic modulation of the
enhanced 391-nm emission at the times of the integers of half
fundamental rotational period of the rotational wave packet of
N2

+(B2�u
+), as shown in Fig. 2(b).

In order to reveal the underlying mechanism, we carried
out similar experiments but using the seed with wavelength
of 391 nm. As shown in Fig. 3(a), the enhanced 391-nm
emission is also achieved in the presence of a 391-nm external
seed. However, the absolute intensity of the 391-nm seed
is much lower than that of the 357-nm seed to achieve the
same intensity of the enhanced 391-nm emission under the
same experimental condition (pump laser and gas pressure).
Figure 3(b) shows the enhanced 391-nm signal as a function
of the time delay between the pump laser and the seed.
Different from the 357-nm seed, the enhancement of the 391-
nm emission can occur in a broad time window of several

FIG. 3. (a) Forward emission in the presence of an external
391-nm seed with optimized time delay, the seed laser around 391 nm
is magnified by a factor of 20 for visual convenience; (b) the intensity
of the enhanced 391-nm emission as a function of time delay between
the 800-nm pump laser and the 391-nm external seed; (c) the sum
frequency signal at 263 nm generated by the enhanced 391-nm
emission and the 800-nm laser as a function of time delay between
them. The injection time of the external 391-nm seed is marked by a
red arrow.

picoseconds when the 391-nm seed is applied. In addition,
the time-dependent enhancement is superimposed by some
periodic modulations. Figure 3(c) shows the temporal profile
of the enhanced 391-nm emission by measuring the sum
frequency signal at 263 nm with a weak 800-nm laser beam
in a BBO crystal. The peak marked by a red arrow comes
from the sum frequency signal of the external 391-nm seed
and the weak 800-nm laser. This assignment is confirmed
by blocking the 800-nm pump laser; the peak still exists
and the intensity has no obvious change. This observation
clearly demonstrates that the external seed itself is not directly
amplified. The enhanced 391-nm emission lags behind the
seed. The duration of the lagged 391-nm emission is tens
of picoseconds. It is also superimposed by some periodic
modulations separated by ∼4 ps. All these features are similar
to the case of 357-nm seed. The similarity indicates that the
enhanced 391-nm emission is a kind of collective spontaneous
emission (superfluorescence) whether the 357-nm or the
391-nm seed is applied.

033402-3



ZHIMING MIAO et al. PHYSICAL REVIEW A 98, 033402 (2018)

FIG. 4. Resonance enhanced Raman scattering related with vi-
brational Raman process from (a) N2

+(X2�g
+, v = 0 → v = 1),

and (b) N2
+(B2�u

+, v′ = 0 → v′ = 1).

The main difference between two cases is that the en-
hancement of the 391-nm emission occurs in a limited
time window (∼200 fs) in the case of the 357-nm seed
and a broad time window (∼10 ps) in the case of the
391-nm seed. Macroscopic coherence is shown to be crucial
for the 391-nm coherent emission [38]. The coherence is
built through absorbing and emitting photons. The transi-
tion probability of the R branch depends on the phase of
2πc[BBJ (J + 1) − BxJ (J − 1)]t and the P branch on the
phase of 2πc[BBJ (J + 1) − Bx (J + 1)(J + 2)]t , where J is
the rotational quantum number of N2

+(B2�u
+, v′ = 0), BB

and Bx are the rotational constants of N2
+(B2�u

+, v′ = 0)
and N2

+(X2�g
+, v = 0), respectively. All rotational states

were initially populated by the 800-nm pump laser and the
time is set to zero at the moment of ionization. At the
times corresponding to the integers of half rotational revival
of ionized nitrogen molecules, all the transition experiences
the same phase and the maximum coherence, as well as
the maximum enhancement, is achieved. This result agrees
well with the very recent report by Arissian et al. that the
gain is strongly dependent on the phase [30]. Based on the
comparative analysis of cases using a 357-nm and a 391-nm
seed, we suggest the following mechanism for the enhanced
391-nm emission induced by the 357-nm seed. When a
357-nm seed is injected into the ionized nitrogen molecules,
a coherent emission around ∼391 nm is first generated by a
vibrational Raman scattering of molecular ions, then the gen-
erated 391-nm coherent emission induces superfluorescence
corresponding to the transition of N2

+(B2�u
+, v′ = 0) →

N2
+(X2�g

+, v = 0).
Figure 4 shows the Raman-scattering process under sin-

gle photon resonant condition pumped by the 357-nm
laser beam. In Fig. 4(a) the Stokes photons of 386 nm
is generated through the vibrational Raman transition of
N2

+(X2�g
+, v = 0 → v = 1), and in Fig. 4(b) the Stokes

photons of 391 nm is generated through the vibrational
Raman transition of N2

+(B2�u
+, v′ = 0 → v′ = 1). Be-

cause of the high population in N2
+(X2�g

+, v = 0) and
N2

+(B2�u
+, v′ = 0) [20,21], it is expected that the Raman

scattering shown in Figs. 4(a) and 4(b) can occur simulta-
neously. However, the second harmonic of the 800-nm pump
laser shown in Fig. 1(a) only covers the wavelength of 391 nm,
which serves as the Stokes beam. The existence of the Stokes
beam can greatly enhance the Raman process in Fig. 4(b)

FIG. 5. (a) Forward emission in the presence of an external
357-nm seed with polarization perpendicular to the 800-nm pump
laser polarization, (b) polarization properties of the 800-nm pump
laser and 357-nm seed, (c) polarization properties of the 391-nm
coherent emission with and without the 357-nm seed.

through stimulated-Raman scattering [39,40]. The stimulated-
Raman-scattering process requires that the 357-nm seed and
the second harmonic of the 800-nm pump laser overlaps in
the temporal domain. This explains the observation shown
in Fig. 2(a), wherein the enhancement only occurs within a
limited temporal window near the duration of the 357-nm
seed. The resonant stimulated-Raman scattering effectively
converts coherent 357-nm photons into coherent 391-nm
photons. In order to evaluate the conversion efficiency of
the stimulated-Raman-scattering process, we measured the
intensity of the 357-nm seed and the 391-nm seed under the
condition that the same intensity is achieved for the enhanced
391-nm emission. The result indicates that about 2% of the
357-nm photons are converted into 391-nm photons through
the resonant stimulated-Raman scattering.

Finally, we repeated the experiment using the 357-nm seed
with polarization perpendicular to the 800-nm pump laser
polarization. As depicted in Fig. 5(a), the 391-nm emission
is also enhanced even though the enhancement degree is
greatly decreased in comparison with the seed polarization
parallel to the 800-nm pump laser polarization. Figure 5(b)
shows the polarization of the 800-nm pump laser and the 357-
nm seed, which are perpendicular to each other. Figure 5(c)
show the polarization of the 391-nm coherent emission with
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and without the 357-nm seed. It can be seen that the polar-
ization of the 391-nm coherent emission is always parallel
to the 800-nm pump laser polarization whether the 357-nm
seed is applied or not. The observation that the polariza-
tion of the enhanced 391-nm emission is perpendicular to
the polarization of the 357-nm seed is different from the
case of the 391-nm seed, in which the polarization of the
enhanced 391-nm emission is parallel to the polarization
of the seed whether it is perpendicular or parallel [31]. In
the following, we explore the mechanism behind this. As
we discussed above, the enhanced 391-nm coherent emis-
sion is generated through two steps when the 357-nm seed
is applied. In the first step, 357-nm coherent photons are
converted into 391-nm coherent photons through stimulated-
Raman scattering. As shown in Fig. 4(b), the conversion of
the 357-nm photons into 391-nm photons is realized through
the transition of N2

+(B2�u
+, v′ = 1 ← X2�g

+, v = 0) and
N2

+(B2�u
+, v′ = 0 → X2�g

+, v = 0). It should be empha-
sized that the dipole coupling between N2

+(B2�u
+) and

N2
+(X2�g

+) becomes maximum when the laser polarization
is parallel to the molecular axis [21]. In our experiment,
ionized nitrogen molecules are generated through tunneling
ionization. N2

+(B2�u
+) and N2

+(X2�g
+) are aligned along

the polarization direction of the 800-nm pump laser at the mo-
ment of ionization due to the anisotropic angular-dependent
ionization probability [37]. Here the second harmonic of
the 800-nm pump laser serves as the Stokes beam and its
polarization is confirmed to be parallel to the 800-nm pump
laser polarization. Even though the initial polarization of the
357-nm seed is linearly polarized and perpendicular to the
800-nm pump laser polarization, the aligned molecules in-
duced by the 800-nm pump laser will cause birefringence and

depolarize the 357-nm seed [41]. Thus, the generated parallel
component is involved in the stimulated-Raman scattering to
convert the 357-nm photons into 391-nm photons. Further,
the generated 391-nm coherent emission serves as an external
seed to induce superfluorescence from the ionized nitrogen
molecules. As a result, the polarization of the superfluores-
cence has the same polarization of the 800-nm pump laser.

IV. SUMMARY

In summary, we report a phenomenon that a lagged coher-
ent emission around 391 nm can be greatly enhanced when
an external seed around 357 nm is injected into the ionized
nitrogen molecules generated by the 800-nm laser fields. The
enhanced 391-nm coherent emission is generated through a
two-step process. In the first step, about 2% of the 357-nm
coherent photons are converted into 391-nm coherent photons
through stimulated vibrational Raman-scattering process. In
the second step, the generated 391-nm coherent emission
serves as an external seed to induce superfluorescence from
the ionized nitrogen molecules. This study demonstrates that
the seed wavelength can be different from the lasing wave-
length, and our finding provides a different route to control the
coherent emission from air filamentation induced by intense
femtosecond laser fields.
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