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Nitrogen molecules pumped by intense femtosecond laser pulses give rise to coherent emission in the forward direction
at a series of wavelengths, coined “air lasing.” We demonstrate the coherent control of these emissions via a pair of seed-
ing pulses at two different frequencies at low pressures, revealing a coherence transfer through vibrational motion. It is
found that the injection of a 427.8 nm (391.4 nm) seeding pulse results in its amplification at the expense of the 391.4 nm
(427.8 nm) signal, demonstrating a competition between the two spectral components of the emission from the upper
level population. Moreover, when the delay between the seeding and pump pulses is finely tuned, the coherent control
of both transitions is observed via the coherence transfer. A microscopic molecular relaxation model reproduces these
observations, highlighting the crucial role of electronic and vibrational coherences, as well as their coupling, during the
lasing action. © 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.417804

1. INTRODUCTION

Ambient air turns into a lasing medium and emits coherent emis-
sion in the UV-visible range when it is excited by intense ultrafast
laser pulses [1–10]. This cavity-free lasing action has attracted
much attention in the last 10 years due to its potential to gen-
erate a remote laser source in the sky, assisted by the long range
filamentation driven by powerful femtosecond laser pulses [11].
All three main components of air, i.e., nitrogen, oxygen, and
argon, have shown their capacity, under excitation with a properly
chosen pump laser wavelength, to generate such a lasing effect
[1–10,12]. Particular attention has been focused on ionic nitrogen
molecules, due to the richness of the observed effects and their high
concentration in air. It has been demonstrated that lasing action
occurs within a few tens of picoseconds in nitrogen ions, and that
its intrinsic dynamics can be controlled within femtosecond and
attosecond time scales [13–18]. The rotational and vibrational
degrees of freedom of nitrogen ions enrich and complexify the
lasing phenomenon, so that the underlying mechanism of this
lasing process is still in debate.

Under excitation by near-infrared 800 nm femtosecond pulses,
nitrogen ions give rise to a series of narrow emission lines at 391.4,

427.8, and 471.2 nm in the forward direction. These wavelengths
correspond to transitions from the B26+u (ν ′ = 0) to the X 26+g
(ν = 0, 1, 2) electronic states of the nitrogen ions, where ν refers
to the vibrational quantum number [2]. Using time-resolved
measurements, it has been found that the temporal profile of the
391.4 nm emission presents a characteristic dependence on the
density of nitrogen ions, suggesting that the nature of the 391.4
nm emission is superfluorescence, a cooperative emission of many
ions enabled by the build-up of a macroscopic electronic coherence
[19,20]. Some of the present authors have injected a sequence
of two 391.4 nm seeding pulses into nitrogen gas plasma and
observed a coherent modulation of the forward 391.4 nm emis-
sion [15]. These two observations demonstrate the crucial role of
electronic coherence in the lasing process. Moreover, it has also
been shown that the rotational coherence of nitrogen ions plays
an important role in optical gain, when coherent rotational wave
packets are excited non-adiabatically by femtosecond pump pulses
[21–24]. Concerning vibrational coherence, although its role in this
lasing action has been recently revealed by a temporal modulation
of 391.4 nm emission [14], it still lacks a complete understanding.
This is partially so because the 391.4 and 427.8 nm emission lines
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are optimized in different pressure ranges so that their interac-
tion may be relatively weak under usual experimental conditions
[25,26]. More importantly, while it is well known that the interplay
between coherences of different degrees of freedom plays a crucial
role in various systems including polyatomic molecules and exciton
polaritons [27–29], the coupling of vibrational coherence to elec-
tronic/rotational coherence in the lasing of molecular cations N+2
remains elusive due to the weakly created vibrational coherence.

In this work, to clarify the role of vibrational coherence in N+2
lasing, we inject a pair of resonant seeding pulses at two distinct
wavelengths of 391.4 and 427.8 nm in the nitrogen plasma created
by an intense 800 nm femtosecond laser pulse. We observe a com-
petition between the two emission pathways originating from the
population of upper level B26+u (ν ′ = 0). More importantly, the
coherent modulation of the two emissions is achieved by tuning the
delay between seeding pulses with, surprisingly, an almost identical
temporal period determined by the frequency of the seeding pulse
being scanned. This demonstrates electronic coherence transfer via
vibrational motion. We interpret these observations using a micro-
scopic model based on the resonant interaction of two seeding
pulses with a quantum system consisting of three-level coherent
vibrational states. Our findings highlight the role of electronic
and vibrational coherence and the inter-conversion between each
other, as well as interplay between spectral components of emission
from the excited state, associated with the lasing process of nitrogen
ions.

2. EXPERIMENTS

In the experiments, we employ a commercial femtosecond laser
system that delivers a 35 fs pulse at a central wavelength of 796
nm, with a repetition rate of 1 kHz (Coherent Legend DUO). The
maximum pulse energy is about 13 mJ. The output pulses are split
into three pulses using two beam splitters, as schematically shown
in Fig. 1(a). One of the three pulses serves as the pump pulse,
which ionizes nitrogen gas. The other two pulses are transmitted
through two 1 mm thick type I beta barium borate (BBO) crystals
for generation of the second harmonic. The two BBO crystals are
optimized by rotating their azimuthal orientation, to efficiently
generate the 391.4 and 427.8 nm seeding pulses. After the two
BBO crystals, two narrowband interference filters with central
wavelengths of, respectively, 390 and 430 nm are inserted to select
the desired spectra of the seeding pulses. The two seeding pulses,
with their pulse energy estimated on the order of picojoules, are
first recombined with a beam splitter designed for a 400 nm beam.
Then, the two seeding pulses are combined with the main 796 nm
pulse using a dichroic mirror. The pump (∼ 1.5 mJ), seed 1 (391.4
nm), and seed 2 (427.8 nm) pulses are focused by three individual
convex lenses of focal length f = 300 mm. The spatial overlap
of the geometrical focus of the three beams is ensured by slightly
adjusting the position of the focal lens. High precision mechanical
delay lines are installed for the two seeding pulses. As a result, the
relative time delay between the seeding and pump pulses can be
individually adjusted with a precision of 10 nm, corresponding to
a delay of 30 as. The nitrogen gas pressure is kept at 10 mbar. The
forward emission from the nitrogen plasma is properly filtered to
eliminate the fundamental pulses around 796 nm, and collected by
a convex lens into an optical fiber connected to a spectrometer.

We first show that the injection of each individual seeding pulse
can result in optical amplification at the corresponding wave-
lengths. The spectrum of the 391.4 and 427.8 nm seeding pulses

Fig. 1. Schematic experimental setup. The two seeding pulses with
central wavelengths around 391 and 428 nm are injected into the nitrogen
gas plasma formed by 800 nm pump pulses. The relative delay between
seeding and pump pulses τp-s 1 and τp-s 2 can be controlled with precision
of 30 as. (b) Energy surfaces of electronic ground and excited states.
Solid arrows represent vertical transitions according to Frank–Condon
principle, and blue wavy arrows represent nonradiative transitions. (c)
Simplified version from (b) for nitrogen cations, where 1≈ 105 cm−1

denotes the detuning between vertical transitions and the level ν ′ = 0.

Fig. 2. (a) Spectra of the two seeding pulses. (b) Injection of the 391.4
nm seeding pulse leads to strong amplification at that wavelength. The
seeding pulse itself (red line), the signal produced with only the 800 nm
pump pulse (black line), and the amplified signal (blue line) are presented.
(c) Injection of the 427.8 nm seeding pulse and corresponding emis-
sion. (d) Injection of both 391.4 and 427.8 nm seeding pulses. Delay
τp-s 1 = 300 fs and τp-s 2 = 500 fs.
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Fig. 3. (a) Variation of the amplified 391.4 and 427.8 nm signal inten-
sities as a function of delay τp-s 1 between the 391.4 nm seeding pulse and
the pump pulse. Positive delay means that the 391.4 nm seeding pulse
lags behind the 800 nm pump pulse. Delay between pump and 427.8 nm
seeding pulse τp-s 2 is fixed at 500 fs. (b) Total energy of 391.4 and 427.8
nm emission as a function of the delay τp-s 1.

are presented in Fig. 2(a). With a slight delay of the seeding pulses
after the pump pulse, strong amplification at each wavelength is
obvious, as shown in Figs. 2(b) and 2(c). In both cases, we observe
that the spectral component at 391.4 or 427.8 nm is amplified
by two orders of magnitude, in agreement with previous reports

[13,20]. We then inject two seeding pulses into the nitrogen gas
plasma. The time delay between the pump and the 391.4 nm seed-
ing pulse (τp-s 1) is fixed at 300 fs, while the delay between the pump
and the 427.8 nm seeding pulse (τp-s 2) is fixed at 500 fs. The result
of this experiment is presented in Fig. 2(d). Obviously, injection of
the 391.4 nm seeding pulse results in strong amplification at 391.4
nm, while a significant reduction of the 427.8 nm amplification is
observed as well.

To further examine the amplification effect above, we scan delay
τp-s 1 and record the amplified emission intensity at 391.4 and
427.8 nm at the same time, shown in Fig. 3(a). For negative delays
(τp-s 1 < 0), when the 391.4 nm seeding pulse precedes the pump
pulse, no amplification occurs at 391.4 nm, and only an amplified
427.8 nm signal is observed. For positive delays, a rapid increase in
the 391.4 nm signal was observed for τp-s 1 up to∼ 500 fs, followed
by a gradual decrease up to∼ 5 ps. During the same delay interval,
a dramatic decrease in the amplified 427.8 nm signal intensity is
recorded. Since the 391.4 and 427.8 nm emissions originate from
the same electronic upper level, B26+u (ν ′ = 0), the competition
between the two transitions can be expected. We also measured
the total energy of the 391.4 and 427.8 nm with a photodiode,
with the result shown in Fig. 3(b). It was observed that the total
emitted energy is actually increased in the presence of the second
seeding pulse at 390 nm. More interestingly, one can notice that
fine oscillations are present for both the 391.4 and 427.8 nm emis-
sions. In Fig. 3, we use a relatively low temporal resolution of 20 fs
to examine the mutual influence of the two emissions over a large
temporal window of 8 ps.

To resolve the fine oscillations, we next use a better temporal
resolution of 30 as. In Fig. 4(a), we present the spectral intensity
of 391.4 and 427.8 nm emissions with τp-s 2 fixed at 130 fs and
τp-s 1 scanned from 0 to 300 fs. Both the 391.4 and 427.8 nm
emissions show clear periodic intensity modulations. For a closer
look at these oscillations, we show in Fig. 5 two delay regions with
τp-s 1 ∼ 300 fs and τp-s 1 ∼ 480 fs. First, the oscillation periods
of the two emission lines are found to be nearly identical, about
1.32 fs, equal to the period of the 391.4 nm transition. Second,
note that the two signal oscillations can be either anti-phase [Figs.
5(a)–5(c)] or in-phase [Figs. 5(d)–5(f )]. The electronic coherence

Fig. 4. (a) Transmitted 391.4 and 427.8 nm signal as a function of the delay τp-s 1 being scanned around 0–300 fs. Delay between pump and 427.8 nm
seeding pulse τp-s 2 is 130 fs. (b) Theoretical calculation according to Eq. (3). |�1|/|�2| = 1 and1τp−s 2 ≈ 0.82π along the line of the experiments, where
two seeding pulses have almost equal intensity and1= 105 cm−1. Fitting parameter is |ρbc |

ρe e−ρc c
=−1.1 for reproducing the experimental results.
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Fig. 5. Spectral intensity of emissions around 427.8 and 391.4 nm as a function of time delay τp-s 1 (or τp-s 2) between the pump and the 391.4 nm (or
427.8 nm) seeding pulse. (a)–(f ) Delay τp-s 2 fixed at 130 fs: (a)–(c) delay τp-s 1 finely tuned around 300 fs and (d)–(f ) delay τp-s 1 finely tuned around 480 fs.
(g)–(i) Delay τp-s 2 between the pump and 427.8 nm pulses is finely tuned around 1000 fs when fixing delay τp-s 1 at 600 fs.

transfer, as mediated via the vibrational coherence, is indicated,
where the 427.8 nm pulse creates the electronic coherence 〈|e 〉〈c |〉
that converts to 〈|e 〉〈b|〉 via the 391.4 nm pulse. The electronic
coherence 〈|e 〉〈b|〉 is probed, subsequently yielding the emitted
signals. To support this further, we reverse the order of the two
seeding pulses in another experiment, with τp-s 1 = 600 fs while
scanning τp-s 2. The results are presented in Figs. 5(g)–5(i). Periodic
modulations of the emissions at 427.8 and 391.4 nm are observed
as well. In this case, the oscillation period of∼ 1.41 fs corresponds
to the 427.8 nm transition. The electronic coherence dynamics
coupled to intramolecular vibrational motion will be elaborated
later.

3. DISCUSSION

To understand the experimental results discussed above, we adopt
a model of diatomic molecules where the nuclear vibration is
coupled the two electronic states [30,31]. The scheme is depicted
in Fig. 1(b). For N+2 , there is a notable offset between the min-
ima of the ground and excited electronics energy surfaces. This
results in coupling between electronic and nuclear degrees of
freedom, which is responsible for the excited-state relaxation and
dephasing [31,32]. This can be elaborated by the molecular model
Hamiltonian

HM = Hg (p, q)|g 〉〈g | + He (p, q)|e 〉〈e |

−
[
�(q)|e 〉〈g | +�∗(q)|g 〉〈e |

]
(1)

under Born–Oppenheimer approximation, where Hg (p, q) and
He (p, q) are the nuclear Hamiltonians of the form

H(p, q)=
p2

2
+ Vg (q), (2a)

He (p, q)=ω0
e g +

p2

2
+ Ve (q − d), (2b)

governing the nuclear dynamics. d denotes the offset between the
minima of ground energy surface Vg (q) and electronic excited
energy surface Ve (q − d). ω0

e g gives the energy difference between
the minima of the two energy surfaces. p and q are the momentum
and coordinate of the nucleus, respectively. �(q)=µ(q)E (t),
where µ(q) denotes the electronic transition dipole in the basis of
the Frank–Condon principle, and E (t) is the electric field in the
pulse. Quantum mechanically, Hg (p, q) and He (p, q) give rise
to the vibrational levels {ν = 0, 1, . . .} for the ground state and
{ν ′ = 0, 1, . . .} for the excited state.

The vertical optical transition between the two electronic states
promotes the molecules into a superposition of various vibrational
levels {ν ′ = 0, 1, . . .} in the electronics excited manifold. Due
to the offset d , there is a detuning 1 between the vertical opti-
cal transition and the energy of the level ν ′ = 0 of N+2 . Note the
vertical transition is resonant with the 391.4 nm pulse; the detun-
ing: 1=ω1 − Eν′=0 ≈ 105 cm−1

�ωvib = Eν′=1 − Eν′=0 ≈

2221 cm−1, and thus the lowest mode ν ′ = 0 dominates, while the
population of higher vibrational modes can be neglected [33] (see
also Supplement 1). We may properly assume that the 391.4 and
427.8 nm pulses induce the ν = 0↔ ν ′ = 0 and ν = 1↔ ν ′ = 0
transitions, respectively. We therefore simplify the molecular
model given by Eqs. (1) and (2) to the three-level scheme shown
in Fig. 1(c), where N+2 undergoes a near-resonant Raman process
with the detuning 1. This detuning is crucial for understanding
the time-resolved spectrum observed in the experiment. To avoid
ambiguity, we hereafter label the levels ν = 0, ν = 1 in X 26+g , and
ν ′ = 0 in B26+u as b, c , and e , respectively.

Experimentally detected signals correspond to the frequency-
resolved transmission measurement: S(ω)= 2Im[E ∗(ω)P (ω)],
where E (ω) is the Fourier component of the positive-frequency
part of the seeding pulses, and P (ω) is the molecular polari-
zation. We calculate the time-resolved transmission of the
391.4 and 427.8 nm seeds having central frequencies ω1, ω2,
respectively:

https://doi.org/10.6084/m9.figshare.14336714
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S1(ω1, τp−s 1)=
2|�1|

2
|�2|

γ
[|�2|(ρe e − ρc c )

− 2|�1||ρbc | cos(1τp-s 1)

× cos(ω̃1τp−s 1 −ω2τp−s 2 +1τp-s 2 + ϑ)

S2(ω2, τp−s 1)=
|�1||�2|

2

γ
[|�1|(ρe e − ρc c ) cos(1τp-s 2)

− |�2||ρbc |cos(ω̃1τp−s 1 −ω2τp−s 2 + ϑ)],

(3)

where ω̃1 =ω1 −1, and we assume that the pulse duration
is much shorter than the timescales of nuclear dynamics and
inhomogeneous dephasing. We use 1 and 2 to label the param-
eters associated with the 391.4 and 427.8 nm seeding pulses,
respectively. |�1| and |�2| represent the Rabi frequencies for
N+2 interacting with 391.4 and 427.8 nm pulses, respectively.
�1 = |�1|e iα1 , �2 = |�2|e iα2 , ρbb , ρc c , ρe e , and ρbc are the
populations and vibrational coherence encoded by the 800 nm
pump pulse. ϑ = α1 − α2 + β, where β is the phase of ρbc . γ−1

is the lifetime of the excited state ν ′ = 0. All details are given in
Supplement 1.

Equation (3) shows that the signal amplification is produced
jointly by electronic population inversion and electronic coher-
ence, and is further modulated by the initial vibrational coherence.
By varying the two delays τp−s 1 and τp−s 2, Eq. (3) evidences the
coherent oscillations with distinct frequencies from the two spec-
tral components of the signal. This reveals the transfer between
the electronic coherences. When time delay τp−s 1 is much longer
than π/1, the π phase shift modulation can be observed between
the signals at frequenciesω1 andω2, during every step δT = π/1.
For parameters of the N+2 experiments, it gives 2π/ω̃1 = 1.31 fs
and 1≈ 105 cm−1, which leads to δT ≈ 150 fs. This is in agree-
ment with our experimental observations shown in Fig. 4(a). The
calculated signal versus the τp−s 1 delay within 0–300 fs, depicted
in Fig. 4(b), shows the oscillation beating measured at 391.4 nm
corresponding to the experimental measurement shown in Fig.
4(a). It is worth noting a small discrepancy of∼ 20 fs in the beating
period in Fig. 4(a) (experimental measurement of δT ≈ 130 fs
when zooming in), from the calculated δT ≈ 150 fs in Fig. 4(b).
This can be attributed to the rotation of the N+2 , which has yet to
be taken into account in our model. The rotational frequency is
typically of the order 20 cm−1 [21–23], leading to a correction to
the detuning such that 1→1+ 20 cm−1

≈ 125 cm−1, which
subsequently revises δT ≈ 133 fs.

When the time window for scanning τp−s 1 is much narrower
thanπ/1, i.e., scanning by±10 fs in the vicinity of τp−s 1 = 300 fs
in the experiment, which yields cos(1τp−s 1)≈ 0.94, associated
with τp−s 2 ≈ 130 fs, which yields1τp−s 2 ≈ 0.82π , the coherence
terms in Eq. (3) show the identical period of oscillations with a π
phase shift between signals S1 and S2 as presented in Fig. 6(a), in an
agreement with our experimental observations in Figs. 5(a)–5(c).
When scanning the time delay in the vicinity of τp−s 1 = 480 fs,
which is 180 fs later than that in Figs. 5(a)–5(c), Eq. (3) leads to
the identical period of oscillations without a phase shift between
signals S1 and S2 as illustrated in Fig. 6(b). This agrees well with
our experimental observations in Figs. 5(d)–5(f ).

Finally, we point out that Eq. (3) indicates that population
inversion is not necessary for observing signal amplification. To

Fig. 6. Theoretical calculations for emitted signals around 427.8 and
391.4 nm, according to Eq. (3), as a function of time delay τp-s 1 between
the pump and the 391.4 nm seeding pulse. Parameters are the same as in
Fig. 5, i.e., τp-s 2 = 130 fs: (a) τp-s 1 finely tuned around 300 fs and (b) τp-s 1

finely tuned around 480 fs.

clarify this, it is worth noting that our theoretical analysis demon-
strates the third-order nature of the radiative amplification of two
coupled spectral components [34]. This process falls into a differ-
ent parameter regime of amplification compared to a single-mode
lasing without inversion [35,36].

4. CONCLUSION

In summary, by injecting two seeding pulses at different wave-
lengths, we have shown the interplay between spectral components
at 391.4 and 427.8 nm of nitrogen ions from the upper level pop-
ulation during the lasing process. Fine tuning of the temporal
delay between the seeding and pump pulses reveals simultane-
ous coherent control of the two emission lines. This modulation
period has been determined by the wavelength of the seeding
pulse that has been scanned, e.g., 391.4 or 427.8 nm. A theoretical
model of molecular relaxation resonantly interacting with laser
pulses has been developed to provide a global understanding of the
experimental observations.

Our work demonstrates the role of vibrational coherence,
reveals its coupling to the electronic coherence dynamics in the
lasing of N+2 , and offers new insights for investigating the processes
of transient lasing including lasing without inversion.
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