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Quantum interference occurs frequently in the interaction of laser radiation with materials, leading to a 
series of fascinating effects such as lasing without inversion, electromagnetically induced transparency, 
Fano resonance, etc. Such quantum interference effects are mostly enabled by single-photon resonance 
with transitions in the matter, regardless of how many optical frequencies are involved. Here, we report on 
quantum interference driven by multiple photons in the emission spectroscopy of nitrogen ions that are 
resonantly pumped by ultrafast infrared laser pulses. In the spectral domain, Fano resonance is observed 
in the emission spectrum, where a laser-assisted dynamic Stark effect creates the continuum. In the time 
domain, the fast-evolving emission is measured, revealing the nature of free-induction decay arising from 
quantum radiation and molecular cooperativity. These findings clarify the mechanism of coherent emission 
of nitrogen ions pumped with mid-infrared pump laser and are found to be universal. The present work 
opens a route to explore the important role of quantum interference during the interaction of intense 
laser pulses with materials near multiple photon resonance.

Introduction
Quantum interference is traditionally observed with weak laser 
field (below threshold field for ionization) resonantly interact-
ing with materials. With laser field close to or more intense 
than the threshold field for ionization of atoms or molecules, 
~1013 W/cm2, it was believed that the ionization and plasma 
formation would destroy the coherence of the system [1–3]. 
However, this turns out to be not true. In recent studies of 
strong-field interaction with molecules, dielectric materials and 
2-dimensional semiconductors, it has been shown that quan-
tum interference and coherence may contribute importantly 
[4–6]. Quantum coherence is evidenced in the cavity-free lasing 
of air molecules pumped with intense femtosecond pulses, where 
the crucial role of the electronic, vibrational, and rotational 
motions of molecules, and their couplings is highlighted [7–10]. 
Cavityless lasing of nitrogen molecules in ambient air holds 
unique potential to generate a virtual lasing source in the sky, 

where a coherent optical beam is emitted by the air plasma from 
the sky toward the ground observer [7]. In spite of many efforts 
[3,7–20], the physical mechanism of cavityless lasing of N+

2
 is still 

controversial. In particular, there is still a debate on the nature of 
the radiation obtained with different pump laser frequencies, 
ranging from mid-infrared regime (3.9 μm, 2.6 to 1.1 μm) to 
near-infrared at 800 nm, and even ultraviolet light at 400 nm.

In this work, we examine the forward 391.4-nm coherent 
emission corresponding to the transition of N+

2
 pumped by a 

mid-infrared wavelength tunable femtosecond pulses in the 
spectral and temporal domain. In the emission spectrum, a 
Fano line shape and a broadband continuum are observed 
under proper conditions. To obtain the temporal profile of the 
emission, we used a cross-correlation method based on sum-
frequency generation (SFG) of the emission signal with a weak 
probe pulse. It was found that the 391.4-nm emission presents 
a pressure-independent monotonous decaying waveform of 
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several-picoseconds duration, following fifth/third harmonics 
generation of a few-hundred-femtoseconds duration. Our mea-
surements of the emission spectrum reveal the important role 
of quantum interference between a direct transition channel 
between the excited and ground states of molecular ion and a 
continuum induced by the dynamic Stark effect. We attribute 
the nature of the direct coherent forward emission to free-
induction decay (FID), enabled by 3- or 5-photon resonant 
excitation. An intense narrowband emission is observed in CO2 
gas as well, suggesting the universality of quantum interference 
and FID driven by multiple-photon resonance.

Methods
The experimental setup is presented in Fig. 1. In our experi-
ments, femtosecond laser pulses (12 mJ, 800 nm, 40 fs, 1 kHz, 
Legend DUO, Coherent Ltd) from a commercial laser system 
were first split into an intense and a weaker pulse, with a dielec-
tric beam splitter. The pulse of 5-mJ energy was used to pump 
a commercial optical parametric amplifier (OPA, TOPAS, 
Coherent Ltd) which produced MIR femtosecond pulses tun-
able from 1.1 to 2.6 μm, with a pulse energy ranging from 30 
to 650 μJ. The pulse duration of these MIR pulses was 1.5 times 
of the incident 800-nm pump pulses. They were focused by a 
convex lens of f = 35 or 50 mm into ambient air or a gas cham-
ber filled with nitrogen gas at different pressures. A gas plasma 
of ~2- to 5-mm length was formed, which gave rise to intense 
forward 391.4- and/or 427.8-nm emissions. The emissions after 
the strong nonlinear interaction with the plasma were colli-
mated by another lens of f = 10 mm. To filter out the strong 
fundamental MIR pulse and the accompanying white-light 
emission, the pulse was reflected successively on 2 dichromatic 
mirrors, which transmit only spectral components below 550 nm. 
In a first experiment, the radiation below 550 nm was collected 
into a fiber tip connected to a spectrometer for spectral mea-
surements. In a second experiment, the 391.4-nm radiation 
was focused onto a SFG BBO crystal (cut angle = 44.3°) together 
with the second weaker pulse at 800 nm with an energy of ~50 μJ. 
The SFG signal at 263 nm was recorded as a function of the 

relative delay between the 391.4-nm radiation and the probe 
pulse, to resolve the 391.4-nm radiation in the temporal domain.

Results and Discussion

We present the spectrum of the forward emission for different 
pump laser wavelengths λ0 in Fig. 2. The broadband emission 
around 370 to 450 nm in Fig. 2A, showing a red shift with 
increasing pump laser wavelength, corresponds to the third 
harmonic of the MIR pump laser. More importantly, intense 
narrow lines around 391.4 and 427.8 nm, corresponding to the 
transition of B2Σ+

u  (ν′ = 0) to the X2Σ+
g (ν = 0, 1) states of nitro-

gen ions, appear for a pump laser wavelength between 1,150 
and 1,320 nm. This agrees with previously reported observa-
tions [14]. The relevant energy levels of the nitrogen ions are 
depicted in Fig. 1B. For a pump laser wavelength tuned between 
1,530 and 1,890 nm, a strong emission around 391.4 nm and a 
relatively weaker one around 358.2 nm (corresponding to tran-
sition between B2Σ+

u (ν′ = 1) to the X2Σ+
g  (ν = 0) can be observed, 

as presented in Fig. 2B and C. The broadband emission situated 
around 480 to 550 nm and 360 to 380 nm in Fig. 2B and C cor-
responds to the third and the fifth harmonics of the MIR pump 
laser, respectively. It should be noted that the focusing condi-
tions and the gas pressures in Fig. 2A to C are not identical due 
to that we have systematically optimized the emission signal 
for the 3 ranges of pump laser wavelength, especially in view 
that the available pump pulses energy varies significantly for 
such a broad tuning range of pump pulse wavelength. These 
results are summarized in Fig. 3A and compared with simula-
tions, which will be detailed later on.

We notice that the intensity of the narrow-line 391.4-nm 
radiation relative to the intensity of the third/fifth harmonics 
depends on the pump pulse energy, focusing geometry, and gas 
pressure. By optimizing the pump laser energy and gas pres-
sure, we observed 2 key features in the spectral domain. For a 
pump laser wavelength λ0 = 1,170 nm with a moderate incident 
energy of 32 μJ, a Fano line shape can be observed clearly in 
ambient air, as presented in Fig. 4A, while for λ0 = 1,800 nm, 

Fig. 1. (A) The femtosecond laser pulses pump the OPA, which provides tunable femtosecond pulses ranging from 1,100 mm to 2,600 nm. The OPA output pulses pump nitrogen 
gas and create the plasma. The forward coherent emission from the plasma was filtered and mixed with a weak probe pulse into a BBO crystal for its characterization. (B) The 
schematic energy levels of the nitrogen ion.
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we found a continuum between the fifth harmonic and the 
391.4-nm radiation, as depicted in Figs. 3A and 4B.

To gain deeper understanding on the nature of the intense 
391.4-nm emission, we performed time-resolved measurements 
using the cross-correlation technique [16]. Figure 5 presents the 
experimental measurements of the 391.4-nm signal for the 
pump laser wavelength of 1,950 and 1,550 nm. The time-resolved 

sum frequency signal of the 391.4-nm signal and the weak 
800-nm probe pulse are presented in Fig. 5A and D. At 1,950 nm 
with a pump pulse energy of Ein = 200 μJ, the 391.4-nm emission 
is not visible so that the fifth harmonic dominates, as shown in 
Fig. 5C. In the temporal domain, the fifth harmonic emission 
shows a short duration of 250 fs (Fig. 5B), as expected from the 
harmonic generation process. By further increasing the pulse 
energy, the 391.4-nm emission becomes prominent and finally 
dominates in the spectrum (Fig. 5C). Notably, in the temporal 
domain, following the fifth harmonics, a monotonous decay 
of emission profile extending to 4 ps is observed. For λ0 = 
1,550 nm whose third and fifth harmonics are far away from the 
391.4-nm spectrum range, the emission shows a clean temporal 
profile during 2 to 3 ps (10% level), as given in Fig. 5E. Moreover, 
we examined the influence of nitrogen gas pressure, keeping the 
pump wavelength fixed at 1,550 nm. The temporal profile of the 
emission does not show significant changes within the range of 
gas pressure from 20 to 70 mbar. Therefore, it rules out a super-
radiance mechanism that should present an emission built-up 
time within picoseconds and an emission lifetime scaling with 
the inverse of gas pressure [16,19,20].

In support of our measurements, we propose a theoretical 
model based on the quantum theory of harmonic generation 
[21] describing the emission spectra of nitrogen molecules sub-
ject to a MIR laser pulse, without consideration of the propaga-
tion effect. Once the nitrogen ions are created by strong-field 
ionization, the influence of the free electrons on the coherence 
of the ions can only persist for several femtoseconds as dem-
onstrated in [22]. Thus, we focus on the coherent emission of 
N
+

2
. By considering the ionic excited state B, the time-dependent 

wave packet of N+

2
 becomes the coherent superposition of the 

ionic ground state ∣φX⟩, the excited state ∣φB⟩ and the contin-
uum state ∣k⟩, i.e., |φX⟩ = aX(t)|φX⟩ + aB(t) ∣ φB⟩ +  ∫ dkak(t) ∣ k⟩ . 
We generalize the theory in [21] with 2-state coupled equation 
[3,23] to describe the coupling between the ionic ground sate 
X
2
�

+

g  and the excited state B2�+

u
,

(1)i
�

�t

(

aX (t)

aB(t)

)

=

(

�X −�E(t)

−�E(t) �B

)(

aX (t)

aB(t)

)

Fig. 2. Spectrum of the forward emission obtained by different pump laser wavelengths. The wavelength of the pump laser is indicated on the right side of each panel. In 
(A) and (B), the nitrogen gas pressure was 30 mbar, while in (C), ambient air at 1 bar was used. The pump pulse energy was respectively 70, 90, and 300 μJ for (A) to (C). In 
(A) and (B), focal lens of f = 30 mm was used while in (C) f = 50 mm.

Fig. 3. Spectrum intensity for different pump laser wavelengths. (A) Experimental 
results and (B) calculated results. The experimental parameters are the same as in 
Fig. 2. For the simulation, the laser intensity was 1.3 × 1014 W/cm2, which corresponds 
to the enhancement at 1,800 nm.
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Fig. 4. (A) Spectrum of the forward emission with λ0 = 1,170 nm, with pulse energy of 32 μJ and 1 bar air used. (B) Spectrum in case of λ0 = 1,800 nm. The pump pulse energy 
was 40 μJ and air is used. (A′) and (B′) corresponding simulation results. The simulation parameters are the same as in Fig. 2. 

Fig. 5. (A) Time resolved measurement of the sum-frequency signal between the 391.4-nm emission and the weak 800-nm probe pulse. (B) Temporal profile of the 391.4-nm 
emission. (C) Spectrum of the forward emission corresponding to (B). In (B) and (C), the temporal profile measurement and spectrum intensity in case of Ein = 480 μJ are 
multiplied by some factors for easier comparison with other energies. The pump laser wavelength for (A) to (C) is 1,950 nm. For (D) to (F), the pump laser wavelength is 1,550 nm.
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where εX, B and aX , B(t) denote the energies and the amplitudes 
of the ionic states X2

�
+

g  and B2�+

u
 with the vibrational quantum 

number v' = v = 0. The energy of the excited state B is a complex 
value with its imaginary part describing the dephasing time of 
the FID emission, which can be estimated from the time-resolved 
measurements in Fig. 4. The nondiagonal terms describe the 
coupling between the 2 ionic states with the transition matrix 
element of μ = |⟨φB|r|φX⟩| ≈ 1.5D [24]. For simplicity, we assume 
that the ions are prepared in the ground state X2

�
+

g , and the 
electric field E(t) felt by the ions is ramped-up smoothly over 1.5 
cycles from zero to the peak of the field strength. The pulse dura-
tion used in the simulation is twenty optical cycles with Gaussian 
envelope. The free electrons are assumed to be ionized from the 
ionic ground state and the direct ionization from the excited 
state is neglected due to its relatively low population. The interac-
tion between the continuum electrons and the bound electrons 
is neglected because their coherence can persist only for several 
femtoseconds, which plays important role in recollision-induced 
dynamics [16]. The amplitude of the continuum state ak(t) is 
derived by following Eq. 5 in [21] with the inclusion of aX(t),

with the classical action acquired by the electron during excursion 
in the continuum state S

(

k, t, t�
)

= ∫ t
t� d�

[

(k+A(�))2

2
+ Ip

]

, and 
A(t) is the vector potential of the laser field. dX(k + A(t′)) = ⟨k + 
A(t′)|r|φX⟩ describes the transition amplitude from the ionic 
ground state X to the continuum state at ionization time t′. By 
solving Eq. (1) and Eq. (2) numerically, we obtain the time-
dependent dipole moment,

The first term describes the transition between the state X 
and the continuum, and the second term represents the transi-
tion between the 2 bound states. As a result, the full emission 
of N+

2
 involves harmonic generation from the ions and coherent 

emission from the laser-coupled 2-level states. The emission 
spectrum can be obtained from the Fourier transform of the 
time-dependent dipole moment.

The calculated emission spectrum is plotted in Fig. 3B. The 
broadband harmonics and the narrowband 391.4-nm emission 
show a strong dependence on the pump laser wavelength, in 
good agreement with experiments. When the third or fifth har-
monic spectrum approaches the wavelength of 391.4 nm, the 
interference between the 2 transition pathways results in the 
asymmetric Fano line shape in the spectra [25,26]. In the time 
domain, the dipole moment of N+

2
 is the sum of the harmonic 

emission described by a function of H(t) and the FID emission 
with an exponentially decaying dipole moment oscillating with 
frequency ωXB and decay width Γ,

The scaling factor ah represents the intensity ratio of the 
harmonic and the narrowband emission, and they have a phase 
delay of ϕ. For harmonics, the radiation process occurs within 
attoseconds and repeats every half-cycle of the laser pulse. For 

the narrowband emission, it lasts for several picoseconds. Thus, 
the harmonic dipole function H(t) can be considered as a Dirac 
delta function δ(t). In the spectral domain, the interference 
between the harmonic and the narrowband emissions could 
yield the Fano line shape, and the Fano asymmetry parameter 
is determined by the phase delay by q = −cot

(

phi∕2
)

 [25]. 
The harmonics originate from the transition between field-
dressed bound states during the laser pulse. Their frequencies 
are determined by the instantaneous Stark-shifted transition 
energies between X and B states induced by the laser coupling, 
thus providing a broadband background. The spectral profile 
is determined by the relative intensity and phase between the 
2 transitions, which are sensitive to the laser intensity. Taking 
an appropriate ratio of amplitude and phase difference between 
the 391.4-nm emission and the broadband fifth harmonic, the 
Fano feature can be reproduced in Fig. 4A,. In Fig. 3B, a peri-
odic oscillation of the 391.4-nm emission can be noticed. The 
origin of this behavior is due to the Rabi oscillation of the popu-
lation in the B state driven by the laser pulse, which is sensitive 
to the wavelength and intensity of the pump laser used in the 
simulation. However, in the experiments this oscillatory behav-
ior can be somehow washed out due to the averaging of lasing 
intensity in the focal zone of the pump laser.

The simulation reproduces the observation that the fifth 
harmonic and the 391.4-nm signal are enhanced at the wave-
length around 1,800 nm, which deviates from the field-free 
5-photons resonant wavelength of 1,957 nm. This difference 
can be attributed to the dynamic Stark shift induced by the 
laser-coupling of the X and B states. When the MIR pulse inter-
acts with the nitrogen ions, the energy levels follow the field 
adiabatically and return to their proper values after the pulse. 
The energy shift between these 2 levels depends on the laser 
intensity as Δ�XB(t) ≈

2�2

h�
E2(t). Here, ω is the frequency of the 

laser field. The population at the B state is efficiently enhanced 
when the driving field couples the X and B states, that is, when 
the third or fifth harmonic approaches the energy difference 
between the levels, εB − εX + ∆εXB. For example, the laser inten-
sity of 1.3 × 1014 W/cm2 corresponds to an optical period aver-
aged energy shift of ∆εXB ≈ 0.265 eV. This value matches well 5 
times of the energy difference of 0.055 eV between the 1,957 
and 1,800 nm, which corresponds to the resonant coupling to 
the fifth harmonic at the wavelength of 1,800 nm, instead of 
1,957 nm in the absence of the Stark effect.

The role of the dynamic Stark shift in the excitation of B 
level is confirmed by a comparison of the emission spectra 
around 391.4 nm for 2 values of laser energy of 70 and 140 μJ 
in Fig. 6. For lower incident energy of 70 μJ the optimum pump 
wavelength was observed to be 1,830 nm, while it shifts to 
1,800 nm for Ein = 140 μJ. The shift of the optimum wavelength 
for increasing pump laser intensity is in good agreement with 
the theoretical predictions, confirming the role of dynamic Stark 
effect. Since the dynamic Stark effect depends on time, the energy 
difference between B and X states spans a range between the 
field-free value εB − εX and the maximum shift εB − εX + ∆εXB. 
As shown in Fig. 3, around λ0 = 1,800 nm the Stark shift spans 
the wavelength range from 391.4 to 358.2 nm, which explains 
the excitation of the emission at 358.2 nm observed in the 
experiment and in the theory.

The intense narrowband emission, the asymmetrical Fano 
line shape and the picosecond duration of the emission are 
the signatures of FID, as reported in the visible and extreme 

(2)ak(t)= −i ∫
t

0

dt
�e−iS(k,t,t

�)aX
(

t
�
)

E
(

t
�
)

dX

(

k+A
(

t
�
))

(3)d(t) ≈ ∫ dka∗X (t)ak(t)dX (k + A(t)) + a∗X (t)aB(t)�

(4)d(t)∝ahH(t)+exp
(

−i�XBt−
Γ

2
t+ i�

)
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ultraviolet regimes [27–30]. FID is the emission following the 
coherent excitation of a resonant level that was earlier observed 
in nuclear magnetic resonance and later in optical domain 
[27,30]. We support our hypothesis of FID with additional evi-
dences in 2 aspects. In FID process, there exists no population 
inversion of the corresponding excited and ground states and 
no optical gain is expected for an externally injected seeding 
pulse. We confirmed this fact by injecting a seed pulse into 
the air plasma pumped by a 1,900-nm femtosecond pulse: no 
amplification of the seed pulse was observed, in agreement with 
the previous reports [13]. Secondly, the FID effect is expected 
to be universal for atoms or molecules when an intrinsic optical 
transition between 2 electronic levels is resonantly driven by 
MIR pump laser. Inspired by the observation of Chu et al. [31], 
we pumped CO2 gas with femtosecond laser at 1,600 nm. The 
experimental results are presented in Fig. 7. The narrow emis-
sion peak located around 337 nm can be attributed to the FID 
transition of A2Πu (ν = 1) to X2Πg (ν′= 0) of CO+

2
, while the 

broad band emission around 325 nm is the fifth harmonic of 
the pump laser. It will be interesting to look for other gas species 
in which such FID effect can be observed.

Conclusion
In summary, we have performed measurements of the intense 
coherent forward emission at 391.4 nm of nitrogen ions pumped 
by mid-infrared femtosecond pulses in the spectral and tempo-
ral domain. An asymmetric Fano line shape and a broad con-
tinuum bridging the intense 391.4-nm radiation with the fifth 
harmonic are observed. Time-resolved measurements revealed 
that the 391.4-nm pulses show a pressure-independent pulse 
duration of a few picoseconds, which is intrinsically different 
from the superradiant 391.4-nm emission in case of pumping 
with 800-nm laser. We attribute this forward 391.4-nm emis-
sion to a FID of nitrogen ions, where the B-X transition was 
resonantly driven by a 3- or 5-photon process. Our theoretical 

model based on the strong field approximation reproduces well 
the intense emission at 391.4 nm, the Fano line shape, as well 
as the spectral continuum with pump laser at wavelength of 
1,800 nm. We believe that FID effect should universally exist 
in atoms or molecules when their intrinsic transitions are 
resonantly excited by intense femtosecond laser pulse, which is 
confirmed by observations in CO2.
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Quantum interference occurs frequently in the interaction of laser radiation with materials, leading to a series of
fascinating effects such as lasing without inversion, electromagnetically induced transparency, Fano resonance, etc.
Such quantum interference effects are mostly enabled by single-photon resonance with transitions in the matter,
regardless of how many optical frequencies are involved. Here, we report on quantum interference driven by multiple
photons in the emission spectroscopy of nitrogen ions that are resonantly pumped by ultrafast infrared laser pulses. In
the spectral domain, Fano resonance is observed in the emission spectrum, where a laser-assisted dynamic Stark effect
creates the continuum. In the time domain, the fast-evolving emission is measured, revealing the nature of free-induction
decay arising from quantum radiation and molecular cooperativity. These findings clarify the mechanism of coherent
emission of nitrogen ions pumped with mid-infrared pump laser and are found to be universal. The present work opens
a route to explore the important role of quantum interference during the interaction of intense laser pulses with materials
near multiple photon resonance.
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