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Molecular ions, produced via ultrafast ionization, can be quantum emitters with the aid of resonant electronic
couplings, which makes them the ideal candidates to study strong-field quantum optics. In this work, we ex-
perimentally and numerically investigate the necessary condition for observing a collective emission arising from
macroscopic quantum polarization in a population-invertedN�

2 gain system, uncovering how the individual ionic
emitters proceed into a coherent collection within hundreds of femtoseconds. Our results show that for a relatively
high-gain case, the collective emission behaviors can be readily initiated for all the employed triggering pulse area.
However, for a low-gain case, the superradiant amplification is quenched since the building time of macroscopic
interionic quantum coherence exceeds the dipole dephasing time, in which situation the seed amplification and
free induction decay play an essential role. These findings not only clarify the contentious key issue regarding to
the amplification mechanism of N�

2 lasing but also show the unique characteristics of ultrashort laser-induced
amplification in a molecular ion system where both the microscopic and macroscopic quantum coherence might
be present. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.434378

1. INTRODUCTION

Coherent laser sources, generated as a result of the strong laser–
matter interaction, cover a broad electromagnetic spectrum
from soft X-rays [1,2], visible light [3], to terahertz [4], and
they are becoming powerful spectroscopic tools for exploring
implications including ultrafast molecular imaging [5,6], re-
mote sensing [7], and nonintrusive testing [8]. Particularly,
the visible laser-like radiation from nitrogen molecular ions
has received considerable attention in recent years due to its
mysterious mechanisms and a broad interest in realizing highly
sensitive remote detections with diversified Raman spectros-
copies enabled by the new type of lasing [9–11]. Regarding
its gain origins, the recent advances indicate that in addition
to population inversion [12,13], multiple quantum coherences
such as electronic [14–16], vibrational [17], and rotational co-
herences [18–20] can show some impact on the laser gain with
a V-type three-level or a Λ-type multilevel model. These inves-
tigations have inspired some crucial thoughts associated with
strong-field quantum optics such as photon retention [21],
quantum erasing [22], and lasing without inversion [14].

Another fundamental issue that is still in hot debate con-
cerning N�

2 lasing is about its amplification mechanism. So
far, at least two different amplification routes have been pro-
posed. First, it is widely accepted that the collective emission
of N�

2 can be triggered at a relatively low gas pressure of pure
nitrogen, i.e., triggered superradiance (TS) [23,24]. However,
at a high gas pressure, it was found that the experimental ob-
servations can be well interpreted by the seed amplification
(SA) physical picture [25–27]. Besides, it is also evidenced that
the electronic coherence can be readily established via the
existing coherent couplings [14–16], which possibly results
in free induction decay (FID). Note that for the SA and
FID, the excited molecular ions emit lights isolatedly. So these
conflicting proposals raise a significant question: under what
circumstances can the collective emission from molecular ions
be initiated in strong laser fields?

To disentangle the complicated amplification process
underlying N�

2 lasing, we designed a cunning experiment to
study the transformation of various amplification routes includ-
ing seed amplification [28], triggered superradiance [29],
and free induction decay [30] that may take place as weak ultra-
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short laser propagates in an intense femtosecond laser-
fabricated N�

2 gain system. The decisive parameters describing
the FID and TS processes are the dipole dephasing time T 2 and
the characteristic damping time T R of a collective system [31],
respectively. The former and the latter are correspondingly
related to the electronic coherence and macroscopic quantum
coherence. Therefore, the amplification procedures can be con-
trolled by finely monitoring the ratio of these two time-related
quantities, permitting us to find the boundary conditions for
observing collective radiations in molecular ions. The amplifi-
cation flexibility realized by controlling various quantum coher-
ences with ultrafast laser techniques is of particular significance
for future applications in terms of quantum information storage
and computation, which can currently only be realized in ultra-
cold surroundings.

2. EXPERIMENTAL SETUP

The experimental configuration is schematically illustrated in
Fig. 1(a). A commercial Ti:sapphire laser system working at
a repetition rate of 1 kHz delivers laser pulses with duration
35 fs, the maximum energy 4 mJ, and the central wavelength
at 795 nm. The output laser pulse was divided into three parts
with two beam splitters. One, with energy of 2.2 mJ, was used
as the pump, whose polarization was first tailored by a multiple
half-wave plate (MHWP) with an order of n � 11. θ represents
the angle between the initial laser polarization direction of the
pump and the fast optical axis of the MHWP. The resulting
pump polarization after the MHWP is that the rear and the
front parts are linearly polarized yet mutually perpendicular,
while the middle is a time-varying linear polarization [32,33].
A typical such polarization is depicted in the beam path. The
second beam, with energy of 1 mJ, acted as the seed pulse after
frequency doubling with a 0.3 mm thick β-barium-borate crys-
tal. Considering the measured seed energy ∼1 nJ, pulse dura-
tion ∼120 fs, and incident beam diameter ∼5 mm, the
maximum seed intensity is estimated at 3 × 108 W∕cm2 under
the current focusing conditions assuming a linear propagation.
The polarization direction of the seed pulse was controlled with
a zeroth-order half-wave plate at 397 nm. The time interval

between the pump and seed pulses was controlled by a motor-
ized translation stage with a resolution of 670 as. The pump
and seed pulses were combined with a dichromatic mirror,
and then they were focused with an f � 30 cm lens into a
gas chamber filled with nitrogen at the pressure of 200 mbar.
The generated forward lasing signals after being collimated by
an f � 25 cm lens and filtered were collected with a grating
spectrometer (Andor, 500i).

A schematic plot of the time profiles of N�
2 lasing induced

by different mechanisms of SA, FID, and TS is shown in
Fig. 1(a). When it was needed to calibrate the time profiles
of the generatedN�

2 lasing, the third 795 nm pulse with energy
of 0.4 mJ and the forward 391 nm lasing were simultaneously
impinged on a 0.8 mm thick β-barium-borate crystal to pro-
duce sum frequency at ∼262 nm by the cross correlation. To
maximize the sum frequency signal, the polarization direction
of the calibrating pulse was optimized with a second half-wave
plate. This method is effective in sense that the time duration of
the measured pulse is a few orders longer than that of the
795 nm femtosecond laser.

3. RESULTS

A typical 391 nm N�
2 lasing [the electronic transition can be

assigned to be B2Σ�
u �ν 0 0 � 0� → X 2Σ�

g �ν � 0�] spectrum at
the pump-seed delay of ∼0.6 ps is plotted in Fig. 1(b). The
seed intensity in this case is estimated at 2 × 107 W∕cm2, con-
sidering a linear focusing. The black dotted curve therein shows
the strongest lasing signal obtained when the MHWP is rotated
at θ � 32° as indicated in Fig. 1(c). We refer the corresponding
pump laser (i.e., θ � 32°) as the polarization-modulated (PM)
pulse in the following. Apparently, the maximum lasing signal
can be 3 orders stronger than that (the red dashed curve) pro-
duced with a linearly polarized (LP) laser pulse when the
MHWP is adjusted to be θ � 0°, which is consistent with pre-
vious experimental observations [32–34]. Of note, the central
wavelength of the seed pulse is deliberately switched around
391 nm to induce SA efficiently as marked by the blue curve.
Figure 1(c) shows the lasing signal intensity as a function of the
angle θ. Clearly, the strongest lasing signal is achieved at
θ � 32°, and the minimum appears at θ � 0°, which can be
ascribed to the enhanced population inversion between the
electronic states of B2Σ�

u and X 2Σ�
g of N�

2 in the PM laser
field by favoring the optimization of the ionization and
coupling processes comparing to the case of the LP excitation
[32–34].

Figure 2 shows the normalized lasing intensities as a func-
tion of the seed intensity under the circumstance of the LP
(circles) and PM (squares) laser excitation. The delay between
the pump and seed pulses was fixed at ∼0.6 ps in these cases. In
the case of the LP laser excitation, the lasing signal grows lin-
early with the increasing seed intensity. However, under the
pumping of the PM laser, the lasing signal first shows a sharp
increase with the increment of seed intensity and then reaches
saturation. The cyan and black dashed curves in Fig. 2 are the
corresponding fitting curves by the superradiant and linear
amplification theory, respectively. The fitting equation
Θ � 2 arctan�exp�T w∕T R� tan�ϑ∕2�� described with the
superradiant theory can be found in Ref. [35], where ϑ, Θ

(a)

(b) (c)

Fig. 1. (a) Schematic diagram of the pump-seed setup. A typical
time profile ofN�

2 lasing amplified by different mechanisms is plotted.
More details can be referred in the main text. (b) The typicalN�

2 lasing
spectra measured under the pumping of the LP and PM pulses. (c) The
dependence of the 391 nm lasing signal intensity on the angle θ.
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are the input and the output laser pulse area, respectively, and
T w is the time duration of superradiance. The fitting parameter
T w∕T R � 4 is basically consistent with the experimental result
in Fig. 3(b).

To further determine the different properties of the gener-
ated 391 nm lasing for the cases of the LP and PM pulses, we
measured their time profiles by the cross-correlation method
[23]. Figures 3(a) and 3(b) separately show the recorded time
profiles of the sum frequency signal at 262 nm after removing
the input seed effect for the LP and PM laser pulses in each
measurement. Therefore, the sum frequency signals can reflect
the time structures of theN�

2 lasing. Seed A, seed B, and seed C
correspond to the seed intensities depicted by the arrows in the
Fig. 2. The pink curve is given to show the seed time width for
reference, which is obtained by blocking the pump pulse. In the
left panel, it can be clearly seen that in the case of the LP laser,
the main peak of theN�

2 lasing appears at the falling edge of the
seed time duration, and the signal lasts for 1.3 ps for a strong
seed A. For the weak seeds B and C, the sum frequency signals

are relatively small yet with a long tail. It is noted that the am-
plification efficiency of these two cases is basically a constant.
We ascribed this to the insensitive amplification in a small-gain
case. On contrary, for the case of the PM laser, the main peaks
of the sum frequency signals for seeds A, B, and C no longer
emerge within the seed pulse and are apparently delayed in time
with respect to the seed pulse as implied in Fig. 3(b). Besides, it
can also be inferred that the retarded time TD (defined as the
time interval between the peak of the seed pulse and that of the
output sum frequency signal) is greatly reduced with the incre-
ment of the seed intensity. Figure 3(c) presents the relation of
the retarded time TD (red stars) to the seed intensity for the
PM case, which in essence is the TS process as we demonstrated
below. The dashed curve is the corresponding fitting given by
the equation TD � 1

4T R j ln� ϑ2π�j2 [35]. The qualitative agree-
ment validates the superradiance mechanism under the con-
ditions.

To interpret the experimental observations, we first simulate
the formation of N�

2 system under the irradiation of the pump
laser using the recently proposed ionization-coupling model en-
capsulating the strong-field transient ionization and coherent
coupling processes [36,37]. The initial ground state N2 ex-
posed to the pump laser field can be ionized to the electronic
states of X 2Σ�

g (X ), A2Πu (A), and B2Σ�
u (B) of N�

2 by direct
tunneling ionization, and the population transfer among these
ionic states occurs upon transient ionization. Of note, the dou-
bly degenerate states of A2Πu are included in our simulations.
The adopted pump laser parameters: the time duration
τp � 40 fs, the peak intensity I � 3.5 × 1014 W∕cm2, and
the central wavelength λ � 800 nm, are close to the experi-
ments. For the cases of the LP and PM lasers, the calculated
ionic population distribution is averaged on the angle
α � 0°, 30°, 45°, 60°, and 90°, where α represents the angle
between the pump laser polarization and the molecular axis.
Similar to our previous descriptions [36,37], the ionic density
matrix ρ� can be expressed as

dρ�

dt
� −

i
ℏ
�H , ρ�� �

�
dρ�iνk
dt

�
ion

�
�
dρ�

dt

�
coll

, (1)

where i, ν, and k denote the electronic, vibrational, and rota-
tional states of N�

2 , respectively. The middle term on the right
side of Eq. (1) represents the transient ionization injection

(a) (b) (c)

Fig. 3. Measured time structures ofN�
2 lasing under the triggering of various seed intensities for the pumping of the (a) LP and (b) PM laser. The

longitudinal axis in these two cases is normalized by the same value. (c) The retarded time τ as a function of the seed intensity for the PM laser.

Fig. 2. N�
2 lasing signal as a function of the seed intensity for the

cases of the LP and PM (θ � 32°) laser excitation. The signal intensity
in the case of LP has been multiplied a factor of 200 for a direct
comparison.
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within the pump laser field [18,37]. It deserves mentioning that
the collision-induced decay is introduced on the right side of
Eq. (1), which causes a time-dependent population inversion
between the states of B�ν 0 0 � 0� and X �ν � 0� after the pas-
sage of the pump laser. H is the ionic Hamiltonian:

H �

2
664

Eν 0 0k
B 0 d ν 0 0ν

BX · εp

0 Eν 0k
A d ν 0ν

AX · εp

d v 0 0ν
BX · εp d ν 0ν

AX · εp Eνk
X

3
775, (2)

where εp is the electric field of the pump laser, Eνk
i is the

diagonal matrix composed of the eigenenergy value of each
state, and d ν 0ν

ij is the transition dipole moment matrix between
the electronic-vibrational states. i, j � X ,A,B; ν, ν 0, ν 0 0 �
0–4; k � 0–49.

Next, the time-delayed seed pulse interacts with the pre-
pared ionic system. As the seed pulse is quite weak, and its cen-
tral wavelength is around 391 nm, we employ the following
Maxwell–Bloch equation combining with the density matrix
formalism to simulate its propagation based on a two-level sys-
tem [i.e., B�ν 0 0 � 0� and X �ν � 0�]:�

c
∂
∂z

� ∂
∂t

�
E � iΩ0σBX , (3)

dρ

dt
� −

i
ℏ
�H two, ρ� �

�
dρ

dt

�
coll

, (4)

where E is the Gaussian envelope of the propagating pulse
with electric field ε�t� � 1

2E�t�ei�kz−ωt� and Ω0 � ωNd 00
BX ∕ε0

is the propagating constant. ω is the seed light frequency.
N � 8 × 1016 cm−3 is the population density of N�

2 ; d
00
BX is

the transition dipole moment between B�ν 0 0 � 0� and
X �ν � 0�. σBX is the slow-varying amplitude of the coherence
ρBX � 1

2 σBX e
i�kz−ωt�. ρ is the density matrix of the two-level

system. H two is the Hamiltonian of the two-level system:

H two �
�

E0
B d 00

BX ε�t�
d 00
BX ε�t� E0

X

�
: (5)

The second term on the right of Eq. (3) is the decay term
brought by collisions:�

dρBB
dt

�
coll

� −
ρBB
T 1

;

�
dρij
dt

�
coll

� −
ρij
T 2

, i ≠ j,

(6)

where i, j � X , B. T 1 and T 2, signifying depopulation and
dephasing, are set to be 2.5 ps. Besides, the matrix element
ρXX in Eq. (4) is calculated by _ρXX � −iℏ−1

�d 00
BX ε�t�ρBX � c:c:�, while neglecting the decay term, since

the electronic state X �ν � 0� is the ground state of N�
2 . In

the simulation, the duration of the seed pulse is ∼120 fs.
The gain medium length L � 0.9 cm. It should be noted that
at the arrival of the seed pulse the established population in-
version Z � ρBB − ρXX is different for the LP and PM cases,
which are 1.4 × 10−2 and 8.8 × 10−2 for the pump-seed delay of
∼0.6 ps, respectively. The amount of population inversion sig-
nificantly influences the amplification of N�

2 lasing.
Figures 4(a) and 4(b) show the calculated time profiles of

391 nm lasing after subtracting the input seed laser for the
LP and PM pumping, respectively. It can be clearly seen that

for the LP case, the main peaks of the amplified laser pulses are
observed at the falling edge of the seed pulse, which can be
attributed to the coexistence of the population inversion and
electronic coherence, and their intensities exhibit a linear
growth with the seed intensity as displayed in the inset of
Fig. 4(a). Besides, after the passage of the seed pulse, an am-
plified long tail is also observed, which is in fact closely asso-
ciated with the dephasing time T 2. As shown in Fig. 4(b), the
peaks of the amplified 391 nm lasing are postponed relative to
the seed for the PM laser, and the retarded time τ is up to the
seed intensity. The nonlinear dependence of the integrating las-
ing intensity on the seed intensity is also plotted as an inset.
Therefore, with the current model, the simulated results agree
well with the measured results shown in Figs. 2 and 3.

4. DISCUSSION

The amplification process of N�
2 lasing is closely related to its

origin of gain. First of all, since the population inversion be-
tween the states of B�ν 0 0 � 0� and X �ν � 0� is met by both
the LP and PM lasers, the SA can be induced under a resonant
excitation. Note that the amplification within the seed duration
has escaped from observations in previous experiments despite
SA having been initially proposed [25–27]. The reason behind
this is that the seed spectrum has been shifted away from res-
onance in most prior investigations, and the time window for
SA is usually too short to produce a discernible signal [23,24].
For the sake of offering direct evidence for SA, we tried to pro-
mote the ratio of SA by injecting a 391 nm seed with a relatively
large pulse area ϑ. Second, a net gain can also be attained by
preparing quantum coherence, giving rise to a post-seed-pulse
amplification. Herein, two types of coherent amplifications
should be distinguished [38], i.e., FID and TS. The indispen-
sable condition for the FID is the electronic quantum coher-
ence σBX , which is enabled by the resonant seed pulse in our
cases. It is not difficult to deduce that under a weak excitation,
the amplitude of the electronic coherence σBX is approximately
proportional to the seed pulse area ϑ for a two-level system
[39]. The FID signal typically decays with the loss of coherence
determined by the dephasing time T 2. On the other hand, the
TS differs from FID due to the collective emission of the indi-
vidual quantum emitters that are bonded by a weak field [38].
The systematic gain can be defined as β � T 2∕T R , where the

(a) (b)

Fig. 4. Simulated time profiles of 391 nm lasing at various seed
intensities under excitation of the (a) LP and (b) PM laser. The insets
show the corresponding lasing intensity as a function of the seed in-
tensity for these two situations.
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value of T R is inversely proportional to the population inver-
sion density [31,40].

Recall that under a weak triggering the condition for
generating superradiant amplification is TD < T 2 [41], where
the retarded delay TD � 1

4T R j ln � ϑ2π�j2 [31,41], or equiva-
lently, β > 1

4 j ln � ϑ2π�j2. Therefore, for the PM laser, the TS
can be easily initiated for the range of seed intensity of
I seed > 6 W∕cm2 due to β � 33. The results presented by
the black squares in Fig. 2 and those in Fig. 3(b) can be well
fitted by the superradiant theory, confirming that TS is the pri-
mary amplification mechanism for PM laser excitation.
However, for LP pumping, the evaluated β is 5, and thus
the collective emission of ions solely occurs for the seed inten-
sity of I seed> 107 W∕cm2 in principle. We ascribe the ampli-
fication during and after the seed pulse in Fig. 3(a) to SA and
FID, respectively, which explains the linear dependence of the
lasing intensity on the seed intensity as marked by the red
circles in Fig. 2. It deserves mention that for a limiting case
of a strong seed pulse, a fierce competition between the SA
and TS exists within the seed duration, and a dynamic super-
radiant theory is required.

Finally, we would like to point out that the three abovemen-
tioned amplification mechanisms are in fact mutually influ-
enced. For example, the SA process could deplete a portion
of the population inversion, showing a great impact on the
follow-up FID and TS. Additionally, the dephasing time
T 2, determining the ending time of FID, is also critical for
TS. In Fig. 5, we show the simulated amplification ratio
�I − I 0�∕I 0 on a log scale as a function of β and ϑ, where I
and I0 are respectively the output lasing intensity and input
seed intensity. The seed intensity is limited to the value of
I seed < 2 × 108 W∕cm2. The red and black curves are the cor-
responding gains similar to the experimental conditions in
Fig. 2, and seeds A, B, and C for experimental measurements
are marked by the dots. It can be clearly seen that for β < 12,
the output lasing signals obviously show a nearly linear depend-
ence on the seed pulse area ϑ, indicating that SA and FID pre-
vail over TS in this regime. Nevertheless, a nonlinear
amplification appears for β > 12, and TS gradually becomes
the dominating mechanism with the further increment of β.
These results indicate that the collective emission of molecular

ions in strong laser fields can be controlled by manipulating the
gain factor β, i.e., T 2 or T R. We noticed that the control of the
collective emission was achieved by changing the dipole de-
phasing time T 2 in a KCl crystal [42].

To summarize, we systematically investigated the amplifica-
tion mechanism of N�

2 lasing and found that a time-sequential
amplification composed of SA, TS, and FID may happen in
such a population-inverted quantum system. It is revealed that
the ratio of these three amplification mechanisms can be readily
switched by the experimental parameters such as ϑ and β, by
which the requirement for observing the collective emission of
molecular ions in a strong laser field is gained. Besides, our re-
sults also suggest that the molecular ions generated by transient
ionization and coherent couplings can be ideal candidates for
performing investigations on strong-field quantum optics.
These findings clearly verify the distinctions and show the ad-
vantages of amplification in femtosecond laser-prepared ionic
systems, compared to that induced by conventional nanosec-
ond lasers.
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