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We investigate lasing action in aligned nitrogen molecular ions (N2
þ) produced in an intense laser field.

We find that, besides the population inversion between the B2�u
þ � X2�g

þ states, which is responsible

for the observed simulated amplification of a seed pulse, a rotational wave packet in the ground vibrational

state (v ¼ 0) of the excited electronic B2�u
þ state has been created in N2

þ. The rotational coherence can
faithfully encode its characteristics into the amplified seed pulses, enabling reconstruction of rotational

wave packets of molecules in a single-shot detection manner from the frequency-resolved laser spectrum.

Our results suggest that the air laser can potentially provide a promising tool for remote characterization

of coherent molecular rotational wave packets.
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I. INTRODUCTION

In the presence of strong laser fields, molecules can
exhibit many intriguing behaviors, such as high-order har-
monic generation [1], above-threshold ionization and
dissociation [2], bond softening and hardening [3], and
rotational excitation and molecular alignment [4].
Strong-field molecular physics has become an important
subject of contemporary physics and has already triggered
a broad range of applications, including molecular orbi-
tal imaging [5,6], coherent x-ray sources [7], attosecond
chemistry [8], filament control [9], and so forth. Recently,
it was discovered that by exposure to ultrashort intense
laser pulses, first molecules can be photoionized, and then
a population inversion can be instantaneously (i.e., within
the duration of the excitation pulses, which is typically a
few tens of femtoseconds) established between the excited
and ground electronic states of the molecular ions [10–13].
This mechanism leads to either amplified-spontaneous-
emission (ASE) air lasing in the backward direction if
there is no seeding pulses participating in the process
[14], or coherent narrow-bandwidth emission in the for-
ward direction in the presence of self-generated or exter-

nally injected seed pulses [10–12]. It is noteworthy that,
although air lasing due to ASE has also been demonstrated
with picosecond pump lasers [15], the mechanism there is
clearly understood as a resonant two-photon dissociation
of molecular oxygen, followed by resonant two-photon
excitation of atomic oxygen fragments, which is com-
pletely different from the mechanism of the air lasing
observed in nitrogen molecules with femtosecond pump
lasers.
In this paper, we show that, surprisingly, the above-

mentioned externally seeded air laser [10–12] can be
strongly affected by rotational wave packets of mole-
cular ions in the ground vibrational state (v ¼ 0) of the
excited electronic B2�u

þ state of N2
þ produced in the

femtosecond-laser-induced plasma spark. In our experi-
ment, this effect has been observed in both the frequency
domain and the time domain. In the frequency domain,
we have observed spectral peaks corresponding to the
R-branch (�J ¼ 1) transitions from the discrete rotational
levels of the upperB2�u

þ state in the laser spectrum. In the
time domain, we have observed periodic modulations of
the laser intensity by changing the time delay between the
pump and probe pulses. Further theoretical calculations
show that, based on these measurements, quantitative char-
acterization and, consequently, direct reconstruction of a
rotational wave packet of molecules can be achieved in a
single-shot detection manner. Previously, signatures of
rotational coherence of molecules observed in a plasma
channel produced by femtosecond laser filamentation have
been found, mainly by effects induced either by a macro-
scopic transient-refractive-index change of the media or by

*huailiang@jlu.edu.cn
†ya.cheng@siom.ac.cn
‡zzxu@mail.shcnc.ac.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

PHYSICAL REVIEW X 3, 041009 (2013)

2160-3308=13=3(4)=041009(6) 041009-1 Published by the American Physical Society

http://dx.doi.org/10.1103/PhysRevX.3.041009
http://creativecommons.org/licenses/by/3.0/


energy transfer from the light field to the molecules (i.e.,
redshift of the driving spectrum) during the propagation
[16]. The evidence obtained in such ‘‘indirect’’ observa-
tions contains entangled contributions from different
unidentified rotational states and does not allow for
straightforward decoding of the rotational states distribu-
tion for wave-packet reconstruction.

II. EXPERIMENTS

A. Experimental schematic

The frequency-resolved seed-laser-amplification spectra
and their signal modulations in the time domain were
measured using a pump-probe scheme similar to the one
described in Ref. [11]. In brief, a linearly polarized laser
pulse (800 nm, 40 fs, 1 kHz) from a Ti:sapphire laser
system (Legend Elite-Duo, Coherent, Inc.) was split into
two by a 50:50 beam splitter; one part was used as the
pump to produce a plasma channel ofN2, and the other was
frequency doubled with a 100-�m-thickness �-barium
borate crystal. The generated 400-nm pulses were then
used as a probe to seed the population-inverted N2

þ in
the plasma. A dichroic mirror with high reflectivity at
400 nm and high transmission at 800 nm was used to
remove the 800-nm fundamental from the probe. The
probe pulse first passed through a polarizer for generating
a linearly polarized beam. A half-wave plate was used to
control the polarization direction of the pump pulse to be
parallel or perpendicular to that of the probe pulse. A
variable delay line with a temporal resolution of 16.67 fs
was used to adjust the delay between the pump and probe
pulses. The pump and probe beams were recombined
collinearly with a second dichroic mirror with high reflec-
tivity at 400 nm and high transmission at 800 nm. They
were then focused by an f ¼ 40-cm fused-silica lens into a
gas chamber filled with pureN2 at 20 mbar. The energies of
the probe and pump pulses just before the chamber
were measured to be 0:1 �J and 2.1 mJ, respectively.
After passing through the chamber, the pump and probe
pulses were collimated by an f ¼ 30-cm lens and then
separated by a third dichroic mirror. The probe-pulse
signal was collected by an integration sphere and sent by
an optical fiber into a 1200-grooves/mm grating spec-
trometer (Shamrock 303i, Andor) equipped with a CCD
camera.

B. Rotational information in an ‘‘air-laser’’ spectrum

Figure 1 illustrates the spectra of the probe pulse ob-
tained after passing through the gas chamber with (blue
and red lines) and without (green line) the pump pulse. We
see that a very strong peak with a central wavelength at
about 391 nm and a very narrow full-width-half-maximum
(FWHM) linewidth of 0.3 nm appears in the presence
of the pump pulse when compared with the spectrum
obtained without the pump pulse. The strong 391-nm

emission corresponding to the rotational P branch band-
head (�J ¼ �1) in the electronic transition B2�u

þ !
X2�g

þ (0 ! 0) of N2
þ [17] is ascribed to amplification

of the spectral portion of the probe pulse due to the
population inversion of N2

þ established in the plasma
channel by the pump-laser excitation [10–13].
In addition, a previously unobserved amplification in the

blue side of the 391-nm line can be clearly seen in Fig. 1.
By a careful examination of this region, spectral peaks
corresponding to the R-branch (�J ¼ 1) transitions are
frequency resolved, as shown in the inset of Fig. 1, in
which the integer numbers indicate the discrete rotational
levels of the upper B2�u

þ state. The fact that only the
rotational states of odd numbers of J levels were observed
is probably a result of the relative abundance of the ortho-
and para-N2 [18]. As shown in the inset of Fig. 1, the
rotational states of the R branch with numbers of J up
to 29 have been observed, with the strongest line at
Jmax ¼ 15. The shift of the rotational-state distribution
toward the higher J levels as compared with that of
Jmax ¼ 7 at room temperature by the Boltzmann distribu-
tion comes from the coherent nonresonant Raman rota-
tional excitation of the ionized N2

þ molecules in the

FIG. 1. The forward-probe-pulse spectra captured with the
polarization direction of the probe pulse parallel (blue line) or
perpendicular (red line) to the pump pulse. The inset shows the
enlarged spectral region in the spectral range of 387–391 nm
corresponding to the R-branch transition, and the numbers label
the upper rotational levels. The estimated intensities of the pump
and the probe pulses are on the orders of 1015 W=cm2 and
1012 W=cm2, respectively, by assuming a linear propagation
condition.
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pump-laser pulse [19]. It should be mentioned that,
although the spectral modulations in Fig. 1 that define
the R branch require a longer time to resolve themselves
than the duration of the probe pulse, in consideration of the
time-bandwidth product, previously we have measured the
emission time of the laser to be several picoseconds, which
resolves this issue [11].

We notice in Fig. 1 that in the presence of the pump
pulse, the amplified signal is stronger when the probe pulse
has a polarization direction parallel to that of the pump
pulse. This is because when the ensemble of N2

þ is excited
into states with higher rotational angular momenta, the
projection of the angular momentum of each rotational
state onto the polarization direction of the pump pulse
(the azimuthal quantum number M) is preserved as the
values of initial lower rotational states, owing to the cylin-
drically symmetry with respect to the polarization direc-
tion of the pump pulse in the Raman rotational excitation
process [20]. The M values after the rotational excitation
by the pump pulse are limited by the initial rotational
quantum numbers with jMj � Ji, where Ji is the initial
rotational quantum number. Since Ji is much lower than
the final rotational quantum number Jf, it leads to an

anisotropic distribution of the molecules populated mostly
on jJf; jMj � Jfi sublevels for a specific rotational state

Jf. For linear and symmetric top molecules, a P-branch

(J ! J þ 1) or an R-branch (J ! J � 1) transition is more
likely to occur with a smaller M value [21]. Therefore,
when the probe pulse has a polarization direction parallel
or perpendicular to that of the pump pulse, it will see a
small or largeM value, giving rise to the discrepancy of the
P-branch or R-branch transition intensities in the two
polarization cases.

C. Periodic modulation of laser signals in the
pump-probe measurements

The rotational-state distribution of B2�u
þ shown in

Fig. 1 is expected to be coherently populated, and it forms
a coherent rotational wave packet because of the alignment
of molecules. Generally speaking, alignment ofN2

þ can be
achieved either by an impulsive Raman excitation [18] or
by a preferential ionization ofN2 molecules whose axes are
parallel to the laser polarization [22], or by both of them.
With the alignment, the rotational coherence of the wave
packet would survive after the turnoff of the pump pulse,
and the ensuing free evolution of the rotational wave
packet causes the constituent rotational eigenstates to de-
phase and rephase periodically, giving rise to the well-
known revival of molecular alignment [23].

To verify the rotational coherence, we measured the
signal intensity of the P-branch bandhead at around
391 nm as a function of the time delay between the
pump and probe pulses, as shown in Fig. 2(a), for the
polarization directions of the two pulses to be either par-
allel (blue line) or perpendicular (red line) to each other,

respectively. The zero time delay is set at the instant when
the signal intensity is the strongest (i.e., the maximum
amplification occurs), and the positive time delay means
the probe pulse is behind the pump pulse. We see in
Fig. 2(a) that both curves show a rapid increase followed
by slow decays, representing the fast growth in the
beginning and the gradual damping of the population in-
version between the B2�u

þ and X2�g
þ (0-0) states. By

fitting both curves with an exponential decay function
a� expð�t=�Þ þ b, the decay times of � ¼ 3� 0:2 ps
and � ¼ 4� 0:3 ps are extracted, respectively, for the
parallel (purple line) and perpendicular (green line) cases,
showing good agreement with each other for the decay of
the population inversion between the B2�u

þ and X2�g
þ

(0-0) states. Notably, periodic modulations of the signal
intensities can be clearly observed in Fig. 2(a), which
shows the synchronized antiphase oscillations for the two
polarization directions of the pump pulses. The periodic
modulations of signals at approximately 2.0 ps, 4.0 ps,
6.0 ps, 8.0 ps, and 10.0 ps can be reasonably assigned to
Trot=4, Trot=2, 3Trot=4, Trot, and 5Trot=4 revivals of the
rotational wave packet of the B2�u

þ state of N2
þ, with

Trot ¼ ð2BcÞ�1 ¼ 8:0 ps being the fundamental rotational
period, where B ¼ 2:083 cm�1 is the rotational constant of
the electronic B2�þ

u state and c is the velocity of light.

FIG. 2. The signal intensities of (a) the P-branch bandhead at
around 391 nm and (b) the R-branch band recorded over the
range of 387–390.7 nm as a function of the time delay between
the pump and probe pulses for the parallel or perpendicular cases
of the polarization directions of the two pulses. The dotted lines
are the exponential fits of the experimental curves. The black
dotted vertical lines indicate the revival times of N2

þ.
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To better understand the correlation between the mea-
surements carried out in the time domain [Fig. 2(a)] and
frequency domain (inset of Fig. 1), we perform a Fourier
transform for the two curves in Fig. 2(a) after removing the
exponential decay baselines. The corresponding Fourier
spectra for both polarization cases are depicted in
Figs. 3(a) and 3(b). We clearly see that these two spectra
show remarkably similar frequency distributions, with
seven peaks corresponding to the beat frequencies between
odd J states (the lower states in the beat terms are labeled).
The frequency peak with the largest amplitude belongs to
the beat frequency between J ¼ 13 and J ¼ 15 rotational
states, which is in good agreement with the measured
rotational-state distribution in the R-branch spectrum (see
inset of Fig. 1). We note that several very weak even-J
peaks of N2

þ ions can be seen in Fig. 3, whereas they
cannot be observed in Fig. 1. This difference can be
attributed to the higher resolution in the time-resolved
measurement than that in the frequency-resolved
measurement.

III. THEORETICAL ANALYSIS

It is well known that the absorption of polarized light by
molecules depends on the alignment of the molecule with
respect to the polarization direction [24]. Recall that the
B2�u

þ ! X2�g
þ electronic transition is a parallel transi-

tion; the strength of the stimulated emission from molecu-
lar N2

þ aligned parallel to the polarization direction of the
probe pulse is stronger than that from perpendicularly
aligned N2

þ. Consequently, the probe pulses injected into
the plasma spark with different delay times would see

different alignment angles of N2
þ and thus acquire

different amplification efficiencies, resulting in the inten-
sity variations as a function of the alignment of N2

þ
relative to the polarization direction of the probe pulse.
Furthermore, because of the orthogonal polarization direc-
tions of the pump pulses in the two polarization cases, the
laser-induced alignments of the molecular axis in the two
cases are perpendicular to each other for the same delay
time, which naturally causes the antiphase responses of the
probe pulses. Besides, it should be emphasized that since
the R-branch and P-branch transitions originate from the
same upper Jf states, the intensity modulations of the R

branch and P branch should have the same periodic oscil-
lation patterns. This result is indeed what we have ob-
served, as shown in Fig. 2(b), where the signal intensity
of the lines of the R-branch band integrated over the
spectral range of 387–390.7 nm is plotted as a function
of the delay time between the pump and probe pulses. We
find that both curves of the R branches show the modu-
lations with the same oscillation periods and phases as
those of the P branches shown in Fig. 2(a).
Based on the above physical picture, we show that the

pump-probe experimental results can be fairly well repro-
duced with a simplified theoretical model as follows.
Assume that the rotational wave packet of ionized N2

þ
after the pump pulse can be written as c 0 ¼ P

JaJjJ;Mi;
the free evolution of the wave packet can then be expressed

as c 0ðtÞ ¼
P

JaJe
�iðEJ=@ÞtjJ;Mi, with EJ ¼ BJðJ þ 1Þhc

being the energy of the rotational eigenstate (here, we
ignore the centrifugal distortions). Then, the spatial infor-
mation about the orientation of the molecular axes of N2

þ
at each moment is contained in the superposition state
c 0ðtÞ. Furthermore, in this simplified theoretical model,
we set the azimuthal quantum number M ¼ 0. This as-
sumption is mainly based on the following consideration.
Before the alignment of the molecules, the N2 molecules
are mostly populated at the rotational energy levels with
J numbers much lower than those of the rotational energy
levels populated by the N2

þ molecular ions that have been
efficiently aligned by the intense pump-laser field. Because
of the cylindrical symmetry with respect to the polarization
direction of the pump pulse, the initial azimuthal quantum
number M of the molecules, which are small before the
alignment process, will not be changed by the alignment.
Thus, since the rotation of the majority of molecular ions
will be highly anisotropic (i.e., mainly confined in the
plane perpendicular to the direction of laser propagation)
after the laser alignment, we expect that the assumption of
M ¼ 0 should be reasonable. Indeed, as we will see later in
Fig. 4, the theoretical calculations based on this assump-
tion agree well with our experimental results; i.e., all the
major features in the experimental observations have
been captured by our calculations. The time-dependent
probability of stimulated emission in the ensemble of the
aligned N2

þ for the parallel transitions between the
B2�u

þ � X2�g
þ states can be written as [24]

FIG. 3. The Fourier-transform spectra of the oscillation curves
in Fig. 2(a) for the parallel (a) and perpendicular (b) cases. The
numbers indicate the beat frequency.
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hcos2�iðtÞ ¼ X

J

jaJj2CJ;J;M¼0 þ jaJjjaJþ2j

� cosð�!J;Jþ2tþ�J;Jþ2ÞCJ;Jþ2;M¼0; (1)

where � is the angle between the molecular axis and the
polarization of the probe pulse, jaJj and jaJþ2j are
the respective probability amplitudes of the jJ;Mi
and jJ þ 2;Mi states, �!J;Jþ2 ¼ ðEJþ2 � EJÞ=@ is the
beat frequency between the jJ;Mi and jJ þ 2;Mi
states, �J;Jþ2 is the relative phase between the states
jJ;Mi and jJ þ 2;Mi at the beginning of free evolution,
and CJ;J;M¼0 ¼ hJ;Mjcos2�jJ;Mi and CJ;Jþ2;M¼0 ¼
hJ;Mjcos2�jJ þ 2;Mi are both constants. Then, we can
decide the values of jaJj by the signal intensities of the
R-branch band in the seed amplification spectrum of Fig. 1,
and the evolution of the rotational wave packet is calcu-
lated from the initial largest alignment point after the pump
pulse, at which each rotational eigenstate has approxi-
mately the same phase as�J;Jþ2 ¼ 0. Therefore, the varia-
tion of the signal intensities at different time delays, �, can
be expressed by the function of expð��=�Þ � hcos2�ið�Þ.
The exponential term expð��=�Þ describes the decay of
population inversion between the B2�u

þ and X2�g
þ (0-0)

states, as mentioned above. Thus, the results of the simu-

lations (red solid curves) for the pump and probe pulses in
the parallel and orthogonal polarization cases are, respec-
tively, plotted in Figs. 4(a) and 4(b). We see in Figs. 4(a)
and 4(b) that all the major features in the experimental
curves (blue dotted curves) are qualitatively reproduced
with the simulation curves, which confirms the buildup of
the rotational wave packet of N2

þ ions in the plasma spark
produced by the intense femtosecond laser pulses. The
quantitative discrepancy originates from the fact that either
the population inversion or the rotational-state distribution
is not perfectly uniform in the plasma spark, and the
approximation of M ¼ 0 (i.e., we have ignored the pop-
ulations at rotational levels with smallM numbers) used in
our calculations.

IV. CONCLUSION

In conclusion, we experimentally show the generation of
a rotational wave packet in a population-inverted molecu-
lar N2

þ system in a plasma spark produced by a near-

infrared 800-nm-femtosecond intense laser pulse. The
stimulated emissions from such a unique system exhibit
periodic modulations in the time domain stemming from
the revival of the coherent rotational wave packets in the
excited electronic states B2�u

þ. Surprisingly, the
rotational-state distribution of the coherent wave packet
of the molecular ions has been faithfully mapped onto the
frequency-resolved laser spectrum, owing to the relatively
long pulse duration (approximately ps) of the laser signal at
a wavelength of around 391 nm [11]. We notice that our
observation uniquely covers three time scales, beginning
with the tunnel ionization of the molecules on the atto-
second time scale, followed by the population-inversion
establishment in the molecular ions on the femtosecond
time scale, and ending with the amplification of the seed
pulses in the aligned molecular ions on the picosecond time
scale. Interestingly, all the processes involved are en-
tangled. Our finding provides new evidence toward a
complete understanding of the mechanism behind the oc-
currence of ultrafast lasing in remote air, which is still
lacking at the current stage. From the application point of
view, the finding will open up the possibility to remotely
reconstruct the rotational wave packets produced during
the free propagation of an intense femtosecond laser pulse
in the atmosphere.
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