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Controlling rotational air lasing lineshape by
carrier-envelope offset phase

Jingsong Gao 1, Hao Liang 2 , Mahmudul Hasan1, Chi-Hong Yuen3,
Ming-Shian Tsai 4, Ming-Chang Chen 4, Chii-Dong Lin1, Kiyoshi Ueda 5,6,
Hans Jakob Wörner7 & Meng Han 1

The carrier-envelope offset phase (CEP) of a few-cycle optical pulse is com-
monly used to control electron dynamics on the attosecond timescale,
whereas lasing spectra from transitions between rotational states are generally
emitted over much longer durations, typically nanoseconds. Here, we
demonstrate CEP control of the rotational lasing spectra corresponding to the
transition from B2Σ +

u ð0Þ to X2Σ +
g ð1Þ in N+

2 cations, transforming its lineshape
from a symmetric Lorentzian profile to an asymmetric Fano type–and vice
versa. This lineshapemodulation arises from the interference between the B-X
coherence initiated by the main pulse and the supercontinuum (self seed) by
self-phase modulation, resembling an “f-to-3f" interferometry. Additionally,
for lasing lines with lower rotational quantum numbers, we observe a stronger
coupling between adjacent lasing peaks, which originates from the amplifi-
cation of both even- and odd-order rotational coherent emission lines. Our
study presents a general framework for controlling lasing lineshapes and
provides new insights into sub-optical-cycle dynamics in air lasing.

Spectroscopy is an essential tool for uncovering molecular structures
and dynamics in light-matter interactions. The observed spectral line
positions reveal energy separations of the transition states, whereas
the lineshapes are determined by how matter relaxes after light is
resonantly absorbed. For example, when a discrete state is resonantly
excited by a light field, the corresponding emission or absorption
spectrumwill show a symmetric Lorentz lineshape. If the discrete state
is coupled with a continuum, the pathway interference between them
will result in an asymmetric Fano lineshape, such as the double excited
states in helium atoms1–3. Pioneering works by Ott et al.4 demonstrate
that the absorption spectral lineshape can be switched between Lor-
entz and Fano types by the Stark shift induced phase, which depends
on the light intensity of the used laser field5.

Recently, N+
2 air lasing–a remarkable form of remote, mirrorless

optical amplification using air constituent N2 molecules as the gain
medium–has garnered significant attention6 since its discovery by Yao

et al.7 in 2011. It was observed that the dominant radiations from N+
2

are around 391 nm and 428 nm, corresponding to the transition from
B2Σ+

u ðν0 =0Þ to X2Σ+
g ðν =0Þ and from B2Σ+

u ðν0 =0Þ to X2Σ+
g ðν = 1Þ,

respectively. The number in the parentheses denotes the vibrational
quantum number. The potential population inversion between the B
and X states, which contrasts with well-established strong-field
theory8, can be explained by the ionization and post-coupling
model9–13 without accounting for molecular rotational dynamics. In
contrast, a rotation-state-resolved experiment14 and several theoretical
studies15,16 suggest that a significant disparity in rotational distributions
between the upper and lower emission levels could, in principle, lead
to gain without net electronic population inversion. Other experi-
mental studies17–24 further highlight the complexity of rotational air
lasing. Thus, the underlyingmechanismof air lasing remains unclear at
the level of rotational states. Notably, although most previous studies
have focused on the intensity of air lasing, several recent
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experiments11,25,26 have shown that its lineshape is nontrivial and canbe
controlled with the assistance of Stark effect25. Although few-cycle
short pulses were applied into air lasing9,27, the CEP of the driving laser
pulses was not stabilized, preventing the revelation of sub-cycle elec-
tron dynamics, which has been extensively discussed in theoretical
simulations11,12,28,29. For example, supercontinuum generation by self-
phase modulation (SPM), which is delayed in time with respect to the
“red" main pulse due to smaller group velocity at higher frequency in
normal dispersion materials, is a typical process when using few-cycle
short pulses. The previous study9 showed the supercontinuum can act
as a seed in the intensity amplification of air lasing. However, the
coherence and interference between the supercontinuum and the
molecular ionic polarization created by themain pulse remain unclear.

In this work, we report the first air lasing experiment with CEP
control. We demonstrate the lineshape of the rotation-state-resolved
air lasing spectra can be continuously controlled from Lorentz to Fano
types and vice versa. The lineshape control is attributed to the inter-
ference between the Lorentz-shape free-induction decay (FID) emis-
siongovernedby theB-X coherence initiated by themain pulse and the
self-seed supercontinuum generated by SPM. The two interfering
spectral components have different CEP periodicities in their phases,
resembling a ‘f-to-3f’ interferometer. In this experiment, the CEP of the
driving pulse is intricately linked to the Fano phase factor in the time-
domain representation. By fitting the experimental results using the
Fano formalism, we show that FID emission lines with lower rotational
quantum numbers undergo amplification, leading to lasing action. By
comparing the CEP dependence between low- and high-order rota-
tional lasing lines, our study reveals that electronic population inver-
sion is not the sole factor determining lasing action; molecular
rotational dynamics also play a crucial role.

Results
The laser system used in this experiment is a CEP-stabilized sub-4
femtosecond Yb laser with a spectrum covering both visible and near-
infrared (IR) from580 nm to 1300nm, characterized by both transient-
grating FROG (frequency-resolved optical gating) and TIPTOE (tun-
neling ionization with a perturbation for the time-domain observation
of an electric field) measurements. The CEP stabilization is actively
maintained through both fast and slow feedback loops, ensuring a
stability of better than 200mrad standard deviation over 14 h. For
further laser details, refer to refs. 30–32. To optimize pulse dispersion
and vary the CEP value, we adjusted the thickness of a fused-silica
wedge pair (3.5 degrees) inserted into the beam path using a piezo-
electric delay stage. The relative CEP value is calibrated by the differ-
ence between the group velocity and the phase velocity in fused silica
at the center wavelength of 900 nm. In our experiments, we used ~200
μJ for single pulse energy. The pulse was focused by a silver concave
mirror with a focal length of 35 cm, achieving an estimated peak
intensity of 2 × 1014W/cm2. Short-pass ultraviolet (UV) filters with a
cutoff of 450nm were employed to block the visible driving beam.
Two spectrometers were used tomeasure the air lasing spectrum: one
with a broader measurement range (200–1100 nm) but lower resolu-
tion (~0.2 nm), and the other with higher resolution (~0.01 nm) but a
limited measurement range (424–429 nm). We present more experi-
mental details in Supplementary Information (SI).

In Fig. 1a, we show a photograph of our gas tube filled with pure
N2, takenduring the generationof air lasing. The strong electric field of
the light pulse can easily tunnel-ionize several valence orbitals of the
N2 molecules, producing a bright plasma filament. As illustrated in the
image, the plasma filament emits a white light beam when the driving
light pulse is optimized to an ultrashort, near-single-cycle timescale.
During this filamentation, nitrogen molecules are primarily ionized
into the three lowest electronic states of N+

2 , with lasing emissions
occurring from the transition between the second excited state (B2Σ+

u )
and the ground state (X2Σ+

g ). Figure 1bpresents a comparisonof the air

lasing spectra at high and low gas pressures, specifically 1 bar and
1mbar. The sharp lasing peaks around 391 nm and 428 nm correspond
to transitions between different vibrational states, with the 391 nm
peak associated with ν0 =0 ! ν =0 and the 428 nm peak corre-
sponding to ν0 =0 ! ν = 1, where ν0 and ν represent the vibrational
quantumnumbersof the upper and lower states, respectively. Another
mechanism that generates new frequencies is SPM, which is a third-
order nonlinearity-based parametric process. SPM generally occurs
under high gas pressure and it is delayed in time compared to themain
IRpulse. As shown in Fig. 1b, thepronouncedpedestal in the blue curve
represents the white light generated by SPM under atmospheric
pressure. When the gas pressure is reduced to 1mbar, the white light
nearly disappears, as shown by the orange curve.

Supplementary Information Fig. 1 presents additional experi-
mental evidence supporting the lasing nature of the forward-emitted
light. We first measured the beam profile after the emission propa-
gated 5m through air and observed that the air lasing beam exhibits a
significantly smaller divergence angle of less than 10mrad compared
to the pump beam. Furthermore, polarization-resolvedmeasurements
confirm that the air lasing is linearly polarized–consistent with the
polarization of the pumppulse–while the side-emitted airfluorescence
is approximately unpolarized.

In Fig. 1c, wepresent thehigh-resolution spectrumaround428nm
at 1mbar, which resolves transitions between rotational states, speci-
fically the R and P branches. The R and P branches correspond to
rotational transitions of (J0 + 1 ! J) and (J0 � 1 ! J), respectively,
where J0 and J denote the rotational quantum numbers of the upper
and lower states. In Fig. 1c, the numbers associated with the peaks,
indicated by dashed lines, represent the rotational quantum number J
of the X2Σ+

g ðν = 1Þ state. In our experiment, the spectral lines in the P
branch could not be resolved with the spectrometers used. Therefore,
this study focuses on analyzing the lineshape variations of theRbranch
of the 428-nm lasing.

Figure 1c demonstrates that SPM influences both the lineshapes
and peak positions of rotational-state-resolved air lasing spectra. At
1mbar, where SPM is absent, the R-branch lasing peaks exhibit a
symmetrical Lorentzian profile, a characteristic feature of FID emis-
sion, allowing for accurate peak assignment (see the dashed lines and
labeled numbers). The even-order lasing peaks are stronger than the
odd-order transitions due to nuclear spin multiplicity. In contrast, at 1
bar, where SPM is strong, both the peak positions and lineshapes
undergo slight modifications, indicating a coherent superposition of
SPM and FID emission.

We further investigate the CEP dependence of N+
2 lasing spectra.

In the Supplementary Information Fig. 2, we show the measured CEP-
resolved lasing spectra at different gas pressures with the broad-range
spectrometer. At a pressure of 1mbar, no significant CEP dependence
is observed. However, as the gas pressure increases to several hundred
torr, the lasing spectra exhibit a strong dependence on the laser CEP.
Figure 2a presents themeasuredCEP dependenceof theR-branch 428-
nm lasing with the high-resolution spectrometer at 1 bar. Each spectral
line shows a clear CEP dependence with a periodicity of π, corre-
sponding a oscillation of cosð2ΦCEPÞ. This dependence cannot be
solely attributed to SPM, as the SPM field, ESPM(ω), originates from the
third-order-nonlinear polarization (i.e., degenerate four-wave mixing)
of the incident field, E0ðωÞeiΦCEP . The SPM is expressed as
ESPMðω1 � ω2 +ω3Þ / E0ðω1ÞE*

0ðω2ÞE0ðω3ÞeiΦCEP , which introduces a
CEP dependence only in the phase factor, mirroring the CEP of the
incident driving field33. Since the spectral intensity of SPM does not
depend on the laser CEP, a more natural explanation involves the
interference between SPM and the B-X coherence created by the main
pulse, where the terms have different CEP dependence in their phases.
This interference is analogous to the spectral beating observed
between the fundamental field and its second harmonic in f-to-2f CEP
interferometry34–38. Themeasured π periodicity in Fig. 2a suggests that
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the phase of B-X coherence must be governed by ei3ΦCEP , leading us to
refer to this spectral beating as “f-to-3f" interferometry. The energy
separation between the B and X states corresponds to approximately
three photons of the driving laser field with the assistance of dynamic
AC Stark shift11,39, resulting in the CEP-dependent phase factor ei3ΦCEP .
In SI,we present the calculatedphase evolution of FIDgoverned byB-X
coherence driven by the main IR pulse as a function of CEP using a
density matrix approach for strong-field ionization12,13,40. The calcula-
tions align well with the observed phase factor ei3ΦCEP . After the gen-
eration of the B-X coherence, the seed injection and interference
processes are not sequential. In fact, the seeding process can be
understood as an interferometric process. In SI, we discuss the seeding
process based on a two-level optical Bloch equation.

Beyond the observed π periodicity, the evolution of the lineshape
within a single period is particularly intriguing. Figure 2b presents two
lineouts in the J = 14 lasing regime at CEP values of 0 and 0.25π. The
lineshape transitions from a symmetric Lorentzian profile at CEP = 0 to
an asymmetric Fano profile at CEP = 0.25π. Notably, the peak position
shifts along the dashed red curve in Fig. 2a. Figure 2c displays the
corresponding lineouts in the J=7, 8 regime.AtCEP=0, the J= 7peak is
largely suppressed, while the J = 8 peak retains a symmetric Lorentzian
shape. However, at CEP = 0.25π, both peaks emerge with an asym-
metric Fano profile. A comparison between low- and high-rotational

quantum number regimes reveals a distinct trend: in the laser field the
weak odd-order lasing lines with lower J values (e.g., J = 5, 7, 9) are
significantly enhanced, whereas those with higher J values (e.g.,
J = 13, 15) remain considerably weaker. Supplementary Information
Fig. 3 presents the full range of the CEP-resolved air lasing spectrum,
including the P branch and the region around the 391-nm line. We
verified that the lineshapes of both exhibit a similar CEPdependenceas
the R branch at 428 nm shown here.

Figure 3 illustrates the formation mechanism of the Fano line-
shape, arising from the interference between SPM and FID emission.
Since we focus on a narrow wavelength range of a few nanometers
around 428 nm corresponding to a picosecond timescale, the SPM
field, which retains a femtosecond-scale temporal profile similar to the
incident field, can be approximated as a delta function in the time
domain. Taking the arrival time of the laser pulse as time zero, the SPM
field remains constant in both phase and amplitude in the frequency
domain. Simultaneously, the B-X coherence of the rotational states is
excited at time zero and decays via FID emission with a time-
dependent profile of expð�iω0t � Γt=2ÞΘðtÞ, where ω0 is the energy
separation between the upper and bottom states, Γ is related to the
lifetime of the upper state and Θ(t) is Heaviside step function. The
corresponding frequency-domain representation of FID emission fol-
lows a Lorentzian distribution, given by i/(ω − ω0 + iΓ/2), with
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Fig. 1 | Air lasing generation by CEP-stabilized near-single-cycle light pulses.
a Photo of a gas tube filled with 1 bar N2, where the laser beam is propagating from
left to right and focused in the tube center. bMeasured lasing spectra after a short-
passUVfilter (<450 nm) at the gas pressureof 1 bar and 1mbar, respectively. In the 1
bar case, the pedestal is corresponding to the supercontinuum labeled with SPM.

c High-energy-resolution lasing spectra around 428nm, where the rotational
quantum number of the X2Σ+

g ðν = 1Þ state is assigned on the top of the peaks in the
spectrumat 1mbar. In the high-pressure case, thepeakpositions and lineshapes are
both varied and dependent on the laser CEP.
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ðω� ω0Þ2 + ðΓ=2Þ2
q

for its amplitude square and arc tangent func-

tion arctan½2ðω� ω0Þ=Γ� for its phase, as depicted by the blue and
green curves in Fig. 3a, respectively. The superposition of a constant
background and a Lorentzian distribution always results in a Fano
lineshape41, up to an overall shift.

By varying the CEP of the incident field, one can control the phase
difference between SPM and FID emission, given by ΔΦ = 2ΦCEP, which
is equivalent to shifting the SPM phase (magenta line in Fig. 3a) verti-
cally in the plot. Consequently, the CEP precisely determines the
position of constructive interference in the energy domain and thus
the peak position of the resulting lineshape. For ΔΦ ∈ (0, π), the
intersection between themagenta and green curves is in the right side
of ω0, leading to a peak shifted to the right–corresponding to a Fano
lineshapewith a Fanoparameter of q<0. Conversely, forΔΦ∈ ( −π, 0),
the peak is on the left side, corresponding to q > 0. At the positions of
ΔΦ = 0 and ± π, the lineshape reduces to a symmetric Lorentzian
profile, corresponding to q = 0 or ∞. In Fig. 3b, we illustrate the line-
shapes resulting from the superposition of SPM and FID emission for
CEP values of 0 and 0.25 π, which reproduce the Lorentzian and Fano
profiles, respectively. It is important to note that spectral
congestion–where adjacent lasing lines are too closely spaced (spe-
cially for the low-J lines)–may cause the experimentally observed
asymmetry to be less pronounced compared to the theoretical model.
In high pressures, the THGmight start to play a role, specially at short
wavelengths such as 391 nm. An improved model should account for
THG as well.

Figure 3c–e depicts the physical picture of the interference in the
time domain. The CEP determines the azimuthal angle of the two
functions in the complex plane at time zero. This initial phase controls
the projection of the Lorentz dipole function onto the direction of the
delta function. The projection components along the same direction
can interfere with each other. In Fig. 3e, we illustrate the projects of
dipole d(t) along the direction of SPM at CEP of 0 and 0.25 π, respec-
tively. At CEP = 0, the dipole starts from its maximum value before
oscillating and gradually decaying. In contrast, at CEP = 0.25 π, where
the Lorentz dipole function is perpendicular to the delta function, the
dipole projection starts fromzero. The phase offset in the time domain
is referred to as the Fano phaseΦFano, which is uniquely related to the
Fano parameter q4. In the pioneering work4, the Fano phase was
identified as theAC-Stark-inducedphase shift in a strong IRfield. In our
case, however, the Fano phase corresponds precisely to the phase
difference between the two interfering channels, given by 2ΦCEP.

Above analysis is based on the approximation that the SPM won’t
be amplified in the lasing process. Now we discuss more details about
light amplification. We fit the experiment data Fig. 2a using
PðΦCEP; λÞ= juðλÞeiΦCEP + vðλÞe3iΦCEP j2 =aðλÞ+bðλÞ cos½2ΦCEP � ϕ0ðλÞ� for
each wavelength λ, describing the interference between SPM u(λ) and
FID emission v(λ). The fitting result is shown in Fig. 4a, which agrees
well with the experiment data. Hereϕ0 = arg½uv*� represents the phase
difference between them, a = ∣u∣2 + ∣v∣2 and b = 2∣uv∣ gives the back-
ground and the amplitude of the oscillation, respectively. The fit
indicates that the intensity of FID emission is two orders of magnitude
lower than that of the SPM, leading to a ≈ ∣u∣2, as shown in Fig. 4b. The
distribution of a suggests that SPM acts as a seed for lasing, with
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amplification occurring only at specific wavelengths. As highlighted in
Fig. 4b, lasing intensities are prominently enhanced at wavelengths
corresponding to J = 5, 6, 7, 8, 10, 12, 14, while those of J = 9, 11, 13, 15
remain approximately unamplified. The absence of amplification in
odd-order rotational lasing lines at high J values demonstrates that
population inversion is strongly influenced by the rotational popula-
tion distributions of both the X and B states14, which display a sig-
nificant disparity between the two states. In the time domain, the
pumpand self-seed pulses overlap, preventing themacroscopic dipole
polarization from fully building up. As a result, the amplification factor
observed in our experiment is significantlyweaker than in externally or
delayed-seeded experiments24.

In Fig. 4b, we also present the distribution of ϕ0(λ). Distinct
Lorentzian-shaped peaks are observed for each even-order transition
line, accompanied by an arc-tangent-like π phase jump, in good
agreement with our analysis in Fig. 3. For lower-order transitions, the
presence of odd-order lines introduces irregular patterns in both the
amplitude and phase profiles. In Fig. 4c, we disregard the energy
dependence of the amplitudes of u and v, replacing them with their
respective average values over the energy range. The main spectral
features remain, indicating that the energy-dependent phase differ-
ence is the dominant factor shaping the observed spectra.

In conclusion, we have demonstrated an interesting N+
2 air lasing

experiment with CEP-stabilized few-cycle pulses. We observed that the
lineshape of rotational lasing actions around 428nm, corresponding

to the transition fromB2Σ+
u ð0Þ toX2Σ+

g ð1Þ inN+
2 cations, are continually

controlled between a symmetric Lorentz profile and an asymmetric
Fano type. The CEP-dependent control of the lasing lineshape is
explained and reproduced through the coherent superposition of the
coherence established by the IR pulse and the SPM seed pulse. In this
framework, the CEP is directly linked to the Fano phase factor in the
time domain. Further data analysis demonstrates that the lasing
emission lines are amplified at both even- and odd-order rotational
transitions in the low-J regime, whereas in the high-J regime only even-
order emission lines are prominently amplified. Our study highlights
that electronic population inversion is not the sole determinant of air
lasing intensity;molecular rotational dynamics also plays a crucial role.

Methods
Air lasing characteristics
To further verify that the observed forward-emission light is indeed air
lasing rather than air fluorescence, we first measured the beam profile
after the emission propagated over a distance of 5 meters in air, as
shown in Supplementary Information Fig. 1a, b. Air fluorescence typi-
cally exhibits a large divergence angle, whereas air lasing is char-
acterized by a much smaller divergence. In our measurements, the
beam profile revealed a bright central spot enclosed by a donut-
shaped ring. The outer donut-shaped pattern corresponds to the dif-
fracted pump beam, shaped by the plasma filament, while the inner
bright spot clearly indicates the forward-propagating air lasing beam.

Fig. 3 | Mechanism of lineshape control. a Amplitude (blue solid line) and phase
(green solid line) distribution of a Lorentz lineshape corresponding to one rota-
tional lasing line. The phase of SPM is approximately flat and represented with the
magenta line, whereas the SPM amplitude is a constant number (not shown). The
relative phase difference between the SPM and the central position (i.e. resonant
energy) of the lasing line is 2ΦCEP. The intersectionbetween the green curve and the
magenta line is corresponding to the relative phase differenceof zero, giving rise to
a constructive interference. bCalculated lineshapes after the interference between
SPM and Lorentz lineshape at the CEP of 0 and 0.25π. Time-domain pictures for the
interferencebetween SPMand Lorentzdipolepolarizations atCEP=0 (c) andCEP=

0.25π (d). The broad-band phase-flat SPM is corresponding to the ultrafast emis-
sion at time zero as a delta function, representing with themagenta arrow, whereas
the dipole polarization of the Lorentz lineshape, i.e. d(t) (complex-valued), is an
amplitude-damped harmonic oscillation representing with the blue curve. At dif-
ferent CEPs, the azimuthal angle at the time zero is different. Only parallel com-
ponents between SPM and air lasing result in the observed interference. In (e) we
show the projections of d(t) on the direction of SPM at CEP of 0 and 0.25π,
respectively, where the relative phase shift between them is the so-called Fano
phase ΦFano, which is labeled in (e) and strictly equal to 2ΦCEP in our case.
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The divergence angle of the air lasing emission is estimated to be less
than 10mrad. Additionally, we have checked the polarization state of
the forward-emission air lasing and the side-emission air fluorescence.
We use a lens to collect the emissions and then rotate the fast axis of a
broadband UV polarizer (Thorlabs) before sending it into a common
broadband spectrometer. The measured air lasing and fluorescence
spectra as a function of the polarizer angle are shown in Supplemen-
tary Information Fig. 1d–e, respectively. The results confirm that the air
lasing emission shares the same linearpolarization as theSPMandTHG
signals, in contrast the air fluorescence is unpolarized.

Gas pressure dependence
We measured gas-pressure-dependence of the air lasing spectra from
pure N2. The CEP-resolved spectra at eight pressures (0.75, 10, 100,
200, 300, 400, 500, 600, 700 Torr) are shown in Supplementary

Information Fig. 2. At low pressures (a, b, c), no clear CEP dependence
was observed. However, as the pressure increased, the self-phase
modulation (SPM) component was generated and thus the CEP
dependenceof the air lasing lines becameapparent, as a clear evidence
of the interference between air lasing and SPM.We also observed that
the relative intensity between the391 nmand428 nm lasing lines varies
with gas pressure. At low pressures (0.75–100Torr), the 391 nm line
dominates. At intermediate pressures (100–500Torr), the 428 nm line
becomes stronger. These trends are consistent with previous studies
using 30-fs Ti:sapphire pulses. However, we further observed that at
pressures above 600Torr, the 391 nm line again becomes dominant.
This reversal is attributed to the seeding effect of third-harmonic
generation (THG). In contrast, previous Ti:sapphire-based studies did
not report this second reversal, as the THG of 800nm light does not
coincide with the energy gap between the X and B states of N+

2 .
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Data availability
The experimental data generated in this study have been deposited in
the Zenodo database with the link: https://doi.org/10.5281/zenodo.
17210855, see ref. 42.

Code availability
The code generated and/or analyzed during this study are available
from the corresponding authors upon request.
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