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Cavity-free lasing in atmospheric air has stimulated intense research toward a fundamental under-
standing of underlying physical mechanisms. In this Letter, we identify a new mechanism—a third-
harmonic photon mediated resonant energy transfer pathway leading to population inversion in argon via
an initial three-photon excitation of nitrogen molecules irradiated by intense 261 nm pulses—that enables
bidirectional two-color cascaded lasing in atmospheric air. By making pump-probe measurements, we
conclusively show that such cascaded lasing results from superfluorescence rather than amplified
spontaneous emission. Such cascaded lasing with the capability of producing bidirectional multicolor
coherent pulses opens additional possibilities for remote sensing applications.
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“Air lasing refers to the remote optical pumping of the
constituents of ambient air that results in a directional
laserlike emission from the pumped region.” [1] This
remarkable phenomenon of cavity-free air lasing discovered
about a decade ago [2] has opened unique opportunities in
remote sensing [3], LIDAR, and coherent Raman spectros-
copy [4–7], especially if robust backward lasing can be
achieved. In all schemes demonstrated so far [1,2,8–23],
such backward lasing in atmospheric air has been achieved
only by the resonant excitation of atomic species, such as the
two-photon excitation of atomic oxygen or nitrogen [1,2,24]
or three-photon excitation of atomic argon (Ar) [25] with
ultraviolet (UV) lasers. To achieve lasing in atomic oxygen
and nitrogen, the molecular oxygen (O2) and nitrogen (N2)
present in air have to be dissociated first, which induces
significant fluctuations of lasing amplitude due to the highly
nonlinear intensity dependence of the dissociation process.
To avoid such complexity, one needs to rely on the atomic
species already present in ambient air, making Ar, the most
abundant atomic species in the atmosphere, the best candi-
date [12]. However, Ar concentration in ambient air is only
∼1%, making generation of robust backward lasing in
atmospheric air extremely challenging. Here, we solve this
problem by using multiphoton excitation of N2, the most
abundant atmospheric species, which significantly enhances
the excitation efficiency. The created excitation is then
efficiently transferred to Ar via third harmoinc photon
exchange between the two species, resulting in robust

cascaded two-color lasing in atmospheric air. The photon-
mediated energy transfer from N2 to Ar occurs on a much
faster timescale than the collisional transfer fromAr to N2 in
a process known as FLEET [26,27].
The identification of a new physical mechanism respon-

sible for air lasing in the forward and backward directions is
central to understanding the key physics involved. Previous
studies attributed lasing in pure Ar to amplified spontaneous
emission (ASE) [12,23]. However, in experiments carried
out under similar conditions, our pump-probe measurement
results show that lasing either in pureAr or inAr contained in
atmospheric air is due to superfluorescence (SF). This is a
manifestation of what Dicke called superradiance, i.e.,
cooperative spontaneous emission [28]. Our measurements
show that while the lasing intensity is proportional to the
square of the density of excited atoms, both the delay time
(τD) and duration (τR) of the radiated pulses are approx-
imately inversely proportional to the density of excited atom
density as expected for SF emission. The condition for pure
SF to occur is τD < T2 [29], where T2 is the dephasing time,
which acts to destroy the coherence. Experimentally, in pure
Ar, the condition of τD < T2 is easily met. However, in
atmospheric air, collisions in atmospheric condition could
greatly decrease T2 leading to the quenching of the SF.
The new excitation mechanism we discovered, the third-
harmonic photonmediated resonant energy transfer fromN2

to Ar, greatly reduces the characteristic delay time τD,
allowing bidirectional cascaded SF to occur under atmos-
pheric conditions.
In pure Ar, excitation to the 3d0½5=2�3 state occurs via

three-photon absorption of the 261 nm radiation as shown
in Fig. 1(a). Superfluorescent lasing occurs on cascaded
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1327.3 nm (first lasing) and 840.8 nm (second lasing)
transitions. In air, or in Ar and N2 mixtures, increasing gas
pressure increases collisional relaxation of the 3d0½5=2�3
state, quenching the cascaded lasing from this state.
However, we find that efficient population of the
3d½3=2�1 state of Ar atoms can be enabled by initial
resonant three-photon excitation of N2 molecules to the
b01Σþ

u (v ¼ 15) state, followed by ultrafast energy transfer
to the 3d½3=2�1 state of Ar via emission of third-harmonic
photons and reabsorption by the surrounding Ar atoms as
seen from Fig. 1(b). This transfer is reminiscent of the
ultrafast interatomic Coulombic decay [30–33], where
highly efficient resonant transfer of excitation is also
mediated by (virtual) photon exchange and occurs on a
femtosecond timescale. Importantly, resonantly enhanced
emission of third-harmonic photons in N2 increases with
increasing its pressure. Hence, the energy transfer rate to Ar
also grows with pressure, counteracting collisional losses.
Subsequently, superfluorescent lasing occurs on cascaded
1409.4 nm (first lasing) and 751.5 nm (second lasing)
transitions.
The experimental setup is described in the Supplemental

Material [34]. First, we focus on the forward cascade
lasing. Resonant three-photon absorption can populate
several sublevels of 3d, 3d0, and even 5s0 orbitals because
of the ∼9 THz bandwidth of the 80 fs (FWHM) UV pump
pulses. We scan the UV pump wavelength to optimize the

cascade lasing signals (see the Supplemental Material [34],
Fig. 2). On tuning the pump wavelength to 261.0 nm, we
have observed lasing in pure Ar at 1327.3 nm and 840.8 nm.
This two-step cascade lasing, shown in Fig. 1(a), proceeds
via a common energy level of 4p0½3=2�2 with no other
intermediate level(s). When replacing pure Ar with labo-
ratory air at atmospheric pressure (typical humidity 50%,
about 7 Torr partial pressure of Ar), the first and the second
lasing wavelengths switched to 1409.4 nm and 751.5 nm
respectively, as shown in Fig. 1(b).
To study the origin of this switching, we added N2 gas at

various pressures to 7 Torr Ar in order to rule out the effect
of other gases in air. The first and second lasing spectra in
conditions of 7 Torr of pure Ar, 7 Torr of Ar mixed with
600 Torr of N2, and 7 Torr of Ar mixed with 600 Torr of
helium (He) are shown in Figs. 2(a) and 2(b), respectively.
Quantitatively [see solid blue and red lines in Figs. 2(c)
and 2(d)], as an increasing amount of N2 is added to 7 Torr
Ar gas, the first lasing wavelength switches from
1327.3 nm to 1409.4 nm, and the second lasing wavelength
switches from 840.8 nm to 751.5 nm, similar to the case of
atmospheric air. The detailed spectral data are shown in the
Supplemental Material [34], Fig. 3. When He is added
instead of N2, the 1327.3 nm and 840.8 nm cascade is
suppressed, but the 1409.4 nm and the 751.5 nm signals do
not appear; see the dashed blue and red lines in Figs. 2(c)
and 2(d). Thus, the 1409.4 nm and the 751.5 nm signals
arise because of a new pathway enabled by N2, while the
1327.3 nm and 840.8 nm signals are suppressed primarily
by collisional relaxation with increasing density of He or
N2. As shown in Fig. 1(b), the dipole allowed transition
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FIG. 1. Relevant transitions of three-photon excitation and
cascade lasing in pure Ar and atmospheric air. (a) In pure Ar,
theAr atoms are excited by the 261 nmpumppulse to the 3d0½5=2�3
state (14.24 eV) and emit first lasing at 1327.3 nm and second
lasing at 840.8 nm. (b) In atmospheric air, the N2 molecules are
excited to the b01Σþ

u (v ¼ 15) state (14.1551 eV) by the 261.2 nm
pump pulse, and emit third-harmonic photons at 87 nm, which is
reabsorbed by the surrounding Ar atoms so that the Ar atoms are
excited to the 3d½3=2�1 state (14.1525 eV) and then emit first lasing
at 1409.4 nm and second lasing at 751.5 nm. Note that the center
wavelengths of the pump are slightly different: 261.0 nm (Ar) vs
261.2 nm (air) to optimize the pumping of the three-photon
resonance.

(a)
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FIG. 2. Evolution of forward cascade lasing spectra when
mixing two different buffer gases (N2 or He) into 7 Torr Ar
gas. (a),(b) First and second lasing spectra in conditions of 7 Torr
of pure Ar, 7 Torr of Ar mixed with 600 Torr of N2, and 7 Torr of
Ar mixed with 600 Torr of He. (c),(d) Evolution of first and
second lasing energy when mixing different ratio of N2 and He
into 7 Torr Ar gas.
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between the ground and 3d½3=2�1 states of Ar is resonant
with the dipole transition in N2 between its ground and
electronically and vibrationally excited b01Σþ

u (v ¼ 15)
states, with the detuning below 2.6 meV. Coherence excited
by three-photon absorption in N2 leads to coherent macro-
scopic emission at the frequency resonant with the exci-
tation of 3d½3=2�1 states of Ar, exciting it from the ground
state and triggering the 1409.4 nm and 751.5 nm cascade.
To check this hypothesis, we mixed Ar with varying

concentrations of O2, which is also one of the major
constituents of air but lacks the required resonance for
three-photon absorption of the 261 nm pump light. The
observed spectral behavior is similar to that in the Ar-He
mixture. This further supports our hypothesis of resonant
energy transfer between N2 and Ar as being responsible for
the 1409.4 nm and 751.5 nm cascade lasing in atmos-
pheric air.
We quantified the three-photon absorption cross sections

in N2 and Ar by measuring absorption as a function of
pump energy (see the Supplemental Material [34] for
details). Our measured value of three-photon (nonlinear)
absorption cross section in N2 of σð3Þ¼2.4×10−84 cm6s2 is
12 times smaller than the three-photon cross section
of σð3Þ ¼ 3.0 × 10−83 cm6 s2 in Ar. However, there is
78 times more N2 than Ar in air, making three-photon
excitation of N2 dominant.
We used the pump-probe approach to reveal the

temporal dynamics of the forward two air lasing cascades,
as shown in Fig. 3(a). Once the 261 nm pump pulse [light
blue arrows in Fig. 3(a), energy 20 μJ, peak intensity
4.0 × 1013 W=cm2] excites the Ar atoms to the 3d½3=2�1
manifold, the ∼390 nm probe pulse [blue arrows in
Fig. 3(a), energy 60 μJ, peak intensity 5.3×1013W=cm2]
can one-photon ionize Ar atoms in both 3d and 4p states,
leading to a reduction of gain for both lasing transitions.
Figure 3(b) shows the first lasing (black triangle mark) and
second lasing (red square mark) signals as a function of
pump-probe delay for a 390 nm probe in 1 atm air. When
the probe pulse arrives before the pump, the 1409 nm lasing
signal is not suppressed because the probe does not affect
the lasing process. When the probe arrives just after the
pump, both the first and second lasing signals are strongly
suppressed due to depletion of the 3d and 4p state via
single-photon ionization by the probe. When the probe
pulse is delayed about 20 ps later than the pump, the first
lasing signal recovers to its original level, which means that
the first lasing signal is emitted within ∼20 ps after the
pump. Similarly, the second lasing signal is emitted within
∼80 ps after the pump. The delay-dependent signals in
Fig. 3(b) after the maximal suppression delay are propor-
tional to the time integral of the energy emitted in the first
and second lasing steps until the arrival of the probe.
Therefore, we can retrieve the pulse profile of the first and
second lasing and accordingly their delay time τD and pulse
durations τR by taking the derivatives of the recovery time

of the curves. The dotted black and dashed red curves in
Fig. 3(b) show the best fit of the measured data to a
hyperbolic tangent function, whose derivative is a sech2

pulse. The delay time (τD) and pulse width (τR) for both the
first and second lasing pulse at pressures of 1.0, 0.5, 0.375,
and 0.25 atm are shown in Fig. 3(d). All of them are
inversely proportional to the air pressure. From the mea-
sured energy, pulse duration, and spot size, we obtain the
peak intensities of the SF as shown in Fig. 3(e), which are
proportional to the square of air pressure. Pulse width and
delay time being inversely proportional to density and
lasing intensity being proportional to the square of the
density are the two key signatures of SF [29,35]. Therefore,
we confirm that both the first and second lasing in air arise
from SF. Since the second lasing is delayed respective to
the first lasing, they are cascade SF instead of yoked
SF [36].
Furthermore, by using a weak (< 0.1 μJ, peak intensity

< 2.2 × 1010 W=cm2) seed pulse centered at 780 nm with
sufficient bandwidth covering the spectrum of the second
lasing, we can directly see the amplification of the second
lasing signal [purple curve in Figs. 3(b) and 3(c)]. The seed
is too weak to suppress the first lasing signal, but can
amplify the second lasing signal once the 4p½1=2�0 level is
populated. The rise and fall of this signal reflect the rise and
fall of population inversion in the second lasing step.
Figure 3(c) shows the spectra of the second lasing with
752 nm seed only, 261 nm pump only, and both pump and

(a)

(c) (d) (e)

(b)

FIG. 3. Pump-probe measurement results in air. (a) Diagram of
relevant transitions of pump-probe experiment. (b) The suppres-
sion of first lasing (1409 nm, black) and second lasing (752 nm,
red), and the amplification of the seed pulse (purple) on second
lasing wavelength (752 nm) vs pump-probe delay in 1 atm air.
The dotted black and dashed red curves are the best fit to a shifted
tanh function. (c) The spectra of second lasing with 752 nm
seed only, 261 nm pump only, and both pump and seed
(261 nmþ 752 nm) at a delay time of 20 ps in atmospheric
air. (d) Delay times and pulse durations of first and second lasing
signals as a function of the inverse of pressure. (e) Peak intensities
of first and second lasing signals compared to the square of
pressure. Solid and dashed lines in (d) and (e) show a linear fit to
measured data.
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seed (261 nmþ 752 nm) at a delay time of 20 ps in
atmospheric air. At this delay time, the amplification factor
reaches over 100, showing a high optical gain of the second
lasing. As expected, the spectrum of the amplified pulse is
very narrow compared to that of the seed pulse.
From Figs. 3(b) and 3(d), we can see that the delay

time of the 1409 nm first lasing pulse in 1 atm air is
∼10 ps. When similar measurements are performed under
identical experimental conditions but in 7 Torr of pure Ar,
the delay of the dominant 1327 nm first lasing pulse is
∼30 ps (see the Supplemental Material [34], Fig. 5). This
means that the gain of the 1409 nm lasing in atmospheric
air is much larger than that of the 1327 nm lasing in
7 Torr of pure Ar. Also, the 3 times longer buildup time
makes the 1327 nm lasing pathway more susceptible to
collisional relaxation processes when buffer gases are
added [29]. The collision rate between excited Ar atoms
and N2 molecules can be estimated using the formula [37]
νcoll ¼ Nσfð8kT=πÞ½ð1=MArÞ þ ð1=MN2

Þ�g1=2. The cross
section was calculated as σ ¼ πðrAr þ rN2

Þ2, where
rAr ≈ n�2a0, with n� ¼ 2.99 is the effective quantum
number of the 3d0 excited state and a0 is the Bohr radius,
and rN2

≈ 185 pm is the radius of the N2 molecule [38].
This yields an estimated collision time (inverse of collision
rate) of 32 ps in 7 Torr of Ar mixed with 600 Torr of N2, and
25 ps in 7 Torr of Ar mixed with 600 Torr of He, both of
which are roughly the same as the delay time of the 1327 nm
lasing signal in 7 Torr of pure Ar (∼30 ps). This is the
reason why the 1327 nm lasing signal quenches in
atmospheric air.
Dipole selection rules [39] allow three-photon transitions

from states with total angular momentum J ¼ 0 (e.g., Ar
ground state) to states with either J ¼ 1 (e.g., 3d½3=2�1) or
J ¼ 3 (e.g., 3d0½5=2�3). However, transitions with ΔJ ¼ 1
also have an allowed single-photon excitation pathway. In
pure Ar gas at pressures above 1 Torr, excitation to the
3d½3=2�2 state is suppressed by interference between three-
photon absorption of pump light and single-photon absorp-
tion of third-harmonic light [40,41]. This prevents 1409 nm
emission and leaves 1327 nm as the most prominent signal,
because the third-harmonic single-photon absorption path-
way to the 3d0½5=2�3 level is forbidden (ΔJ ¼ 3) by dipole
selection rules. In air, there is a large concentration of N2,
which has a dipole transition from the electronically and
vibrationally excited b01Σþ

u (v ¼ 15) state to ground with
an energy defect of < 2.6 meV compared to the energy of
the dipole transition from 3d½3=2�1 to ground in Ar. At
frequencies within the linewidth of the single-photon Ar
transition, the refractive index is usually dominated by the
contribution from the Ar resonance. In air however, the
large concentration of N2 significantly modifies the refrac-
tive index at these frequencies, creating a phase matching
condition which enhances third-harmonic generation
(THG). The enhanced THG disrupts the balance between
the single-photon and three-photon excitation pathways,

enabling excitation to the 3d½3=2�1 state. This larger
population of the 3d½3=2�1 state allows lasing on the
1409 nm transition to build up more quickly than on the
1327 nm transition and persist even in the presence of
collisions in atmospheric air.
In atmospheric remote sensing applications, it is the

backward lasing that enables single-ended standoff diag-
nostics. Here, we compare the cascade superfluorescent
lasing energy in forward and backward directions. The blue
and red solid (dashed) line in Fig. 4 shows the 1409 nm first
lasing energy and the 752 nm second lasing energy versus
pump energy in the forward (backward) direction, respec-
tively. The error bar is smaller than the marker in the curves.
For forward lasing, when the pump energy is lower than
18 μJ, both the first and second lasing show exponential
growth with the increase of pump energy, indicating ASE at
low pump intensities. When the pump energy exceeds
18 μJ, both the first and second lasing energy show a
roughly quadratic relation with the pump energy, and as
seen and inferred from Figs. 3(d) and 3(e), the emission
transits from ASE to SF. Ideally, for SF emission, the lasing
energy should grow as the third power of the pump energy
in the absence of losses. Additional experimentation is
needed to understand the discrepancy. At highest pump
energy, the forward (backward) first and second lasing
efficiency respective to the pump energy is 3.2 × 10−5 and
4.0 × 10−5 (1.7 × 10−7 and 0.9 × 10−7), respectively. The
backward lasing energy is about 2 orders of magnitude
lower than the forward lasing energy due to the nature of
traveling wave excitation in the pumping process, given
that the effective gain lifetime (∼10 ps) is much shorter
than the propagation time over a ∼1-cm-long excitation
volume. Previous studies [1,2,12] also showed that the
backward lasing signal can be even stronger than the
forward lasing signal by using longer (nanosecond) pump
pulses, which is also confirmed by our simulation results by
numerically solving the Maxwell-Bloch equations. In this
way, the pump pulse duration is much longer than the
propagation time of the excitation volume so that the
traveling wave excitation effect can be ignored.
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FIG. 4. Comparison of forward and backward cascade super-
fluorescent lasing energy vs pump energy in atmospheric air.
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We have analyzed the potential issue of attenuation of the
261 nm radiation propagating through the atmosphere for
remote standoff detection at long distances. Our calcula-
tions, using normal atmosphere and HITRAN data [42]
show that attenuation of 261 nm radiation, including losses
and scattering, is approximately 25% for 1 km propagation,
i.e., ∼75% of the 261 nm pulse energy at low intensity will
be delivered at a distance of 1 km. Incidentally, the majority
of the attenuation arises from Raleigh scattering.
In conclusion, we have demonstrated bidirectional two-

color cascade superfluorescent lasing in Ar in atmospheric
air pumped by femtosecond UV pulses at 261 nm and
uncovered photon-mediated resonant energy transfer from
N2 to Ar. Time-resolved measurements confirmed that the
cascaded lasing arises from SF.
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