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Air lasing from single ionized Nþ
2 molecules induced by laser filamentation in air has been intensively

investigated and the mechanisms responsible for lasing are currently highly debated. We use ultrafast
nitrogen K-edge spectroscopy to follow the strong field ionization and fragmentation dynamics of N2 upon
interaction with an ultrashort 800 nm laser pulse. Using probe pulses generated by extreme high-order
harmonic generation, we observe transitions indicative of the formation of the electronic ground X2Σþ

g , first

excited A2Πu, and second excited B2Σþ
u states of Nþ

2 on femtosecond timescales, from which we can
quantitatively determine the time-dependent electronic state population distribution dynamics of Nþ

2 . Our
results show a remarkably low population of the A2Πu state, and nearly equal populations of the X2Σþ

g and

B2Σþ
u states. In addition, we observe fragmentation of Nþ

2 into N and Nþ on a timescale of several tens of
picoseconds that we assign to significant collisional dynamics in the plasma, resulting in dissociative
excitation of Nþ

2 .

DOI: 10.1103/PhysRevLett.129.123002

When intense femtosecond 800 nm laser pulses are
focused in air, the combination of nonlinear self-focusing
and ionization processes can lead to the formation of a
filament, i.e., a narrow column of plasma formed in thewake
of the propagating laser fields [1]. Over the last decade, the
light emitted from the plasma has attracted considerable
interest due to the presence of discrete lasing transitions in the
spectrum of the light emitted in the forward direction [2–11].
In particular, seeded [8] and self-seeded [4] cavity-free
lasing at wavelengths of 391 nm and 428 nm have been
observed and assigned to transitions from the second
electronically excited state B2Σþ

uðν ¼ 0Þ of Nþ
2 produced

by strong field ionization (SFI), to the ground electronic state
X2Σþ

g ðν ¼ 0; 1Þ. Femtosecond time-resolved experiments
using an additional UV seed pulse [8–11] demonstrated that
amplification at a wavelength of 391 nm can be achieved in
Nþ

2 generated by the ionizing pump laser pulse.
As lasing requires population inversion between upper

and lower electronic states, the observation of air lasing has

been quite puzzling since first reported [3–5], because in the
tunnel ionization regime the ionization rate is expected to
decrease exponentially with the electron binding energy. In
N2, the ionization potentials for removal of an electron from
the HOMO, HOMO-1, and HOMO-2 orbitals are 15.58 eV,
17.07 eV, and 18.75 eV, respectively.Upon tunnel ionization,
the population of the B2Σþ

uðν ¼ 0Þ excited state of Nþ
2 is

therefore expected to be an order of magnitude smaller than
the population of the X2Σþ

g ground electronic state. Laser-
induced inelastic recollision has been proposed as one
possible mechanism that can lead to population transfer
from the X2Σþ

g ð0Þ to the B2Σþ
uðν ¼ 0; 1; 2Þ excited state

[10,12].While recent experiments have shown a dependence
of the gain on the laser ellipticity [12], it has been demon-
strated that gain can be achieved with circularly polarized
laser pulses [10]. Other studies have demonstrated the role of
coherent rotational alignment dynamics in enhancing the
emission at specific time delays corresponding to a transient
revival of a coherent superposition of rotational states
[13–16]. While rotational alignment dynamics can play an
important role, the efficiency of the lasing process, in
particular at a pump wavelength of 800 nm [8,9], cannot
be explained solely by transient rotational population inver-
sion without electronic state population inversion.
Several other mechanisms have been proposed. In some

of these, population inversion between the B2Σþ
u state and
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the X2Σþ
g state is achieved through depopulation of the

X2Σþ
g state to the A2Πu state on the trailing edge of the laser

pulse [7,8]. Alternatively, the observed lasing may be the
consequence of a population inversion between the B2Σþ

u

state and the A2Πu state [11,17]. While single-photon
transitions between these states are dipole forbidden,
two-photon Raman transitions including a transition from
the B2Σþ

u to the X2Σþ
g state are possible in the presence of a

driving field that couples the X2Σþ
g and the A2Πu state,

enabling lasing without the requirement of a population
inversion between the B2Σþ

u and the X2Σþ
g state [18]. This

mechanism requires the possibility of a coherent laser
interaction involving the B2Σþ

u , X2Σþ
g , and A2Πu states

under the influence of a weak postpulse, and has been
demonstrated in a previous experiment [11].
In this Letter we present time-resolved measurements of

Nþ
2 electronic population dynamics resulting from SFI of

neutral N2, using femtosecond soft x-ray absorption spec-
troscopy (XAS) at the nitrogen K edge. Pioneering experi-
ments at the C and N K edges [19–25], have shown the
potential of XAS for probing ultrafast molecular dynamics
in isolated molecules with element and state sensitivity.
This technique has also been applied recently to probe the
SFI dynamics of CF3Br [26] and Kr [27] with 100 ps time
resolution using synchrotron radiation. Here, we extract the
electronic population dynamics resulting from SFI of N2 by
XAS. Our experiment supports the formation of a pop-
ulation inversion between the B2Σþ

u and A2Πu states, which
can lead to lasing by resonant Raman amplification [11,17].
The experimental setup is described in the Supplemental

Material (SM) [28]. Briefly, the SFI of nitrogen induced by
an intense, 800 nm laser pulse with a peak intensity of
4.5 × 1014 W cm−2 was probed by an extreme high-order
harmonic (HHG) probe pulse generated in helium and
covering a spectral range from 200–450 eV [29]. The
800 nm pump and HHG probe pulses were crossed inside a
gas jet containing N2 molecules and the transient absorb-
ance changes of the transmitted HHG pulse was then
spectrally dispersed using a spectrometer equipped with
reflective zone plate x-ray optics and an x-ray CCD
detector [30].
The steady-state N2 absorption spectrum in the absence

of the pump laser pulse is shown in the inset of Fig. 1 (blue
line) and agrees well with previously reported high-reso-
lution spectra [31,32]. The spectrum is dominated by
absorption around 401.1 eV, assigned to the transition of
an electron from the 1σuðν ¼ 0Þ core level orbital to the
1πgðν0Þ lowest unoccupied molecular orbital (LUMO)
of N2.
A series of soft x-ray spectra Iðt; EÞ were recorded by

varying the time delay t between the 800 nm pump pulse
and the soft x-ray probe pulse in a range between −100 fs
andþ300 fs. In addition, scans with pump-probe delays up
to 80 ps were carried out. The resulting transient N K-edge

absorption spectrum is displayed in Fig. 2(b), together with
the time-integrated transient soft x-ray spectrum averaged
over the time window between 160 fs and 300 fs [see
Fig. 2(a)]. A strong bleach (ΔA ¼ 150 mOD, ≈61� 4%)
of the absorbance at the 1σu → 1πg core resonance near a
photon energy of 401 eV is observed upon SFI. In addition
to the bleaching signal, the transient spectrum contains
features in the photon energy range between 390 eV and
395 eV, two peaks around 402 eVand 403 eV, and a number
of weaker structures above 405 eV. Based on recent Nþ

2

(X2Σþ
g ) XAS measurements [33] (see Fig. 1), the absorption

peak observed at 394.4 eV is attributed to the 1σu → 3σg
(HOMO) transition, which re-fills the vacancy in the
molecular ion formed by SFI. The two weak features at
a photon energy of 391.2 eVand 392.9 eV, respectively, are
assigned to core transitions from the 1σg orbital to the
2σu (HOMO-2) and 1πu (HOMO-1) orbitals that become
possible following the formation of Nþ

2 in its second B2Σþ
u

and first A2Πu electronically excited states. In addition,
transitions from the 1σu orbital to the first unoccupied 1πg
orbital of the ground state molecular ion are responsible for
the appearance of two absorption lines at a photon energy
of 402 eV and 403 eV, respectively, that are split by spin-
orbit coupling [33]. Within the first 300 fs following the

FIG. 1. In the top panel, the steady-state XAS of N2, measured
with our high harmonic source (blue line) and at a synchrotron by
[32] (black line), is shown, together with the steady-state
absorption spectrum of Nþ

2 ðX2Σþ
g Þ taken from [33] (red line).

In the bottom-left panel, a visualization of the level scheme of N2

is provided, showing the molecular orbitals with orbital sym-
metry annotation and the associated ionization potentials IP. Core
excitations to the highest occupied and lowest unoccupied
molecular orbitals (HOMO and LUMO) are displayed as well.
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interaction with the 800 nm laser pulse, the transient
spectrum mainly contains contributions from the parent
molecular ions formed by the 800 nm pump laser. However,
the weak shoulder at a photon energy of 399.7 eV can be
assigned to Nþ ions and suggests the ultrafast formation of
Nþ by dissociative ionization [34].
The temporal evolution of the transient absorbance at the

N2 1σu → 1πg, N
þ
2 1σu → 3σg and Nþ

2 1σu → 1πg reso-
nances near 401 eV, 395 eV, and 403 eV, respectively, are
shown in the Fig. 3(a). Within the first 25 fs following the
temporal overlap, SFI leads to a decrease of the absorbance
at the N2 1σu → 1πg core resonance that is accompanied by
an increase of the absorbance at both the Nþ

2 1σu → 3σg
and 1σu → 1πg resonances. More interestingly, a strong
modulation is observed in the Nþ

2 1σu → 1πg (LUMO)
transient signal, with a minimum observed at a time delay
of ≈50 fs. A similar effect has recently been observed in
SFI of NO molecules [23] and was attributed to alignment
dynamics of the molecule on the leading edge of the
800 nm pump laser pulse. In moderately intense laser fields
(typically below 5 × 1013 Wcm−2), the induced dipole
moment from the interaction of the molecular polarizability
with the pulse can lead to a rotational wave packet that
rephases periodically after the laser pulse has ended,
leading to a transient alignment of the molecular axis
along the laser polarization axis [36–38] that is delayed

with respect to the maximum of the pump laser pulse. Since
the σ → π transition dipole moment is perpendicular to the
molecular axis, we expect a transient decrease of the
absorption when the molecules are aligned along the laser
polarization axis. To validate this assumption, simulations
were performed in which focal-averaged ionization dynam-
ics were calculated based on the Ammosov-Delone-
Krainov (ADK) model [39,40]. In addition, the laser-
induced field-free alignment dynamics was computed by
solving the time-dependent Schrödinger equation in order
to evaluate the expectation value hcos2θðtÞi, with θ the
angle between the laser polarization axis and the molecular
axis [41]. The time-dependent absorption at the three
resonances shown in Fig. 3(a) was then evaluated assuming
a hsin2θi ¼ ð1 − hcos2θi) dependence for the N2 1σu →
1πg and Nþ

2 1σu → 1πg core transitions and a hcos2θi
dependence for the 1σu → 3σg core transition (see SM).
The result of the model is displayed in Fig. 3(a) (dashed
lines). We note that for this comparison, the amplitude of
the absorbance change in our model was scaled to the
measurements. Our model reproduces the measured tran-
sient absorbance at the three core resonances, including the
minimum in the 1σu → 1πg absorbance observed near
50 fs, confirming the role of molecular alignment in the
observed dynamics.
The electronic state selectivity of soft x-ray absorption

spectroscopy allows us to derive the time-dependent
electronic state population distribution of the Nþ

2 ions
when the relative electronic oscillator strengths fj for a
1s core electron to re-fill the electronic states of Nþ

2 are
known. They can be experimentally obtained by monitor-
ing the x-ray emission corresponding to transitions from the

(a)

(b)

FIG. 3. (a) Temporal evolution of the absorbance at the N2

1σu → 1πg (blue), N
þ
2 (X2Σþ

g ) 1σu → 3σg (black) and Nþ
2 (X2Σþ

g )
1σu → 1πg (red) transitions, spectrally integrated over the spec-
tral regions indicated in Fig. 2(b) by dashed lines. Simulations of
the transient signals accounting for ionization only (solid lines)
and ionization and alignment (dashed lines) are also shown in
panel (a). (b) Ultrafast population dynamics of the X2Σþ

g , A2Πu,
and B2Σþ

u states of Nþ
2 retrieved using Eq. (1).

-100

0

100

[mOD]

(a)

(b)

FIG. 2. (a) Measured XAS integrated over time delays between
160 and 300 fs (black curve) and XAS of N2ðX1ΣgÞ (grey area),
Nþ

2 ðX2ΣgÞ (red area), and Nþ (blue area) reproduced from
Refs. [32,33], and [35], respectively. (b) Transient XAS of strong
field ionized N2. The central energy positions resulting from a
Gaussian fit of the lowest ionic state transitions are displayed as
dotted color lines [see text and Fig. 3(b)]. The spectral regions
indicated by dashed lines were used to extract the temporal
evolution of the absorbance at the N2 1σu → 1πg, N

þ
2 (X2Σg)

1σu → 3σg, and Nþ
2 (X2Σg) 1σu → 1πg transitions shown in

Fig. 3(a).
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three valence electronic states to the 1s core-hole state of Nþ
2

formed by removal of a 1s electron from N2 by x-ray
ionization above theNK edge. From reported x-ray emission
spectra [42], the relative electronic transition oscillator
strengths are 0.8, 1.0, and 0.15 for the X2Σþ

g ð3σ−1g Þ ↔
Nþ

2 ðσ−1u Þ, A2Πuð1π−1u Þ ↔ Nþ
2 ðσ−1g Þ, and B2Σþ

uð2σ−1u Þ ↔
Nþ

2 ðσ−1g Þ) transitions, respectively. Using these values, the
relative Nþ

2 state populations after the pump pulse has ended
are obtained by fitting the corresponding absorption lines in
the measured transient soft x-ray spectrum with a Gaussian
function. The relative populations are then given by

ρij ¼
Aij × wij

fj
=N; N ¼

X
j

Āj × w̄j

fj
; ð1Þ

with Aij andwij the amplitude and thewidth of the Gaussian
fits for each transition j at each time delay i, and N a
normalization factor retrieved from the measurements at
delays between 160 fs to 300 fs. The result of this procedure
is shown in Fig. 3(b). Surprisingly, after SFI the populations
of theX2Σþ

g andB2Σþ
u states of 0.47� 0.02 and 0.46� 0.07,

respectively, are almost identical while the population of the
A2Πu state remains low (0.07� 0.01). We note that during
the interaction with the ionizing laser pulse, a shift of the
central energy of the fittedGaussians can be observed [dotted
lines in Fig. 2(b)] and assigned to anACStark effect [43–46].
To the best of our knowledge, our experimental results

provide the first direct indication that under ultrafast SFI
conditions the Nþ

2 B2Σþ
u excited state can reach a population

with a similar magnitude as that of the Nþ
2 X2Σþ

g electronic
ground state. In addition, the population of the Nþ

2 A2Πu

state remains small after the SFI process. As such, our
results are at odds with the predictions of tunnel ionization
models, in which the population of excited cationic states
decreases exponentially with the electron binding energy.
In addition, our results contrast with theoretical predictions
[8], performed by solving the time-dependent Schrödinger
equation for conditions where lasing has been observed in
filamentation experiments, i.e., at a lower intensity com-
pared to the one used in our Letter. As a main result, these
calculations have shown that the Nþ

2 state population can be
redistributed during the laser pulse, and that a depopulation
of the ground electronic state of the molecular ion to the
A2Πu state can occur through efficient quasiresonant one-
photon coupling at 800 nm [8]. In turn, this redistribution
allows for population inversion between the B2Σþ

u and X2Σþ
g

states, while the A2Πu state plays the role of a population
reservoir. Our measurements, performed at a higher inten-
sity, suggest that there is no population accumulation in the
A2Πu. In contrast, our results are consistent with lasing
without electronic state population inversion as proposed
by Mysyrowicz et al. [11,17] that can be achieved by
Raman amplification when the B2Σþ

u state population is

smaller than that of the X2Σþ
g state, but larger than that of

the A2Πu state. However, our results cannot directly prove
the validity of this mechanism.
Additional experiments were performed in which soft

x-ray absorption spectra were recorded for pump-probe time
delays ranging from −0.6 ps to 80 ps. The corresponding
transient N K-edge absorption spectrum is shown in
Fig. 4(b). In the photon energy region between 402 eV
and 404 eV in Fig. 4(b), the absorption associated with
transitions occurring in the ground state molecular ion
rapidly decays, indicative that under our experimental con-
ditions the Nþ

2 ions do not survive on longer picosecond
timescales. Instead, a major fraction is converted into atomic
N and Nþ, as evidenced by new transitions observed around
396 eV, 397 eV, and 399 eV that are assigned to core level
transitions inN andNþ [see Fig. 4(a)]. Using a singular value
decomposition procedure [47], the rise time of the atomic N
and Nþ contributions, and the concomitant decay time of the
Nþ

2 molecular ion components, can be extracted from our
measurements [Fig. 4(c)]. We deduce a time constant of

-100

-50

0

50

100

[mOD]

(a)

(b)

(c) (d)

FIG. 4. (a) Transient soft x-ray spectra, integrated for short
(0.2–1.0 ps) and long (45–80 ps) delays, revealing the disappear-
ance of the Nþ

2 contributions and the appearance of N and Nþ
contributions. Reference spectra (colored area) have been taken
from an R-matrix calculation reported in Ref. [35] and are energy
shifted to match the experimental values reported in [52,53].
(b) Transient XAS in the time window between −0.6 ps and
80 ps. (c) Temporal evolution of N and Nþ absorption signals
(dots) spectrally integrated over the spectral regions indicated by
the dashed lines in panel (a) corresponding to 1s → 2p transitions
in the 4S0, 2D0, and 3P states of N and Nþ. The kinetic fits (solid
lines) have been derived by singular value decomposition using a
single time constant (see SM and [47]). (d) Nþ

2 dissociation time
as a function of the N2 backing pressure (dots) and corresponding
fit (dashed line) using an inverse function 1=p.
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τ ¼ 19.8� 1.5 ps for an N2 backing pressure of 4 bar
[Fig. 4(c)]. Interestingly, this time constant strongly depends
on the backing pressure used as displayed in Fig. 4(d), which
shows that the time constant decreases when the pressure
increases. We argue that this observation is caused by
collisional processes in the plasma that is formed at the
focus of the ionizing laser pulse. Dissociative electron-ion
recombination is expected to be of minor importance in our
experimental conditions. Instead, we expect that the density
of energetic electrons is large enough to lead to significant
collisional dynamics in the plasma, resulting in dissociative
excitation of Nþ

2 ions to form both neutral and singly charged
atomic nitrogen. The kinetic energy distribution ρðEÞ of
electrons that result from SFI mainly consists of a broad
plateau that extends to a kinetic energy of 2Up [48], withUp

the ponderomotive energy of the laser pulse given by
UpðeVÞ ¼ 9.33 × Ið1014 W cm−2Þ × λ2ðμmÞ ¼ 29 eV for
a peak intensity I of≈ 4.5 × 1014 Wcm−2. The cross section
for dissociative excitation for electrons as a function of the
kinetic energy has been previously characterized [49,50].
Knowing the gas density (see SM, which includes [51]) and
the cross section for dissociative excitation σðEÞ, and
assuming that 60% of molecules are ionized in the focal
volume, the rate k for dissociative excitation can be estimated
using

k ¼ ne

Z ffiffiffiffiffiffi
2E
me

s
ρðEÞσðEÞdE ð2Þ

with ne the electron density. Using this expression, we can
estimate that dissociative excitation leading to atomic frag-
ments will occur with a rise time τ ¼ 1=ðklnð2ÞÞ of ≈28 ps,
which is relatively close to the observed value of τ ¼ 19.8�
1.5 ps for a backing pressure or 4 bar (see SM).
In conclusion, we have investigated the SFI dynamics

of N2 by intense 800 nm laser pulses using femtosecond
soft x-ray absorption spectroscopy. As a main result,
we characterized the electronic population distribution of
Nþ

2 ions that are formed. We found that the A2Πu-state
population is small compared to the population in the X2Σþ

g

ground and B2Σþ
u second excited states, which are almost

equally populated. Our results invalidate the role of the
A2Πu state as a reservoir to achieve population inversion
between the B2Σþ

u and X2Σþ
g states, and thus rule out

proposed models of N2 lasing that have been based on
this [8]. However, our results are compatible with proposed
models [11,17] for air lasing based on a V-type level
scheme involving the three first electronic states of Nþ

2 or
models for air lasing based on rotation-induced population
inversion between the B2Σþ

u and X2Σþ
g states [9,15,16].
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