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We report on the generation of coherent emission from
femtosecond (fs) laser-induced filaments mediated by ultra-
broadband coherent Raman scattering (CRS), and we
investigate its application for high-resolution gas-phase ther-
mometry. Broadband 35-fs, 800-nm pump pulses generate
the filament through photoionization of the N, molecules,
while narrowband picosecond (ps) pulses at 400 nm seed the
fluorescent plasma medium via generation of an ultrabroad-
band CRS signal, resulting in a narrowband and highly
spatiotemporally coherent emission at 428 nm. This emis-
sion satisfies the phase-matching for the crossed pump-probe
beams geometry, and its polarization follows the CRS signal
polarization. We perform spectroscopy on the coherent N,*
signal to investigate the rotational energy distribution of the
N,* ions in the excited B*X,* electronic state and demon-
strate that the ionization mechanism of the N, molecules
preserves the original Boltzmann distribution to within the
experimental conditions tested. © 2022 Optica Publishing
Group

https://doi.org/10.1364/0OL.476540

A remarkable feature associated with femtosecond (fs) laser fil-
amentation [1] is the generation of coherent emission from the
electronically excited atomic [2] and molecular [3,4] ions in the
plasma filament, both in the forward and backward directions. A
number of experimental and theoretical studies have been dedi-
cated to the coherent emission from nitrogen cations (N,*) [5],
with particular focus on the first negative band B~} — X*X!.
Narrowband coherent emission at 391 nm and 428 nm is con-
sistently reported, corresponding to the ro-vibronic transitions
v=0—> v =0and v=0 — v’ =1, respectively, with v and v’
being the vibrational quantum numbers in excited and ground
electronic states (Fig. 1). There is no clear consensus on the
mechanism behind this “air lasing” action [5], with stimulated
amplification or superradiant emission [6] from an inverted
population [7,8], and lasing-without-inversion [9,10] being pro-
posed as alternatives. Four-wave mixing and stimulated Raman
scattering were rejected as amplification mechanisms on the
basis of the experimental observations by Ni et al. in Ref. [11].
The possibility of generating an air laser remotely has poten-
tial for the development of new remote-sensing techniques of,

0146-9592/22/236105-04 Journal © 2022 Optica Publishing Group

for example, pollutants in the atmosphere [12]. Combustion
researchers have recently employed filament-induced nonlin-
ear spectroscopy to detect intermediate combustion species [13]
and fs laser excitation tagging (FLEET) to measure the velocity
field [14]. Filamentation has also been combined with coherent
Raman scattering (CRS) for the in situ generation of a com-
pressed supercontinuum to achieve ultrabroadband excitation of
major combustion species [15—18], or to generate a narrowband
probe pulse [19] via N,* lasing. This lasing is particularly inter-
esting for combustion diagnostics given the abundance of N,
in air and its low chemical reactivity, and the demonstration of
backward lasing from singly ionized N, pumped by near-infrared
(IR) fs pulses [4].

In the present work, we report on air lasing mediated by CRS,
whereby a filament is generated by an fs near-IR pump pulse,
and the coherent N,* emission at 428 nm is seeded by a narrow-
band picosecond (ps) probe pulse, via non-resonant (NR) CRS
of the latter. The seeding mechanism observed here is clearly
different from that of similar experiments, where the coherent
emission results from self-seeding [20,21] or by the use of two-
color collinear pump-probe schemes employing fs seed pulses,
spectrally broad enough to cover the fluorescence wavelength
[11,22,23]. We employ a single regenerative amplifier system
(7.5 mJ, 1 kHz, Astrella Coherent) to generate the fs pump and
the ps probe pulses. A 1.5-m]J portion of the broadband output of
the amplifier (19.2 nm, centered at 806.7 nm) is focused through
a 500-mm spherical lens to generate a ~13-mm-long filament:
the pulse dispersion prior to filamentation is controlled by an
external compressor unit and a residual linear chirp of +£500 fs?
is found to optimize the filamentation process in air [17]. The
estimated pulse fluence is ~446 TW/cm? so that quantum tun-
neling is the main ionization mechanism [1]. The probe pulse is
generated via second-harmonic bandwidth compression of the
second 35-fs transform-limited amplifier output, producing a
narrowband ~4-ps pulse (0.08 nm, centered at 403.4 nm), with
0.9 mJ/pulse [24]. The probe beam is focused through a 300-
mm lens resulting in a beam diameter at the focus of ~21.5 um
(M2=1.2), and it crosses the filament at a distance of ~5 mm
from its leading edge, at an angle of ~3.5°. A delay line controls
the relative delay of the two pulses, and we use polarization
optics (half-wave plates and thin-film polarizers) to control the
energy and polarization angle for the linear polarized pump
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Fig. 1. Generation of air lasing mediated by NR CRS. The 1.5-
mJ, ~50-fs pump pulse generates a filament, and it is compressed
to ~17 fs TL [17], providing the pump (w,) and Stokes (ws,)
frequencies to the ultrabroadband CRS process; the narrowband
frequency-doubled (wy,) ~4-ps probe pulse undergoes NR CRS,
generating a broadband signal that seeds the fluorescent emission
from the excited N,*. SL, spherical lens; A/2, half-wave plate; BS,
beam stop; BPF, bandpass filter; P, pinhole; PBS, polarization beam
splitter; TG, transmission grating.

and probe beams before the focusing lenses. The filament emis-
sion at 428 and 391 nm has high spatial coherence and satisfies
the near-phase-matching condition of the CRS process for our
two-beam CRS setup [24]. This emission is collected through a
polarization-sensitive coherent imaging spectrometer, dispersed
by a high-density diffraction grating and imaged through a pin-
hole to an sSCMOS camera by a 1000-mm spherical lens. A
tunable bandpass filter (20-nm bandwidth, Semrock) suppresses
the probe beam, nearly co-propagating with the signal. A Glan-
laser polarizer acts as polarization gate to the spectrometer,
allowing us to measure the polarization of the coherent N,*
emission.

The main features of the coherent emission generated by the
fs filamentation at 428 nm are presented in Fig. 2. The role
of the probe pulse in the generation of air lasing is shown in
Fig. 2(a): the emission is only observed in correspondence of
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Fig. 2. Characterization of the coherent N,* emission from the
plasma filament. (a) Intensity of the N,* emission as a function of
the delay of the probe pulse relative to the pump. (b) Polarization
of the N,* emission (black) as a function of the probe polarization
angle, and comparison with the theoretical polarization of the NR
CRS signal. The pump polarization is oriented at 60° from the
polarization gate in the spectrometer. (c) Power scaling of the N,*
emission as a function of the pump pulse energy. (d) Power scaling
of the N,* emission as a function of the probe pulse energy.
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the temporal overlap of the pump and probe pulses. The rela-
tive arrival time of the two pulses is changed in steps of 100
fs and the resulting integrated signal maps the temporal enve-
lope of the ps probe pulse, with a duration estimated to ~7 ps
full width at half maximum (FWHM). The emission also shows
high spatial coherence as it is imaged through a pinhole in the
spectrometer and satisfies the phase-matching requirements of
the CRS process, co-propagating with the probe beam. On the
other hand, the probe pulse is off-resonant with respect to the
BzZ: - XZE;'I“O—VibI”OIliC transition, and its bandwidth is clearly
too narrow to have any significant overlap with the fluorescence
spectrum of N,*, so that it cannot directly stimulate emission
from the electronically excited ions. This behavior is in contrast
to the one observed by Ni et al., who reported in Ref. [11] coher-
ent emission at 391 nm with no phase-matching requirements,
but only for a resonant probe pulse. We identify the reason for
the peculiar behavior observed in our experiment to lie in a dif-
ferent seeding mechanism. The narrowband ps probe does not
act directly as a seed pulse for the N,* emission but undergoes
four-wave mixing (NR CRS) with the ultrabroadband ~17-fs
compressed supercontinuum pulse generated by filamentation.
CRS thus mediates the N,* emission, providing a seeding mech-
anism for the coherent emission at 428 nm, although this does
not represent a gain mechanism alternative to those mentioned
in the introduction. This process is additionally confirmed by
the polarization properties of the coherent emission, as shown
in Fig. 2(b). We performed a parametric study by rotating the
polarization of the pump pulse relative to the polarization gate
of our spectrometer from 0° to 90° in steps of 15° and, for each
of these settings, we rotated the polarization of the probe pulse
from 0° to 360° in steps of 10°. The experimental points (black)
in the polar plot in Fig. 2(b) represents the intensity of the coher-
ent N,* emission transmitted through the polarization gate as a
function of the relative probe polarization, for a pump polar-
ization angle of 60°. The blue curve represents the theoretical
behavior of the NR CRS signal as predicted by the CRS polar-
ization theory in Ref. [17], and a similar agreement is found for
all the pump polarization angles tested in our experiment. The
coherent N,* emission thus has the polarization of the NR CRS
signal rather than that of the probe field, which confirms CRS
to be the seeding mechanism, according to the experimental
observations of Li ef al., who showed that the lasing emission is
linearly polarized as the seed pulse [25].

The N,* emission strongly depends on the pump pulse energy,
and two distinct regimes are identified in Fig. 2(c), with a transi-
tion at ~400 pJ/pulse: for low pump energy (100-400 pl/pulse),
the emission intensity grows more than exponentially, while
at larger pump energies the growth is exponential. The exper-
imental data in the low-power regime are fitted by a linear
combination of two exponential functions: this hints at two dif-
ferent phenomena contributing to the emission. On the one hand,
the N,* fluorescence has been observed to grow exponentially
with the power of the pump laser [26]; on the other, the com-
pression of the pump pulse itself grows non-linearly in the range
100400 w/pulse, leading to an exponential growth of the seed
power at 428 nm [16]. In contrast, the emission intensity grows
linearly with the energy of the probe pulse, as shown in Fig. 2(d),
in agreement with the linear scaling of the CRS signal with the
probe.

The coherent emission from the filament is imaged through
the spectrometer with ~1:3 magnification onto the sCMOS
detector with 6.5 um pixel-size: the multi-filament structure [1]
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Fig. 3. Hyperspectral imaging of the coherent N,* emission from
the filament. (a) Multi-filament structure (on the left) as imaged by
the N,* emission at the probe focus (on the right). (b) Single-shot
spectrum of the N,* emission at 428 nm generated in air (black)
and the theoretical position of the rotational lines in the fundamen-
tal vibrational band (blue). (c¢) Single-shot spectrum of the N,*
emission at 428 nm generated in a CHy/air flame (black) and the
position of the rotational lines in the fundamental (blue) and first
hot (red) vibrational bands.

of the plasma medium is visible in the imaged N,* emission in
Fig. 3(a). For reference, the probe beam waist is also imaged on
the camera: the size of the probe at its focus was independently
measured with a beam profiler (WinCam D, Dataray) to be
~21.5 ym. The diameter of the single filaments is thus estimated
to be ~10 pm: this is well in agreement with the experimental
results obtained by Centurion et al. for a 2-mJ, 150-fs near-IR
pulse focused in carbon disulfide [27]. High-resolution single-
shot N,* spectra, acquired in room-temperature air and in the
hot products of a laminar premixed methane/air flame (equiva-
lence ratio @=1), are shown in Figs. 3(b) and 3(c), respectively.
The rotational structure of the N," emission spectrum is evi-
dent in the R-branch (23,400-23,500cm™"), where each line
corresponds to the transition N—N-1, with N being the nuclear
angular momentum quantum number. The alternation in the
intensity of adjacent lines reflects the multiplicity of triplet and
heptet spin states for odd and even values of N, respectively. The
P-branch (N— N+ 1) spectrum is much more congested and
gives rise to the large spectral feature at ~23,360-23,380 cm™".
The spectrum acquired in the hot product gases of the flame
has a much broader envelope and presents a clear feature at
~23,600 cm™': this is the vibrational hot band, corresponding to
the transition v=2 — v’ = 1. The change in the spectral enve-
lope between the N,* spectrum in room-temperature air and in
the flame must reflect the different rotational and vibrational
energy distribution of the N, population, according to Boltz-
mann statistics. This proves that, at least to a certain extent, the
original ro-vibrational energy distribution is preserved in the
tunneling ionization process: the N,* emission spectrum could
then be used for gas-phase thermometry.

We show this in Fig. 4 by comparing the experimental spec-
tra—acquired in a flow of N, at room temperature and heated
to 775K (as measured by pure-rotational N, CRS)—and a
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Fig. 4. Comparison of experimental N,* spectra and spec-
tral model. (a) Single-shot N,* spectrum acquired in a room-
temperature N, flow. (b) Single-shot N,* spectrum acquired in a
heated N, flow at 775 K. In red, the spectrum of the NR CRS signal
acquired in argon.

simplified theoretical model for the emission spectrum of N,*.
A similar model has been successfully employed by Azarm et
al. to fit air lasing spectra at 428 nm and estimate the impact
on the optical gain of different rotational energy distributions in
the upper and lower electronic states [28]. The emission from
the microscopic N,* dipoles is treated as a coherent process by
summing their contributions to the emitted field and comput-
ing the resulting intensity spectrum as the squared amplitude
spectrum, in analogy to superradiant emission [29]. Additional
simplifying assumptions are a homogeneous spectral density of
the seeding NR CRS signal on the region 23,350-23,650 cm™,
and negligible dependence on the N quantum number of the
angular momenta [30] and rotational—vibrational [31] coupling
in the emission process. The theoretical position of the rotational
lines in the P- and R-branch spectra (v) is converted from the
energy difference between the initial (B*Z,*, v, N) and final (X
22;, v’, N’) ro-vibronic states of the cation:

y = B,N(N + 1) = D [N(N + D]? )
Vv =23392.1cm™ + BN'(N' + 1) = D [N'(N' + 1),

with B,, D,, B',, and D', being the rotational and centrifugal
constants of N,* as a function of the vibrational quantum number
[32]. The emission cross section is taken to be proportional to
the Boltzmann distribution of the original N, population, thus
introducing the temperature sensitivity of the N,* spectrum:

p(v',N") = exp[-v(V',N)hc/kgT]. (2)

The line shape is due to interference between the N,* emis-
sion and the NR CRS background, and is computed using a
Fano profile [33], with resonance widthy = 2.5 cm™ and a Fano
parameter of g =2:

r= m/f"'—w—v)l 3)
(v/2) +(w-v)

The comparison between the experimental spectra and the theo-
retical model is somewhat complicated by the presence of the NR
CRS, which on the one hand acts as a seed for the N,* emission,
but on the other is a background to its spectrum. The interfer-
ence between the N,* spectrum and the NR background results
in a distortion of the spectral envelopes in Fig. 4. This is par-
ticularly significant at larger wavenumbers, where the intensity
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of the rotational lines of the N,* spectrum is reduced accord-
ing to their Boltzmann population, while the NR background
grows for reducing Raman shifts with respect to the probe line
at 24,790 cm™, as shown in Fig. 4. The room-temperature spec-
trum in Fig. 4(a) is almost unaffected by the presence of the
background and shows a good agreement with the theoreti-
cal model. In Fig. 4(b), higher rotational lines are populated
at 775K, giving rise to interference with the NR background:
this completely suppresses line R(16) at ~23,517 cm™', and the
following lines are identified with the negative peaks in the
continuous background.

In conclusion, we reported the observation of air lasing from
a filament generated by near-1IR fs pulses, mediated by NR CRS
as the seeding mechanism. The dynamics of the seeding pro-
cess are demonstrated by the phase-matching of the coherent
emission from the filament, according to the crossing angle of
the narrowband ps probe beam, and by its polarization depen-
dence on the linearly polarized pump and probe pulses. We
investigated the temperature dependence of the coherent emis-
sion from excited N,* and recording single-shot spectra in air, a
heated N, flow, and in a laminar CH,/air flame. The N,* spec-
trum shows a clear temperature dependence, which points to an
isothermal population transfer from N, to N,* in the tunneling
ionization regime. The experimental spectra are compared to
a simple spectral model: a good agreement is shown at room
temperature, while the interference between the N,* emission
and the NR CRS seed suppresses higher rotational lines in the
spectrum of the former, severely skewing the spectral envelope
at greater temperatures. Modelling of the NR CRS spectrum or
background suppression schemes could improve the quantitative
comparison and lead to the development of air lasing thermom-
etry (ALT) as a robust diagnostics technique, with potential for
remote sensing and single-ended optical probing, as well as for
spatial resolution below the diffraction limit. Future work should
address questions about the impact of the ionization efficiency
[34] on the ro-vibrational energy distribution of N,*, the pos-
sible rotational non-equilibrium in inverted population systems
[28], as well as the effect of rotational wave packets created by
stimulated Raman scattering [35], and incorporate these in the
spectral model for the coherent N,* emission.
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