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Remote or standoff detection of greenhouse gases, air pollutants, and biological agents with innovative ultrafast laser technology
attracts growing interests in recent years. Hybrid femtosecond/picosecond coherent Raman spectroscopy is considered as one of
the most versatile techniques due to its great advantages in terms of detection sensitivity and chemical specificity. However, the
simultaneous requirement for the femtosecond pump and the picosecond probe increases the complexity of optical system.
Herein, we demonstrate that air lasing naturally created inside a filament can serve as an ideal light source to probe Raman
coherence excited by the femtosecond pump, producing coherent Raman signal with molecular vibrational signatures. The
combination of pulse self-compression effect and air lasing action during filamentation improves Raman excitation efficiency
and greatly simplifies the experimental setup. The air-lasing-assisted Raman spectroscopy was applied to quantitatively detect
greenhouse gases mixed in air, and it was found that the minimum detectable concentrations of CO, and SF, can reach 0.1%
and 0.03%, respectively. The ingenious designs, especially the optimization of pump-seed delay and the choice of perpendicular
polarization, ensure a high detection sensitivity and signal stability. Moreover, it is demonstrated that this method can be used
for simultaneously measuring CO, and SF gases and distinguishing '>CO, and ">CO,. The developed scheme provides a new
route for high-sensitivity standoff detection and combustion diagnosis.

laser filamentation has shown the promising applications
in many fields such as gas detection [4], weather control

Remote detection and identification of atmospheric pollut-
ants and hazardous biochemical agents are of fundamental
importance for environmental science and national defense
security. The innovative advances in ultrafast laser technolo-
gies over the past three decades provide new strategies to
meet the urgent needs of various environmental and security
issues. It is well known that high-energy femtosecond laser
pulses could propagate over a long distance with a high
intensity of 10"°~10"* W/cm?, giving rise to filamentation
phenomenon [1-3]. In the last few decades, femtosecond

[5], remote fabrication [6], and laser ignition [7]. Particu-
larly, filament-based gas sensing shows attractive prospects
due to the long-distance propagation advantage of femtosec-
ond laser filamentation as well as the ability to generate
supercontinuum radiation and clean fluorescence signals
[4, 5]. Commonly, filament-based remote sensing is realized
by measuring characteristic fluorescence radiation [8-11] or
intrinsic absorption [12] of the detected species. For exam-
ple, Xu et al. detected CH, with the 2.6% concentration
using the laser-induced fluorescence [9] and demonstrated
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the feasibility of this method in multicomponent analysis
[10]. The femtosecond laser filamentation is also accompa-
nied by the supercontinuum coherent radiation, which offers
a natural white-light source at a remote location. Kasparian
et al. retrieved the distributions of atmospheric temperature
and content of water vapor by recording the backscattered
white-light absorption spectrum from 4.5 km altitude [12].

Besides the fluorescence and absorption spectroscopy,
coherent anti-Stokes Raman scattering (CARS) is also a
benchmark approach widely applied in gas sensing [13,
14]. Among the various CARS configurations, the hybrid
femtosecond/picosecond (fs/ps) CARS is considered as one
of the most sophisticated spectroscopic techniques [15-18].
The technique shares the advantages of impulsive Raman
excitation with a femtosecond laser and high spectral resolu-
tion with a picosecond laser and allows for the background
suppression by the flexible control of pump-probe delay. It
thus has a high signal-to-noise ratio (SNR), a good chemical
specificity, and abilities of temporal and spectral resolutions.
In the hybrid fs/ps CARS scheme, the picosecond probe
pulses are usually acquired by either spectrally narrowing a
femtosecond laser [15-17] or adopting an additional pico-
second laser [18]. The complicated experimental device hin-
ders its broad applications under complex or dangerous
environments.

The discovery and extensive investigation of air lasing
[19-30] in recent years open an exciting perspective for
atmospheric remote sensing due to its ability of generating
cavity-free light amplification in the open air. Particularly,
some unique properties (e.g., the narrow spectrum, natural
spatial overlap with the femtosecond driver laser, intrinsic
delay with respect to the driver laser, and asymmetric tem-
poral envelope) [20, 21, 31-33] make it suitable as a probe
to interrogate the Raman coherence. Hence, since air lasing
was experimentally demonstrated, significant efforts have
been paid to its applications in Raman spectroscopy
[34-39]. With the nitrogen laser produced in N,-Ar gas
mixture, Malevich et al. performed a proof-of-principle
experiment of gas sensing by measuring Raman gain or loss
[35]. The Nj lasing was also used for probing rotational
coherence of N, and CO, molecules [34, 37]. Liu et al.
observed the cascaded rotational Raman scattering as high
as 58 orders by using air lasing as a probe [37]. Recently,
Zhao et al. successfully detected vibrational Raman signals
of CO, and CH, mixed in air with the assistance of NJ lasing
[39]. These studies show the feasibility of air-lasing-assisted
Raman spectroscopy used for gaseous detection. However,
all these studies were carried out in either pure or high-
concentration gas molecules. The poor SNR and large signal
fluctuations inevitably brought by the femtosecond laser fila-
mentation cannot meet the requirements of practical applica-
tions. Therefore, it still remains challenging to improve the
sensitivity and stability of filament-based ultrafast spectros-
copy while exploiting its remarkable advantages.

In this Letter, we developed a high-sensitivity air-lasing-
assisted CARS technique and further applied it to carry out
quantitative analysis of greenhouse gas concentration. In
the developed technique, the external-seed amplification
mechanism was adopted to improve the strength of NJ las-
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ing as well as SNR of Raman scattering, and the orthogonal
polarization arrangement was exploited to suppress the
supercontinuum background. These specific designs greatly
improve the sensitivity and stability of gas detection. It turns
out that this technique can be used to detect the greenhouse
gas with a concentration as low as 0.03% mixed in air.
Besides, multicomponent detection and isotope identifica-
tion were realized via the developed method. Therefore, this
work takes an important step for the application of the
advanced ultrafast laser spectroscopy in standoff detection
of atmospheric trace gases, air pollutants, and toxic
substances.

2. Basic Principle and Methods

2.1. Experimental Design. The experiment was performed by
using a commercial Ti:sapphire laser system (Libra, Coher-
ent, Inc.), which delivers 800 nm, 50fs laser pulses with a
maximum pulse energy of ~4m]J at a repetition rate of
1kHz. As shown in Figure 1, the output laser was split into
two beams. One beam with the energy of 3.65 mJ served as
the pump, which establishes the vibrational coherence of
the target molecules as well as induces optical gain for the
follow-up seed amplification in Nj. Another beam was
focused by a lens with f =20cm and then was collimated
by a lens with f =10cm. A sapphire plate was placed near
the focus of the first lens to broaden the spectrum of the
800nm femtosecond laser. The spectrally broadened laser
was launched into a 1 mm thick BBO crystal to produce a
seed pulse at 428 nm. The seed pulse was significantly ampli-
fied in air, giving rise to N lasing, which serves as the probe
of coherent Raman scattering. The pump-seed delay was
controlled with a motorized translation stage. The two
beams were collinearly focused into the gas chamber filled
with a mixture of the target gas and standard air containing
~80% nitrogen and ~20% oxygen by using a lens with an
optimal focal length of 14 cm. The pressure of the gas mix-
ture was kept at atmospheric pressure for all measurements.
Greenhouse gases CO, and SF, were chosen as target mole-
cules. The generated Raman signal was focused onto the
entrance slit of an imaging spectrometer (Shamrock 500i,
Andor) with the resolution of <2cm™ for spectral analysis.
To obtain a high SNR, various filters (e.g., dichroic mirror,
bandpass filter, interference filter, edgepass filter, and notch
filter) were selectively used in our experiment, and the angles
of filters were optimized carefully. While recording Raman
spectra, the integration time was set as 60 seconds.

It is worth stressing that two specific designs are adopt in
our experiment to enhance detection sensitivity and stability.
On the one hand, the time delay 7 between the pump and
seed pulses was taken as hundreds of femtoseconds, which
is longer than durations of the pump and seed pulses but
much shorter than the gain lifetime of NJ lasing as well as
the dephasing time of Raman coherence. If the time delay
is too long, air lasing intensity and Raman coherence will
significantly decrease, eventually resulting in degradation
of Raman signals. If the time delay is too short, cross phase
modulation between pump and seed pulses will produce
the strong background noise. Thus, an optimal delay enables
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FIGURE 1: Experimental setup. M1, M2: reflective mirror; L1-L5: lens; SP: sapphire plate; BBO: beta barium borate; DM1-DM3: dichroic
mirror; GT: Glan-Taylor prism; F1: narrowband filter with the central wavelength of 428 nm and the bandwidth of 1nm; F2:
combination of variable filters for recording the Raman signal at different wavelengths. Schematic diagram of the polarization states and

time sequences of pump, seed and air lasing is shown in inset.

us to suppress the nonresonant background without the sac-
rifice of the CARS strength. On the other hand, the polariza-
tions of pump and seed pulses were set as perpendicular to
each other. Since the polarization of CARS signal always fol-
lows that of the seed pulse, such a polarization configuration
enables us to eliminate the supercontinuum background by
placing a Glan-Taylor prism before the spectrometer. The
efficient suppression of supercontinuum radiation brought
by filamentation greatly improves the SNR and stability.
For clarity, the inset of Figure 1 shows the polarization states
and time sequences of pump, seed, and air lasing. These
unique designs endow our technique with high sensitivity.

2.2. Basic Principle. The basic principle of air-lasing-assisted
CARS spectroscopy for high-sensitivity gas detection is
shown in Figure 2. Typically, three laser beams (pump,
Stokes, and probe) are required to produce CARS signals.
In our scheme, the intense femtosecond pump laser can
directly excite Raman coherence due to the pulse self-
compression during filamentation [40]. As shown in
Figure 2(b), the spectral width of the pump laser after non-
linear propagation has reached 3800cm™, which is more
than one order of magnitude width of the original spectrum.
Such a broad spectrum allows for impulsive excitation of
vibrational coherence of CO, and SF, molecules. Another
pivotal role of the pump laser is to induce the optical gain
of Nj, giving rise to the giant amplification of a delayed seed
pulse. As presented in Figure 2(c), the external seed is ampli-
fied by three orders of magnitude at the wavelength of
427.8 nm, which corresponds to the characteristic transition
from B2Z!(v' =0) to X?Z;(v=1) states. The low popula-
tion on XzZ;gr (v=1) state facilitates the build-up of popula-
tion inversion, leading to strong N; lasing generation in air
[27]. The seed-amplified Nj lasing exhibits a spectral band-
width of ~13cm™, a divergence full angle of ~45 mrad and
a donut-shaped spatial profile. Moreover, as illustrated in
the inset of Figure 1, Nj lasing shows a temporal structure

with a sharp rising edge and a slow falling edge as well as
an inherent delay with the respect to the pump and seed
pulses [31, 32]. All these superior properties make N} air
lasing suitable for probing coherent vibrations of target mol-
ecules. The joint contributions of femtosecond laser filamen-
tation and the filament-induced air lasing led to generation of
strong CARS signals. The corresponding energy-level dia-
gram was illustrated in Figure 2(a).

3. Results and Discussion

Figure 3 shows typical CARS spectra recorded in the mixture
of standard air and CO, or SF,, where the spectrum
obtained in the standard air has been subtracted as back-
ground. The pump-seed delay was chosen at ~800fs. The
zero delay is defined as the moment at which NJ lasing is
the strongest. When the standard air was mixed with CO,
gas with the 0.5% volume concentration, we can clearly
observe two peaks with the frequency shifts of 1388 cm™
and 1286cm’! (see Figure 3(a)), which correspond to Raman
signals from CO, [41]. It is noteworthy that the peak around
993 cm™ originates from insufficient background subtrac-
tion. When the standard air was mixed with 0.1% SF, a
Raman peak with the frequency shift of 773 cm™ was clearly
observed, as shown in Figure 3(b). The measured Raman
shift matches well with the characteristic frequency of non-
degenerate stretching mode with A,, symmetry of SFy [42].
It is noteworthy that these Raman peaks inherit the spectral
feature of N lasing, enabling the high spectral resolution in
the gas detection. We performed the same measurement in
the mixture of standard air, 0.5% CO,, and 0.1% SF,. As
shown in Figure 3(c), Raman peaks of CO, and SF, mole-
cules can be clearly distinguished. Moreover, the Raman
signal intensity obtained in the gas mixture with two green-
house gases is almost the same as that in the mixture with
one greenhouse gas. It indicates that Raman signals from
CO, and SF, do not affect each other, our method thus
enables simultaneous measurement of multiple species.

€20z ‘1€ Anr uo Biosousios' [ds//:sdny wody papeojumoq



X

N SE
NN
geed
1.0
0.8
Z
g
g 0.6
2]
8
T 0.4
g
z
0.2 — ~3800 cm™
0.0 T T
500 600 700 800 900

(a)

x10%

Ultrafast Science

3.5 4

3.0 4

2.5 4

2.0 A

1.5 A1

p<i
=
g
E|
=
5
=
£
w
g
Q
g
g
=)

1.0 A

0.5 1

x100

0.0

426.0 426.5 427.0 427.5 428.0 428.5 429.0 429.5

Wavelength (nm)

M Broadened spectrum

N Original spectrum
(b)

Wavelength (nm)

Seed+Pump

Seed
(©)

FI1GURE 2: Basic principle for the greenhouse gas detection with air-lasing-based Raman spectroscopy. (a) The generation scheme of N}
lasing and coherent anti-Stokes Raman scattering induced by the femtosecond pump pulse and the delayed seed pulse. (b) The original
and broadened spectra of the pump laser. (c) The spectrum and spatial profile of seed-amplified NJ lasing. For comparison, the initial

spectrum of seed is indicated by the gray shaded region.

We further measured the quantitative relation between
the Raman signal intensity of CO, and SFy and the corre-
sponding gas pressures. It should be emphasized that the
intensity of Nj lasing almost remains unchanged within
the measured pressure range, making the quantitative mea-
surement credible. Figure 4(a) shows that CARS signals
from CO, with the frequency shift of 1286cm™ and
1388 cm™ exhibit a quadratic growth with the increase of
CO, gas pressure, which is in good agreement with the the-
oretical predication and previous observation [43]. For
Raman peaks at 1286cm™" and 1388cm’™, the lowest CO,
pressure used in our experiment is 250Pa and 100 Pa,
respectively. The corresponding volume concentration is
estimated as 0.25% and 0.1%. At such low concentrations,
the SNR is still sufficient to distinguish CARS signal from
the background noise, as shown in inset of Figure 4(a). We
performed similar measurements in the mixture of standard
air and SF,. Likewise, the CARS signal from SF, gas also
shows a quadratic dependence on gas pressure, as shown

in Figure 4(b). In comparison with CO,, SF, has a larger
Raman cross section [44], and its vibrational period is closer
to the pulse duration of the 800 nm laser. These factors make
SE, molecules have a higher Raman excitation efficiency
than CO, molecules, enabling us to observe CARS signal
in the lower SF¢ gas concentration. The inset of Figure 4(b)
shows the spectrum recorded in the gas mixture with stan-
dard air and 30 Pa SF,. For SF; molecules, the detection limit
has reached 0.03%.

In addition, the signal stability is crucial to high-
sensitivity gas detection in the atmospheric environment. A
key factor to affect the Raman signal stability is the stability
of background spectrum recorded in standard air. In our
scheme, supercontinuum radiation of the pump laser, as
the main background noise, has been effectively suppressed
by adopting perpendicular polarization configuration. As a
result, background spectra exhibit small fluctuation, allow-
ing for the background subtraction with the averaged value
of multiple measurements. To quantitatively show the
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F1GURE 3: Typical Raman spectra. CARS spectra measured in the mixture of standard air and (a) 0.5% CO,, (b) 0.1% SEq, (c) 0.5% CO, and
0.1% SFq, respectively. All spectra have subtracted the background spectrum taken in standard air.
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FIGURE 4: The intensity of Raman signal as a function of gas pressure. The dependence of CARS signals of (a) CO, and (b) SF, on the gas
pressure. All CARS signals measured at different pressures can be well fitted by quadratic functions, as indicated by solid lines. Inset in (a)
shows CARS signals with the frequency shift of 1388 cm™ and 1286 cm™ recorded in the gas mixture containing the 100-Pa and 250-Pa CO,,
respectively. Inset in (b) shows CARS signal recorded in the gas mixture containing the 30-Pa SF,. Figures 4(a) and 4(b) were obtained at the

pump-seed delay of 800 fs and 333 fs, respectively.

stability of Raman signal, we performed multiple measure-
ments for Raman spectra at different gas pressures and indi-
cated their standard deviations by error bars in Figure 4. The
signal fluctuation can be quantitatively calculated using the
ratio of the standard deviation and the average signal inten-

sity. It is found that the signal fluctuation is closely related to
gas pressure, more specifically, signal-to-noise ratio. In the
measured pressure range, the minimum fluctuation of
Raman signal is estimated to be about 2% for both SF, and
CO, molecules.
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FIGURE 5: Raman signals from '*CO, and '>CO,. The CARS
spectrum was captured in the mixture of standard air, ~0.4%
'2C0O,, and ~0.4% '*CO,, in which the spectrum obtained with
the 800 nm laser alone has been subtracted as background.

At last, we will show that the air-lasing-assisted CARS
technique can be used for isotopic identification due to its
high spectral resolution. It is well known that the carbon
isotope plays an important role in geology science [45],
environmental monitoring [46], and biological standardi-
zation [47]. We thus choose the carbon isotopologues of
CO, (ie, '*CO, and CO,) as an example. Figure 5
shows the CARS spectrum obtained in the mixture of
standard air, ~0.4% '*CO,, and ~0.4% '>CO,. Besides
two characteristic Raman peaks of '*CO, at 1388cm™ and
1286 cm ™ as observed in Figure 3(a), we also clearly observed
additional two peaks with the frequency shift of 1370 cm™
and 1266cm’', which are assigned to Raman signals of
>CO, [41]. Apparently, we can well distinguish the isotopo-
logues of CO, with the air-lasing-assisted CARS technique,
which benefits from the narrow spectrum of air lasing.

From the measured spectra in Figure 5, the branching
ratios of '?CO,, and >CO, Raman peaks are estimated to
be 2.1 and 1.2 for weak Raman peaks below 1300 cm™ and
strong Raman peaks above 1300cm™, respectively. The
striking difference in branching ratio mainly originates
from different intensity ratios of the v, 2v, Fermi diads
of '*CO, and >CO, [48]. In addition, we can clearly see
that the Raman signals of >CO, are always weaker than
that of '*CO,, regardless of strong and weak Raman peaks.
It could be attributed to different Raman scattering cross-
sections of '*CO, and >CO, [41], which is closely related
to energy-level structures of molecules. Quantitative mea-
surements on the concentration ratio of 'CO, and
CO, will be performed in the future work. It is notewor-
thy that the analysis of the carbon isotope has been per-
formed with Raman spectroscopy in the previous study
[41], but the measurement was done in the high-pressure
gas. In contrast, air-lasing-assisted CARS technique can
identify the carbon isotope in the mixture of air and
low-concentration CO,. In principle, the approach can be
applied to identification of other isotopes as long as the
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Raman frequency difference of isotopologues is larger than
the spectral width of air lasing.

Experimental results above clearly show that air-lasing-
assisted CARS technique can be used for quantitative mea-
surements of greenhouse gas concentration. The signal-to-
noise ratio of Raman scattering is enhanced significantly
via the choice of orthogonal polarization and the optimiza-
tion of pump-seed delay. Moreover, signal fluctuations
brought by supercontinuum generation in previous method
[39] are largely suppressed. However, in contrast to conven-
tional methods of atmospheric sensing, e.g., differential
absorption Lidar (DIAL), the sensitivity of the current
method is at least 3 orders of magnitude lower [49]. Thus,
the sensitivity of this method needs to be enhanced greatly
for the realistic application in the trace gas detection. The
further improvement in the sensitivity is expected by using
a pump laser with a higher energy, higher repetition, higher
stability, and shorter pulse duration. Particularly, the shorter
laser pulse will greatly enhance Raman excitation efficiency
because the broad spectral coverage makes more photons
participate in the creation of vibrational coherence. It is
noteworthy that although the DIAL technique has a very
high sensitivity, it can only measure a single specific species
by choosing a couple of laser wavelengths around the molec-
ular absorption. Our method is able to simultaneously detect
a large number of molecules, allowing for gas sensing with-
out the need for an a priori knowledge of molecules to
detect. This is a major advantage of our method in contrast
to conventional methods.

In addition, for the standoff detection, the two-beam
design is expected to simplify as a single beam. Very
recently, we use N, lasing instead of N lasing to develop
single-beam coherent Raman spectroscopy [50]. Owing to
strong quenching effect of oxygen gas for N, lasing, the sen-
sitivity of N,-lasing-assisted coherent Raman spectroscopy
is one order of magnitude lower than the current scheme.
Thus, it is our next goal to develop single-beam coherent
Raman spectroscopy with the sensitivity on the level of
107, which will provide a powerful tool for chemical iden-
tification, gas detection, and combustion diagnosis.

4. Conclusion

In conclusion, we have demonstrated a novel coherent
Raman spectroscopy for high-sensitive gas detection taking
advantage of filament-induced air lasing. The nonlinear
spectroscopy inherits all advantages of the hybrid fs/ps
CARS technique. Moreover, the utilization of air lasing
avoids complex spectral tailoring. It is demonstrated that
such a simplified fs/ps CARS technique has the ability of
the high-sensitivity detection, simultaneous measurement
of multiple pollutants, and the identification of carbon iso-
tope. The detection limits of CO, and SF, greenhouse gas
concentrations have reached 0.1% and 0.03%, respectively.
The air-lasing-assisted Raman spectroscopy offers a versatile
method for high-sensitivity detection of gas pollutants and
greenhouse gas but also opens the possibility towards the
rapid detection of epidemics such as COVID-19 at a safe
distance [51].
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