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It is proved that the chemical reaction induced by femtosecond laser filament in the atmosphere produces CO, HCN,
and NO, and the production CO and HCN are observed for the first time. The concentrations of the products are measured
by mid-infrared tunable laser absorption spectroscopy. In the reduced pressure air, the decomposition of CO2 is enhanced
by vibration excitation induced by laser filament, resulting in the enhanced production of CO and HCN. At the same
time, the CO and HCN generated from the atmosphere suffer rotation excitation induced by laser filament, enhancing their
absorption spectra. It is found that NO, CO, and HCN accumulate to 134 ppm, 80 ppm, and 1.6 ppm in sealed air after
sufficient reaction time. The atmospheric chemical reaction induced by laser filament opens the way to changing the air
composition while maintaining environmental benefits.
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1. Introduction
When the ultrashort laser pulses focus on the air, a

plasma channel called filament is formed due to Kerr’s self-
focusing and plasma defocusing effect. Filament provides
a unique environment with high intensity. The atmospheric
molecules present in the filament are ionized or dissociated
into transient species, followed by chemical reactions, chang-
ing the atmospheric compositions and even forming aerosols
and particles.[1] Filament-induced gaseous chemical reactions
facilitate complex molecular synthesis. In humid air, the fila-
ment plasma promotes the production of nitric acid precursors
and assists the synthesis of biopolymers thought essential for
the emergence of life, providing further molecular complex-
ity. On the other hand, the high-intensity filament can be gen-
erated in the atmosphere in the kilometer range and hundreds
of meters long. These remote modifications to the air via fil-
aments are ideal for atmospheric applications.[2–6] Therefore,
the generation and evolution of the precursor species during
filaments are essential to reveal the laser-induced molecular
synthesis relating to atmospheric chemistry and filament ap-
plication. Previous studies were mainly devoted to the discus-
sion about the filament-induced atmospheric nitrogen chem-
istry. The nitrogen-containing products NOx in atmospheric
filaments, acting as the precursors for nitric acid and helping
the nucleation of H2O–HNO3 in humid air, were monitored by
analyzers and cavity-enhanced absorption spectroscopy.[7,8]

However, the other stable molecules, such as CO and HCN,
also crucial in atmospheric chemistry, especially in prebiotic
chemistry,[9] have not been considered in filaments generated
reactions. In this work the generation and evolution of NO,
CO, and HCN generated by filaments in air are reported, in-
volving the H, C, N, and O transformations of atmospheric
molecules.

2. Experimental setup
Figure 1 shows the schematic diagram of the experimen-

tal setup. A Ti:sapphire laser supplying 35-fs, 1-kHz pulses at
the central wavelength of 808 nm was adopted, and the laser
pulse energy was 7 mJ. Unless otherwise specified, the laser
pulse energy used in this experiment is maintained at 1.2 mJ.
A lens with focal length f = 75 cm formed a filament in a
quartz glass cylindrical absorption cell with 5 cm in diame-
ter and 60 cm in length, which provides a volume for suffi-
cient reactions. The laser beams of three mid-infrared tun-
able diode lasers (Nanoplus GmbH), operating at 4844 nm,
5298 nm, and 3060 nm, passed through the absorption cell to
measure the spectra of CO, NO, and HCN. The beams of the
three lasers were switched through optical components. The
sealed absorption cell sustained stable air-from lower pressure
to an atmosphere. The sinusoidal signal provided by the lock-
in amplifier and the triangular signal provided by the function
generator were first combined in an adder. Then the com-
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bined signal was sent to the laser controller to realize laser
wavelength scanning and modulation. The power of the laser
changes with the operating current, with a maximum power
value being 6 mW. Several cooled IR detectors (VIGO sys-
tem) were switched through optical components to receive the
specific laser beam passed through the absorption cell. The
received signals were sent to the lock-in amplifier for demod-
ulation to obtain the wavelength modulated spectrum.

Femtosecond 

Ramp
generation

Laser
controller

Adder

Detector

Computer

Gas in Gas out

BDDL

FilamentTi:sapphire laser

Lock in

Fig. 1. Experimental setup for femtosecond laser filament-induced atmo-
spheric reaction and absorption spectra measurement. DL: diode lasers, and
BD: beam dump.

3. Experimental results and discussion
The production and evolution of CO, NO, and HCN

are monitored by using laser absorption spectroscopy. The
stronger absorption line intensities in the mid-infrared re-
gion provide high detection sensitivity for the generated prod-
ucts. Figure 2 shows the spectra measured by direct ab-
sorption spectroscopy for determining the absolute concen-
tration and the supplemented wavelength modulation absorp-
tion spectroscopy with enhanced sensitivity for trace products
monitoring. The P19 transition of CO fundamental vibration
band (υ ′ = 1) ← (υ ′′ = 0) at 2064.3969 cm−1 is used to
measure CO. The P13 transition in (υ ′ = 1 00 0) ← (υ ′′ =

0 00 0) vibration band at 3271.443160 cm−1 is used to mea-
sure HCN. The isolated molecular absorption peaks for CO
and HCN measurements are shown in Figs. 2(a) and 2(b), re-
spectively. The frequency intervals of the absorption lines are
too close to be resolved and the mixed absorption peaks of NO
molecules are shown in Fig. 2(c). The transitions of NO are
assigned to the fundamental vibration bands in X2Π1/2(υ

′ =

1)←X2Π1/2(υ
′= 0) and X2Π3/2(υ

′= 1)←X2Π3/2(υ
′′= 0)

systems. The generated products gradually accumulate and
evolve with reaction time in the absorption cell. The spectral
intensities of CO, HCN, and NO, defined as the peak values of
wavelength modulation absorption spectra illustrated in Fig. 2
are continuously monitored with the reaction time at varying
air pressures.

CO 

(a) CO

HCN

(b) HCN

(c) NO
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Fig. 2. Measured direct absorption (DA) spectra (red lines) and wavelength
modulation absorption spectra (black lines ) of (a) CO, (b) HCN, and (c) NO
produced from filaments-induced atmospheric reaction.

Figure 3(a) shows that the CO spectral intensity increases
gradually with reaction time increasing in 10-Pa air. In
contrast, the spectral intensities first increase, then decrease
slowly in 150-Pa and 250-Pa airs, reaching their correspond-
ing maximum values at 10 min and 5 min. A decrease of the
time to reach the maximum spectral intensity of CO with in-
creasing air pressure is observed. The phenomena in Fig. 3(a)
can be explained below. The generated CO molecules suffer
the rotation excitation induced by filaments that enhance the
population at the lower level, resulting in the enhancement of
absorption spectra. However, the continuous excitation by the
filaments may also depopulate the low level, causing the spec-
tral intensity to decrease with time going by. Another reason
for the spectral intensity decreasing with time going by is that
the consumption of CO due to its reacting with other prod-
ucts surpasses the generation of CO, which will be further de-
scribed below. Therefore, we use the spectral intensities to
represent the CO accumulation because the rotation excitation
enhanced absorption spectra do not accurately describe the CO
number density. The maximum spectral intensities of CO at
other air pressures are normalized to the maximum value at
10 Pa as shown in Fig. 3(b). The CO spectral intensity de-
creases dramatically with air pressure increasing.
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Fig. 3. Reaction-time-dependent wavelength modulation absorption spectral intensities at different air pressures for (a) CO, (c) HCN, and (e) NO. Pressure-
dependent maximum spectral intensities for (b) CO, (d) HCN, and (f) NO.

The generated HCN also suffers rotation excitation by fil-
aments. Like the case of CO, the relative spectral intensity
other than absolute number density is adopted to represent
the accumulation process of HCN. Figure 3(c) shows that the
HCN spectral intensity increases with reaction time increas-
ing under different air pressures. The spectral intensities of
HCN after 30-min reaction at different air pressures are nor-
malized as indicated in Fig. 3(d). Like the case of CO, the
generated HCN decreases sharply with air pressure increas-
ing. The spectral intensity of HCN will still increase with a
reaction time, longer than 30 min. Then the lower level will
suffer a depopulation by the filament, resulting in the spectral
intensity decreasing with time increasing, which is similar to
the scenario of CO in Fig. 3(a).

The generations of CO and HCN are related to the
CO2 conversion since CO2 is the dominant carbon-containing
molecule in the air. Figures 3(b) and 3(d) reveal that the spec-
tral intensity of CO and HCN decrease with air pressure in-
creasing, consistent with the CO2 decomposition in sealed-off
CO2 laser.[10] The number density of CO and HCN can be
determined from their absorption spectra to deduce the con-
version ratios from CO2. However, the obtained density of
CO and HCN are close to or even higher than that of CO2

due to the filament-induced rotation excitation. The deduced
conversion ratio from CO2 to HCN and from CO2 to CO are
much overestimated in the reduced pressure air. When CO
and HCN are produced in the reactor and the laser is blocked,
the spectral intensity of HCN and CO remain stable within
tens of hours of continuous observation. This spectral stability
means that the de-excitation and reaction of the excited HCN
molecules and CO molecules are negligible without the con-

tinuously inducing the laser filaments.
On the other hand, the generation and evolution of NO

are entirely different from that of CO and HCN. The inset in
Fig. 3(e) shows that the NO accumulates to a maximum value
after 15-min reaction and remains stable in 100-Pa air. When
in 104-Pa air, it takes much longer time for NO to reach the sta-
ble concentration, and the spectral intensity increases linearly
with reaction time increasing within 30 min. The spectral in-
tensity of NO increases with reaction time increasing within
longer than 30 min untill a stable value is reached, but the ob-
vious depopulation by the filament is not observed for CO and
HCN. Figure 3(f) shows the NO number density determined
from the direct absorption spectra after one-hour reaction at
different air pressures. The NO density shows good linearity
in reduced pressure air with pressure less than 104 Pa, corre-
sponding to a mixed concentration of 445 ppm. However, it
takes more time to reach a comparable concentration at the
higher air pressure.

The ambient air is sealed in the absorption cell, and the
chemical reaction induced by laser filament lasts for 5 h to es-
timate the concentration of stable products. The accumulated
number density of NO is 3.62×1015 cm−3, corresponding to
a mixed concentration of 134 ppm. The concentration of CO
and HCN are 80 ppm and 1.6 ppm, corresponding to 20% and
0.4% of CO2 conversion ratio, respectively. However, the de-
duced conversion ratio of CO2 to CO and CO2 to HCN may
still be overestimated due to the rotation excitation induced by
laser filament.

Figure 4 shows the schematic diagram of the decompo-
sition of CO2 and the generation of CO, HCN, and NO in
air. The CO generated in air filaments comes from the de-
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composition of CO2. The CO2 can be converted into the more
reactive species, CO and O in filaments through direct elec-
trons impact dissociation, i.e., e+CO2→ CO+O+ e. In ad-
dition, the filament plasma transfers its energy to the vibra-
tionally excited states of CO2. The electron impact causes
CO2 to dissociate from the excited states and promote the CO
generation. This mechanism is called excitation dissociation
through the pathway e+CO2 → e+CO∗2 → CO+O.[11,12]

Besides, the electrically excited states of N2 molecules, such
as the A3Σ+

u metastable state, are generated through colli-
sions between energetic electrons and neutral N2 by ultrashort
laser pulses. The collision between metastable N2 molecules
and excited CO2 molecules also promotes the dissociation of
CO2 molecules and increases the formation of CO through N2

(A3Σ+
u )+CO2 → CO+O+N2.[13] We do find that the CO2

in the reduced pressure air is dramatically vibrationally ex-
cited by filaments, by monitoring its absorption spectra. The
enhanced dissociation from the excited states of CO2 should
significantly contribute to the CO formation, especially in the
reduced pressure air with less than 1000 Pa.

+e

Reaction (OH...)

Recombination
CO

N

CN
NO

N O
O2N2

N2(A)

H2O

OHCN

OH
HNCO

CO2
H, OH, H2O*...

Fig. 4. Schematic diagram of decomposition of CO2 and generation of CO,
HCN, and NO in air.

The HCN formation involves the reactions between the
molecular fragments coming from H2O, CO2, and N2. The CN
radicals, mainly coming from the reactions between N atoms
and CO molecules, act as the precursor and react with H, H2O,
H2, and OH to form HCN as shown in Fig. 4. The available
hydrogen atoms, mainly from H2O decomposition, are essen-
tial for HCN generation. The relative humidity of the ambient
air is 29%. We observed that the filaments in humid air greatly
enhance the HCN generation. The H and N atoms are abun-
dant in the humid-reduced pressure air plasma benefiting from
the collisions between the higher energetic electrons and the
neutral molecules, promoting the HCN generation.

The formations of CO and HCN in air filament plasma
are accompanied by consumption due to reactions. The con-
sumption is more significant at higher pressure, resulting in a
minor cumulative concentration with the same reaction time
as at lower pressure. As shown in Fig. 4, one consumption
pathway of CO is transformed into that of HCN through the
CN radicals by reacting with N atoms. Other consumption of
CO is the reaction with other free radicals or collision-induced
recombination to produce CO2.

The OH radicals, mainly generated by dissociating H2O
molecules in the air filaments, consume many CO molecules.

Figure 5 shows the CO spectral intensity in 200-Pa air mixed
with different quantities of water vapors. The accumulation
time to reach the maximum is shortened, and the maximum
spectral intensity is reduced with the increase of water vapor
added. Besides, the survival time of CO is also significantly
shortened due to the enhanced OH concentration coming from
the added water vapor. The CO generated by filaments in
the mixed gases is almost entirely consumed in 4 min when
100-Pa water vapor is mixed in 200-Pa air. As a comparison,
adding the same amount of N2 and O2 to 200-Pa air has no
such significant effects as adding H2O on the formation and
evolution of CO.

200 Pa air
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Fig. 5. Wavelength modulation absorption spectral intensities versus reac-
tion time of CO generated by filaments in 200-Pa air mixed with different
amounts of water vapor.
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Fig. 6. Influence of O2 on generated HCN in ultrashort laser filament-
induced atmospheric reaction.

Reactions with O dominate the consumption of HCN in
the filament-induced reactor.[14] Figure 6 shows the HCN gen-
eration and evolution by filaments in 50-Pa humid air influ-
enced by adding O2. First, the HCN accumulate for 10 min to
obtain sufficient concentration in the reactor. Then, the laser
is blocked, and 10-Pa O2 is added for mixing. The spectral
intensity of HCN shows a slight increase within 100 min dur-
ing oxygen mixing, meaning that the generated HCN is not
consumed by the added O2 and other molecules in the re-
actor. When the laser functions again, the spectral intensity
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decreases rapidly due to the reactions between HCN and the
products, mainly the O atoms, induced by laser filament. As
shown in Fig. 4, the HCN can also react with OH to form
HNCO, the isocyanic acid related to prebiotic chemistry.[14]

The CO2 is the primary carbon-containing molecule in
the air, dominating the atmospheric carbon chemistry, provid-
ing the carbon for CO and HCN generations by filaments. In
reduced pressure air, the collision between high energetic elec-
trons and the ground state CO2 improves the vibration excita-
tion of CO2, promoting the conversion of CO2 into CO and
HCN via the excited states of CO2. The N2 is the primary
nitrogen-containing molecule in the air, dominating the nitro-
gen chemistry initialized by ultrashort laser filaments. The
N2 provides N atoms for forming nitrogen oxides and pro-
motes the dissociation of CO2 in filament plasma. The high-
concentration NO is produced under various air pressures,
which is the precursor of other nitrogen oxides. The very com-
plex chemistry occurring in ultrashort laser-induced reactions
limits the entire understanding of the generation and synthe-
sis of the products. We quantitatively measure the generation
and evolution of CO, HCN, and NO in the reactor by utiliz-
ing mid-infrared absorption spectroscopy. Many other stable
products generated in the filaments, such as O3 and other NOx,
need to be included in the filament-induced atmospheric chem-
istry. On the other hand, filament-produced atoms and radicals
play significant roles because they facilitate complex molecu-
lar synthesis to provide the precursors for synthesizing more
complicated molecules, such as biopolymers.[15]

4. Conclusions
In this work, we experimentally demonstrate that the laser

filament initializes the chemical reactions and generates CO,
HCN, and NO directly from the air. The vibration excitation
of CO2 and rotation excitation of the generated CO and HCN
induced by laser pulses are observed in the reduced pressure
air. The mechanisms and paths of chemical reactions induced

by ultrashort laser pulse still need further studying. By opti-
mizing the power consumption and increasing the net conver-
sion rate of carbon dioxide, the ultra-short laser-induced at-
mospheric reaction may transform atmospheric carbon dioxide
into commercially valuable products while maintaining envi-
ronmental benefits.
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