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Mid-infrared laser filaments in air at
a kilohertz repetition rate
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Laser filamentation overcomes diffraction over a highly ex-
tended distance, making itself a powerful tool for long-range
stand-off detection and light detection and ranging (LIDAR)
applications. Mid-infrared (mid-IR) wavelengths are optimal
for detecting biochemicals and air pollutants due to molecular
fingerprints. Here, we demonstrate mid-IR laser filamenta-
tions in ambient air at a kilohertz repetition rate for the first
time. Laser filaments significantly longer than the linear con-
focal parameter are generated with a pump power exceeding
the critical power in air using a kilohertz, 2.1 pm, femtosecond,
multi-millijoule optical parametric chirped-pulse amplifier.
Odd-harmonic generation up to the ninth order at ultraviolet
and the mid-IR spectral extensions up to 3.5 pm are observed.
The highest third and fifth harmonic efficiencies from ambient
air are obtained, to our knowledge, thanks to the extended in-
teraction length within the filaments. Numerical simulations
reproduce the harmonic generation with good agreement
and confirm that the plasma effect dominates over the higher-
order Kerr effect as the main defocusing mechanism of laser
filamentation in our experiment. The detection of atmospheric
CO, is demonstrated via mid-IR absorption spectroscopy.
High-flux ultrabroadband mid-IR filaments are useful for
the fast and sensitive detection of multiple chemical species
in air. © 2016 Optical Society of America

OCIS codes: (320.6629) Supercontinuum generation; (190.0190)
Nonlinear optics; (300.6340) Spectroscopy, infrared.
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Laser filamentation is a highly nonlinear process that occurs as
the self-focusing from the optical Kerr effect is balanced by dif-
fraction, plasma defocusing, and other nonlinear mechanisms.
The laser peak power needs to be higher than the critical power
that scales with A2 to reach the filamentation regime, where 4 is
the laser wavelength. Filamentation has been widely studied in
solids and high-pressure gases for various applications, such as
supercontinuum generation, few-cycle pulse compression, and
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high-harmonic generation [1,2]. Filamentation in air has espe-
cially attracted considerable attention for applications in remote
sensing, LIDAR, and laser-induced breakdown spectroscopy
[3,4]. Compared to the traditional LIDAR and spectroscopy
based on linear laser beam propagation, filamentation overcomes
diffraction over much longer distances, and, additionally, the back
scattered light is much more directional [2]. This makes laser fil-
amentation a powerful tool for long-range stand-off detection.
Moreover, the broadband supercontinuum from the filamenta-
tion covers a large spectral range, enabling us to access multiple
single-wavelength traces simultaneously in a single-shot measure-
ment. However, most experimental work on filamentation in
ambient air has been limited to the visible and near-infrared
(near-IR) range, where high-energy, ultrafast laser sources are
readily available. By extending the spectral range to the mid-IR,
one could explore higher-order nonlinear processes, as the odd
harmonics in the visible and near-IR regions propagate well in the
atmosphere through filaments [5-7]. More importantly, mid-IR
filamentation in air is highly useful in the direct detection of bio-
chemicals and air pollutants with the resonant fingerprints of the
common molecules, such as H,O, CO,, CO, and NH,.

Even though there have been several reports on odd-harmonic
generation in air pumped by ~2 pm optical parametric amplifiers
in the tight focusing regime [8,9] to determine whether plasma
(standard model [10]) or the higher-order Kerr effect (HOKE)
[11,12] is dominant in laser filamentation, the first and sole dem-
onstration of mid-IR filamentation in air, pumped by a 3.9 pm
optical parametric chirped-pulse amplifier (OPCPA), was reported
very recently [5,6]. However, the mid-IR filaments were generated
at a low repetition rate of 20 Hz, limited by the laser source.
Increasing the repetition rate to the kilohertz range would give or-
ders of magnitude higher photon flux and data acquisition rate,
which is highly favorable for practical applications like remote sens-
ing. Furthermore, ~2 pm of wavelength is of great interest due to
the recent advancement of Ho- and Tm-doped amplifiers suitable
for compact high-power, ultrafast mid-IR sources [13].

In this Letter, we report on the demonstration of mid-IR fil-
amentation in air, for the first time, at a kilohertz repetition rate,
pumped by a kilohertz, multi-millojoule, 2.1 pm OPCPA. The
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odd harmonic generation is observed up to ninth order at 230 nm.
The maximum efficiencies of the third (TH), fifth (FiH), and
seventh (SVH) harmonics are measured to be ~5x 1073,
~1.5x107%, and ~5 x 107, respectively. Numerical simulations
based on coupled nonlinear Schrédinger equations (NLSE) show
a quantitative agreement with the experimental harmonic genera-
tion and confirm that the plasma defocusing is the main defocusing
mechanism in the self-guiding rather than the HOKE in our ex-
periment. On the mid-IR side, the supercontinuum is extended to
3.5 pm with loose focusing geometry. By making use of the mid-IR
filamentation in air with a kilohertz repetition rate, we detect
atmospheric CO, with a high sensitivity via mid-IR absorption
Spectroscopy.

In the experiment, 2.1 pm, 1.7 m], 33 fs pulses at a 1 kHz
repetition rate are delivered from a three-stage OPCPA pumped
by a cryogenic Yb:YAG chirped-pulse amplifier [14,15]. The peak
power of ~52 GW exceeds the ~45 GW critical power of self-
focusing at 2.1 pm wavelength in ambient air [5]. The OPCPA is
capable of generating up to 3.5 mJ (>100 GW). CaF, lenses
with focal lengths ranging from 100 to 1000 mm are used to focus
the beam with an input diameter of ~10 mm (1/¢?) in air. The
experimental schematics are illustrated in Figs. S1-S4 of the
Supplement 1.

Single laser filaments are formed in air, as shown in Fig. 1(a).
For example, a-few-centimeter-long plasma column is observed
with an f = 300 mm lens, where the confocal range without fil-
amentation is only ~4.6 mm for a diffraction-limited Gaussian
beam waist of ~40 pm, clearly indicating the formation of a
filament. The focused beam size is actually ~51 pm, with M2
of ~1.65 having the same confocal range. The length of filament
is as long as 10 cm for f = 1000 mm. The spectrum of the fil-
ament from ultraviolet (UV) to the mid-IR is measured with three
different spectrometers (Thorlabs CCS series, Ocean Optics
USB2000, and a Horiba scanning monochromator). The mea-
sured overall spectrum with /* = 300 mm is shown in Fig. 1(b).
Dramatic spectral extension from the mid-IR to UV occurs
with the filamentation. Odd harmonics up to ninth harmonic
(NH) are generated, corresponding to a spectral extension to
230 nm. At the same time, an octave-spanning supercontinuum
(1.5-3.0 pm) is generated on the mid-IR side.
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Fig. 1. (a) Photographs of the filaments formed in air focused using
CaF), lenses with f = 750, 300, and 100 mm, (b) the supercontinuum
and odd-harmonic spectra generated by filaments with f* = 300 mm. The
red dashed curve is the initial spectrum from our 2.1 pm OPCPA. The
wavelength axis in the mid-IR is scaled to the half of the visible.
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Fig. 2. (a) and (b) show the far-field images of the individual harmon-
ics from a filament, diffracted by a grating. The far-field images of (c) fun-
damental, (d) overall-visible, (¢) TH, and (f) FiH radiation. There is
green and cyan continuum leakage in (e) and (f), respectively, due to
the finite bandwidth of the color filters used.

Figures 2(a) and 2(b) show the far-field image of the filament
diffracted by a grating. Bright TH and visible continuum, blue
FiH, as well as spatially separated UV fluorescence spots that cor-
respond to the SVH and NH are observed. It is interesting to find
that the far-field patterns of TH and FiH as well as the visible con-
tinuum are composed of a bright center line and two separated
emission lines, which indicates a conical profile, while the SVH
and the NH tend to be on-axis, as shown in Fig. 2(b). The far-field
profiles of the fundamental, overall-visible, TH, and FiH radiation
are measured with color filters, as shown in Figs. 2(c)-2(f).
Figures 2(d)-2(f) present the real color on a paper sheet, while
Fig. 2(c) in pseudo-color is directly measured on a pyroelectric
camera and therefore has a horizontally flipped image. A conical
pattern is observed for all the four far-field profiles. Compared
to TH in Fig. 2(e), FiH in Fig. 2(f) has a more concentrated
on-axis component and a well-separated off-axis emission, indicat-
ing the transition toward the on-axial emission as the harmonic
order increases. It is also possible that these off-axis emissions
are attributed to the conical emission of the fundamental beam.

The conversion efficiencies of TH, FiH, and SVH with differ-
ent focal length lenses are measured using a 600 groove/mm
grating with a known diffraction efficiency and a power meter (see
Fig. 82 of Supplement 1). Color filters and apertures are used to
filter out the scattered light. As shown in Fig. 3(a), the maximum
harmonic efficiencies have been obtained at f = 250-350 mm,
with 1.7 m] of energy. At long and short focal lengths, such as 750
and 100 mm, the harmonic efficiencies drop because both the
intensity and the interaction length are important for the har-
monic generation. The optimal focusing geometry provides the
balance between a high peak intensity and a long interaction
length extended by filamentation. The energy loss, depletion of
neutral atoms, and phase mismatch induced by ionization are also
responsible for the drop of harmonic generation efficiencies at
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Fig. 3. (a) The measured TH, FiH, and SVH efficiencies from the
filamentation in air, using 1.7 mJ pump energy and different focal length
lenses. (b) The measured TH and FiH efficiencies with an /" = 330 mm
lens at different pump energies.
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very tight focus. The maximum efficiencies of TH, FiH, and
SVH are measured as ~5 x 1073, ~1.5 x 1074, and ~5 x 1075,
respectively. To our best knowledge, these are the highest reported
TH and FiH efficiencies from ambient air.

We also measured the TH and FiH efficiencies versus the
pump energy with a focal length of 330 mm, as shown in
Fig. 3(b). The detector assisted with a lock-in amplifier is used
to exclude the thermal noise for detecting weak signals. It is ob-
served that the efficiency of TH exhibits a dramatic increase with
the slope dependence of energy measured as Ety ~ (E pump)5'1 up
to 0.3 m]J, which is attributed mainly to self-focusing and con-
sistent with previous reports with air or long gas cells [16] using
near-1R lasers. The estimated nominal pump intensity at 0.3 m] is
~200 TW /cm?, where the nominal pump intensity is the peak
intensity in vacuum. As the pump energy increases beyond the
saturation intensity of oxygen and nitrogen, the air becomes sub-
stantially ionized and the intensity clamping occurs due to the
plasma defocusing and filamentation. The peak intensity in the
filament does not exceed 100 TW /cm? due to intensity clamping,
as shown by the calculation in Fig. 4(c). However, the extended
interaction length, channeled by the filamentation, and the par-
tially compensated Guoy phase shift keep the TH efficiency in-
creasing. As a result, the growth of TH is slowed down with
Eiy ~ (Epump)>”. The TH conversion efficiency of ~5 x 107 is
obtained at 1.7 m]. For the FiH generation, as shown in Fig. 3(b),
measurable FiH appears at 0.3 mJ of input energy when the TH
efficiency reaches >107%. The FiH efficiency of ~1.5 x 107 is
obtained at 1.7 m]. The FiH efficiency also follows the slope
of ~(Epump)3'0 due to the filament with the clamped intensity.

We also numerically calculated the harmonic generation effi-
ciency using a wave propagation model based on the coupled
NLSE [17-19] (see Supplement 1 for details), which accounts
for the presence of the fundamental and harmonic fields up to
NH. We consider relevant nonlinear interactions and their effects
on harmonic generation. In particular, we model the effects of
self-phase modulation (SPM) and cross-phase modulation (XPM)
on phase mismatch between the fundamental and the generated
harmonic fields. Our model considers diffraction, dispersion,
group velocity walk-off, ionization absorption, plasma absorption
and defocusing, and SPM/XPM on beam propagation. FiH is
generated via a direct process and a cascaded process involving
the fundamental and generated harmonics (see Supplement 1 and
Ref. [19] for details). For simplicity, we only consider the direct
contributions arising from the nonlinearity coefficients 74 and g
to SVH and NH generation. We ignore SPM and XPM by the
weak harmonic fields. For the plasma generation, the Perelemoy,
Popov, and Terent’ev model [20] is used for the ionization of oxy-
gen and nitrogen by the fundamental field. We ignore the Raman
nonlinearity in our simulation mainly due to relatively short pulse
duration and filament length (see Fig. S6 in Supplement 1).

We simulate the experimental condition with an ' = 300 mm
focusing geometry, which corresponds to a 40 pm 1/¢? beam ra-
dius at the focus, and we assume an index of refraction of air at
2.1 pm, as reported in Ref. [21]. The experimental beam size is
~51 pm with M? of 1.65, but the difference in the simulation
results between two beam sizes is almost negligible. We consistently
use 40 pm to keep the same confocal range as in the experiment.
In all of the following simulations, harmonic signals are calculated
at a 100 mm propagation distance beyond the geometric focus.
Gaussian profiles are used in both the time and space domains.
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Nonlinear refractive index coefficients are chosen based on those
reported in Refs. [11,22]. The set of nonlinear index coefficients
used is 7, = 1.2x 107 cm? /W, 75 = 2.1 x 10740 cm® /W73,
and 7g = -0.8 x 10°% cm®/W*. Comparative simulations are
run by varying 7, as a free parameter to match the experiments.
In the simulations, 7, and 74 contribute to both the harmonic
generation and SPM/XPM, while 75 and 7g only contribute to
the harmonic generation. We also study the effect of higher-order
nonlinearities on beam propagation by incorporating HOKE con-
tributions in the phase modulation terms of the equations, thus
simulating the HOKE model [12,21].

Figures 4(a) and 4(b) show the TH and FiH simulation results,
respectively, for harmonic efficiency calculated with different non-
linearity coefficients. For all models, the saturation of the TH
efficiency is reproduced by the simulation as the pump energy
increases beyond 0.1 m]. The efficiencies at 1.5 m], calculated
from the standard model with 724 = 0, are 6 x 1073, 2 x 1074, and
4 x 107 for TH, FiH, and SVH (see Fig. S7 in Supplement 1),
respectively. The corresponding peak intensities are plotted in
Fig. 4(c) along with the nominal pump intensity, showing the
intensity clamping at <100 TW /cm?. The plasma density in
the filament is (6-9) x 10'® cm™ for all the models. The stan-
dard model shows a good agreement with our experiment for TH
and FiH efficiencies. Therefore, the models with SPM/XPM non-
linearity accounted for only up to 74 predict harmonic efficiencies
comparable to those measured experimentally. It should be noted
that the HOKE model predicts harmonic efficiencies of TH and
FiH considerably higher than those measured in the experiments,
indicating that defocusing via plasma generation is more impor-
tant than the HOKE in our experiment. While the standard
model overestimates the SVH efficiency, the HOKE model has
resulted in larger discrepancy in SVH calculations (see Fig. S7
in Supplement 1). The simulated spatial profiles of the funda-
mental beam and the harmonic beams qualitatively reproduce
the experimental observations of ring patterns (see Fig. S8 in
Supplement 1). We also provide the simulations based on the
carrier-resolved unidirectional pulse propagation equation [23]

in Figs. S9-S11 of Supplement 1 to further back up the coupled
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Fig. 4. Calculated efficiency of (a) TH and (b) FiH for different sim-
ulation models with / = 300 mm. The standard model with 74 = 0,
+1x1073% ecm* /W2, -1 x 103% cm?*/W?2, and +7 x 1033 cm*/W?2,
and HOKE model are used. (c) The peak intensities versus input energy
calculated for different models are compared to the nominal pump intensity.
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Fig. 5. (a) Comparison of the mid-IR continuum spectra after propa-
gating through a CO, gas cell with gas turned on and off. (b) The mid-IR
spectra with free propagation in air over 40 and 140 cm.

NLSE simulation results that lack the accurate calculation of con-
tinuum generation.

Finally, we demonstrate the mid-IR absorption spectroscopy of
atmospheric CO, [24], a major greenhouse gas, to show the po-
tential application to the sensitive detection of chemicals in air. A
looser focus is found to enable a deeper extension to the mid-IR
(see Fig. S5 in Supplement 1) because the spectral broadening
is dominated by SPM of neutral atoms, which symmetrically
extends the spectrum to both sides [25] with the minimal self-
steepening and/or plasma effect. With /= 1000 mm, the super-
continuum from the mid-IR filament reaches 3500 nm, which is
used in the experiment for absorption spectroscopy.

We check the absorption lines of CO, by letting the super-
continuum of the mid-IR filament propagate through a 300 mm-
long gas cell filled with CO, at ~340 mbar (see Fig. S3 of
Supplement 1 for the setup). The mid-IR spectra with CO, being
turned on and off are compared in Fig. 5(a). Two distinct absorp-
tion lines of CO, at 2692 and 2768 nm are clearly recorded. The
nearby water absorption lines are well separated. Then, we measure
the mid-IR absorption spectra from the filament in the air with
different propagation distances to detect the atmospheric CO, in
the laboratory environment (~40% of humidity and 68°F of
temperature). As shown in Fig. 5(b), CO, fingerprints are present
and become outstanding as the propagation distance increases
from 40 to 140 cm. This demonstrates that the direct absorption
spectroscopy using the kilohertz, mid-IR filaments provides suf-
ficient sensitivity to detect atmospheric CO, which composes only
~400 ppm in air. Compared to the existing laser filament-based
remote sensing techniques, mid-IR absorption spectroscopy detects
the molecules directly, instead of using fluorescence from the
dissociated molecules (filament-induced nonlinear fluorescence
spectroscopy) or laser-produced plasmas (filament-induced break-
down spectroscopy) [4]. (See Supplement 1 for other methods.)
Therefore, mid-IR absorption spectroscopy via filamentation is
expected to have better accuracy and reliability without the need
for a post-data analysis. Ultrabroadband mid-IR filaments can
also detect multiple molecular species at once.

In conclusion, we demonstrate the mid-IR filamentation in air
at a kilohertz repetition rate, pumped at 2.1 pm, and the efficient
odd harmonic generation up to NH. Our numerical study
confirms that plasma effect dominates over HOKE as the main
defocusing mechanism in the experiment. Direct absorption
spectroscopy of atmospheric CO, is demonstrated. High-
repetition-rate mid-IR filaments are useful tool for the sensitive
detection of various chemicals in the atmosphere. Significant
elongation of the filament length with energy scaling of mid-IR
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pump sources as well as backscattered light measurements will be
needed for practical applications outside laboratories.
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