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Mid-infrared laser filamentation in molecular gases
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We observed the filamentation of mid-infrared ultrashort laser pulses (3.9 pm, 80 fs) in molecular gases. It efficiently
generates a broadband supercontinuum over two octaves in the 2.5—6 pm spectral range, with a red-shift up to
500 nm due to the Raman effect, which dominates over the blue shift induced by self-steepening and the gas ion-
ization. As a result, the conversion efficiency into the Stokes region (4.3—-6 pm) 65% is demonstrated. © 2013

Optical Society of America
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Filamentation of intense ultrashort laser pulses [1,2]
finds growing applications, e.g., in ultrafast photonic
technologies [3] and remote sensing [4]. Efficient spec-
tral broadening of ultrashort laser pulses in the filaments
offers a promising opportunity for frequency conversion,
enabling broadband spectroscopy of the atmosphere [4],
UV spectroscopy of photochemical processes [5], and
synthesis of sub-femtosecond pulses in the UV [6]. Fila-
ments generated by near-IR pulses generally have very
similar behaviors in molecular and atomic gases with
comparable ionization potentials and nonlinear refrac-
tive indices 7y (e.g., in Ar and in N», hence in air). In par-
ticular, they most often generate similar output spectra
because the blue shift due to ionization and pulse
self-steepening [1,2,6,7] dominates the Raman-induced
red shift [8]. However, the latter can be substantial in
favorable conditions [9-11].

Recently, laser sources generating high energy femto-
second pulses in the mid-IR [12] were shown to produce
filaments in argon [3], generating a continuum spanning
over 3 octaves. Such spectral width, also observed in a
bulk crystal [13] opens new horizons in spectroscopy
and remote sensing. The blue shift of the supercontin-
uum spectrum was attributed to ionization and self-
steepening [14].

Here, we describe for the first time the filamentation of
mid-IR (3.9 pm) pulses in the molecular gases N, and O,
We find that the output supercontinuum spectra strongly
contrast from that observed in argon [8] by displaying a
clear red-shift. We interpret this red-shift as governed
by enhanced Raman effect, enabling highly efficient wave-
length downshift of ultrashort pulses toward mid-IR. More
specifically, the filamentation of 80 fs, 10 mJ laser pulses
centered at 3.9 pm in N, generates a Raman-shifted milli-
joule supercontinuum spanning from 2.5 to 6 pm, while fil-
amentation in oxygen yields 65% conversion efficiency
into the Stokes region (4.3-6 pm).

0146-9592/13/163194-04$15.00/0

(320.6629) Supercontinuum generation; (320.7110) Ultrafast nonlinear optics; (320.7120) Ultrafast

Experiments were performed with the optical para-
metric chirped-pulse amplification (OPCPA) system
originally reported in [12], delivering up to 12 mJ,
80 fs (>130 GW peak power) pulses centered at
3.9 pm at the repetition rate of 20 Hz. A ~12 mm diameter
beam was focused by a f = 2 m spherical mirror into a
4 m-long gas cell sealed by 3 mm thick CaF, Brewster
windows. The gas cell was pumped out to a pressure
below 10! mbar and subsequently filled by a target
gas. Using the 12 law for the critical power of self-
focusing, we estimate the value of ~200 GW for atmos-
pheric pressure in nitrogen and oxygen. Since the esti-
mated critical power is beyond the current capacity of
the OPCPA source, the deficit of the peak power was com-
pensated by an increase of the gas pressure in the cell.

For spectral characterization, the beam emerging from
the gas cell was reflected by a pair of CaF, wedges and
focused onto the input slit of the measuring device.
Spectral measurements within the range from 270 to
1700 nm were performed by using a spectral analyzer
(AQ-6315A, Ando) or a spectrometer (USB 4000, Ocean
Optics). For spectral measurements in the mid-IR (from 2
to 6 pm), a 1/2-meter scanning monochromator (Digik-
rom, CVI) equipped with a liquid nitrogen cooled
HgCdTe photodetector (J15D12, Teledyne Judson)
was used. The spectra were merged by independently
measuring the whole spectrum with a low-resolution
home-built spectrometer based on CaF,; prisms and a
multichannel pyroelectric detector that has a flat spectral
response in the spectral range of 0.35-12 pm. The longi-
tudinal plasma distribution in the filament was character-
ized with two electrodes spaced by 1 cm and biased at
500 V, movable inside the cell. The current flowing
between the electrodes is proportional to the electron
density [15].

Injecting the mid-IR pulses into the cell filled with ei-
ther O, or N, and increasing the pressure above 2 bars

© 2013 Optical Society of America


http://dx.doi.org/10.1364/OL.38.003194

~ {@ - \ 10"

c P cmmmimmmmm S

: / \ {10"
2 / \ o
L g e mm e e -110% "o
z

140 150 160 170 180 190 200
Distance from focusing mirror (cm)

0 75

60 (b)
g 50 Nf 6.0
£ 404 {45
F

30+ 30

20 ; ;

3 4 5 6
Nitrogen pressure (bar)
Fig. 1. (a) Longitudinal plasma distribution in nitrogen at 4 bar

with an input energy of 6.5 mJ: measurements (blue line) and
simulations with (magenta dashed line) and without (green
dashed-dotted line) high-order Kerr effects (HOKESs). The ex-
perimental measurement is normalized to the peak of the
numerical result. (b) Dependence of the filament length (foot
to foot) on nitrogen pressure. The right axis shows the filament
length normalized to the experimentally measured Rayleigh
length Zp ~ 9 cm.

resulted in a significant contraction of the output beam
size, as well as ionization of the gas over a distance of
several times the Rayleigh length, which is measured
to lie close to Z ~ 9 cm [Fig. 1(a)]. This behavior is char-
acteristic of filamentation, in which a dynamic balance
between opposing nonlinear effects of different orders
results in an efficient self-guiding. The filament length
increased linearly with the gas pressure [Fig. 1(b)] up
to 6 bars. Beyond that pressure, the beam structure
became unstable, resulting in multiple filamentation.
As was the case in argon [14] and condensed media
[13], the filamentation of mid-IR laser pulses in O, and
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Fig. 2. (a) Blue solid line—spectrum measured after the cell
filled by 4 bars of nitrogen, pulse energy 9 mJ; magenta dashed
line—numerical simulations. (b) Olive solid line—spectrum
measured after the cell filled by 4 bars of oxygen, pulse energy
9 mJ. Magenta dashed line—numerical simulations. (c) Red
solid line—spectrum measured with 4.5 bars of Ar, pulse energy
6.5 mJ. Magenta dashed line—numerical simulations. The input
spectrum is shown in all panels by the grey filled profile.
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N, was accompanied by supercontinuum generation
(Fig. 2), with a much more efficient broadening than
in near-IR filamentation. This continuum is particularly
broad in oxygen, where it spans from 3 to 6 pm at
4 bar pressure. However, while in argon the continuum
was substantially blue-shifted by ~440 nm due to ioniza-
tion and self-steepening [Fig. 2(c)], in molecular gases
[Figs. 2(a) and 2(b)] the spectrum is red-shifted by
~500 nm (i.e., ~13% of the fundamental wavelength) in
O, and by ~40 nm in Ns, respectively.

The difference observed between the shifts of the con-
tinuum spectra of molecular and atomic gases is remark-
able, since in the near-infrared the filamentation of
companion gases, featuring the same ionization potential
and nonlinear refractive indices, lead to very comparable
properties, including spectra. To identify the key physical
processes behind these different behaviors, we solved
numerically the three-dimensional field evolution equa-
tion [1,2] as detailed in Eq. (1) of Ref. [16]. It includes
dispersion and absorption in a fast-ionizing molecular
gas, beam diffraction, as well as the Kerr (up to the
8th order [17]), stimulated rotational Raman, and plasma
nonlinearities. The field evolution equation was solved
jointly with the equation for the electron density using
the Keldysh model of photoionization and the Drude-type
model of impact ionization with standard values of
ionization potentials and electron collision times for
molecular nitrogen and oxygen [1,2] The standard set
of parameters fully specifying the model [1,2,18] was
adapted to the mid-IR spectral range considered in this
work, yielding the nonlinear refractive index coefficients
Ny ~ 1.5-107(p/PDaim) €n0®/TW,  |ny| < 1-107°(p/Pyirm)
cm?/TW?, |ng| < 5-1072(p/pam) cm®/TW3, and ng ~
-3-1072(p/pam) cm®/TW* for N, and my ~ 3.5- 1077
(D/Pam) €m*/TW, gy % =8 - 107 (p /Do) cm*/TW?, ng =
-1.8-107%(p/py) cmb/TW3,  and  ng~ -5-10712
(p/Pam) for O, a standard damped oscillator model of
the Raman response with an oscillation period of
390 fs for Ny and 470 fs for O,, decay time of 120 fs
for N, and 140 fs for Oy, and the Raman fraction of
0.3 for N, and 0.45 for O,, an ionization potential of
15.6 eV for N, and 12.1 eV for O,, and the collision time
in the Drude-type model of impact ionization [2] esti-
mated as 350(p,/P) fs for both gases. The inequalities
for the 4 and ng nonlinear coefficients in nitrogen mean
that the contribution was found to be negligible in
comparison to ng. Based on the experimental spectra,
showing no detectable third-harmonic signal, we infer
that the cubic susceptibility responsible for third-
harmonic generation is |y® (3w; @, w, ®)| < 102 (D/Datm)
cm?/V2,

Numerical simulations agree well with the experimen-
tally determined profiles of the electron density along the
filament [Fig. 1(b)] and supercontinuum spectra
measured at the output of the filament [Figs. 2(a)
and 2(b)], thus verifying the predictive power of
our model.

In order to assess the origin of the red-shift of the con-
tinuum observed at the exit of the filaments in molecular
gases, we compared the solutions of the field evolution
equation for supercontinuum generation by ultrashort
mid-IR pulses in filament with and without the Raman
term. The latter conditions cancelled the red shift (Fig. 3),
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Fig. 3. Numerically calculated spectra broadening in 4 bars of
(a) nitrogen and (b) oxygen without Raman contribution
(dashed line) and with Raman contribution included (solid
line). The gray filled profile in both panels shows the input pulse
spectrum.

unequivocally illustrating the key contribution of the
Raman effect. This dominant contribution also explains
the different behavior of O, and N5 on one side, and Ar on
the other side, the latter being an atomic gas, and there-
fore not prone to the Raman effect. It also explains the
much stronger red-shift in Oy as compared to Ny. Since
the polarizability anisotropy of oxygen is 1.6 times higher
than the nitrogen one [8], the rotational torques experi-
enced by the two corresponding molecular wavepackets
under intense femtosecond field excitation are in the
same ratio, so that the Raman effect contributes more
to the overall nonlinearity during filamentation in Oy than
in Ns. An even stronger redshift might therefore be
expected in CO,, the polarizability anisotropy of which
is twice that of oxygen.

Importantly, the Raman effect, accompanying filamen-
tation of ultrashort pulses in the mid-IR, redshifts super-
continuum spectra across the entire beam [Figs. 4(a)
and 4(b)], providing high overall efficiencies of wave-
length downshift. This is confirmed also by spatially
resolved spectral measurements with the homemade
prism spectrometer. Specifically, the red-shifted part
of the filament output spectrum (4.3—-6 pm) in oxygen
[Fig. 2(b)] carries about 65% of the input laser energy,
providing a millijoule source of mid-IR pulses with wave-
lengths extending down to 6 pm.
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Fig. 4. Supercontinuum distribution over the beam at the out-
put of a cell with (a) Ny and (b) O, at p = 4 atm for an input
pulse width of 80 fs and an initial energy of 9 mJ.

hed
N}
i
o

— —no shock (a)
4 |=-=noHOKE
=+ - noRaman _
—allincluded "
Z

~= = no shock (b)
— - =no HOKE

- no Raman -
—all included =

&
»
ES

\

Central wavelength (um)
©  w
 ©
Central frequency (um
s
o N
RN
: 5 \
. \

)
o

N2 '

©
e
-
©

e
o

o

o
b ag
>
/

00 05 10 15 20 25 30 00 05 10 15 20 25 30
Propagation distance (m) Propagation distance (m)

Fig. 5. Central wavelength of a mid-IR laser pulse with an in-
put pulse width of 80 fs and an initial energy of 9 mJ as a func-
tion of propagation distance in (a) molecular nitrogen and
(b) molecular oxygen, both at p = 4 atm, simulated using the
full model with all the relevant effects included (blue and green
solid line correspondingly), without HOKESs (red dashed—dotted
line), without the shock term (magenta dashed line), and
without the Raman effect (the bordeaux dotted line).

This result is in striking contrast with the laser-induced
filamentation in the near-IR, where Raman-induced red
shift is usually masked or suppressed by spectral blue
shift due to ionization and where ionization leads to a
considerable energy loss. In the mid-IR spectral range,
higher-order nonlinear susceptibilities play much more
significant role [18], clamping the field intensity in a fil-
ament at much lower levels (e.g., 33 TW - cm™2 in 4 bar
N,, versus 160 TW - cm™2 if higher-order susceptibilities
were disregarded) and ionization effects are too weak
[typical electron densities being well below 10'® cm™,
see Fig. 1(b)] to give rise to any noticeable energy losses
or spectral shifts. Subsequently the efficiency of the
Raman term dominates the other nonlinear terms induc-
ing spectral shifts of the supercontinuum by a factor of 2,
so that the associated red shift of the supercontinuum
generated in a filament becomes very high. This feature,
specific to the mid-IR and to molecular gases, suggests
an attractive practical scheme for wavelength down-
conversion in the molecular fingerprint region.

In Figs. 5(a) and 5(b), we examine the dynamics of the
wavelength shift of the mid-IR pulse in a filament in
molecular nitrogen and oxygen, respectively. In the ab-
sence of high-order Kerr effect (HOKE), the wavelength
shift in both gases is dominated by ionization-induced
blue shift. The HOKE in the studied range of parameters
tends to limit the field intensity and the electron density
in a filament. With the HOKESs included in the model, the
overall wavelength shift is controlled by the interplay of
the Raman-effect-induced red shift and the blue shift due
to the shock-type self-steepening of the laser pulse. In
molecular nitrogen, these two effects are seen to effec-
tively cancel each other for propagation paths longer
than 2 m. in molecular oxygen, on the other hand, a
stronger Raman effect prevails over the shock-induced
blue shifting, giving rise to a pronounced red shift, which
tends to accumulate with the propagation distance. The
compressibility of the broadband mid-IR field waveform
produced at the output of a filament is demonstrated by
the results of simulations presented in Fig. 6. Here, we
show that chirp compensation with a 1.6 mm CaFs plate
with no additional nonlinear phase shifts can compress
the supercontinuum output of a filament (blue dotted line
in Fig. 6) to an FWHM pulse width of 15 fs (magenta solid
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Fig. 6. Simulation of temporal envelopes of the Mid-IR laser
output (dark blue dashed line), the pulse behind the gas cell
with N, at 4 bar (blue dotted line), compressed pulse behind
a 1.6 mm-thick CaF, plate (magenta solid line), and trans-
form-limited pulse supported by the entire spectrum bandwidth
generated in the filament inside the gas cell (green dashed-—
dotted line).

line in Fig. 6). The transform-limited FWHM pulse width
(green dashed—-dotted line in Fig. 6) supported by the en-
tire spectrum bandwidth generated in the filament inside
the Nj cell is only 10% shorter than the FWHM duration of
the pulse compressed by the CaF, plate. However, the
uncompensated phase distortions of this pulse are seen
to give rise to a prepulse and postpulse containing 23 and
9% of the overall energy of the laser pulse, respectively.

To summarize, filamentation of mid-infrared (3.9 pm)
ultrashort (10 mJ, 80 fs) pulses has been observed in
molecular gases. It gives rise to a spectacular supercon-
tinuum generation together with efficient wavelength
downconversion due to the domination of the Raman
term over the ionization and self-steepening ones usually
responsible for a spectral blue shift. The conversion
efficiency into the red part of the continuum (4.3—
6 pm) therefore reaches up to 65%.
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