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Generation of tunable and broadband far-infrared laser pulses during two-color filamentation
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Tunable far-infrared laser pulses were generated efficiently during two-color filamentation in air. Understanding
the creation of few-cycle far-infrared laser pulses is important since it is at the frontier between two possible

generation mechanisms. The first one is the four-wave mixing generation, associated to the generation of
wavelengths from ultraviolet up to mid-infrared laser pulses. The second process is the formation of transient
photocurrent, which was recently used to describe the generation of submillimetric (terahertz) waves. Comparison
between experiments and simulations revealed that the four-wave mixing mechanism is dominant for the far-

infrared generation during two-color filamentation.
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Filamentation of ultrashort laser pulses demonstrated nu-
merous potential applications such as guiding electric dis-
charges [1] and microwaves [2], the compression of few-
cycle and powerful laser pulses [3], and the generation of
ultrabroadband white-light laser [4,5] and its application to
the teledetection of atmospheric pollutants [6]. Filamentation
of ultrashort laser pulses in optical media is governed by the
dynamic interplay among the optical Kerr effect due to the
intensity-dependent refractive index, the intrinsic diffraction
of the laser beam, and defocusing from low-density plasma
induced by multiphoton/tunnel ionization [7-9]. During non-
linear propagation, the laser self-transforms into a white-
light laser pulse and the interaction between the spectral
components of this filamenting pulse can also contribute to its
spectral broadening [5] up to the generation of a submillimetric
(terahertz) pulse [10]. However, the copropagation of two
pump pulses of different wavelengths in the filament zone was
shown to be a simple and more efficient method of generating
new broadband pulses through third-order nonlinear processes.
These nonlinear interactions occurring in the core of filament
produced new laser pulses having peak wavelength from the
ultraviolet (UV) [11] up to the mid-infrared (MIR) [12,13].
Recently, broadband terahertz pulse generation has also been
reported by using two-color pump pulses [14—-16]. While the
gap of the far-infrared (FIR) wavelength was not studied
through two-color filamentation, the reported mechanisms
describing the generation of laser pulses from UV to MIR
and in the terahertz band are different. The generation of
UV up to MIR laser pulses during two-color filamentation
has been described through the four-wave mixing (4WM)
parametric generation [11-13]. Such a process was attributed
to the nonlinear response of neutral atoms and molecules in
the high-intensity zone of the filament. On the other hand, the
generation of broadband terahertz (THz) pulses spanning down
to the FIR was attributed to a transient photocurrent induced
by the free electrons driven by the asymmetric field of the
pump pulses [15]. Since the generation of FIR pulses during
two-color filamentation is bridging the gap separating the two
generation mechanisms, it becomes important to clarify the
physical process involved.
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The experiment was performed using the Terawatt &
Terahertz portable laser facility producing laser pulses of
5 TW peak power at a repetition rate of 10 Hz. The laser
system delivers 225 mJ per pulse with a pulse duration of
38 fs. The central wavelength is 805 nm and the spectral
bandwidth is 27 nm. The compact Ti:sapphire laser system
sits on a 1.25 x 2.5-m? optical table which is mounted inside
a sea container that can be transported in the field. For the
experiments reported here, the diameter of the beam at the
output of the optical compressor was 2.5 cm at full width half
maximum (FWHM). The key element of the experiment was to
split the original beam into two beams having different central
wavelengths. The first beam is frequency doubled by a second
harmonic crystal and is combined with the second beam in
order to create the two-color filamentation. The splitting of
the beam was done with a dichroic mirror (DM1) having a
smooth cutoff reflectivity at 805 nm. Thus, this mirror reflected
the spectral components below 805 nm and transmitted the
wavelengths longer than 805 nm. The two resulting beams
had equal energy, but different spectral distributions [see
Fig. 1(b)]. The laser beam centered at 795 nm was used to
generate a filament in air, while the 813-nm beam propagated
in an optical delay line and through a 500-um-thick potassium
dihydrogen phosphate (KDP) crystal used as second harmonic
(SH) generator. Such a thick KDP crystal had a SH conversion
efficiency of 5% for the 813-nm laser beam. The resulting
spectral narrowing of the SH pulse due to the thickness of the
KDP crystal had negligible impact on this experiment. The
SH pulse was superimposed concentrically with the 795-nm
laser pulse by a second dichroic mirror (DM2). The DM2
transmitted the SH beam, reflected the 795-nm pulse on its
front surface and rejected the residual 813-nm pump beam at
its rear surface. The temporal delay between the SH and the
795-nm laser pulses was controlled by the optical delay line.
The two beams were focused in ambient air with a silver-coated
concave mirror (CM) having a 1.5-m-long focal length. The
polarization of the two beams was individually controlled with
half-wave (1/2) and quarter-wave (A /4) plates. Before the fil-
ament, the pulse duration of the near-infrared (NIR) (795 nm)
pulse was 50 fs at FWHM (transform limited), while the SH
pulse was positively chirped to 130 fs (transform-limited pulse
duration was 70 fs).

After the two-color filamentation, the spectra of the NIR
and SH pulses were both slightly affected by the nonlinear
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FIG. 1. (Color online) (a) Ex-
A perimental setup for the generation
of a far-infrared pulse during fila-
mentation in air. (b) Spectral dis-
tribution of the laser pulses before
and after the dichroic mirror DM1.
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interaction occurring in the filament. In the case of the SH
pulse, we observed a symmetric spectral broadening which
was due to the self-phase modulation and the cross-phase
modulation with the NIR pulse. For the NIR pump pulse,
we observed a predominant blue-shift broadening which was
due to the self-steepening [7-9], and the centroid wavelength
shifted to 785 nm.

A third pulse in the FIR was also generated during the
two-color filamentation. This FIR pulse was isolated with a
5-mm-thick germanium window positioned 50 cm beyond the
filament. The germanium window reflected and absorbed the
pump pulses and transmitted the IR wavelength from 2 um
up to at least 15 um. The spectral distribution of the FIR
pulse was characterized by a calibrated monochromator using
a liquid-nitrogen-cooled mercury-cadmium-telluride detector.
Figure 2(a) presents the measured spectral distribution of the
generated FIR pulse as a function of the relative delay between
the linearly polarized NIR and SH pump pulses. The spectral
distribution of the FIR pulse is shown in Figs. 2(b)-2(e) for
some specific delays. It is interesting to note that since the
SH pulse was chirped, it was thus possible to control the peak
wavelength of the generated FIR pulse by varying the delay
between the pump pulses. In Fig. 2(c), the peak wavelength of
the FIR pulse is 10.5 um and the spectral width is 2.2 um at
FWHM. Although the initial chirp of the SH pulse is expected
to be transferred to the FIR pulse, the spectral width of the latter

Delay (fs)

S ge—
O

56 7 8 9101112 - 56 7 8 9 101112
Wavelength (pm) Wavelength (pm)

FIG. 2. (Color online) (a) FIR spectrum generated during the
cofilamentation in air of a 20-mJ NIR laser pulse and a 1-mJ SH
laser pulses. The vertical axis is the relative delay between the pump
pulses. A positive delay corresponds to the SH pulse in front of the
NIR pulse and vice-versa for the negative delay. The zero delay was
arbitrarily set to the optimum FIR energy. The false colors associated
with the spectrum are related to the relative spectral fluence. The
white dashed lines indicate the delay of the measured spectrum for
(b) =200 fs, (c) 0 fs, (d) 4200 fs, and (e) 4365 fs.
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can support a Fourier transform-limited pulse duration of 75 fs
(FWHM), which corresponds to a 2.1-cycle laser pulse at
10.5 um. Similarly in Fig. 2(d), the FIR spectrum is centered
at 8.5 um and its bandwidth increased to 4.1 um; such
a broadband FIR pulse sustains a transform-limited pulse
duration of 30 fs, which corresponds to a single-cycle FIR
laser pulse.

The generation of such a broadband FIR pulse during the
two-color filamentation could either be explained through the
4WM [13] or the photocurrent models [15]. The 4WM model
describes the FIR-pulse generation through the x® nonlinear
intensity response where the local nonlinear polarization (PN")
of the three pulses propagating in a centrosymmetric medium
is given by

NL __ (3) NIR NIR 7-SH* (3) pNIR NIR 1-SH*
PR = [ Er  Er VB + X B E T ES

+ X]S])k E}\TIR E}\IIR EEH* 4 X]Ezj] EII:IIR E}\IIR E]SH*]
DB B L™ 4 5, B BT Y
+ 2[aB ERE™ + B BT
+ X]S])k EJSH* EJSH E]]:IR + X]S])k E}\HR* E}\IIR E]}:IR],
P = 2 SR 4 1 B LB

+ X]S])k E]SH E}:IR EII:IIR* 4 X]Ei;j E]?H E?IR E.I]'\IIR*]

+ [X]Eil)ck EII{\HR* EII{\HR EII;HR 4 X]Sj)kEi\IIR* E;IIR E]I:IIR]
+ 2L B EPEN 4 o, EE LB
+ X]S])k EJSH* EJSH EII:IIR + Xlgj)k E?IR* EFIR E]I:TIR]’

NL [ 3

_ NIR ~NIR 1-FIR* 3)
Posu = X Ex Ex T Ey X

NIR ~NIR ~FIR*
+ X Ej T Ec T E;j

+ X]Sj)k E.I;IIR E_lj\HR EII:IR* + X]Eijj E]I(\IIRE;\IIRE?IR*]
+ DU ES ESES 4 15 B ES SN
2N ENRESF 4 (B B B S
+ X]Sj)k E.I;IIR* E.I;IIR EEH + X]SJ)kEfIR* E?IR E]?H]
(L

Here the subscripts k and j denote the electric field (E)
component along the x and y axes, where k = x,y and
j =y, x, and the propagation direction is along the z axis.
For each expression of the nonlinear polarization in Eq. (1),
the first bracket stands for the source term generating the
corresponding frequency (wpr, @NIR, OF wsy). The second
bracket corresponds to the self-phase modulation and the
third bracket is related to the cross-phase modulation induced
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by the two other pulses. These nonlinear polarizations were
introduced in a set of three coupled equations very similar to
the ones given in Ref. [17], which considers the geometrical
focusing, diffraction, group-velocity dispersion, and electronic
x® response. Electron generation through multiphoton ion-
ization of N, and O, is taken into account only for the NIR
pulse and the ionization rates are fitted into the form o I" for
the relevant intensity range [18], where o is the cross section
for the multiphoton ionization, n is the multiphoton parameter,
I = cso[(Ef;HR)z + (E;‘HR)z] corresponds to the instantaneous
NIR intensity, c is the speed of light, and &g is the vacuum
permittivity.

Alternatively, according to the photocurrent model, the FIR
pulse originates from a transient current induced by the laser
acceleration of free electrons in the core of the filament [15].
During the two-color filamentation, the local photocurrent
[J(1)] induced by the electric field of the pump pulses is given
by

I = / AUEN (1) /mwsi]

o
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where e, m,, and N, are the electron charge, mass, and density,
respectively. The spectral amplitude of the generated FIR pulse
is then related to the time derivative and the Fourier transform
of this photocurrent, according to
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It should be noted that in the case of FIR-pulse generation with
the photocurrent model, the FIR pulse generated is not due to
the production of a net current perpendicular to the propagation
axis as for the case of THz generation [15]. In fact, the FIR
pulse originates from the beating of this photocurrent induced
by the interference of the 785- and 407-nm laser fields (see
Fig. 3).

Simulations demonstrated that the FIR-pulse generation
efficiencies calculated using these two models are insensitive
to a variation of the relative delay of Asy/2 between the SH and
the NIR pulses as observed in Ref. [15], but the FIR efficiencies
have a distinctive dependency on the polarization state of these
pump pulses. Based on this difference, the experimental result
of the measured FIR energy as a function of the pump pulse
polarization was used to identify the dominant mechanism for
the FIR-pulse generation during the two-color filamentation.

In the experimental setup, the focusing condition of the
pump and probe beams (f number = 60) results in a peak
plasma density of around 5 x 10'7 ¢cm™ in the core of the
filament [19]. Moreover, the pump peak power was several
times higher than the self-focusing critical power for both
the circularly and the linearly polarized pulses [20], resulting
in a strong self-focusing. Consequently, the plasma density
generated by the pump pulse (characterized by the NJ fluo-
rescence detected by a photomultiplier tube [19]) was nearly
independent of the initial polarization state [see Fig. 4(a)]
due to the dynamic equilibrium between the self-focusing and
the self-generated plasma. However, the ionization yield of
a circularly polarized NIR pulse is lower than for a linearly
polarized laser pulse, and thus, the clamped laser intensity
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FIG. 3. (Color online) (a) Laser field amplitude (thin red line) and
plasma density (thick green line) generated in air for a combined NIR
and SH pulse with pulse widths of 50 and 70 fs, respectively. Both
pump pulses were linearly polarized with peak intensity of Ingr =
1.1 x 10" W/cm?, and Isy = 4 x 10'2 W/cm?. (b) Time-varying
photocurrent density on the filament axis. The dashed line represents
the beating of the photocurrent envelope. (c) Power spectrum induced
by the photocurrent from a 3-cm-long plasma filament with an on-axis
peak plasma density of 5 x 107 cm™3. The arrow points out the peak
wavelength of the generated FIR pulse (9 um).
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in the filament became dependent of the polarization state.
According to the plasma density measured and the ionization
rate of both O, and Ny, the retrieved laser intensity in the core
of the filament was about 1.8 x 10'* and 1.1 x 10'* W/cm?
for a circularly and a linearly polarized NIR laser pulse,
respectively.

In simulations based on the 4WM model, only the x
term contributes to the FIR-pulse generation when both SH and
NIR pump pulses have linear and parallel polarizations. For

a circularly polarized NIR pulse, the x> , x©® @  “and

yxyx:® Xxxyy’ )xxv’

x3._ terms would contribute to the FIR-pulse generation with
therelation x . = x &), + x5\, + x5k, - Consequently, the

efficiency for the FIR-pulse generation with a circularly
polarized NIR pulse is higher than for the linearly polarized
case because the laser intensity is 1.6 times higher in the core
of the filament and four x® terms [first bracket in Eq. (1)]
can contribute to the parametric generation. Such behavior
is demonstrated in Fig. 4(c) (black solid line), representing
the calculated FIR-pulse energy generated through the 4WM
mechanism by using the same f number as the experiments,
an initial NIR pulse energy of 5 mJ (ten times the critical
power for self-focusing [21]), and a SH pulse energy of
250 wJ. It should be noted that simulations with a NIR
pulse having higher energy was not representative due to
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FIG. 4. (Color online) (a) N3 fluorescence signal from the plasma column, and (b) FIR energy as a function of the quarter-wave plate angle
for a 20-mJ NIR pulse. The energy of the linearly polarized SH pulse was 1 mJ. The zero angle corresponds to the circularly polarized NIR
pulse and the £45° angles are related to the linearly polarized NIR pulse. The red (upper) and blue (bottom) arrows in panel (b) depict the
polarization state of the NIR and SH pulses, respectively. The FIR energy was measured with a calibrated germanium window and a long-pass
wavelength filter (cutoff wavelength was 4 um) in front of the mercury-cadmium-telluride detector. (c) Simulations of the FIR energy as a
function of the NIR polarization state by using the 4WM (black line) and the photocurrent (red dashed line) models. Both simulations were

normalized for the circularly polarized NIR pulse.

an overestimation of the plasma generation. Nevertheless,
the 4WM simulations qualitatively match the experimental
FIR-pulse energy measurements shown in Fig. 4(b).

In the photocurrent model, the physical process is less
intuitive and careful approximations need to be done in
the simulations. First, the photocurrent generation cannot be
introduced into the slowly varying envelope approximation of
the nonlinear Schrodinger equation because field ionization is
required. Moreover, the temporal and spectral transformations
of the pump pulses were limited since the tight focusing created
a short filament of 3 cm long. For this reason, we approximated
a constant laser intensity, pulse duration, and spatial profile in
the filament zone for the photocurrent simulations. However,
we extracted from the 4WM simulations the effective index
of refraction along the filament (due to self-phase and cross-
phase modulations) since the photocurrent is sensitive to the
relative phase between the pump pulses [15]. Using these
approximations and by considering the field ionization of both
O; and N, in air, the simulations predict a quasiconstant energy
for the FIR pulse as a function of the polarization state of the
NIR pulse [see red dashed line in Fig. 4(c)]. Such constancy
can be explained by the fact that the FIR-pulse generation
through the photocurrent model depends mainly on the plasma
density, which is weakly dependent of the polarization state
[Fig. 4(a)] and the intensity of the SH pulse that was held
constant. Moreover, the inherent drift of the relative phase
between the SH and the NIR electric fields along the temporal
profile averaged the photocurrent efficiency independently
of the initial phase of the pump pulses and the fluctuation
of the effective index of refraction along the filament. The
experimental results in Fig. 4(b) differ from the ones obtained
with the photocurrent simulations, which tends to confirm

that the FIR-pulse generation in the two-color filamentation
process is dominated by the 4WM mechanism.

In conclusion, during the filamentation of two-color non-
harmonic laser pulses, the FIR-pulse generation can be the
result of two potential mechanisms: the 4WM from the neutral
molecules or the photocurrent beating in the plasma column.
We observed experimentally that the FIR-pulse conversion
efficiency with two-color nonharmonic pump pulses in air
was higher with a circularly polarized NIR pump pulse and
reached a notable energy conversion of >2 x 107*. Such
behavior corresponds well with the 4WM mechanism and
its efficiency could be enhanced either with a gas medium
like argon, which has a larger x® response and a similar
ionization potential than air [12], or by using an optimal f
number maximizing both the laser intensity and the volume
of the filament [19]. Nevertheless, because of the results
that we obtained, we cannot reject completely the possible
impact of the photocurrent, but its contribution was weak,
and the FIR-pulse generation was dominated by the 4WM
process. Nowadays, the generation of both FIR and THz pulses
finds wide applications in nonlinear optics, spectroscopy,
and remote sensing. We expect that this finding could incite
models of long-range filamentation where both the 4WM and
the photocurrent models are involved and might seed each
other.
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