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Abstract:  We theoretically investigate filamentation of ultrashort laser
pulses in air in the mid-infrared regime under conditions in which the
group-velocity dispersion (GVD) is anomalous. When a high-power, ultra-
short mid-infrared laser beam centered at 3.1-um forms a filament, a spatial
solitary wave is stabilized by the plasma formation and propagates several
times its diffraction length. Compared with temporal self-compression
in gases due to plasma formation and pulse splitting in the normal-GVD
regime, the minimum achievable pulse duration (~ 70 fs) is limited by
the bandwidth of the anomalous-GVD region in air. For the relatively
high powers, multiple pulse splitting due to the plasma effect and shock
formation is observed, which is similar to that which occurs in solids. Our
simulations show that the energy reservoir also plays a critical role for
longer propagation of the air filament in the anomalous-GVD regime.
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1. Introduction

Self-channeling beams (i.e. filaments) in air with high-power, ultrashort pul ses have been shown
to propagate several diffraction lengths with little apparent change in the beam shape due to
the balance between self-focusing and diffraction/plasma formation [1-10]. These filaments
have received significant attention due to applications to remote sensing [11, 12], lightning
guiding [13-15], supercontinuum generation (SCG) [16], pulse compression [17], and THz
generation [18]. Although several experimental [19-21] and theoretical studies in solids [22—
25] for filamentation and soliton generation in the anomal ous group-vel ocity dispersion (GVD)
regime have been reported recently [26-30], studies of air (or gas) filaments have been limited
to the normal-GVD regime [25, 31-35]. Only recently has the ability of laser technology with
difference-frequency generation (DFG) [36] and optical parametric chirped-pulse amplification
(OPCPA) [37, 38] been developed to produce > 100-GW pulses in the mid-infrared region
where the GVD isanomalous, and investigations of self-focusing in air in the anomalous-GVD
regime are now a possibility.

In this Letter, we present the first smulation results for air filamentation and spatial solitary-
wave formation in the anomalous-GVD regime of air. When a high-power (> 100-GW), ul-
trashort pulse undergoes self-focusing due to the Kerr nonlinearity, multi-photon absorption
(MPA) and plasma formation halt beam collapse. As aresult, a spatial solitary wave is formed
and stabilized during the filamentation process, and its shape can be maintained for several
diffraction lengths. Although spectral broadening induced by phase modulation occurs, the rel-
atively narrow bandwidth of the anomalous-GVD regime (approximately 200-nm) near 3-um
inhibits formation of atemporal solitary wave, which contrasts to the generation of few-cycle
optical pulses predicted for solids in the broadband anomalous-GVD region [23, 24] and to
pulse self-compression down to few-cycles which occurs via plasma formation and/or pulse
splitting in gases for the normal-GVD regime [31, 32, 39-44].

2. Simulation and refractive index of air

In our simulations, we use the radially-symmetric nonlinear envelope equation (NEE) in nor-
malized unitsincluding diffraction, dispersion, self-focusing with the delayed Raman response,
MPA, and plasma de-focusing and absorption, which is given as [23,43,45-47],

oy i i0 N\ to, . 8B,/ ig \"

ac 4(1+wrp81> VLWHLdf;‘zrﬂ(rpar) v

: i0 '\ Lat (vl i/f B NP
|<1+(Mp8r) L ( 5 +2Tk _we k lw(t)|“dt |y

L 9 L 1 wdy

ot Y on_Lar(; 1 ot

2Lmp || 9T Lpi <I+a)7:c>n <W+l—iwrc)’ @

where v isthe field normalized by the peak input field amplitude Ag, { = z/Lqy isthe propaga-
tion distance normalized by the diffraction length Lyt = nonw(z) /Ao, No isthe refractive index of
air, wp isthe 1/&? spot sizeradius, A is the central wavelength, Vi isthe transverse Laplacian,
7 is the retarded time normalized by the 1/€? input pulse duration 1, B, is the n'-order dis-
persion parameter [48], Ly = ¢/(wn2lp) is the nonlinear length, ny is the nonlinear refractive
index, lp = cno|Ao|2/27r is the peak input intensity, 7x = 70 fsis the Raman relaxation time,
Limp = 1/(B™1™ Y} isthe m-photon absorption length, B(M=3 = 3x10-384 cm>9/W¥ is the
31-photon absorption coefficient [7], Ly = 2/(opowtc) isthe plasmalength, o isthe inverse
bremsstrahlung cross section, po = ™1™ Y 7,/ (mA) isthetotal electron density that would

+
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be produced by theinput laser pulse via multi-photon ionization, 1. is the electron-ion collision
time, 1 = pe/po is the normalized electron density. The operator (1+id/wtpdT) accounts
for space-time focusing in the diffraction term and self-steepening in the self-focusing term.
The plasma is generated by multi-photon ionization and avalanche ionization, and the electron
density satisfies the equation,

an 2m 2

i 2

5 = VT Fanlvl @
where o = oloTp/(N3Eg) isthe avalanche ionization coefficient, and Eq = 12.1 eV the band-gap
energy for oxygen.

O9F™ T Himidity
I+ ——10%

'06 il | N i i [ 2 [
2.8 3.0 3.2 3.4 3.6

Wavelength (nm)

Fig. 1. Calculated group-velocity dispersion (GVD) for different values of the humidity
using the Taylor expansion formula based on Ref. [49] at T = 17.5°C, p = 101325 Pa
(standard atmospheric pressure).

The dispersion parameters at 3.1-um are calculated using the Taylor expansion formula,
which is a function of wavelength A, temperature T, pressure p, and humidity h [49]. Figure
1 shows the calculated GVD for different values of humidity at T = 17.5°C and p = 101,325
Pa (standard atmospheric pressure). As humidity and temperature (not shown) increase, the
absol ute magnitude of the GV D and the wavel ength range of anomalous GV D decrease slightly,
and the peak of the GV D shifts toward longer wavelengths. We assume 10 % humidity (h = 10)
for our calculations such that B, = -0.53 f$?/cm, B3 = 3.02 fs*/cm, and higher-order dispersion
parameters (n > 4) are all positive. The anomalous-GVD region near 3.1-um which spans
200-nm is related to the water vapor absorption, and the fitting coefficients used for index
calculation are valid between 2.8-um and 4.2-um. There exist strong resonance absorption
regions between 2.5 —2.8-um and 4.2 — 4.4-um due to the presence of water vapor and carbon
dioxide (CO,) [49-51]. The calculated critical power Py = aA?/(4rngny), where o = 1.8962
for the input Gaussian beam profile [52], is equal to 66-GW [53]. We limit the peak power of
the input pulse P < 8P, to avoid multi-filamentation.

3. Resultsand discussion

Figure 2(a) shows a plot of the peak intensity as a function of normalized distance for differ-
ent input powers. Here we assume the collimated, initial spot size (1/€? radius) is 12-mm and
the initial pulse duration (FWHM) is 150 fs such that Ly; = 146-m approximately matches
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Fig. 2. Calculated (a) peak intensity, (b) peak plasma density, (c) beam diameter (FWHM)
of thefluence i = [I (r,t)dt and (d) pulse duration (FWHM) of thefluence /R = [ I (r,t)rdr
as functions of normalized propagation distance for various input powers.

with Lgs = rg/ B2 = 306-m. Asthe peak intensity increases due to self-focusing and anomalous
GVD, alow-density plasmais created as shown in Fig. 2(b). At that point, plasma absorption
and de-focusing combined with MPA arrest beam collapse so that an air filament with | =5
x 10% W/cm? forms and propagates stably about 0.03, 0.05 and 0.06 times the diffraction
length of the input beam for P/Py = 2, 3 and 4. For increasing powers, collapse occurs at
shorter distances, and the filament length is extended. According to the calculated beam diam-
eter (FWHM) [Figs. 2(c)], the filament maintains its diameter (1.4-mm FWHM), whichis 1/10
that of theinitial beam and thus aspatial solitary wave is generated during filamentation, propa
gating for at least 3 times of the diffraction length based on its minimum spot size. Asisshown
in Fig. 2(d), although the pulse duration initially decreases due to anomalous GV D, it suddenly
increases near the peak intensity due to spectral broadening into the normal GVD regime via
self-phase modulation and slowly decreases again since the field components at wavelengths
in the anomalous GV D regime undergo compression as the pulse propagates. Therefore, com-
pared with calculated few-cycle spatio-temporal solitary waves in the anomalous-GVD regime
for solids [23, 24], a solitary wave is not generated near 3.1-um due to the relatively narrow
bandwidth of the anomalous-GVD region.

Figure 3(a) shows examples of the spatio-temporal intensity distributions for various prop-
agation distances with P/P; = 2. As the beam self-focuses, self-steepening and space-time
focusing combined with third-order dispersion generate a relatively steep edge at the rear of
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Fig. 3. (8) Spatio-temporal intensity profiles at various propagation distances { = z/Lys
for P/Per = 2. (b) On-axis spectra at various propagation distances for P/Per = 2. (C) Spa-
tiotemporal intensity profiles of collapsing pulsesat { = 0.54 for P/Pyy =3, and (d) at § =
0.42for P/Py =4
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the pulse (i.e., an optical shock) and push the pulse toward positive times [23, 24, 46, 54, 55]
[see Fig. 3(a) at { = 0.6]. Subsequently, the pulse collapses at { = 0.9, and SCG occurs as
shown in the on-axis spectra [Fig. 3(b)]. Blue-shifted wavelength components in the normal-
GVD regime (i.e.,, below 3-umin Fig. 1) that are generated by the optical shock form along
trailing edge [24], and it diffracts as the beam loses its energy by MPA and plasma generation.
Similar spatio-temporal behavior during beam collapse and filament generation is observed for
P/Py =3 and 4 [Figs. 3(c) and 3(d)].
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Fig. 4. Calculated (a) peak intensity, (b) beam diameter (FWHM) as functions of normal-
ized propagation distance for P/Py = 6 and 8. (c) Examples of spatio-temporal intensity
profiles at various distances for P/Py = 6.

Multiple collapse is observed for higher powers (P/Pe: = 6 and 8), as experimentally demon-
strated in solids [19] [Fig. 4(a)]. Although similar spatio-temporal shapes are generated in the
first collapseregion, asin the case at low powers, plasmadefocusing and refocusing in the tem-
poral domain combined with strong shock terms produce pul se-splitting accompanied by com-
plicated temporal dynamics such as further splitting and energy transfer between split pulsesin
the secondary collapse regions [Fig. 4(c)] [23].

The role of the background energy reservoir supplying the energy into the filament core
which contains approximately one critical power when it loses energy due to mechanisms such
as MPA has been studied by many groups [56-63]. We also compare air-filament propagation
for P/P; = 6 by smulating the placement of apertures with different diameters that block
a fraction of the reservoir energy [Fig. 5]. Simulation results show that the filament length
and the number of multiple collapse regions decrease with apertures, which confirms that the
background energy is important for longer propagation of the filamen, as is the case in the
normal-GVD regime.
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Fig. 5. Air filament formation and propagation with apertures of which sizes are 4 and 6
times of the minimum spot size (~ 1.2-mm) at { = 0.3 for P/Py = 6.

4, Conclusion

In conclusion, we investigate air filamentation for relatively large diameters in the anomalous-
GVD regime centered at 3.1-um. The mm-sized filament can propagate several timesitsdiffrac-
tion length, and the propagation distance increases with the higher laser input power. However,
the potential formation of a spatio-temporal solitary wave is inhibited by the narrow band-
width of the anomalous-GVD regime. Two other wavelength regions below 10-um with the
anomalous-GVD and weak absorption include two 100-nm bandwidth regions centered at 4.7
um related to CO, absorption and at 9.5 um related to O3 absorption [49-51]. Since the
high-power, ultrashort mid-infrared laser technology has rapidly progressed in recent years,
we expect that the necessary power (> 100-GW) for experimental studies should be available
soon [36-38].
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