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The pulses at 744 nm with the duration 90 fs, energy
6 mJ and weakly divergent wavefront propagated for
more than 100 m and generated a filament followed by
unprecedently long high intensity (≥ 1 TW/cm2) light
channel. Over a 20 m long sub-section of this chan-
nel the pulse energy is transferred continuously to the
infrared wing, forming spectral humps that extend up
to the wavelength of 850 nm. From 3D+time carrier-
resolved simulations of 100 m pulse propagation, we
show that spectral humps indicate the formation of a
train of fs pulses appearing at a predictable position in
the propagation path. © 2020 Optical Society of America

http://dx.doi.org/10.1364/ao.XX.XXXXXX

Supercontinuum laser sources are of ultimate importance for
investigation of ultrafast processes in physics, chemistry, biol-
ogy, and for providing applications for metrology, spectroscopy,
and medicine [1–3]. Increase of the width on the infrared side
of the spectrum was observed in fibers, where the soliton self-
frequency downshift [4–6] can reach hundreds of nm. The Ra-
man response transfers the energy from the short-wavelength
to the infrared wing of the soliton spectrum, so that the spectral
centre of mass is continuously red shifting with distance. Typ-
ical pulse energies in glass-core fibers are in the low nJ range,
while using gas-core fibers allows approaching the mJ level [7].
To obtain higher energy infrared pulses in a single-shot, one
can use optical parametric amplifiers (OPA) [8] pumped by
chirped pulse amplified Ti:Sapphire (Ti:Sa) laser systems provid-
ing pulses at 800 nm with TW peak powers [9]. The broadband
spectrum of the supercontinuum is usually strongly modulated.
This can result in the generation of a femtosecond pulse train [10]
both in bulk media [11] and in hollow-core fibers [12].

The frequency conversion distance in free air increases by a
factor of 103 as compared with crystals in OPA and reaches tens
of meters. Spectral measurements performed along the axis of a
long-range femtosecond filament at the time of its discovery [13–
15] revealed pronounced modulations in the infrared wing of the
supercontinuum [13, 14]. These modulations, hereafter called Ra-

man humps, were frequency downshifted (Stokes shift) to 795 nm
from the fundamental laser wavelength of 775 nm and contained
essential fraction of the on-axis radiation. The infrared extension
of the on-axis propagating supercontinuum wing generated by
800 nm TW pulses reached 4.5 µm at the level 10−5 as compared
with the intensity at the fundamental wavelength [16]. Along
an indoor several-meters long path in air, a loosely focused
50-fs, 800-nm pulse experienced continuous Stokes shift up to
920 nm [17]. With a 50-fs Ti:Sa collimated pulse, modulated
Stokes-shifted spectra were registered behind a 250-µm on-axis
aperture placed inside a 4-m cell filled with air or N2 [18, 19]. If
the laser central wavelength is 1.03 µm, the Stokes-shifted spec-
trum reaches 1.15 µm [20]. These observations of Stokes shift
raise several questions. First, on whether the downshift only oc-
curs along the high-intensity region of the filament [21] support-
ing a plasma channel, or persists further on in the ionization-free
zone [22]. Second, how to quantitatively predict the formation of
Raman humps along a path length of several hundreds of meters
from available measurements over shorter distances [17–20, 23–
25]. So far, the longest path for the continuous Stokes shift mea-
surement of Ti:Sa pulses propagating in air was∼9 m [17], while
applications such as the remote detection of bioaerosols [26]
would benefit from the availability of broadband Stokes-shifted
pulses at hundreds of meters from the source.

In this work, we measure and simulate the generation of
spectral Raman humps from 744 to 850 nm during propagation
of a 90-fs, 6-mJ laser pulse along a 100-m path in air. At such a
low energy and long distance, the plasma channel was detected
indirectly through the presence of white light conical emission
at 100 m and confirmed by simulations with carrier wave resolu-
tion of nonlinear pulse propagation and filamentation over the
∼100-m long path. We show that Raman humps are recurrently
generated beyond the filament in a 20 m long Stokes zone. Each
hump appears at a separate location with a predictable central
frequency, thus providing a train of Stokes shifted fs pulses.

In our experiments (Fig. 1), laser pulses with central wave-
length of λ0 = 744 nm, energy of ∼6 mJ, full width at half-
maximum (FWHM) duration of ∼90 fs and diameter of ∼8 mm
at e−1 fluence level were delivered by the Ti:Sa laser facility Start-
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Fig. 1. Sketch of the experiment in the corridor with the trolley (f) equipped with spectrometer and CCD camera. Blue curve is
variation of the simulated peak intensity vs. propagation distance from the compressor output. (a) Conical emission on the far wall
of the corridor. Measured transverse fluence distributions at (b) 100 m, (c) 80 m, (d) 50 m, (e) 40 m. (g) Transverse beam profile
observed at 56 m using low-pass spectral filters to increase the contrast of rings.

248 from Avesta Project Ltd located in a clean room. The pulses
were sent to a∼100 m corridor through a hole in the wall and ad-
justed by a high reflectivity mirror M1 (Fig. 1). The beam pattern
after the mirror M1 was elliptical in shape and slightly divergent
with geometrical focus of −50 m. Another mirror M2 reflected
the beam at the end of the corridor and elongated the path to
∼150 m. The registration system was maintained on a trolley to
move the equipment along the corridor starting from the mirror
M1 at ∼11 m from the compressor output. Light channel char-
acterization was performed by a spectrometer Avesta ASP-150
(spectral resolution of 0.1 nm) and CCD-camera Ophir Spiricon
SP620U. Before entering the aperture of the spectrometer the
radiation was reflected by a wedge. The angle of reflection var-
ied along the path to attenuate the signal. So, the spectra had
different calibration along the corridor. At each position along
the propagation path we recorded 20 to 30 on-axis spectra with
the developed infrared wing, while the conical emission did not
enter the spectrometer. The beam patterns were registered using
a CCD camera [Fig. 1(b)–(e)] and digitally processed to retrieve
the diameter along the 100 m path [Fig. 2(a), filled circles].

The initial pulse peak power of 67 GW is high enough to
produce a single filament. The parameters of the experiment are
close to the ones used in earlier corridor experiments [13–15] ex-
cept for the pulse duration, which was shorter than 150 fs [14] or
200 fs [13, 15]. This allowed us to measure higher energy in the
infrared wing and to observe the novel feature of recurrent gen-
eration of separate Raman humps. We monitored the infrared
wing with high longitudinal resolution along the propagation
path, using the valuable information on the nonmonotonic frac-
tion of the total pulse energy (refocusing phenomenon) in the
core of a long single filament [15]. A single filament started to
form at the distance of 45–50 m from the compressor, where the
beam diameter shrank down to 920 µm [Fig. 2(a)] producing a
unimodal transverse fluence distribution [27] sustained up to
∼100 m [cf. Fig. 1(b) and Fig. 1(c)]. Characteristic beam patterns
are shown before [40 m, Fig. 1(e)] and after [50 m, Fig. 1(d)] the
plasma column accompanying the filament. Appearance of a
round conical emission of several cm in diameter at z = 100 m
[Fig. 1(a)] proves the presence of a single filament [14, 28]. The
rings in the beam fluence background [Fig. 1(g)] give additional
evidence of the plasma channel generated by the filament [29].
Simulations reveal a 0.3 m long plasma string [Fig. 2(a), inset].

The advantage of the slightly divergent beam is the nice
longitudinal resolution of the pulse spectrum transformation
along the path. The burst of the supercontinuum is associated
with the self-focusing collapse [13, 14, 30, 31], which in our
experiment is identified through the beam diameter decrease at
48 m [Fig. 2(a)]. After the collapse (z > 48 m) we observe the
occurrence of the on-axis spectral broadening from 744 to 820 nm
over a distance of 20 m [Fig. 2(c), open circles], accompanied
by the emergence of a new spectral peak (hump) every 3–4 m
of propagation [Fig. 3(a)]. Each subsequent hump is shifted
by ∼20 nm to the infrared as compared with the previous one
[Fig. 3(a), 55–70 m]. In Fig. 3(a) the low level of spectral intensity
at λ0 = 744 nm at z < 70 m is because we selected the spectra,
for which the Raman humps were best pronounced. Then the
spectral intensity was normalized to the maximum of the hump
with the longest central wavelength. The spectrum at 90 m
shown in Fig. 3(c) reveals four peaks, whose central wavelengths
remain unchanged up to 150 m.

Numerical simulations on a 100-m path were carried out to
quantify the peak intensity in the filament and postfilamentation
channel as well as the temporal profile of the pulse with the
expectation of femtosecond pulse train predicted in Ref. [12].
We use the Forward Maxwell equation (FME, paraxial prop-
agation equation for carrier-wave-resolved fields [32, 33]) in
axially-symmetrical geometry (t, r) + z due to the moderate
pulse power in our experiment. The nonlinear source term in
FME includes transient photocurrent as well as the third-order
instantaneous and delayed [34] nonlinearities. The Kerr coef-
ficient n2 = 10−19 cm2/W is chosen according to the experi-
ment [35] and ab initio calculations [36]. The simulations cov-
ering propagation distances larger than 100 m require adapted
grids to resolve highly nonlinear dynamics. Our numerical grid
reliably resolves the third harmonic, with 6 nodes per third-
harmonic period (temporal resolution of 0.15 fs). The temporal
domain of ∼40 ps is larger than the group walk-off between
the third harmonic and the pump ∼300 fs/m×100 m, and z-
step is 0.5 cm or smaller to provide at least 6 steps per phase
matching length of ∼2.7 cm [33]. In the transverse domain r
we start from a beam with the radius of 0.4 cm. We choose the
r-domain as large as 4 cm with the best resolution of 4 µm in
the central area with the radius of 0.4 cm, increasing to the edge
of the domain as required to both resolve nonlinearity within
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Fig. 2. (a) Beam diameter FWe−1M vs. propagation distance
z in the experiment (filled circles) and simulations (black
curve). Green sharp curve and the inset represent the simu-
lated plasma density. (b) Simulated peak intensity Imax (black
curve, left axis) and B-integral (orange curve, right axis) vs.
z. (c) Experimental (open circles) and simulated (blue curve)
position λStokes (left axis) of the longest-wavelength maximum
in the spectrum. Orange curve is B-integral from (b).

the filament and capture the wide conical emission, propagat-
ing at an angle of ∼1 mrad to the optical axis. At the distance
z = 100 m the fluence level at the boundary r = 4 cm is less
than 10−5 of the maximum value at r = 0. At shorter distances
z ≤ 80 m this ratio is well below 10−10. The numerical grid was
218(t)× 1450(r)× 25 000(z), but a single z-step needs to be kept
in computer memory for space-marching, so our solver requires
24 GByte RAM. A single run over 100-m path takes ∼10 days
for parallel 40 threads on two Intel Xeon E5-2698 processors.

The simulations summarized in Figs. 2, 3 provide a good
agreement with measured beam diameters, central wavelengths
and extent of Raman humps, as well as with their appearance
location in the Stokes zone (Fig. 3). In simulations, the advance
of the humps to the infrared can be simply quantified according
to the self-phase modulation in a plane wave [37]. Simulations
indicate that the plasma channel is 0.3–0.4 m long [Fig. 2(a), in-
set], ∼50 times shorter than the Stokes zone, and acts almost as a
point source for the high-frequency side of the supercontinuum.

The simulations allow us to follow along a 100-m path the
peak intensity Imax [Fig. 2(b), black curve] which is 80 TW/cm2

in the plasma string [38], ∼2 TW/cm2 in the Stokes zone 54–
74 m and decreases to 0.2 TW/cm2 at 100 m. The oscilla-
tions in Imax(z) at z > 70 m appear due to the interference
between 744-nm pump and multiple subpulses (Fig. 4) flow-
ing over it due to group velocity difference. We calculate the
B-integral B(z) = (2πn2/λ0) ×

∫ z
0 Imax(z′)dz′ [Fig. 2, orange,

Fig. 3(b), black curve], which exhibits a quasilinear dependence
in the Stokes zone, and get an increase of ∼2π for every newly
emerging Raman hump [Fig. 3(b)]. Using Imax ≈ 2 TW/cm2

the formation distance of a new Raman hump is estimated as
∆z = λ0/(n2 Imax) ≈ 3 m in agreement with the experiment.

Fig. 3. Resolved over the distance z spectra of the Stokes
side of the supercontinuum in the experiment (a) and simu-
lations (b) and their slice at 90 m (c). Black circles in (a) repeat
the measured dependence of averaged λStokes(z) from Fig. 2(c);
it differs slightly from the color map as the latter is based on
single-shot spectra. Black curve (right axis) in (b) shows the
simulated dependence of B-integral on z.

In simulations, the infrared wing of the supercontinuum
ranging from 777 to 860 nm contains an energy of 0.27 mJ (4.5%
of 6 mJ). The energy within each hump is relatively large and
equal to 20–120 µJ at 90 m. The periodic multi-hump structure
in spectrum can form a train of fs pulses in the time domain [10],
as observed during propagation of a two-color pulse in a cuvette
filled with tenuous D2 [11] and in a hollow-core fused silica fiber
filled with 3-bar SF6 [12]. In our experiment the postfilament
preserves the transverse mode with high intensity for more than
20 m similar to a hollow fiber. This extended interaction region
ensures the observation of the periodic multi-hump spectrum.

We explored numerically the temporal profile of the pulse.
A clearly pronounced train of 15-fs pulses appears at 80 m in
the pulse front [Fig. 4(a), 4(b), −140 < t < −80 fs]. We applied
Fourier transform to this selected temporal interval after zero-
padding the rest of the grid points [Fig. 4(b), red curve]. The
infrared multi-hump structure corresponds to the pulse train
[Fig. 4(c)]. The shape of our measured spectrum and its agree-
ment with the simulated one (Fig. 3) suggests that the pulse train
is formed in the Stokes zone. Thus, the long-range postfilament
is characterized by a unimodal infrared core [23, 24], which car-
ries out the quasiperiodic multi-hump structure we observed in
the spectral domain. The corresponding distribution of the light
field in the temporal domain contains a femtosecond pulse train.

The observed multi-hump structure is useful for the atmo-
spheric applications where a long distance propagation of the
filament is required and only a remote control of the pulse on



Letter Optics Letters 4

Fig. 4. Simulated (a) spatio-temporal distribution of the pulse
intensity, (b) on-axis light field and (c) integrated over beam
spectrum of the whole pulse (blue curve) and of the pulse
train in its front (t < −85 fs, red curve) at z = 80 m.

target can be realized [3]. There are easier ways of producing
red-shifted pulses in the laboratory [4, 5, 8], but their intensity
and spectrum might change essentially after nonlinear propa-
gation over hundreds of meters in air. In our experiment the
formation distance of each new Raman hump is predictable and
can be remotely controlled by means of the initial beam wave-
front curvatures and pulse chirp [3, 39]. The spectral content
of the humps [Fig. 3(c)] covers the ro-vibrational transitions of
H2O in the range 828–832 nm [39].

In conclusion, we demonstrate that filamentation in air of
moderately powerful 90 fs, 6 mJ, 744 nm laser pulses with weakly
divergent wavefront constitutes a source of femtosecond pulse
train featured by a Stokes shifted multi-hump spectrum. Each
Raman hump appears separately in a given range of the 20 m
long Stokes zone and corresponds to the Stokes-shifted pulse
with a predefined wavelength that can reach 850 nm.
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