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Multioctave, 3-18 pm sub-two-cycle supercontinua
from self-compressing,
self-focusing soliton transients in a solid
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Strongly coupled nonlinear spatiotemporal dynamics of ultrashort mid-infrared pulses undergoing self-focusing
simultaneously with soliton self-compression in an anomalously dispersive, highly nonlinear solid semiconductor
is shown to enable the generation of multioctave supercontinua with spectra spanning the entire mid-infrared range
and compressible to subcycle pulse widths. With 7.9 pm, 150 fs, 2 pJ, 1 kHz pulses used as a driver, 1.2 cycle pulses
of mid-infrared supercontinuum radiation with a spectrum spanning the range of wavelengths from 3 to 18 pm were
generated in a 5 mm GaAs plate. Further compression of these pulses to subcycle pulse widths is possible through
compensation of the residual phase shift. © 2015 Optical Society of America
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Ultrafast optics in the mid-infrared (mid-IR) is a rapidly
growing field of research, gaining a new momentum from
the development of high-power sources of ultrashort
mid-infrared pulses [1] and novel methods of broadband
field waveform characterization in the mid-infrared [2,3].
The cutting-edge technologies for mid-IR pulse genera-
tion [1], which have been recently extended to the sub-
terawatt level of peak powers [4], offer new approaches
for coherent [5] and incoherent [6] x-ray generation, open
the routes toward subattosecond pulse generation [5],
enable mid-IR laser filamentation in the atmosphere
[4], help achieve lasing in filaments [7], give rise to unique
regimes of laser-matter interactions [8], and reveal unex-
pected properties of materials in the mid-IR range [9].

In view of this impressive progress, the key question to
be addressed is to what extent the nonlinear-optical
strategies of pulse compression and coherent broadband
waveform generation can be extended to the mid-IR
range. In the near-infrared, the physical scenarios behind
these processes have been thoroughly understood,
enabling highly efficient technologies for few- and even
single-cycle pulse generation, as well as efficient super-
continuum generation for a vast variety of applications,
ranging from optical parametric amplification of ultra-
short pulses to spectroscopy and bioimaging. The exten-
sion of these scenarios to the mid-IR is, however, in no
way trivial. The main difficulties include a nonuniform,
often complex wavelength scaling of the key ultrafast
nonlinear phenomena and optical nonlinearities of
materials. Fiber-optic strategies, which play the key role
in ultrafast nonlinear optics in the near-infrared [10] and
which offer much promise for mid-IR photonics [11,12],
are not easily scalable to higher peak powers. As a result,
nonlinear-optical transformation of ultrashort mid-IR
pulses in bulk solids attracts much interest [13-18] as
a realistic option for pulse compression and supercontin-
uum generation of mid-IR pulses with moderate peak
powers.
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Much experimental effort has been made to identify
promising regimes of pulse compression and super-
continuum generation in this scheme beyond the stan-
dard Ti:sapphire range [13,14]. However, only a few
experiments have been performed so far with driver
wavelengths longer than 3 pm, that is, in the most inter-
esting and most challenging region of the mid-IR range.
As a part of that effort, following the seminal work by
Corkum et al. [13], Ashihara and Kawahara [15] demon-
strated a spectral broadening of 100 fs, 2.8 uJ pulses at a
central wavelength of 5 pm in GaAs, yielding supercon-
tinuum radiation with a spectrum stretching from 3.6 to
6.4 pm. Silva et al. [16] used 80 fs, 6.9 pJ pulses at a cen-
tral wavelength of 3.1 um to generate a supercontinuum
with a spectrum stretching from 450 nm to 4.5 pm if
measured at the 40 dB level. Hemmer et al. [17] have
demonstrated that such supercontinua are compressible
to sub-three-cycle pulse widths. At a radically different
level of field intensities, experiments with millijoule
80 fs pulses with a central wavelength of 3.9 pm and a
peak power orders of magnitude higher than the self-
focusing threshold have revealed [18] filamentation-
assisted self-compression to a pulse width of 40 fs
accompanied by the generation of ultrabroadband
supercontinuum radiation. Finally, generation of tunable
few-cycle pulses in the wavelength range from 4.2 to
6.8 pm was demonstrated [3] with the use of self-
focusing-assisted spectral broadening in a normally
dispersive, highly nonlinear semiconductor material, fol-
lowed by pulse compression in the regime of anomalous
dispersion.

In this work, we move further on into the mid-IR,
toward longer driver wavelengths, and explore the
potential of anomalously dispersive nonlinear materials
for pulse self-compression and supercontinuum genera-
tion in the mid-IR. Soliton-based self-compression of
optical field waveforms in the regime of anomalous
dispersion has long been recognized [10] as an
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interesting alternative to a standard pulse compression
technique based on spectral broadening in a normal-
dispersion medium followed by chirp compensation in
an anomalously dispersive material. In the mid-IR range,
soliton-based scenarios of self-compression are of spe-
cial significance since many highly nonlinear materials
possess anomalous dispersion in this spectral region.

In experiments, we use a frequency-tunable source of
ultrashort pulses in the mid-IR [3], which involves two
sequential stages of nonlinear-optical down conversion
(Fig. 1). At the first stage, 65 fs, 0.8 mJ, 810 nm, 1 kHz
pulses delivered by a Ti:sapphire laser, consisting of a
master oscillator and a multipass amplifier, are used to
produce a broadband seed signal through supercontin-
uum generation in a sapphire plate and serve as a pump
for optical parametric amplification (OPA) of the seed
signal in a BBO crystal, yielding signal and idler fields
tunable in the 1150-1580 nm and 1620-2300 nm ranges,
respectively. At the second stage, the signal and idler
OPA outputs are used to produce a wavelength-tunable
field in the mid-IR (Fig. 1) through difference-frequency
generation (DFG) in an AgGaS, (AGS) crystal [19]. The
central wavelength of the DFG signal generated as a
result of this process can be tuned from 2.85 to 13 pm
by rotating the AGS crystal.

The signal and idler pulses delivered by the OPA are
characterized using cross-correlation frequency-resolved
optical gating (XFROG) by sum-frequency-mixing these
pulses with the 65 fs, 810 nm Ti:sapphire laser output
in a thin, 50 pm BBO crystal. The spectrum of the
DFG radiation is measured with the use of a pyroelectric
or cooled HgCdTe detector connected with a lock-in am-
plifier and a homemade monochromator, with replace-
able 75, 150, and 300 grooves/mm gratings.

Mid-IR pulses are characterized in our experiments
using the XFROG technique based on four-wave mixing
(FWM) in a gas medium [2,3]. To this end, an ultrashort
mid-IR pulse is combined with a reference Ti:sapphire
laser pulse on an off-axis 100 mm focal length parabolic
mirror with a hole, which focuses both pulses into a
molecular or atomic gas (Fig. 1) to generate an FWM

PM GaAs PM

Fig. 1. Experimental setup. Ti:S, mode-locked Ti:sapphire
master oscillator; MPA, multipass amplifier; OPA, optical para-
metric amplifier; AGS, AgGaS, crystal; LPF, longpass filter; PM,
parabolic mirror; L, BK7 glass lens; OD, optical delay line; PMH,
parabolic mirror with a hole; FWM, four-wave mixing in a gas
medium; SPF, shortpass filter; Spec, spectrometer.

March 15, 2015 / Vol. 40, No. 6 / OPTICS LETTERS 975

signal through the wgyy = 20, — ®, process. The FWM
signal is then collimated with a 75 mm focal length
BKY7 glass lens, separated from the infrared beams with
a set of appropriate filters, and analyzed using an Ocean
Optics spectrometer.

Soliton self-compression of the wavelength-tunable
mid-IR DFG output is implemented in our experiments
using GaAs, which possesses a high nonlinearity,
ny ~3-107* cm?/W, and an anomalous dispersion for
wavelengths longer than its zero group-velocity-
dispersion wavelength, 4, ~ 6.8 pm. The 150 fs, 1-3 pJ
DFG output with a central wavelength tunable from
7.1 to 8.5 pm is focused in our experiments with a
75 mm focal length off-axis parabolic mirror and
transmitted through a 5 mm thick GaAs plate (Fig. 1).
Nonlinear transformation of mid-IR pulses in GaAs gives
rise to supercontinuum radiation, whose spectrum may
in certain regimes span more than two octaves in the
mid-IR range [Figs. 2(a)-2(e)]. With a DFG output with
an initial pulse width 7, = 150 fs, central wavelength
Ao = 7.9 pm, and input energy W, ~ 2 pJ used as a driver,
supercontinuum generation in a 5 mm GaAs plate yields a
spectrum spanning the range of wavelengths from 3 to
18 pm [Fig. 2(e)].

Supercontinuum generation is accompanied by pulse
self-compression. Temporal envelopes of the supercon-
tinuum output retrieved from the FWM XFROG traces
show that pulse compression ratios exceeding 3 are
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Fig. 2. Self-compression of mid-IR pulses with an initial pulse

width 7y ~ 150 fs, central wavelength (a)-(c) 4y~ 7.1 pm and
(@-@) 7.9 pm, and input energy Wy~ 2 pJ in a 5-mm GaAs
plate. (a), (d) An FWM XFROG trace of the mid-IR pulse behind
the GaAs plate. (b), (e¢) The input spectrum of the pulse (gray
shading), experimental (solid line) and simulated (dashed line)
output spectra, and the spectral phase (dashed-dotted line) of
the output waveform retrieved from the FWM XFROG trace.
(c), (f) Experimental (solid line) and simulated (dashed line)
temporal envelope of the mid-IR pulse behind the GaAs plate
with the phase (dashed-dotted line) retrieved from the FWM
XFROG trace.
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achieved within a broad range of wavelengths [Figs. 2(c)
and 2(f)], stretching at least from 7.1 to 8.4 pm. Specifi-
cally, a mid-IR DFG output with 74 ~ 150 fs, 1y = 7.9 pm,
and Wy=~2 pJ undergoes spectral broadening and
self-compression in a 5 mm GaAs plate, evolving to a
waveform with a pulse width z, ~ 45 fs behind this plate
[Fig. 2(f)]. Such a pulse contains only 1.2 cycles of the
field at Ay ~ 7.9 pm.

To understand the spatiotemporal dynamics of ultra-
short pulses behind the generation of sub-two-cycle field
waveforms in the mid-IR in a highly nonlinear, anoma-
lously dispersive material, we performed numerical
modeling using the three-dimensional time-dependent
generalized nonlinear Schrodinger equation (GNSE)
[20,21] for the amplitude of the field, including all the
key physical phenomena, such as dispersion, beam dif-
fraction, Kerr nonlinearity, pulse self-steepening, spatial
self-action phenomena, ionization-induced optical nonli-
nearities, as well as plasma loss and dispersion. The field
evolution equation is solved jointly with the rate equation
for the electron density, which includes photoionization
and impact ionization. Simulations are performed for
typical parameters of GaAs—a band gap of 1.4 eV, the
Kerr-effect nonlinear refractive index my=mnNgas~
3107 e¢m?/W, and the higher order Kerr effect (HOKE)
coefficient 74 ~2-10726 cm*/W? [22]. Dispersion of
GaAs was included in the model through the Sellmeier
equation [23]. Simulations were performed using an
MPI parallel programming interface on the Chebyshev
and Lomonosov supercomputer clusters of Moscow
State University.

Numerical simulations reproduce all the key features
and tendencies in supercontinuum spectra [Figs. 2(b)
and 2(e)] and pulse shapes [Figs. 2(c) and 2(f)], demon-
strating the predictive power of our model. To fully real-
ize the advantages offered by the anomalous dispersion
regime for pulse compression in the mid-IR, it is instruc-
tive to artificially decouple the temporal field evolution
from spatial beam dynamics and compare pulse self-
compression dynamics in a standard soliton, defined
as the solution to the nonlinear Schrodinger equation
(NSE) [10], with the evolution of an ultrashort pulse with
the same parameters, 7y~ 150 fs, 1o~ 7.9 pm, and
Wiy =~ 2 pd, in a hypothetical medium with the same non-
linearity, but normal dispersion. The NSE models neglect
higher order dispersion and HOKE effects, describing the
nonlinearity and dispersion of a medium in terms of the
nonlinear coefficient n, and group-velocity dispersion
coefficient f3. For NSE-soliton simulations, we take
P = Poans = 0.2 ps?/m, as dictated by the Sellmeier equa-
tion for GaAs at 1y =~ 7.9 pm. For a fair comparison, cal-
culations for pulse evolution in the normal dispersion
regime are performed with fy = |fgaas|- For the chosen
set of parameters, we then find that the dispersion length
is l; =4 cm and the nonlinear length is /,; ~ 1.8 mm,
giving the soliton number N = (I;/1,)'/? ~ 4.7.

In the regime of normal dispersion [Figs. 3(a) and
3(b)], the spectral broadening of an ultrashort pulse
due to self-phase modulation is limited by dispersion-
induced pulse stretching, increasing the pulse width up
to 210 fs at 2 =5 mm [Fig. 3(b)]. In the regime of
anomalous dispersion, the NSE-model pulse dynamics
is strikingly different [Figs. 3(c) and 3(d)]. With pulse
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Fig. 3. (a)-(h) The spectral [(a), (c), (e), (g)] and temporal
[(b), (@), (), (h)] evolution of ultrashort mid-IR pulses
Ao = 150 fs, 4g ~ 7.9 pm, and W, ~ 2 pJ (a), (b) in a medium with
normal dispersion with fy = |fgaas| and ns = fgaas, (€), (d) in
an ideal NSE soliton in GaAs, (e), (f) in GaAs without spatial
self-action effects, and (g), (h) in GaAs with high-order
dispersion, self-steepening, and spatial self-action effects in-
cluded. (i) The beam dynamics in the mid-IR pulse propagating
through GaAs. The FWHM beam radius is shown by the black
line. (j) The spectrum of the mid-IR pulse at z = 5 mm with
(solid line) and without (dashed line) spatial self-action effects
included in the model. (k) Simulated temporal envelopes of the
mid-IR pulse behind the GaAs plate (dashed line) and following
additional chirp compensation in a BaF, plate with a thickness
of 350 pm.
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stretching suppressed due to anomalous dispersion
and with N > 1 for the chosen parameters, the band-
width of the pulse grows exponentially at the initial stage
of pulse evolution, i.e., for z <; [Fig. 3(c)]. At later
stages, dispersion catches up, compressing the pulse
[Fig. 3(d)] to a pulse width 7z, = 0.247,/(N - 1) [12].
For the chosen parameters, the on-axis field intensity at
2=56mm in the regime of anomalous dispersion
(0.22 TW/cm?) is almost an order of magnitude higher
than the on-axis field intensity at the same point in the
normal dispersion regime.

The textbook scenario of soliton self-compression
outlined above can be modified [20,21] by high-order
dispersion, self-steepening, ionization, and spatial self-
action effects. Our simulations show that, for the chosen
range of field intensities, the electron density induced
in GaAs by the mid-IR driver rapidly grows toward
the exit surface of the GaAs plate, but remains well below
106 cm~3 for z < 4 mm, reaching the level of 10" cm™
only at z =5 mm. At this level of electron densities,
ionization effects have virtually no influence on soliton
dynamics.

Self-steepening, which becomes significant as the
bandwidth of the mid-IR pulse becomes larger than an
octave as a result of spectral broadening, enhances the
short-wavelength wing of the spectrum and partially sup-
presses its long-wavelength tail [Fig. 3(e)]. High-order
dispersion removes the group-velocity degeneracy,
inducing a fission of high-N solitons [10], arising as a part



of the soliton dynamics considered here. The fissioning
solitons are clearly seen for z > 5 mm in Fig. 3(f).

Spatial self-action is of key significance for soliton self-
compression in our experiments. In the considered range
of peak powers, self-focusing suppresses diffraction-
induced beam divergence. The beam dynamics in the
mid-IR driver is illustrated in Fig. 3(i), where the black
line presents the FWHM beam radius, visualizing the
self-focusing of the mid-IR beam. The characteristic fo-
cusing length of the Kerr-effect-induced nonlinear lens,
ly ~ 5.3 mm, is very close to the thickness of the GaAs
plate. Such a nonlinear lens, whose focal length is
matched with the nonlinear interaction length, keeps
the field intensity high, thus helping to maintain the sol-
iton dynamics along the entire propagation path within
the GaAs plate despite diffraction [Fig. 3(h)]. As a result,
the spectrum of the mid-IR supercontinuum at the exit
interface of the GaAs plate, 2 =5 mm in Figs. 3(g)
and 3(h), has a spectrum stretching from 3 to 18 pm
[Fig. 2(e) and solid line in Fig. 3(j)], with its pulse width,
7, ~ 45 fs, corresponding to only 1.2 cycles of the field at
Ao = 7.9 pm. Moreover, with an additional chirp compen-
sation in a thin plate of anomalously dispersive material
(a 350 pm thick BaF, plate), this self-compressed super-
continuum output can be further compressed, as our
simulations show, to a subcycle pulse width of 23 fs
[Fig. 3(k)]. For comparison, the dashed line in Fig. 3(j)
presents the spectrum of supercontinuum produced
under the same conditions, but with the self-focusing
term of the GNSE disabled in simulations. This spectrum
is seen to be much narrower because of a considerable
decrease in the field intensity toward the exit surface of
the nonlinear medium induced by diffraction.

To summarize, we have shown in this work that a
strongly coupled nonlinear spatiotemporal dynamics of
ultrashort mid-IR pulses undergoing self-focusing simul-
taneously with soliton self-compression in an anoma-
lously dispersive, highly nonlinear solid semiconductor
can provide a source of multioctave supercontinua with
spectra spanning the entire mid-IR range and compress-
ible to subcycle pulse widths. With 7.9 pm, 150 fs, 2 pJ,
1 kHz pulses used as a driver, 1.2 cycle pulses of mid-IR
supercontinuum with a spectrum stretching from 3 to
18 pm were generated in a 5 mm GaAs plate. A further
compression of these pulses to subcycle pulse widths
is possible through a straightforward compensation of
the residual phase shift.
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