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We demonstrate a robust, all-solid-state approach for the generation of microjoule subcycle
pulses in the mid-infrared through a cascade of carefully optimized parametric-amplification,
difference-frequency-generation, spectral-broadening, and chirp-compensation stages. This
method of subcycle waveform generation becomes possible due to an unusual, ionization-
assisted solid-state pulse self-compression dynamics, where highly efficient spectral
broadening is enabled by ultrabroadband four-wave parametric amplification phase-matched

near the zero-group-velocity wavelength of the material.

Rapidly progressing photonic technologies offer an unprecedented control over optical field
waveforms, enabling the generation of extremely brief flashes of electromagnetic radiation
with accurately controlled shape, spectrum, and phase [1, 2]. At the forefront of the ongoing
quest for ultrashort optical probes that would be capable of resolving extremely fast processes
in gas-phase [3] and solid-state [4, 5] systems, technologies allowing the generation of
electromagnetic lightwaves with temporal envelopes shorter than the field cycle have been
developed [6—10], paving the ways toward an ultimate time resolution in electron-dynamic

studies and subcycle precision in lightwave sculpting.

Subcycle field waveform generation has been demonstrated for the visible, near-
infrared, terahertz, and x-ray ranges [7, 9]. In the mid-infrared region, on the other hand,

subcycle field waveform generation has been only possible through a two-color filamentation



of ultrashort laser pulses [11]. In this regime, subcycle waveforms in the mid-infrared are
generated as a part of conical emission, giving rise to ring-shaped beam profiles [12].
Moreover, multiple filamentation [13, 14] makes it difficult to scale this technology of
subcycle waveform generation to higher peak powers, limiting the energy of subcycle mid-
infrared pulses well below the microjoule level. Robust, solid-state sources capable of
delivering power-scalable subcycle mid-infrared pulses in the fundamental spatial mode
would serve to advance new schemes of high-harmonic generation using ultrashort mid-
infrared driver pulses [15], which offer much promise for enhanced keV x-ray generation, as
well as for a breakthrough into a zeptosecond range of pulse widths. Moreover, such a source
would help to sculpt optimal field waveforms for the maximum energy of high-order
harmonics, where a fraction of the mid-infrared field cycle would be necessary to provide the
maximum energy of recolliding electrons [16,17], as well as to understand the fundamental
quantum physics behind unusual nonlinear-optical properties of materials in the mid-infrared

[18-20].

In this work, we fill the existing gap in subcycle lightwave electronics by demonstrating
a robust, all-solid-state approach for the generation of microjoule subcycle pulses in the mid-
infrared. In our experiments, multicycle mid-infrared pulses produced as a result of
difference-frequency mixing of the signal and idler output of Ti: sapphire-pumped optical
parametric amplifier are compressed to subcycle pulse widths by means of spectral

broadening and subsequent chirp compensation in carefully optimized solid-state components.

In the absence of sufficiently broadband gain media in the mid-infrared, generation of
femtosecond pulses in this important spectral region is largely based on optical parametric
amplification (OPA) of mid-infrared pulses produced via difference-frequency generation
(DFQG). This technology has been recently shown to enable the generation of ultrashort mid-
IR pulses at the subterawatt level of peak powers [21, 22], high-average-power sub-two-cycle
mid-IR pulses at high repetition rates [23], as well as microjoule mid-IR waveforms
compressible to few-cycle [24] and sub-two-cycle [25] pulse widths. However, with the OPA
gain band limited by phase and group-index mismatch, generation of subcycle mid-IR pulses

by means of this technology has never been possible.

Our experimental approach combines a wavelength-tunable OPA source of ultrashort,
still multicycle mid-IR pulses with a carefully optimized scheme of nonlinear-optical
transformation of the mid-IR OPA output, involving both spectral broadening and pulse self-

compression, followed by additional pulse compression through residual chirp compensation.



Although the mid-IR OPA source, used at the first stage of this scheme, largely follows the
standard OPA strategy, it has been modified in several ways, as explained in detail in the
Supplemental Material (SM) [26], in order to minimize the group delay of pump, signal, and
idler waves, which tend to have a detrimental effect on the pulse width and the phase of the
mid-IR OPA output, without sacrificing too much of the mid-IR output energy and peak

power.

To this end, optical parametric amplification was performed using two BBO crystals
placed in sequence and pumped by a 62-fs, 825-nm, 1-kHz amplified Ti: sapphire-laser output
(Fig. 1a in SM [26]). The signal and idler pulses delivered by the second BBO crystal are
used to produce a wavelength-tunable field in the mid-IR through difference-frequency
generation (DFG) in a 1-mm-thick AgGaS,; (AGS) crystal. The wavelength tunability of the
mid-IR DFG output is central to our scheme of subcycle pulse generation as the highest
efficiency of spectral broadening is achieved by carefully adjusting the spectrum of an
ultrashort mid-IR DFG output relative to the dispersion profile of the nonlinear element
providing spectral broadening. Temporal and spectral characterization of mid-IR pulses was
performed by cross-correlation frequency-resolved optical gating (XFROG) using four-wave

mixing (FWM) in a gas [11, 36] (see SM [26] for details).

The central wavelength of the DFG output in our experiments can be tuned, by
frequency-tuning the signal and idler pulses, within the range of wavelengths from
approximately 2.7 to 14 um. Our main focus here is, however, on a much narrow spectral
range, where efficient compression to subcycle pulse widths can be achieved. This purpose is
best served by a 150-uJ, 58-fs signal pulse centered at 1.48 um and a 100-uJ, 61-fs signal
wave with a central wavelength of 1.89 um (Figs. 2d, 2e in SM [26]). The spectrally filtered
mid-IR output produced as a result of DFG has a central wavelength of 6.8 um, an energy of
5.0 W, and a pulse width of about 140 fs. This beam is collimated by a pair of off-axis 10-cm-
focal-length parabolic mirrors before it enters a GaAs plate, where the mid-IR field undergoes
spectral and temporal nonlinear-optical transformations leading to spectral broadening and
changes in the pulse envelope. The regime of these nonlinear-optical transformations is highly
sensitive to the relative arrangement of the spectrum of the mid-IR pulse and the dispersion
profile of the material. Of particular interest for efficient spectral broadening and efficient
pulse compression is the case when the spectrum of the field hits the point of zero group-
velocity dispersion (GVD). In this situation (Fig. 1a), multiple cascaded four-wave mixing

processes leading to a parametric energy transfer from the central part of the spectrum to



Stokes and anti-Stokes sidebands become phase-matched, dramatically enhancing spectral

broadening.

In Fig. 1a, we plot the coherence length /. = 7/|2dk|, ok = 2ko — ks — k,, for a generic
FWM process 2any = ax + @, which transfers the energy from a mid-IR pump with a
frequency ay and wave vector Ko to Stokes and anti-Stokes sidebands with frequencies @ and
@, and wave vectors Kk and k,, respectively. Calculations are performed for the dispersion of
GaAs. The most striking feature of this map is that, within a narrow region centered at around
the zero-GVD wavelength (4, = 6.8 um for GaAs), an ultrabroadband phase matching is
achieved for the 2ay = @, + @, FWM process, providing a physical mechanism for a dramatic
enhancement of supercontinuum generation. Supercontinuum generation is indeed
dramatically enhanced in our experiments when the mid-IR DFG output is tuned close to the
zero-GVD wavelength of GaAs, exactly as shown in Fig. 1a. With a considerable fraction of
the supercontinuum spectrum falling within the range of anomalous dispersion and with
plasma effects drastically enhanced due to the A% scaling of plasma refractivity, the temporal
evolution of ultrabroadband field waveforms, emerging as a part of this dynamics, is very
complicated and in many ways unusual as it involves strongly coupled nonlinear phenomena
induced by ultrafast ionization and the Kerr-type optical nonlinearities of the solid-state

material (Fig. 1b).

To understand this physical scenario, we resort to a numerical analysis based on the
three-dimensional time-dependent generalized nonlinear Schrodinger equation (GNSE) [13,
14] for the amplitude of the mid-IR pulse propagating through a nonlinear medium (see SM
[26] for details). The GNSE is solved jointly with the rate equation for the electron density,
which includes photoionization and impact ionization. Such a physical model includes all the
key physical effects pertinent to the nonlinear-optical evolution of ultrashort pulses in the
experiments presented in this work, viz., material dispersion to all the orders, absorption,
diffraction, spatial and temporal self-action effects due to the Kerr-type optical nonlinearity,
including the higher order Kerr effect, self-steepening, as well as ionization-induced
refraction and nonlinearities. When applied to the experiments presented here, this model
accurately reproduces both the experimental temporal profiles and spectra of mid-IR field
waveforms behind the GaAs plate retrieved from FWM XFROG traces (Figs. 2a, 2d). This
agreement with all the available experimental data (Figs. 2b, 2c, 2e, 2f) verifies the predictive

power of our model.



The decisive moments of the spectral--temporal evolution of the mid-IR field in the
GaAs plate are illustrated in Figs. 3a — 3d. As the phase-matched FWM near the zero-GVD
wavelength gives rise to enhanced spectral broadening, which is readily seen in the spectral—
temporal maps in Fig. 3a, several unusual effects become apparent in the dynamics of the
mid-IR pulse. Ordinarily, the trailing edge of the pulse, which carries the high-frequency part
of the spectrum (see Fig. 3a), would be stretched by the normal dispersion of GaAs. However,
the dynamics observed in Figs. 3a — 3d is strikingly different. Due to the 2 scaling of plasma
refraction, ionization effects tend to play much more significant role in the dynamics of mid-
IR pulses than they would play in the near-IR range. Ultrafast ionization of the solid by the
mid-IR driver gives rise to a rapid buildup of the electron density p(¢), which translates into a
steep ramp of plasma refractive index Anp = onp + idky. The real part of Anp contributes to
the overall nonlinear, intensity dependent part of the refractive index ony = dnk + onp (solid
and dotted lines in Fig. 1b), where dnk = n21(¢) is the change in the refractive index induced by
the Kerr effect, with n, being the nonlinear refractive index. Both ionization-induced
refraction and absorption, which is controlled by the imaginary part of Any (grey shading in
Fig. 1b), rapidly build up toward the back of the pulse (see Fig. 1b), strongly attenuating the
trailing edge of the pulse and enhancing the high-frequency wing of the spectrum (for z
ranging from 4 to 5 mm in Fig. 3a). In an equivalent picture, this effect can be understood in
terms of self-phase modulation within a pulse that evolves toward an asymmetric temporal
profile with a steep trailing edge. Since the ultrafast ramp of electron density tends to shut the
trailing edge of the pulse keeping the top of the pulse unaffected (Fig. 1b), the steeper trailing
edge of the pulse gives rise to an enhanced generation of high-frequency components (Fig.

3a).

Ultrabroadband phase matching near the zero-GVD wavelength (Fig. 1a) couples these
ionization-induced high-frequency components to the long-wavelength part of the spectrum
through the 2an = @y + @ FWM process, in which the ionization-induced high-frequency
components serve as an @ seed, facilitating the generation of new @ frequency components,
thus enhancing the long-wavelength wing of the spectrum (z = 4 — 5 mm in Fig. 3a) and
increasing the overall supercontinuum bandwidth. Self-focusing also plays a noticeable role in
the considered pulse self-compression scenario, as it partially suppresses diffraction-induced
beam divergence, helping to keep the field intensity high within the entire beam path within
the GaAs plate (Fig. 3d).



As the bandwidth of the mid-IR field waveform approaches an octave, which would
correspond to a single-cycle pulse width in the case of a transform-limited pulse, an optical
shock wave tends to build up on the trailing edge of the pulse. Because of its low intensity,
the trailing edge of the pulse induces a smaller nonlinear change in the group index compared
to the central, most intense part of the pulse, which gives rise to the largest change in the
group index and, thus, propagates slower than the pulse edges. It is instructive to estimate the
self-steepening of the trailing edge of the pulse occurring as a result of this process using an
elementary theory of self-steepening, allowing a self-similar solution for a self-steepening
pulse envelope [37]. In this approximation, the lag time of the peak of the pulse induced by
pulse self-steepening for the parameters of our experiments is estimated as Az, = 20 fs
(vertical dotted lines in Fig. 1b), providing a helpful quantitative measure of pulse self-
steepening in our experiments and facilitating a better understanding of experimental pulse
profiles in both experiments (solid line in Fig. 2b) and simulations (dash—dotted line in Fig.

2b).

The broadband mid-IR waveform behind the GaAs plate has a spectrum spanning, at
10% of its maximum, over more than an octave, from approximately 4.0 to 9.4 um (Fig. 2c).
The temporal profile of this waveform, retrieved from XFROG traces (Fig. 2a), has a short
central peak with an FWHM pulse width of 29 fs and a prepulse (Fig. 2b), which rolls off to
the 1/e level at —31 fs and which contains about 35% of the total energy of the mid-IR pulse.
This waveform has a residual chirp, shown by the dashed line in Figs. 2b and 2¢, which can
be partially compensated by an anomalously dispersive material. Indeed, following chirp
compensation in a 0.5-mm-thick BaF, plate, this pulse was compressed to an FWHM pulse
width of 20 fs with prepulse suppression below 5% of the intensity of the central peak of the
pulse (Fig. 2e). The energy within this suppressed prepulse was less than 10% of the total
energy of the pulse. With the spectrum of the compressed mid-IR waveform centered at 6.8
pm (Fig. 21), the 20-fs pulse width corresponds to less than 0.9 field cycles. The energy of the
central, 20-fs peak of the pulse is estimated as 1 pJ, translating into a peak power of this
waveform of about 50 MW. In the regime when the shortest, subcycle pulses were generated
following additional chirp compensation in an anomalously dispersive material, an overall

energy loss due to plasma absorption in GaAs does not exceed 13%.

To summarize, we have demonstrated a robust, all-solid-state approach for the
generation of microjoule subcycle pulses in the mid-infrared through a cascade of carefully

optimized parametric-amplification, difference-frequency-generation, spectral-broadening,



and chirp-compensation stages. The pulse self-compression scenario that takes place under
the conditions of our experiments is in now way explained by soliton self-compression as it is
dominated instead by strongly coupled nonlinear phenomena induced by ultrafast ionization
and the Kerr-type optical nonlinearities of the solid-state material. The anomalous dispersion
of GaAs does play a significant role under conditions of our experiments, but contributes to
self-compression through mechanisms other than soliton self-compression. In pulse self-
compression dynamics revealed in this work, anomalous dispersion helps provide
ultrabroadband phase matching for FWM near the zero-GVD wavelength and reduces the
temporal stretching of the leading edge of the pulse, which carries the long-wavelength part of
the supercontinuum spectrum. This new scenario of solid-state pulse self-compression
enables, as our experiments and simulations presented in this paper show, compression of

mid-IR pulses to subcycle pulse widths.
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Figure captions

Fig. 1. (a) The coherence length [, = 7/|20k| of the 2an = ax + @, FWM process in GaAs as a
function of the wavelengths As = 2zc/ @y and A, = 27c/ @,. The central wavelength of the mid-
IR DFG output is shown by the vertical dotted line. (b) The time profiles of the intensity-
dependent change in the refractive index induced by the Kerr effect dnx = n,/(t) (dotted line)
and the total nonlinear part of the refractive index ony = dn, + dng. The absolute value of the
imaginary part of the plasma correction to the refractive index, |0k, is shown by grey
shading. The rose solid curve with rose shading shows the temporal profile of the mid-IR
pulse at z =5 mm. The blue dash—dotted line is the temporal envelope of the mid-IR pulse at z
= 0. The lag time of the peak of the pulse induced by pulse self-steepening, Az, is shown by
the vertical dotted lines.

Fig. 2. (a, d) FWM FROG traces of the mid-IR pulse behind the GaAs plate (a) and following
chirp compensation in the 0.5-mm BaF, plate (d). (b, ) Temporal envelopes (solid and dash—
dotted lines) and phases (dashed and dotted lines) and (c, f) spectra (solid and dash—dotted
lines) and spectral phases (dashed and dotted lines) retrieved from FWM FROG traces (solid
and dashed lines) and simulated by numerically solving the GNSE (dotted and dash—dotted
lines) for the mid-IR pulse behind the GaAs plate (b, c) and following chirp compensation in
the 0.5-mm BaF; plate (e, f).

Fig. 3. Spectral, temporal, and spatial evolution of ultrashort mid-infrared pulses in the self-
compression regime. (a) the Wigner spectrograms and temporal envelopes of the mid-IR
pulse along its propagation path in the GaAs plate, (b) the longitudinal profile of the on-axis
electron density induced by the mid-IR pulse in the GaAs plate, (c) the time evolution of the
pulse integrated over the beam, and (d) the beam dynamics of the mid-IR pulse along its
propagation path in the GaAs plate. The solid curve shows the evolution of the beam full
width at half-maximum.
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Fig. 1. (a) The coherence length [, = 7/|20k| of the 2an = @y + @ FWM process in GaAs as a
function of the wavelengths A = 2zc/ @y and A, = 27c/ @,. The central wavelength of the mid-
IR DFG output is shown by the vertical dotted line. (b) The time profiles of the intensity-
dependent change in the refractive index induced by the Kerr effect dnx = n2/(t) (dotted line)
and the total nonlinear part of the refractive index onn = dny, + dng. The absolute value of the
imaginary part of the plasma correction to the refractive index, |0k, is shown by grey
shading. The rose solid curve with rose shading shows the temporal profile of the mid-IR
pulse at z =5 mm. The blue dash—dotted line is the temporal envelope of the mid-IR pulse at z
= 0. The lag time of the peak of the pulse induced by pulse self-steepening, Az, is shown by
the vertical dotted lines.
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Fig. 2. (a, d) FWM FROG traces of the mid-IR pulse behind the GaAs plate (a) and following
chirp compensation in the 0.5-mm BaF; plate (d). (b, €) Temporal envelopes (solid and dash—
dotted lines) and phases (dashed and dotted lines) and (c, f) spectra (solid and dash—dotted
lines) and spectral phases (dashed and dotted lines) retrieved from FWM FROG traces (solid
and dashed lines) and simulated by numerically solving the GNSE (dotted and dash—dotted
lines) for the mid-IR pulse behind the GaAs plate (b, ¢) and following chirp compensation in
the 0.5-mm BaF; plate (e, f).



-
o0
—_—
]
—

(um) Intensity (arb. units)
&;

w

__________ e o A \ SA e

.E
is)
=
o6
2
g 4 z=0 z=3mm z=4mm z=4.5mm
-100 0 100 -100 O 100 -100 O 100 -100 0 100 -100 O 100
Time (fs) Time (fs) Time (fs) Time (fs) Time (fs)
—~ 4018 0.3
"E 101? (®) '
g 10"
15
E 10
'E 1014
L]
w 1013

o

1 2 3 4 5
z (mm)

Fig. 3. Spectral, temporal, and spatial evolution of ultrashort mid-infrared pulses in the self-
compression regime. (a) the Wigner spectrograms and temporal envelopes of the mid-IR
pulse along its propagation path in the GaAs plate, (b) the longitudinal profile of the on-axis
electron density induced by the mid-IR pulse in the GaAs plate, (c) the time evolution of the
pulse integrated over the beam, and (d) the beam dynamics of the mid-IR pulse along its
propagation path in the GaAs plate. The solid curve shows the evolution of the beam full
width at half-maximum.



