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Supercontinuum generation in a solid-state medium was in-
vestigated experimentally. A continuum covering 460 to
950 nm was obtained when 0.8 m]J/30 fs Ti:sapphire laser
pulses were applied to seven thin fused silica plates at a
1 kHz repetition rate. The primary processes responsible for
spectral broadening were self-phase modulation (SPM) and
self-steepening, while SPM and self-focusing were balanced
to optimize the spectral broadening and suppress the multi-
photon process. The output was compressed to a 5.4 fs and
a 0.68 m] pulse, corresponding to two optical cycles and
0.13 TW of peak power. © 2017 Optical Society of America

OCIS codes: (320.6629) Supercontinuum generation; (190.7110)
Ultrafast nonlinear optics; (320.7100) Ultrafast measurements.
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Attosecond optics is among the most celebrated offspring of
atomic, molecular, and optical physics. Its essence is the gener-
ation of isolated attosecond optical pulses through high-order
harmonic generation (HHG) and the investigation of electronic
motion on an atomic scale with such pulses [1,2]. One of the key
issues is that the photon flux in an attosecond pulse is extremely
low. Although extreme ultraviolet (XUV) pulses as short as 67 as
have been demonstrated [3], a typical isolated attosecond pulse
contains only about 1 nJ of energy [4,5], which is not strong
enough to carry out autocorrelation, nonlinear optics, or multi-
photon process experiments. Generally speaking, 1 pJ of pulse
energy is required to study nonlinear atto-optics. Such an
energetic pulse will be able to exploit the full potential of all-
attosecond studies and open new research fields.

Considering the conversion efficiency of about 10~ to 1077
for HHG and attosecond pulse generation [4,6], one way to
produce a 1 pJ attosecond pulse is to drive the generation proc-
ess with a 1 J femtosecond pulse. Although an XUV pulse as
short as 148 as [7], an XUV continuum with about 100 n]J [8],
and a 500 as pulse with over 1 pJ energy [9] generated by multi-
cycle driver pulses have great potential to raise the pulse energy
further, few- or mono-cycle driving pulses would certainly be
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much more efficient, since an isolated attosecond pulse is ac-
tually produced within only a half-cycle of the driver [10].
Boosting the energy of such a short pulse involves generating
and/or amplifying a spectrum covering an octave or more,
which is rather challenging at a joule energy level due to the
gain narrowing effect in chirped pulse amplification [8].
Supercontinuum generation (SCG) by self-phase modulation
(SPM) [11,12] of narrow-band driving pulses has been investi-
gated since the laser was invented [13], implementing broadband
light sources for a variety of applications [14]. A coherent octave
or broader spectrum may be utilized to produce few- to mono-
cycle optical pulses. Currently, the mainstream technique of
few-cycle pulse generation is to compress multi-cycle pulses from
laser amplifiers with inert-gas-filled hollow-core fibers (HCFs),
plus the chirped mirrors which deliver pulses of 1 to 3 cycles
[15,16]. However, such a device only takes pulses with energy
on the order of millijoules, and the transmission is usually only
~50%, hardly over 70%. The primary energy loss mechanism
includes multiphoton processes (absorption or ionization) and
waveguide mode selection. This technique faces considerable
challenges to accommodate more powerful input pulses. The
highest pulse energy attempted so far was 75 mJ at an 800 nm
central wavelength [17] and 11 m] at 1.8 pm [16], while the
output was only 10.9 mJ and 5 mJ, respectively. At the same
time, HCF compressors suffer other technical complications, in-
cluding a rather large footprint, poor long-term stability, delicate
construction, and tedious alignment for daily operation.
Spectral broadening in solid-state materials has been pre-
sented [13] and pursued as a pulse compression technique
[18-23] which, however, did not yield octave-spanning spectra.
Lately, a supercontinuum similar to that from HCFs has been
generated from bulk dielectrics [24,25], and mid-infrared few-
cycle pulses have been obtained [22,23,26-28]. In addition
to SPM which induces the desired SCG, the optical Kerr effect
also triggers undesired self-focusing. With that, the laser beam
shrinks, and the intensity raises drastically, causing significant
multiphoton excitation and ionization, which lead to serious
energy loss and permanent damage to the material if the pulse
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energy is high enough [29,30]. The pulse energy of the super-
continuum from solid-state materials is so far limited to the
order of 100 pJ, except in [23], where the broadened spectrum
with 20 m] of energy did not reach an octave.

Several papers [18,19,31] have mentioned using a short slab
of dielectrics to minimize the effect of self-focusing—the beam
exits the medium before it starts to damage. However, a slab does
not provide enough nonlinearity for SCG. To avoid catastrophic
self-focusing while generating a supercontinuum, using multiple
Kerr elements has been proposed [32,33] and demonstrated ex-
perimentally at a sub-millijoule level [25]. In the proposal [32], a
periodic system was considered to achieve spectrum broadening,
consisting of a thin piece of Kerr medium and a relay telescope in
each element. At higher intensities, self-focusing in even a very
thin solid-state plate could make a positive lens, so that each
plate itself could act as one element to achieve spectrum broad-
ening periodically. In such a system, a femtosecond laser pulse
may be spectrally broadened via SPM through each plate, while
self-focusing in the same medium produces a converging beam
only after propagating through. Once the converging beam
passes its minimal cross section (focal spot), it becomes diverging
again and enters the next plate.

Utilizing this configuration, consisting of multiple fused silica
plates, we generated an octave-spanning supercontinuum. With
input pulses of 0.8 mJ/30 fs at 1 kHz, 0.7 and 0.68 m] pulses
were obtained after the plates and chirped mirrors, corresponding
to efficiencies of 87.5% and 85%, respectively. The center spot of
the beam (Fig. 2), containing 85% of the pulse energy, gave a
74% efficiency after the plates by itself. The output spectrum
supported a transformed-limited pulse duration of 3.5 fs. A com-
pressed pulse duration of 5.4 fs at full width at half-maximum
was measured by a home-built transient-grating frequency-
resolved optical gating (TG-FROG) [34]. This corresponds to
a two-cycle 0.13 TW pulse and, to the best of our knowledge,
was the first millijoule pulse approaching the terawatt level with
an octave spectrum produced by SPM in solid-state material.
Compared with HCFs, SCG in multiple thin plates is a prom-
ising way to obtain few-cycle pulses with the advantages of high
efficiency, good stability, and a compact footprint. More impor-
tantly, this scheme would allow generation of few-cycle pulses
with much higher energy and at different central wavelengths.

The experimental apparatus for SCG in fused silica plates
and pulse compression is schematically illustrated in Fig. 1.
Driving pulses of 0.8 m] and 30 fs with a central wavelength
at 790 nm were produced at 1 kHz by a multi-pass Ti:sapphire
amplifier. A telescope and a lens were used to control the
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Fig. 1. Experimental setup for supercontinuum generation in fused
silica plates and pulse compression. The telescope contained two fused
silica lenses, a plano—convex with / = 300 mm and a plano—concave
with /= -100 mm separated by 200 mm; the focusing lens (L) was
f = 2000 mm. CM, concave silver mirror, to collimate the output beam
(f = 1000 mm). The chirped mirrors were from FEMTOLASERS
(part# BBCOMP).
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diameter and divergence of the beam. Without the plates, the
beam diameter was 2w, = 600 pm (at 1/¢? of the intensity
profile) at the focal point, the Rayleigh range was
zgp=235cm, and the intensity was about 9.4 x 10'2 W /cm?.
The beam propagated through seven pieces of fused silica, each
of which was 0.1 mm thick and 10 mm in diameter, placed at the
Brewster’s angle (55.5°), giving an effective thickness 0.12 mm.

The major nonlinear optical process contributing to SCG was
the Kerr effect, which caused SPM, as well as self-focusing
[11,29,35]. At higher laser intensities (210 14y /cm?), ionization-
enhanced SPM (IE-SPM) [36-38] may be invoked to explain the
strong spectral broadening to the short-wavelength side [17,39].
Although IE-SPM results in a broader spectrum, the ionization
causes substantial energy loss. Therefore, we chose to focus loosely
and optimized the locations of the plates for best SPM to obtain a
spectrum as broad as possible, while limiting the effect of self-
focusing, and thus ionization, to minimize energy loss.

The first plate was 31 cm before the focus of the 2 m lens for
optimal SCG and a compact optical path [21,40], and the
beam diameter was about 0.8 mm before the plate. The diam-
eter right after the plate reduced to 0.45 mm, and kept decreas-
ing to a minimum of roughly 0.4 mm. The second plate was
located 20 cm behind the first one, and the beam diameter at
the plate was measured as 0.4 mm. The distances from the plate
in front for the remaining five plates were 8.5 cm, 4.5 cm,
5 cm, 5 cm, and 5 cm, respectively, so that the total distance
from the first to the last one was about 50 cm. Each plate was
placed behind the minimal beam size produced by the plate in
front, and self-focusing in each plate changed a slightly diverg-
ing incident beam into a slightly converging one. The beam
diameters were the same at the third and fourth ones, and in-
creased to 0.5 mm, 0.6 mm, and 0.8 mm for the fifth to sev-
enth plates, respectively. The laser intensities were about
2.1 x 10" W/cm? in the first four plates, and dropped to
5.3 x 1012 W /cm? in the last one, assuming a constant pulse
width of 30 fs. The final output had M? of 1.86 and 1.69 in
two orthogonal axes, while the input had 1.68 and 1.34, mea-
sured by a beam analyzer (M2-200s-FW, Spiricon). The output
power stability was 0.45% (rms over 50 min), measured by a
power meter with an integration time of 100 ms (PM2/
LabMax, Coherent), while the input was 0.63%.

The seven thin plates, each of which acted as the nonlinear
medium for SCG, as well as a relay lens to confine the beam
[32], assembled a quasi-periodic quasi-waveguide to broaden
the spectrum continually. In this configuration, on the one
hand, the beam size was kept more or less the same within
50 cm by self-focusing through the plates to maximize SPM.
On the other hand, the beam had left the plate every time self-
focusing made the beam converging so that the beam would
not be focused inside the plate to cause damage. After passing
through all the plates, the beam at far field, as shown in the
inset of Fig. 2, had a high-quality transverse mode similar to
that of a HCF output, which took the form of a zeroth-order
Bessel function [15]. The final spectrum was shown in Fig. 2,
covering an octave from 460 to 950 nm at a =20 dB intensity
level, which supported a transform-limited pulse duration of
3.5 fs. The spectra of the center peak and the first ring, which
together contained over 95% of the energy, were essentially the
same. The output energy was 0.70 m], corresponding to an
efficiency of 87.5%. This result and the efficiency of 74% for
the center spot were much higher than HCFs, which are usually



476 Vol. 42, No. 3 / February 1 2017 / Optics Letters

Normalized Intensity

Z?OO 600 800 1000
Wavelength (nm)

Fig. 2. Supercontinuum after the laser beam propagated through seven
fused silica thin plates. Inset: the output beam profile taken at the collimat-
ing mirror; the center peak was saturated to show the structures of the rings.

~50% for the full beam, and higher than previous similar stud-
ies [25]. The efficiency of each plate increased gradually from
95% to 99.3% from the first to the last. By adjusting the
parameters of the telescope and focusing lens, a similar output
mode and spectrum were obtained with input pulse energy be-
tween 0.2 and 0.8 m]J. The total efficiency increased from
87.5% to 90%, as the input energy decreased from 0.8 to
0.2 mJ. The observed higher efficiencies at later thin plates where
the beam diameter was getting larger, as well as at lower input
energies, indicated that a lower energy loss was correlated with
lower laser intensity and, thus, weaker multiphoton processes.

To understand how the laser pulse evolved through the
plates, the spectrum and pulse shape after each plate were mea-
sured experimentally. The spectra in a log scale were shown in
Fig. 3, while the intensity temporal profiles obtained by FROG
in Fig. 4. As shown in Fig. 3, the spectral broadening in the first
three plates was more or less symmetric to the pump spectrum,
and the corresponding pulse shapes in Fig. 4 were also symmet-
ric and did not change. This was typical SPM which broadened
the spectrum, but did not modify the temporal envelope.
However, at the fourth plate, self-steepening set in, and a sharp
edge started to appear on the tail of the pulse (the blue solid
curve in Fig. 4). As the pulse passed through the remaining
plates, the self-steepening was strengthened—a steep trailing
edge became more pronounced, and a broad short-wavelength
pedestal appeared in the spectra (blue dashed, purple, and black
curves in Figs. 3 and 4). Adding more plates did not change the
spectrum further.
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Fig. 3. Spectra taken after each fused silica plate in a log scale. The

zeroth one was the input spectrum.
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Fig. 4. Pulse envelopes retrieved from FROG traces taken after each
fused silica plate. The zeroth one was the input. The energy of each
pulse was normalized to the input.

In a Kerr medium, the refractive index is n = ny + 7,1,
where 7 is the linear refractive index, 7, is the nonlinear re-
fractive index coefficient, and 7 is the laser intensity [41]. In
space, the intensity peaks at the center of the beam so as 7 for
regular material (7, > 0), which manifests itself as self-focusing.
While the beam collapse in the medium caused by self-focusing
had to be circumvented by using thin plates, it was self-focusing
that kept the beam size more or less the same throughout all the
plates. The observation that the beam diameter increased from
0.4 to 0.6 mm in 23 cm (from the second to sixth plates), while
the Rayleigh range of a 0.4 mm diameter beam was only 15.7 cm,
was an indication of the beam confining effect in our setup. In
the time domain, the intensity variation produces a phase modu-
lation, ¢(r) = 2t 4 % , which exhibits a frequency shift

A
. . _ 9 _ 2zmLol(s)
in the spectral domain, Aw = - ¢(r) = - ===, where L

is the length of the nonlinear medium and A the central wave-
length [41]. Meanwhile, seeing a higher 7, the intensity peak
takes a lower group velocity and moves toward the trailing
edge—self-steepening, which causes excess spectral broadening
on the short-wavelength side. Our observation (Fig. 4) showed
qualitative consistency with previous studies, where SPM
and self-steepening were considered as the primary nonlinear op-
tical processes in SCG [11,35]. Self-steepening reduced the peak
width, but due to a large pedestal at the leading edge and energy
loss at each plate, the peak dropped as well (Fig. 4). Therefore, the
self-focusing was also reduced, and the beam size increased sig-
nificantly at the last two plates, causing the intensity to drop fur-
ther and, eventually, the spectral broadening stopped.

The output beam was collimated by a concave mirror then
four pairs of chirped mirrors and a pair of fused silica wedges were
employed to compensate and control the chirp (Fig. 1). A pulse
width of 5.4 fs (Fig. 5) was measured by a home-built TG-FROG
[34]. The pulse energy measured after the chirped mirrors and
wedges was 0.68 mJ, while the center spot contained 0.58 m].

In conclusion, we investigated SCG in solid-state media in
order to develop high-energy femtosecond laser pulses to drive
high-energy isolated attosecond pulses. Utilizing seven fused
silica thin plates as the nonlinear medium, with input pulses
of 0.8 mJ/30 fs at 1 kHz, an octave-spanning spectrum sup-
porting a transformed-limited pulse duration of 3.5 fs was ob-
tained. The pulse energy after the plates and compressor were
0.7 and 0.68 m], corresponding to the efficiencies of 87.5%
and 85%, respectively. A compressed pulse width of 5.4 fs was
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Fig. 5. Characterization of the 5.4 fs pulse compressed from the
supercontinuum by TG-FROG. (a), (b) Measured and reconstructed
FROG traces. (c) Retrieved spectrum (solid red line), phase (dashed
line), and the spectrum taken at the entrance of the FROG (solid black
line). (d) Retrieved pulse envelope. The retrieval error was 0.008.

measured by a TG-FROG, representing a two-cycle 0.13 TW
pulse. The center spot, containing 85% of the pulse energy or
0.58 m] after compression, corresponded to 0.11 TW itself. To
the best of our knowledge, this was the first millijoule pulses
approaching the terawatt level with an octave-spanning spec-
trum produced by SPM in solid-state materials.

The primary processes in the SCG were SPM and self-
steepening. While self-focusing was restricted to suppress the
catastrophic effect of strong focusing in bulk materials by using
thin plates, it was utilized to maintain a quasi-waveguide, where
the plates were the quasi-periodic elements to confine the beam
so as to maintain effective spectral broadening. Therefore, SPM
and self-focusing, the two leading nonlinear processes, were
successfully balanced to optimize the SCG while suppressing
the multiphoton process, which was the major energy loss mecha-
nism. The achieved efficiency was much higher than mainstream
HCEF systems (50%) and previous similar experiments.

Compared with HCFs, SCG in multiple plates was not only
efficient, but also stable, robust, and reproducible on a more
compact footprint. Our setup had been producing the same
spectrum continuously for over 6 h without any manual align-
ment or automated beam pointing stabilization system, and the
spectrum had stayed unchanged for several days when the laser
was switched on and off every day. This scheme should be
applicable to a wide range of lasers with spectra covering ultra-
violet to mid-infrared, and scalable to much higher pulse en-
ergies, although the inhomogeneity and instability on the
wavefront may trigger small-scale self-focusing and, eventually,
set an upper limit of the applicable pulse energy. The develop-
ment of high-power few- to mono-cycle laser sources is invalu-
able, not only for high-energy attosecond pulse generation, but
for many nonlinear optics, ultrafast optics, and strong field
physics applications, and will open new research areas that have
been previously inaccessible.
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