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We report the amplification of three-cycle, 8.5 fs optical pulses in a near-infrared noncollinear optical para-
metric chirped-pulse amplifier (OPCPA) up to energies of 80 mdJ. Improved dispersion management in the
amplifier by means of a combination of reflection grisms and a chirped-mirror stretcher allowed us to re-
compress the amplified pulses to within 6% of their Fourier limit. The novel ultrabroad, ultraprecise disper-
sion control technology presented in this work opens the way to scaling multiterawatt technology to even
shorter pulses by optimizing the OPCPA bandwidth. © 2007 Optical Society of America

OCIS codes: 190.4970, 190.4410, 320.5520.

High-peak-power few-cycle sources are of interest for
a number of applications in nonlinear optics, high-
field, and ultrafast science [1]. Few-cycle pulses not
only offer high peak powers from compact systems
(relative value) but also enable the emergence of en-
tirely new technologies such as the generation and
measurement and spectroscopic applications of iso-
lated attosecond pulses and steering the atomic-scale
motion of electrons with controlled light fields [2—7]
(absolute value). Noncollinear optical parametric am-
plification offers amplification over spectral ranges
sufficiently broad for few-cycle pulse synthesis, but
dispersion control during stretching and recompres-
sion has remained a major challenge because of the
large bandwidth over which the dispersion needs to
be compensated with high accuracy. This is one of the
reasons why many terawatt-scale optical chirped-
pulse amplifiers [8,9] are designed for higher energy
amplification and for pulse durations longer than
those potentially allowed by the amplification band-
width. Only recently amplification and adaptive
pulse compression of more than 100-THz bandwidths
to the few-cycle regime were demonstrated reaching
the terawatt regime [10-12].

In this Letter we report the implementation of an
ultrabroadband grism-pair stretcher capable of con-
trolling group delay over a dynamic range of tens of
picoseconds and a bandwidth exceeding 100 THz.
This improvement led to what we believe to be the
first sub-10-fs, 10 TW light source ever reported and
holds promise for further shortening of multiterawatt
light pulses by means of optical parametric amplifier
(OPA) bandwidth engineering.

The schematic layout of the our novel stretcher-
compressor system is depicted in Fig. 1. The OPA
chain is described in previous work [12]. Stretching is
implemented by the negative dispersion of a pair of
grisms [13]. These hybrid elements combining the
dispersive effects of diffraction gratings and prisms
were recently demonstrated to be capable of introduc-
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ing near-linear dispersion with high throughput over
a bandwidth of 60 nm in the near infrared [13-15].
Here we demonstrate that they can also control opti-
cal delay efficiently over a bandwidth of 300 nm in
the same spectral range. Our positive-dispersion
compressor is composed of glass blocks and chirped
mirrors (CM2). The latter are used for final compres-
sion to prevent excessive nonlinear effects in the
glass compressors. Residual higher-order dispersion
of the system is compensated by another pair of
chirped mirrors (CM1) and a programmable acousto-
optic dispersive filter (AODF), dubbed Dazzler [16].
The grism stretcher is designed to compensate for
the dispersion of (1) the glass compressor (160 mm of
SF57 and 100 mm of fused silica), (2) the BBO crys-
tals in the optical parametric chirped-pulse amplifier
(OPCPA) chain (a total of 15-mm path length), and
(3) the acousto-optical filter (43 mm of TeO,) at the
central wavelengths of 850 nm of our amplifier chain.
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Fig. 1. Optical layout of the OPCPA experimental setup.
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Our numerical studies revealed best performance for
normal incidence and low-groove-density gratings.
Grisms composed of standard 300 lines/mm gold-
coated ruled gratings (Newport) and antireflection-
coated SF11 prisms having an apex angle of 18°
turned out to be the optimum choice for minimizing
high-order dispersion in the near infrared. To achieve
the required negative dispersion over the whole
bandwidth of nearly 300 nm, the deviation angle on
the grism grating is ~20°, this being reasonably close
to the Littrow angle for high efficiency.

The calculated coefficients of the Taylor expansion
of the spectral phase delay at \y=27c/wy=850 nm,
D;=[Fp(w)/ awi]|w=w0, of our grism-pair stretcher are
Dy=-5.48x10* fs? ~ (group-delay dispersion), Dj
=-1.33%x10° fs? (third-order dispersion), and D,
=1.00 X 10* fs* (fourth-order dispersion). The spectral
phase ¢(w) is calculated by ray tracing and taking
into account the wavelength-dependent phase shift
caused by the gratings in the stretcher setup [17].
The overall material dispersion introduced by the
above listed components of the amplifier chain, the
compressor, and the Dazzler are calculated as D,
=5.47x10*fs?, D3=3.76x10*fs> and D,=1.00
X 10* fs*. From these results it follows that the
fourth-order dispersion is fully compensated, while
the residual second-order dispersion is sufficiently
low to be corrected by the Dazzler. However, for re-
sidual third-order dispersion additional measures are
required. The residual third-order dispersion is way
too high to be compensated by the Dazzler alone if
reasonably high diffraction efficiency is required. To
this end, we designed and fabricated a pair of chirped
mirrors introducing 600 fs3/bounce over the spectral
range of 6560—1050 nm. Due to the relatively high
losses per bounce we use only 20 bounces off these
mirrors (CM1 in Fig. 1) to correct for a fraction of the
residual third-order dispersion of the OPCPA system.
The measured absolute efficiency of the grism
stretcher combined with chirped mirrors is 21% for
the entire amplified signal bandwidth. The lower
transmission efficiency of the grism stretcher com-
pared with the ~40% throughput of the previous
stretcher results in a lower seed energy available for
the first amplification stage, which in turn decreased
the contrast of the amplified and compressed pulse
[18]. Further throughput optimization of this newly
designed stretcher and development of a more power-
ful front end are under way.

The dispersive system composed of the grism pair
and the chirped-mirror pair CM1 stretches the 5 fs
pulses from the Ti:sapphire oscillator by approxi-
mately a factor of 10,000 to pulses with a duration of
50 ps. Propagation through the Dazzler recompresses
the pulses to a duration of ~40 ps before entering the
amplifier chain. With our current system, the
stretched pulse duration in the amplifier chain can
be tuned between 5 and 60 ps (by changing the hori-
zontal and vertical separation between the grisms)
without compromising high-order dispersion compen-
sation. For our current experiments, we have chosen
40 ps, as a trade-off between maximum gain band-
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width and maximum conversion efficiency (for a
Gaussian pump pulse of 100-ps duration).

The spectrum transmitted by the stretcher is
shown in Fig. 2 (solid curve). Comparison with the
seed spectrum (shaded gray contour) reveals that the
grism-pair increasingly suppresses spectral compo-
nents at wavelengths beyond 1 um, mainly due to
the roll-off in grating diffraction efficiency. Fourier
transformation of the amplified spectrum (Fig. 2,
dashed curve) yields pulse duration of 8 fs [full width
at half-maximum (FWHM)]. It is important to men-
tion that in the current interaction geometry the am-
plification bandwidth (~720-1020 nm) of 5 mm long
BBO crystals supports a transform-limited pulse du-
ration of 7.6 fs. The amplified spectrum is smoother
as compared with that obtained with our previous
pulse stretcher [12], with the fine structure largely
attributed to superfluorescence (approximately
30 md out of the 110 mdJ of the amplified output). It is
important to note that the new stretcher is easy to
align, versatile, and compact. No residual spatial
chirp could be detected by measuring the stretched
pulse spectrum at different points in the beam cross
section.

The amplified pulses after compression were mea-
sured with a single-shot spectral interferometer for
direct electric-field reconstruction (SPIDER) [19,20].
The SPIDER apparatus was designed for measuring
pulses down to the 5 fs in duration and previously
tested in this regime by the pulse duration measure-
ments on an ultrabroadband Ti:sapphire oscillator.
Figure 3(a) shows the retrieved spectrum and spec-
tral phase, and Fig. 3(b) shows the reconstructed in-
tensity envelope in time. The compressed pulse has a
nearly constant phase over the entire bandwidth of
the pulse, resulting in a pulse duration of 8.5 fs,
which is within 6% of the Fourier limit. The ampli-
fied pulse compression was reproducible, and to our
knowledge the shot-to-shot pulse duration fluctua-
tion was measured for the first time for OPCPA with
a single-shot SPIDER apparatus [21]. The single-
shot SPIDER is a key component for fast and reliable
system optimization of a low-repetition-rate (10 Hz)
system and measurement of the pulse duration fluc-
tuation. For the present system the rms deviation
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Fig. 2. Pulse spectrum evolution in the OPCPA system: at
the oscillator output (shaded gray contour), after the grism-
pair stretcher (solid curve), and after amplification (dashed
curve).
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Fig. 3. Amplified pulse after compression: (a) measured
amplified pulse spectrum (shaded contour) and retrieved
group delay (solid curve), (b) recompressed 80-mdJ pulse.
The dotted curve corresponds to the intensity profile of a
transform-limited pulse (FWHM=8 fs) of the amplified
spectrum.

was measured to be 4.7%. This comes in combination
with a good energy stability; its rms value was evalu-
ated as 4.5%.

In conclusion, we have demonstrated an ultra-
broadband dispersion management system, drawing
on a reflection grism pair for stretching, glass blocks
for high-throughput compression, and chirped mir-
rors and a Dazzler for high-order dispersion control,
offering optical delay control over the spectral range
of 720—1000 nm. Its first application in a noncol-
linear OPCPA system yielded gain-bandwidth-
limited three-cycle 10 TW pulses at a repetition rate
of 10 Hz. The present system is scalable in energy
and in duration. The maximal available sizes of BBO
crystals and compressor glass blocks limit the ampli-
fied pulse energy to approximately 500 mdJ, whereas
thinner BBO crystals can be used to enhance the am-
plification bandwidth and reduce compressed pulse
duration until 6.2 fs. This technology will permit ex-
ploring high-field interactions in previously inacces-
sible parameter regimes.
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