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Pulse compression over a 170-THz bandwidth in the visible
by use of only chirped mirrors
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We report on double-chirped mirrors with custom-tailored dispersion characteristics over a bandwidth of

170 THz in the visible.
amplifier in the visible.

The mirrors are used in a prismless compressor for a noncollinear optical parametric
The compressed pulses, characterized for the what is believed to be first time by

use of the spectral phase interferometry for direct electric field reconstruction technique, display a nearly flat

phase from 510 to 710 nm and have a duration of 5.7 fs.

OCIS codes: 320.5520, 190.4970, 320.7100.

Recently, several techniques showed the capability
to generate coherent light pulses with bandwidths
well in excess of 100 THz, either directly from a laser
oscillator'? or by extracavity spectral broadening®*
and subsequent broadband amplification.’~" The
compression of such pulses to a nearly transform-lim-
ited duration calls for the development of delay lines
with dispersion characteristics that are accurately
controlled over ultrabroad bandwidths. Chirped
dielectric mirrors®® are a powerful tool for dispersion
control; they introduce frequency-dependent group
delay (GD) by reflecting different frequency compo-
nents of the incident radiation at different depths
within the multilayer structure. Chirped mirrors
are often combined with other dispersive elements,
such as prism or grating pairs, for achievement of the
desired phase characteristics; these additional ele-
ments, however, increase the complexity of the system.
Chirped-mirror-only dispersion compensation allows
for compactness, reproducibility, and insensitivity
to misalignment, which are of great importance in
real-world applications.

In this Letter we report on the design and construc-
tion of chirped mirrors with custom-tailored disper-
sion characteristics over a bandwidth of 170 THz in
the visible, extending from the blue (510-nm) to the
red (710-nm) spectral region. We use these mirrors
to compress pulses from a noncollinear optical para-
metric amplifier (NOPA) to a nearly transform-limited
duration of 5.7 fs. We also provide what is believed
to be the first full characterization in amplitude and
phase of NOPA pulses. Our results are consistent with
the limitations of the present dispersion compensation
scheme and point out ways to improve its performance.

The NOPA used in this Letter was described else-
where > Briefly, the system is pumped by the
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second harmonic of an amplified Ti:sapphire laser
and seeded by the white-light continuum generated
in a l-mm-thick sapphire plate. Parametric gain
is achieved in a single pass through a 1-mm-thick
B-barium borate (BBO) crystal, cut at & = 32°, by use
of type I phase matching. The amplified pulses have
~2-ud energy, a 1-kHz repetition rate, peak-to-peak
fluctuations of <7%, and TEMy, beam quality. To
minimize dispersion we use only reflective optics
to steer the white light and the amplified beams.
With optimum pump-seed angular alignment, the
amplified pulse spectra span the whole bandwidth of
the noncollinear parametric process in BBO, extend-
ing from 500 to 750 nm.!? For the experiments we
suppressed some part of the NOPA spectrum on the
low-frequency side by inserting a thin short-pass glass
filter into the seed beam.

The GD of the amplified pulses was measured by
cross correlation with a 10-nm spectral slice of the
NOPA pulse, selected by an interference filter and
with =70-fs FWHM duration. Spectral resolution of
the cross-correlation signal in a UV monochromator
yields the relative arrival times of different frequency
components of the pulse, which sum to a total GD
of =400 fs between the extreme parts of the NOPA
spectrum (Fig. 1). Our measurements agree favor-
ably with an independent calculation of the GD of
the different optical elements (sapphire plate, BBO
crystal, beam splitters, air path).

Based on these measurements, we designed double-
chirped mirrors®'® (DCMs) to compensate exactly for
the dispersion in Fig. 1. These mirrors display high
reflectivity, together with small residual oscillations of
the group-delay dispersion (GDD), with 8—9-fs? ampli-
tude, over the 510—710-nm wavelength range (Fig. 2).
The dispersion compensation range is limited by the
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to the phase-matching bandwidth of the upconversion
crystal and the spectral responsivity of the detector,
since the accuracy depends on only the fringe spac-
ing. In addition, there is a direct, noniterative phase-
retrieval algorithm, and there are no moving parts in
the apparatus.

The extension of this technique to the visible
spectral range with ultrabroadband pulses is not
straightforward and requires a careful design of the
setup. We employ a novel variant of the SPIDER
technique that derives the reference pulse from the
infrared pump laser (A = 780 nm) rather than from
a NOPA. This cross-correlation variant has the ad-
vantage of higher signal powers and a more favorable
wavelength range (300—380 nm) of the SPIDER trace.
Two replicas of the NOPA pulse with a delay 7 = 271 fs
are generated in a Michelson interferometer with a
100-um-thick Inconel-coated beam splitter. By use
of a 20-um-thick type I BBO crystal, these replicas
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Fig. 1. Diamonds, measured GD of the noncollinear opti-

cal parametric amplifier (OPA) pulses before compression;
solid curve, opposite of the GD after ten bounces on the

DCMs.
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Fig. 2. Reflectivity of the DCM (dashed curve) and the
designed (solid curve) and desired (dotted curve) GDD of
the DCM.

roll-on of a filter, which we incorporated into the
design to suppress the seed wavelength (780 nm).
This filter introduces phase distortions at wavelengths
longer than 720 nm. The mirrors were manufactured
by means of ion-beam sputtering and consist of 30
pairs of alternating SiO3/TiO. layers. We estimate
a layer-deposition accuracy of =~0.2 nm rms. As
shown in Fig. 1, the resulting GD after ten bounces
on the chirped mirrors matches the required GD very
accurately over the wavelength range 510-710 nm,
with a rms error of 1.8 fs.

To fully characterize the NOPA pulses in amplitude
and phase, we use spectral phase interferometry for
direct electric field reconstruction (SPIDER).1* When
it is applied to ultrabroadband pulses, SPIDER has
several advantages with respect to other pulse char-
acterization techniques. In particular, the accuracy
of spectral phase reconstruction is quite insensitive

are then upconverted with a stretched infrared pulse.
A 5-cm-long SF10 glass block (GDD, 8270 fs?) is
employed as a stretcher, which results in a spectral
shear of 5.22 THz between the upconverted replicas,
obtained when the delay is divided by the GDD. We
take advantage of the properties of type II phase
matching by orienting the NOPA beam along the
ordinary axis, which yields a broader phase-matching
bandwidth.’® The upconverted pulses are detected
by a spectrograph with a 1200-groove/mm grating
and a 25-um entrance slit: This setup allows us to
resolve spectrally the individual fringes and still cover
the full bandwidth of the SPIDER interferogram.
To calibrate the apparatus we measure the linear
phase term arising from the delay between the second
harmonics of the two replica pulses. Since the second
harmonic and the SPIDER interferograms do not
completely overlap spectrally, we need a very accurate
calibration of the spectrometer to extract the linear
phase term correctly. This calibration is achieved by
measurement of 12 spectral lines of a mercury lamp
in the UV spectral region.

Figure 3 shows the SPIDER interferogram of a
typical compressed NOPA pulse. The spectral phase
reconstructed from the SPIDER trace is plotted in
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Fig. 3. SPIDER trace of the compressed NOPA pulse.
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Fig. 4. Spectrum (solid curve) and reconstructed spectral
phase (dashed curve) of the compressed NOPA pulse. Dot-
ted curve NOPA spectrum with full-bandwidth operation,
corresponding to a transform-limited pulse width of 4.2 fs.
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Fig. 5. Reconstructed temporal profile of the compressed
OPA pulse.

Fig. 4, together with an independently measured pulse
spectrum. The measurements indicate a nearly flat
spectral phase in the range from 510 to 710 nm, with
negligible residual dispersion oscillations. Phase dis-
tortions occur in the red for wavelengths longer than
720 nm and in the blue near 500 nm, in agreement
with the GD characteristics of the chirped mirrors.
The reconstructed pulse intensity profile is shown
in Fig. 5 and has a FWHM of 5.7 fs, to be compared
with the transform limit of 5.2 fs. The pulse shape is
remarkably clean and nearly free of sidelobes.

Figure 4 depicts an amplified spectrum without
any spectral filtering of the white-light seed and
shows that there is additional bandwidth available
in the NOPA process. The use of a novel mirror
technology that employs backside coating'® of chirped
mirrors promises a further increase in bandwidth and
should allow for prismless compression of the entire
bandwidth of the noncollinear parametric process
in BBO.
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In conclusion, we have demonstrated the possibility
of engineering DCMs with custom-tailored dispersion
characteristics over bandwidths of 170 THz in the vis-
ible. These mirrors are used to compress pulses from
a visible NOPA to a nearly transform-limited duration
of 5.7 fs. Such short pulses are easily reproducible
on a daily basis without any need for compressor
adjustment. The DCM compressor therefore consid-
erably simplifies the use of the NOPA for spectroscopy
experiments with extreme time resolution. To our
knowledge, the first complete characterization of
sub-10-fs NOPA pulses in amplitude and phase has
been performed, revealing a nearly satellite-free pulse
shape with flat spectral phase over the wavelength
range 510-710 nm. The SPIDER method readily
detects residual phase distortions introduced by the

compressor and points out ways to increase the usable
bandwidth further.
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