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We report the first realization, to the best of our knowledge, of a chirped multilayer dielectric mirror pro-
viding dispersion control over the spectral range of 300–900 nm and the first use of hafnium oxide in a
chirped mirror. The technology opens the door to the reliable and reproducible generation of monocycle laser
pulses in the blue–violet spectral range, will benefit the development of optical waveform and frequency-
comb synthesizers over the ultraviolet–visible–near-infrared spectral range, and permits the development of
ultrabroadband-chirped multilayers for high-power applications. © 2007 Optical Society of America
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Advancing ultrashort laser pulse generation to the
limit set by the oscillation cycle of light has been pur-
sued ever since the discovery of lasers. Pulses com-
prising an ever-decreasing number of wave cycles al-
low more efficient exploitation of nonlinear optical
effects1 with implications as striking as the genera-
tion of single subfemtosecond light pulses.2 Moreover,
the controlled superposition of light frequencies ex-
tending over more than one octave opens, along with
carrier-envelope phase control,3–5 the way to shaping
the subcycle (i.e., subfemtosecond) evolution of light
fields in laser pulses and thereby to a new way of
quantum control based on the light-force-directed
charge in atoms, molecules, or solids.6 In this Letter,
we present a chirped multilayer mirror offering high
reflectivity and controlled group-delay dispersion
(GDD) over some 1.5 octaves spanning from ultravio-
let (UV) to near-infrared (NIR) frequencies. This
technology may become instrumental for the develop-
ment of future ultrawideband optical waveform
synthesizers.

There have been several approaches to generating
monocycle optical pulses: (i) phase-coherent superpo-
sition of pulses from different laser sources7,8; (ii)
phase-coherent synthesis of Raman sidebands by ex-
ploiting vibrational or rotational transitions in
molecules9,10; (iii) multicolor optical parametric
generation11; and last but not least, (iv) by means of
supercontinuum generation based on self- or cross-
phase modulation.12–14 What all these techniques
have in common is that they rely on some optical de-
vice that can be used to adjust the phase (and ampli-
tude) of individual groups of frequencies indepen-
dently. This has, so far, been implemented by

separating the spectral components of a broadband
signal in space15 and addressing the spectral chan-
nels in the Fourier plane by a spatial light modulator
(SLM) based on liquid crystals15 or acoustic waves.16

The concept can, in principle, be extended to band-
widths exceeding one octave,17 however, the UV–IR
absorption and the low damage threshold of SLMs re-
stricts the technology from being scaled to band-
widths of several octaves and ever higher pulse ener-
gies. In this Letter, we demonstrate that chirped
multilayer mirrors may provide a promising alterna-
tive for specific applications, such as monocycle pulse
generation or wideband frequency-comb generation.

Chirped mirrors (CM) have been continuously im-
proved ever since their invention in 1994.18 Progress
has been made in terms of bandwidth, losses, GDD,
and the ability to compensate higher-order spectral
phase errors introduced by optical components.19–27

As a result of the efforts of several groups, by the
turn of the millennium, CM-based optical systems
have been capable of controlling broadband radiation
over spectral ranges approaching an octave in the
visible–NIR domain.12,13,28–30

Recently, we demonstrated a chirped multilayer
mirror supporting sub-3 fs pulses carried at a wave-
length of 600 nm.31 This technological progress paves
the way toward the generation of monocycle light
pulses, wideband optical waveform synthesis, and
frequency-comb generation from compact, user-
friendly laser systems. Many applications motivate
the extension of these capabilities into the UV spec-
tral range. The dramatically increasing dispersion of
optical materials toward the UV absorption bands
prevented chirped dielectric multilayer technology
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from being extended into the UV spectral range so
far. By using HfO2 (Refs. 32 and 33) in combination
with SiO2 as the high- and low-index material, re-
spectively, here we demonstrate successful design
and realization of what is believed to be the first
ultrabroadband-chirped dielectric multilayer with
controlled dispersion and high reflectivity extending
to wavelengths as short as 300 nm.

The complementary pair of HfO2/SiO2 multilayers
were designed with a commercially available soft-
ware (OPTILAYER34) using a needle optimization
algorithm.35 The target of the mirror design was de-
termined by the parameters of a pulse compressor
under preparation: (i) high reflectivity in the spectral
range of 300–900 nm and (ii) a frequency-dependent
group delay compensating 1 mm of fused silica and
1 m of air in several bounces between for the pair.
The feasibility of covering this spectral range with
a coherent supercontinuum was recently
demonstrated.14

The refractive index of HfO2 (nH�2.05 at �
�500 nm) is much smaller than that of high-index
materials previously used in the fabrication of
chirped multilayers, such as Nb2O5 �nH�2.35� and
TiO2 �nH�2.45�. Achieving a high reflectivity over a
large bandwidth with such a low value of nH presents
a formidable challenge. Our optimized design con-
sists of 83 alternating layers of HfO2 and SiO2 and
exhibits a spectrally averaged reflectivity of 93% in
the 300–900 nm spectral range and a nominal GDD
of −20 fs2 at the center wavelength of �450 nm (see
Fig. 1). For the reason discussed above, this effective
reflectivity is lower than that of the 1.5-octave mirror
demonstrated recently over the range of
400–1200 nm by the use of Nb2O5 as the high-index
material,31 but we are confident that it does not con-
stitute the ultimate performance of this type of mir-
rors.

The HfO2/SiO2 multilayers were sputtered on
fused-silica substrates of standard optical quality
with a magnetron reactive Helios sputtering machine
(Leybold Optics).25,31 Details about the optimization
of the HfO2/SiO2 deposition process with magnetron
sputtering will be reported in a forthcoming

publication.33 The transmittivity and group delay
versus wavelength of the manufactured mirrors were
measured with a spectrophotometer (Lamda-950,
PerkinElmer) and a homemade white-light interfer-
ometer. The latter device covers the spectral range of
400–1100 nm and is capable of determining the GDD
with an accuracy of �10 fs2 and a spectral resolution
of 5 nm. The spectral transmittivity measurements
were supplemented reflectivity measurement at se-
lected wavelengths to accurately determine the
frequency-dependent mirror reflectivity. From these
measurements, we obtained parasitic (scattering and
absorption) losses to be not higher than 0.1% at
800 nm.

Comparison of the reflectivity and dispersion data
of the manufactured (Fig. 2) and designed (Fig. 1)
mirrors reveal close agreement. The accurate repro-
duction of the calculated reflectivity over the entire
design spectral range of 300–900 nm and of the
mean (cycle-averaged) GDD over the range of
400–900 nm leaves no room for dramatic deviations
of the GDD from the calculated behavior in the
300–400 nm spectral range, which cannot be ac-
cessed by our white-light interferometer at present.

To analyze the potential these mirrors offer for
pulse compression and optical waveform synthesis,
we have considered a hypothetical broadband disper-
sive delay line with five bounces off each of the two
complementary-chirped mirrors (total GDD at
450 nm approximately −200 fs2) compensating the
dispersion of 2 mm fused silica and 0.4 m of air. The
measured GDD curve over the 400–900 nm range
was supplemented with the design curve over the
range of 300–400 nm for the calculations. We have
sent a hypothetical Gaussian pulse carried at a wave-
length of 450 nm (and corresponding spectrum
shown in the inset of Fig. 3) with a duration of 1.8 fs
(FWHM) through this optical delay line and calcu-
lated the temporal intensity profile of the pulse exit-
ing the system in the same way as in Ref. 31. The re-
sults are summarized in Fig. 3. The uncompensated
spectral oscillations in the mirror’s GDD curve leads

Fig. 2. Measured reflectivity (gray curve) and GDD (black
solid curve) averaged for a complementary pair of chirped
mirrors. The dashed curve depicts the design target for the
mirror GDD.

Fig. 1. Calculated averaged reflectivity (gray curve) and
averaged GDD (black curve) for the optimized complemen-
tary mirror pair described in the text.
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to a broadening of the pulse to approximately 2.2 fs,
accompanied by a decrease of the pulse energy by a
factor of �2. The fine structure that can be seen on
the dispersion curve of the design at �300–350 nm
in Fig. 1 apparently does not severely affect the re-
flected pulse properties.36

In conclusion, we have reported the first extension
of ultrabroadband dispersion control with chirped
dielectric multilayers well into the UV spectral
range. The demonstrated complementary pair of
HfO2/SiO2-chirped multilayers offers the potential
for monocycle pulse generation in the blue–violet
spectral range and lends itself for applications in fu-
ture ultrabroadband optical waveform and
frequency-comb synthesizers. Thanks to the high
damage threshold of HfO2,37 this work also opens the
way for the development of a chirped multilayer for
applications in high-power laser systems.
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Fig. 3. Influence of a dispersive delay line made up of the
new chirped mirrors on a 1.78 fs, 450 nm laser pulse. The
gray and black curves depict the intensity profile of the in-
coming and exiting pulse, respectively (with an artificial
delay). Dashed line: the pulse profile after 2 bounces.
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