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kHz:2 and 200 n]J at a repetition rate of 1 kHz
with pulse duration as short as 13 fs has been
directly generated from laser cavities.? Investi-
gators have also examined techniques to de-
sign standard repetition rate KLM lasers to
operate at high powers and achieve high-
intensity pulses.*

In this paper, we present a simple alterna-
tive method for improving peak power from a
laser by designing a novel long-cavity geom-
etry for KLM. This represents a complemen-
tary concept to scaling laser designs to shorter
cavity lengths and compact sizes to achieve
high repetition rates. In this case, the objective
is to increase laser output pulse energies and
intensities by increasing cavity lengths. Be-
cause the total output power of the laser can-
not be increased, the pulse energy can be in-
creased by reducing the laser repetition rate.
The development of long-cavity lasers requires
careful design, because the operation KLM de-
pends critically on laser-cavity design. The la-
ser cavity must be operated in a particular sub-
set of its stability region and to optimize mode-
locking performance.

As an approach to developing long-cavity
lasers, we explored the use of Herriott-style
MPC.5 This device has been used for spectros-
copy of gases where long optical propagation
paths in a gas cell are required.¢ The MPC is
constructed with a pair of curved mirrors sepa-
rated by a given distance. The mirrors have
notches cut in them to introduce and extract
the optical beam. The optical beam is intro-
duced into the MPC so that it strikes the first
mirror off center and subsequently bounces
between the two mirrors in a circular pattern,
where it can be extracted after a given number
of passes. The beam is also focused on subse-
quent bounces so that its propagation re-
sembles propagation through a periodic lens
array. This device is designed so that it pro-
vides a unity transformation of the g parame-
ter of the laser beam after a given number of
transits. Thus, if this device is inserted into the
KLM laser, it can be designed so that it has zero
effective length and leaves the laser cavity
mode and nonlinear focusing behavior invari-
ant.

The laser consists of a standard, dispersion-
compensated KLM Ti:Al, O, with MPC incor-
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CThJ6 Fig. 2. Mode-locked laser pulse train
of 15-MHz repetition rate or 68-ns pulse separa-
tion at 50 ns/div.

porated into one of the arms (Fig. 1). Mode
locking was achieved at 15 MHz repetition
rate, where the MPC has two mirrors M1 and
M2 separated by 82.4 cm and the beam made
20 round-trip passes between the mirrors (Fig.
2). At 3.5 W pump power, we obtained 140
mW average output power and 20-fs nearly-
transform-limited pulse duration centered at
807 nm (Fig. 3). This implies a peak power of
=0.5 MW. Furthermore, because the pulse
repetition rates are significantly lower, para-
sitic effects in ultrafast measurements using
this source will be significantly less than for
conventional high-repetition-rate 100-MHz
lasers.

One limitation to the available pulse ener-
gies In our system was imposed by multiple-
pulse instabilities that tend to arise at high
pulse energies. This is a consequence of the
high peak intensities present in this laser and
the saturation of the self-amplitude modula-
tion effects produced in KLM. Achieving high
pulse energies requires a detailed understand-
ing of the KLM mechanism and cavity opera-
tion because, as the laser cavity length is in-
creased, the intracavity pulse energies and
intensities are also increased to higher levels
than in standard lasers. We are currently opti-
mizing the pulse duration and output power
performance to avoid multiple pulsing and to
stably obtain a several-MW pulse peak power.
In future work, the design and operating point
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CThJ6 Fig. 1. Ti:ALO; laser schematic with a pair of multiple-pass cavity mirrors.
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CThJ6 Fig. 3. Intensity autocorrelation trace
(a) and associated spectrum of 20 fs duration (b)
from a KLM Ti:Al,O, laser pulse.

of the laser will be extended to <10 MHz rep-
etition rate.

In conclusion, mode-locked operation at 15
MHz has been demonstrated using a novel and
long-cavity laser with an MPC. We successfully
obtained 0.5 MW peak power and 20 fs nearly-
transform-limited pulse from KLM Ti:AL, O,
laser. This unprecedented low repetition rate
laser suggests new approaches for achieving
MW-level peak powers from laser cavities.

We thank Igor Bilinsky for scientific assis-
tance. We would like to thank CVI Incorpo-
rated for help in designing the mitrors used in
this study.

*Present address: Wellman Laboratory, Massa-
chusetts General Hospital
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Pulse compression below 5 fs at MHz
repetition rate: current status,
prospects, and applications

Andrius Baltuska, Maxim 3. Pshenichnikov,
Douwe A, Wiersma, Rébert Szipécs,*
Ultrafast Laser and Spectroscopy Laboratory,
Department of Chemistry, University of
Groningen, Nijenborgh 4, 9747 AG Groningen,
The Netherlands

The basic recipe to generate ultrashort pulses
consists of four main ingredients: (i) genera-
tion of white-light continuum (WLC) with
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CThJ7 Fig. 1. The measured group delay of
the white-light continuum as derived from SHG
FROG measurements (dots), the group delay
(solid line), and throughput (dashed line) of the
three-stage compressor.
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CThJ7 Fig.2. Theintensity profile (solidline)
and the phase (dashed line) of the compressed
4.5-fs pulse retrieved via SHG FROG. The real
part of the electric field is shown in the inset.

sufficient spectral bandwidth, (i) measure-
ment of the spectral phase of the resulting
WLG, (iii) design of a compressor suitable for
phase correction over the whole continuum
bandwidth, and (iv) determination of the
compressed pulse duration and its phase. In
our setup, the required ultrabroad bandwidth
of WLC is produced on injection of ~13-fs,
35-n] pulses from a Millennia-pumped cavity-
dumped Ti:sapphire laser into a single-mode
fused silica fiber.! Due to self-phase-
modulation (SPM) in the fiber, the exiting
pulse has a spectrum stretching from 500 nm
to ~1.1 pm. Combined action of SPM and
dispersion leads to a nearly linear group delay
(Fig. 1, dotted line) over most of the spectrum,
as was resolved by means of second-harmenic
generation frequency-resolved optical gating
(SHG FROG).2

Group delay measurements of the gener-
ated continuum served as a target function for
the design of the three-stage, high-throughput
compressor, consisting of a quartz 45°-prism
pair, broadband chirped mirrors, and thin-
film Gires~Tournois dielectric interferom-
eters. The phase characteristics of the com-
pressor were analyzed using dispersive ray
tracing and mapped onto the measured group
delay of the continuum (Fig. 1, solid line).

To retrieve the temporal phase and shape of
the compressed pulse, we employed the SHG
FROG. The results of processing of the experi-
mental FROG traces by the commercially
available FROG program (Femtosoft Tech-
nologies) are shown in Fig, 2. The compressed
pulse duration is ~4.5 fs, which corresponds
to ~2.5 oscillation of the electric field at its
FWHM. Excursion of phase across most of the

spectrum does not exceed ~7/4 and originates
from the nonsmooth phase of employed
chirped mirrors.

Having succeeded previously in compress-
ing the white light pulse below 6 fs by using
exclusively chirped mirrors with reflectivity
>98% in the range 550—1080 nm, our current
work is aimed at substantial improvement of
their dispersive properties. The synthesis of
such mirror structures is based on a novel
computation technique® particularly devel-
oped for chirped mirrors. A new and more
robust numerical engine for mirror design
permitted a significant reduction in computa-
tion time and flexibility is desired dispersion
properties.

We also foresee utilization of program-
mable phase masks* for compensation of re-
sidual phase distortion remaining after the
pulse compressor. Additionally, by applying
such pulse-shaping techniques, variably de-
layed replicas of the pulse needed in numerous
nonlinear optical experiments could be gener-
ated without optical beam splitting and re-
combining in an interferometrically stable
setup.

Our white-light-producing setup also offers
great versatility meeting demands of different
spectroscopic applications. By using a
wavelength-selective element, the laser is con-
verted into a continuously tunable source of
longer pulses (2030 fs) over the entire spec-
tral bandwidth of white light.

The sub-5-fs pulses are used in nonlinear
optical experiments to study ultrafast chemical
reaction dynamics in solutions. The high rep-
etition rate, simplicity, and large spectral
bandwidth (>500 nm) make this light source
ideal for spectroscopic applications in con-
densed phase.

*Research Institute for Solid State Physics, P.O.
Box 49, H-1525 Budapest, Hungary
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High-performance multiple-wavelength
vertical-cavity photonic-integrated-
emitter arrays for direct-coupled
multimode optical links

S.Y. Hu, J. Ko, E.R. Hegblom, L.A. Coldren,
Department of Electrical and Computer
Engineering, University of California, Santa
Barbara, California 93106

For short-haul wavelength-division multi-
plexing (WDM) applications, it is desirable
to have a compact, individually addressable,
multiple-wavelength emitter array to bring
many channels of information directly into a
multimode fiber without resorting to com-
plicated coupling optics. The simplicity in
packaging of this butt-coupled (for top
emitters) or Burrus-coupled! (for bottom
emitters) configuration implies that it will
be highly manufacturable and with a much
lower cost. In this talk, we demonstrate high-
performance multiple-wavelength photonic-
integrated-emitter (PIE) vertical-cavity
surface-emitting laser (VCSEL) arrays and
their optical links with wavelength-selective
photodetector arrays? for such direct-coupled
WDM systems.

Our VCSEL PIE array consists of eight pie-
shaped bottom-emitting VCSELs arranged
within a 60-pm-diameter area to match the
core of a multimode fiber. We used the
0.98-pwm VCSEL design with InGaAs quantum
wells and AlGaAs/GaAs mirrors. Cavity modes
for the individual channels were adjusted by
performing a three-level binary-coding anodic
oxidation? on the GaAs phase-tuning layer be-
fore the growth of the rest of the top mirror.3 A
manufacturable planar processing technique
was developed to facilitate further packaging of
these VOSEL PIE arrays. The idea is to etch
deep, narrow trenches to define these pie-
shaped VCSELs, followed by a shallow wet oxi-
dation extending only 1.0 wm from the edges.
Those trenches were then filled up with poly-
imide for p-metal crossover. Figure 1 shows a

CThK1 Fig.1. Scanning electron micrograph
of a finished bottom-emitting VCSEL PIE array.



