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Ultrafast lasers, which generate optical pulses in the picosecond and femtosecond range, have progressed over
the past decade from complicated and specialized laboratory systems to compact, reliable instruments.
Semiconductor lasers for optical pumping and fast optical saturable absorbers, based on either semiconductor
devices or the optical nonlinear Kerr effect, have dramatically improved these lasers and opened up new frontiers
for applications with extremely short temporal resolution (much smaller than 10 fs), extremely high peak optical
intensities (greater than 10 TW/cm? and extremely fast pulse repetition rates (greater than 100 GHz).

ix years after the first laser was demonstrated,
De Maria and co-workers produced the first
ultrashort pulses, estimated to be just
picoseconds long, using a passively modelocked
Nd:glass laser*. Modelocking is a technique that
generates ultrashort pulses from lasers. We distinguish
between active and passive modelocking, and the latter can
generate much shorter pulses using saturable absorbers.

The result from De Maria et al.* had an underlying prob-
lem: it did not measure a regular pulse train as described in
Box 1. They actually measured an amplitude-modulated
pulse train (Fig. 1). In this regime, called Q-switched mode-
locking, the modelocked picosecond pulses are modulated
withamuch longer Q-switched pulse envelope, which occurs
at amuch lower repetition rate. Lack of a regular pulse train
remained a problem for passively modelocked solid-state
lasers for more than 20 years.

Eventually the problem was solved in 1992 by using sat-
urable absorbers from semiconductors®. Since their intro-
duction, the pulse durations, average powers, pulse energies
and pulse repetition rates of compact ultrafast solid-state
lasers have improved by several orders of magnitude through
the addition of a saturable semiconductor cavity laser mirror
(generally referred to as semiconductor saturable absorber
mirrors, SESAMs)*™,

Compact efficient semiconductor diode lasers replaced
inefficient lamps for optical excitation. Such diode-pumped
solid-state lasers have further enhanced reliability and pro-
duced unsurpassed performance. For ultrabroadband tun-
ability and to produce even shorter pulses, a faster, saturable
absorber mechanism, referred to as Kerr lens modelocking®,
is required. Currently, pulse durations can range from
picoseconds to a few femtoseconds, depending on the laser
material and the parameters of the saturable absorber. The
average power has been increased to 60 W directly from a
modelocked diode-pumped laser with pulse energies larger
than 1 mJ®, and the pulse repetition rate has been increased
to more than 100 GHz'. These improvements in perfor-
mance of ultrashort lasers keep advancing the frontiers of
ultrashort pulse durations, high average power and high
pulse repetition rates, which will be discussed in more detail
in this review. But first we continue with an overview of sig-
nificantapplications and a more detailed explanation of the
two key enabling technologies, Kerr lens modelocking and
semiconductor saturable absorbers. At this point, | believe
that the development of ultrafast lasers has not come to its
end but will continue to deliver superior performance for
many applications.
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Applications of ultrafast lasers

Ultrafast laser technology has developed rapidly over the past
decade, and as our understanding develops so will the appli-
cation of these lasers. By examining four features of ultrafast
lasers, | will highlight some of the applications that benefit
from laser development.

Ultrashort pulse duration

Ultrashort pulse duration allows fast temporal resolution. In
the same way that a strobe light at adisco ‘freezes’ the motion
of dancers,amodelocked laser can ‘freeze’ the motion of fast-
moving objects such as molecules or electrons and therefore
can measure the relaxation processes of carriers in semicon-
ductors®, chemical reaction dynamics®*® and electro-optical
sampling of high-speed electronics**2. Using modelocked
lasers, the dissociation dynamics of molecules and more
complex chemical reaction dynamics have been measured,
and this work was rewarded with a Nobel prize in chemistry
for A.H. Zewail in 1999.

High pulse repetition rate

Lasers with multi-gigahertz repetition rates are key compo-
nents of many applications. They are used in high-capacity
telecommunication systems®™*, photonic switching devices™,
optical interconnections and for clock distribution. And appli-
cationsofthe future suchasclocksforvery large scale integrated
(VLSI) microprocessors®, polarized electron beams" for elec-
tron accelerators and high-speed electro-optic sampling tech-
niques™* will rely on multi-gigahertz pulse trains with short
pulses, low timingjitter and low amplitude noise.

As data transmission rates increase, modelocked lasers
with a tunable wavelength of around 1.55 um will become
important in telecommunications. Transmission systems at
10 GHz and higher often use return-to-zero (RZ) pulse for-
mats and soliton dispersion management techniques**,
These approaches benefit from the availability of simple,
compact, transform-limited optical pulse generators**%. For
example, they eliminate the need for a modulator to create
the pulses and thereby simplify system architecture, increase
efficiency and reduce cost. Additionally, pulse quality is typi-
cally very good—much better than with modulated CW
(continuous wave) sources. This improves system signal-to-
noise ratios and allows scaling to higher repetition rates
through optical time-division multiplexing. Transmission of
data at 160 Gbits per second through standard single-mode
fibres has been demonstrated using such laser sources.

High average power 10-100 GHz sources at shorter wave-
lengths (for example, 1 wm and below) are promising sources
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Figure 1 Pulses from a passively modelocked Nd:glass laser with a dye saturable
absorber inside the laser resonator. Picosecond pulses were superimposed upon
much longer pulses, which is referred to as Q-switched modelocking. Reprinted with
permission from ref. 1 © American Institute of Physics.

for optical clocks inintegrated circuits. Current microprocessor clocks
in personal computers operate at more than 3 GHz rates, increasing
between 15% to 30% annually. The International Technology
Roadmap for Semiconductors 2001 (ITRS) forecasts predicta40 GHz
clock rate in 2020. Optical clocks, produced for example by a mode-
locked laser, can be precisely injected into specific circuitsinside a VLSI
microprocessor and have the potential to reduce on-chip power
requirements, skew, jitter, and support scaling to high clock rates
beyond 40 GHz.

Broad spectrum

A broad spectrum supports good spatial resolution for optical coher-
encetomography (OCT), atechnique for non-invasive cross-sectional
imaging in biological systems®#. OCT uses low coherence interfer-
ometry to produce a two-dimensional (2D) image of optical scatter-
ingfrom internal tissue microstructures; this processissimilar to that
of ultrasonic pulse—echo imaging. OCT does not necessarily need
short pulses, but modelocked femtosecond lasers, alone or with addi-
tional external spectral broadening, offer a much higher average
power than any other broadband source. Thus, these lasers produce a
longitudinal and lateral spatial resolution of a few micrometres.

Pulse trains not only provide a broad spectrum but also a stable
comb-shaped optical spectrum, where the spacing of the individual
longitudinal modes exactly equals the pulse repetition rate (Box 1).
Therefore, these lasers are stable multi-wavelength sources®%. The
optical comb can be locked to the International Telecommunication
Union grid, resulting in a novel multi-wavelength source that is suit-
able f2(5)r dense wavelength-division-multiplexing (DWDM) applica-
tions™.

More recently, the broadband frequency comb has been used for
high precision optical frequency metrology®2. The frequency
comb produces a ‘ruler’ in the frequency domain with which an
unknown optical frequency can be measured. The frequency of the
beat (the difference in frequency between the unknown frequency
and the closest frequency in the ruler) is always smaller than one
half of the comb period. Thus, an optical frequency in the 100 THz
regime can be scaled down to a microwave frequency in the range of
1 GHz, which can be measured very accurately. This approach can
be used for an all-optical atomic clock that is expected to outper-
form today’s state-of-the-art caesium clocks®.

These broadband frequency combs can also be used to stabilize
the electric field underneath the pulse envelope®, which is impor-
tant in highly nonlinear processes such as photoionization® and
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Figure 2 Improvements in ultrashort pulse generation since the first demonstration of
alaserin 1960. Until the end of the 1980s, ultrashort pulse generation was dominated
by dye lasers, and pulses as short as 27 fs with an average power of =10 mW were
achieved at a centre wavelength of 630 nm (ref. 61). External pulse compression
ultimately resulted in pulses as short as 6 fs—a world record result by C. V. Shank’s
group that was not surpassed for about 10 years®, This situation changed with the
discovery of the Ti:sapphire laser. Today, pulses with only two optical cycles at FWHM
(full-width half-maximum) at a centre wavelength of 800 nm have been generated with
Ti:sapphire lasers with more than 100 mW average output power®™, External
compression resulted in pulses as short as 3.8 fs (ref. 76). The filled symbols indicate
results directly achieved from a laser; open symbols indicate results achieved with
additional external pulse compression.

high-harmonic generation®. Such stabilized pulses can support single
attosecond pulses in the soft X-ray spectral region®*,

High peak intensity

The high peak intensity of the pulse can be used to alter materials by
‘cold’ ablation (when a material is changed to gas directly from a
solid) or to generate other colours/wavelengths through nonlinear
frequency conversion. Diode-pumped solid-state lasers with high
average power have produced femtosecond pulses with a pulse ener-
gy larger than 1 wJ with a 30 MHz pulse repetition rate. This is an
unprecedented combination of short pulse, high pulse energy and
high average power.

Such high peak intensity sources make ‘non-thermal’ ablation
(without an increase in temperature) possible without any further
amplification. The ability of intense ultrashort-pulse lasers to fabri-
cate microstructures in solid targets is very promising, and the quality
of ablated holes and patterns is much better using femtosecond or
picosecond pulses instead of nanosecond pulses®™. Ultrafast ‘non-
thermal’ melting in semiconductors has been observed, where a
solid-to-liquid phase transition occurs faster than carrier—lattice
equilibration times®*, This fast mode of material modification is
important because it reduces undesirable effects caused by heat con-
ductionand interaction of the pulse with ablated material. Inmedical
applications, such shortlaser pulses have been used to obtain a higher
level of surgical cutting precision, particularly in corneal surgery*
and brain tumour removal®. These lasers reduce secondary damage
effects, such as shock waves and cavitation bubbles, in tissues®
because the fluence threshold for optical breakdown decreases with
pulse duration®,

Simple external pulse compression combined with novel high aver-
age power solid-state lasers, at the full pulse repetition rate, results in
peak powers as high as 12 MW with 33 fs pulses of the laser oscillator*.
This pulse can be focused to a peak intensity of 10™* W/cm?, a level at
which high-field laser physics, such as high harmonic generation®“
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Modelocking is used to generate ultrashort pulses from lasers. A schematic set-up with a gain and a loss element inside a laser resonator is
shown below. An output coupler partially transmits a small fraction of the laser pulse out of the laser resonator equally spaced by the resonator
round-trip time. Typically an intracavity loss modulator is used to collect the laser light in short pulses around the minimum of the loss modulation
with a period given by the cavity round-trip time T = 2L/v,, where L is the laser cavity length and v, the group velocity (that is, the propagation
velocity of the peak of the pulse intensity). There are two type of modelocking: passive and active.
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For active modelocking, an external signal is applied to an optical
loss modulator typically using the acousto-optic or electro-optic effect.
Such an electronically driven loss modulation produces a sinusoidal
loss modulation with a period given by the cavity round-trip time T.
The saturated gain at steady state then only supports net gain around
the minimum of the loss modulation and therefore only supports
pulses that are significantly shorter than the cavity round trip time.

For passive modelocking, a saturable absorber is used to obtain a
self-amplitude modulation of the light inside the laser cavity. Such an
absorber introduces some loss to the intracavity laser radiation, which
is relatively large for low intensities but significantly smaller for a short
pulse with high intensity. Thus, a short pulse then produces a loss
modulation because the high intensity at the peak of the pulse
saturates the absorber more strongly than its low intensity wings. This
results in a loss modulation with a fast initial loss saturation (that is,
reduction of the loss) determined by the pulse duration and typically a
somewhat slower recovery that depends on the detailed mechanism
of the absorption process in the saturable absorber. In effect, the
circulating pulse saturates the laser gain to a level that is just sufficient
to compensate for the losses from pulse itself, although any other
circulating low-intensity light experiences more loss than gain and thus
dies out during the following cavity round-trips. The obvious remaining
question is how does passive modelocking start. Ideally, it starts from
normal noise fluctuations in the laser. One noise spike is strong
enough to significantly reduce its loss in the saturable absorber and
thus will be more strongly amplified during the following cavity round
trips, so that the stronger noise spike continues to further reduce its
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loss and continues its growth until reaching steady state, where a
stable pulse train has been formed.

Generally, we can obtain much shorter pulses with passive
modelocking using a saturable absorber, because the recovery time of
the saturable absorber can be very fast, resulting in a fast loss
modulation. Modelocked pulses are much shorter than the cavity
round-trip time and therefore can produce an ideal fast loss
modulation that is inversely proportional to the pulse envelope. In
comparison, any electronically driven loss modulation is significantly
slower because of its sinusoidal loss modulation.

In the time domain, this means that a modelocked laser produces
an equidistant pulse train, with a period defined by the round-trip time
of a pulse inside the laser cavity T; and a pulse duration t,,. In the
frequency domain, this results in a phase-locked frequency comb
with a constant mode spacing that is equal to the pulse repetition rate
Vg = 1/Tg. The spectral width of the envelope of this frequency comb
is inversely proportional to the pulse duration.
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Figure 3 Kerr lens modelocking is obtained through a Kerr lens at an intracavity focus
in the gain medium or in another material, where the refractive index increases with
intensity An= n, [r,f), where n, is the nonlinear refractive index and /r,#) the radial-
and time-dependent intensity of a short-pulsed laser beam. In combination with a
hard aperture inside the cavity, the cavity design is made such that the Kerr lens
reduces the laser mode area for high intensities at the aperture and therefore forms an
effective fast saturable absorber. In most cases, however, soft-aperture KLM is used,
where the reduced mode area in the gain medium improves for a short time the
overlap with the (strongly focused) pump beam and therefore the effective gain. A
significant change in mode size is only achieved by operating the laser cavity near one
of the stability limits of the cavity.

and laser plasmagenerated X-rays*, are possible. Thisincreased pulse
repetition rate would improve signal-to-noise ratios by four orders of
magnitude compared with standard sources at kilohertz repetition
rates. This is important for low-power applications such as X-ray
imaging and microscopy*®, femtosecond extreme UV and soft X-ray
photoelectron spectroscopy and ultrafast X-ray diffraction®*,

I have outlined a few examples of ultrafast lasers, but many other
applications already exist and many more will be developed in the
future. Many of these applications are only possible because of the
development of solid-state lasers and new modelocking techniques,
particularly Kerr lens and semiconductor saturable absorber mode-
locking, which will be discussed next.

Ti:sapphire laser and Kerr lens modelocking (KLM)

The success of passively modelocked dye lasers in the 70s and 80s**
(Fig. 2) was partially due to the absence of the Q-switching problem pre-
sent in solid-state lasers. These dye lasers were the first to generate sub-
picosecond pulses™ and were the workhorses of research laboratories
for time-resolved spectroscopy. External pulse compression resulted in
6 fs pulses®—arecord that lasted for 10 years.

Inthe late 80s, Ti:sapphire was a newly discovered solid-state laser
material that had the necessary broad gain bandwidth to support
femtosecond pulses™. By the end of the 80s, it was generally assumed
that everything about modelocked Ti:sapphire lasers was under-
stood, but there was a surprise to come. In 1990, two important
papers were presented at consecutive conferences. First, Ishidaet al.*®
presented a passively modelocked Ti:sapphire laser with an intracav-
ity saturable absorber dye that produced stable 190 fs pulses. Second,
Sibbett’s group presented 60 fs pulses from a Ti:sapphire laser that
appeared not to have a saturable absorber®. This second result—in
theabsence of avisible saturable absorber—had an instantimpacton
the research community, but the ultrafast laser experts realized that
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Figure 4 The electric field (carrier) and pulse envelope (dashed line) of a few-cycle
pulse for different values of the CEO phase of 0 (red line) and 172 (blue line).

the first result was also very surprising, even though a saturable
absorber was present. It was clear that the dye saturable absorber,
with a recovery time in the nanosecond range, could not support
ultrashort pulses with a Ti:sapphire laser as it could with dye lasers.
Sibbett’s modelocking approach®*was initially termed ‘magic mod-
elocking’ and it triggered a major research effort into understanding
passive modelocking of solid-state lasers. This form of modelocking
was soon explained®~**and is now referred to as Kerr lens modelock-
ing (KLM) (Fig. 3). Ishida’s result was also explained by KLM: the
slow dye saturable absorber only provided a reliable starting mecha-
nism for KLM®.

KLM allowed the community to shorten pulses to the few fem-
tosecond regime. Because the Kerr lens produces a ‘non-resonant’
saturable absorber, it is inherently broadband, broader than any
other saturable absorber available today. With ultrafast dye lasers,
pulsesasshortas 27 fswith around 10 mW average power were gener-
ated®, but pulses around 5-6 fs with around 100 mW average power
can be produced with Ti:sapphire lasers®®®, In addition, very broad
tunability with shorter than 100 fs pulses became possible for the first
time. For time-resolved spectroscopy, these features had a major
impact, because, for the first time, such lasers could be used on awide
range of materials.

KLM has some significant drawbacks. Generally, KLM lasers are
not self-starting, that is, pulse formation does not start on its own,
and additional peturbation to briefly increase laser noise is required.
This is typically achieved by mechanically ‘shaking’ one of the laser
cavity mirrors. Restrictive cavity designs®*® allow partial self-start-
ing, but this generally requires submillimetre precision for cavity
mirroralignments, avery clean environmentto minimize intracavity
losses and a laser cavity operated close to the stability limit. In addi-
tion, optimization of self-starting conflicts with achieving the short-
est possible pulses, because, when the cavity is optimized, the Kerr
effect is too strong for very short pulses to react sensitively to long
pulses during the start-up phase. In the picosecond regime, KLM
lasers tend to be less stable because the Kerr lens becomes too weak.
Therefore, the search for alternative solutions for compact ultrafast
lasers continued.

Semiconductor saturable absorbers (SESAMSs)
Thebreakthroughinthe development of ultrafast lasers came with the
semiconductor saturable absorber® (Box 2). In contrastto KLM lasers,
the saturable absorber can be optimized independently of cavity
design, allowing successful modelocking to be achieved with a broad
range of solid-state lasersand cavity designs.

As early as 1974, a CO, laser®, and in 1980 and 1984, a semicon-
ductor diode laser®” and acolour center laser®®, respectively, were pas-
sively modelocked with a semiconductor saturable absorber. In all
these cases, the underlying physics of the modelocking process was
significantly different from modelocking ion-doped solid-state
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Box 2
Saturable absorbers and SESAMs
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A saturable absorber is a material that has decreasing light absorption with increasing light intensity. We need saturable absorbers that show this
effect at the intensities typically found in solid-state laser cavities, and semiconductor saturable absorbers are ideally suited for this. The key
parameters for a saturable absorber are its wavelength range (where it absorbs), its dynamic response (how fast it recovers), and its saturation
intensity and fluence (at what intensity or pulse energy density it saturates).

Saturable absorbers used in the past were typically dyes, which have
short lifetimes, high toxicity and complicated handling procedures.
Alternative solid-state saturable absorbers include crystals such as
Cr:YAG, which typically operate for only a limited range of wavelengths,
recovery times and saturation levels.

Semiconductor materials, however, can absorb over a broad range
of wavelengths (from the visible to the mid-infrared). We can also
control their absorption recovery time and saturation fluence (typically 1
to 100 p.J/cm?) by altering the growth parameters and device design.

Semiconductor saturable absorbers are integrated into a mirror
structure, resulting in a device that reflects more light the more intense the
lightis. We call this general class of device semiconductor saturable
absorber mirrors—SESAMs. The SESAM is a saturable absorber that
operates in reflection, thus the reflectivity increases with higher incoming
pulses (see the figure on the right). During the past decade we have
significantly improved the device design, fabrication process and long-
term device reliability. We have SESAM designs that can cover
wavelengths from <800 nm to >1600 nm, pulsewidths from
femtoseconds to nanoseconds, and power levels from milliwatts to >100
watts.

A semiconductor absorbs light when

the photon energy is sufficient to excite
carriers from the valence band to the
conduction band. Under conditions of
strong excitation, the absorption is
saturated because possible initial states
of the pump transition are depleted while
the final states are partially occupied.
Within 60-300 fs of excitation, the
carriers in each band thermalize, and
this leads to a partial recovery of the
absorption. On a longer time scale—
typically between a few picoseconds
and a few nanoseconds—the carrier will
be removed by recombination and

\

trapping. The presence of two different Intraband
time scales can be rather useful for t:higrgigzat'on

modelocking. The longer time constant
results in a reduced saturation intensity
for a part of the absorption, which
facilitates self-starting modelocking,
whereas the faster time constant is more
effective in shaping subpicosecond
pulses. Therefore, SESAMs allow us to
easily obtain self-starting modelocking.

lasers such as Ti:sapphire, Nd:YAG, Yb:YAG, Cr:LiSAF and so on.
The main difference is that these lasers have an emission cross-sec-
tion that is typically more than 1,000 times smaller, and an upper
state lifetime of the laser transition more than 1,000 times longer,
than dye, diode and colour center lasers. The smaller the emission
cross-section, the stronger the tendency for self-Q-switching (Box 3).
This meant that the parameters of the saturable absorber had to be
carefully adapted to prevent Q-switching instabilities, which partial-
ly explains why it took so long for the first successful demonstration.
In addition, the theoretical background of Q-switched modelocking
instabilities had not been fully worked out. Once this was under-
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stood®, much better performance in terms of average output power
and high pulse repetition rates was ultimately achieved.

Saturable absorbers with the parameters, such as modulation
depth, saturation fluence and nonsaturable losses (Box 2), required for
agiven laser cavity and pump power were obtained using semiconduc-
tor mirror devices, where one or more semiconductor saturable
absorber layers are embedded inside a mirror structure. Different
semiconductor materials provide a wide range of bandgaps for opera-
tion from the visible to the far-infrared spectral range, therefore,
bandgap engineering can provide broad tunability. In addition, defect
engineering for recovery times ranging from the nanosecond to the
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Box 3
Q-switched modelocking

A saturable absorber may also produce Q-
switched modelocking, where the laser emits
bunches of modelocked pulses, which may or
may not have a stable Q-switching envelope.
Q-switching instabilities occur when the pulse
energy is temporarly increased because of
noise fluctuations in the laser, which then gets 2
even further increased because of the stronger Pintra
saturation of the saturable absorber. This has - frep
to be balanced by a stronger saturation of the

gain. If the gain is not sufficiently saturated then

the pulse energy will increase further and self- CW modelocking

2
EP > Esat,L Esat, AAR

Aeff, L
(¢

= Aeﬁ,AFsat,AAR

emL

Q-switched modelocking

Q-switching occurs. The physical background
of Q-switching instabilities can be summarized
by a simple guideline: Q-switching instabilities
in ion-doped solid-state lasers can be

Laser power

prevented if Ep®>E,, Ec aAR, assuming that
the saturable absorber is fully saturated.

A

Laser power
-
L

0 10

Time (multiples of round trip time)

20 30 40 0 40

Time (multiples of round trip time)

The important parameters are E; intracavity energy, P, intracavity average power, f.,, pulse repetition rate, E,, saturation energy of the laser
medium, A, average mode area inside the laser medium, o, emission cross-section of gain material, E, » saturation energy of the absorber,
Aq, average mode area inside the saturable absorber, F,, , saturation fluence of absorber, AR modulation depth of the saturable absorber.

For femtosecond pulses, modelocking can be further supported by soliton formation, which relaxes the critical intracavity pulse energy by a factor

of three to 10, depending on the specific parameters.

femtosecond regime is possible. Saturable absorbers can be adjusted to
the required absorber parameter even when the mode size is fixed.

Typically the SESAM is operated with an incident pulse fluence of
about three to five times that of the saturation fluence. This saturation
level of the absorber provides nearly the maximum modulation depth
without damaging the device™. Higher saturation also reduces the ten-
dency for Q-switching instabilities because of thermal effects and two-
photon absorption, which becomes more significant for femtosecond
pulses. The recovery time of the SESAM can be as long as 10 to 30 times
relative to the final pulse duration™, and with this form of modelocking,
pulsesasshortas 13 fs have been generated™.

The success of semiconductor saturable absorbers for passively
modelocked solid-state lasers results from their small saturation flu-
ence and the additional benefits of cavity mirror device integration,
sophisticated bandgap and defect engineering and epitaxial wafer-
scale fabrication, which reduces its production cost substantially.
SESAM design depends strongly on the laser parameters and can be
optimized for different operational regimes. On the basis of KLM
and SESAMs, the performance frontiers of pulsed solid-state lasers
have been pushed forward by orders of magnitude during the past
decade. These fast moving frontiers in pulse duration, average power
and pulse repetition rate will be discussed next.

Frontiers: ultrashort pulses

At present, nothing is better than the Ti:sapphire laser asan ultrafast
laser. Only KLM Ti:sapphire lasers have generated less than 6 fs pulse
durations®"% Atacentre wavelength of 800 nm, an optical cycle lasts
only 2.7 fs; therefore, a pulse duration of 5.4 fs has only two optical
cycles at full-width half-maximum of the pulse intensity. Signifi-
cantly shorter pulses have only been generated using pulse compres-
sion in noble-gas-filled hollow fibres™ or with synchronously
pumped optical parametric oscillators™. At the moment, the short-
est pulses that are properly and fully characterized by an indepen-
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dent phase measurement™ in the visible and near-infrared spectral
regime are 3.8 fs long™. In this regime, the measurement of pulse
duration is nearly as difficult as generating them. Unfortunately,
new record pulses have been claimed without them being properly
measured, because, generally, less careful measurement results in a
‘shorter pulse’

Dispersion management is an increasingly hard task in the few-
cycle regime. Generally, when a pulse propagates through a medium it
acquires a frequency-dependent phase shift and broadens. Dispersive
pulse broadening is a linear effect and therefore can be compensated
for by rearranging the different spectral componentsin time ata differ-
ent place inside the laser cavity. Non-absorbing materials generally
exhibit positive dispersion, and regrouping the different spectral com-
ponents requires the opposite frequency-dependent phase shift (that
is, negative dispersion).

Negative dispersion with low losses is typically obtained using geo-
metrical effects, such asinserting apair of prisms into the cavity”, where
differentwavelength componentswill travel on slightly different optical
paths. The negative dispersion obtained from thiseffect is proportional
to the prism separation, and a positive dispersion results from propaga-
tion in the prism, but this is easily adjusted by altering how much of the
prism is inserted into the optical path. However, residual higher-order
dispersion normally limits the pulse duration in Ti:sapphire lasers to
about 10fs using fused quartz prism pairs™*".

Dielectric Bragg mirrors with regular quarter-wave stacks of alter-
nating materials with high and low refractive indices have a negligibly
small dispersion when operated within their reflection bandwidth but
an increasing dispersion at the edges of this range. Modified designs
canbe used to obtain well controlled dispersion over alarge wavelength
range with chirped mirrors®, which give a much broader reflection
bandwidth thanany other mirror. With chirped mirrors, lessthan 10fs
pulses have been generated with good quality for the first time®, and
further improvements in chirped mirror designs, such as double
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chirped mirrors®® and back-side coated chirped mirrors®, have

resulted in record pulsewidth results®’.

Ultrashort pulses in the one-to-two optical cycle regime also
open up new possibilities in nonlinear optics, where the variation
in electric field strength becomes significant for different carrier
envelope offset (CEO) phases (Fig. 4). Inside a femtosecond laser
oscillator, no coupling mechanism exists between the propagation
speeds of the carrier and the pulse envelope. Therefore, the relative
delay between the carrier and the envelope of afemtosecond oscilla-
tor will exhibit irregular fluctuations unless this jitter is actively
suppressed. Different techniques have been proposed to stabilize
the CEO frequency in the time domain® and in the frequency
domain®. The frequency domain technique is much more sensitive
and is generally the technique that is used®*. We have achieved a
long-term CEO stabilization with a residual 10 as timing jitter,
which corresponds to 0.025 rad rms CEO phase noise™. Applica-
tions of CEO nonlinear optics in photoelecton emission®, high
harmonic generation® and attosecond pulse generation have
shown very interesting results®,

Frontier: high average power
Diode-pumped CW lasers could generate hundreds of watts or even
kilowatts by the early 1990s; however, the output power of mode-
locked diode-pumped lasers was still limited to ~100 mW. Only in
recent years has this limit increased to 60 W in femtosecond pulses®.
In terms of pulse energies, 100 mW average output power at a pulse
repetition rate of 100 MHz corresponds to 1 nJ of pulse energy. This
has been surpassed by three orders of magnitude: the 60 W laser pro-
duced nearly 2 uJ pulse energy directly from a SESAM modelocked
diode-pumped solid-state laser both in the pico- and femtosecond
pulse regime. With external pulse compression, peak powers as high
as 12 MW have been generated, as described earlier. In addition, a
synchronously pumped fibre-feedback optical parametric oscillator
(OPO)*, anovel type of high-gain synchronously pumped OPO that
is particularly insensitive to cavity losses and drifts of the cavity
length, produced up to 15 W in 700 fs pulses. OPOs are attractive
sources of broadly wavelength-tunable ultrashort pulses, which are
required for many applications, for example, RGB display systems.
Initialattemptsto obtain higher powersfrommodelocked lasers had
problems, forexample, high power scalingwas restricted by the require-
ment to maintain fundamental Gaussian beam quality and to suppress
Q-switching instabilities™. Many high-power laser heads have large
mode areas in the laser gain medium. This often results from the poor
beam quality of high-power diode bars. Although for CW lasers this is
no problem, it leads to excessive Q-switching instabilities in a passively
modelocked laser (Box 3). Thus, morestringent requirementsare set for
the SESAM design. Thisisone reason why power scaling typically comes
at the expense of longer pulses, because the modulation depth of the
SESAM hasto be reduced. So far, the best laser head for power scaling of
passively modelocked diode-pumped solid-state lasers is based on a
thin-disk laser® and utilizes a disk of, for example, Yb:YAG directly
attached to a water-cooled mount. Thermal limitations are minimized
by usingadisk thickness of 100-250 wm. Efficient pumpabsorptionina
thin disk is achieved by using multiple (for example, up to 32) passes of
the pump radiation. Today, such thin disk lasers are commercially avail-
able with more than 1 kW average power. So far Gaussian beam quality
has only been demonstrated with up to 100 W of average power, but
hundreds of watts should be possible. This combination of
SESAM-modelocked thin-disk laser is scalable: the main challenges
(beam quality, Q-switching instabilities and SESAM damage) do not
become more severe if the power is scaled up. Therefore, the 60 W aver-
age power will not remainan upper limit.

Frontier: high pulse repetition rate

Q-switching instabilities limited the highest pulse repetition rates in
passively modelocked diode-pumped solid-state lasersto 1 GHz fora
longtime. For thefirsttime, pulse repetition ratesabove 10 GHz from
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passively modelocked ion-doped solid-state lasers have been gener-
ated with Nd:YVO, lasers at a centre wavelength around 1 um®*,
Shortly afterwards this was increased to 77 GHz*® and 160 GHz'.
Average power has been optimized at a 10 GHz pulse repetition rate
t0 2.1 W’. The peak power was sufficient for efficient nonlinear fre-
quency conversion. For example, asynchronously pumped OPO was
demonstrated that produced picosecond pulses that were broadly
tunable around 1.55 wm with up to 100 mW average output power®.

Diode-pumped Er:Yb:glass is well suited for telecom applica-
tions. Its gain bandwidth covers the entire C-band, it can be pumped
with standard 980 nm laser diodes used in erbium-doped fibre
amplifiers, and it is robust and inexpensive. However, its small emis-
sion cross-section typically prevents high repetition rates without Q-
switched modelocking. Using SESAM design optimization this lim-
itation was overcome, and tunable picosecond pulses at 10 GHz",
25 GHz® and 40 GHz* have been generated.

Actively modelocked fibre lasers can generate pulse repetition rates
up to 200 GHz"" but only with harmonic modelocking, where multiple
pulses circulate in the laser cavity instead of one (Box 1). Good pulse
stability is then only achieved by using quite complex means for stabi-
lization. We prefer the simpler approach of fundamental modelocking,
thatis, with only asingle pulse circulating in the laser cavity.

Edge-emitting semiconductor lasers, passively or actively mode-
locked, can generate repetition rates of more than 1 THz*, but have a
fairly limited average output power because of the limited mode area.
Optically pumped vertical-external cavity surface-emitting lasers
(VECSELSs) have been passively modelocked with an intracavity sat-
urable absorber®. Average power scaling is not limited, and 950 mw
of average power in 15 ps pulses with a 6 GHz repetition rate'® has
been generated, with the promise of even higher powers in the multi-
gigahertz regime.

The progress in ultrafast compact lasers during the past decade
has been simply amazing. Thegood newsisthat I strongly believe that
this will not be the end of the story. | expect further power scaling to
more than 100 W of average power and more compact and cheaper
lasers that will support more widespread use for many different
applications. O
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