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Foreword
For over a decade, the ultrafast (sub-100 fsec) dye laser served as the work
horse of research laboratories from its invention in 1981 until the advent of 
the Ar+ -pumped Tiisapphire laser in 1992. As a graduate student working 
in the early 1990s in the Picosecond Ultrasonics Group under Humphrey 
Maris at Brown University, I learned first-hand the benefits that this 
solid-state laser brought to our pump-probe experiments. We used ultra- 
short light pulses to generate sub-THz acoustic waves and study their pro
pagation in various materials. Relative to the dye lasers available at that 
time, the Tiisapphire possessed lower noise, higher power, and greater envir
onmental stability, and this opened up several new directions for ultrafast 
research in our group.

Second-generation Tiisapphire technology further led to and enabled 
commercialization of the picosecond ultrasonics technique in 1998. Teams 
at Rudolph Technologies Inc. (RTEC) and Coherent, Inc., worked closely 
to develop the Vitesse™, a turnkey solid-state-pumped Tiisapphire laser 
specifically designed for use in RTEC’s M etaPULSE™  thin-film metrology 
system. The MetaPULSE is a highly automated system that has been widely 
adopted by manufacturers of microprocessors, DRAM , and magnetic sto
rage for on-product thickness measurement of metal films ranging from sev
eral microns down to 20 angstroms in thickness. In 2001, RTEC announced 
the sale of its 100th MetaPULSE, representing a laser market of over 
$3 million per year since the product’s introduction.

Three characteristics of the solid-state-pumped Tiisapphire laser have 
proved instrumental to its industrial successi simple facilities requirements, 
compact size, and excellent stability. These improvements all result largely 
from replacing the A r+ pump with a Ndivanadate laser. The all solid-state 
pump laser is highly efficient, permitting it to be plugged into a normal elec
trical outlet and resulting in a rate of heat generation lower than that of the 
average household lightbulb. Compact size is a key factor in product success 
in the semiconductor-manufacturing environment because of the high costs 
associated with building and maintaining a Class 1 cleanroom space. 
Laser stability and long lifetime are also essential in the semiconductor
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iv Foreword

industry, in which equipment uptime in excess of 95% is standard in a 
24 hours/7 days mode of operation. Coherent, Inc., designed the Vitesse 
with a highly stable, folded Ti:sapphire cavity, actively PZT-steered pump 
beam, and diode current servo loop for reliable hands-off laser operation 
over months or years. The latest product design refinements and increasing 
industry competition will have the result of extending the hands-off 
Tiisapphire lifetime to greater than 10,000 hours by 2003, representing a 
stability improvement of nearly five orders of magnitude as compared with 
the ultrafast dye lasers of the early 1990s.

Thin-film semiconductor process metrology represents just one of 
many potential high-volume industrial applications for ultrafast lasers. 
The high market value of microprocessors and memory devices, at least in 
the near term, can support the typical $100,000 Tiisapphire price tag over 
a limited number of process control tools (6-10 per manufacturing line). 
The same cannot be said for other potential markets: one timely example 
within the semiconductor industry is integrated metrology. In contrast to 
the stand-alone metrology model, in the integrated approach the metrology 
tool is “on board” with each process tool; in the case of an integrated Meta- 
PULSE, a metal film deposition or polishing system would be the most 
likely target for integration. While integrated metrology has several poten
tial pitfalls and it is still too early to accurately predict the future market 
size, the approach may improve process tool uptime and the semiconductor 
product yield by shortening the loop, or adding feedback, between the pro
cess step and its control measurement. For a typical semiconductor process 
step, a standalone metrology tool may serve around five process tools; thus 
the market for integrated MetaPULSE units is potentially up to five times 
larger than the standalone market. M arket analysis shows, however, that 
to be accepted and cost-effective, integrated metrology will likely require 
the equipment cost (including the laser) to decrease by at least the same fac
tor (or down to $10,000- $20,000 or less). In addition, when metrology 
is placed inside a process tool, this requires a higher demand on laser com
pactness and reliability. Hands-off laser lifetimes greater than 10,000 hours 
will become an even greater necessity because failure of an integrated 
metrology tool leads to downtime of the process tool, thereby impeding 
the production line. These cost, compactness, and reliability considerations 
may lead to greater adoption of fiber-based ultrafast lasers in the near future 
as the market develops for integrated metrology.

Laser price performance points (e.g., pulse duration, power, wave
length, and noise) will, in general, be highly application-dependent; there
fore, the industrial market for ultrafast lasers will most likely be split 
between different technologies and suppliers. For example, laser microma
chining is already an established market with laser power, pulse duration,
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and wavelength requirements significantly different from those of nondes
tructive testing. At five years old the industrial ultrafast laser market is still 
in its infancy, and a rapidly growing market is plausible over the next decade 
as new industrial applications continue to emerge.

Christopher J. Morath 
Rudolph Technologies, Inc.

Flanders, New Jersey
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Preface
With the wide availability of commercial ultrafast laser systems, their appli
cations to many areas of science and industry are blossoming. Indeed, ultra
fast technology has diversified to such an extent that a comprehensive review 
of the whole field is nearly impossible. On the one hand, ultrafast lasers have 
entered the world of solid commerce; on the other, they continue to lead to 
breathtaking advances in areas of fundamental science.

The high degree of maturity that ultrafast optics has achieved in many 
areas inspired us to compile this book on selected topics in some of the most 
prominent areas. In selecting research topics, we concentrated on areas that 
have indeed already experienced a transformation to the commercial side of 
things, or where such a transformation is currently evolving or can at least 
be anticipated in the not too distant future, although, of course, we do not 
claim to predict where the field of ultrafast optics is heading. The only cer
tainty is that ultrafast lasers will continue to play a rapidly growing role in 
technology with the so far elusive mass applications looming on the horizon.

Ultrafast Lasers is intended for researchers, engineers, and graduate 
students who are interested in a review of ultrafast optics technology. It con
sists of two parts, with the first describing some of the most widely used 
ultrafast laser systems and the second describing some of the best-known 
applications. On the laser systems side we cover ultrafast solid-state fiber, 
and diode lasers, and on the applications side we provide a general overview 
before presenting specific topics ranging from biology, electronics, optical 
communications, and mechanical engineering to integrated optics.

This book addresses the reader who is interested in a summary of the 
unique capabilities of ultrafast lasers. We hope that by providing this broad 
overview, we can contribute to the rapid advancement of a truly exciting 
technology.

Martin E. Fermann 
Almantas Galvanauskas 

Gregg Sucha
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1
Ultrafast Solid-State Lasers
Riidiger Paschotta and Ursula Keller
Swiss Federal Institute of Technology, Zurich, Switzerland

1.1 IN TR O D U C TIO N

Since 1990 we have observed tremendous progress in picosecond and femto
second pulse generation using solid-state lasers. Today ultrashort-pulse 
lasers are normally based on solid-state lasers, which provide sufficiently 
high average powers to efficiently generate many other frequencies with 
nonlinear frequency conversion schemes such as second harmonic to high 
harmonic generation, optical parametric oscillation, and amplification. 
The emphasis of this chapter is to give an updated review of the progress 
in pulsed solid-state lasers during the last ten years. Our goal is to give also 
to the non-expert an efficient starting point to enter into this field without 
providing all the detailed derivations. Relevant and useful references for 
further information are provided throughout the chapter.

For ultrashort-pulse generation we usually rely on continuous-wave 
(cw) mode locking, where the laser gain medium is pumped continuously 
and many axial laser modes are locked together in phase to form a short 
pulse. A homogeneously broadened laser would often lase in only one axial 
mode. In a modelocked laser, additional energy is transferred with the cor
rect phase to adjacent modes with either active loss or a phase modulator 
(for active modelocking) or passive self-amplitude modulation (SAM) (for 
passive modelocking) inside the laser cavity. In the time domain, the many 
phase-locked axial modes result in a short pulse of a duration inversely pro
portional to the spectral width of all the phase-locked axial modes. Gener
ally, passive modelocking generates shorter pulses and is much simpler than 
active modelocking. For reliable passive cw modelocking, the pulse genera
tion starts from normal laser noise within less than approximately 1 ms. The

1
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required SAM is typically obtained with a saturable absorber in the laser 
cavity. A saturable absorber is a device that has a lower loss for higher pulse 
intensities or energies. This can occur, for example, when the initial states of 
the absorbing transition are emptied or when the final states are occupied. 
The interaction of a short pulse with such a saturable absorber then pro
duces a self-amplitude modulation due to the intensity-dependent absorp
tion. For modelocking, the resulting pulses are typically much shorter 
than the cavity round-trip time, and the pulse repetition rate (typically 
between a few tens of megahertz and tens of gigahertz) is determined by 
the cavity round-trip time. Under certain conditions, the pulse repetition 
rate can be some integer multiple of the fundamental repetition rate; this 
is called harmonic modelocking (Becker et al., 1972).

Modelocking was first demonstrated in the mid-1960s using a HeNe 
laser (Hargrove et al., 1964), a ruby laser (Mocker and Collins, 1965), and 
an Nd:glass laser (De M aria et al., 1966). However, at the time passively 
modelocked solid-state lasers were also Q-switched. In this regime, called 
Q-switched modelocking (Fig. 1), the modelocked picosecond or femto
second pulses are modulated with a much longer Q-switched pulse envelope 
(typically in the microsecond regime), which occurs at a much lower repeti
tion rate (typically in the kilohertz regime). This continued to be a problem 
for most passively modelocked solid-state lasers until in 1992 the first intra
cavity saturable absorber was designed correctly to prevent self-Q-switching 
instabilities in solid-state lasers with microsecond or even millisecond upper- 
state lifetimes (Keller et al., 1992a).

For some time, the success of ultrafast dye lasers in the 1970s and 
1980s diverted research interest away from solid-state lasers. Q-switching 
instabilities are not a problem for dye lasers. In 1974 the first subpicosecond 
passively modelocked dye lasers (Shank and Ippen, 1974; Ruddock and 
Bradley, 1976; Diels et al., 1978) and in 1981 the first sub-100 fs colliding 
pulse modelocked (CPM) dye lasers (Fork et al., 1981) were demonstrated. 
The CPM dye laser was the “workhorse” all through the 1980s for ultrafast 
laser spectroscopy in physics and chemistry. This CPM dye laser produced 
pulses as short as 27 fs with a typical average output power of about 20 mW 
(Yaldmanis et al., 1985). The wavelength was centered around 630 nm and 
was not tunable. Shorter pulse durations, down to 6 fs, were achieved only 
through additional amplification and external pulse compression at much 
lower repetition rates (Fork et al., 1987).

The development of diode lasers with higher average powers in the 
1980s again stimulated strong interest in solid-state lasers. Diode laser 
pumping provides dramatic improvements in efficiency, lifetime, size, and 
other im portant laser characteristics. For example, actively modelocked 
diode-pumped Nd:YAG (Maker and Ferguson, 1989a) and Nd:YLF
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Figure 1 Schematic illustration of (a) continuous-wave (cw) modelocking and 
(b) Q-switched modelocking.

(Maker and Ferguson, 1989b; Keller et al., 1990a; Weingarten et al., 1990; 
Juhasz et al., 1990) lasers generated 7-12 ps pulse durations for the first 
time. In comparison, flashlamp-pumped Nd:YAG and Nd:YLF lasers typi
cally produced pulse durations of ~  lOOps and ~30ps, respectively. Before 
1992, however, all attempts to passively modelock diode-pumped solid-state 
lasers resulted in Q-switching instabilities that at best produced stable mode- 
locked pulses within longer Q-switched macropulses, as mentioned above.

The breakthrough of ultrafast solid-state lasers happened with the dis
covery of the Tiisapphire lase medium (Moulton, 1986), which was the first 
solid-state laser medium that was able to support ultrashort pulses without 
cryogenic cooling. The existing passive modelocking techniques, primarily
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developed for dye lasers, were inadequate because of the much longer upper- 
state lifetime (i.e., in the microsecond regime) and smaller gain cross section 
(i.e., in the 10“ 19cm2 regime) of Tiisapphire compared to dyes (i.e., in the 
nanosecond and 10~16cm2 regimes). Therefore, passive pulse generation 
techniques had to be re-evaluated with new laser material properties in 
mind. The strong interest in an all-solid-state ultrafast laser technology 
was the driving force and formed the basis for many new inventions and 
discoveries.

Kerr lens modelocking (KLM) (Spence et al., 1991) of Tiisapphire 
lasers was discovered in 1991 and produced the shortest laser pulses—pulses 
of less than 6fs duration (Sutter et al., 1999; Morgner et al., 1999a, 1999b)— 
directly from the laser cavity without any additional external cavity pulse 
compression. Slightly shorter sub-5 fs pulses have been demonstrated with 
external pulse compression (Baltuska et al., 1997; Nisoli et al., 1997) and 
continuum generation together with parametric optical amplification 
(Shirakawa et al., 1999). Although very different in technical detail, all of 
these sub-6 fs pulse generation techniques rely on the same three main 
componentsi nonlinear Kerr effect, higher order dispersion control, and 
ultrabroadband amplification (Steinmeyer et al., 1999). KLM, however, 
has serious limitations because the modelocking process is generally not 
self-starting and critical cavity alignment close to the cavity stability limit 
is required to obtain stable pulse generation. Thus, the laser cavity has to 
be optimized for the best pulse shaping and not necessarily for the best effi
ciency and the greatest output power. This sets serious constraints on the 
cavity design, which become even more severe at higher average output 
powers and for more compact monolithic cavities. Thus, passively mode- 
locked solid-state lasers using intracavity semiconductor saturable absorber 
mirrors (SESAMs) have become a very attractive alternative to KLM.

In 1992, semiconductor saturable absorber mirrors (SESAMs) (Keller 
et al., 1992a; 1996) allowed for the first time self-starting and stable passive 
modelocking of diode-pumped solid-state lasers with an intracavity satur
able absorber. The design freedom of SESAMs allowed for a systematic 
investigation of the stability regimes of passive Q-switching and passive 
cw modelocking with an improved understanding and modeling of Q- 
switching (Honninger et al., 1999a) and multiple pulsing instabilities (Aus 
der Au et al., 1997; Kartner et al., 1998). Simple laser and SESAM design 
guidelines allowed us to continue to push the frontiers of ultrafast solid-state 
lasers during the last ten years. Presently, the frontiers in average output 
power of diode-pumped solid-state lasers are set in the picosecond regime 
with NdiYAG lasers (27 W average output power and 19 ps pulse duration) 
(Spuhler et al., 2000) and in the femtosecond regime with YbiYAG lasers 
(16 W, 730 fs) (Aus der Au et al., 2000). This basically means that
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microjoule-level pulse energies in both the picosecond and femtosecond 
regimes are available directly from compact solid-state lasers without cavity 
dumping or further pulse amplification. In addition, the frontier in pulse 
repetition rate has been recently pushed to nearly 80 GHz by the use of 
quasi-monolithic miniature N d:Y V 04 laser cavities (Krainer et al., 2000). 
Today SESAMs are well established for ultrafast all-solid-state lasers. The 
main reason for this device’s utility is that both the linear and nonlinear 
optical properties can be engineered over a wide range, allowing for more 
freedom in the specific laser cavity design. The main absorber parameters 
such as operation wavelength, modulation depth, saturation fluence, and 
absorber lifetime can be custom designed for stable cw modelocking or Q- 
switching. Initially, semiconductor saturable absorber mirrors were used 
in coupled cavities (Keller et al., 1990b), because they introduced too much 
loss inside solid-state lasers with small gain cross sections (i.e., 10_19cm2 
and smaller). Two years later, in 1992, this work resulted in a new type of 
intracavity saturable absorber mirror, the antiresonant Fabry-Perot satur
able absorber (A-FPSA) (Keller et al., 1992a), where the absorber was integ
rated inside a Fabry-Perot structure of which the bottom reflector was a 
high reflector (with nearly 100% reflectivity). The Fabry-Perot was operated 
at antiresonance to obtain broad bandwidth and low loss. The A-FPSA mir
ror was based on a semiconductor Bragg mirror, an absorber layer, and a 
dielectric top reflector and therefore allowed for a large variation of the 
absorber parameters. The result was a much better understanding of the 
absorber and laser design necessary to obtain stable passive mode locking 
or Q-switching of many different solid-state lasers. Scaling of the A-FPSA 
design resulted in a semiconductor Bragg mirror with only one single-quan
tum-well saturable absorber layer (Brovelli et al., 1995; Jung et al., 1995a). 
This design was later also referred to as a saturable Bragg reflector (SBR) 
(Tsuda et al., 1995). In 1995, it was further realized that the intracavity 
saturable absorber can be integrated into a more general mirror structure 
that allows for both saturable absorption and negative dispersion control, 
which is now generally referred to as a SESAM. In a general sense, then, 
we can reduce the design problem of a SESAM to the analysis of multilayer 
interference filters for a given desired nonlinear reflectivity response for both 
the amplitude and phase. Thus, if required, the SESAM provides not only 
saturable absorption but also negative dispersion compensation. The A- 
FPSA, and SBR, and the dispersive saturable absorber mirror (D-SAM) 
(K opf et al., 1996a) are therefore special examples of SESAM designs. A 
more detailed summary of different SESAM designs is given in a recent 
book chapter (keller, 1999).

A new modelocking technique, referred to as soliton modelocking 
(Kartner and Keller, 1995; Jung et al., 1995b; Kartner et al., 1996), totally
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removes the cavity design constraints of KLM lasers and substantially 
relaxes the requirements of the SESAM performance in the femtosecond 
regime. The pulse formation is basically done by the soliton effects, and 
the saturable absorber is required only to start and stabilize the modelock
ing. Thus, even a SESAM with a relatively long recovery time can support 
very short pulses. For example, a SESAM with a recovery time of 10 ps 
was sufficient to stabilize soliton pulses of only 300 fs duration in a Tiisap
phire laser (Jung et al., 1995b). In contrast to KLM, no critical cavity 
alignment is necessary and modelocking is self-starting. Pulses as short 
as 13 fs have been produced with soliton modelocked Tiisapphire lasers 
(Kartner et al., 1996).

Today, a large variety of reliable and compact all-solid-state ultrafast 
lasers are available with pulse durations ranging from picoseconds to less 
than 100 fs. Table 1 summarizes the results achieved for various solid-state 
lasers and various modelocking (ML) techniques. For each technique we 
provide the first demonstration and the best results. A more detailed table 
with all results is provided elsewhere (Keller, 2001). For each laser material 
we emphasize the best results in terms of pulse duration, average outpur 
power, and pulse repetition rates with bold letters. For completeness we also 
include the coupled-cavity modelocking (CCM) techniques even though 
they have become less relevant today because SESAM-based ultrafast lasers 
are much simpler and more compact. We distinguish between two different 
CCM techniquesi Additive pulse modelocking (APM) is a coupled-cavity 
modelocking technique for which the coupled cavity generates a nonlinear 
phase shift that adds constructively at the peak of the pulse inside the main 
cavity and destructively in the wings, thus shortening the pulse duration 
inside the main cavity. This was first discovered by Kean et al. (1989) and 
later explained in this simple model by Ippen et al. (1989). However, 
APM requires interferometric cavity length stabilization of the coupled cav
ity. Resonant passive modelocking (RPM) (Keller et al., 1990b; Haus et al.,
1991) removed this problem by using an amplitude nonlinearity inside the 
coupled cavity.

This chapter is organized as follows. In Section 1.2 we discuss the 
demands on gain media for ultrashort-pulse generation and give an over
view on available media as well as the corresponding achievements. Sections
1.3 and 1.4 are devoted to technical issues of particular importance, namely 
the effects of dispersion and nonlinearities in laser cavities and different 
modelocking techniques. Several examples for ultrafast lasers are then 
discussed in Section 1.5. Although ultrafast pulses are usually generated 
with modelocked lasers, in Section 1.6 we also discuss a kind of Q-switched 
laser that can generate picosecond pulses. Finally, we give a short summary 
and outlook in Section 1.7.
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1.2 GAIN M EDIA FOR ULTR ASHO R T-PULSE G ENERATION

Gain media for ultrafast lasers have to meet a number of conditions. We 
first list those criteria that apply to continuous-wave (cw) lasers as well. 
Obviously the gain medium should have a laser transition in the desired 
wavelength range and a pump transition at a wavelength where a suitable 
pump source is available. Several factors are important to achieve good 
power efficiency: a small quantum defect, the absence of parasitic losses, 
and a high gain (ax product) are desirable. The latter allows for the use 
of an output coupler with relatively high transmission, which makes the 
laser less sensitive to intracavity losses. For high-power operation, we prefer 
media with good thermal conductivity, a week (or even negative) tempera
ture dependence of the refractive index (to reduce thermal lensing), and a 
week tendency to undergo thermally induced stress fracture.

For ultrafast lasers, in addition we require a broad emission band
width, because ultrashort pulses intrinsically have a large bandwidth. More 
precisely, we need a large range of wavelengths in which a smooth gain spec
trum is obtained for a fixed inversion level. The latter restrictions explain why 
the achievable modelocked bandwidth is in some cases [e.g., some Yb3+- 
doped media (Honninger et al., 1999b)] considerably smaller than the tuning 
range achieved with tunable cw lasers, particularly for quasi-three-level gain 
media. A less obvious requirement is that the laser cross sections should be 
high enough. Although the requirement of a reasonably small pump thresh
old can be satisfied even with low laser cross sections if the fluorescence life
time is large enough, it can be very difficult to overcome Q-switching 
instabilities (see Sec. 1.4.3) in a passively modelocked laser based on a gain 
material with small laser cross sections. Unfortunately, many broadband 
gain media tend to have small laser cross sections, which can significantly 
limit their usefulness for passive modelocking, particularly at high pulse repe
tition rates and in cases where the pump beam quality is poor, necessitating a 
large mode area in the gain medium. Finally, a short pump absorption length 
is desirable because it permits the use of a short path length in the medium, 
which allows for operation with a small mode area in the gain medium and 
also limits the effects of dispersion and Kerr nonlinearity.

M ost ultrafast lasers belong to one of two groups. The first group is 
based on gain media that have quite favorable properties for diode-pumped 
high-power cw operation but cannot be used for femtosecond pulse genera
tion because of their relatively small amplification bandwidth. Typical 
examples are N d3+:YAG and N d3+:YV04. With high-power laser diodes, 
one or several conventional end-pumped or side-pumped laser rods and a 
SESAM (Sec. 1.4.3) for modelocking, up to 27 W or average power in 
20 ps pulses has been achieved with N d3+:YAG (Spiihler et al., 2000) and
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20 W in 20 ps pulses with N d3+:YV04 (Burns et al., 2000). Significantly 
shorter pulse durations have been achieved at lower output powers, down 
to 1.5 ps with 20 mW (Malcolm et al., 1990), using the technique of additive 
pulse modelocking (APM, Sec. 1.4.3). For all these N d3+ -doped media the 
relatively large laser cross sections usually make it relatively easy to achieve 
stable modelocked operation without Q-switching instabilities. See Section
1.5.1 for typical cavity setups.

The second group of gain media are characterized by a much broader 
amplification bandwidth, typically allowing for pulse durations well below 
0.5 ps but also usually by significantly poorer thermal properties and smaller 
laser cross sections. Ti3+:sapphire (Moulton, 1986) is a notable exception, 
combining nearly all desired properties for powerful ultrafast lasers, except 
that the short pump wavelength excludes the use of high-power diode pump 
lasers and the quantum defect is large. Using an argon ion laser or a fre
quency-doubled solid-state laser as a pump source, Ti3+:sapphire lasers 
have been demonstrated to generate pulses with durations below 6fs and 
a few hundred milliwatts of average power (Sutter et al., 1999; Morgner 
et al., 1999b). For these pulse durations, KLM (Sec. 1.4.3) is required, 
and self-starting may be achieved with a SESAM in addition (Sutter et al., 
1999). W ith a SESAM alone, 13 fs pulses with 80 mW have been demon
strated. If  significantly longer pulse durations are acceptable, several watts 
of average power can be generated with a commercially available 
Ti3+:sapphire laser, usually pumped with an argon ion laser. Recently, 
Cr2+ :ZnSe (Page et al., 1997) was identified as another very interesting gain 
material that is in various ways similar to Ti3+ :sapphire but emits at mid- 
infrared wavelengths, around 2.2-2.8pm. This very broad bandwidth 
should allow for pulse durations below 20 fs, although to date the shortest 
achieved pulse duration is much longer, « 4 p s  (Carrig et al., 2000).

Diode-pumped femtosecond lasers can be built with crystals such as 
Cr3+:LiSAF, Cr3+:LiSGaF, or Cr3+:LiSCAF, which can be pumped at 
longer wavelengths. However, these media have much poorer thermal prop
erties and thus cannot compete with Ti3+ :sapphire in terms of output 
power. Cr3+:LiSAF lasers have generated pulses as short as 12fs (Uemura 
and Torizuka, 1999), but only with 23 mW of output power, using KLM 
without self-starting ability. The highest achieved modelocked power was 
0.5 W in 110 fs pules (K opfet al., 1997).

Cr4+ rforsterite emits around 1.3 pm and is suitable for pulse durations 
down to 14 fs with 80 mW (Chudoba et al., 2000), or 78 fs pulses with 
800 mW (Petrov et al., 1998). Normally, an Nd-doped laser (which may 
be diode-pumped) is used for pumping of Cr4+ rforsterite. The same holds 
for Cr4+ :YAG, which emits around 1.4—1.5 pm and has allowed the genera
tion of pulses of 43 fs duration at 200 mW (Tong et al., 1997).
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Other broadband gain materials are phosphate or silicate glasses 
doped with rare earth ions such as N d3+ or Yb3+, for pulse durations 
down to « 6 0 fs  (Aus der Au et al., 1997; Honninger et al., 1998) and 
output powers of a few hundred milliwatts. The relatively poor thermal 
properties make high-power operation challenging. Up to 1.4 W of average 
power in 275 fs pulses (Paschotta et al., 2000a) or 1W in 175 fs pulses (Aus 
der Au et al., 1998) have been obtained from N d3+:glass by using a spe
cially adapted elliptical mode pumping geometry (Paschotta et al., 
2000b). Here, a strongly elliptical pump beam and laser mode allow the 
use of a fairly thin gain medium that can be efficiently cooled from both 
flat sides. The resulting nearly one-dimensional heat flow reduces the ther
mal lensing compared to cylindrical rod geometries if the aspect ration is 
large enough.

Yb3+ :YAG has thermal properties similar to those of N d3+ :YAG and 
at the same time a much larger amplification bandwidth. Another favorable 
property is the small quantum defect. However, challenges arise from the 
quasi-three-level nature of this medium and from the small laser cross sec
tions, which favor Q-switching instabilities. High pump intensities help in 
both respects. An end-pumped laser based on a Yb3+ :YAG rod has genera
ted 340 fs pulses with 170 mW (Honninger et al., 1995). As much as 8.1 W in
2.2 ps pulses was obtained from an elliptical mode Yb3+:YAG laser 
(Aus der Au et al., 1999). Recently, the first Yb3+:YAG thin disk laser 
(Giesen et al., 1994) was passively modelocked, generating 700 fs pulses with
16.2 W average power (Aus der Au et al., 2000). The concept of the passively 
modelocked thin disk laser appears to be power-scalable, so that even much 
higher powers should become possible in the near future.

A few Yb3+ -doped crystalline gain materials have been developed 
that combine a relatively broad amplification bandwidth (sufficient for pulse 
durations of a few hundred femtoseconds) with thermal properties that are 
better than those of other broadband materials, although not as good as, for 
example, those of YAG or sapphire. Examples are Yb3+:YCOB (Valentine 
et al., 2000), Y b3+:YGdCOB (Druon et al., 2000), Yb3+:SFAP (Gloster 
et al., 1997), and Yb3+:KGW (Brunner et al., 2000). With an end-pumped 
Yb3+:KGW rod, 1.1 W of average power has recently been achieved in 
176 fs pulses (Brunner et al., 2000). Yb3+:KGW and Yb3+:KYW may be 
applicable in a thin disk laser, possibly generating tens of watts in pulses 
with <200 fs duration, but this remains to be demonstrated. Another new 
class of materials of particular importance are the Yb3+ -doped sesquioxides 
(Larionov et al., 2001) such as Y20 3, Sc20 3, and Lu20 3, which appear to be 
very suitable for high-power operation.

Color center crystals can also be used for femtosecond pulse genera
tion (Blow and Nelson, 1988; Yakymyshyn et al., 1989; Islam et al.,
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1989), but we do not discuss them here because they need cryogenic 
conditions.

1.3 DISPERSION A N D  NO NLIN EAR ITIES

1.3.1 Dispersion

When a pulse travels through a medium, it acquires a frequency-dependent 
phase shift. A phase shift that varies linearly with the frequency corresponds 
to a time delay, without any change of the temporal shape of the pulse. 
Higher order phase shifts, however, tends to modify the pulse shape and 
are thus of relevance for the formation of short pulses. The phase shift 
can be expanded in a Taylor series around the center angular frequency 
cdq of the pulse:

Here the derivatives are evaluated at (Oo*Scp/0o) is the group delay 7"g, 
02(p/0co2 the group delay dispersion (GDD), and, 03(p/0o>3 the third-order 
dispersion (TOD). The GDD describes a linear frequency dependence of 
the group delay and thus tends to separate the frequency components of a 
pulse: For positive GDD, e.g., the components with higher frequencies 
are delayed with respect to those with lower frequencies, which results in 
a positive “chirp” (“up-chirp”) of the pulse. Higher orders of dispersion 
generate more complicated distortions.

The broader the bandwidth of the pulse (i.e., the shorter the pulse 
duration), the more terms of this expansion are significant. GDD, which 
acts on an initially unchirped Gaussian pulse with full width at half maxi
mum (FW HM ) pulse duration tq, increases the pulse duration according to

It is apparent that the effect of GDD becomes strong if GDD > xo- Simi
larly, TOD becomes im portant if TOD > Tq-

1.3.2 Dispersion Com pensation

If no dispersion compensation is used, the net GDD for one cavity round- 
trip is usually positive, mainly because of the dispersion in the gain medium.

1/2

(2)
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Other components such as mirrors may also contribute to this. However, in 
lasers with > 1 0 p s pulse duration the dispersion effects can often be 
ignored, because the total GDD in the laser cavity is typically at most a 
few thousand square femtoseconds, much less than the pulse duration 
squared. For shorter pulse durations, the GDD has to be considered, and 
pulse durations below about 30 fs usually necessitate the compensation of 
TOD or even higher orders of dispersion. In most cases, the desired total 
GDD is not zero but negative, so that soliton formation (see Sec. 1.3.4) 
can be exploited. Usually, one requires sources of negative GDD and in 
addition appropriate higher order dispersion for shorter pulses. The most 
im portant techniques for dispersion compensation are discussed in the fol
lowing subsections.

Dispersion from Wavelength-Dependent Refraction

If the intracavity laser beam hits a surface of a transparent medium with 
non-normal incidence, the wavelength dependence of the refractive index 
can cause wavelength-dependent refraction angles. In effect, different wave
length components will travel on slightly different paths, and this in general 
introduces an additional wavelength dependence to the round-trip phase 
and thus a contribution to the overall dispersion. The most frequently used 
application of this effect is to insert a prism pair in the cavity (Fork et al., 
1984), where the different wavelength components travel in different direc
tions after the first prism and along parallel but separated paths after the 
second prism. The wavelength components can be recombined simply on 
the way back after reflection at a plane end mirror (of a standing wave cav
ity) or by a second prism pair (in a ring cavity). Spatial separation of differ
ent wavelengths occurs only in part of the cavity. The negative GDD 
obtained from the geometric effect is proportional to the prism separation, 
and an additional (usually positive) GDD contribution results from the 
propagation in the prism material. The latter contribution can be easily 
adjusted via the prism insertion, so that the total GDD can be varied over 
an appreciable range. Some higher order dispersion is also generated, and 
the ratio of TOD and GDD can for a given prism material be varied only 
in a limited range by using different combinations of prism separation 
and insertion. Some prism materials with lower dispersion (e.g., fused quartz 
instead of SF10 glass) can help to reduce the amount of TOD generated 
together with a given value of GDD but also require greater prism 
separation. The prism angles are usually not used as optimization para
meters but rather are set to be near Brewster’s angle in order to minimize 
reflection losses. The small losses and the versatility of the prism pair tech
nique are the reasons prism pairs are very widely used in ultrafast lasers.
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In Ti3+:sapphire lasers, pulse durations around 10 fs can be reached with 
negative dispersion only from a prism pair.

More compact geometries for dispersion compensation make use of a 
single prism only (Ramaswamy-Paye and Fujimoto, 1994; K opf et al., 
1996b). In this case, the wavelength components are spatially separated in 
the whole resonator, not just part of it. Even without any additional prisms, 
refraction at a Brewster interface of the gain medium can generate negative 
dispersion. In certain configurations, where the cavity is operated near 
a stability limit, the refraction effect can be strongly increased (Paschotta 
et al., 1999a), so significant negative GDD can be generated in a compact 
cavity. The amount of GDD may then also strongly depend on the thermal 
lens in the gain medium and on certain cavity dimensions.

Grating Pairs

Compared to prism pairs, pairs of diffraction gratings can generate higher 
dispersion in a compact setup. However, because of the limited diffraction 
efficiency of gratings, the losses of a grating pair are typically higher than 
acceptable for use in a laser cavity, except in cases with a high gain (e.g., 
in fiber lasers). For this reason, grating pairs are normally used only for 
external pulse compression.

Gires-Tournois Interferometers (GTIs)

A compact device to generate negative GDD (even in large amounts) is the 
Gires-Tournois interferometer (GTI) (Gires and Tournois, 1964), which is a 
Fabry-Perot interferometer operated in reflection. Because the rear mirror is 
highly reflective, the GTI as a whole is highly reflective over the whole wave
length range, whereas the phase shift varies nonlinearly by 2k  for each free 
spectral range, calculated as Av = c/2nd , where n and d are refractive index 
and the thickness of the spacer material, respectively. Within each free spec
tral range, the GD D oscillates between two extremes the magnitude of 
which is proportional to d2 and also depends on the front mirror reflectivity. 
Ideally, the GTI is operated near a minimum of the GDD, and the usable 
bandwidth is some fraction (e.g., one-tenth) of the free spectral range, which 
is proportional to d~l . Tunable GDD can be achieved if the spacer material 
is a variable air gap, which, however, must be carefully stabilized to avoid 
unwanted drifts. More stable but not tunable GDD can be generated with 
monolithic designs, based, e.g., on thin films of dielectric media such as 
T i0 2 and S i02, particularly for use in femtosecond lasers. The main draw
backs of GTI are the fundamentally limited bandwidth (for a given amount 
of GDD) and the limited amount of control of higher order dispersion.
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Dispersive Mirrors

Dielectric Bragg mirrors with regular X/4 stacks have a fairly small disper
sion when operated well within their reflection bandwidth, but increasing 
dispersion at the edges of this range. Modified designs can be used to 
obtain well-controlled dispersion over a large wavelength range. One pos
sibility already discussed is the use of a GTI structure (see preceding sub
section). Another broad range of designs are based on the concept of the 
chirped mirror: If the Bragg wavelength is appropriately varied within a 
Bragg mirror design, longer wavelengths can be reflected deeper in the 
structure, thus acquiring a larger phase change, which leads to negative dis
persion. However, the straightforward implementation of this idea leads to 
strong oscillations of the GDD (as a function of frequency), which render 
such designs useless. These oscillations can be greatly reduced by numerical 
optimizations that introduce complicated (and not analytically explainable) 
deviations from the simple chirp law. A great difficulty is that the figure of 
merit to optimize is a complicated function of many layer thickness 
variables; it typically has a large number of local extremes and thus is quite 
difficult to optimize. Nevertheless, refined computing algorithms led to 
designs with respectable performance that were realized with precision 
growth of dielectric mirrors. Such mirrors can compensate for the disper
sion in Ti3+:sapphire lasers for operation with pulse durations well below 
10 fs (Jung et al., 1997). Further analytical studies led to the design of dou
ble-chirped mirrors, where both the Bragg wavelength and the coupling 
strength (determined by the ratio of thickness for low- and high-index 
layers) are varied, and a broadband high quality antireflection coating 
on the front surface is used in addition (Kartner et al., 1997). Because such 
analytically found designs are already close to optimum, a slight refinement 
by local numerical optimization is sufficient to arrive at very broadband 
designs. M irrors based on such designs have been used in Ti3+:sapphire 
lasers to generate pulses with durations of <6fs (Morgner et al., 1999b; 
Sutter et al., 2000), which are the shortest pulses ever generated directly 
from a laser.

Dispersive SESAMs

Negative dispersion can also be obtained from semiconductor saturable 
absorber mirrors (SESAMs) (see Sec. 1.4.3) with specially modified designs. 
The simplest option is to use a GTI-like structure (see earlier in this section) 
(Kopf et al., 1996a). A double-chirped dispersive semiconductor mirror has 
also been demonstrated (Paschotta et al., 1999b), and a saturable absorber 
could be integrated into such a device.
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1.3.3 Kerr Nonlinearity

Because of the high intracavity intensities, the Kerr effect is relevant in most 
ultrafast lasers. The refractive index, of, e.g., the gain medium is modified 
according to

where I  is the laser intensity and n2 a material-dependent coefficient that 
also weakly depends on the wavelengths. (The pump intensity is normally 
ignored because it is far smaller than the peak laser intensity.) These 
nonlinear refractive index changes have basically two consequences. The 
first is a transverse index gradient resulting from the higher intensities on 
the beam axis compared to the intensities in the wings of the transverse 
beam profile. This leads to a so-called Kerr lens with an intensity-dependent 
focusing effect (for positive n2) that can be exploited for a passive modelock
ing mechanism as discussed in Section 1.4.3.

The second consequence of the Kerr effect is that the pulses experience 
self-phase modulation (SPM): The pulse center is delayed more (for positive 
n2) than the temporal wings. For a freely propagating Gaussian transverse 
beam profile of radius w (defined so that at this radius we have 1 /e 2 times 
the peak intensity), the nonlinear coefficient Ys p m > related the on-axis phase 
change cp to the pulse power P  according to cp =  Yspm^ is given by

where L is the propagation length in the medium. Note that the peak inten
sity of a Gaussian beam is I  = P /(nw 2/2 ), and the on-axis phase change 
(and not an averaged phase change) is relevant for freely propagating 
beams. For guided beams, an averaged phase change has to be used, which 
is two times smaller.

The most im portant consequences of SPM in the context of ultrafast 
lasers is the possibility of soliton formation (Sec. 1.3.4). Another important 
aspect is that SPM can increase or decrease the bandwidth of a pulse, 
depending on the original phase profile of the pulse. In general, positive 
SPM tends to increase the bandwidth of positively chirped (i.e., up-chirped) 
pulses, whereas negatively chirped pulses can be spectrally compressed. An 
originally unchirped pulse traveling through a nonlinear a nondispersive 
medium will experience an increase of bandwidth only to second order of 
the propagation distance, whereas a chirp grows in first order.

n(I) = n0 + n2I (3)

(4)



24 Paschotta and Keller

1.3.4 Soliton Formation

If a pulse propagates through a medium with both second-order dispersion 
(GDD) and a Kerr nonlinearity, the two effects can interact in complicated 
ways. A special case is that the intensity has a sech2 temporal profile

m  = (5)

with the peak power Pp and the FW HM  pulse duration t FWHm ~  1.76t5. 
If such a pulse is unchirped and fulfills the condition

2|GDD|
^ i 177 (b)

IYspmI^p

where GDD and Yspm have opposite signs and are calculated for the same 
propagation distance, and

Ep «  1.13PpTFWHM (7)

is the pulse energy, then we have: a so-called fundamental soliton. Such a 
pulse propagates in the medium with constant temporal and spectral shape 
and acquires only an overall nonlinear phase shift. Higher order solitons, 
where the peak power is higher by a factor that is the square of an integral 
number, do not preserve their temporal and spectral shape but evolve in 
such a way that the original shape is restored after a certain propagation dis
tance, the so-called soliton period in the case of a second-order soliton.

Solitons are remarkably stable against various kinds of distortions. 
In particular, stable soliton-like pulses can be formed in a laser cavity even 
though dispersion and Kerr nonlinearity occur in discrete amounts and the 
pulse energy varies due to amplification in the gain medium and loss in other 
elements. As long as the soliton period amounts to many (at least about five 
to ten) cavity round-trips, the solition simply “sees” the average GDD and 
Kerr nonlinearity, and this “average solition” behaves in the same way as in 
a homogeneous medium. The soliton period in terms of the number of cav
ity round-trips is

=  „?FWHM (8 )
s 2|G DD | 2|GDD | 1 '

where GDD is calculated for one cavity round-trip. Ns  is typically quite 
large in lasers with pulse durations of > 100 fs, so the average soliton is a 
good approximation. Once Ns  becomes less than about 10, the soliton is sig
nificantly disturbed by the changes of dispersion and nonlinearity during
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a round-trip, and this may lead to pulse break-up. In Ti3+ :sapphire lasers 
for pulse durations below 10 fs, the regime of small N$ is unavoidable and 
can be stabilized only by using a fairly strong saturable absorber. On the 
other hand, in cases with very large values of Ns  it can be beneficial to 
decrease Ns  by increasing both |GDD| and Yspm, because stronger soliton 
shaping can stabilize the pulse shape and spectrum and make the pulse less 
dependent on other influences.

Note that soliton effects can fix the pulse duration at a certain value 
even if other cavity elements (most frequently the laser gain with its limited 
bandwidth) tend to reduce the pulse bandwidth. The pulse will then acquire 
a positive chirp (assuming n2 >  0 for the Kerr medium), and under these 
conditions SPM can generate the required extra bandwidth.

1.4 M O DELO CKIN G

1.4.1 General Rem arks

Ultrashort light pulses are in most cases generated by modelocked lasers. In 
this regime of operation, usually a single short pulse propagates in the laser 
cavity and generates an output pulse each time it hits the output coupler 
mirror. The generated pulses are usually quite short compared to the round- 
trip time.

In the frequency domain, modelocking means operation of the laser on 
a number of axial cavity modes, whereby all these modes oscillate in phase 
(or at least with nearly equal phases). In this case, the mode amplitudes 
interfere constructively only at certain times, which occur with the period 
of the round-trip time of the cavity. At other times, the output power is neg
ligibly small. The term “modelocking” resulted from the observation that a 
fixed phase relationship between the modes has to be maintained in some 
way to produce short pulses. The achievable pulse duration is then inversely 
proportional to the locked bandwidth, i.e., to the number of locked modes 
time their frequency spacing.

It is obvious in the domain description that modelocking cannot be 
achieved if a significant amount of the laser power is contained in higher 
order transverse modes of the cavity, because these usually have different 
resonance frequencies, so that the periodic recurrence of constructive addi
tion of all mode amplitudes is not possible. Therefore, laser operation on the 
fundamental transverse cavity mode (TEM0o) is usually a prerequisite to 
stable modelocking.

In some cases, a modelocked laser is operated with several pulses 
circulating in the cavity. This mode of operation, called “harmonic mode- 
locking,” can be attractive for the generation of pulse trains with higher
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repetition rates. The main difficulty is that the timing between the pulses has 
to be maintained in some way, either by some kind of interaction between 
the pulses or with the aid of externally applied timing information. A num
ber of solutions have been found, but in this chapter we concentrate on fun
damental modelocking, with a single pulse in the laser cavity, as it occurs in 
most ultrafast lasers.

So far we have assumed that the modelocked laser operates in a steady 
state, where the pulse energy and duration may change during a round-trip 
(as an effect of gain and loss, dispersion, nonlinearity, etc.) but always 
return to the same values at a certain position in the cavity. This regime 
is called cw (continuous-wave) modelocking and is indeed very similar to 
ordinary cw (not modelocked) operation, because the output power in each 
axial cavity mode is constant over time. Another important regime is 
Q-switched modelocking (Sec. 1.4.3), where the modelocked pulses are con
tained in periodically recurring bunches that have the envelope of a 
Q-switched pulse. It is in some cases a challenge to suppress an unwanted 
tendency for Q-switched modelocking.

In addition to Q-switching tendencies, a number of other mechanisms 
can destabilize the modelocking behavior of a laser. In particular, short 
pulses have a broader bandwidth than, e.g., a competing cw signal and thus 
tend to experience less gain than the latter. For the pulses to be stable, some 
mechanism is required that increases the cavity loss for cw signals more than 
for pulses. Also, a modelocking mechanism should ideally give a clear loss 
advantage for shorter pulses compared to any other mode of operation. 
We discuss various stability criteria in the following sections.

Mechanisms for modelocking are grouped into active and passive 
schemes and hybrid schemes that utilize a combination of the two. Active 
modelocking (Sec. 1.4.2) is achieved with an active element (usually an 
acousto-optic modulator) generating a loss modulation that is precisely 
synchronized with the cavity round-trips. Passive schemes (Sec. 1.4.3) 
rely on a passive loss modulation in some type of saturable absorber. This 
passive loss modulation can occur on a much faster time scale, so that 
passive modelocking typically allows for the generation of much shorter 
pulses. Passive schemes are also usually simpler, because they do not rely 
on driving circuits and synchronization electronics. The pulse timing is then 
usually not externally controlled. Synchronization of several lasers is more 
easily achieved with active modelocking schemes.

Modelocked lasers are in most cases optically pumped with a cw 
source, e.g., one or more laser diodes. This requires a gain medium that 
can store the excitation energy over a time of more than one cavity 
round-trip (which typically takes a few nanoseconds). Typical solid-state 
gain materials fulfill this condition very well, even for rather low repetition
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rates, because the lifetime of the upper laser level is usually at least a few 
microseconds, in some cases even more than a millisecond. Synchronous 
pumping (with a modelocked source), as is often used for dye lasers, is there
fore rarely applied to solid-state lasers and is not discussed in this chapter.

In the following sections we discuss some details of active and passive 
modelocking. The main emphasis is on passive modelocking, because such 
techniques clearly dominate in ultrafast optics.

1.4.2 Active Modelocking

An actively modelocked laser contains some kind of electrically controlled 
modulator, in most cases of acousto-optic and sometimes of electro-optic 
type. The former uses a standing acoustic wave with a frequency of tens or 
hundreds of megahertz, generated with a piezoelectric transducer in an 
acousto-optic medium. In this way one obtains a periodically modulated 
refractive index pattern at which the laser light can be refracted. The 
refracted beam is normally eliminated from the cavity, and the refraction loss 
oscillates with twice the frequency of the acoustic wave because the refractive 
index change depends only on the modulus of the pressure deviation.

A pulse circulating in the laser cavity is hardly affected by the modu
lator provided that it always arrives at those times when the modulator loss 
is at its minimum. Even then, the temporal wings of the pulse experience 
a somewhat higher loss than the pulse center. This mechanism tends to 
shorten the pulses. On the other hand, the limited gain bandwidth always 
tends to reduce the pulse bandwidth and thus to increase the pulse duration. 
Other effects such as dispersion or self-phase modulation (Sec. 1.3) can have 
additional influences on the pulse. Usually, a steady state is reached where 
the mentioned competing effects exactly cancel each other for every com
plete cavity round-trip.

The theory of Kuizenga and Siegman (Kuizenga and Siegman, 1970) 
describes the simplest situation with a modulator (in exact synchronism with 
the cavity) and gain filtering but no dispersion or self-phase modulation. 
The gain is assumed to be homogeneously broadened and of Lorentzian 
shape. The simple result is the steady-state FW HM pulse duration

where g  is the power gain at the center frequency, Mis the modulation strength 
(2M =peak-to-peak variation of power transmission), f m is the modulation 
frequency, and Afg is the FW HM  gain bandwidth. The peak gain g  is slightly 
higher than the cavity loss / (for minimum modulator loss) according to

(9)
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g = l + - j  (2 nfmx)2 (10)

so that the total cavity losses (including the modulator losses) are exactly 
balanced for the pulse train. Note that the losses would be higher than 
the gain for either a longer pulse (with higher modulator loss) or a shorter 
pulse (with stronger effect of gain filtering).

It is im portant to note that for non-Lorentzian gain spectra the quan
tity Afg should be defined such that the corresponding Lorentzian reason
ably fits the gain spectrum within the pulse bandwidth, which may be 
only a small fraction of the gain bandwidth; only the “curvature” of the gain 
spectrum within the pulse bandwidth is important. This means that even 
weak additional filter effects, caused, e.g., by intracavity reflections (etalon 
effects), can significantly reduce the effective bandwidth and thus lead to 
longer pulses. Such effects are usually eliminated by avoiding any optical 
interfaces that are perpendicular to the incident beam. Also note that the 
saturation of inhomogeneously broadened gain can distort the gain spec
trum and thus affect the pulse duration.

With SPM in addition (but no dispersion), somewhat shorter pulses 
can be generated, because SPM can generate additional bandwidth. How
ever, with too much SPM the pulses become unstable. It has been shown 
with numerical simulations (Haus et al., 1991) that a reduction of the pulse 
duration by a factor on the order of 2 is possible. The resulting pulses are 
then chirped, so that some further compression with extracavity negative 
dispersion is possible.

The situation is quite different if positive SPM occurs together with 
negative GDD, because in this case soliton-like pulses (Sec. 1.3.4) can be 
formed. If the soliton length corresponds to at least about 10 but less than 
100 cavity round-trips, soliton-shaping effects can be much stronger than 
the pulse-shaping effect of the modulator. The pulse duration is then deter
mined only by the soliton equation, Eq. (6). The solition experiences only a 
very small loss at the modulator. However, owing to its bandwidth it also 
experiences less gain than, e.g., a long background pulse, the so-called con
tinuum, which can have a small bandwidth. The shorter the soliton pulse 
duration, the smaller the soliton gain compared to the continuum gain 
and the higher the modulator strength M  must be to keep the soliton stable 
against growth of the continuum. Using results from Kartner et al. (1995a), 
it can be shown that the minimum pulse duration is proportional to

( i i )
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where Ns is the soliton period in terms of cavity round-trips. This indeed 
shows that a smaller modulator strength is sufficient if Ns is kept small, 
but also that the cavity loss should be kept small (to keep g  small) and 
the gain bandwidth is the most important factor.

With gain media like N d3+:YAG or N d3+:YLF, typical pulse 
durations of actively modelocked lasers are a few tens of picoseconds. 
The minimum appears to be 6.2 ps (Walker et al., 1990). Using N d3+:glass 
and the regime of soliton formation, pulse durations of around 7ps have 
been achieved (Yan et al., 1986). For significantly shorter pulses, active 
modelocking is not effective because the time window of low modulator loss 
would be much longer than the pulse duration.

1.4.3 Passive Modelocking

The Starting Mechanism

Passive modelocking relies on the use of some type of saturable absorber, 
which favors the generation of a train of short pulses against other modes 
of operation such as cw emission. Starting from a cw regime, the saturable 
absorber will favor any small noise spikes, so those can grow faster than the 
cw background. Once these noise spikes contain a significant part of the 
circulating energy, they saturate the gain so that the cw background starts 
to decay. Later on, the most energetic noise spike, which experiences the 
least amount of saturable absorption, will eliminate all the others by satur
ating the gain to a level where these experience net loss in each round-trip. In 
effect we obtain a single circulating pulse. Owing to the action of the satur
able absorber, which favors the peak over the wings of the pulse, the 
duration of the pulse is then reduced further in each cavity round-trip, until 
broadening effects (e.g., dispersion) become strong enough to prohibit 
further pulse shortening. Note that other shortening effects, e.g., soliton- 
shaping effects, can also become effective.

The described start-up can be prevented if strong pulse-broadening 
effects are present in an early phase. In particular, the presence of spurious 
intracavity reflections can be significant, because those tend to broaden 
(or split up) pulses even before they have acquired a significant bandwidth. 
A significantly stronger saturable absorber may then be required to get self- 
starting modelocking. These effects are usually difficult to quantify but can 
be suppressed in most bulk solid-state lasers by using suitable designs. For 
example, even antireflection-coated surfaces in the cavity should be slightly 
tilted against the laser beam so that beams resulting from residual reflections 
are eliminated from the cavity.
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Note that a saturable absorber with long recovery time (low saturation 
intensity) is most effective for fast self-starting modelocking, although a 
short recovery time may allow the generation of shorter pulses. Other tech
niques to facilitate self-starting modelocking include the use of optical feed
back from a moving mirror (Smith, 1967), which tends to increase the 
intracavity fluctuations in cw operation.

Parameters of Fast and Slow Saturable Absorbers

An im portant parameter of a saturable absorber is its recovery time. In the 
simplest case, we have a so-called fast saturable absorber, which can recover 
on a faster time scale than the pulse duration. In this case the state of the 
absorber is largely determined by the instantaneous pulse intensity, and 
strong shaping of the leading edge as well as the trailing edge of the pulse 
takes place. However, for short enough pulse durations we have the oppo
site situation of a slow absorber, with the absorber recovery occurring on a 
long time scale compared to the pulse duration. This regime is frequently 
used in ultrafast lasers, because the choice of fast saturable absorbers is very 
limited for pulse durations below 100 fs. We discuss in the following subsec
tion why it is possible that pulses with durations well below 100 fs can be 
generated even with absorbers that are much slower.

Concrete types of saturable absorbers are compared in the following 
subsection. Here we discuss some parameters that can be used to quantita
tively characterize the action of saturable absorbers.

The intensity loss* q generated by a fast saturable absorber depends 
only on the instantaneous intensity /, the incident power divided by the 
mode area. Simple absorber models lead to a function

• w - n f e  (,2)

which is a reasonable approximation in many cases. The response is then 
characterized by the parameter / sat, called the saturation intensity, and the 
unsaturated loss q0. For pulses with a given peak intensity Ip, an average 
value of q can be calculated that represents the effective loss for the pulse. 
Figure 2 shows this quantity as a function of the normalized peak intensity 
for Gaussian and solition (sech2) pulses, together with q(Ip). We see that the 
pulse form has little influence on the average loss.

The behavior of a slow saturable absorber is described by the differen
tial equation

*Note that some authors define q as the amplitude (instead of intensity) loss coefficient, which is 
one-half the value used here.
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Figure 2 Solid curve: Effective loss for a soliton pulse on a fast saturable absorber, 
as a function of the ratio of peak intensity to the saturation intensity. Dashed curve: 
Same as for a Gaussian pulse. Dotted curve: Loss for the peak intensity.

with the recovery time x, the unsaturated loss q0, and the saturation fluence 
F sat. If  the recovery is so slow that we can ignore the first term, then the 
value of q after a pulse with fluence F sat is q0 Qxp(—Fp/F sat) if the pulse hits 
an initially unsaturated absorber. The effective loss for the pulse is (indepen
dent of the pulse form)

with the saturation parameter S  := Fp/F sat. For strong saturation (as usual in 
modelocked lasers) (S > 3), the absorbed pulse fluence is «  F sat AR, and we have

Figure 3 shows a plot of this function, compared to the loss after the pulse. 
It is im portant to observe that the loss after the pulse gets very small for 
S>  3, whereas the average loss qp for the pulse is still significant then.

Another im portant parameter for any saturable absorber is the 
damage threshold in terms of the applicable pulse fluence or intensity. Note 
that the absolute value of the damage threshold is actually less relevant than 
the ratio of the damage fluence and the saturation fluence, because the latter 
determines the typical operating parameters.

(14)

(15)
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Figure 3 Dotted curve: Loss for a pulse on a slow saturable absorber, as a func
tion of the saturation parameter (pulse energy divided by saturation energy). Solid 
curve: Loss after the pulse.

Passive Modelocking with Fast and Slow Saturable Absorbers

Here we give some guidelines as to what pulse durations can be expected 
from passively modelocked lasers. First we consider cases with a fast satur
able absorber and without significant influence of dispersion and self-phase 
modulation. We also assume that significant gain saturation does not 
occur during a pulse. For this situation, which can occur particularly in 
picosecond solid-state lasers modelocked with SESAMs (see later), analyti
cal results have been obtained (Haus et al., 1991). These calculations are 
strictly valid only for weak absorber saturation, which is not the desired 
case, but numerical simulations show that for a fully saturated absorber 
the obtained pulse duration can be estimated from

where Afg is th FW HM  gain bandwidth (assuming that a Lorentzian shape 
fits the gain spectrum well within the range of the pulse spectrum; see 
Sec. 1.4.2), g  is the power gain coefficient (which equals the overall cavity 
losses), and AR is the modulation depth (maximum reflectivity change) of 
the absorber. Compared to the equation from the analytical results, we have 
increased the constant factor by about 10% because the analytical calcula
tions are not accurate for a fully saturated gain and numerical simulations 
(which do not need to approximate the gain saturation with a linear

(16)
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function) result in typically «  10% longer pulse durations. Note that signif
icantly weaker or stronger absorber saturation results in longer pulses. If 
we introduce some self-phase modulation, the pulse duration can be some
what reduced because this effect helps to increase the pulse bandwidth. 
However, the dynamics become unstable if too much self-phase modulation 
occurs. The same holds for phase changes that can arise in an absorber when 
it is saturated.

Note that an increase in AR also increases the required gain g, so that a 
value of AR greater than the linear cavity losses does not significantly reduce 
the pulse duration. The limit for the pulse duration is on the order of 1 /A fg.

With a slow saturable absorber, somewhat longer pulse durations are 
obtained. W ithout significant influence of dispersion and self-phase modula
tion, we can estimate the pulse duration (Paschotta and Keller, 2001) with

This equation, which is very similar to Eq. (16), is an empirical fit to results 
from numerical simulations. It holds if the absorber is operated at roughly 
3-5 times the saturation fluence. For significantly weaker or stronger absor
ber saturation, the pulse duration gets somewhat longer. In contrast to the 
situation for fast absorbers, the influence of self-phase modulation always 
makes the pulses longer, apart from the instability occurring when the effect 
is too strong. Particularly in femtosecond lasers, it can be difficult to make 
the nonlinearity weak enough. In this case, soliton mode locking (see below) 
is a good solution. Here, a significant nonlinear phase shift is even desirable 
for good stability.

The pulse duration obtained with a slow saturable absorber can be sig
nificantly shorter than the absorber recovery time; but in such cases the sta
bility and pulse quality can be somewhat reduced because a weak pedestal 
can grow behind the pulse. This result may seem quite surprising because 
a slow absorber can clean up only the leading part of the pulse, not the trail
ing part. However, only a little energy can be fed into the trailing part as 
long as dispersion effects are weak. Also, the pulse is constantly delayed 
because the absorber attenuates the leading part; in effect, the pulse tends 
to “eat up” the trailing part, which is not delayed (Paschotta and Keller,

In the femtosecond regime, many absorbers (including SESAMs) 
become slow compared to the pulse duration. The question arises as to 
how stable modelocked operation can be achieved with a pulse duration 
much shorter than the absorber recovery time. In dye lasers, it was found 
that gain saturation during each pulse can very much shorten the time

(17)

2001).
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window with effective gain: After the passage of the pulse, the absorber 
stays saturated for a while, but the gain is also exhausted and may need 
some longer time to recover. For this reason, dye lasers can be used to gen
erate pulses with durations down to « 2 7 fs  (Valdmanis et al., 1985) [with 
external compression, even 6fs (Fork et al., 1987)], which is much less than 
the absorber recovery time (typically on the order of 0.1 ns to a few nano
seconds for dye absorbers). In ion-doped solid-state gain media, this princi
ple cannot be used because such gain media have relatively small laser cross 
sections, and the gain saturation fluence is much larger than the achievable 
pulse fluence. Therefore, gain saturation occurs only on a time scale on the 
order of the fluorescence decay time and is caused by the integral effect of 
many pulses, whereas gain saturation by a single pulse is very weak. Never
theless it has been shown that even from solid-state media one can obtain 
pulses that are much shorter than the absorber recovery time. This is parti
cularly the case if the mechanism of soliton modelocking (Kartner and 
Keller, 1995) is employed. In the regime of negative intracavity dispersion, 
soliton effects (see Sec. 1.3.4) can fix the pulse duration at a certain value. 
The saturable absorber is then required only to start the modelocking pro
cess and to stabilize the solitons. The latter means that two types of instabil
ity must be suppressed. First, a competing cw background (or long pulse 
pedestal) can have less bandwidth and thus experience more gain than the 
soliton, but this can be suppressed by the saturable absorber because this 
introduces a higher loss for the background. Second, pulse breakup could 
occur because a breakup into two solitons with, e.g., half the energy would 
increase the gain (because of the reduced pulse bandwidth); the absorber 
must prevent this by having a higher loss for two pulses compared to the 
single pulse. It turns out that the limit for the pulse duration depends only 
weakly on the modulation depth and recovery time of the absorber.

Note that apart from the shortest achievable pulse duration, self- 
starting modelocking is also a desirable goal. In this respect, a slow absorber 
is usually superior, because it has a lower saturation intensity, which facil
itates the modelocking process in an early phase, as discussed earlier in this 
section.

Saturable Absorbers for Passive Modelocking

In this section we discuss a number of different saturable absorbers (or arti
ficial saturable absorbers) for passive modelocking, concentrating on the 
most im portant techniques for ultrashort-pulse generation.

Semiconductor Absorbers. A semiconductor can absorb light if the 
photon energy is sufficient to excite carriers from the valence band to
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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 typically 
60-300 fs after the 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—they 
will be removed by recombination and trapping. Both processes can be 
used for modelocking of lasers.

A few percent of the incident radiation can be absorbed in a semicon
ductor layer of only a few nanometers thickness. Such a structure is called a 
quantum  well because for structures with such small dimensions the density 
of states is modified by quantum effects. Quantum well absorbers or some
what thicker absorbers (called bulk absorbers) are usually integrated into a 
microstructure with different surrounding semiconductor materials that are 
not absorbing due to a larger band gap. Typically, such structures are grown 
on a semiconductor wafer « 0 .5  mm thick (of GaAs, e.g.) and contain a 
Bragg m irror structure so they can be operated in reflection. In some cases, 
the Bragg mirror is replaced by a metallic mirror with broader bandwidth 
(Jung et al., 1997). In any case, such a structure has been called a semicon
ductor saturable absorber mirror (SESAM) since its first use for modelock
ing in 1992 (Keller et al., 1992). This acronym includes all types of saturable 
semiconductor absorbers that are operated in reflection. Most SESAMs 
contain a Bragg mirror, and if the absorber is incorporated into the top part 
of this Bragg mirror, the term saturable Bragg reflector (SBR) introduced in 
1995 (Tsuda et al., 1995), is also sometimes used.

M ost SESAMs that are used nowadays consist of a semiconductor 
Bragg m irror and a quantum well or bulk absorber, usually embedded 
between two nonabsorbing semiconductor layers grown on top of this 
mirror. The semiconductor air interface has a reflectivity of ^ 3 0 % , which 
together with the Bragg mirror forms a Fabry-Perot structure. In most 
cases, the SESAM is designed so that this Fabry-Perot is antiresonant at 
the operation wavelengths. In this regime, the largest possible bandwidth 
is achieved, and the saturation fluence is on the order of 100pJ/cm 2. (The 
absorber layer itself would have a saturation fluence on the order of 
30pJ/cm 2.) We call such a device a low-finesse SESAM. A higher finesse 
of the Fabry-Perot can be obtained with a dielectric top mirror. Such devices 
were initially used for modelocking of lasers (Keller et al., 1992) and were 
termed antiresonant Fabry-Perot saturable absorbers (A-FPSAs). Com
pared to the same SESAM without a top reflector, the high-finesse SESAM 
has a greater saturation fluence (>  100pJ/cm 2) and an accordingly smaller 
modulation depth (which can often be compensated for with a thicker 
absorber layer, if required). The increased damage fluence is no advantage
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because such samples have to be operated at accordingly higher fluence 
values. For use in high-power lasers, low-finesse SESAMs operated with 
an accordingly larger laser spot size and lower pulse fluence are preferable 
(Paschotta et al., 2000a) because the generated heat is distributed over a 
larger area.

Most modelocked lasers are operated in wavelength regimes of around 
0.71-0.9 pm (e.g., Ti3+:sapphire) and 1.03-1.07 pm (e.g., N d3+:YAG, 
N d3+ :glass, Yb3+ :YAG). For 0.8 pm, GaAs absorbers can be used together 
with Bragg mirrors made of A lA s and Ga^Aii-xAs (where the gadolinium 
content x is kept low enough to avoid absorption). For wavelengths around 
1.03-1.064 pm, the Bragg mirrors can be made of GaAs and AlAs, and the 
absorber is made of InxG ai_xAs, where the indium content x is adjusted to 
obtain a small enough band gap. Because In^Gai_xAs cannot be grown 
lattice-matched to GaAs, increasing the indium content leads to increasing 
strain, which can lead to surface degradation by cracking and thus limits the 
absorber thickness. Nevertheless, such samples have been applied for mode- 
locking of lasers operating around 1.3 pm (Fluck et al., 1996) and even
1.5 pm (Spiihler et al., 1999a). SESAMs for 1.3 and 1.5 pm have also been 
developed on the basis of InGaAsP grown on InP substrates.

SEASAMs can be produced either with molecular beam epitaxy 
(MBE) or with metal-organic chemical vapor deposition (MOCVD). The 
MOCVD process is faster and thus appears to be most suitable for mass 
production. It also leads to relatively small nonsaturable losses, so that such 
SESAMs are well suited for high-power operation. Similarly low losses can 
be achieved with MBE. However, MBE gives us the additional flexibility to 
grow semiconductors at lower temperatures, down to «200°C, whereas 
MOCVD is usually done at«600°C . Lower growth temperatures lead to 
microscopic structural defects that act as traps for excited carriers and thus 
reduce the recovery time, which can be beneficial for use in ultrafast lasers. 
However, the nonsaturable losses of such samples also increase with 
decreasing growth temperature. This compromise between speed of recovery 
and quality of the surfaces can be improved by optimized annealing 
procedures or by beryllium doping (Haiml et al., 1999a, 1999b).

The presence of two different time scales in the SESAM recovery, 
resulting from intraband thermalization and carrier trapping and /o r recom
bination, can be rather useful for modelocking. The longer time constant 
results in a reduced saturation intensity for part of the absorption, which 
facilitates self-starting modelocking, whereas the faster time constant is 
more effective in shaping subpicosecond pulses. Therefore, SESAMs make 
it possible to easily obtain self-starting modelocking in most cases.

SESAMs are quite robust devices. The ratio of the damage fluence to 
the saturation fluence is typically on the order of 100, so that a long device
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lifetime can be achieved with the usual parameters of operation (pulse 
fluence ^ 3 -1 0  times the saturation fluence). For high-power operation, 
the thermal load can be substantial, but the relatively good heat conductiv
ity, e.g., of GaAs and the geometry of a thin disk allow for efficient cooling 
through the back side, which is usually soldered to a copper heat sink. The 
latter may be water-cooled in multiwatt lasers. Once the mode diameter is 
larger than the substrate thickness (typically 0.5 mm), further power scaling 
by increasing the mode area and keeping the pulse fluence constant will not 
substantially increase the temperature rise (Paschotta et al., 2000a). The 
temperature rise can be limited to below 100 K by the use of SESAM designs 
with low saturation fluence (100pJ/cm 2 or less), because these allow opera
tion with a larger mode area. SESAM damage can thus be avoided by using 
suitable designs and operation parameters, and further power scaling is not 
prohibited by such issues.

Recently, a new type of semiconductor-based saturable absorber, 
based on InAs semiconductor nanoparticles in silica, was demonstrated 
(Bilinsky et al., 1999a, 1999b). The fabrication technique may be well suita
ble for cheap mass production. Using such an absorber, modelocking of a 
Ti3+ :sapphire laser with 25 fs pulse duration was obtained. A disadvantage 
of these absorber devices is their high saturation fluence (25m J/cm 2), at 
least about two orders of magnitude higher than for typical SESAMs. 
For this reason, strong focusing on the absorber is necessary, and high 
powers can probably not be handled.

Kerr Lens Modelocking. Very fast effective saturable absorbers, 
suitable for the generation of pulses with durations below 10 fs, can be 
implemented using the Kerr effect. In typical gain media, the Kerr effect 
(i.e., the dependence of the refractive index on the light intensity) has a time 
constant on the order of at most a few femtoseconds. The intensity gradients 
across the transverse mode profile, e.g., in the gain medium lead to a Kerr 
lens with intensity-dependent focusing power. This can be combined with 
an aperture to obtain an effective saturable absorber, which can be used 
for Kerr lens modelocking (KLM) (Keller et al., 1991; Negus et al., 1991; 
Salin et al., 1991). For example, a pinhole at a suitable location in the laser 
cavity leads to significant losses for cw operation but reduced losses for 
short pulses for which the beam radius at the location of the pinhole is 
reduced by the Kerr lens. This is called hard aperture KLM. Another pos
sibility [soft aperture KLM  (Piche et al., 1993)] is to use a pump beam that 
has a significantly smaller beam radius than the laser beam in the gain 
medium. In this situation, the effective gain is higher for short pulses if 
the Kerr lens reduces their beam radius in the gain medium, because then 
the pulses have a better spatial overlap with the pumped region.
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In any case, KLM  requires the use of a laser cavity that reacts 
relatively strongly to changes in the focusing power of the Kerr lens. This 
is usually achieved only by operating the laser cavity near one of the stability 
limits, possibly with detrimental effects on the long-term stability.

Detailed modeling of the KLM action requires sophisticated three- 
dimensional simulation codes, including both the spatial dimensions and 
the time variable (Cerullo et al., 1996; Christov et al., 1995; Rothenberg,
1992). The basic reason for this is that the strength of the Kerr lens varies 
within the pulse duration, which leads to complicated spatiotemporal 
behavior. However, a reasonable understanding can be obtained simply 
by calculating the transverse cavity modes with a constant Kerr lens, using 
some averaged intensity value.

Self-starting modelocking with KLM can be achieved with specially 
optimized laser cavities (Chen et al., 1991; Krausz et al., 1991; Cerullo et 
al., 1994a, 1994b; Lai, 1994). Unfortunately, this optimization is in conflict 
with the goal of generating the shortest possible pulses. This is because the 
laser intensity changes by several orders of magnitude during the transition 
from cw to mode-locked operation, and the Kerr effect for very short pulses 
is too strong when the cavity is optimized to react sensitively to long pulses 
during the start-up phase. Basically one would face a similar problem with 
any fast saturable absorber, whereas a slow saturable absorber is less critical 
in this respect because its action depends on pulse energy and not intensity.

Generation of very short pulses—below 6fs duration—with a self- 
starting Ti3+:sapphire laser has become possible by combining a SESAM 
with a cavity set up for KLM  (Jung et al., 1997a). The SESAM is then 
responsible for fast self-starting and the pulse shaping in the femtosecond 
domain is mainly done by the Kerr effect.

Additive Pulse Modelocking. Before the invention of Kerr lens mode- 
locking, the Kerr effect was used in a different technique called “additive 
pulse modelocking” (APM) (Kean et al., 1989; Ippen et al., 1989). A cavity 
containing a single-mode glass fiber is coupled to the main laser cavity. In 
this cavity, the Kerr effect introduces a larger nonlinear phase shift for the 
temporal pulse center compared to the wings. When the pulses from both 
cavities meet again at the coupling mirror, they interfere in such a way that 
the pulse center is constructively enhanced in the main cavity while its 
wings are reduced by destructive interference. A prerequisite for this to hap
pen is, of course, that the cavity lengths be equal and stabilized inter- 
ferometrically. Because other methods (e.g., KLM or the use of saturable 
absorbers) do not need such stabilization, they are nowadays usually 
preferred to APM, although APM has been proven to be very effective, 
particularly in picosecond lasers. For example, the shortest pulses (1.7 ps)
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from a N d3+:YAG laser have been achieved with APM (Goodberlet et al.,
1990).

A variant of APM that is no longer used is resonant passive modelock
ing (RPM) (Keller et al., 1990b; 1992b). As with APM, a coupled cavity is 
used, but this contains a saturable absorber (i.e., an intensity nonlinearity) 
instead of a Kerr nonlinearity. With this methods, 2ps pulses were gener
ated with a Tiisapphire laser (Keller et al., 1990b) and 3.7 ps pulses in a 
NdiYLF laser (Keller et al., 1992b).

Nonlinear Mirror Modelocking. Effective saturable absorbers can also 
be constructed by using nonlinearities (Stankov, 1988). A nonlinear mir
ror based on this principle consists of a frequency-doubling crystal and a 
dichroic mirror. For short pulses, part of the incident laser light is converted 
to the second harmonic, for which the mirror is highly reflective, and 
converted back to the fundamental wave if an appropriate relative phase 
shift for fundamental and second harmonic light is applied. On the other 
hand, unconverted fundamental light experiences a significant loss at the 
mirror. Thus the device has a higher reflectivity at higher intensities. This 
has been used for modelocking with, e.g., up to 1.35 W of average output 
power in 7.9 ps pulses from a N d3+:YV04 laser (Agnesi et al., 1997). The 
achievable pulse duration is often limited by group velocity mismatch 
between fundamental and second harmonic light.

Q-Switching Instabilities
The usually desired mode of operation is cw modelocking, where a train of 
pulses with constant parameters (energy, duration, shape) is generated. 
However, the use of saturable absorbers may also lead to Q-switched mode- 
locking (QML), where the pulse energy oscillates between extreme values 
(see Fig. 1). The laser then emits bunches of modelocked pulses, which 
may or may not have a stable Q-switching envelope.

The reason for the QML tendency is the following. Starting from the 
steady state of cw modelocking, any small increase in pulse energy will lead 
to stronger saturation of the absorber and thus to a positive net gain. This 
will lead to exponential growth of the pulse energy until this growth is 
stopped by gain saturation. In a solid-state laser, which usually exhibits a 
large gain saturation fluence, this may take many cavity round-tips. The 
pulse energy will then drop even below the steady-state value. A damped 
oscillation around the steady state (and finally stable cw modelocking) is 
obtained only if gain saturation sets in fast enough.

The transition between the regimes of cw modelocking and QML has 
been investigated in detail (Honninger et al., 1999; Kartner et al., 1995b) for 
slow saturable absorbers. If the absorber is fully saturated, if it always fully
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recovers between two cavity round-trips, and if soliton shaping effects do 
not occur, a simple condition for stable cw modelocking can be found 
(Honninger et al., 1999a):

where Ep is the intracavity (not output) pulse energy and El&x, Ea&a are the 
gain and absorber saturation energies, respectively. Using the saturation 
parameter S  := Ep/E a^ u we can rewrite this to obtain

This explains why passively modelocked lasers often exhibit QML when 
weakly pumped and stable cw modelocking for higher pump powers. 
Normally, modelocking is fairly stable even for operation only slightly 
above the QML threshold, so there is no need for operation far above this 
threshold. The QML threshold is high when El ,sat is large (laser medium 
with small laser cross sections and /o r large mode area in the gain medium, 
enforced, e.g., by poor pump beam quality or by crystal fracture), when Ep 
cannot be made large (limited power of pump source, high repetition rate, 
or large intracavity losses), or when a high value of AR  is needed for some 
reason. We thus find the following prescriptions to avoid QML:

Use a gain medium with small saturation fluence and optimize the 
pumping arrangement for a small mode area in the gain medium.

Minimize the cavity losses so that a high intracavity pulse energy can 
be achieved.

Operate the saturable absorber in the regime of strong saturation, 
although this is limited by the tendency for pulse breakup or by 
absorber damage.

Do not use a larger modulation depth AR  than necessary.
Use a cavity with low repetition rate.

Another interesting observation (Honninger et al., 1999) is that in soli
ton modelocked lasers the minimum intracavity pulse energy for stable cw 
modelocking is lower by typically a factor on the order of 4. The reason 
for this is that a soliton acquires additional bandwidth if its energy increases 
for some reason. This reduces the effective gain, so that we have a negative 
feedback mechanism, which tends to stabilize the pulse energy. Thus the use 
of soliton formation in a laser can help not only to generate shorter pulses 
but also to avoid QML.

Finally we note that two-photon absorption (which may occur in a 
SESAM) can modify the saturation behavior in such a way that the QML

Ep > E ŝat-E ŝat AR (18)

Ep >  E l,sa t  g (19)
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tendency is reduced (Schibli et al., 2000). In this case, the two-photon 
absorption acts as an all-optical power limiter (Walker et al., 1986).

Passive Modelocking at High Repetition Rates
The repetition rates of typical modelocked solid-state lasers are on the order 
of 30-300 MHz. Pulse trains with much higher repetition rates— > 1 GHz or 
even > 10 GHz—are required for some applications, e.g., in data transmis
sion or for optical clocking of electronic circuits.

It is clear that there are two basic approaches to realizing such 
high repetition rates: Either one must use a very compact laser cavity, 
which has a short round-trip time for the circulating pulse, or one must 
arrange for several pulses to circulate in the cavity with equal temporal spa
cing. The latter technique, called harmonic modelocking, requires some 
mechanism to stabilize the pulse spacing. It is widely used in fiber lasers 
but rarely in solid-state bulk lasers as discussed in this chapter. A 
Cr4+:YAG laser has been demonstrated with three pulses in the cavity 
(i.e., harmonic modelocking), resulting in a repetition rate of 2.7 GHz (Coll- 
ings et al., 1997), which is to our knowledge the highest value achieved with 
this technique applied to diode-pumped solid-state lasers. A fundamentally 
modelocked laser with 1.2 GHz repetition rate was also demonstrated 
(Tomaru et al., 2000).

In the following we concentrate on fundamentally (i.e., not harmoni
cally) modelocked bulk lasers, which have generated repetition rates of up 
to 77 GHz (Krainer et al., 2000a). It is not difficult to construct a sufficiently 
compact laser cavity—a cavity length of a few millimeters (or slightly more 
than 1 mm for 77 GHz) is easily obtained when a compact modelocker such 
as a SESAM (see earlier) is used. The main challenge is to overcome the 
tendency for Q-switched modelocking (see previous subsection), which 
becomes very strong at high repetition rates. Because this issue formerly 
constituted a challenge even at repetition rates on the order of 1 GHz, 
specially optimized laser cavities had to be developed for repetition rates 
> 10 GHz. First it was realized that N d3+:YV04 is a laser medium with a 
particularly high gain cross section of 114x lO _20cm2 (Peterson et al., 
2002). This leads to a small gain saturation energy, which can be further 
minimized by using a laser cavity with a rather small mode radius of 
30 pm or less. Another important factor is to minimize the intracavity losses, 
so that operation with a small-output coupler transmission and accordingly 
high intracavity pulse energy is achieved, and to use a SESAM with opti
mized parameters.

Since the first milestone at 13 GHz (Krainer et al., 1999a), based on a 
cavity with a Brewster-cut N d3+:YV04 crystal, a SESAM, and an air
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SESAM

Pump

/Coating:
92 % transmission at 808 nm 
0.2 % output coupling at 1064 nm

Output
Figure 4 Quasi-monolithic setup as used for N d3+ :YV04 lasers with repetition 
rate above 20 GHz. SESAM: semiconductor saturable absorber mirror.

spacing, quasi-monolithic N d3+:YY04 lasers have been used for higher 
repetition rates of 29 GHz (Krainer et al., 1999b) and later 59 GHz (Krainer 
et al., 2000b). Here the laser crystal has a reflective coating on a curved side, 
and the SESAM is attached to the other end (Fig. 4). In this regime, the 
repetition rate is limited not only by the Q-switching tendency but also 
because of the finite pulse duration (typically 5-6 ps), which leads to an 
increasing overlap of consecutive pulses. However, both limits have been 
pushed further by employing the effect of soliton modelocking which 
reduced the pulse duration to 2.7 ps and also has a stabilizing effect, coun
teracting Q-switching instabilities. The negative dispersion required for soli- 
ton modelocking was obtained from a GTI effect (Sec. 1.3.2) generated at a 
small air gap between the laser crystal and the SESAM. In this way, a repe
tition rate of 77 GHz was achieved (Krainer et al., 2000a), and further 
increases even beyond 100 GHz may be possible with this scheme. Note that 
the average output powers are at least a few tens of milliwatts in all cases, 
sometimes a few hundred milliwatts. Powers above 1W at repetition rates 
of tens of gigahertz appear to be possible with further optimization and 
are well beyond the foreseeable potential of other approaches, except with 
external amplification.

Unfortunately, the choice of laser media for high repetition rate at 
other wavelengths, e.g., 1.5 pm as required for telecom applications, is very 
limited. Erbium-doped gain media have rather low laser cross sections, 
which greatly limits their use for passive modelocking at high repetition 
rates. Cr4+:YAG is more favorable in this respect but suffers from higher 
crystal losses and a quite variable crystal quality. Repetition rates greater 
than 10 GHz may still be possible but remain to be demonstrated.

Although we concentrate on lasers based on ion-doped crystals in this 
chapter, we note that semiconductor gain media are also very interesting for
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obtaining high pulse repetition rates. The low gain saturation fluence of such 
a medium basically eliminates the problem of Q-switching instabilities 
in passively modelocked lasers. The large amplification bandwidth allows 
for subpicosecond pulse duration, and such devices can be developed for 
different laser wavelengths. With modelocked edge-emitting semiconductor 
lasers, repetition rates of up to 1.5 THz (Arahira et al., 1996) have been 
obtained, but typically at very low power levels and often not with 
transform-limited pulses. Surface-emitting semiconductor lasers allow for 
larger mode areas and thus for higher powers, and a good spatial mode 
quality can be achieved by using an external cavity. Recently, it was recog
nized that optically pumped surface-emitting semiconductor lasers have a 
great potential for passive modelocking with multiwatt output power, multi
gigahertz repetition rates, and possibly subpicosecond pulse durations at the 
same time. The first passively modelocked lasers of this kind were recently 
demonstrated (Hoogland et al., 2000), using SESAMs as modelockers. 
The maximum average output power obtained so far is «0 .2W , and the 
pulse durations are typically a few picoseconds, but greatly enhanced perfor
mance in terms of output power and pulse duration appears to be feasible 
in the near future.

Summary: Requirements for Stable Passive Modelocking
Here we briefly summarize a number of conditions that must be met to 
obtain stable passive modelocking:

The laser must have a good spatial beam quality, i.e., it must operate 
in the fundamental transverse mode (see Sec. 1.4.1).

The saturable absorber must be strong and fast enough that the loss 
difference between the pulses and a cw background is sufficient to 
compensate for the smaller effective gain of the short pulses.

The saturable absorber must be strong enough to guarantee stable self- 
starting. (A longer absorber recovery times helps in this respect, 
see earlier in this section.)

The absorber should not be too strongly saturated, because this would 
introduce a tendency for double pulses, particularly in the soliton 
regime. The effective gain is larger for double pulses (with decreased 
energy and bandwidth), and a strongly saturated absorber cannot 
sufficiently favor the more energetic single pulses.

Nonlinear phase shifts from self-phase modulation must not be too 
strong, particularly in cases with zero or positive dispersion. In 
the soliton mode-locked regime, significantly stronger self-phase 
modulation can be tolerated and is even desirable.
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To avoid Q-switching instabilities, the condition discussed earlier in 
this section must be fulfilled.

In some cases where inhomogeneous gain saturation occurs [e.g., 
induced by spatial hole burning (Braun et al., 1995, Kartner et al., 
1995c, Paschotta et al., 2001)], spectral stability may not be achiev
able. A spectral hole in the gain, generated by the current lasing 
spectrum, can lead to a situation where a shift of the gain spectrum 
to longer or shorter wavelengths increases the gain. Such a situation 
is unstable and must be avoided, possibly by the use of a suitable 
intracavity filter.

1.5 DESIGNS O F M O D ELO CKED  LASERS

In the preceding sections we discussed the most important physical effects 
that are relevant for the operation of modelocked lasers. Here we give 
an overview on laser designs, with emphasis on those designs that are 
currently used and /o r promise to find widespread application in the fore
seeable future. We discuss a number of practical aspects for the design 
and operation of such lasers.

1.5.1 Picosecond Lasers

The setups of picosecond lasers typically do not differ very much from those 
of lasers for continuous-wave operation. Some modelocker is installed, 
which might be either an acousto-optic modulator (AOM) for active mode- 
locking (Sec. 1.4.2) or, e.g., a SESAM (Sec. 1.4.3) for passive modelocking. 
Also, the cavity design needs to fulfill a few additional demands. As an 
example, we refer to Figure 5, which shows the setup of a high-power 
N d3+:YAG laser (Spiihler et al., 1999b), passively modelocked with a 
SESAM. The cavity design must provide appropriate beam radii both in 
the laser head (where the fundamental Gaussian mode should just fill the

SESAM with two 20W diode bars

Figure 5 Setup of passively modelocked high-power N d3+: YAG laser, containing 
a DCP laser head, two curved mirrors, a SESAM, and an output coupler mirror 
(OC) with 7% transmission.
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usable area) and on the SESAM, so as to use an appropriate degree of 
saturation. The latter depends on a number of factors: the output power, 
the output coupler transmission, the cavity length, and the saturation 
fluence of the SESAM. Obviously the cavity length must be chosen to obtain 
the desired repetition rate. The equations given in Section 1.4.3 can be used 
to ensure that the chosen design will not suffer from Q-switching instabi
lities. The laser head is side-pumped in the mentioned example, but end- 
pumped laser heads can also be used, where the pump light is typically 
injected through a folding mirror that is highly reflective for the laser light.

The SESAM should typically be used as an end mirror, not as a fold
ing mirror. Otherwise a tendency for the generation of multiple pulses, 
which would meet on the SESAM, might be induced.

Similar setups can be used for actively modelocked lasers, where the 
SESAM is replaced by an AOM. The AOM should be placed close to an 
end mirror, for reasons similar to those discussed above for the SESAM.

1.5.2 H igh-Pow er Thin -D isk Laser

By far the highest average powers in the subpicosecond domain can be 
obtained from thin-disk Yb3+:YAG lasers, passively modelocked with a 
SESAM: 16.2W in 700 fs pulses has been demonstrated (Aus der Au 
et al., 2000). The thin-disk laser head (Giesen et al., 1994) is power-scalable 
because of the nearly one-dimensional heat flow in the beam direction: Ther
mal effects (such as thermal lensing) do not become more severe if the mode 
area is scaled up in proportion to the power level. The same is true for the 
SESAM (Sec. 1.4.3), which also has the geometry of a thin disk. Thus the 
whole concept of the passively modelocked thin-disk laser is power-scalable, 
and average power levels above 50 W are expected for the near future.

Because the thin disk must be cooled from one side, a reflecting coat
ing on this side is used, and the laser beam is always reflected at the disk. For 
modelocked operation, the disk is preferably used as a folding mirror rather 
than as an end mirror, because the two ends of the standing-wave cavity are 
then available for the output coupler mirror and the SESAM. An appropri
ate amount of negative dispersion for soliton modelocking (Sec. 1.4.3) is 
generated with a GTI (Sec. 1.3.2) or with a dispersive mirror. Prism pairs 
(Sec. 1.3.2) appear to be unsuitable because either they absorb too highly 
(and thus exhibit thermal lensing), as, e.g., for SF10 glass, or they do not 
provide sufficient dispersion (as for silica). Soliton modelocked operation 
is essential because otherwise the pulse duration would be longer and the 
modelocking operation would be destabilized by the action by spatial hole 
burning (Paschotta et al., 2001). Also, it helps to suppress Q-switching 
instabilities (Sec. 1.4.3) (see also Honninger et al., 1999).



46 Paschotta and Keller

1.5.3 lyp ica l Femtosecond Lasers

Most femtosecond lasers are based on an end-pumped laser setup, with a 
broadband laser medium such as Ti3+ :sapphire, Cr3+ :LiSAF, or Yb3+ :glass 
(see Sec. 1.2 for an overview). In the case of Ti3+ :sapphire, the pump source 
can be either an argon ion laser or a frequency-doubled solid-state laser. In 
any case, one typically uses a few watts of pump power in a beam with good 
transverse beam quality, because the mode radius in the Ti3+ :sapphire rod is 
usually rather small. Other gain media such as Cr3+:LiSAF or Yb3+:glass 
are typically pumped with high-brightness diode lasers, delivering a few 
watts with beam quality M 2 factor on the order of 10 in one direction 
and <5 in the other direction.

Typically laser cavities (see Fig. 6 as an example) contain two curved 
mirrors within a distance of a few centimeters on opposite sides of the gain 
medium. The pump power is usually injected through one or both of these 
mirrors, which also focus the intracavity laser beam to an appropriate beam 
waist. One of the two “arms” of the cavity ends with the output coupler 
mirror, and the other one may be used for a SESAM as a passive mode- 
locker. One arm typically contains a prism pair (Sec. 1.3.2) for dispersion 
compensation, which is necessary for femtosecond pulse generation. In prac
tically all cases, femtosecond lasers operate in the regime of negative overall 
intracavity dispersion so that soliton-like pulses are formed.

Figure 6 Setup of a femtosecond Nd:glass laser (Aus der Au et al., 1997). The gain 
medium is pumped with two laser diodes. A prism pair is used for dispersion com
pensation, and a SESAM as modelocker. This laser generated 60 fs pulses with 
84 mW average power.
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Instead of a SESAM, or in addition to it, the Kerr lens in the gain 
medium can be used for modelocking (Sec. 1.4.3). In most cases, soft- 
aperture KLM  is used. Here, the cavity design is made such that the Kerr 
lens reduces the mode area for high intensities and thus improves the over
lap with the (strongly focused) pump beam. This is achieved by operating 
the laser cavity near one of the stability limits of the cavity, which are found 
by varying the distance between the above-mentioned curved folding mir
rors or some other distance in the cavity.

For the shortest pulse durations around 5-6 fs (Morgner et al., 1999b; 
Sutter et al., 2000), the strong action of KLM  as an effective fast saturable 
absorber is definitely required. Also double-chirped mirrors (Sec. 1.3.2) are 
required for precise dispersion compensation over a very broad bandwidth. 
Typically, several dispersive mirrors are used in the laser cavity, and addi
tional mirrors are used for further external compression. A SESAM allows 
for self-starting modelocking (Jung et al., 1997a).

Higher pulse energies and peak powers have been generated by using 
laser setups with reduced repetition rates of, e.g., 15 MHz (Cho et al., 1999). 
The long cavity length required for such repetition rates is achieved by 
inserting a multipass cell. However, the limiting factor to the pulse energy 
is ultimately not the practically achievable cavity length but rather the non- 
linearity of the gain crystal—at least in the sub-30 fs domain: If self-phase 
modulation becomes too strong, this destabilizes the modelocking process.

1.5.4 Lasers with High Repetition Rates

For ultrashort pulses with multigigahertz repetition rate, laser designs are 
required that are very different from those described in the previous sections. 
We discussed such designs with up to 77 GHz repetition rate in Section 1.4.3. 
Another type of laser in this domain is described in the next section.

1.5.5 Passively Modelocked Optically Pumped 
Sem iconductor Lasers

Here we discuss a novel type of modelocked laser that is based not on an 
ion-doped crystal or glass as gain medium, but on a semiconductor medium. 
This special case of a modelocked semiconductor laser is described here 
because it allows for much higher output powers than other modelocked 
semiconductor lasers and can thus be compared directly with ion-doped 
lasers. The gain medium is a surface-emitting semiconductor chip, with a 
Bragg mirror and one or several amplifying quantum wells grown on a 
wafer (made, e.g., of GaAs). The diffraction-limited laser mode is formed 
in an external cavity that also contains a SESAM (Sec. 1.4.3) for passive 
modelocking. Optical pumping of the gain medium allows the use of
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a rather large mode with correspondingly high output power. If the cooling 
(e.g., through the GaAs substrate, which may be thinned down) is sufficient, 
the output power can be scaled by increasing the mode area so that the 
temperature is not increased. Thus we have a power-scalable concept that 
should allow for multiwatt average output powers. Q-switching instabilities 
(Sec. 1.4.3) do not occur because of the small saturation fluence of the semi
conductor gain medium, so very high repetition rates can be achieved. The 
gain bandwidth is sufficient for the generation of subpicosecond pulses.

Since the first demonstration of this concept (Hoogland et al., 2000), 
the average output power has been increased to >200m W  (Haring et al., 
2001), and further increases should be possible soon. The pulse durations 
have so far been at least a few picoseconds, but shorter pulses should also 
become possible. We envisage that this concept will lead to lasers with multi
gigahertz repetition rates, multiwatt output powers, and subpicosecond 
pulse durations. This combination of properties would be very difficult to 
achieve with ion-doped gain media.

1.6 PASSIVELY Q -S W ITC H E D  MICROCHIP LASERS

Ultrashort pulses are in most cases generated with modelocked lasers of 
some kind. Q-switching is a method that is typically used to generate much 
longer pulses ( > ln s  pulse duration). This is because the pulse duration 
achievable with Q-switching is longer than the cavity round-trip time, which 
is typically a few nanoseconds. The achievable pulse energy is significantly 
higher than with modelocking, because the repetition rate is relatively 
low. Another feature is that the output linewidth can be rather small; in 
some cases the emission is limited to a single cavity mode.

A very compact laser setup can be obtained using the principle of a 
microchip laser (Zayhowski et al., 1989). In such a setup (Fig. 7), a thin disk 
of a gain medium (and optionally a modulator) is sandwiched between two 
mirrors. Because the round-trip time can be far lower than 1 ns, Q-switched 
pulses from such a laser can be much shorter than pulses from conventional 
Q-switched lasers.

The first Q-switching result for a microchip laser was obtained in 1992 
with an electro-optic m odulator in the cavity. In this way, 115 ps pulses were 
generated (Zayhowski et al., 1992). With a Cr4+:YAG absorber for passive 
Q-switching, the shortest pulse duration was 218 ps (Zayhowski, 1996). 
Further shortening of the cavity, and consequently a pulse duration to 
56 ps, were achieved in 1997 by passive Q-switching with a SESAM (Sec.
1.4.3) (Braun et al., 1997). The cavity length is then basically determined 
by the thickness of the laser crystal, because the penetration depth in the
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Nd:YVO. microchip crystal 
(3% doped, 200 f jm thick)

SESAM Output coupler 
~  = 10% Output

@ 1064 nm

Diode pump laser 
@ 808 nm

Copper 
heat sink

/ Dichroic beam splitter 
HT @ 808 nm 
HR @ 1064 nm

Figure 7 Setup of a Nd :YV04 microchip laser that is passively Q-switched with a 
SESAM. The Nd:YV04  crystal is sandwiched between the SESAM and the output 
coupler mirror. A dichroic mirror is used to separate the output beam from the 
pump beam.

SESAM is only a few micrometers. Optimization of various parameters of a 
N d3+ :YV04 laser led to the shortest pulses of 37 ps duration (Spiihler et al., 
1999c). Although such pulse durations are comparable to those of many 
modelocked lasers, other parameters are quite different. In particular, the 
repetition rate of Q-switched microchip lasers is much lower; it can be varied 
in a wide range from a few hundred hertz to a few megahertz and depends 
on the pumping conditions (pump power and spot size). The pulse energy 
can well exceed a microjoule in some cases. Such pulses are very suitable 
for range finding, for example, where subnanosecond pulse durations at a 
low repetition rate are desired and some fluctuations of the repetition rate 
can be tolerated. If operation on a single transverse cavity mode can be 
achieved (as is the case for a thin enough gain medium), these fluctuations 
can be fairly small (a few percent or less).

For calculation of the main operation parameters, a simple set of 
equation has been derived (Spiihler et al., 1999c). These equations are based 
on a number of approximations, which are typically well fulfilled in real 
lasers and have been tested experimentally. Here we briefly summarize the 
results. According to
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the pulse duration xp depends only on the cavity round-trip time Tr and the 
modulation depth AR  of the SESAM. The output pulse energy Ep depends 
on the modulation depth and the saturation energy E ^ t  =  /n ^ ^ /a e m  
(with the emission cross section aem, assuming a four-level system) of the 
laser medium:

Ep ~  El ŝsU AR  (21)

The laser mode area A L is defined by the pumping conditions, which deter
mine the strength of the thermal lens in the gain medium. A l can be varied 
in a certain range by adjusting the spot size of the pump beam. For Eqs. (20) 
and (21) to be valid, it is assumed that AR  is not larger than the sum of the 
liner cavity losses, which leads to a nearly symmetrical temporal shape of the 
pulses.

The pulse repetition rate is simply obtained by dividing the average 
output power by the pulse energy. This shows that the repetition rate is a 
linear function of the pump power, provided that the laser mode area stays 
approximately constant.

To generate rather short pulses, a thin gain crystal has to be combined 
with a SESAM with high modulation depth. It is thus important to choose 
a highly doped crystal with a high gain per unit length and short pump absorp
tion length. N d3+ :Y V04 has proven to be very suitable for this purpose.

For high pulse energies, gain media with large saturation fluence are 
ideal. An Yb3+:YAG microchip laser generated 1.1 jiJ pulses of 0.53 ns 
duration at 1030 nm (Spiihler et al., 2001), and up to 4pJ in subnanosecond 
pulses in the eye-safe wavelength regime around «1 .5  pm have been 
obtained with Er3+ :Yb3+:glass (Fluck et al., 1998). In this case, the limits 
are set by SESAM damage, because the obtained intracavity pulse fluence 
is much higher than the SESAM saturation fluence, even with optimized 
high-finesse SESAM designs. On the other hand, the laser mode area cannot 
be easily scaled up because of the requirement that the thermal lens form a 
stable cavity mode.

An interesting feature of the passively Q-switched microchip laser is 
that the pulse parameters (energy, duration, shape) are very stable, because 
they are determined only by fixed properties of the cavity, the gain medium, 
and the saturable absorber. The pump power basically influences only the 
pulse repetition rate, because the formation of a pulse is always triggered 
when a certain fixed level of stored energy (and thus gain) is reached. Apart 
from this, only weak fluctuations of the pulse energy may be expected if fluc
tuations of the pump power translate into slight changes of the laser mode 
area. The situation is different for actively Q-switched microchip lasers; here 
the repetition rate is electronically determined, whereas the pulse parameters
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(energy, duration, shape) depend on the energy stored in the gain medium at 
the moment the pulse is triggered. Therefore, the pulse parameters are 
affected by low-frequency pump power fluctuations.

1.7 SUM M ARY A N D  O U TL O O K

We have shown that the technology of ultrafast lasers has become very 
refined and is now suitable for application in many areas. Points of particu
lar importance in this respect are:

The transition from dye lasers to solid-state lasers, which can be com
pact, powerful, efficient, and long-lived. It has been shown that 
solid-state lasers can generate pulses that are even shorter than those 
generated in dye lasers.

The development of diode lasers for direct pumping of solid-state 
lasers. This has led not only to very efficient and compact lasers, 
but also to modelocked lasers with tens of watts of output power.

The development of semiconductor saturable absorbers that can be 
optimized for operation in very different parameter regimes con
cerning laser wavelength, pulse duration, and power levels.

Within the next few years we expect the following developments in the
filed:

New solid-state gain media will be used. In particular, Cr2+ :ZnSe (see 
Sec. 1.2) appears to be suitable for the generation of pulses of 20 fs 
duration or less in a new spectral region around 2.7 pm.

Very high power levels (tens of watts or even >100W  of average 
power) should become possible with passively modelocked thin-disk 
lasers. Pulse durations just below 1 ps are already feasible in this 
power regime, but with new materials the regime of 200 fs or even 
below should become accessible with similarly high powers. Ampli
fier devices for lower repetition rates will become important for 
material processing.

Nonlinear frequency conversion stages (based on second harmonic 
generation, sum frequency mixing, or parametric oscillation) will 
be pumped with high-power modelocked lasers to generate short, 
powerful pulses at other wavelengths. This will be of interest, e.g., 
for application in large-screen RGB display systems.

As an alternative to ion-doped gain media, optically pumped semi
conductor lasers with an external cavity and a SESAM for passive 
modelocking (Sec. 1.5.5) will generate higher output powers and 
shorter pulses in the regime of multigigahertz pulse repetition rates.
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We thus believe that the development of ultrafast laser sources has not 
come to its end but will continue to deliver new devices with superior prop
erties for many applications.
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