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Preface

Since the invention of the first ruby laser in 1960, rapid progress has taken
place in the development of solid-state lasers. In this class of lasers, optical
amplification is produced by using insulating crystals or glasses doped with
rare-earth or transition-metal ions. Many favorable characteristics such as
chemical stability, mechanical durability, and long operational lifetime have
put these laser systems among the most preferred candidates for a wide range
of applications in science and technology, including spectroscopy, atmo-
spheric monitoring, micromachining, and precision metrology, among others.

The field of solid-state lasers has become so diverse over the last nearly
five decades that it is impossible to provide a complete, in-depth review of
all of the developments. We will discuss some of the recent trends and the
major directions in which active research continues. First, applications
requiring lasers that operate at a specific wavelength prompted much interest
in the development of new gain media. This has led to the emergence of
many novel solid-state materials that produce laser light in different parts
of the electromagnetic spectrum from the ultraviolet to the mid infrared.
Second, studies have been directed toward achieving compact, cost-effective
designs so that solid-state lasers operated in different regimes can be inte-
grated into complete measurement and characterization systems. Examples
include microchip solid-state lasers and multipass-cavity femtosecond lasers.
Lastly, significant achievements have taken place in the generation and
amplification of ultrashort optical pulses from the femtosecond to nanosec-
ond time scales. 

Solid-State Lasers and Applications aims at providing an in-depth account of
the major advances that have taken place in the field with an emphasis on the
most recent trends. For example, Chapter 2 to Chapter 5 discuss the most
recent developments and applications of new solid-state gain media in differ-
ent wavelength regions. Examples include cerium-doped lasers in the ultravi-
olet, ytterbium lasers near 1 μm, rare-earth ion-doped lasers in the eye-safe
region, and tunable Cr2+:ZnSe lasers in the mid infrared. Other chapters focus
on specific modes of operation of solid-state laser systems: pulsed microchip
lasers (Chapter 1), high-power neodymium lasers (Chapter 6), ultrafast solid-
state lasers (Chapter 7 to Chapter 10), amplification of femtosecond pulses
with optical parametric amplifiers (Chapter 11), and noise characteristics of
solid-state lasers (Chapter 12). A brief overview of each chapter is provided
below. Comprising 12 contributed chapters, the handbook targets researchers,
graduate students, and engineers who either work in the design of solid-state
lasers or who use such systems in applications.
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The handbook starts with the chapter on passively Q-switched microchip
lasers. An in-depth overview of the basic characteristics of solid-state lasers
in general and microchip lasers in particular is first given. Rate equations,
energy-level structure of optical amplifiers, and output characteristics of
solid-state lasers are discussed. Useful analytical formulas for output pulse
energy, peak power, and pulsewidth are derived for passively Q-switched
solid-state lasers. The chapter then describes practical demonstrations of
passively Q-switched microchip lasers and examines some state-of-the-art
applications such as ranging and laser-induced breakdown spectroscopy.

In recent years, ytterbium-doped materials have emerged as important
tunable solid-state gain media near 1 μm, owing to the development of high-
power InGaAs-based pump diodes. Chapter 2 reviews the general charac-
teristics of ytterbium-doped solid-state lasers and materials. Topics include
crystal field effects, basic spectroscopic properties of the Yb3+ ion, structural
effects, lasing efficiency, variation of quantum efficiency in different hosts,
and the role of thermal loading. Finally, recent work in the development of
Yb-based femtosecond lasers near 1 μm is discussed.

Chapter 3 provides a review of the recent work aimed at the development
of Cr2+:ZnSe lasers operating in the mid infrared between 2 and 3 μm. A
brief historical review of tunable solid-state lasers is first given. Synthesis
techniques are then discussed with a focus on diffusion doping. After a
discussion of the absorption and emission spectroscopy of Cr2+:ZnSe,
pulsed, continuous-wave, and mode-locked operations of Cr2+:ZnSe lasers
are described. Data showing the dependence of the passive losses, fluores-
cence lifetime, fluorescence quantum efficiency, and power performance on
active ion concentration are presented. Finally, an intracavity-pumped
Cr2+:ZnSe laser is described with an ultrabroad tuning range between 1880
and 3100 nm.

Tunable lasers in the ultraviolet have important applications in remote
sensing, combustion diagnostics, spectroscopy of wide band-gap semicon-
ductors, and medicine. Chapter 4 discusses all-solid-state cerium lasers
which operate in the ultraviolet around 300 nm. Physical properties and
tradeoffs of different hosts such as Ce:LLF, Ce:YLF, Ce:LiCAF, and others are
discussed. Techniques of short pulse generation from Ce3+-doped fluoride
lasers are described. Finally, a Ce:LiCAF-based chirped-pulse amplification
system is described, capable of producing femtosecond pulses with 30-GW
peak power near 300 nm.

Wavelengths longer than about 1.4 μm are strongly attenuated in the
cornea and the vitreous humor of the eye before reaching the retina. Lasers
operating above 1.4 μm hence provide enhanced eye safety and are com-
monly referred to as eyesafe lasers. Chapter 5 focuses on the characteristics of
a particular class of eyesafe lasers based on bulk solid-state gain media doped
with the rare-earth ions Er3+, Tm3+, and Ho3+. Lasing performance of various
Er3+, Tm3+, and Ho3+ lasers operating around the respective wavelengths of
1.6, 2.0, and 2.1 μm are reviewed. Energy transfer mechanisms via codoping,
the quasi-three-level energy structure of the laser-active ions, and the role of
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reabsorption are discussed. In addition, methods of diode pumping, activa-
tor-sensitizer pumping, and direct upper-state pumping are described. 

High-power neodymium(Nd)-doped lasers are becoming widely used in
several industrial applications such as welding. Chapter 6 reviews the state
of the art in high-power Nd-based solid-state lasers. Important neodymium
hosts such as YAG, vanadate, and YLF are compared. Possible crystal geom-
etries (for example, rod and slab geometries) and pumping configurations
are described. Recent developments in continuous-wave and pulsed Nd
lasers at 1064 nm are reviewed. Lastly, wavelength conversion from 1064 nm
to the visible and ultraviolet by using high-power Nd lasers is discussed. 

Chapter 7 provides an in-depth review of ultrafast solid-state lasers. After
a historical review of mode locking, progress in the development of pulsed
solid-state lasers over the last 10 years is outlined. Requirements on the gain
medium for ultrashort pulse generation, effects of dispersion and nonlinear-
ity, and key design rules are discussed. Different mode-locking techniques
are described with a particular emphasis on mode locking with semiconduc-
tor saturable absorber mirrors (SESAMs). Several examples of solid-state
ultrafast laser systems are examined. 

Chapter 8 provides a detailed account of the design rules of multipass
cavities (MPC) and their application to pulse energy scaling in femtosecond
solid-state lasers. Q-preserving multipass cavities are introduced and their
analytical design rules are derived. In the case of MPCs with notched mirrors,
use of compensating optics to restore the q-preserving nature of the multi-
pass cavity is also discussed. Variation of the pulse repetition rates for dif-
ferent q-preserving configurations is investigated. Finally, experimental
realization of MPCs in compact and/or high-energy mode-locked oscillators
with different gain media is discussed.

An important route to femtosecond pulse amplification uses the technique
of cavity dumping. Chapter 9 first provides a detailed theoretical description
of cavity-dumped femtosecond lasers and investigates the output character-
istics in various parameter ranges. Experimental realization of a femtosecond
cavity-dumped Yb:KYW laser is then described. A very important emerging
application of amplified femtosecond pulses is in the microfabrication of
photonic devices. The second part of Chapter 9 discusses in detail the inter-
action of femtosecond pulses with transparent media through multiphoton
absorption and other nonlinear processes. Then, application of the cavity-
dumped Yb:KYW laser in waveguide writing and fabrication of waveguide
lasers at the telecommunication wavelengths is described.

Chapter 10 is devoted to a discussion of octave-spanning Ti:sapphire lasers
and their application in precision metrology. In particular, it is shown that
besides their well-known importance for ultrafast time-domain spectroscopy,
few-cycle Ti:sapphire lasers yield the highest-quality frequency combs for
optical frequency metrology. Carrier-envelope phase-stabilization schemes,
noise analysis, and pulse formation dynamics are described. The main tech-
nical challenges that must be overcome to enable the generation of ultra-
broadband spectra are further discussed. An intriguing alternative to optical
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clockworks based on difference frequency generation in the infrared spectral
region is also presented.

Chapter 11 provides an in-depth review of the state of the art in femtosec-
ond optical parametric amplifiers (OPA). The theory of optical parametric
amplification is first reviewed and key design criteria are outlined. OPA
systems operating in the visible, near-infrared, and mid-infrared ranges are
then described. Use of OPAs in generating pulses shorter than the pump
pulses and also their capability in generating pulses with constant carrier-
envelope phase are discussed. Finally, an alternative route to petawatt-level
peak power generation based on OPAs is presented.

The final chapter of the handbook reviews the subject of noise in solid-
state lasers. The authors start with the essential mathematical basics and
explain some details of the notation, which often cause confusion in the
literature. Then, the noise characteristics of single-frequency lasers are exam-
ined first, in order to facilitate the understanding of more complicated sys-
tems such as mode-locked lasers. Noise in multimode continuous-wave
lasers, Q-switched lasers, and mode-locked lasers is then discussed. Each
section begins with a discussion of the basic physics, and most of them end
with an overview of experimental methods for measurement. 

Many people contributed to the realization of this project. First, I would
like to express my gratitude to all of the contributing authors without whose
expertise and diligent work, none of this would have been possible. I would
also like to thank the acquisitions editor, Taisuke Soda, from Taylor & Francis,
for initiating the project. My thanks also go to project coordinator Jill Jur-
gensen, editorial assistant Jacqueline Callahan, and project editor Jay Marg-
olis, all from Taylor & Francis, for carefully organizing and running the
production process. During the preparation of the handbook, I greatly ben-
efited from the support of the Turkish Academy of Sciences in the framework
of the Young Scientist Award Program AS/TUBA-GEBIP/2001-1-11 and the
NSF-Tubitak travel grant (TBAG-U/110-104T247). Finally, I am indebted to
my wife, Figen Sennaroglu, and children, Canan and Özalp Demir, for their
patience and never-ending support over the last 2 years.

Alphan Sennaroglu
Koç University, Istanbul, Turkey
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1.1 Introduction

1.1.1 Motivation

Many applications of lasers require subnanosecond optical pulses with peak
powers of several kilowatts and pulse energies of several microjoules, or
some combination of those properties. The most common method of pro-
ducing subnanosecond pulses is to modelock a laser, generating a periodic
train of short pulses with an interpulse period equal to the round-trip time
of the laser cavity, typically 10 ns. Because of the large number of pulses
produced each second, even lasers with high average powers (10 W or
greater) do not produce much energy per pulse. Energetic pulses can be
produced by Q switching. However, the size of conventional Q-switched
lasers, along with their physics, precludes producing subnanosecond pulses
(Zayhowski and Kelley, 1991). Extremely short, high-energy pulses can be
obtained from Q-switched modelocked lasers or amplified modelocked
lasers. Both of these approaches require complicated systems, typically sev-
eral feet long and consuming several kilowatts of electrical power, and are
therefore expensive.

The short cavity lengths of Q-switched microchip lasers allow them to
produce pulses with durations comparable to those obtained with mode-
locked systems. At the same time, they take full advantage of the gain
medium’s ability to store energy. Actively Q-switched microchip lasers,
pumped with a 0.5-W diode laser, have produced pulses as short as 115 ps
with peak powers of tens of kilowatts and pulse energies of several micro-
joules (Zayhowski and Dill, 1995). For proper Q switching, these lasers
require high-speed, high-voltage electronics. A passively Q-switched micro-
chip laser does not require any switching electronics, thereby reducing
system size and complexity, and improving power efficiency. Pumped with
a 1.2-W diode laser, passively Q-switched microchip lasers similar to the
one shown in Figure 1.1 produce pulses as short as 218 ps with peak powers
in excess of 25 kW at pulse repetition rates greater than 10 kHz (Zayhowski
and Dill, 1994). More recently, passively Q-switched microchip lasers have
been pumped with high-brightness, high-power diode-laser arrays to pro-
duce 150-ps pulses at pulse repetition rates of several kilohertz (Zayhowski
and Wilson, 2003a), or peak powers in excess of 560 kW at rates up to 1
kHz (Zayhowski, 1998). All of these devices oscillate in a single, transform-
limited longitudinal mode and produce a diffraction-limited, linearly polar-
ized, circularly symmetric Gaussian beam.

1.1.2 What Is a Passively Q-Switched Microchip Laser?

A passively Q-switched microchip laser consists of a gain medium and a
saturable absorber in a short, plane-parallel Fabry–Pérot cavity. As the gain
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medium is pumped it accumulates stored energy and emits photons. Over
many round trips in the resonator, the photon flux sees gain, fixed loss, and
saturable loss. If the gain medium saturates before the absorber, the laser
will tend to oscillate cw. On the other hand, if the photon flux builds up to
a level that saturates, or bleaches, the saturable absorber first, the resonator
will see a dramatic reduction in intracavity loss and the laser will Q switch,
generating a short, intense pulse of light.

The monolithic, plane-parallel cavity structure of microchip lasers allows
for their inexpensive mass production. The planar uniformity of the cavity
is broken by the pump beam, which deposits heat as it longitudinally pumps
the crystal. Thermal and gain-related effects create a stable optical cavity that
defines the transverse dimensions of the laser modes. For many microchip
lasers, the fundamental transverse mode is strongly favored and diffraction-
limited output beams are generated.

The pulse duration from a Q-switched laser generally decreases with
decreasing cavity length. With cavity lengths ranging from a fraction of a
millimeter to several millimeters, passively Q-switched microchip lasers gen-
erate pulses with durations that range from a few tens of picoseconds to a
few nanoseconds. Even at the modest pulse energies produced by such
devices, ranging from a fraction of a microjoule to a few hundred microjoules,
this can result in peak powers approaching a megawatt.

In addition to simplicity of implementation, other major advantages of
passively Q-switched microchip lasers include the generation of pulses with
a well-defined energy and duration that are insensitive to pumping condi-
tions. Furthermore, it is much easier to obtain single-frequency operation in
a passively Q-switched laser than in an actively Q-switched device.

FIGURE 1.1
Photograph of passively Q-switched microchip laser bonded to the ferrule of the fiber used to
pump it.
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1.1.3 Organization of Chapter

The technical content of this chapter is organized into three sections: Theory,
Demonstrated Device Performance, and Applications. The discussion of
theory is divided into eight subsections, starting in Subsection 1.2.1 with a
brief discussion of the concepts that are fundamental to understanding the
performance of lasers. By including this discussion, Subsection 1.2.1 makes
this chapter self-contained and accessible to anyone with a background in
calculus and quantum mechanics. Subsection 1.2.1 serves the dual purpose
of clarifying the notation used throughout the rest of the chapter. Subsection
1.2.2 introduces models for the gain media of lasers and saturable absorbers.
Using these models, Subsection 1.2.3 derives a set of rate equations that can
be solved to describe many characteristics of a laser’s performance. The
solutions to the rate equations are contained in Subsection 1.2.4, followed
by a discussion of the stability of the output of passively Q-switched micro-
chip lasers, based on the rate equations, in Subsection 1.2.5. The discussion
in Subsections 1.2.4 and 1.2.5 is developed in terms that are most readily
applied to bulk saturable absorbers. Semiconductor saturable absorber mir-
rors represent a second class of saturable absorbers, and are discussed in
Subsection 1.2.6. The physical phenomena that determine the transverse
modes of microchip lasers are discussed in Subsection 1.2.7. Subsection 1.2.8
concludes the theoretical portion of this chapter with a brief discussion of
thermal effects.

Section 1.3, Demonstrated Device Performance, starts, in Subsection 1.3.1,
with a description of several of the passively Q-switched microchip lasers
that have been reported in the literature. As the required output power of a
laser system increases, the need for amplification becomes apparent. For
many high-power applications that require subnanosecond pulses, a pas-
sively Q-switched microchip laser operating at relatively low power can be
used to produce the desired output format, followed by an amplifier to obtain
the required pulse energy or power. Compact amplified microchip laser
systems are described in Subsection 1.3.2. The discussion includes an ampli-
fier design that scavenges the pump power that is otherwise wasted by the
microchip laser and greatly increases the system efficiency. The high peak
powers of passively Q-switched microchip lasers make it easy to perform
nonlinear frequency generation, with or without amplification. Nonlinear
frequency conversion greatly extends the wavelength coverage of these
diminutive devices and their utility. Frequency converted devices are dis-
cussed in Subsection 1.3.3.

Diode-pumped passively Q-switched microchip lasers are a relatively new
family of all-solid-state sources. Nevertheless, numerous applications have
already emerged. Section 1.4 describes a few of these in detail, including
ranging and three-dimensional imaging in Subsection 1.4.2, laser-induced
breakdown spectroscopy in Subsection 1.4.3, and environmental monitoring
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in Subsection 1.4.4. Each of these applications is enabled by different char-
acteristics of the lasers. Additional applications are briefly described in Sub-
section 1.4.5.

1.2 Theory

1.2.1 Fundamental Concepts

1.2.1.1 Absorption

Quantum theory shows us that matter exists only in certain allowed energy
levels or states. In thermal equilibrium, lower energy states are preferentially
occupied, with an occupation probability proportional to , where
Es is the energy of the state, T is absolute temperature, and kB is Boltzmann’s
constant. When light interacts with matter, it is possible for one quantum of
optical energy, a photon, to be absorbed while simultaneously exciting the mate-
rial into a higher-energy state. In this process, the energy difference between the
states is equal to the energy of the absorbed photon, and energy is conserved.

Consider a simple material system with only two energy states, and assume
that essentially all optically active sites within the material system are in the
lowest energy state in thermal equilibrium. The probability that a randomly
chosen photon in an optical field of cross section A will be absorbed by a
given absorption site with a radiative cross section σr as it passes through a
material is σr/A. If there are gu identical (degenerate) high-energy states, the
probability becomes guσr/A. The product guσr is known as the absorption
cross section σa. When all of the photons in an optical field of intensity I and
all of the absorption sites in a material of length dl are accounted for, the
intensity of an optical field passing through the material changes by

(1.1)

where ρl is the density of absorption sites in the material. This equation has
the solution

(1.2)

where I(0) is the intensity of the optical field as it enters the material at
position z = 0 and α = ρlσa is the absorption coefficient of the material.

1.2.1.2 Population Inversion, Stimulated Emission, and Gain

In the material system discussed above, there is the possibility that some
sites will be in an upper energy state. Such sites are referred to as inverted.
In the presence of an optical field, a transition from an upper state to a lower

exp( )− /E k Ts B

dI I dl= − ρ σl a ,

I l I l( ) ( )exp( )= −0 α ,
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state can be induced by the radiation, with the simultaneous emission of a
photon in phase (coherent) with the stimulating radiation. This stimulated-
emission process is the inverse of the absorption process.

The probability that a randomly chosen photon in an optical field of cross
section A will stimulate an optical transition with radiative cross section σr

at a given inverted site as it passes through a material is σr/A. The radiative
cross section is proportional to the dipole strength of the transition and is
the same for absorption and emission. If the low-energy state is degenerate,
with a degeneracy of gl, the probability of stimulated emission becomes
glσr/A. The product glσr is known as the emission or gain cross section σg.
When all of the photons in the optical field are accounted for, and absorption
and stimulated emission are included, Equation 1.2 becomes

(1.3)

where ρu is the density of inverted sites. If the material is forced out of
thermal equilibrium (pumped) to a sufficient degree, so that σgρu > σaρl,
stimulated emission occurs at a higher rate than absorption. This leads to
the coherent growth or amplification of the optical field. The material is now
said to have gain, with a gain coefficient

(1.4)

The term ρu – (gu/gl)ρl is referred to as the effective inversion density ρeff,
and g = ρeffσg. When σgρu = σaρl there is no change in the intensity of an
optical field as it passes through the material and the material is said to be
in a state of transparency.

1.2.1.3 Spontaneous Emission and Lifetime

In the absence of an optical field, materials with an inverted population will
evolve toward thermal equilibrium. Transitions from an upper state to a
lower state may be facilitated through interactions with the lattice and
accompanied by the emission of a phonon (quantum of lattice vibration) or
the generation of heat. Alternatively, they can take place through the spon-
taneous emission of a photon.

The time associated with the spontaneous decay of the upper state is known
as the spontaneous lifetime τ and is dominated by spontaneous optical tran-
sitions in many laser gain media. For dipole transitions, the radiative lifetime
τr is related to the gain cross section such that (Siegman, 1986)

(1.5)

I l I l( ) ( )exp[( ) ]= −0 σ ρ σ ρg u a l ,

g
g
g

= −
⎛
⎝⎜

⎞
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.
⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

ρ ρ σu
u

l
l g

σ ν ν λ
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8 Solid-State Lasers and Applications

where ν is frequency, λ0 is the free-space wavelength of the gain peak, ng is
the refractive index of the gain medium, and 3* is a number between 0 and
3, depending on the alignment of the electronic wave functions with the
polarization of the optical field. The combination of large gain cross section
and large bandwidth implies short lifetime. In general, the spontaneous
lifetime is related to the radiative lifetime τr and nonradiative lifetime τnr

according to

(1.6)

1.2.1.4 Bandwidth

In any material system, the energy levels have a finite spectral (energy)
width. This results in a bandwidth for the optical transitions of the system.
The bandwidth may be determined by effects that are common to all sites
within the system, resulting in a homogeneously broadened transition, or
may be determined by local variations in material properties, leading to an
inhomogeneously broadened transition. From the above discussion of spon-
taneous emission and lifetime, the gain cross section σg of an optical transi-
tion is related to the bandwidth of the transition and the radiative lifetime
τr . A broad transition generally implies a small gain cross section or a short
spontaneous lifetime.

1.2.2 Models of Gain Media and Saturable Absorbers

1.2.2.1 Four-Level Gain Media

The energy-level structure of a laser plays an important role in obtaining
inversion. Let us try to understand pumping and relaxation in an “ideal”
four-level laser with the aid of Figure 1.2. The pumping process, indicated
by the upward arrow, is assumed to excite the system from the lowest energy
level, denoted by g for ground level, to the highest level, denoted by e for
excited level. Pumping might occur in a variety of ways. For microchip lasers,
it is through radiative excitation using light whose frequency coincides with
the transition frequency between g and e. Level e is assumed to relax to the
upper laser level u. The population of the upper laser level is radiatively
transferred, either through spontaneous or stimulated emission, to the lower
laser level l. Finally, the lower laser level can either relax to the ground level
or absorb the laser radiation and repopulate the upper laser level.

Several conclusions concerning optimal operation can be made from this
model. First, the relaxation rates from e to u and from l to g should be as
rapid as possible to maintain the maximum population inversion between
u and l. Second, the pumping rate between g and e should be sufficiently
rapid to overcome the spontaneous emission from u to l. Third, the thermal
equilibrium population of l should be as small as possible. Fourth, decay of
e to any level other than u should be as slow as possible (for optical pumping,

τ τ τ− − −= + .1 1 1
r nr
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e can decay radiatively to g), and the nonradiative decay of u should be slow.
For radiative pumping, it is advantageous to have e be distinct from u and
not to have rapid radiative decay of u to g.

1.2.2.2 Three-Level Gain Media

In a three-level laser, such as ruby, the lower laser level and the ground level
are the same (Figure 1.3). Therefore, a large fraction of the ground level must
be depopulated to obtain population inversion. For this reason, pumping of
a three-level laser requires an extremely high-intensity source.

1.2.2.3 Quasi-Three-Level Gain Media

Energy levels in ionic gain media are grouped into manifolds. Most diode-
pumped systems that are referred to as “three-level” lasers have a lower
laser level that is slightly above the ground level, typically within the same
ground-state manifold. The term quasi-three-level is sometimes used to dis-
tinguish these systems from true three-level lasers (e.g., ruby). In quasi-three-
level lasers, the lower laser level is partially occupied in thermal equilibrium,
and such lasers have properties that are intermediate between true three-
level systems and four-level lasers.

Even though the populations of the different energy-level manifolds may
be out of equilibrium, there is often rapid thermalization within each man-
ifold. When thermalization within the manifolds occurs on a timescale that

FIGURE 1.2
Schematic representation of four-level system. Population is pumped from g to e and laser
operation occurs on the transition between u and l.

LaserPump

u

l

g

e
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10 Solid-State Lasers and Applications

is short compared to changes in the optical field, it can be modeled as
instantaneous. With this approximation, the population of a level within a
manifold is given by gsfsNm, where gs is the degeneracy of states in the level,
Nm is the total occupation of the manifold, and the Boltzmann coefficients

(1.7)

with the sum taken over all levels in the manifold. The population of the
lower laser level Nl is, therefore, glflNlm, where the subscript l denotes the
lower laser level and lm denotes the lower manifold. Similarly, the population
of the ground level Ng is ggfgNlm. To make the model as general as possible,
the upper laser level is assumed to be in an upper manifold, with a popu-
lation Nu = gufuNum.

The quasi-three-level model reduces to the three-level model when
ggfg = glfl = 1 and gufu = 1. The four-level model is obtained when ggfg = 1,
glfl = 0, and gufu = 1. In the discussion of the rate-equation model given sub-
sequently (Subsection 1.2.3.2), it is shown that the four-level model is also
obtained without the restriction gufu = 1 if the rate equations are written using
an effective emission cross section σg,eff = gufuσg instead of the spectroscopic
gain cross section σg. For similar reasons, gu(fu + fl)σg is often referred to as
the effective cross section for quasi-three-level systems (see Subsection
1.2.3.2). When multiple closely spaced transitions overlap at a given fre-
quency, the effective cross section at that frequency is the sum of gu(fu + fl)σg

FIGURE 1.3
Schematic representation of three-level system. Note that g and l are now the same.
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over all overlapping transitions. One important example of this is the
~1.064–μm line in room-temperature Nd:YAG, where a pair of transitions
centered at 1.06415 and 1.0644 μm both contribute to the effective cross section.

1.2.2.4 Saturable Absorber

Many saturable absorbers can be understood with the four-band model
illustrated in Figure 1.4. This model is particularly applicable to one of the
most commonly used solid-state saturable absorbers, Cr4+:YAG (Burshtein
et al., 1998; Eilers et al., 1992; Il’ichev et al., 1997; Sennaroglu and Yilmaz,
1997). If the saturable absorber is initially in the ground state, absorption of
a photon will excite the system from its lowest energy level g to the excited
band e. Band e is assumed to relax rapidly to upper level u. From level u the
system can relax back to the ground level g or absorb another photon and
become excited to the higher energy band h. Band h is assumed to relax
rapidly back to upper level u.

1.2.3 Rate-Equation Model

1.2.3.1 Rate Equations

Many of the properties of a laser can be determined from a rate-equation
model for the populations of the laser levels and the number of photons in
the laser cavity. The rate equations provide a simple and intuitive, yet accu-
rate, picture of the behavior of lasers. In the most simplified form, the increase
in photon number within the laser cavity is balanced by the decrease in the

FIGURE 1.4
Schematic representation of four-band saturable absorber.
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population difference between the upper and lower laser levels. In addition,
the population difference increases on account of pumping, whereas the
photon number decreases because of intracavity losses (including absorption
and scattering), diffraction of the beam out of the cavity, and transmission
through the mirrors.

The rate-equation model can be derived as an approximation to the fun-
damental equations relating the electromagnetic field, the material polariza-
tion, and the quantum-state populations. The validity of the rate equations
requires that the material polarization can be accurately approximated by
assuming that it instantaneously follows the field; this is a situation that
applies to most lasers, including passively Q-switched microchip lasers. To
describe the problem in terms of total population and total photon number
within a laser cavity, it is necessary that the gain of the laser be small during
one pass through the cavity, that the laser operate in a single longitudinal
mode, and that the population and optical field be uniform within the cavity.
Even when not all of these approximations hold, the resulting equations are
still often sufficiently accurate to provide a powerful set of tools both for the
design of lasers and for understanding their performance.

1.2.3.2 Rate Equations without Saturable Absorber

As stated above, the number of photons q within the laser cavity is affected
by two types of events, the emission of a photon by the gain medium ( )
and the escape of a photon from the cavity or absorption by unpumped
transitions ( ). Photon emission can be either stimulated ( ) or spontaneous
( ). Once a laser is above threshold, the stimulated-emission rate is much
greater than the spontaneous rate into the oscillating mode and, to first order,
spontaneous emission can be ignored. We will return to the issue of sponta-
neous emission in Subsection 1.2.3.4 when we discuss the buildup of a laser
from noise.

The stimulated-emission rate is proportional to the number of photons within
the cavity q; the effective population inversion Neff = ρeffAglg = Nu – (gu/gl)Nl,
where Ag is the cross-sectional area of the laser mode in the gain medium
and lg is the length of the gain medium; and the probability per unit time B
that a given photon will interact with a given inverted site. The interaction
probability B is the product of the probability that a photon will pass within
the gain cross section σg of a given inverted site as it traverses the gain
medium and the number of times the gain medium is traversed during a
round trip within the laser cavity, divided by the round-trip transit time.
Mathematically, this reduces to , where 2‡ is the number
of times the gain medium is traversed (the notation 2‡ is used as a reminder
that for the most common type of laser, a standing-wave laser, 2‡ = 2),
trt = lop,rt/c is the round-trip time of light in the laser cavity,  is
the round-trip optical length of the cavity, c is the speed of light in vacuum,
n is the local refractive index, and the contour integral defining lop,rt is

e�q

l�q st�q
sp�q

B A t= / × /σg g rt2‡

l ndlop,rt = ∫x
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performed along the optical path. Therefore, the stimulated-emission rate
.

For cavities without a saturable absorber or other nonlinear optical ele-
ment, the escape of photons from the laser cavity and their absorption within
the cavity are characterized by the cavity lifetime in the absence of any
inversion, , where  is the round-trip loss coefficient
and Γrt is the round-trip loss including transmission through the output
coupler. The corresponding decrease in photon number . Thus,
the total rate of change of the number of photons within the laser cavity is

(1.8)

We will now derive the rate equations for the population inversion of both
a four-level and quasi-three-level laser (see the preceding discussion of mod-
els of gain media and saturable absorbers). In both cases, the pump excites
the active medium from the ground level to the excited level. It is assumed
that the excited level quickly decays to the upper laser level (or manifold),
so that the population of the excited level is nearly zero. Lasing occurs
between the upper laser level and the lower laser level.

To derive the rate equation for the effective population inversion Neff, we
start by considering the population of the upper laser level Nu. The population
of the upper level is affected by pumping , stimulated emission , and
spontaneous decay . For most pumping schemes, the pump rate is pro-
portional to the number of ions in the ground level and can be written as

. The stimulated-emission process decreases the population of the
upper laser level by one for every photon created, so that . Sponta-
neous decay is characterized by the spontaneous lifetime τ, corresponding to

. Thus, the rate equation for the upper-level population is

(1.9)

In an ideal four-level laser there is a very rapid decay of the lower laser
level to the ground level, so that Nl and  are approximately equal to zero
and Neff ≈ Nu. Because the total number of active ions Nt is constant,
Nt ≈ Ng + Nu. Therefore, the rate equation for the effective population inver-
sion of a four-level laser is

(1.10)

In a quasi-three-level laser, the population is distributed in the upper and
lower manifolds, and Nt = Num + Nlm. When thermalization of the manifolds

st eff g rt g�q qN t A= /2‡ σ

τ γc rt rt= /t γ rt rt= − −ln( )1 Γ

l rt rt�q q t= /γ

� � �q q q
q
t

N

A
= − = − .

⎛

⎝

⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟⎟

st l
rt

eff g

g
rt

2‡ σ
γ

p
�N u,st�N

u,sp�N

�N W Np p g=
� �N qu,st st= −

�N Nu,sp u= – /τ

u p u,st u,sp p g
eff g

rt g

� � � �N N N N W N
qN
t A

N= + + = − −
2‡ σ uu

τ
.

�Nl

eff p t eff
eff g

rt g

eff�N W N N
qN

t A
N= − − − .( )

‡2 σ
τ

© 2007 by Taylor & Francis Group, LLC
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is fast relative to changes in the optical field, the population of the upper
laser level Nu = gufuNum, the population of the lower laser level Nl = glflNlm,
and the population of the ground level Ng = ggfgNlm. As a result, the rate
equation for the effective population inversion Neff = Nu – (gu/gl)Nl of a quasi-
three-level laser reduces to

(1.11)

Equation 1.11 assumes instantaneous thermalization of the populations
within the laser manifolds. Within this approximation, all of the levels in the
upper manifold rapidly replenish the upper laser level (on a timescale
quicker than changes in the optical field), and a Q-switched pulse can extract
energy from the entire upper-manifold population. Likewise, the population
of the lower laser level is rapidly depopulated through thermalization with
the other levels in the lower manifold.

One of the features of passively Q-switched microchip lasers is that they
can produce very short Q-switched pulses and can challenge the instanta-
neous thermalization approximation. When the thermalization times for the
manifolds (they are generally different for the upper and lower manifold)
are long compared to the pulse width, repopulation of the upper laser level
and depopulation of the lower level through thermalization cannot occur
during the pulse. As a result, the effective values of fu and f1 approach unity;
every laser transition reduces the upper-lever population by one and
increases the population of the lower laser level by the same amount. The
Boltzmann distribution (Equation 1.7) determines the initial population of
the upper and lower levels before the onset of Q switching, but thermaliza-
tion does not occur during the pulse. In this case, a Q-switched pulse can
only extract energy from the upper-laser-level population; it does not have
access to the rest of the population in the upper manifold.

When the thermalization times for the manifolds are comparable to the
pulse width, the redistribution of the populations within the manifolds will
affect the dynamics of pulse formation and more sophisticated analysis is
required (Degnan et al., 1998).

In many important laser systems, the lower laser level is essentially empty,
and all of the ions are either in the ground level or the upper laser manifold.
For such systems, when instantaneous thermalization is a valid approxima-
tion, Equation 1.8 and Equation 1.11 can by written as

(1.12)

and
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(1.13)

where σg,eff = gufuσg. These equations are the same as the rate equations for
an ideal four-level laser except that the emission cross section has been
replaced by an effective emission cross section and the population of the
upper laser level has been replaced by the population of the upper-level
manifold. The concept of an effective emission cross section has been
extended to quasi-three-level lasers with significant population in the lower
laser level; σg,eff = gu(fu + fl )σg.

1.2.3.3 Rate Equations with Saturable Absorber

The photon rate equation for a laser containing a saturable absorber must
be modified to include the absorption of a photon by a saturable-absorber
ion in either the ground state or upper level. Ground-state absorption in the
saturable absorber leads to the additional term  and
upper-level absorption leads to the term , where Ns,g

is the population of saturable-absorber ions in the ground state, σs,g is the
ground-state absorption cross section at the oscillating wavelength, Ns,u is
the population of saturable-absorber ions in the upper level, σs,u is the upper-
level absorption cross section at the oscillating wavelength, As is the cross-
sectional area of the laser mode in the saturable absorber, and  is the
number of times the same cross-sectional area of the saturable absorber is
traversed by light during one round trip within the laser cavity. For micro-
chip lasers,  and As = Ag = A. If we assume that the decay of the
excited and higher energy bands is very rapid, all of the saturable-absorber
ions (total population Ns) are either in the ground or upper level, and the
new photon rate equation becomes

(1.14)

From this equation, it is clear that the presence of upper-level absorption
(excited-state absorption or ESA) decreases the saturable component of loss
in the laser and increases the parasitic loss, both undesirable effects.

The rate equation for the gain medium is unaffected by the presence of
the saturable absorber. To complete the modeling of a laser containing a
saturable absorber, we need a rate equation for the saturable-absorber
ground-state population Ns,g. The population of the saturable-absorber
ground state decreases by one for every photon absorbed, resulting in a term

. Decay from the upper level is characterized by the lifetime τs,
corresponding to . Many important saturable
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absorbers have broad absorption bands, and for optically pumped systems
where some of the pump light is incident on the saturable absorber we must
include a term in the rate equation to account for absorption of the pump
light. Consistent with the form of the pump term used for the gain media,

. Thus, the rate equation for the ground state of the saturable
absorber is

(1.15)

1.2.3.4 Buildup from Noise

In the photon rate equations derived above, the term corresponding to spon-
taneous emission was left out. Laser action is initiated by spontaneous emis-
sion, or noise. As a result, these rate equations cannot account for the onset
of lasing, as is seen by setting q = 0 at time t = 0. When spontaneous emission
is properly taken into account, the photon rate equation contains the addi-
tional term

(1.16)

where

The difference between a standing-wave laser and a traveling-wave laser
can be understood by realizing that the intracavity optical field for a stand-
ing-wave laser is the sum of two counter propagating traveling waves, each
with its own one-half photon of noise. This one-half photon of noise stimu-
lates optical transitions and initiates lasing. Once lasing has started, this term
can usually be ignored.

1.2.4 Solution to Rate Equations

1.2.4.1 Rate Equations for Passively Q-Switched Laser

The output pulses from a passively Q-switched laser are usually much
shorter than the spontaneous lifetime of the gain medium, the upper-state
lifetime of the saturable absorber, and the pump period prior to the formation
of the pulse. This allows us to neglect spontaneous relaxation and pumping
during the development of the output pulse, reducing the rate equations for
a passively Q-switched laser to

�N W Ns,g,p p,s sg= −

s,g s,g,ab s,g,d s,g,p
s s,g s,� � � �N N N N
qN

= + + = −
2‡ σ gg

rt s

s s,g

s
p,s s,gt A

N N
W N+

−
− .

( )
τ

�q
N

A tsp
u g

g rt

,=
2 2

2

‡ † σ

2
1
2

† ≡
for a traveling-wave laser
for a standing-wavve laser

⎧
⎨
⎩⎪

.

© 2007 by Taylor & Francis Group, LLC



Passively Q-Switched Microchip Lasers 17

(1.17)

(1.18)

and

(1.19)

where

and fu,eff and fl,eff are the effective values of fu and fl, as discussed in Subsection
1.2.3.2.

Through fu,eff and fl,eff, the value of 2* is dependent on the duration of the
output pulse from the laser. If the thermalization time for the upper laser
manifold is short compared to the pulse width fu,eff = fu; if it is long compared
to the pulse width fu,eff ≈ 1. Likewise, if the thermalization time for the lower
laser manifold is short compared to the pulse width fl,eff = fl; if it is long
compared to the pulse width fl ≈ 1. Similarly, if the lower level of a four-level
system has a decay time longer than the output pulse, the system will behave
like a three-level system under Q-switched operation (Fan, 1988). The ther-
malization times and lower-level decay times for even the most commonly
used laser gain media are not well known, but there is experimental reason
to believe that they may be comparable to or longer than the pulse widths
of short-pulse passively Q-switched microchip lasers (several hundred pico-
seconds) in many material systems, including Nd:YAG (Bibeau et al., 1993;
Palombo et al., 1993; Buzelis et al., 1995; Degnan et al., 1998). Fortunately,
there are many useful results that can be obtained from the rate equations
even without an accurate knowledge of the thermalization times.

It is worth noting that Equation 1.17 to Equation 1.19 are analogous to the
set used by Degnan (Degnan, 1995) modified to include the effects of excited-
state absorption in the saturable absorber (Xiao and Bass, 1997; Xiao and Bass,
1998) and thermalization of the energy levels in the gain medium (Degnan et
al., 1998). There have been several other notable publications on the rate-
equation analysis of passive Q switching (Chen et al., 2001; Chen et al., 2002;
Liu et al., 2001; Patel and Beach, 2001; Peterson and Gavrielides, 1999; Zhang
et al., 1997; Zhang et al., 2000; Zheng et al., 2002). Most cover the whole topic,
two focus on estimating the temporal profile of the output pulses (Liu et al.,
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2001; Peterson and Gavrielides, 1999), one presents analysis of the quasi-three-
level gain medium Yb:YAG (Patel and Beach, 2001), and another presents
analysis of passively mode-locked, Q-switched operation (Chen et al., 2002).

Equation 1.17 to Equation 1.19 will tend to overestimate the efficiency of
standing-wave Q-switched lasers because they do not include the effects of
spatial and spectral hole burning. In addition, many Q-switched lasers oper-
ate with a large round-trip gain, so that the optical field within the cavity is
not uniform. Although this mitigates the effects of spatial hole burning, it
violates one of the assumptions used to reduce the rate equations to such a
simple form. The net result is to overestimate the peak power and energy
efficiency obtained from the device, and to distort the pulse shape (Stone,
1992). These effects are often small, however, and Equation 1.17 to Equation
1.19 are extremely powerful tools.

1.2.4.2 Initial Conditions

For many systems of practical interest, the upper-state lifetime of the satu-
rable absorber, τs, is much longer than the Q-switched output pulse but much
shorter than the pump period preceding it. This allows us to solve Equation
1.15 piecewise. Prior to the onset of lasing ( ) we are in the quasi-
steady state and the population of the ground state of the saturable absorber

(1.20)

For optically pumped systems where some of the pump light is incident on
the saturable absorber

(1.21)

where ρs is the density of saturable-absorber ions, Ip is the pump intensity
in the saturable absorber, Ip,sat = hνp/σs,g,pτs is the saturation intensity of the
saturable absorber at the pump wavelength, h is Planck’s constant, νp is the
optical frequency of the pump, σs,g,p is the ground-state absorption cross
section of the saturable absorber at the pump wavelength, and the integration
is over the oscillating-mode volume in the saturable absorber.

For short, longitudinally pumped passively Q-switched microchip lasers
in the geometry illustrated in Figure 1.5, the pump light reaching the satu-
rable absorber can approach the saturation intensity Ip,sat, greatly reducing
the number of saturable-absorber ions that can participate in the passive Q-
switching process (Welford, 2001; Zayhowski and Wilson, 2003a; Jaspan et
al., 2004). This increases the minimum-possible Q-switched pulse width and
decreases the pulse energy. If the saturable absorber is separate from the gain
medium (as opposed to a single crystal that acts as both the gain medium
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and the saturable absorber), the amount of pump light reaching the saturable
absorber can be reduced by any of the following: using a high-concentration
gain medium with a large absorption coefficient at the pump wavelength,
tuning the pump laser to fall exactly on the absorption peak of the gain
medium, narrowing the linewidth of the pump source so that it better over-
laps the gain-medium absorption, or putting a dichroic interface between
the gain medium and the saturable absorber that reflects the pump light.
Alternatively, the saturation intensity could be increased if we could quench
the saturable-absorber excited-state lifetime. Finally, in some cases, we can
focus the pump light in such a way that it diverges significantly by the time
it reaches the saturable absorber, decreasing its intensity.

The population inversion for a passively Q-switched laser at the time the
pulse begins to form, N0, is determined by setting the right-hand side of the
photon rate equation (Equation 1.17) equal to zero:

(1.22)

In contrast to actively Q-switched lasers, the initial population inversion for
passively Q-switched lasers is fixed by material parameters and the design
of the laser, and, in the absence of pulse bifurcation (see Subsection 1.2.5.3),
is identical from pulse to pulse. This can result in extremely stable pulse
energies and pulse widths, with measured stabilities of better than 1 part in
104. The stability of the pulse energy and pulse width is achieved at the
expense of pulse timing stability. Pulse formation will not occur until the
population inversion has reached the proper value, and fluctuations in the
pump source are the primary cause of pulse-to-pulse timing jitter in many
passively Q-switched lasers.

1.2.4.3 Second Threshold

In order to obtain passively Q-switched operation the system must, at some
time t = 0, go from being absorbing to having net gain. At that transition

FIGURE 1.5
Simple variation of passively Q-switched microchip laser.
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time the net gain experienced by a photon in the laser cavity is zero, ,
and must be increasing, . This leads to the requirement

(1.23)

where the right-hand side of the expression is the ratio of the coefficient of
total round-trip loss (γrt,t) to the coefficient of saturable round-trip loss (γrt,s)
at t = 0. Expression 1.23 is often referred to as the second threshold condition.
In systems dominated by saturable loss (γrt,t/γrt,s ≈ 1), Expression 1.23 reduces
to a statement that the loss of the saturable absorber must saturate more
quickly than the gain of the gain medium. When Expression 1.23 is satisfied
by a large factor, the saturable absorber acts as an ideal, instantaneous Q
switch; when it is satisfied by a factor of greater than ten, the instantaneous-
Q-switch model is an excellent representation of the system. For a factor of
three, the instantaneous-Q-switch model gives results that are within a factor
of two of being correct (Szabo and Stein, 1965). When Expression 1.23 is not
satisfied, the laser will tend to oscillate continuous-wave.

1.2.4.4 Peak Power

To determine the maximum peak power that can be achieved from a pas-
sively Q-switched laser, we start by dividing Equation 1.19 by Equation 1.18
and integrating, to obtain

(1.24)

We then divide Equation 1.17 by Equation 1.18 and substitute Equation 1.24
into the result, which we integrate with respect to population inversion to
obtain

(1.25)

where q0 is the number of photons in the cavity at the time the output pulse
begins to develop.

The maximum number of photons in the cavity occurs when  = 0. Thus,
from Equation 1.17 we obtain an implicit expression for the population
inversion Np at the time of peak output power,
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(1.26)

Because αr is much greater than unity for systems of interest, Np can be
obtained by iterative application of this equation using its value for αr = ∞
as a starting point. Neglecting the initial number of photons in the cavity,
the peak output power is given by

(1.27)

where hνo is the energy of a photon at the oscillating wavelength,
γo = –ln(1 – To) is the output-coupling coefficient, and To is the transmission
of the output coupler.

In the limit of large αr and negligible absorption from the upper level of
the saturable absorber, Equation 1.27 asymptotically approaches the result
obtained for instantaneous Q switching (Zayhowski and Kelley, 1991). In
that case, the peak power is maximized when

(1.28)

where  would be the cw threshold of the laser in the
absence of the saturable loss. For negligible parasitic loss (γrt = γo), the max-
imum peak power

(1.29)

and is obtained for

(1.30)

where  is the round-trip gain coefficient at the time the pulse
begins to develop. The presence of parasitic loss increases the optimal value
of γo. For smaller values of αr optimization of the peak power is easily per-
formed numerically, once the material parameters of the system are known.
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From Equation 1.27 and Equation 1.29 it is clear that the peak power is
dependent on the value of 2* and, therefore, the thermalization times of the
laser manifolds. When the output pulse width is longer than the thermal-
ization times of the laser manifolds, thermalization of the upper manifold
repopulates the upper laser level as it gets depleted by the optical pulse, and
thermalization of the lower manifold keeps the population of the lower laser
level as small as possible. This allows the maximum amount of energy
extraction from the system and relatively high peak powers. When the pulse
width is short compared to the thermalization times only the energy in the
upper laser level (not the upper laser manifold) can be extracted by the laser
pulse, and the laser will act like a three-level system.

When the pulse width of the laser is comparable to the thermalization
times of the laser manifolds it is not possible to accurately calculate the peak
output power of the laser pulses without accurately knowing the thermal-
ization times. However, for good saturable absorbers (large αr), the output
coupling that maximizes the peak power (Equation 1.30) is independent of
the thermalization times.

1.2.4.5 Pulse Energy

The total pulse energy Eo of a passively Q-switched laser is obtained by inte-
grating the output power Po using the following technique (Degnan, 1989):

(1.31)

where the last step used Equation 1.18 and Nf is the population inversion
well after the peak of the output pulse. The final integration leads to

(1.32)

and the final population inversion is obtained by setting the right-hand side
of Equation 1.25 equal to zero, yielding the implicit expression

(1.33)

In the limit of large αr and negligible absorption from the upper level of
the saturable absorber, Equation 1.32 asymptotically approaches the result
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obtained for instantaneous Q switching, where the maximum value of Eo

(Degnan, 1989)

(1.34)

and is obtained for

(1.35)

where γrt,p = γrt – γo is the round-trip parasitic loss coefficient. For smaller
values of αr optimization is easily performed numerically once the material
parameters of the system are known.

Like the peak power, and for the same reasons, the pulse energy is depen-
dent on 2*, but the optimal value of output coupling is not. In a repetitively
Q-switched short-pulse laser, some of the energy not extracted from the
upper laser manifold by one pulse will be available for a subsequent pulse
and the efficiency of the system will improve at high repetition rates.

Bleaching of the saturable absorber consumes stored energy, which can
result in lower pump-to-output efficiencies for passively Q-switched lasers
than for comparable actively Q-switched lasers. The intrinsic losses of the
saturable absorber, including excited-state absorption, also limit the effi-
ciency of a passively Q-switched device. Quite often, these inefficiencies
result in a small amount of energy consumption compared to the energy
required to drive an active Q switch.

1.2.4.6 Pulse Width

The duration tw of a passively Q-switched output pulse (full width at half-
maximum) is obtained from the energy in the pulse Eo, the peak power of
the pulse Ppo, and the shape of the pulse Sp:

(1.36)

Single-mode Q-switched pulses have a pulse shape factor Sp ≈ 0.86 (Zay-
howski and Kelley, 1991), which is midway between the pulse shape factor
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for sech- and sech2-shaped pulses (Sp = 0.84 and 0.88, respectively). The rising
edge of the pulse is exponential with a rise time determined by the gain of
the cavity; the exponential decay of the trailing edge is determined by the
cavity lifetime.

In the limit of large αr the minimum pulse width (Zayhowski and Kelley,
1991)

(1.37)

is obtained for

(1.38)

The term 2* does not appear in Equation 1.37, indicating that the pulse width
is independent of the thermalization times of the laser manifolds and whether
the gain medium is a three- or four-level system. A more careful analysis shows
that the laser will have the same pulse width when the thermalization times
are either much longer than or much shorter than the pulse width. However,
when the pulse width and thermalization times are comparable, thermaliza-
tion of the manifolds will affect the dynamics of pulse formation, changing
the pulse shape and its duration (Degnan et al., 1998). In a system optimized
for minimum pulse width, the rising edge of the laser pulse is sharper than
the falling edge. As the pulse starts to decay, thermalization of the laser man-
ifolds will pump the laser, slowing its decay and broadening the pulse. When
the thermalization times and the pulse width are nearly equal, this can increase
the pulse width of an optimized system by ~50%. This effect may help account
for the fact that all published values for the pulse widths of short-pulse
Nd:YAG microchip lasers are longer than the values calculated neglecting
thermalization (Zayhowski and Wilson, 2003a).

For systems with a large αr the pulse duration is determined primarily by
the ratio of the resonator length to some combination of the fixed and the
saturable loss. The pulse energy depends on the same parameters but is also
directly proportional to the laser mode volume, which provides the means
to scale the pulse energy independent of the pulse duration.

1.2.4.7 CW-Pumped Passively Q-Switched Lasers

For a cw-pumped passively Q-switched laser, the repetition rate of the pulses
increases as the pump power is increased above threshold. The average
interpulse period is given by (Liu et al., 2003)

(1.39)
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where Pa is the total pump power absorbed within the lasing mode volume,
Pi is the absorbed pump power required to reach inversion (Neff = 0), and Pth

is the absorbed pump power necessary to obtain Neff = N0. This expression
does not include the effects of intramanifold thermalization, which could
decrease the interpulse period of short-pulse systems at high pulse repetition
rates. For low-power devices the upper limit to the pulse repetition rate (the
inverse of the interpulse period) is set by the saturable absorber recovery
time; at higher pulse rates the laser will deteriorate into unstable pulse gen-
eration and ultimately cw operation. (In high-power devices the maximum
pulse repetition rate is limited by thermal effects.) Pulse rates as high as 300
kHz have been demonstrated with a Cr4+:YAG saturable absorber (Jaspan et
al., 2000; Zheng et al., 2002). The use of semiconductor saturable structures,
with short upper-level lifetimes (see Subsection 1.2.6), allows picosecond Q-
switched pulses to be generated at megahertz rates (Keller et al., 1996).

1.2.5 Mode Beating, Afterpulsing, and Pulse-to-Pulse Stability

1.2.5.1 Single-Frequency Operation

When Q-switched lasers operate in more than one longitudinal mode the
output pulse is intensity modulated as a result of mode beating; single-
longitudinal-mode lasers produce pulses with a smoothly varying temporal
profile. Smooth temporal profiles are desirable for many applications in high-
resolution ranging (Abshire et al., 2000; Afzal et al., 1977; Degnan, 1993;
Degnan, 1999), altimetry (Degnan et al., 2001), and light detection and rang-
ing (LIDAR). Traditionally, the methods used to obtain single-frequency
operation in a Q-switched laser involve the addition of intracavity frequency-
selective optical elements or the injection of an optical signal from a cw
single-frequency oscillator (optical seeding).

In an actively Q-switched laser, potential lasing modes start to build up
when the cavity Q is switched. All of the modes start from spontaneous
emission and the amount of gain seen by each mode determines how quickly
it builds up. To derive a criterion for single-frequency operation of an actively
Q-switched laser, we will require that the number of photons in the primary
mode (mode 1) is at least 100 times greater than the number in any other mode
(mode 2) by the time the output pulse forms. (Other authors have suggested
that a factor of ten is sufficient [Sooy, 1965]; the number is somewhat arbitrary.)
In this case, the primary mode will extract most of the stored energy in the
cavity, leaving very little energy for the second mode. From Equation 1.8 it
follows that, for the case of instantaneous Q switching, our criterion reduces to

(1.40)

where Nth,1 and Nth,2 are the cw thresholds for modes 1 and 2 ( )
when the cavity is in the low-loss state, qp is the number of photons in the
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laser cavity at the peak of the output pulse, and we have assumed that both
modes build up from noise.

An alternative criterion for single-frequency operation is that the build-up
time for two competing modes differ by an amount comparable to or greater
than the pulse duration (Isyanova and Welford, 1999). The first mode to lase
(mode 1) extracts most of the stored energy in the cavity, slowing the build-
up of the second mode (mode 2) and greatly decreasing its intensity. For the
case of instantaneous Q switching, this criterion reduces to

, (1.41)

where tw,min is the minimum obtainable pulse width as given by Equation
1.37. Equation 1.40 and Equation 1.41 give similar results for lasers designed
to produce short pulses; both ways of treating the problem are equally valid.

For an instantaneously Q-switched laser designed to produce pulses with the
minimum possible duration, with typical values of qp in the range of 1011 to 1018,
the thresholds for modes 1 and 2 (as calculated with Equation 1.40 or Equation
1.41) must differ by more than 7% to 12% in order to ensure single-frequency
operation. This requirement can be relaxed if the cavity Q is switched more
slowly, because the resulting longer pulse build-up times lead to more optical
passes through any mode-selective elements in the resonator (Sooy, 1965). Nev-
ertheless, for typical gain linewidths in solid-state media, the gain differential
between longitudinal modes is not enough to ensure single-frequency operation
for a cavity length greater than ~1 cm and, if single-frequency operation is
desired, intracavity frequency-selective loss elements may be required. For
shorter cavity lengths the gain differential may be sufficient, if care is taken to
keep one of the longitudinal modes near the peak of the gain profile.

In a passively Q-switched laser, the cavity Q is not switched until after a
mode starts to build up; it is the light in the first mode that causes Q switching
to occur. As a result, when the cavity Q switches, that initial mode already
contains a significant photon population and has a head start in the race to
form a pulse. As the initial mode has the highest net gain, the number of
photons in the first mode at any time during the pulse buildup will exceed
the number in any other mode by a factor greater than the number of photons
in the first mode at the time the second mode reaches threshold. Because a
factor of 100 is more than enough to ensure single-frequency operation,
single-frequency pulses are easily achieved in passively Q-switched systems.

Once one mode (mode 1) in a passively Q-switched laser begins to oscillate,
the ground-state population of saturable-absorber ions Ns,g and inversion
Neff begin to change rapidly. By the time a second mode (mode 2) reaches
threshold, they have changed by

 (1.42)
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and

(1.43)

where we have assumed that the difference in thresholds between modes 1
and 2 is the result of a small difference in the gain cross sections σg,1 and
σg,2. (A similar result can be derived if we assume a small difference in cavity
loss.) The bracketed term on the right-hand side of these equations
approaches unity for large αr and can often be ignored.

To calculate the photon population of the first mode at the onset of the
second mode we use the approximation

(1.44)

where the primes indicate differentiation with respect to Neff, q0 is assumed
to be negligible (1/2 photon per mode), and the last term is included because

. From Equation 1.25,

(1.45)

where γrt,t/γrt,s is the fraction that appears on the right-hand side of Expres-
sion 1.23 and is of order unity. Thus,

(1.46)

where the two bracketed terms approach 1 for large αr and can usually be
ignored.

To gain an appreciation for how easy it is to obtain single-frequency oper-
ation with a passively Q-switched laser, consider a 1.064-μm
Nd:YAG/Cr4+:YAG microchip laser, with Ag = As and αr = 21. If we assume
an output pulse energy of 100 μJ and an extraction efficiency of 80%
(N0 = 6.7 × 1014), and consider only one possible polarization, q(1,2) > 100 for
(σg,1 – σg,2)/σg,1 as small as 2.5 × 10–6. If we make no attempt to control the
position of the cavity modes relative to the gain peak, the probability of
multimode operation is

(1.47)
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where δνL is the (Lorentzian) linewidth of the gain medium (160 GHz for
Nd:YAG), Δν is the mode spacing of the cavity, and the value of
(σg,1 – σg,2)/σg,1 is determined by setting q(1,2) = 100 in Equation 1.46. With
a cavity length of 1 cm, the probability of the laser producing a multimode
pulse is less than 2.5 × 10–4. Note that this is a conservative estimate of the
maximum likelihood of multimode operation, because it does not include
the fact that the first mode to oscillate will continue to develop more quickly
than the other modes after the second mode reaches threshold, and we are
insisting that the energy in the primary mode be at least 100 times greater
than the energy in any other mode.

1.2.5.2 Afterpulsing

The cavity Q of passively Q-switched lasers cannot be rapidly decreased
once the Q-switched output pulse exits the system. The residual gain left by
the first output pulse will contribute to the continued development of pulses
in competing longitudinal modes, and afterpulsing is difficult to prevent.
Because the afterpulse is typically a different longitudinal mode than the
primary pulse, afterpulsing is minimized when there is a large difference in
the gain of the primary and competing modes. This is most easily accom-
plished in cavities with a large mode spacing (short cavity length) and when
the primary mode is positioned at the peak of the gain profile. The latter can
often be accomplished by controlling the pump power to the laser or its
temperature, or through stress tuning of the laser mode (Owyoung and
Esherick, 1987). As the primary pulse gets closer to the peak of the gain
profile the time delay between the primary pulse and the afterpulse increases,
and the magnitude of the afterpulse decreases.

Afterpulsing is also minimized by positioning the saturable absorber near
the center of a standing-wave passively Q-switched laser cavity. Because of
longitudinal spatial hole burning (due to the standing-wave nature of the
oscillating mode; see, for example, Zayhowski, 1990a; Zayhowski, 1990b),
the first mode to lase does not completely bleach the saturable absorber for
the second mode. The differential loss for the adjacent modes is greatest
when the saturable absorber is located in the center of the cavity.

For applications where afterpulsing cannot be tolerated, it is often possible
to eliminate the afterpulse with spectral filtering (an appropriately tuned
etalon) outside of the laser cavity, if the laser is bifurcation free (see next
section). In uncontrolled environments, it may be necessary for the filter to
actively track the laser, or vice versa.

There is an additional mechanism for afterpulsing when the thermalization
times of the laser manifolds are long compared to the Q-switched output
pulse. Themalization of the manifolds can rapidly pump the laser transition
and lead to gain-switched pulses following the primary Q-switched pulse.
These gain-switched pulses can be in the same longitudinal mode as the
primary pulse and can be very stable in amplitude and time.
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1.2.5.3 Pulse Bifurcation, Pulse-to-Pulse Amplitude Stability

At high pulse repetition rates some of the energy not extracted by one pulse
will still be present in the laser cavity when the next pulse forms. As a result
of spatial hole burning in the gain medium (Zayhowski, 1990a; Zayhowski,
1990b), the residual gain will be greater at positions where it favors the
development of a pulse in a different longitudinal mode than the first pulse.
When the gain differential between modes is extremely small, even small
amounts of spatial hole burning can cause pulse bifurcation, and the effects
can be significant even when the pulse-to-pulse spacing is several times the
spontaneous lifetime of the gain medium. The second pulse will preferen-
tially deplete the gain most available to it, creating a situation where the first
mode is favored in the subsequent pulse. At higher pulse repetition rates
more modes can come into play, creating trains of three or more modes
occurring in a regular sequence or, depending on the stability of the system,
chaotically. In systems with small mode-gain differentials operating at high
repetition rates, time-averaged spectra will show the presence of multiple
oscillating modes. This should not be interpreted as proof of multimode
pulses; each individual pulse may still be single frequency with a smooth
temporal profile, free of mode beating.

Pulse bifurcation in a cw-pumped passively Q-switched laser usually
results in alternating strong and weak pulses. The timing interval between
the pulses typically varies in accordance with the amplitudes; the period
preceding a weak pulse is shorter than the period preceding a strong pulse.
At higher pulse repetition rates, as the pulse train subdivides into pulses of
more longitudinal modes, there will be a greater variation in pulse ampli-
tudes and pulse-to-pulse timing. Because of gain-related index-guiding
effects (see Subsection 1.2.7.3), each of the modes will have slightly different
transverse dimensions and divergences.

For some applications, pulse-to-pulse amplitude stability is critical, and
pulse bifurcation cannot be tolerated. To maximize the pulse repetition rate
at which bifurcation-free operation is achieved, the gain differential between
pulses must be maximized. Techniques that reduce afterpulsing also encour-
age bifurcation-free operation. Thus, observations of the afterpulse can be
useful in tuning a passively Q-switched laser for maximum pulse-to-pulse
stability.

Because the amplitude and pulse width of a passively Q-switched laser
are determined by material characteristics and cavity design, they can be
extremely stable. Passively Q-switched microchip lasers operating on a single
longitudinal mode and producing pulse energies of 10 μJ have demonstrated
pulse-to-pulse amplitude stabilities better than 1 part in 104 at pulse repeti-
tion rates of 7 kHz.

1.2.5.4 Pulse-to-Pulse Timing Stability

The pulse-to-pulse timing stability of passively Q-switched lasers is generally
worse than that of actively Q-switched systems (Mandeville et al., 1996) and,
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in bifurcation-free systems, is often limited by noise in the pump source to
~1% of the pump duration. The timing stability is improved by using a
pulsed pump source, operating at as high a peak power as possible for just
long enough to produce an output pulse. When operated in this fashion, the
pump pulses are turned on by an external clock and turned off when a Q-
switched output pulse is detected. This approach has the added benefit of
minimizing thermal effects in passively Q-switched lasers because it mini-
mizes efficiency losses due to spontaneous decay of the gain medium, lead-
ing to additional benefits in performance.

In a system that uses a pulsed pump source, the pulse-to-pulse timing
jitter of the passively Q-switched laser gets smaller as the pump period
decreases. The minimum possible pump duration is limited by the power
(or cost) of the available pump diodes. One approach to minimize this
limitation is to cw pump the Q-switched laser just below threshold and then
quickly raise the pump power to its maximum value just before an output
pulse is desired. This technique results in the greatest pulse-to-pulse timing
stability.

Other techniques used to reduce the pulse timing jitter include hybrid
active/passive loss modulation (Arvidsson et al., 1998) and external optical
synchronization (Dascalu et al., 1996). These approaches have resulted in
timing jitter as low as 65 ps (Hansson and Arvidsson, 2000), at the expense
of added system complexity and some sacrifice in the amplitude and pulse-
width stability of a true passively Q-switched system.

1.2.6 Semiconductor Saturable-Absorber Mirrors

All of the formalism developed so far was based on bulk saturable absorbers.
Semiconductor saturable-absorber mirrors (SESAMs) are a second class of
devices used as passive Q switches in solid-state lasers. SESAMs consist of
an antiresonant semiconductor Fabry–Pérot etalon formed by a semiconduc-
tor layer grown on top of a highly reflecting semiconductor Bragg mirror
and covered by a dielectric reflector. The semiconductor layer typically con-
sists of absorptive quantum-well layers in an otherwise transparent medium.
The bandgap of the quantum wells can be engineered to provide saturable
absorption at a wide variety of wavelengths.

By their design, SESAMs are high reflectors with a saturable loss γs. In
addition, there is an undesirable parasitic loss γs,p, which typically accounts
for ~20% of the unsaturated loss. The effective absorption cross section of
the saturable loss, determined by the absorption cross section of the semi-
conductor quantum wells and the reflectivity of the dielectric reflector, is
usually much larger than the gain cross section of the gain medium, leading
to a very large αr in most applications. As a result, SESAMs are, in some
ways, ideal saturable absorbers and can often be modeled as instantaneous
Q switches. This is almost always the case when they are used in microchip
and other miniature lasers, where typical values of αr are several thousand.
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In a cavity containing a SESAM, the SESAM is used as one of the cavity
mirrors, with the oscillating light incident on the dielectric reflector. Prior to
the onset of lasing the total round-trip cavity loss γrt,t consists of three com-
ponents:

(1.48)

where γo is the output-coupling loss, γrt,p is the parasitic loss (which now
includes the unsaturable loss of the SESAM), and γs is the saturable loss of
the SESAM. When the laser reaches threshold, the intracavity loss rapidly
decreases to

(1.49)

The change in cavity Q, for the very large values of αr typically associated
with SESAMs, is rapid enough to treat the transition as instantaneous for
most purposes.

The inversion within the cavity at the time Q switching occurs has the value

(1.50)

and the resulting pulse width is

(1.51)

where Rs = γs/(γrt,p + γo) is the ratio of saturable to unsaturable cavity losses.
For a given amount of saturable loss, the pulse width asymptotically
approaches its minimum value of tw = 4Sptrt/γs in the limit of large unsatur-
able losses (γrt,p + γo � γs). However, this minimum pulse width is obtained
at the expense of high threshold and low efficiency. In the opposite limit
(γrt,p + γo � γs) the pulse width asymptotically approaches tw = Sptrt/(γrt,p + γo),
the threshold of the laser is reduced, and the extraction efficiency can be
high. The best compromise between pulse width, threshold, and efficiency
will depend on the application of the laser.

Though SESAMs act like instantaneous Q switches in many ways, they
still benefit from being saturable absorbers in their single-frequency perfor-
mance. It takes extremely large values of αr before this benefit disappears.

SESAMs offer both advantages and limitations when compared to bulk
saturable absorbers. The advantages include the fact that they can be engi-
neered to operate at a wide variety of wavelengths, making SESAMs partic-
ularly interesting where good gain medium/bulk saturable absorber
combinations have not been identified. The effective absorption cross sections
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are very large, leading to large values of αr and nearly instantaneous Q
switching. The physical length of the saturable-absorber region ls is small
and its contribution to the round-trip time of light in the laser cavity is
negligible, resulting in the shortest possible pulses. The dielectric top reflec-
tor on the SESAM can be (and often is) designed to be highly reflecting at
the wavelength of the pump light so that there is no pump-induced bleaching
of the saturable absorber.

One of the main limitations of SESAMs is their relatively low damage
threshold. Typical values for the damage fluence of the semiconductor mate-
rials are ~10 mJ cm–2. The damage fluence of the SESAMs can be increased
beyond this value by using highly reflective dielectric layers. This, however,
reduces the saturable loss γs, which generally reduces the Q-switched pulse
energy and increases the pulse duration. Typical values for the saturable loss
are in the range of 10% or less. The largest pulse energy reported for a
microchip laser using a SESAM is 4 μJ, with fractions of a microjoule being
more typical. Other limitations of SESAMs are that they cannot be used as
input or output couplers, and that their thermal expansion coefficients are
not matched to the gain media, precluding the possibility of bonding a
SESAM to a gain medium in a quasi-monolithic fashion.

Finally, the carrier recombination time in semiconductors (the upper-state
lifetime of the SESAM) can be quite short, ranging from ~10 ps to ~1 nsec,
depending on the material and the growth conditions. When the upper-state
lifetime is comparable to the output pulse width, it can introduce a significant
parasitic loss. On the other hand, it effectively closes the Q switch and can
prevent the formation of afterpulses. It also allows SESAMs to be operated
at extremely high pulse repetition rates, and 7-MHz operation has been
reported (Braun et al., 1997).

As a result of their advantages and limitation, SESAMs are most attractive
in applications requiring short, low-energy pulses, and where requirements
on the system’s robustness can be relaxed. In this regime, they can be oper-
ated at very high repetition rates and can be engineered to work with gain
media at many different wavelengths.

1.2.7 Transverse Mode Definition

1.2.7.1 Issues in Laser Design

A very important issue in the design of many lasers is the extraction of heat
from the gain medium. In the process of pumping the gain medium, heat is
generated. As the temperature of the gain medium changes so, too, do its
physical length and refractive index. Each of these contributes to changes in
the optical length and resonant frequencies of the laser cavity. These changes
are especially significant in miniature lasers where the active volume of the
gain medium constitutes much of the resonator. Nonuniform heating results
in a nonuniform refractive index and internal stress. Index gradients lead to
thermal lensing, which changes the confocal parameters of the laser cavity
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and can destabilize an otherwise stable cavity, or vice versa. Internal stress
leads to stress birefringence and, eventually, stress-induced fracture.

Other issues that must be considered in high-power lasers are nonlinear
optical effects and optical damage. The electrical field within the optical beam
of a high-power laser can be large enough to damage optical components.
This is particularly important in high-peak-intensity pulsed lasers such as
passively Q-switched microchip lasers.

1.2.7.2 Cavity Designs

One common feature of many applications for miniature lasers is that mode
quality is at least as important as total power. As a result, miniature lasers
are usually designed to operate in the fundamental transverse mode. Most
of the results and formulas presented in this section are derived for funda-
mental-mode operation and may require some modification for lasers oper-
ating in multiple transverse modes.

The transverse modes of a laser are determined by the cavity design and
the pump-energy deposition profile. The cavities for many miniature solid-
state lasers are small versions of larger devices, designed according to the
same principles (Hall and Jackson, 1989). However, the use of longitudinal
pumping allows additional possibilities for obtaining stable cavity modes.

1.2.7.3 Microchip Fabry–Pérot Cavities

1.2.7.3.1 Thermal Guiding

Efficient lasers can be produced using small, longitudinally pumped stand-
ing-wave laser cavities defined by two plane mirrors. The planar uniformity
of such a cavity is broken by the pump beam, which deposits heat as it
pumps the crystal. The heat diffuses away from the pump beam, generally
resulting in a radially symmetric temperature distribution. In materials with
a positive change in refractive index n with temperature T (dn/dT > 0), such
as Nd:YAG, this results in a thermal waveguide. In addition, when the cavity
mirrors are deposited on the gain medium, there is some thermally induced
curvature of the mirrors as the warmer sections of the gain medium expand
or contract. In materials with a positive thermal expansion coefficient αe this
effect also contributes to the stabilization of the transverse mode. In some
materials, such as Nd:YLF, this term dominates and can lead to stable trans-
verse-mode operation in an otherwise flat–flat cavity, despite a negative
dn/dT. Another effect is strain-induced variation of the refractive index
caused by nonuniform heating and expansion of the gain medium. This effect
tends to be less important than the others in determining the transverse
mode characteristics of the cavity, although it can cause local birefringence.
It will be ignored in this section.

When both index change and thermal expansion are considered, the vari-
ation in the optical length of a material nl (where l is the physical length of
the material) as a function of temperature is given by
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(1.52)

where C is a number between 0 and 1, depending on whether the material
is constrained (C = 0) or free to expand (C = 1). For the case of nonuniform
heating, the thermal expansion of the warmer sections of the material will
be constrained by the cooler regions, and C may be a function of the thermal
gradients. If the cavity length is short compared to the confocal parameter,
as in the case of microchip lasers, the total change in optical length as a
function of transverse cavity position can be modeled as a simple lens
between the two flat mirrors or as an axially uniform waveguide with a
radially varying index.

To simplify the analysis, we will assume that C is independent of position,
so that δ(nl) = nlΔnl,TδT, where Δnl,T = Cαe + dn/ndT is a constant. For a mono-
lithic, longitudinally pumped, short cavity with radial heat flow, the radius
of the oscillating mode rm is given by (Zayhowski, 1991a)

(1.53)

where λo is the free-space wavelength of the oscillating mode, l is the cavity
length, kc is the thermal conductivity of the gain medium, κ is the heat-
generating efficiency of the gain medium, Pa is the absorbed pump power,
rp is the average radius of the pump beam within the laser cavity, and r0

determines the waist size of the oscillating mode for extremely small pump
radii. Once Δnl,T and r0 are determined, this equation does an excellent job
of describing the pump-power dependence of the oscillating-mode radius
for many microchip lasers.

For a thermally guided Fabry–Pérot laser cavity to create a symmetric
fundamental transverse mode, parallelism between the cavity mirrors is
critical. The maximum angle ψmax that can be tolerated between the mirrors
(for symmetric fundamental-mode operation) is given by (Zayhowski, 1991a)

(1.54)

A linear thermal gradient across the oscillating mode will contribute to the
effective wedge between the two mirrors, through both the thermal expan-
sion and the temperature-induced change in index of the material.

1.2.7.3.2 Aperture Guiding in Three-Level Gain Media

In three-level or quasi-three-level lasers, there can be significant absorption
of the oscillating radiation in unpumped regions of the gain medium. For
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longitudinally pumped devices, this creates a radially dependent loss (aper-
ture) which can restrict the transverse dimensions of the lasing mode, result-
ing in smaller mode radii than predicted by Equation  1.53. Aperture guiding
may be important in three-level systems such as Yb:YAG microchip lasers
(Fan, 1994).

1.2.7.3.3 Gain Guiding

The absence of gain in the unpumped regions of the gain medium is sufficient
to define a stable transverse mode (Kogelnik, 1965). This effect is similar to
aperture guiding. It is usually insignificant compared to thermal guiding but
can be important in low-duty-cycle lasers where thermal effects are mini-
mized. It can also be important in lasers operating near threshold. Near
threshold there is little saturation of the population inversion, the round-trip
amplification of the mode is highest near the center of the mode, and gain
guiding will tend to reduce the mode cross section. Well above threshold the
population inversion at the center of the mode is saturated and residual gain
in the wings (if there is any) can lead to a slight increase in the mode radius
(Kemp et al., 1999).

1.2.7.3.4 Gain-Related Index Guiding

Optical gain provides dispersion. Laser modes that are spectrally detuned
from the center of the gain profile will see a refractive index that is a function
of their detuning. Modes that fall on the long-wavelength side of the gain
profile will see an increased refractive index; modes on the short-wavelength
side will see a decreased refractive index.

If we assume a Lorenzian gain profile, the change in refractive index seen
by a mode as it moves away from the gain peak is

(1.55)

where g(r,z,λ) is the saturated, spatially and spectrally dependent gain in
the presence of laser oscillation. Hence, Δn(r,z,λ) depends on the mode profile
and must be calculated self-consistently. (This can be done iteratively starting
with the mode profile due to thermal considerations alone.) Near threshold
the gain will have a maximum near the center of the mode; well above
threshold the gain will be strongly saturated near the mode center and will
have a local minimum on axis. In either case, the deformation of the optical
path near the center of the mode, due to gain-related index guiding, can
usually be modeled as a spherical (positive or negative) intracavity lens.

As a result of gain-related index guiding, each of the longitudinal modes
of a laser has a slightly different spatial profile, a different amount of overlap
with the pump, and a different far-field divergence. Gain-related index guid-
ing has been shown to play an important role in Nd:YVO4 microchip lasers
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(Kemp et al., 1999), and can lead to interesting effects such as self Q switching
without a saturable absorber (Conroy et al., 1998).

1.2.7.3.5 Self-Focusing
The refractive index of a material can be affected by the presence of a high-
intensity optical field through the optical Kerr effect:

(1.56)

where n0 is the refractive index in the absence of an optical field and n2 is
the nonlinear Kerr index. Light traveling through a Kerr medium will expe-
rience self-focusing. When the Kerr medium is inside a laser cavity, this will
cause a reduction in the diameter of the oscillating mode. Self-focusing is
usually insignificant for miniature cw lasers but is the driving mechanism
in Kerr-lens mode-locked lasers and can play a role in determining the mode
diameter in some miniature Q-switched and gain-switched lasers. For the
miniature Q-switched and gain-switched lasers demonstrated to date, self-
focusing introduces only a small perturbation to the mode diameter that
would result in its absence.

1.2.7.3.6 Aperture Guiding in Saturable Absorber
The transverse mode of miniature passively Q-switched lasers, especially
microchip lasers, is nearly diffraction limited. In addition to the mode-defin-
ing mechanisms already discussed in this section, the saturable absorber acts
as a soft aperture and spatially filters the resonator modes, contributing to
the definition of the fundamental mode and the suppression of higher-order
transverse modes. However, because the saturable absorber bleaches at the
center of the beam first, where the optical intensity is greatest, this soft aper-
ture evolves as the pulse forms. As a result, there can be a measurable change
in the output beam profile during the pulse (Yao et al., 1994; Ardvisson, 2001).

1.2.7.4 Pump Considerations

To ensure oscillation in the fundamental transverse mode, it is necessary for
the fundamental mode to use most of the gain available to the laser. If the
radius of the fundamental mode is much less than the radius of the pumped
region of the gain medium, higher-order transverse modes will oscillate.

For longitudinally pumped lasers the active length of the gain medium lg

and the desired round-trip gain  together determine the required
brightness of the pump source Bp, where brightness is defined as intensity
per unit solid angle. For an incoherent pump source, the required brightness
is given by (Fan and Sanchez, 1990)

(1.57)
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where Pp is the total pump power, hνp is the energy of a pump photon, and
ηp is the fraction of the pump power absorbed. For a diffraction-limited
pump source, the brightness requirement is reduced by a factor of four (Fan
and Sanchez, 1990):

(1.58)

For single-transverse-mode operation the pump light should be focused
within the volume of the fundamental oscillating mode.

1.2.7.5 Polarization Control

It is often desirable for a laser to oscillate in a single linear polarization. For
lasers with isotropic gain media, this can be ensured by including a polar-
izing element, such as a Brewster plate, within the cavity. In single-frequency
devices, the presence of any tilted optical element may be sufficient to polar-
ize a laser because the reflection coefficient of surfaces is often different for
s- and p-polarized waves; only a small amount of modal discrimination is
needed to select one of two frequency-degenerate polarizations (Zayhowski,
1990a; Zayhowski, 1990b). If the design of a cavity does not favor a given
polarization, as is the case for microchip lasers, the polarization degeneracy
of an isotropic gain medium can often be removed by applying uniaxial
transverse stress.

If there is very little polarization selectivity within a laser cavity, feedback
from external surfaces can determine the polarization of the oscillating mode.
Although this effect is usually undesirable, it has been used to controllably
switch the polarization of microchip lasers at rates up to 100 kHz (Zay-
howski, 1991b).

Finally, in the absence of any strong polarizing mechanism, the polarization
of the pump light may determine the polarization of the laser.

1.2.8 Additional Thermal Effects

Temperature affects many of the properties of the materials in a microchip
laser. In addition to the refractive index, it affects the population distributions
within the laser manifolds of the gain medium, the thermalization times,
and the magnitude and spectral position of the gain. Thermal effects are
most important in lasers that require a high average inversion density, i.e.,
short-pulse lasers operated at high repetition rates.

The rate-equation analysis presented in Subsection 1.2.4 shows that the
pulse parameters of a passively Q-switched microchip laser are fixed by the
material parameters and cavity design. To first order, the pulse width is
independent of pulse repetition rate (Zayhowski and Dill, 1994; Shimony et
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al., 1996). However, short-pulse lasers require aggressive pumping, and the
temperature of the active region in the gain medium can increase significantly
at high repetition rates. As it does, the population distributions within the
laser manifolds and the thermalization times change. In short-pulse Nd:YAG-
based lasers, this often results in shorter pulses at higher repetition rates.

Some of the thermal effects in passively Q-switched microchip laser are
dependent on changes in temperature across the active area of the laser.
Thermal guiding, discussed in Subsection 1.2.7.3, is a very important exam-
ple. Another such effect, which can limit the performance of these devices,
is the temperature dependence of the spectral position of the gain peak. (The
1.064-μm transition in Nd:YAG shifts to longer wavelengths by about 0.46
nm per 100°C variation in temperature.) As the temperature gradients across
the active area of the gain medium increase, the spectral position of the gain
peak at the center of the lasing mode will begin to deviate from the spectral
position of the gain in the wings. The average gain coefficient for the mode
therefore decreases, and a larger inversion is required to reach threshold. A
larger inversion requires additional pumping, which further increases the
temperature gradients, and the process can run away. For passively Q-
switched Nd:YAG/Cr4+:YAG microchip lasers, this effect contributes to mak-
ing it difficult to obtain very short pulses at high repetition rates (Zayhowski
and Wilson, 2003a).

There are numerous additional subtleties that can only be captured by a
full three-dimensional model of the laser, including the temperature depen-
dences of the relative material parameters at all points in the active volume
of the device. Such an analysis is outside of the scope of this chapter. The
concepts and analysis presented above, supplemented with a small amount
of experimentation, are adequate for the design of passively Q-switched
microchip lasers and for understanding most of their characteristics. They
are an essential part of any more complete model.

1.3 Demonstrated Device Performance

1.3.1 Demonstrated Passively Q-Switched Lasers

1.3.1.1 Saturable Absorbers

Most of the commonly used solid-state saturable absorbers are vibrationally
broadened transition-metal-doped single-crystal materials or, to a lesser
degree, glasses. The most commonly used material for passive Q switching
of miniature lasers is Cr4+:YAG. The use of Cr4+:YAG dates back to 1991
(Andrauskas and Kennedy, 1991). It has been used to Q switch Nd:YAG
microchip lasers operating at 1.064 μm (Zayhowski and Dill, 1994), 946 nm
(Zayhowski et al., 1996), and 1.074 μm (Zayhowski et al., 2000); and Nd:YVO4

and Nd:GdVO4 microchip lasers operating at 1.064 and 1.062 μm (Jaspan et
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al., 2000; and Liu et al., 2003; respectively). This material has been very
successful despite the presence of significant excited-state absorption and
polarization anisotropy (Eilers et al., 1992; Il’ichev et al., 1997). The latter
property does not impose any significant limitations on passively Q-switched
laser performance, and can be used to help fix the polarization of passively
Q-switched lasers with isotropic gain media, such as Nd:YAG. Some of the
relevant material properties of Cr4+:YAG are listed in Table 1.1. Relevant
properties of YAG (Aggarwal et al., 2005) and Nd:YAG, the most common
gain medium used in passively Q-switched lasers, are included in Table 1.2
and Table 1.3. Table 1.4 lists several gain medium/bulk saturable absorber
combinations that have been used at a variety of wavelengths.

Semiconductor saturable-absorber mirrors (SESAMs) (Kärtner et al., 1995;
Keller et al., 1996; Spühler et al., 1999) are used to generate Q-switched pulses
with durations <200 ps, and have been used with a variety of gain media
operating at a wide range of wavelengths. They are, however, typically
limited to pulse energies in the nanojoule regime by the onset of optical
damage (Braun et al., 1996; Braun et al., 1997).

Bulk semiconductor saturable absorbers (Gu et al., 2000; Kajave and Gaeta,
1996; Tsou et al., 1993) and semiconductor-doped glasses (Bilinsky et al.,

TABLE 1.1

Properties of Cr4+:YAG Saturable Absorber

Property Symbol Value Units Comments

Ground-state absorption
cross section 

 σs,g 7 × 10–18

2 × 10–18

cm2

cm2 
1.064 μm
808 nm 

Upper-level absorption 
cross section 

 σs,u 2 × 10–18 cm2 1.064 μm 

Upper-level lifetime  τs 4.1 × 10–6 s Room temperature 

TABLE 1.2

Properties of Yttrium Aluminum Garnet (Y3Al5O12, YAG)

Property Symbol Value Units Comments 

Crystal symmetry Cubic
Lattice constant a0 12.01 Å
Refractive index n 1.818 1.064 μm 
Temperature index variation dn/dT 7.8 × 10–6 K–1 1.064 μm 
Thermal expansion coefficient αe 6.1 × 10–6 K–1

Thermal conductivity kc 0.11 W cm–1 K–1

Specific heat csh 0.6 J g–1 K–1

Thermal diffusivity αd 0.041 cm2 s–1

Mass density ρm 4.56 g cm–3

Poisson’s ratio 0.25
Hardness 1215

8–8.5 
kg mm–2 Knoop

Moh’s scale 
Tensile strength 2.0 × 106 g cm–2

Melting point 1950 °C
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1998), although demonstrated, are rarely used for passive Q switching.
Although organic dyes may be used as saturable absorbers, they are gener-
ally not used in solid-state devices operating in the near-infrared because
photothermal degradation leads to impractically short operational lifetimes.

1.3.1.2 Passively Q-Switched Microchip Lasers

1.3.1.2.1 Low-Power Embodiments

A simple embodiment of a passively Q-switched microchip laser is illus-
trated in Figure 1.5. In this embodiment, the laser is constructed by diffusion
bonding a thin, flat wafer of gain medium to a similar wafer of saturable
absorber (Zayhowski and Dill, 1994). The composite structure is polished flat
and parallel on the two faces normal to the optic axis, with a typical cavity
length between 0.75 and 1.5 mm. The pump-side face of the gain medium is
coated dielectrically to transmit the pump light and to be highly reflecting at
the oscillating wavelength. The output face is coated to be partially reflecting

TABLE 1.3

Laser Parameters for Neodymium-Doped YAG (Nd3+:Y3Al5O12)

Property Symbol Value Units Comments

Nd3+ concentration
(1.0 at. %) 

1.39 × 1020 cm–3

Wavelength at gain peak λ0 946 nm
1.064 μm
1.319 μm

Linewidth Δλg 0.8 nm 946 nm
0.6 nm 1.064 μm
0.6 nm 1.319 μm

Spontaneous lifetime τ 230 μsec 1.0 at. % Nd 
Concentration-quenching parameter ρcq 2.63 at. %
Emission cross section σg 0.4 × 10–19 cm2 946 nm

6.5 × 10–19 cm2 1.06415 μm
1.2 × 10–19 cm2 1.0644 μm
1.7 × 10–19 cm2 1.319 μm

Occupation probability fu 0.60 946 nm
fl 0.008 946 nm
fu 0.40 1.06415 μm
fl 0 1.06415 μm
fu 0.60 1.0644 μm
fl 0 1.0644 μm
fu 0.40 1.319 μm
fl 0 1.319 μm

Energy of lower level El 857 cm–1 946 nm 
Effective emission cross section σg,eff 0.3 × 10–19 cm2 946 nm

3.3 × 10–19 cm2 Sum of 1.06415 
and 1.0644 μm

0.7 × 10–19 cm2 1.319 μm
Pump absorption coefficient αp 9.5 cm–1 808.5 nm,

1.0 at. % Nd
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at the lasing wavelength and provides the optical output from the device. The
laser is completed by dicing the wafer into small squares, typically 1 to 2 mm
on a side. The laser cavity is then mounted on an appropriate heatsink and
pumped with the output of a diode laser. Figure 1.1 shows a photograph of
a Nd:YAG/Cr4+:YAG passively Q-switched microchip laser epoxied directly
to the ferrule of the pump fiber, with the ferrule serving as the heatsink.

Alternative approaches to constructing passively Q-switched microchip
lasers include the use of a single material that acts as both the gain medium
and the saturable absorber (Zhou et al., 1993; Wang et al., 1995; Zhou et al.,
2003), the growth of one material on the other (Fulbert et al., 1995), and the

TABLE 1.4

Passively Q-Switched Laser Gain Media and Bulk Saturable Absorber Combinations

Wavelength
(μm) Gain Medium Saturable Absorber Reference 

0.694 Ruby Cr4+:GSGG Chen et al., 1993 
0.694 Ruby Cr4+:CaGd4(SiO4)3 Yumashev et al., 1998

0.781–0.806 Cr3+:LiCaAlF6 Cr4+:Y2SiO5 Kuo et al., 1995
0.946* Nd:YAG Cr4+:YAG Zayhowski et al., 1996a
1.03* Yb:YAG Cr4+:YAG Zhou et al., 2003
1.04* Yb:KGW V3+:YAG Lagatsky et al., 2000 
1.062 Nd:GdVO4 Cr4+:YAG Liu et al., 2003 
1.064* Nd:YAG Cr4+:YAG Andrauskas and Kennedy, 1991;

Zayhowski and Dill, 1994 
1.064* Nd:YVO4 Cr4+:YAG Bai et al., 1997; Jaspan et al., 2000 
1.064 Nd:YAG Cr:Mg2SiO4 Demchuk et al., 1992 
1.064 Nd:YAG F–2:LiF Isyanova and Welford, 1993 
1.064 Nd:YAG Cu2Se:glass Yumashev et al., 2001 
1.067 Nd:KGW Cu2+xSe:glass Yumashev et al., 2001 
1.074* Nd:YAG Cr4+:YAG Zayhowski et al., 2000 
1.08 Nd:YALO Cr4+:SrGd4(SiO4)3 Yumashev et al., 1998 
1.32 Nd:YAG Cu2+xSe:glass Yumashev et al., 2001 
1.34* Nd:YAG V3+:YAG Jabczynski et al., 2001 
1.34* Nd:YAP V3+:YAG Jabczynski et al., 2001 
1.34* Nd:YVO4 V3+:YAG Jabczynski et al., 2001 
1.34 Nd:YAP Cu2Se:glass Yumashev et al., 2001 
1.34 Nd:YAG Co2+:MgAl2O4 Wu et al., 2000 
1.34 Nd:YALO Co2+:LaMgAl11O19 Yumashev et al., 1998 
1.44 Nd:KGW Co2+:MgAl2O4 Wu et al., 2000 
1.44* Nd:YAG V3+:YAG Kuleshov et al., 2000 
1.5* Yb,Tm:YLF Co2+:LaMgAl11O19 Braud et al., 2000 
1.53 Er:glass U2+:CaF2 Stultz et al., 1995 
1.54* Er:glass Co2+:LaMgAl11O19 Thony et al., 1999;

Yumashev et al., 1999 
1.54* Er:glass Co2+:MgAl2O4 Wu et al., 2000 
1.54 Er:glass Co2+:glass Malyarevich et al., 2001a 
1.54 Er:glass Cu2+xSe:glass Yumashev et al., 2001 
2.0 Tm,Cr:YAG Ho:YLF Kuo et al., 1994 
2.1 Ho:YAG PbSe:glass Malyarevich et al., 2001b 

Note: An asterisk denotes demonstration in a miniature or microchip laser.
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use of semiconductor saturable absorbers (Braun et al., 1996; Braun et al.,
1997). In all cases, the simplicity of the passively Q-switched microchip
laser and the small amount of material used by it give it the potential for
inexpensive mass production; nearly monolithic construction results in
robust devices.

The minimum pulse width that can be obtained from any Q-switched laser
is given by Equation 1.37. Because microchip lasers are physically very short,
they have very short cavity round-trip times and can produce very short
output pulses. As an example, a 0.75-mm-long Nd:YAG/Cr4+:YAG microchip
laser has a round-trip time of 8.2 ps. Pumped with an incident power of 1 W
from a semiconductor diode laser, it is possible to achieve a round-trip gain
of 1.4, resulting in a pulse width as short as 200 ps. To put this in perspective,
before the work on electro-optically Q-switched microchip lasers (Zayhowski
and Dill, 1992; Zayhowski and Dill, 1995), the shortest Q-switched pulse
obtained from a solid-state laser was about 1 nsec, and Q-switched Nd:YAG
lasers typically produce pulse widths in excess of 5 nsec long.

The Nd:YAG/Cr4+:YAG passively Q-switched microchip laser shown in
Figure 1.1 produces an output pulse with a 218-ps pulse width. It operates
at 10 kHz with a pulse energy of 4 μJ and peak power in excess of 15 kW.
The high peak powers of passively Q-switched microchip lasers are another
aspect of the devices that make them very interesting.

In addition to producing extremely short Q-switched pulses with high
peak powers, the short length of the microchip cavity promotes single-
frequency operation (Subsection 1.2.5), so that the output pulses are free of
mode beating. The flat cavity mirrors strongly favor fundamental-transverse-
mode operation (Subsection 1.2.7). The result is an output beam with nearly
ideal temporal and spatial mode properties. The pulse-to-pulse amplitude
fluctuations of the high-performance devices have been measured to be
<0.05%. Pulse-to-pulse timing jitter tracks fluctuations in the output of the
pump diodes and is typically 1% of the pump period (Subsection 1.2.5.4).

Composite-cavity microchip lasers containing a Nd:YAG gain medium dif-
fusion bonded to a Cr4+:YAG saturable absorber have demonstrated pulses as
short as 200 ps when pumped with a 1-W diode laser (Zayhowski and Dill,
1994; Zayhowski et al., 1995). They can produce pulse energies in excess of 14
μJ, peak powers in excess of 30 kW, and time-averaged powers up to 120 mW.
They typically operate at repetition rates between 8 and 15 kHz. Repetition
rates as high as 70 kHz have been demonstrated (Zayhowski and Dill, 1994),
but at the expense of pulse width and peak power. Specifications and perfor-
mance parameters for several diffusion-bonded Nd:YAG/Cr4+:YAG microchip
lasers are given elsewhere (Zayhowski, 1998), and devices are commercially
available. Monolithic passively Q-switched lasers using Cr4+,Nd3+:YAG as both
the gain medium and saturable absorber have demonstrated similar perfor-
mance (Wang et al., 1995).

Pulses as short as 180 ps have been obtained by Q switching Nd:LaSc3(BO3)4

microchip lasers with semiconductor antiresonant Fabry–Pérot saturable
absorbers (Braun et al., 1996). Pulses as short as 37 ps were obtained using
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the same method in a Nd:YVO4 laser (Spühler et al., 1999). Devices based
on semiconductor saturable absorbers operate at lower pulse energies and
peak powers than Cr4+:YAG devices but have been pulsed at repetition rates
up to 7 MHz (Braun et al., 1997).

All of the passively Q-switched microchip lasers mentioned above operate
on the ~1.06-μm Nd3+ transition. Passively Q-switched microchip lasers oper-
ating on the 1.32-μm (Keller, 1996), 0.946-μm (Zayhowski et al., 1996, Zay-
howski, 1997c), and 1.074-μm (Zayhowski et al., 2000) Nd3+:YAG transitions
have also been demonstrated. Other passively Q-switched microchip lasers
use the 1.34-μm transition in Nd:YVO4 (Fluck et al., 1997) and the 1.55-μm
transition in Er:glass (Thony et al., 1999). A slightly larger miniature passively
Q-switched laser used the 1.5-μm Yb:Tm:YLF transition (Braud et al., 2000).

1.3.1.2.2 High-Power Embodiments

The Q-switched microchip lasers discussed above were pumped with ~1-W
of optical power. Several devices have been designed to be pumped with
the higher-power output of fiber-coupled diode-laser arrays (Zayhowski,
1998; Zayhowski, 1997a; Zayhowski, 1997b; Zayhowski et al., 1999).

In addition to the gain medium and saturable absorber, the higher-power
devices typically have undoped YAG endcaps, as shown in Figure 1.6. The
endcaps perform several functions. One thing they do is lengthen the cavity.
The higher-power devices typically have a cavity length of between 2 and
24 mm. Longer cavities produce oscillating modes with a larger diameter,
which can more efficiently use the power deposited by the pump diodes.
Increasing the cavity length also increases the output pulse length, keeping
the peak intensity of these higher-power devices below the damage thresh-
olds of the materials used. In addition, a longer pulse width may be desirable
if the laser is to be used to pump optical parametric oscillators (OPOs)
(Zayhowski, 1997c; Zayhowski, 1997b). In this case, longer pulses result in
a lower thresholds for the OPOs (Byer, 1975).

The undoped YAG endcaps also remove heat from the active region of the
gain medium, reducing thermal gradient and allowing higher-repetition-rate
operation of short-pulse devices. Finally, they increase the damage threshold
of the microchip lasers by reducing the thermal stress on the dielectric mir-
rors and by removing the active materials from the air interfaces.

FIGURE 1.6
Illustration of high-power passively Q-switched microchip laser.
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The increased heat load of the high-power microchip lasers forces us to pay
more attention to heat sinking, and these devices can no longer be bonded to
the ferrule of the pump fiber. High-power lasers are typically heatsunk on the
top and bottom. The direction of the heat flow and the stress induced by
mounting the heat sink breaks the symmetry of the isotropic gain medium (in
the case of Nd:YAG) and defines the eigenpolarizations of the system. A typical
high-power microchip laser head is shown schematically in Figure 1.7.

High-power devices pumped with high-brightness 10- to 25-W fiber-cou-
pled diode-laser arrays have demonstrated pulse widths as short as 150 ps,
pulse energies as high as 250 μJ, peak powers up to 565 kW, and time-
averaged powers up to 1.2 W. They typically operate at pulse repetition rates
between 1 and 20 kHz. Like the low-power devices, the high-power passively
Q-switched microchip lasers have nearly ideal mode properties and excellent
pulse-to-pulse stability. Specifications and performance parameters for sev-
eral high-power Nd:YAG/Cr4+:YAG microchip lasers are given elsewhere
(Zayhowski, 1998; Zayhowski et al., 1999; Zayhowski and Wilson, 2003a),
and high-power devices are commercially available.

1.3.2 Amplification

Passively Q-switched microlasers excel in generating subnanosecond, single-
frequency pulses, but often at the expense of pulse energy, because the small
volume of the gain medium limits the stored energy capacity. The highest
pulse energy demonstrated with a passively Q-switched microchip laser
using flat cavity mirrors is 250 μJ; the highest average power demonstrated
with such a device is 1.2 W (Zayhowski, 1998; Zayhowski et al., 1999). Using
an unstable resonator with a much larger mode, pulse energies as high as
2.15 mJ have been obtained at low repetition rates (Liu et al., 1998).

As the required output power of the laser system increases, the need for
amplification becomes apparent. For a 1.064-μm Nd:YAG/Cr4+:YAG passively
Q-switched microchip laser either Nd:YAG (Druon et al., 1999; Zayhowski
and Wilson, 2002; Zayhowski and Wilson, 2003b) or Nd:YVO4 (Isyanova et
al., 2001; Zayhowski and Wilson, 2004) can be used for the amplifier. For
microchip lasers with low pulse energies, the need to drive the amplifier into
saturation for efficient energy extraction makes Nd:YVO4 the preferred gain

FIGURE 1.7
Schematic of high-power passively Q-switched microchip laser head.
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medium because of its larger emission cross section and lower saturation
fluence. For higher-energy microchip lasers, where reaching saturation in the
amplifier is not an issue, the mechanical and thermal properties of Nd:YAG
make it the preferred gain medium.

A modest amount of amplification can be achieved by scavenging the unused
pump light from the microchip laser to pump an in-line amplifier. Longitudi-
nally pumped microchip lasers tend to be inefficient, in part due to inefficient
absorption of the pump light owing to the short length of the gain medium.
This becomes more pronounced in lasers designed for very short pulse widths.
By scavenging the unabsorbed pump light to pump an in-line Nd:YVO4 ampli-
fier, as shown in Figure 1.8 and Figure 1.9, the efficiency of short-pulse, high-
power passively Q-switched microchip laser systems can be more than tripled,
with minimal added cost, size, or complexity (Zayhowski and Wilson, 2004).
With the use of energy-scavenging amplifiers, short-pulse microchip-laser sys-
tems operate with optical-to-optical efficiencies up to 15% at 1.064 μm. Such
systems can be used anywhere that simple microchip lasers could be used.

To obtain higher output power, a double-pass Nd:YAG microchip amplifier
can be introduced into the system, as shown in Figure 1.10 (Zayhowski and
Wilson, 2002; Zayhowski and Wilson, 2003b). At 10 kHz, the microchip
amplifier boosts the output of the passively Q-switched laser from 75 μJ
(typically) to 210 μJ. At repetition rates below 2.5 kHz, 500 μJ/pulse have
been obtained, with peak powers in excess of 1 MW. The output of the
amplifier, at the highest output powers, is better than 1.2 times diffraction
limited. In its current embodiment, the oscillator/amplifier system occupies
a volume of <0.25 liters and can put out >2 W of time-averaged power, and
there is considerable room for further size reduction (Figure 1.9).

FIGURE 1.8
Energy-scavenging amplifier: (a) illustration of concept; (b) schematic of current embodiment.
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Multipass amplifiers have been used to increase the output power of low-
power microchip lasers operating at several tens of kilohertz (Druon et al.,
1999). Systems based on this approach are commercially available. Power
amplifiers (Isyanova et al., 2001) have been used to increase the output pulse
energy of passively Q-switched microchip laser systems beyond 1 mJ. There
are ongoing efforts, driven by applications, to reach much higher energies.

FIGURE 1.9
Photograph of miniature amplified, frequency-doubled microchip laser.

FIGURE 1.10
Photograph of amplified passively Q-switched microchip laser system. Optical components are
labeled. Hidden optical components and the beam paths are drawn on top of the photograph.
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1.3.3 Frequency Conversion

1.3.3.1 Nonlinear Frequency Conversion

The high peak powers obtained from passively Q-switched microchip lasers
enable a variety of miniature nonlinear optical devices. Harmonic generation,
frequency mixing, parametric conversion, and stimulated Raman scattering
have been used with microchip lasers for frequency conversion to wave-
lengths covering the entire spectrum from 213 nm to 4.3 μm in extremely
compact optical systems.

1.3.3.1.1 Harmonic Conversion

Because of its high peak intensity, the output of even the low-power
Nd:YAG/Cr4+:YAG passively Q-switched microchip lasers can be efficiently
frequency-doubled by simply placing a 5-mm-long piece of KTiOPO4 (KTP)
near the output facet of the laser, with no intervening optics. With 1-W-pumped
devices, doubling efficiencies as high as 70% have been demonstrated (Zay-
howski and Dill, 1999), although more typical numbers are between 45% and
60%. Because there is still high peak intensity and good mode quality in the
green, it is possible to frequency-convert the green radiation into the UV by
placing the appropriate nonlinear material (β-BaB2O4, BBO) adjacent to the
output facet of the KTP, as shown in Figure 1.11. In all cases, the crystals are
polished flat on the faces normal to the optic axis and proximity-coupled to
each other without any intervening optics, allowing for very simple, and poten-
tially inexpensive, fabrication. With this approach, and a 1-W-pumped
Nd:YAG/Cr4+:YAG passively Q-switched microchip laser, up to 7 μJ of green,
1.5 μJ of third-harmonic, 1.5 μJ of fourth-harmonic, and 50 nJ of 213-nm (fifth-
harmonic) light have been demonstrated at a typical pulse repetition rate of
10 kHz (Zayhowski et al., 1995; Zayhowski, 1997c; Zayhowski, 1996a; and
Zayhowski, 1996b). In each case, the optical head of the device, including the
passively Q-switched microchip laser and the nonlinear crystals, has been
packaged in a 1-cm-diameter × 2.5-cm-long stainless-steel housing, as shown
in Figure 1.12. The electronics required to operate the system fit in an 11 × 17
× 4-cm box that consumes ~8 W of power at room temperature. The wavelength
diversity offered by harmonic conversion opens up numerous applications. To

FIGURE 1.11
Schematic of UV harmonically converted passively Q-switched microchip laser.
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address those applications, microchip laser systems with characteristics similar
to those described are commercially available at 532, 355, and 266 nm.

The high-power passively Q-switched microchip lasers can be harmoni-
cally converted to produce high-power UV output. Devices producing over
19 μJ of 355-nm output, or 12 μJ of 266-nm output, at 5 kHz, have been
packaged in robust, 2.5-cm-diameter × 8-cm-long housings (Zayhowski,
1998; Zayhowski et al., 1999). A high-power 1.074-μm Nd:YAG/Cr4+:YAG
passively Q-switched microchip laser has been frequency-converted to gen-
erate more than 1 μJ of 215-nm light, its fifth harmonic, in the same size
package (Zayhowski et al., 2000).

Microchip oscillator/amplifiers have been used in high-power green laser
systems that produce 100 μJ of 532-nm radiation in a 460-ps pulse at pulse
rates up to 10 kHz, in an output beam that is 1.4 times diffraction limited
(Zayhowski and Wilson, 2002). A high-energy UV system, based on a micro-
chip oscillator/amplifier, produces 110 μJ of 355-nm radiation in a 700-ps
pulse, with near-diffraction-limited output, at pulse repetition rates up to
500 Hz (Zayhowski and Wilson, 2003b). The optical heads for each of these
systems contain two equal-size compartments; the first compartment houses
the oscillator/amplifier (similar to that shown in Figure 1.10), the second
contains an optical breadboard that can accommodate a variety of nonlinear
frequency-conversion schemes, including those just mentioned. The volume
of the optical heads is <0.5 liters. A photograph of one of the optical heads
is shown in Figure 1.13.

An interesting variation of the harmonically converted passively Q-
switched microchip laser uses a self-frequency-doubling material,
Nd3+:GdCa4O(BO3)3, as the gain medium (Zhang et al., 2001). Systems using
a single material as the gain medium, saturable absorber, and nonlinear
crystal have been proposed, but not yet attained in practice.

1.3.3.1.2 Optical Parametric Conversion

The high-power passively Q-switched microchip lasers can also be used to
pump optical parametric amplifiers (OPAs), oscillators (OPOs), and generators
(OPGs). The unfocused 1.064-μm output of a microchip laser has been used
to drive several periodically poled lithium niobate (PPLN) OPGs, covering the

FIGURE 1.12
Optical head of low-power UV microchip-laser system packaged in a 1-cm-diameter × 2.5-cm-
long stainless-steel housing.
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spectral range from 1.4 to 4.3 μm (Zayhowski, 1997a; Zayhowski and Wilson,
2000). In these experiments, nearly 100% conversion of the pump radiation
was observed at the peak of the pulse. A photograph of the OPG system is
shown in Figure 1.14. The microchip laser used to pump the OPG is contained
in the first, covered section of the housing. An oven containing the OPG is
in a second section and is shown uncovered in the photo.

A similar range of wavelengths has been accessed with microchip-laser-
pumped OPOs (Capmany et al., 2001). KTP OPOs have been pumped with
the second harmonic of a high-power microchip laser and operated at signal
and idler wavelengths between 700 and 2000 nm (Zayhowski, 1997b).

1.3.3.1.3 Raman Conversion
Intracavity Raman frequency conversion has been demonstrated in
Nd:YAG/Cr4+:YAG and Nd:LSB/Cr4+:YAG passively Q-switched microchip
lasers using Ba(NO3)2 as the Raman medium (Demidovich et al., 2003). Up
to 1.2 μJ of energy was obtained at the Stokes wavelength of 1.196 μm,
corresponding to 8% conversion efficiency. The pulse duration, at 1.196 μm,
was as short as 118 ps.

FIGURE 1.13
Photograph of optical head used for nonlinear optical systems and gain-switched lasers pumped
with a microchip oscillator/amplifier.

FIGURE 1.14
Photograph of passively Q-switched microchip laser/OPG system.
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Raman combined with other nonlinear effects in fibers can be used to create
extremely broadband, spatially coherent optical continua. Because the output
of microchip lasers is diffraction limited, it is possible to focus the beam into
a single-mode optical fiber. The intensities in the fiber core can reach 100
GW/cm2. These intensities lead to very efficient stimulated Raman scattering
(Agrawal, 1995; Zayhowski, 1997c; Zayhowski, 1999; Zayhowski, 2000;
Johnson et al., 1999). The input wavelength efficiently generates the first Stokes
line, which is red-shifted and broadened. This line generates a second Stokes
line, which is further shifted and further broadened. The second line generates
a third, and so on. Once Raman shifting generates light on both sides of the
fiber’s zero-dispersion wavelength, four-wave mixing broadens the spectrum
beyond what is expected from Raman shifting alone and generates a smoother
continuum. As shown in Figure 1.15a, a relatively featureless output spectrum
extending from 850 nm to 2.25 μm is obtained by pumping a 100-m length of
10-μm-core fiber with the output from a 1.064-μm passively Q-switched micro-
chip laser. The long-wavelength end of the continuum is limited by absorption
in the fiber. The spectrum obtained from a 100-m length of 4.6-μm-core fiber
pumped with 532-nm second-harmonic light from a passively Q-switched
microchip laser extends from the green to 950 nm, as shown in Figure 1.15b.
In this case, all of the light is on the short-wavelength side of the fiber’s zero
dispersion point, frequency shifting is dominated by the Raman effect, and
many of the individual Raman lines are easily identified.

FIGURE 1.15
Output spectra obtained through cascaded stimulated Raman scattering in: (a) 100-m length
of 10-μm-core fiber pumped with 1.064-μm light; (b) 100-m length of 4.6-μm-core fiber pumped
with 532-nm light.
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Microstructured fibers can have their zero-dispersion wavelength any-
where throughout the visible or near-IR, making it possible to obtain
smooth, broadband continua covering the entire transmission window of
the fiber (Ranka et al., 2000; Provino et al., 2001; Wadsworth et al., 2004;
Champert et al., 2004). Microstructured fibers can also have much larger
mode cross sections and result in higher-power white-light systems (Cham-
pert et al., 2002).

1.3.3.2 Gain-Switched Lasers

Gain-switched lasers with spectrally broad gain bandwidths offer an alter-
native to optical parametric devices as tunable short-pulse sources. As the
pump-pulse durations get shorter, the thresholds of optical parametric oscil-
lators (OPOs) increase because of the cavity build-up time. This is a result
of the fact that the gain of the system is only present during the pump pulse.
Because the cavity build-up time increases with cavity length, there is a large
penalty (in threshold) for including passive elements within the OPO cavity
(Byer, 1975; Zayhowski, 1997b). Gain-switched lasers do not suffer the same
penalty, because energy (hence gain) is stored in the gain medium until it is
extracted. In tunable systems, or when narrow linewidths are desired, it is
often necessary to use intracavity frequency-selective elements. For short-
pulse applications where tunability or narrow linewidth is required, gain-
switched lasers can have a lower threshold than OPOs and provide more
robust operation.

The equations that describe a Q-switched pulse also describe a gain-
switched pulse. The difference is that the operation of the laser is controlled
by gain rather than loss. Once we know the inversion density at the beginning
of the output pulse, all of the formalism developed in Section 1.2 applies.
Essentially, given the temporal pump profile, we must calculate the pulse
build-up time and integrate the pump rate up to that time to obtain N0. For
a given pump energy, the minimum pulse width is obtained when the inver-
sion density in the gain-switched laser is about three times above threshold
at the time the pulse forms. If the goal is to have a single output pulse extract
the maximum amount of energy from each pump pulse, the duration of the
pump pulse should typically be less than three to ten times the output pulse
width. Longer pump pulses can lead to multiple output pulses.

Miniature gain-switched lasers, pumped by passively Q-switched microchip
lasers or their harmonics, can be broadly tunable (Ti:sapphire is tunable from
650 to 1100 nm) and are an attractive alternative to parametric devices for many
short-pulse applications (Zayhowski et al., 2001). Figure 1.16 shows a schematic
of a miniature gain-switched Ti:sapphire laser; a photograph is shown in Figure
1.17. The input mirror of the laser is coated directly onto the Ti:sapphire
(Ti:Al2O3) crystal. To control the bandwidth of the laser output, intracavity
frequency-selective elements are used, including a birefringent filter and quartz
etalons. The Ti:sapphire laser was packaged with a frequency-doubled high-
power Nd:YAG/Cr4+:YAG passively Q-switched microchip-laser pump in an
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optical head that occupies a volume of <0.2 liters, as shown in Figure 1.18
(Zayhowski and Wilson, 2002). It operates at a center wavelength of 780
nm, producing 5.5 μJ in a 1-nsec pulse with a 0.3-nm bandwidth. The
amplitude stability is better than 2% at pulse repetition rates from 0 to 10
kHz, and the output beam is TEM00, diffraction limited.

A high-power gain-switched Ti:sapphire laser, based on a microchip oscil-
lator/amplifier, has also been built (Zayhowski and Wilson, 2002), The high-
power Ti:sapphire laser generates 18.4 μJ of 780-nm radiation in a 700-ps
pulse with a 0.17-nm bandwidth at pulse rates up to 10 kHz, in a diffraction-
limited, TEM00 output beam. The optical head is similar to that shown in
Figure 1.13, with a volume <0.5 liters. This is one of the most complex
microchip-laser-based sources built. Yet, it is an environmentally sealed,
turnkey system designed to survive temperature excursions from –40° to
71°C, shocks in excess of 20 G, and the vibrations encountered in demanding
flight scenarios. This system was built to meet the demands of military use,
industrial use, and flight.

FIGURE 1.16
Schematic of miniature gain-switched Ti:sapphire laser.

FIGURE 1.17
Photograph of miniature gain-switched Ti:sapphire laser.
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Several other miniature Ti:sapphire gain-switched lasers were built and
tested. Pulse widths as short as 350 ps were demonstrated, bandwidths as
narrow as 0.05 nm were measured, and tuning was demonstrated over the
full free-spectral range of the intracavity etalons (Zayhowski et al., 2001).

Miniature gain-switched lasers using Cr4+:YAG as a gain medium were also
demonstrated. Pumped with the 1.064-μm output of a passively Q-switched
microchip laser, they produced 2-μJ pulses at 1.44 μm, with a 4-nsec pulse
width (Zayhowski et al., 2001). The broad gain bandwidth of Cr4+:YAG should
allow this laser to be operated at wavelengths from 1.3 to 1.6 μm.

It should also be possible to pump Ce-doped-fluoride crystals with the
fourth harmonic of a Nd:YAG/Cr4+:YAG passively Q-switched microchip
laser to obtain broadly tunable miniature gain-switched lasers operating in
the near-UV (Marshall et al., 1994).

1.4 Applications

1.4.1 Overview

Passively Q-switched microchip lasers, and compact solid-state laser systems
based on them, are attractive for a wide range of applications. The short
pulses are useful for high-precision ranging using time-of-flight techniques,
with applications in three-dimensional imaging, target identification, and
robotics. The short pulse durations and ideal mode properties can also be
used to advantage in the characterization of materials. The high peak powers
of microchip lasers can be used to photoablate materials, leading to appli-
cations in laser-induced breakdown spectroscopy, micromachining, and
marking. As has been discussed, the high peak powers also enable the
construction of extremely compact nonlinear optical systems. The ultraviolet

FIGURE 1.18
Photograph of passively Q-switched microchip laser/miniature gain-switched Ti:sapphire laser
system.
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systems, in particular, have already been used to perform UV fluorescence
spectroscopy for a variety of applications, including environmental monitor-
ing and the detection of biological particles.

Here, I will only discuss microchip laser applications that we have worked
on at MIT Lincoln Laboratory. Three of these applications will be discussed
in detail, including: three-dimensional imaging, where the short pulse width
is the key feature of the laser; laser-induced breakdown spectroscopy, where
the extremely high peak powers are the enabling laser characteristic; and
environmental monitoring using a cone penetrometer, where the small size
of the UV head and the ability to fiber pump it at IR wavelengths are
essential. A brief review of other applications will follow.

1.4.2 Ranging and Imaging

1.4.2.1 Scanning Three-Dimensional Imaging Systems

Time-of-flight optical ranging is an important application for passively Q-
switched microchip lasers. The resolution of a time-of-flight ranging system
is one half of the speed of light multiplied by the pulse width. A 200-ps
optical pulse can provide a range resolution (minimum separation between
two resolvable objects) of 3 cm. When the shape of the optical pulse is
repeatable, as is the case for the microchip laser, the accuracy of the system
can be much better. At MIT Lincoln Laboratory, we developed a compact
time-of-flight optical transceiver using a low-power frequency-doubled
green microchip laser attenuated to the Class-II eye-safe level of 0.2 μJ per
pulse. With it, we were able to range to objects, including black felt, with a
single-pulse range accuracy of 1 mm at distances up to 50 m. The system
used a commercial 1-GHz detector and 5-cm-diameter collection optics. Cou-
pled to a two-dimensional scanning system, the high repetition rate of the
laser made it possible to obtain high-resolution three-dimensional images in
minutes. This system, originally called CyraxTM, was developed in collabo-
ration with Cyra Technologies, Inc., which has since been acquired by Leica
Geosystems. Leica Geosystems offers a commercial, tripod-mounted, bat-
tery-operated version of this system, with software that can quickly convert
the captured images to three-dimensional CAD models. Applications include
automated production, civil engineering, construction, and architecture.

One of the sites used to beta test Cyrax was the Norfolk Naval Shipyard,
where the U.S. Navy was interested in creating a virtual model of an aircraft
carrier (Zayhowski, 1999). The ship used in the beta tests was the USS
Tarawa. The image in the left of Figure 1.19 shows the Cyrax imaging system
set up on the deck of the ship. From that position, it collected a three-
dimensional cloud of points representing the ship’s surfaces. The image of
the mast, in the center of Figure 1.19, was captured by Cyrax at a distance
of 60 m, and the two-dimensional drawing shown in the right side of Figure
1.19 was generated from it. Measurements taken from this drawing are
accurate to within 6 mm.
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The system just described uses one of the least powerful of the
Nd:YAG/Cr4+:YAG microchip lasers discussed in this chapter and attenuates
its frequency-doubled output. Higher-power devices have the capability of
ranging to much greater distances. The unamplified output of high-power
passively Q-switched microchip lasers can be used to perform earth-to-
satellite ranging with centimeter accuracy (Degnan and McGarry, 1997; Deg-
nan and Zayhowski, 1999). The output of microchip-laser-pumped OPAs,
OPOs, and OPGs; Yb,Er passively Q-switched lasers; or Cr4+ gain-switched
lasers can be used to perform ranging at eye-safe wavelengths.

1.4.2.2 Flash Three-Dimensional Imaging Systems

What if in addition to having more transmitted power we also had the ability
to detect single photons? The impulse response of the detector used in Cyrax
had a noise-equivalent energy of ~50 photons. What if we had two-dimen-
sional arrays of detectors with single-photon sensitivity? At MIT Lincoln
Laboratory, we have been working on such systems, and have recently dem-
onstrated the world’s first flash three-dimensional ladar (laser detection and
ranging) system (Heinrichs et al., 2001; Albota et al., 2002a; Albota et al., 2002b;
Aull et al., 2004). The detector in the system, built at MIT Lincoln Laboratory,
is a 32 × 32 array of Geiger-mode avalanche photodiodes (APDs) bonded to
a commensurate array of CMOS timing circuits with 500-ps accuracy (Aull
et al., 2004). The hardware is shown in Figure 1.20. An outgoing light pulse
starts the clocks for all of the timing circuits. A single return photon incident
on one of the APDs stops the clock for that element. After a predetermined
amount of time, the timing information is read out digitally from the full

FIGURE 1.19
Photograph of Cyrax imaging system set up on the deck of the USS Tarawa (left); (center) three-
dimensional image of ship’s mast captured by Cyrax at a distance of 60 m; (right) two-dimen-
sional CAD drawing generated from three-dimensional image, accurate to 6 mm.
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array and used to create a three-dimensional image from a single laser pulse.
Spectral filtering is used to reduce the effects of background light; range
gating is used to reduce the effects of electrical noise, or dark counts.

With some of the flash ladar systems we built, the object being imaged is flood
illuminated, and the return light is concentrated on the active portions of the
APD array using an array of microlenses. In other systems, the transmitted light
passes through a holographic element to produce a 32 × 32 array of spots at the
object. The spot array is imaged onto the active portions of the detector array,
so that background light outside of the illuminated spots is not seen.

Early trials of the flash ladar system used strong laser illumination, result-
ing in greater than one return photon per detector element. They demon-
strated the ability to create a three-dimensional image from a single laser
pulse and proved that a system with single-photon sensitivity could operate
in full sunlight.

In some cases it is preferable to operate the Geiger-mode imager with an
average return of less than one photon per pixel per laser pulse. Under such
conditions, it is possible to see through semitransparent screens, foliage, or
camouflage netting. The probability of the return photon coming from the
“hidden” object depends on the transmission of the obscurant. A test of the
system operating under these conditions was performed by looking down
at a heavily wooded area from a tower at Redstone Arsenal. The ladar system
was mounted at three different positions on the tower, and the three-dimen-
sional images from the three locations were registered to form a single image.
For each position of the ladar system, a small number of transmitted photons

FIGURE 1.20
Prototype flash ladar system.
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passed though gaps in the foliage and struck the objects below. Each of the
three vantage points provided different gaps, and different portions of the
hidden objects were illuminated. As a result, it was possible to image picnic
tables, a gazebo, a jeep, a P.T. Cruiser, and a pile of sticks, despite heavy
obscuration by the foliage, as shown in Figure 1.21. (A single two-dimen-
sional black and white image does not do the three-dimensional image
justice.) More recently, the flash ladar system has been made rugged and
mounted on a helicopter. Field tests using the helicopter resulted in even
more impressive images, because there were many more vantage points and
more opportunities to penetrate the foliage at different angles.

1.4.3 Laser-Induced Breakdown Spectroscopy

Laser-induced breakdown spectroscopy (LIBS) is an example of a less devel-
oped, but very promising, application of the passively Q-switched microchip
laser. Although the per pulse energy is relatively low compared to lasers con-
ventionally used in this application, the diffraction-limited beam of the pas-
sively Q-switched microchip laser can be focused to a spot size as small as 1
μm in diameter. Even the low-power microchip lasers can be focused to inten-
sities in excess of 1 TW/cm2. This is sufficient to break down metals and many
other solids (Zayhowski, 1996a; Zayhowski and Johnson, 1996; Bloch et al.,
1998). In the resulting plasma, there are highly excited ions, atoms, and mole-
cules;  each emits a unique spectrum as it recombines. By examining the recom-
bination spectra, it is possible to determine the elemental composition of the
material. We have demonstrated the detection of various metals in soil using
a low-power microchip laser and a compact diode-array-based spectrometer
(Bloch et al., 1998). Because the optical pulse width is short and the resulting
plasma volume is small, the plasma continuum radiation decays rapidly (in
~15 nsec). This has allowed us to measure concentrations of metals as low as
100 ppm without any of the standard temporal or spatial gating that conven-
tional LIBS systems employ (Radziemski and Cremers, 1989; Theriault and
Lieberman, 1995; Castle et al., 1997). Potential applications include the identi-
fication of heavy-metal contaminants such as Pb, Hg, Cd, Cr, and Zn (Bell, 1994).

As the power of the microchip laser increases, so too does the sensitivity
of the resulting LIBS system and the variety of materials that can be exam-
ined. Midpower devices, pumped with 3-W diode-laser arrays, easily break
down transparent media, including glasses and water; the focused output
of the highest-power devices can break down clean air, as shown in Figure
1.22, with potential applications in the monitoring of effluents and closed-
loop process control.

1.4.4 Environmental Monitoring

Laser-based techniques are highly sensitive methods for determining con-
centrations of chemical species, including pollutants. For many applications,
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FIGURE 1.21
View of foliage as seen by ladar system mounted on tower at Redstone Arsenal (top); (middle)
photograph of objects obscured by foliage; (bottom) three-dimensional image of objects ob-
tained through foliage.
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the optimal measurement wavelengths lie in the UV. In recent years, remote
detection has been performed with UV light delivered to the remote area
with an optical fiber. Unfortunately, optical fibers transmit UV poorly. Thus,
powerful lasers are required to provide sufficient energy at the fiber’s distal
end to ensure adequate detection sensitivity. In addition, sensitivity is criti-
cally dependent on the fiber length. These limitations can be overcome by
using a multimode fiber to deliver easily transmitted near-IR diode-laser
pump radiation to a remote head containing a UV frequency-converted
passively Q-switched microchip laser (Zayhowski, 1996a; Zayhowski and
Johnson, 1996; Bloch et al., 1998).

At MIT Lincoln Laboratory, we constructed a sensor head that is 2.5-cm
diameter × 7-cm long for use in a cone penetrometer (Lieberman et al., 1991;
Chudyk et al., 1989; Schade and Bublitz, 1996; Bujewski and Rutherford,
1997) to characterize subsurface soil contamination at depths up to 50 m.
The sensor head contains a frequency-quadrupled low-power passively Q-
switched Nd:YAG/Cr4+:YAG microchip laser and collection optics, as shown
in Figure 1.23. The laser output is filtered to remove the IR and visible light
before the UV light is focused outside through a sapphire window. Fluores-
cence from material contacting the window is collected and focused into a
500-μm-core return fiber for spectral analysis. The short duration of the
excitation pulse facilitates accurate measurements of the decay times of even
the short-lived benzene, toluene, ethylbenzene, and xylene (BTEX) com-
pounds (decay times from 2 to 60 nsec). Measurements of fluorescence decay
times offer greater chemical selectivity than that of spectra alone (St. Germain
and Gillispie, 1992). In field tests, from spectra including those shown in
Figure 1.24, we identified BTEX compounds as well as heavier aromatic
hydrocarbons that resulted from contamination due to aviation and heating
fuels (Bloch et al., 1998). These tests demonstrated that the microchip-laser-
based probe offers the potential for in situ, real-time characterization of soils
and groundwater in a robust, compact, inexpensive package.

FIGURE 1.22
Focused output of high-power passively Q-switched microchip laser creating breakdown in
clean air.
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For compounds that do not fluoresce appreciably, such as chlorinated
solvents, we have measured Raman spectra, using the time domain to dis-
tinguish the Raman lines from fluorescence due to interferents in the same
spectral region (Bloch et al., 1998). UV excitation spectroscopy, using the
frequency-quintupled output of a 1.074-μm passively Q-switched microchip
laser, has been used to detect NOx, for the detection of energetic contaminants
such as the explosives TNT, RDX, and HMX (Wormhoudt et al., 2000a;
Wormhoudt et al., 2000b; Zayhowski et al., 2000).

A related application of the passively Q-switched microchip laser is the
detection of biological warfare agents. In this application, UV laser-induced
fluorescence is used for the detection and classification of airborne biological

FIGURE 1.23
Cross section of cone penetrometer containing a sensor comprising a frequency-quadrupled
passively Q-switched microchip laser and collection optics. When deployed, a cone-shaped end
is attached to one end of this section and several additional lengths of pipe are added to the other.

FIGURE 1.24
Wavelength-time spectra obtained with cone penetrometer at depths of 10.5, 11.0, 11.5, 12.0,
and 12.5 ft. The intensity of the fluorescence signal, indicated in false color/intensity, is pro-
portional to the concentration of the contaminant; the spectral and temporal details identify
the contaminant.
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particles (Jeys, 1998; Primmerman, 2000). The small size of the UV laser has
allowed us to reduce the size of the sensor system to make it man-portable.
The turnkey nature of the laser, and its robustness, make it possible to put
these sensors in the hands of combat soldiers. The relatively low cost makes
it practical to distribute enough of them to do some good. Systems like the
one shown in Figure 1.25 have already seen use in several parts of the world.

1.4.5 Other Applications

Passively Q-switched microchip lasers are attractive devices for a wide range
of applications, beyond those discussed in detail above. It should be apparent
from the discussion of laser-induced breakdown spectroscopy that the Q-
switched output of a microchip laser can photoablate most materials, includ-
ing metals, semiconductors, glasses, and biological tissues. We have used a
low-power Nd:YAG/Cr4+:YAG passively Q-switched microchip laser at both
1.064 μm and 532 nm to cut clean 5-μm-wide lines in the metallization on
semiconductor wafers and to drill holes through the substrate. Higher-power
devices have been used to bore holes in glass, scribe alumina, etc. Applica-
tions ranging from marking and labeling to microsurgery are being pursued.

Active Impulse Systems, since acquired by Philips Analytical, developed
the Impulse 300TM, an instrument designed to measure the mechanical and
thermal properties of thin films, around a low-power passively Q-switched
microchip laser. In this application, the output of a frequency-doubled

FIGURE 1.25
Prototype biological agent warning sensor.
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microchip laser is split into two beams that are recombined interferometri-
cally on the surface of a thin-film material. Using the technique of impulsive
stimulated thermal scattering (Duggal et al., 1992; Banet et al., 1998; Rogers
et al., 2000), the Impulse 300 (and the later instruments derived from it) can
make nondestructive measurements of thin-film thickness to an accuracy of
5 nm, with a transverse resolution of 10 μm. It can also measure the aniso-
tropic elastic moduli and thermal diffusivity, as well as determine whether
or not there is delamination of the film, all at about 1000 measurements per
second. In addition to semiconductor manufacturing, potential applications
of this technology include checking for defects in painted or laminated
surfaces, and monitoring the curing of epoxies and resins.

SPARTA, Inc. uses the green and UV harmonics from a single low-power
passively Q-switched microchip laser in their second-generation nanAlignTM

interferometer system to remove measurement error that results from single-
wavelength interferometric measurements over a turbulent air path. By mea-
suring the amount of spectral dispersion in the path, this system improves
the ability to position the stage used to hold semiconductor wafers during
the lithography process.

High-power passively Q-switched microchip lasers, with their ability to break
down air when focused, have potential applications in combustion diagnostics,
effluent monitoring, and closed-loop process control. In addition to fluorescence
spectroscopy, the harmonically converted UV microchip lasers can be used for
flow cytometry, photo-ionization spectroscopy (Kunz et al., 1999), matrix-
assisted laser desorption and ionization (MALDI), and stereolithography.
Microchip-laser-pumped optical parametric devices and tunable gain-switched
lasers are robust, compact tools for IR spectroscopy. The broad spectrum gen-
erated by Raman scattering and four-wave mixing in fibers has applications in
time-resolved absorption, reflection, and excitation spectroscopy; active three-
dimensional hyperspectral imaging (Johnson et al., 1999); and white-light inter-
ferometry (optical coherence tomography). The list goes on, and new applica-
tions continue to emerge as this technology becomes more readily available.

1.5 Conclusion

Passively Q-switched microchip lasers are a new and important family of
high-performance devices. These lasers, and the systems based on them, are
small, efficient, robust, and low cost. They have the proven potential to take
what once were complicated laser-based experiments out of the laboratory
and into the field, enabling applications in diverse areas. The applications
discussed above account for only a few of the many passively Q-switched
microchip laser programs we have had at MIT Lincoln Laboratory since we
started working on the technology a decade ago; a much wider range of
applications is being developed worldwide.
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This technology is still in its infancy; passively Q-switched microchip lasers
are just now becoming commercially available. Further work can be expected
to lead to shorter pulses, higher peak powers, increased pulse energies, and
new wavelengths of operation. With advances in the technology, and
increased availability, the applications of passively Q-switched microchip
lasers will continue to expand.
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Pmm Probability of multimode operation in a passively Q-switched laser 
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Pp Pump power (W) 
Ppo Peak output power (W) 
Ppo,max Maximum obtainable peak output power (W) 
Pth Pump power at threshold (W) 
q Number of photons in the laser cavity 
q(1,2) Number of photons in the first mode at the time the second mode reaches threshold 
q0 Number of photons in the laser cavity at the time a Q-switched pulse begins to form
qp Number of photons in the laser cavity at the peak of the output pulse 

Photon emission rate (sec–1) 
Photon loss rate (sec–1) 
Absorption rate of photons by saturable-absorber ions in the ground state (sec–1)
Absorption rate of photons by saturable-absorber ions in the upper level (sec–1)
Spontaneous-emission rate of photons (sec–1)
Stimulated-emission rate of photons (sec–1)

Q “Quality” of the optical cavity 
r Radial coordinate (m) 
r0 Characteristic, thermally defined radius of the oscillating mode (m) 
rm Radius of the oscillating mode (m) 
rp Radius of the pump beam (m) 
Rs Ratio of saturable to unsaturable cavity losses 
Sp Pulse shape factor 
t Time (sec) 
trt Cavity round-trip time (sec) 
tw Pulse width (full width at half-maximum) (sec) 
tw,min Minimum obtainable pulse width (full width at half-maximum) (sec) 
T Temperature (K) 
To Transmission of the output coupler of a laser 
Wp Pump rate factor (sec–1)
Wp,s Pump rate factor for the saturable absorber (sec–1) 
z Coordinate along the cavity axis (m)
α Absorption coefficient of a material (m–1)
αe Thermal expansion coefficient (K–1)
αr Ratio of the optical power required to saturate the gain medium to the optical 

power required to saturate the saturable absorber 
γo Output-coupling loss coefficient 
γrt Round-trip loss coefficient, excluding loss due to a saturable absorber 
γrt,p Round-trip parasitic loss coefficient 
γrt,s Round-trip saturable loss coefficient 
γrt,t Total round-trip loss coefficient, including loss due to the saturable absorber 
γrt,t,t<0 Total round-trip loss coefficient prior to the onset of lasing 
γrt,t,t>0 Total round-trip loss coefficient after the laser has Q switched 
γs Saturable loss coefficient of a SESAM 
γs,p Unsaturable, parasitic loss coefficient of a SESAM 
Γrt Round-trip loss 
Δnl,T Fractional thermally induced change in optical length (K–1)
ηp Pump absorption efficiency 
κ Heat-generating efficiency of the pump 
λ Free-space wavelength (measured in vacuum) = c/ν (m) 

e�q

l�q

s,g,ab
�q

s,u,ab
�q

sp�q

st�q
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λ0 Free-space wavelength of the gain peak (m) 
λo Free-space wavelength of the oscillating mode (m) 
ν Optical frequency (sec–1) 
νo Optical frequency of the oscillating mode (sec–1) 
νp Optical frequency of the pump (sec–1) 
δνL Lorentzian linewidth (sec–1) 
Δν Frequency difference between adjacent longitudinal modes of a cavity (sec–1) 
ρeff Effective inversion density (m–3) 
ρl Density of sites in the lower laser level (m–3) 
ρm Mass density (kg m–3) 
ρs Density of saturable-absorber ions (m–3) 
ρu Density of sites in the upper laser level (m–3) 
σa Absorption cross section (m2) 
σg Stimulated-emission cross section (m2) 
σg,1 Stimulated-emission cross section of the first mode to lase in a Q-switched laser (m2) 
σg,2 Stimulated-emission cross section of the second mode to lase in a Q-switched laser (m2)
σg,eff Effective stimulated-emission cross section of the gain medium (m2) 
σr Radiative cross section of a transition (m2) 
σs,g Ground-state absorption cross section of the saturable absorber at the oscillating 

wavelength (m2) 
σs,g,p Ground-state absorption cross section of the saturable absorber at the pump 

wavelength (m2) 
σs,u Upper-level absorption cross section of the saturable absorber at the oscillating 

wavelength (m2) 
τ Spontaneous lifetime of the upper-state population in the gain medium (sec) 
τc Cavity lifetime (sec) 
τnr Nonradiative lifetime of the upper-state population (sec) 
τp Temporal separation between pulses (sec) 
τr Radiative lifetime of the upper-state population in the gain medium (sec) 
τs Radiative lifetime of the upper-state population in the saturable absorber (sec) 
ψmax Maximum angle that can be tolerated between the mirrors of a Fabry–Pérot cavity
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2.1 Introduction

Thanks to the development of high power InGaAs diodes emitting around
975 nm [1] and specific pumping schemes [2], ytterbium (Yb)-doped mate-
rials have turned out in the early 1990s to be very relevant competitors of
neodymium (Nd)-doped materials. The trivalent Yb3+ ion possesses only two
electronic states that are optically accessible: the 2F7/2 ground state and the
2F5/2 excited state, separated by approximately 10,000 cm–1. The splitting of
these electronic levels under the action of the crystal field enables laser action
with a quasi-three-level scheme [3,4]. Consequently, the spectroscopic char-
acteristics and laser properties of ytterbium are particularly host-dependent
[5]. The first reason is the sensitivity of the energy levels distribution towards
crystal field. In order to limit thermal population of the terminal laser level
and to tend toward a four-level laser operating scheme, a ground state
splitting as large as possible is desirable [6,7]. It implies that the crystal field
experienced by the Yb3+ ions has to be strong. After this first introductory
part, Section 2.2 describes the crystal field effect and the basic spectroscopic
properties of the Yb3+ cations in solid state laser hosts.

Owing to the quasi-three-level scheme of ytterbium, high pumping inten-
sities are required to deplete the ground state and prevent reabsorption [8,9].
With commercially available high power diode arrays, the accessible pump
intensities incident onto the crystal now commonly exceed several tens of
kW/cm2 [10]. In contrast, the minimum pump intensity at pump wavelength
λp needed to reach transparency at laser wavelength is commonly in the
range of several kW/cm2 only [11]. This means that excellent efficiencies can
be obtained in end-pumped geometries (up to 50% diode-to-laser conversion
efficiency has been reported in Yb: Y3Al5O12 (YAG), together with C.W. output
powers in the kW range). Section 2.3 presents laser parameters, saturation
effect as well as the expected laser efficiency in the case of the Yb3+ lasers.

For these lasers, the quantum defect — that is, the fraction of the pump
photons not converted into laser photons — is small, typically less than 10%,
whereas it reaches 30% for Nd3+ lasers. If the quantum defect is to be easily
calculated, more attention has to be paid to the quantum efficiency, and we
have focused on the analysis of the quantum efficiency in Section 4. Thermal
lensing measurements have recently been used for the determination of the
quantum defect [11,12]. The comparison between thermal lensing under
lasing and nonlasing conditions is a simple way to infer the radiative quan-
tum efficiency and constitutes an all-optical original alternative to photomet-
ric, calorimetric, and spectroscopic-lifetime methods. Several authors have
demonstrated that in Yb:YAG, the quantum efficiency is far below unity
[13,14]. We are presenting in Section 2.4, quantum efficiency results obtained
in several hosts with the help of thermal lensing measurements.

The performance of ytterbium lasers is therefore not fundamentally limited
by the quasi-three-level nature of the laser scheme but more classically by
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thermal issues [15–17]. Indeed, the fraction of absorbed power deposited as
heat generates a temperature gradient inside the crystal, which in turn causes
the crystal to be under stress, and ultimately could lead to fracture. One way
to limit thermal load inside the crystal is to obtain a laser oscillation at a very
short wavelength in order to reduce the energy difference between the pump
and the laser photons and therefore reduce the quantum defect. Laser hosts
with broad emission bands represent one possible solution to obtain short
laser wavelengths. This point is developed in Section 2.5. Another application
of this property is that the materials presenting broad emission spectra are
able to generate ultrashort pulses. A review of the state of art of the Yb-doped
femtosecond lasers is presented in Section 2.5 [18]. Ultrafast laser technology
involving pulses of light with durations of typically a few tens of femtosec-
onds (10–15 sec) has become one of the most active fields in physics.

One different way to considerably decrease the impact of pump heating
is to choose a gain medium that could well manage heat inside its structure
[19]. In Section 2.6 are presented the structural/thermomechanical relation-
ships leading to materials with high thermomechanical properties.

In order to develop laser materials well adapted to diode pumping, attention
has to be paid to the overlap between diode emission and material absorption.
Indeed, a broad absorption band can better fit the wavelength thermal shift
of the pumping source, which needs to be controlled through an accurate
temperature monitoring of the diode. As materials with broad emission bands
(and, correspondingly, broad absorption bands) are presented adequately in
this chapter, this requirement is fulfilled and is not further developed here.

2.2 Crystal-Field Effects on Yb3+ Energy Level Distributions

In the case of ytterbium lasers, the fundamental and terminal laser levels
belong to the same manifold. Therefore, the spectroscopic characteristics and
laser properties of ytterbium are particularly host-dependent. This arises
from the sensitivity of the energy levels distribution on the crystal field. For
instance, the 2F7/2 manifold overall splitting is only of 455 cm–1 in double
tungstate [20], whereas it reaches 1190 cm–1 in Sr5(PO4)3F [21] (SFAP), which
is one of the highest known values. No global survey of crystal field effect
in various Yb-doped hosts has been carried out. The reason is twofold. The
first explanation is related to the very simple electronic structure of Yb3+:
only two manifolds 2F7/2 and 2F5/2 composed of four and three Stark levels,
respectively. With the experimental determination of these 7 energy levels,
it is impossible to univocally derive a phenomenological free-ion Hamilto-
nian and crystal field potential described, according to the site symmetry, by
up to 27 parameters. All available crystal field descriptions thus concern
hosts that have been studied with several lanthanide doping ions [22,23],
the result being extrapolated to ytterbium. The second reason for the lack of
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crystal field data is the difficulty to derive unambiguously the energy level
diagram from the low-temperature absorption and emission spectra. This is
mainly due to the strong interaction of Yb3+ ions with the lattice vibrations
[24]. These effects can give rise to strong vibronic sidebands [25] or to defor-
mation or splitting of electronic lines in the case of resonant coupling, which
significantly complicates the low-temperature spectra. Two useful tools have
been derived to help in determining energy-level diagrams of ytterbium from
low-temperature spectra and are described in the following section.

2.2.1 Effect on the Spin–Orbit Splitting: the “Barycenters Plot”

The separation between the 2F7/2 (ground state) and 2F5/2 (excited state) man-
ifolds results from the spin–orbit interaction. For an ytterbium ion embedded
in a host lattice, two distinct effects could alter this energy separation. The first
one would be a modification in the spin–orbit coupling constant ζ. However
theory predicts that this variation should be very weak for lanthanide ions.
The second possible effect is the J-mixing, which corresponds to the mixing
by crystal field of states belonging to the 2F7/2 and 2F5/2 levels. This second-
order interaction should increase the energy separation between the two man-
ifolds. In the case of ytterbium, this energy difference (about 10200 cm–1) is
large enough to neglect the J-mixing to a good approximation [26].

Hence, it is reasonable to consider that the energy separation between Yb3+

ground and excited states is constant whatever the host, and equal to the
spin–orbit splitting measured for the free ion. More precisely, when taking the
lowest Stark level as origin of energies and plotting the 2F5/2 manifold energy
barycenter vs. the 2F7/2 energy, the representative points should align on a
straight line whose slope is equal to one. In Figure 2.1, we present this plot
for several hosts for which reliable data are available. As expected, data
obtained from the literature are aligned on the constant energy separation line
with an exception concerning the CFAP and SFAP matrices, for which vibronic
lines may have been assigned to electronic transitions. This “barycenters plot”
is then a useful tool to derive energy level distribution from the low-temper-
ature spectroscopic data and has been  extensively used recently [27,28].

2.2.2 Crystal Field Strength and Yb3+ Manifolds Splitting

A second useful concept is the crystal field strength, introduced in the early
1980s. A scalar parameter calculated from the crystal field parameters Bkq is
defined to evaluate the effect of crystal field interaction on a 2S+1LJ level, as
follows:
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A major interest in this parameter is the fact that it can be related to the
crystal field splitting of the 2S+1LJ level through:

(2.2)

where ga is the degeneracy lifted by the crystal field and g is the total
degeneracy of the 2S+1LJ manifold. Hence, the splitting of some spectroscopic
levels and in particular 2F7/2 Yb-ground state is proportional to crystal field
strength. The reduced matrix elements of tensor operators as described in
[29,30], and the tensor operator Ck are presented in the same references using
the definition of the spherical harmonics. In the case of the Yb3+ 2F7/2 ground
state, using Equation 2.2, one obtains [31]:

(2.3)

With the knowledge of the lanthanide contraction, it is possible to establish
a relationship between the NJ parameter for neodymium and ytterbium ions
in a given host [32].

(2.4)

where the 4I9/2 and 2F7/2 are the fundamental energy levels of Yb3+ and Nd3+,
respectively. Thus, by transitivity of the previous linear relations, it appears

FIGURE 2.1
2F5/2 level barycenter as a function of 2F7/2 level barycenter for Yb3+ ion.
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that the overall splitting of the ytterbium ground state in a given host is
proportional to the one obtained for the Nd3+ 4I9/2 manifold in the same host:

(2.5)

In contrast to Yb-activated materials, Nd-doped compounds have been
extensively studied [22] and numerous data are reported in the literature.
The use of Equation 2.5 could then be an efficient way to detect attractive
Yb3+ doped hosts as far as splitting of the ground state level is considered.

Figure 2.2 presents the optical spectral — emission (β = 1) and absorption
(β = 0) features — of Yb:Ca5(PO4)3F (CFAP), Yb:YAG, and Yb:Y2SiO5 (YSO)
hosts showing the crystal field effect. Indeed for these oxides and fluoroap-
atite hosts, very different behavior is observed. Large crystal field splitting
is observed for the Yb:CFAP and for one site of the Yb:YSO (corresponding
to the shortest Yb-O distances; see Figure 2.7 for the description of the two
ytterbium sites in the YSO structure). The Yb:YAG laser host presents an
intermediate situation. The general trend is that high covalency and short
Yb-O distances leads to high NJ and, therefore, important energy level split-
ting. From  the analysis of the structure of the laser hosts and the crystal
field study, the potential of the new laser could be estimated. This was
extensively performed in the last few years, which have seen a significant
increase of publications on the presentation and spectroscopic analysis of
Yb3+ doped laser hosts (see, for instance, [28,5,31]). The next section presents
laser modeling in the particular case of the Yb3+ energy level scheme.

FIGURE 2.2
Gain cross-section σgain(λ)=βσe(λ)-(1-β)σabs(λ) for (a) Yb:CFAP at room temperature.
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FIGURE 2.2 (continued)
Gain cross-section σgain(λ)=βσe(λ)-(1-β)σabs(λ) for (b) Yb:YAG, and (c) Yb:YSO at room temper-
ature.
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2.3 Laser Modeling

2.3.1 Quasi-Thermal Equilibrium

Figure 2.3 shows the energy level diagram for the quasi-three-level laser
when the crystal field splitting is taken into account. The laser transition
could occur between Stark levels. The thermal population of the fundamental
laser level leads to residual absorption (reabsorption). According to Boltz-
mann law, the population within the sublevels is expressed as:

FIGURE 2.3
Energy level diagram of Yb:YAG, Yb:CFAP, and Yb:YSO and on the top scheme of the energy
level diagram in the case of Yb:YAG. The population corresponds to the length of the energy
level (β = 0.35).
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(2.6)

where fa (fb respectively) represents the fraction of population in the a sub-
level (b, respectively) (Figure 2.3). Ela is the energy of the level a, Zl is the
partition function of the lower manifold;

Zl = .

The fraction of the population in the excited level for the population inver-
sion fbN2 ≥ faN1 corresponds to the following β coefficient:

 (2.7)

The lowest β value is also called βmin. For a given Yb3+ host, lower βmin

values correspond to a “four-level” laser tendency. One can notice here that
these lasers are called quasi-three or quasi-four level according to the authors
[3]. For the Yb:YAG presented in Figure 2.3, the laser transition at 1.03 μm
corresponds to f = 0.066. Clearly for this transition, only a relatively small
fraction of the population needs to be in the upper manifold in order to reach
population inversion. The main gain line for the Yb:YAG at 1.03 μm corre-
sponds to a transition between the lowest lying crystal field splitting of the
upper manifold and a level situated at 612 cm–1 in the ground state manifold.
Considering the absorption, two transition lines are possible at 968 nm and
at 943 nm with approximately the same absorption strength. The band at
the lower wavelength was initially chosen because of the broader absorption
feature well adapted to laser diode, even if this corresponds to a much higher
thermal load in the crystal. At the present time, pumping in the so-called
zero line at 968 nm has been considered in order to limit the quantum defect.
One can notice that the fluorescence lifetime in the material is about 1.16 ms.
Measuring the experimental fluorescence lifetime in the case of Yb3+ cations
is not an easy task, as the reabsorption effect could considerably vary the
measured lifetime [33,34]. In order to have good information on the lifetime
values, this measurement has to be performed on powder with a very low
dopant concentration. More accurate measurements can be performed of fine
powder in an immersion liquid as proposed in [34] providing values very
close to the calculated radiative lifetime in the case of double tungstate hosts.

2.3.2 Transparency Intensity Imin

In ytterbium lasers, as opposed to four-level lasers, the unpumped medium is
absorbing at laser wavelength; consequently, the pump intensity Imin required
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to reach threshold in a perfect lossless cavity is not zero. Imin (λp, λl) is also
called transparency intensity because it represents the amount of pump
intensity (at λp) necessary to make the medium transparent at the laser
wavelength λl.

In the most general case, the rate equation for a quasi-three-level system
is [35]:

(2.8)

where σabs and σem are the absorption and stimulated emission cross sections,
I is the intracavity laser intensity (W.cm–2), Ip is the pump intensity, τ is the
lifetime defined as

where τrad is the radiative lifetime and τNR the nonradiative lifetime (s), λp

and λl are the pump and laser wavelengths, respectively. At steady state,
considering that the fraction of total population in the excited manifold is:

(2.9)

The medium linear gain at laser wavelength is defined by:

(2.10)

The transparency is attained when g = 0, or equivalently when  β = βmin where

(2.11)

Writing I = 0 and Ip = Imin leads to the expression of the transparency intensity:

(2.12)
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This expression is rigorously true whatever the pump or laser wavelengths.
DeLoach et al. [36] use a slightly different expression of Imin, defined by :

(2.13)

where the pump saturation intensity is defined by:

(2.14)

The definition Equation 2.13 is then more restrictive than Equation 2.12:
the two expressions are consistent, provided that two conditions are met:
i)  which means that stimulated emission is ignored at
pump wavelength: this is true at “short pump wavelengths” (typically 900
or 940 nm for Yb-doped materials) but not at the zero-line pump wavelength
(around 980 nm) ; and ii)  which is reasonable, but strictly
speaking only true for “long laser wavelengths,” that is, for wavelengths
that do not experience significant reabsorption [35,37].

2.3.3 Laser Extraction Efficiency

The laser extraction efficiency ηl is defined as the photons that relax through
stimulated emission [38]. An expression of the laser extraction efficiency can
be derived by expressing the stimulated emission rate Qstim (number of
stimulated photons emitted per second and per unit volume), the spontane-
ous emission rate Qspont, and nonradiative relaxation rate Qnr:

(2.15)

Then the laser extraction efficiency is given by:

(2.16)

By writing the rate equations, as done in [39] it is possible to obtain an exact
formulation of ηl. However, in most cases one can neglect reabsorption at laser
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wavelength (that is, σem(λl)N2 >> σabs(λl)N1, or following the standard notations
β(λl) >> βmin(λl)). In the latter case we obtain the simplified expression:

(2.17)

with

(2.18)

As shown by Equation 2.17, the laser extraction efficiency tends towards
unity for intracavity laser intensities that surpass the laser saturation inten-
sity. Generally, C.W. oscillators based on Yb-doped materials work with high
reflectivity output couplers: as a consequence, the intracavity laser intensity
is very high, at least one order of magnitude higher than the laser saturation
intensity, so that ηl is typically close to unity in an operating Yb-laser. In this
case, as seen from Equation 2.19, the thermal load becomes nearly indepen-
dent of the radiative quantum efficiency and is only governed by the quan-
tum defect. Nevertheless, the quantum efficiency directly affects the excited
state population and, hence, has crucial importance for Q-switched lasers or
low repetition rate amplifiers. Incidentally, Equation 2.17 also illustrates that
the performance of an Yb-based C.W. oscillator becomes nearly independent
of the emission cross section at laser wavelength, provided that the pump
intensity is far higher than the pump saturation intensity.

2.3.4 Thermal Loading

Considering the heat sources in an ytterbium-doped material [40], the frac-
tional thermal load ηh (that is, the fraction of the absorbed pump power
converted into heat) can be written as:

(2.19)

Here ηp is the pump quantum efficiency, which is the fraction of absorbed
pump photons contributing to inversion. Nonunity pump quantum effi-
ciency accounts for residual absorption of the undoped crystal or can be
related to the presence of nonradiative sites. ηr denotes the radiative quan-
tum efficiency for the upper manifold: it represents the fraction of excited
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atoms that decay by a radiative path (in absence of stimulated emission).
Nonunity radiative quantum efficiency can be related to multiphonon relax-
ation (although it is very unlikely because a large number of phonons are
necessary to bridge the 10,000 cm–1 gap separating the excited and ground
manifolds) or more probably to concentration quenching. The latter phenom-
enon corresponds to the trapping of the energy by a color center, an impurity,
or a lattice defect (Yb2+, rare-earth impurities or hydroxyl groups have been
evoked) [41–43] after several transfers of excitation between neighboring
ions. Consideration and measurements of the quantum efficiency are pre-
sented in the following sections of this chapter.

Furthermore, we have shown that it is possible to include pump absorption
saturation effects. The pump saturation intensity is defined by [35,40]:

(2.20)

The low brightness of the diode pump beam in comparison with the
brightness of the laser beam makes the effective Raleigh distance of the pump
beam considerably shorter than the crystal length. For this reason, the diver-
gence of the pump beam inside the crystal must also be considered, in order
to correctly account for saturation issues.

Figure 2.4 shows a 3D view of temperature distribution without saturation
(Figure 2.4a) and in presence of strong saturation (Figure 2.4b). It appears
in the latter case that the region where the pump density is the strongest
(near the pump beam waist) is not the region where the temperature is the
highest (near the faces of the crystal) because of absorption saturation. Then,
pump beam divergence appears to be an important parameter, as for
instance, the temperature could be higher at the exit face than at the entrance
face of the crystal. It appears that fracture risks may be paradoxically reduced
when the pump beam is focused on a smaller spot, because in this case the
absorption saturation is made stronger.

In presence of strong laser extraction, the pump intensity evolution
through the crystal could be approximated by [12]:

(2.21)

where  is the linear absorption coefficient at the pump wavelength. This
means that ground manifold is repopulated so that absorption is not satu-
rated anymore under lasing conditions. Because the saturation of absorption
is reduced under lasing conditions, pump absorption is higher. This can lead
to higher temperature and then fracture is more likely to happen, which is
not commonly observed in four-level laser systems.
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2.4 Evaluation of Quantum Efficiency

It has been generally accepted that the quantum efficiency should approach
unity in ytterbium-doped materials. In a paper dedicated to heat generation
in Nd:YAG and Yb:YAG, T.Y. Fan [44] predicted that the thermal load under
lasing or nonlasing conditions should be substantially identical in Yb:YAG.
This prediction was based upon the assumption that the quantum efficiency

FIGURE 2.4
Temperature distribution under nonlasing condition. (a) The saturation of absorption is ignored;
(b) pump absorption saturation is taken into account (IPsat = 4.1 kW/cm2, corresponding to
Yb:GdCOB parameters).
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was high enough to compensate for the difference between the energy of the
laser photon and the mean energy of the fluorescence photons. However,
recent studies have shown that the quantum efficiency was less than unity
in Yb:YAG [13,45]. In the meantime, some authors have proved the existence
of quenching mechanisms. Thermal lensing measurements appear as an
important tool [46,11,12] for the determination of the quantum defect. This
is now presented in the following section. As a consequence of the thermal
load in the laser material, thermal lens can be defined by its focal length, or
dioptric power. We have studied the evolution of the thermal lensing dioptric
power vs. the absorbed pump power, under nonlasing condition and lasing
conditions, before and after threshold. The results in the case of Yb:YAG
crystal are presented in Figure 2.5. When the pump power exceeds the laser
threshold, thermal lensing dioptric power under laser effect experiences a
decrease and then increases following a nearly straight line. The clear dif-
ference between the dioptric power measured under lasing and nonlasing
conditions, and for an identical absorbed power, proves the existence of
significant nonradiative effects, which turn out to be “short-circuited” by
stimulated emission when laser occurs. The behavior with lasing and non-
lasing effect is presented in Figure 2.6.

Assuming that the absorption saturation presented before is negligible
under laser condition, the thermal lensing dioptric power can be written as

FIGURE 2.5
Thermal lensing dioptric power (left) and laser power (right) in Yb:YAG.
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(2.22)

(2.23)

where A is a constant which depends on the thermo-optic coefficient and on
the pump diameter, and this leads [12] to the determination of the ηr value.
For the Yb:YAG host a value of ηr = 0.7 has been determined [12]. The nonra-
diative relaxations are significant just before threshold (ηl = 0) and become
negligible (because short-circuited by laser emission) when ηl tends towards
unity as previously seen in Subsection 2.3.3. Far above laser threshold:

(2.24)

(here ηp = 1), which means that the unique heat source, far above threshold,
is the quantum defect. Using the same experimental procedure for the
Yb:Ca4YB3O10 (YCOB) (15% Yb corresponding to 6.7 × 1020 atoms/cm3),
Yb:Y3Al5O12 (YAG) (8% Yb, 11 × 1020 atoms/cm3), Yb:Gd3Ga5O12 (GGG) (5.7%
Yb, 7.2 × 1020 atoms/cm3), and Yb:KGd(WO4)2 (KGW) (5% Yb, 2.2 × 1020

atoms/cm3), the fluorescence quantum efficiencies are 0.9, 0.7, 0.9 and 0.96,
respectively. Other methods presented in the literature indicate that nonra-
diative effects occur in all these crystals [13,14,44,45]. However, among the
various Yb-doped laser materials, the Yb:KGW crystal exhibits a different
behavior. Thermal lensing dioptric power is here higher under lasing action
than under nonlasing conditions [12]. This can be interpreted as illustrated
in Figure 2.6b: the average fluorescence wavelength is particularly low in
this material (993 nm, which has justified its interest for radiation-balanced
lasers in particular [47,48]). The quantum defect with laser oscillation at 1030
nm is thus higher than without oscillation. This explanation implies of course
that the quantum efficiency is high in this sample: indeed, the procedure
described above yields ηr = 0.96.

Then thermal lensing measurement appears for the determination of the
quantum efficiency as a very good alternative [49] to photometric and calori-
metric methods rather difficult to manage. The lifetime method, also reported
for quantum efficiency calculation (consisting in comparing the fluorescence
and radiative lifetime), is particularly intricate in Yb-doped materials because
of the radiation trapping process shortly presented in Subsection 2.3.1.

In all the Yb-doped crystals under investigation in this study, nonradiative
relaxations have been evident. Up to now, to the best of our knowledge,

D A Pth abs h= × × η

D A Pth after threshold abs p l r
p

f
( ) = × × − −( )1 1η η η

λ
λ

++
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

⎛

⎝
⎜

⎞

⎠
⎟

( )

η
λ
λl

p

l

th before thresho
and D

lld abs p r
p

F

A P= × × −
⎛

⎝⎜
⎞

⎠⎟
1 η η

λ
λ

D A Pth far above threshold abs
p

l
( ) ≈ × × −

⎛

⎝⎜
⎞

⎠⎟
1

λ
λ

© 2007 by Taylor & Francis Group, LLC



Yb-Doped Solid-State Lasers and Materials 93

less-than-unity quantum efficiencies have been reported in Yb:YAl3(BO3)4

(YAB) [46], in Yb:MgO:LiNbO3 [50] and in Yb:YAG. For the Yb:YAG crystals,
Barnes et al. [13] used a photometric and a calorimetric method, and mea-
sured a quantum efficiency of 0.898 and 0.932, respectively, with the two
methods in a 1% atoms-doped YAG samples. Notice that our measurement
on Yb:YAG has been performed on a 8% atoms-doped crystal. Other authors
reported values between 0.85 and 0.97 with temperature and lifetime mea-
surements [45]. In highly-doped Yb:YAG samples nonradiative relaxations
were attributed to cooperative processes between two Yb3+ ions towards Yb2+

impurities [41]. Owing to the intrinsic nature of concentration quenching
and the major role played by impurities, it is clear that the radiative quantum
efficiency is a parameter that pertains to a single given sample, characterized
by its doping concentration, the growth technique, and, of course, the degree
of purity of the compounds. This could explain the dispersion in the litera-
ture, even in such a well known laser host like Yb:YAG.

In conclusion, we have first presented in this chapter spectroscopic and
laser parameters, as well as laser formalism, in the case of trivalent ytterbium.
The Yb3+ host strongly influences these properties, and next in this chapter
are presented various laser hosts with broad emission, which leads to a low
quantum defect and could allow oscillation in femtosecond regime.

FIGURE 2.6
(a) Qualitative interpretation of the behavior observed in all the Yb-doped materials. The arrow’s
thickness stands for the corresponding rate; (b) qualitative interpretation of the behavior observed
in Yb:KGW. The nonradiative relaxations are considered negligible here for simplification.
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2.5 Structural/Optical Properties Relationships
for Femtosecond Lasers

2.5.1 Yb3+ Hosts with Broad Emission Bands

The influence of the crystal host on the broadening of the spectral lines for
a given doping ion is fundamental. We have already described the crystal
field effect on the energy level splitting. On the other hand, Yb3+ exhibits a
strong electron–phonon coupling in crystals. Some authors explain this qual-
itatively by the antagonist effects of the lanthanide contraction and of the
shielding of the 4f electrons [51]. Consequently, strong electron–phonon cou-
pling homogeneously broadens the electronic lines. The addition of these
two phenomena, splitting of the energy levels and electron–phonon cou-
pling, both strongly dependent on the crystal, are the main contributions
that lead to very broad and smooth emission spectra [25].

The broad emission could also be obtained in the laser hosts where the ytter-
bium cation could occupy several cationic sites [52,53]. This is well expressed in
the Yb:Y2SiO5 (YSO) and Yb:Lu2SiO5 (LSO) presented in Figure 2.7. Yb3+ ions
equally share the two Yb3+ crystallographic sites. The broad and smooth emis-
sion band is due to the localization of the Yb3+ dopant in the two cationic sites.

The broadening could also be due to a disorder around one type of sub-
stitution site. This is the case for the Yb:CaGdAlO4 (CAlGO), which will be
presented in more detail in the following section. In that case, Yb3+ cations
could occupy one type of site shared either by the divalent calcium or by
the trivalent gadolinium [54]. This is also the case in the tetragonal double
tungstate and molybdate [55–57] where there is an almost random distribu-
tion of Na+ and trivalent rare-earth cations over two lattice sites. Several
crystalline borate hosts present very similar effect [58].

This property leads to locally variable crystal field around the dopant ions
and the linewidths of the electronic transitions for the ytterbium cations are
found to be broader in these so called “disordered” crystals than in “ordered”
laser hosts. Such “disordered” hosts present intermediate behavior between
ordered crystal and glass systems. Some examples of the broad emission
obtained for some new laser hosts are presented in Figure 2.8 in emission
cross section units. Crystals could indeed present broader emission bands
than the glass system.

2.5.2 Performances of Some Yb3+ Doped Laser Materials
in C.W. Diode Pumping

Limiting the quantum defect by pumping on the zero-line around 980 nm
is the first way to decrease the thermal load into Yb-doped crystals. We have
performed experiments using as pump source a 15-W fiber-coupled laser
diode emitting around 978 nm, and a laser cavity setup allowing us to
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investigate the tuning range (by inserting a Lyot filter into the collimated arm
of the cavity). The laser results in the case of Yb:LSO and Yb:YSO are presented
in Figure 2.9 [59]. Laser effect extends from 1025 nm to 1091 nm for Yb:YSO
and from 1030 nm to 1095 nm for Yb:LSO. Yb:YSO provides more than 4 W
over a bandwidth of 60 nm with a relatively flat tuning curve, whereas Yb:LSO
exhibits more than 4 W over more than 50 nm, but with more pronounced
emission peak around 1080, 1068, and 1057 nm. In that case, the quantum
defect is about 4.4%, but much lower values have been recently obtained
under off-axis configuration, because, in this configuration, the tuning range

FIGURE 2.7
(a) M2SiO5 (M= Y, Lu) structure with the two sites. The distances are indicated for the YSO
compound; (b) example of laser crystals (Yb:YSO elaborated at the LETI-CENG by the Czo-
chralski process).
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is not limited on the short wavelengths by the dichroic coating of both input
and folding mirrors. In the case of Yb:YSO value as low as 2.5% has been
obtained (laser wavelength at 1003 nm) under diode pumping at 980 nm
[60] and, in the case of Yb:CaGdAlO4 (Yb:CAlGO), the quantum defect could
be even lower (0.8%), as laser effect at 987.6 nm has been recently obtained
under pumping at 980 nm under titanium–sapphire pumping [61]. The emis-
sion features of the Yb:CAlGO are presented in Figure 2.10 for different β
values. Indeed, this material presents an outstanding broad and flat emission
in the near infrared range.

Let us now notice that maximum output powers of 7.7 W and 7.3 W were
obtained, respectively, for Yb:YSO and Yb:LSO, corresponding to optical-to-
optical efficiencies of around 53% (and 50%) and to a large value of the slope

FIGURE 2.8
Broad emission bands of Yb-doped crystalline hosts in comparison with Yb-doped glass.

FIGURE 2.9
Tuning curves obtained with a Lyot filter for Yb:YSO and Yb:LSO for 14 W of pump power.
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efficiencies (67% and 62%, respectively, for the two hosts). One can also
indicate that, under lasing conditions and at maximum power, both crystals
absorbed about 90% of the pump power, corresponding approximately to
the unsaturated absorption regime. Indeed, when the laser effect occurs it
induces predominant flow from the excited 2F5/2 laser level to the lower 2F7/2

level of the laser transition as previously indicated. In particular, we show
here that these crystals exhibit comparable optical conversion efficiencies to
Yb:KYW in more complicated pumping scheme (thin disk configuration)
[62]. Of course, the slope efficiency of Yb3+ laser could be much higher under
titanium–sapphire pumping which correspond to a Gaussian profile. In C.W.
regime, slope efficiency as high as 78% in Yb:KYW has been obtained [63],
and the laser slope efficiency could even reach 86.8% in pulsed titanium–sap-
phire pumping (laser pumping of 981 nm and laser at 1025 nm) [63]. In that
latter case, the slope efficiency is rather close to the maximal value of 95%
obtained from the difference between absorption and emission wavelengths.
This shows that “quasi-three level” lasers can, indeed, be very efficient, and
this power slope efficiency is higher than any 808 nm-pumped 1.06 μm Nd3+

laser demonstrated up to date. We have then demonstrated two main inter-
ests of Yb3+ lasers (i) for high optical/optical conversion in C.W. regime and
(ii) for tunable emission and therefore low quantum defect. One immediate
application of the broad emission bands of these lasers is their capabilities
to lead to ultrashort pulses. This is now developed in the following section.

2.5.3 Performances of Some Yb3+ Doped Laser Materials in Fs Regime

Direct diode pumping and high optical-to-optical efficiency of the Yb3+-lasers
represent the main advantages for new device development. In the devel-
opment of ultrafast lasers, Ti3+:Al2O3 (titanium–sapphire) indeed leads to

FIGURE 2.10
Gain cross section (σgain(λ)=βσe(λ)-(1-β)σabs(λ)) for the Yb:CAlGO laser material in sigma polar-
ization. Only the positive values are presented in this spectrum.
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very short pulses (< 5 fs) but as these lasers could not be directly diode
pumped, the efficiency and cost of these products is quite high. With Yb3+

system, direct diode pumping is possible, and that unique property explains
the rapid expansion on the industrial market of such systems.

 If one wants to generate ultrashort pulses, the laser crystal has to be able
to allow amplification of very broad spectra (conservation of the time–band-
width product). The emission bandwidth of the crystal has to be larger than
the spectral bandwidth of the pulse. For example, producing around 100 fs
pulses requires at least a spectral bandwidth of 10 nm for a central wave-
length around 1050 nm (Figure 2.11).

However, the Yb-doped crystals exhibit some disadvantages. First, their
emission cross sections are in general relatively low and only the narrowest
emission band materials (such as Yb:YAG or Yb:KYW, Yb:KGW) have a
relatively high gain. Choosing the ideal Yb-doped material for femtosecond
laser development strongly depends on the application: either favoring a
crystal matrix host with high disorder (broad emission band but poor ther-
mal conductivity and low emission cross section) suitable for ultrashort
oscillators or favoring a crystal matrix host with low disorder and narrow
emission band (high emission cross section) more suitable for amplifiers.
Another drawback of Yb-doped crystals is the quasi-three-level structure of
these laser transitions; in fact, as shown in Figure 2.2, there is a strong overlap
between the emission and the absorption bands which leads to strong reab-
sorption effects and to a reduction of the effective emission bandwidth. The
final disadvantage of Yb-doped crystals is related to the very long fluores-
cence lifetime which implies some difficulties in the modelocking process,
because the laser gain medium tends to store too much energy and to favor
the Q-switched regime instead of the modelocked regime [64].

During the past few years many interesting studies and results have been
reported in literature. Table 2.1 summarizes the properties of the most

FIGURE 2.11
Required bandwidth for the production of femtosecond pulses (10 fs, 20 fs, 50 fs, 100 fs, and
1000 fs) versus the central wavelength (in nm) of the laser.
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TABLE 2.1

Main Experimental Results of Yb-Doped Laser Materials Developed in Diode-Pumped Fs Mode-Locked Laser Oscillators

Material
Experimental

Duration

Central
Laser

Emission
Minimum

Theoretical Duration Average Power
Type of Saturable

Absorber
Dispersion

Compensation System Year

Yb:YAG
Yb3+:Y3Al5O12

340 fs
810 fs

1031 nm
1030 nm

124 fs 110 mW
60 W

SESAM
SESAM

Prisms
Chirp mirrors

1999
2003

Yb3+:glass 58 fs 1020 nm 31 fs 65 mW SESAM Prisms 1998
Yb:GdCOB
Yb3+:Ca4GdO(BO3)3

89 fs 1044 nm 26 fs 40 mW SESAM Prisms 2000

Yb:BOYS
Yb3+:Sr3Y(BO3)3

69 fs 1062 nm 18 fs 80 mW SESAM Prisms 2002

Yb:KGW
Yb3+:KGd(WO4) 2

112 fs
240 fs

1045 nm
1028 nm

44 fs
44 fs

200 mW
22 W

SESAM
SESAM

Prisms
Chirp mirrors

2000
2002

Yb:KYW
Yb3+: KY(WO4) 2

71 fs 1025 nm 46 fs 120 mW KLM Prisms 2001

Yb:SYS
Yb3+:SrY4(SiO4) 30

94 fs
110 fs
100 fs

1070 nm
1070 nm
1070 nm

16 fs
110 mW
420 mW

1 W
SESAM Prisms

2002
2003
2004

Yb3+:Sc2O3 230 fs 1044 nm 95 fs 540 mW SESAM Prisms 2003
Yb3+:CaF2 150 fs

220 fs
1033 nm
1033 nm

30 fs 880 mW
1.4 W

SESAM Prisms 2004

Yb3+:Y2O3 ceramic 615 fs 1076 nm 75 fs 420 mW SESAM Prisms 2004
Yb3+:YVO4 120 fs 1021 nm / 185 mW SESAM Chirp mirrors 2004
Yb:SYS//YAG 130 fs 1072 nm 40 fs 1 W SESAM Chirp mirrors 2005
Yb:LSO
Yb3+: Lu2SiO5

260 fs 1059 nm 75 fs 2.6 W SESAM Chirp mirrors 2005

Yb :CAlGO
Yb3+:CaGdAlO4

47 fs 1050 nm 15 fs 300 mW SESAM Chirp mirrors 2006
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interesting Yb-doped crystals for the femtosecond laser developments : Yb:YAG
[65], Yb: Sr3Y(BO3)3 (BOYS) [66], Yb: SrY4(SiO4)3O (SYS) [67], Yb:KGW, Yb:KYW
[68], Yb:GdCOB [58], Yb:CaGdAlO4 [69], and Yb:Y2O3 [70]. For instance, Figure
2.8 shows the absorption and emission spectra of several Yb3+ doped laser hosts
developed for the fs lasers. The recent results of ultrashort pulses generation
obtained with Yb3+-doped crystals are presented in Figure 2.12.

To obtain ultrashort laser pulses, the first element that needed to be added
into the laser cavity is the modelocking generator which favors the pulse
production vs. the C.W. regime. Two ways are generally used: the Kerr effect
(the optical Kerr effect is based on the refraction index variation under
intense laser beam) and a semiconductor saturable absorber (SESAM), which
is made of a few quantum wells of InGaAs semiconductor grown on semi-
conductor Bragg mirrors [71].

With the Yb3+ doped materials, the shortest pulses achieved so far 58 fs in
glass [72], 47 fs in crystals [69] and 615 fs in ceramics [73] — (this latter value
should be much lower with high quality ceramics now commercially avail-
able) are longer than the 5 fs obtained in Ti:sapphire lasers. Indeed, in the
duration range smaller than 200 fs, several crystals can be proposed. It should
also be noticed that recent interests arise in fluorides such as Yb:LiYF4 (YLF)
and Yb:CaF2 [74], which could be grown in the form of large and good optical
quality crystals. In addition undoped CaF2 presents relatively high thermal
conductivity value. This property is important for all the laser materials
investigated for such purpose (see details in the last part of this chapter).

For laser efficiency, it is also crucial to consider the emission cross section
peak σem and the lifetime of the upper state τ of the laser transition. One
observes that the higher the product σem.τ is, the lower the laser threshold
will be. The crystal well-adapted for the development of an efficient
ultrashort pulsed laser will require both high peak and very broad emission

FIGURE 2.12
Recent results of ultrashort pulse generation obtained with Yb3+-doped crystals.
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band. However, these two criteria are often in contradiction and a compro-
mise has to be found between short duration and efficiency.

2.6 Structural/Thermomechanical Effects in High Power
Yb-Doped Lasers

We have previously discussed the fact that for the development of femto-
second lasers, the evaluation of the spectral emission properties of a crystal
is important but not sufficient. Many other criteria have to be taken into
account and, in particular, thermal properties have to be favorable. Indeed,
for developing efficient, reliable, and high power oscillators, the thermal
properties play a key part. In fact, if the crystal tends to store too much heat
during the pumping process, some problems of efficiency, stability, or even
fracture of the crystal may occur. When the temperature increase in the
crystal is moderate, the induced thermal lens can be easily compensated by
carefully adjusting the cavity mirrors because the thermal lens does not
exhibit any geometrical aberrations (focus coefficient is the only significant
term in the analysis of the wavefront). At higher crystal temperature, high
order aberrations in the thermal lens start to appear, and it is no longer
possible to compensate these wavefront distortions. Higher temperature can
lead to the fracture of the crystal. A good thermal conductivity is thus an
essential condition in the strategy of choosing a laser crystal. This section
concerns the thermomechanical properties of the Yb3+-doped laser hosts.

2.6.1 Thermal Shock Resistance

To obtain high average laser output power, materials with high thermal
shock resistance capabilities are required. One defines the thermal shock
resistance parameter R′T  as [75]:

(2.25)

where υ is Poisson’s constant, E the Young’s modulus of the material and
Kc the material toughness, which represents the resistance to crack propaga-
tion. κ and α are the thermal conductivity and thermal expansion, respec-
tively. The higher this parameter, the better it is, as it corresponds to the
resistance of the material under thermal solicitations. The evaluation of this
thermomechanical figure of merit may, however, be simplified if one assumes
that whatever the considered solid host, the Poisson’s coefficient is close to
0.25 and the ratio Kc/E is almost constant for crystalline materials. Therefore,
the thermal shock resistance coefficient R′T  is ≈ κ/α [19]. One can notice here

′ = −
R

K
ET

c( )1 υ κ
α
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that in the case of YAG ceramics, Kc, the material toughness, is estimated to
be higher [76] as the crack propagation could be limited in such polycrys-
talline hosts. Further work is indeed required to check this behavior in
various transparent ceramics.

The maximum of the temperature difference depends also on Yb3+ quan-
tum defect in the host. Introducing the notion of quantum defect in the
maximal admissible temperature difference that a laser crystal can withstand,
we have expressed (according to the first Fourier law) that ΔTmax is propor-
tional to the maximal heat flow inside the crystal, namely ϕmax as:

 (2.26)

It is therefore possible to define a laser power resistance parameter RP,

taking into account the α and κ thermomechanical coefficients and the energy
difference between the absorption and the laser wavelength [61]:

(2.27)

To obtain materials with high power resistance, this latter parameter has
to be high, and indeed Yb3+ laser matrices should present low quantum defect.

2.6.2 Estimation of Thermal Expansion and Thermal Conductivity 
Parameters

In a preceding section, we have proposed [19,77] a relation between the thermal
expansion parameter, the melting point temperature Tmp, and the covalency of
the material. The α value increases with the ionic character of the material [19],
assuming that only the acoustic phonon modes participate in the heat conduc-
tion process in insulators. The thermal conductivity can be expressed as a
function of a limited set of physical parameters such as the melting point
temperature, the molar mass, the number of atoms per formula unit, and the
reduced mass μ (harmonic average of all ion masses of the formula unit) [77].

If only the acoustic phonon modes participate in the heat conduction
process, one obtains [78]:

(2.28)

where T is the temperature, ρ is the density, ν is the sound velocity, γ is the
Gruneisen anharmonicity parameter, and ωD is the Debye frequency.

Then, one can assume that first, the material is isotropic and second, that
at the melting point temperature, the interatomic distance a is increased by

ΔTmax
max∝ ϕ
κ

RP ∝ κ
αη

2

κ ρν
γ ω

= 1 4

2T D
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a factor ε (a = εa0) [79]. That permits us to express ωD as a function of the
melting point temperature. The Debye frequency is the cut-off frequency for
a vibration propagating along an atomic chain. Thus, ωD is approximately
given by:

(2.29)

Here, N and kB are the Avogadro’s and Boltzmann’s constants, and the
sound velocity is given by:

(2.30)

where a0 is an average interatomic distance :

(2.31)

M is the molar mass and n is the number of atoms per formula unit. Thus,
one obtains:

 (2.32)

where A is a numerical constant independent of the physical properties of
the crystal. Consequently, considering that the factor A/(Tγ2ε3) is a constant,
the thermal conductivity of an insulating material is a simple function of its
melting temperature, its density, its molar mass, its number of atom per
formula unit, and the harmonic average of all the ion masses. However, this
model could be considered as more qualitative than quantitative because the
error bars are of the order of 50% [77].

Figure 2.13 presents the κ·T product at room temperature for different
materials reported in the literature, as a function of Tmp

3/2·ρ2/3·M1/3·n–1/3·μ–3/2.
Covalent compounds corresponding to low ε values and presenting a very
high thermal conductivity are also indicated for the sake of comparison. This
model leads to good results even in the case of rather complex oxides such
as, for instance, garnet compounds like Y3Al5O12 (YAG). In order to obtain a
large κ value, the following requirements must be fulfilled: low molar mass
M; high melting point Tmp (high strength atomic bonds); compact crystal
structures, and covalent character of the host.

We have also investigated the influence of doping ion on thermal conduc-
tivity. The method is based on Klemens method [80] simplifying Debye
frequency cut-off into ωD~πν/a0. One obtains [77]:

ω
μ εD

B mpN k T

a
=

6

0
2 2

ν ω
π

= a D0

a
M

N n0
1

32
3

4
=

π ρ

κ
γ ε

ρ μ= − −1
2 3

3
2

2
3

1
3

1
3

3
2

T
A

T M nmp

© 2007 by Taylor & Francis Group, LLC



104 Solid-State Lasers and Applications

(2.33)

with:  and (2.34)

δ represents the mass variance of the lattice substitution sites of average mass
M that have an occupation probability ci to be occupied with ions i with
mass Mi; κ0 is the undoped material thermal conductivity value.

Thus, if the mass difference between the doping ion and the substituted
ion is important, as in the case where Y3+ (M = 88.9 g/mol) is replaced by
Nd3+ (M = 144.2 g/mol) or Yb3+ (M = 173.0 g/mol), the thermal conductivity
decrease is important, even for low doping rates. This is, for instance, pre-
sented in Yb-doped garnet and in Yb:CaF2  in Figure 2.14, which are two laser
hosts recently investigated.

Further, we have compared the thermomechanical properties of some laser
hosts. Among several hundreds of hosts investigated in the case of neodymium

FIGURE 2.13
κT vs Tmp

3/2·ρ2/3·M1/3·n–1/3·μ–3/2 for different insulating crystals. Dashed curves correspond to
50% variation from the predicted values.
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doping — and more than 85 for the ytterbium ion — we have selected some
matrices of particular interest for high power applications. Table 2.2 collates
the thermomechanical properties of several important laser hosts.

One can observe both from literature and from calculations made under
the assumptions presented in this chapter that the sesquioxides Ln2O3

appear as the most appropriate hosts to reach high power laser applica-
tions. The thermal shock resistance parameter reaches 9 W·m–1/2, which is
one order of magnitude larger than for the CFAP material for instance.
Unfortunately, these sesquioxide hosts (Gd2O3, Lu2O3 and Sc2O3) are rather
difficult to grow in the single crystal form because of their high melting
points [81,82]. Silicate hosts like Yb:LSO could be an alternative to Yb:YAG,
as the thermal conductivity is comparable to that of Yb:YAG and because
the synthesis of this material is perfectly controlled in the case of Ce3+-
doped LSO [83]. In the field of scintillators, several hundreds of Czochralski
boules of this material are grown every year by several companies all over
the world [84]. The Yb:LSO host has a number of advantages such as low
quantum defect, pump wavelength at 980 nm in a broad absorption band,
high laser efficiency, and generation of ultrashort pulses with a 2.6 W
average power.

But other materials are also worth developing. Alternative matrices
deduced from this work may be vanadate [85], aluminate (see for instance
the outstanding properties of CaGdAlO4 in [69]), and perovskite materials.

FIGURE 2.14
Thermal conductivity values of the Yb3+ doped Y3Al5O12 (YAG) and Gd3Ga5O12 (GGG),
Yb:Lu2SiO5 (LSO) and Yb:CaF2 for different absorption coefficient values (in cm–1) at the max-
imum of the absorption band around 980 nm (notice here that comparison with Yb content (in
percentage) is strongly dependant of the host structure).
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2.7 Conclusions

In this chapter, we first presented the singular aspects of the Yb3+ spectros-
copy in solid state laser hosts. Because of the three-level scheme, crystal field
and electron–phonon coupling effects play an important role for this trivalent
ion, which is indeed very attractive for applications such as high power laser
and ultrashort pulses lasers. Considerations are made in this chapter, taking
into account the materials-science view rather than laser physics. We have
tried to correlate basic optical properties, thermomechanical properties, and
laser parameters. Of course, when considering the final laser system, not
only the laser host has to be considered but the laser cavity plays a key role.

TABLE 2.2

Thermomechanical Parameters of Laser Hosts

Crystal Hosts Acronyms
κκκκ

(Wm–1K–1)
αααα

10–6 K–1

R′T
(W·m–1/2)

dn/dT
(10–6 K–1)

Y3Al5O12 YAG 10.7 20.1 7.9 9.1
Gd3Sc2Ga3O12 GSGG 5.8 22.5 4.4 10.5
Gd3Ga5O12 GGG 8.2 24.0 5.4 /
Lu3Al5O12 LuAG 6.6a / / /
Y2SiO5 YSO 5.0 18.0 3.3 7.2
Lu2SiO5 LSO 5.6a / / /
LiYF4 YLF 5.0 42.0 1.3 –2.8
Sc2O3 / 16.5 27.0 9.2 /
Y2O3 / 12.8 25.5 8.4 7.0
Lu2O3 / 12.2 24.0 8.5 /
Ca5(PO4)3F CFAP 2.0 28.8 0.8 –9.3
Sr5(PO4)3F SFAP 2.0 27.3 0.6 –10.0
Sr5(VO4)3F SVAP 1.7 30.0 0.5 /
CaF2 / 10.0 56.6 1.2 –10.6
SrF2 / 8.0 60.0 2.1 /
Ca4Gd(BO3)3O GdCOB 2.0 33.5 0.7 2.0
KGd(WO4)2 KGW 3.8 16.1 2.8 0.4
Gd2O3 / (9.0) (16.2) (7.1) 9.1
YAlO3 YAP 8.5a 24.6 > 5.5 /
LuAlO3 LuAP (9.8) (21.3) (8.6) /
GdAlO3 GAP (10.4) 26.0 (6.9) /
CaGdAlO4 CAlGO 6.9a 35.0 > 4.5 /
ZrO2 / (8.2) (12.8) (8.7) /
ThO2 / (8.0) (10.9) (9.9) /
YVO4 / (7.0) 11.2 (8.0) 6.7
GdVO4 / 8.1a 22.7 > 5.3 /

Note: κ is the thermal conductivity of undoped materials, α is the volumic thermal expansion
coefficient, and R′T is the thermal shock resistance parameter. Values in brackets are
calculated values from the presented models.

a  κ measured for absorption coefficient around 10 cm-1 in Yb3+-doped samples.
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For instance, a thin disc can be helpful to remove the heat, and crystal
bonding of doped and undoped material is also very efficient.

An effort is made in this chapter to present several aspects that are singular
to thermal effects in Yb-doped materials working as quasi-three-level system.
Particular attention is paid to the quantum efficiency and the quantum
defects which are considered as the main thermal sources. Thermal lensing
measurements with end-pumping are used to calculate the quantum effi-
ciency of different systems. Comparison between experiments and models
yields the radiative quantum efficiency of several Yb-doped samples. They
are in the range of 0.7–0.96. Pump absorption saturation effects and pump
beam divergence inside the crystal are also considered. This provides a
formulation of the temperature distribution in end-pumped crystals, under
nonlasing conditions. Because the saturation of absorption is reduced under
lasing conditions, fracture is more likely to happen in this latter case, which
is not observed commonly in four-level lasers.

For developing efficient, reliable and high power lasers, the thermal prop-
erties play a key part. If the crystal tends to store too much heat during
pumping process, some problems of efficiency, stability, or even fracture of
the crystal may occur. We have shown in this chapter how the estimation of
these parameters in the case of insulating crystals might be carried out. To
obtain host materials with a large thermal conductivity value, the following
requirements must be fulfilled: low molar mass M; high melting point (high
strength atomic bonds); compact crystal structures and covalent character of
the chemical bonds. Consequently, we can derive materials with high ther-
mal shock resistance parameters R′T = κ/α. For instance Yb:Sc3O3; Yb:Y2O3,
Yb:YAG, and Yb:CAlGO present very high R′T values.

Furthermore, we have also emphasized in this chapter other very important
features such as dopant effects on the thermal conductivity and structural
effects on the thermo-optical properties. These effects can dramatically affect
the gain media performance for the generation of high power laser beams.

Finally, in this chapter, the state of the art of femtosecond oscillators based
on the Yb-doped materials is presented. The development of new crystal
hosts is still very important in order to extend to new application domains
by finding crystals with better laser properties.
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3.1 Introduction

3.1.1 Overview of Cr2+:ZnSe Lasers

Undoped bulk II-VI semiconductors (also referred to as chalcogenides) such
as CdSe, ZnSe, and ZnTe have a wide transparency window in the near-
infrared and mid-infrared regions of the electromagnetic spectrum. If divalent
transition metal ions (TM2+) such as Co2+, Cr2+, and Fe2+ are introduced into
these materials, crystal field splitting and strong electron–phonon coupling
lead to the formation of broad absorption and emission bands in the mid-
infrared. As an example, let us consider the ZnSe medium which has a band-
gap of 2.67 eV [1] and phonon energy of 250 cm–1 [2]. In contrast to pure bulk
ZnSe whose transparency window extends from 0.5 to 22 μm [3], chromium-
doped ZnSe (Cr2+:ZnSe) possesses a strong absorption band centered near 1800
nm. Furthermore, optical excitation of the substitutional Cr2+ ions with a pump
emitting in the 1500–2100 nm region produces a broad, strong emission band
in the mid infrared between 2 and 3 μm. As a matter of fact, these spectroscopic
properties of Cr2+:ZnSe in particular and of other TM2+-doped chalcogenides
in general have long been known [4–9]. For example, infrared absorption
spectra of chromium-containing II-VI compounds were studied in detail by
researchers since early 1960s [9–11]. In addition, absorption and emission char-
acteristics of other TM2+ ions such as Fe2+ were thoroughly investigated
[6–8,12,13]. Interestingly, despite this considerable interest in the spectroscopy
of TM2+-doped II-VI compounds, lasing action was not reported until mid
1990s. In the pioneering work reported by DeLoach et al., absorption and
emission characteristics of various zinc chalcogenides doped with Cr2+, Co2+,
Ni2+, and Fe2+ were studied to evaluate their potential as active media in the
mid infrared, and room-temperature lasing was demonstrated with Cr2+:ZnSe
and Cr2+:ZnS near 2.4 μm [14,15]. Since then, tunable room-temperature laser
action has also been successfully demonstrated with other chalcogenide hosts
doped with Cr2+, including CdSe [16–18], CdTe [19], ZnSxSe1–x [20], CdxMn1–xTe
[21–25], CdZnTe [26], and others.

Cr2+:ZnSe remains the most extensively studied member of this class of
lasers and, over the last decade, has emerged as a versatile source of broadly
tunable laser radiation in the mid infrared region between 2 and 3 μm. This
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gain medium possesses many favorable spectroscopic characteristics that
enable efficient lasing. These include a four-level energy structure and
absence of excited-state absorption which allow low-threshold continuous-
wave (cw) operation, a broad absorption band that overlaps with the oper-
ating wavelength of many laser systems for optical pumping, a phonon-
broadened emission band that gives rise to wide tunability, and near-unity
fluorescence quantum efficiency at room temperature. To date, gain-switched
[14,15], cw [27], diode-pumped [28], mode-locked [29], random-lasing [30],
and single-frequency [31] operations have been demonstrated. Broad tun-
ability in the 2000–3100 nm wavelength range was also reported [2]. Among
the potential applications of Cr2+:ZnSe lasers, we can list atmospheric imag-
ing [32–34], vibrational spectroscopy [35–40], self-difference frequency mix-
ing [41], and optical pumping of mid infrared lasers as well as optical
parametric oscillators [42].

In this chapter, we provide an extensive review of the recent studies aimed
at the development of Cr2+:ZnSe lasers. Since Cr2+:ZnSe belongs to the family
of tunable solid-state lasers, we start with a brief historical review of this field
in Subsection 3.1.2. The key milestones are outlined and various examples of
tunable solid-state lasers are mentioned. In Section 3.2, we describe various
techniques that are commonly used for the synthesis and spectroscopic char-
acterization of Cr2+:ZnSe. In particular, we concentrate on diffusion doping
and discuss how the diffusion time and diffusion temperature influence the
strength of the absorption bands. Different techniques for the determination
of the diffusion constant are then described. In Section 3.3, we discuss the
fluorescence properties of Cr2+:ZnSe. Experimental data showing the depen-
dence of the fluorescence efficiency and fluorescence lifetime on chromium
ion concentration are presented. The temperature dependence of the fluores-
cence lifetime is discussed. In Subsection 3.3.4, we further describe techniques
with which the absorption cross section can be determined from cw and
pulsed absorption saturation data. Pulsed operation of Cr2+:ZnSe lasers is
covered in Section 3.4. After a review of the earlier work, the dependence of
the power performance on active ion concentration is discussed. In tuning
experiments, we describe a pulsed, intracavity-pumped Cr2+:ZnSe laser with
an ultrabroad tuning range extending from 1880 to 3100 nm. Continuous-
wave operation of Cr2+:ZnSe lasers is next discussed in Section 3.5. Here, after
a review of the work on cw Cr2+:ZnSe lasers, we describe the operation of a
cw 1800-nm-pumped Cr2+:ZnSe laser. The power performance of several
Cr2+:ZnSe samples were also investigated in order to determine the optimum
chromium concentration for cw operation. Finally, Section 3.6 describes the
mode-locked operation of Cr2+:ZnSe lasers. Experiments employing both
active and passive mode-locking techniques are reviewed.

3.1.2 Historical Review of Tunable Solid-State Lasers

The Cr2+:ZnSe laser belongs to the family of tunable solid-state lasers, also
referred to as vibronic lasers due to the role of electron–phonon coupling in
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the broadening of the absorption and emission bands. In tunable solid-state
lasers, the output wavelength can be tuned over a substantial fraction of the
central emission wavelength. As such, the fractional tuning range, defined
as Δλ/λ0 (Δλ = full width of the tuning range and λ0 = the central emission
wavelength) can be several tens of percent. Table 3.1 shows some examples
of tunable solid-state gain media and their reported fractional tuning range
at room temperature. Tunable solid-state lasers have a long history dating
back to the early days of lasers. In this section, we briefly outline some of
the important historical developments in this field. For a comprehensive
review on their physical properties and operational characteristics, we refer
the reader to several excellent review articles on this subject [2,30,43–49].

Work on tunable solid-state lasers started shortly after the invention of the
ruby laser in 1960 [50]. First experimental demonstration of tunable laser
action was reported by Johnson et al. in flashlamp-pumped Ni2+-doped
magnesium fluoride (MgF2) [51]. This was followed by the development of
other tunable sources based on several crystal hosts doped with divalent
ions such as Ni2+, Co2+, and V2+ [52–54]. These lasers could produce radiation
in the near infrared between 1.1 and 1.8 μm but due to their low luminescence
efficiency at elevated temperatures, they needed to be operated at cryogenic
temperatures. In the meantime, a rigorous theoretical treatment of phonon-
terminated lasers was also given by McCumber [55–58]. For over a decade
between mid 1960s and late 1970s, limited activity continued in search for
new tunable solid-state gain media and dye and color-center lasers were
instead used widely as tunable sources. Toward the end of 1970s, interest in
tunable solid-state lasers was revived. This was driven by two important
developments. First, laser end pumping was introduced by Moulton et al.
for the optical excitation of solid-state lasers [59]. Since the nearly diffraction-
limited output of already existing commercial lasers could be focused to
small volumes, lasing thresholds were considerably lowered. Second, as a
result of improvements in crystal growth techniques, new high-quality tun-
able laser crystals became commercially available. One of the early examples
of tunable solid-state media that emerged at this time was the alexandrite

TABLE 3.1

Room-Temperature Tuning Range of Several Transition 
Metal Ion-Doped Solid-State Gain Media

Gain Medium Tuning Range (nm) ΔΔΔΔλ/λ0 Reference

Ti3+:Al2O3 660–1180 0.57 140
Cr3+:BeAl2O4 701–818 0.15 48
Cr4+:Mg2SiO4 1130–1367 0.19 141
Cr4+:Y3Al5O12 1309–1596 0.20 142
Co2+:MgF2 1750–2500 0.35 143
Fe2+:ZnSe 3900–4800 0.21 68
Cr2+:ZnS 2110–2840 0.29 144
Cr2+:CdSe 2300–2900 0.23 17
Cr2+:ZnSe 1880–3100 0.49 This work
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laser (Cr3+:BeAl2O4). Since their invention in 1979 [60], there has been an ever
growing interest in the spectroscopic characterization and development of
new tunable solid-state lasers. To date, lasing action has been reported from
many vibronic gain media including Ti3+:sapphire [61], various chromium
(Cr)-doped lasers [37–45], Fe2+:ZnSe [46], and others. By using different
ion–host combinations, the wavelength range between 665 and 4500 nm can
now be covered.

In the search for new tunable gain media, one of the most extensively
explored transition metal ions has been chromium. This is primarily due to
the chemical stability of the different ionic charge states in the lattice and
the existence of broad pump bands. Depending on the charge state of the
substitutional chromium ion introduced into the host, chromium-doped laser
sources can be classified into three categories. The first group consists of
Cr3+-doped solid-state lasers such as alexandrite [60], Cr3+-doped garnets
[62,63], Cr3+:LiCAF [64], Cr3+:LiSAF [65], and others. Some of these such as
alexandrite and Cr3+-doped garnets are among the earliest room-temperature
tunable solid-state lasers. The tuning range is host-dependent and extends
approximately from 700 nm to 1000 nm. The second category consists of the
near-infrared Cr4+ lasers such as Cr4+:forsterite and Cr4+:YAG which have
been extensively reviewed in Reference 44. The third and the most recently
explored group consists of divalent chromium-doped hosts such as Cr2+:ZnSe
which is the main theme of this chapter.

We note in passing that another important TM2+-doped chalcogenide laser
is Fe2+:ZnSe in which lasing action was reported in the 4–4.5 μm wavelength
range [66]. There is a lot of ongoing activity in the investigation of solid-state
lasers and saturable absorbers based on Fe2+:ZnSe. We refer the reader to
references 66 to 72 for further discussion on these studies.

3.2 Synthesis and Absorption Spectroscopy of Cr2+:ZnSe

3.2.1 Synthesis Methods for Cr2+:ZnSe

Various methods can be used to introduce the laser-active TM2+ ions into the
chalcogenide hosts either during the growth of the host or after the growth
process. Techniques that incorporate chromium ions during the growth of
the host include melt growing [10], vapor growing [73,74], pulsed laser
deposition [75], molecular beam epitaxy [76], and temperature solution
growth [77]. The most widely used postgrowth technique is thermal diffu-
sion [78]. In this section, we provide a brief comparative review of these
methods. In Subsection 3.2.2, thermal diffusion doping is discussed in detail.

Melt growing (solidification from melt [79]) of chromium doped II-VI mate-
rials has been one of the extensively used methods [10,14,19,21,23,25,78,80–83].
Here, a given amount of the dopant is first mixed with the host, and doped
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samples are then pulled from the molten mixture by using a modified vertical
Bridgman growth technique. Previous studies showed that melt-grown sam-
ples suffer from being coarsely polycrystalline and contain defects such as
inclusions and voids [14,80]. Besides, controlling the dopant concentration is
difficult since the actual dopant concentration in the sample is not necessarily
the same as the starting concentration [23]. Hence, concentration gradients
were observed in samples prepared with this method [14,80]. Possibility of
uncontrolled contamination during the melting process, leading to unwanted
passive losses, has also been pointed out [78,81].

Vapor growth of Cr2+:ZnSe using physical vapor transport (PVT) has been
shown to produce samples with higher crystal and optical quality [15,73].
However, with the PVT technique, obtaining samples with uniform chro-
mium concentration is difficult [73,78,80,84,85]. Besides, previous studies
also showed that chromium diffusion efficiency in this technique is relatively
low for CdSe [86,87] and CdSxSe1–x [88]. In a comparative study, it was shown
that postgrowth thermal diffusion doping is more effective in introducing
chromium in CdSxSe1–x in comparison with the PVT technique [88].

Pulsed laser deposition of Cr2+:ZnS thin films on silicon substrate has also
been demonstrated [75]. In this technique, precise control of chromium
dopant concentration was possible [75], but there is very little work in the
literature on the optical quality of the samples prepared with this method.
In some studies, pulsed laser deposition was also used to coat the host
surfaces with chromium films, and then, thermal diffusion doping was
employed in the second step to add the chromium ions into the host [89,90].
This is discussed further in Subsection 3.2.2.

Another alternative method for introducing chromium into the chalco-
genide host during the growth is molecular beam epitaxy [76]. This method
allows for the fabrication of complex heterostructures and the adjustment of
chromium concentration within the sample, enabling the growth of inte-
grated structures [76]. On the other hand, the growth rates in this technique
are very slow (∼1 μm/h) for obtaining millimeter-sized bulk samples [91].
In addition, surface segregation of chromium during crystal growth may
degrade the optical quality of the samples [76].

Thermal diffusion doping is the widely used postgrowth technique for the
preparation of Cr2+:ZnSe samples [92]. In comparison with the above tech-
niques which require sophisticated instrumentation, thermal diffusion dop-
ing offers a simple, efficient, and cost-effective alternative. This method has
been known for decades, and in the earliest studies on chromium doped II-
VI semiconductors, samples prepared with this technique were used [9].
Chromium doping level of the samples can be adjusted easily by varying
the diffusion temperature and/or the diffusion time. However, spatial inho-
mogeneities in chromium concentration may result due to the nature of the
diffusion process. Furthermore, slightly higher passive losses have been
observed in diffusion-doped samples in comparison with those obtained by
using other methods such as PVT [93].
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3.2.2 Thermal Diffusion Doping

The thermal diffusion doping method uses commercially available ZnSe
samples in crystalline, polycrystalline or ceramic [94] form as the starting
host material. Polycrystalline samples have been widely used since their
laser and spectroscopic properties are comparable with those of single-crystal
Cr2+:ZnSe samples [95]. As the dopant, sputtered film of metallic chromium
deposited on the ZnSe host surface [9,10,78,81,96] or powders of CrSe (or
Cr) [74,79,97,98] can be used. The deposition of metallic chromium on ZnSe
surface was accomplished by using magnetron sputtering systems [96] or
pulsed laser deposition [89,90]. One important issue that needs to be
addressed is that both the dopant and host must be extremely pure in order
to obtain laser-quality samples (purity better than 99.99%). Sometimes, this
may require additional purification steps before diffusion. Even trace
amounts of impurities will cause unwanted losses in the doped material. As
an example, Fe2+ in ZnSe has a strong absorption band between 2.2 and 5
μm, overlapping with the emission band of Cr2+:ZnSe [66,92]. Hence, the
presence of Fe2+ may greatly reduce the lasing efficiency [3,67,87].

In our studies, polycrystalline ZnSe samples were used for diffusion dop-
ing. Highly pure powders of CrSe or Cr were used as dopant. Figure 3.1
shows a sketch of the silica ampoules used for diffusion doping. The dopant
(Cr or CrSe powder) and the host (ZnSe) are placed in different compart-
ments so that the deposition of the dopant on the ZnSe occurs only via the
gas phase. As a result, contamination due to less volatile impurities such as
metal oxides could be minimized. Besides, preventing a direct contact
between the CrSe powder and ZnSe gives rise to a more uniform distribution
of the dopant inside the sample and prevents the formation of hot spots on
the sample surface [78]. Diffusion was activated thermally by heating the
system to temperatures between 800 and 1100°C. The ampoule is also kept
under high vacuum during the diffusion process (P < 10–5 mbar). The diffu-
sion time varies from several hours to tens of days. By adjusting the diffusion
temperature or the diffusion time, one can control the average chromium
concentration in the host as will be delineated in Subsection 3.2.3.

Cr2+:ZnSe samples prepared by thermal diffusion doping require polishing
after the synthesis process due to two reasons. First, the surface roughness
increases during diffusion and polishing improves the optical quality of the
doped samples. Second, polishing also removes the heavily chromium-doped
layer near the surface. As will be further noted in the following sections, high
chromium concentration causes several unwanted effects such as enhanced

FIGURE 3.1
Schematic of the silica ampoule used in the preparation of Cr2+:ZnSe by thermal diffusion
doping.

ZnSeCrSe or Cr Vacuum
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nonradiative decay and increased passive losses. Hence, removal of the highly
doped layer can improve the laser performance of the samples.

3.2.3 Modeling of Thermal Diffusion Doping

The concentration of the chromium ions inside the host varies with position,
diffusion time, and diffusion temperature. Here, we discuss a fairly accurate
model of the thermal diffusion doping process based on the solution of the
diffusion equation in cylindrical coordinates [92]. In this model, a constant
dopant vapor concentration is assumed on all sides of the sample during
diffusion. The concentration  of the chromium ions inside the host can
be calculated by using the well-known diffusion equation

, (3.1)

where t is the diffusion time,  gives the position inside the ZnSe sample,
and D is the diffusion coefficient. In our case, the samples were cylindrical
in shape, with radius R and thickness L. In this case, Equation 3.1 can be
solved exactly in cylindrical coordinates by using the following set of ini-
tial/boundary conditions:

(3.2)

Above, n0 is the constant chromium ion vapor concentration on all sides
of the ZnSe sample. The solution of the above boundary value problem can
be expressed as

, (3.3)

where n and m are summation indices, J0(x) is the Bessel function of the first
kind of order zero, Rαm is the mth positive root of J0(x) = 0 and J1(x) is the
Bessel function of the first kind of order one [99].

3.2.4 Room-Temperature Absorption Spectra of Cr2+:ZnSe

Chromium ions enter the ZnSe host as substitutional impurities and occupy
the Zn2+ cation sites in the lattice [11]. Electron spin resonance experiments
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revealed that chromium ion in ZnSe can have the charge states of Cr1+, Cr2+,
and Cr3+ [10,74]. However, it was shown that Cr2+ is the stable charge state
in ZnSe, and more than 95% of the chromium have a valence of two [10].
In support of this, recent deep-level spectra in Cr2+:ZnTe have shown that
the concentration of Cr1+ ions is about 10–5 of the total added chromium
[91]. Figure 3.2 shows a simplified energy level diagram of the Cr2+ (3d4)
ion in the ZnSe host [2,100]. The ground level splits into the 5T2 and 5E
energy levels under the influence of tetrahedral crystal field of the ZnSe
host. Further splitting of these energy levels occurs as a result of the
Jahn–Teller effect. The energy levels all lie within the forbidden bandgap of
the ZnSe semiconductor.

Figure 3.3 shows the room-temperature absorption spectra of undoped
and chromium-doped ZnSe samples in the 300–3100 nm spectral range. The
three chromium doped samples shown in the figure (Samples 1–3) were
prepared using thermal diffusion doping at 1000°C with diffusion times of
1 (s1), 4 (s2), and 5 (s3) days, respectively. The undoped material is trans-
parent at wavelengths above 470 nm, corresponding to the band-gap energy
of 2.67 eV for ZnSe [1]. Diffusion doping of chromium modifies the absorp-
tion spectra of ZnSe in several ways. First, a strong absorption band of the
laser-active Cr2+ ion forms in the near-infrared region centered at 1775 nm.
This absorption band is due to the optical transitions between the 5T2 and
5E levels of the Cr2+ ions (Figure 3.2). The differential absorption coefficient
α(r,z,t) of this band can be expressed in terms of the chromium ion concen-
tration N(r,z,t) and the absorption cross section σa(λ) as

(3.4)

FIGURE 3.2
Energy level diagram of Cr2+ in ZnSe. 5D energy level of the Cr2+ ion splits into 5E and 5T2

energy levels under the influence of the crystal field. These levels are further split due to the
Jahn–Teller effect. All these energy levels lie inside the forbidden bandgap of ZnSe.

α σ λ( ) ( ) ( ).r,z, t N r,z, ta=
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This band has a Gaussian shape, and the wavelength dependence of
absorption cross section can be accurately represented by the following
empirical formula:

(3.5)

In Equation 3.5, σo is the peak absorption cross section, λ is the wavelength,
λo and Δλ are the central wavelength and the full-width at half-maximum
(FWHM) of the absorption band, respectively [78]. Experimental absorption
measurements taken with Cr2+:ZnSe samples show that λo and Δλ do not
vary significantly with concentration. Best fit between experimental data and
Equation 3.5, gave λo = 1775 nm and Δλ = 365 nm for Cr2+:ZnSe. This
transition is very wide (Δλ = 365 nm), mainly due to vibronic coupling [2],
enabling the use of numerous different pump sources to excite the Cr2+:ZnSe
gain medium. Equation 3.4 and Equation 3.5 can be used to determine the
Cr2+ concentration from absorption measurements. Most studies have used
the σo-value of 11.5 × 10–19 cm2 reported by Vallin et al. [10].

The second effect of chromium ion on the ZnSe absorption spectra is the
shift of the short-wavelength absorption edge of ZnSe (∼470 nm) to longer
wavelengths. This shift is due to an absorption band around 500 nm origi-
nating from the Cr2+ + eVB → Cr1+ + hVB transition (where eVB is a valance band
electron and hVB is a valance band hole) [101–103]. This transition is one of
the ways of generating rarely found Cr1+ charge state of chromium in ZnSe

FIGURE 3.3
Room-temperature absorption spectra of pure and chromium-doped ZnSe samples. Cr2+:ZnSe
Samples 1–3 (s1 through s3 in the figure) were subjected to diffusion at 1000°C for a period of
1, 4, and 5 days, respectively. Each sample had a thickness of about 2 mm.
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[10]. Previous studies showed that the strength of this band scales with the
Cr2+ ion concentration. The amount of the short-wavelength absorption edge
shift is also related to the dopant concentration. In our studies, we observed
a maximum shift of 160 nm (band edge ∼640 nm) for a sample with an active
Cr2+ ion concentration of 66 × 1018 ions/cm3. There are two more transitions
near the band gap edge of ZnSe, one at 610 nm and another at 680 nm which
are hardly visible in the room-temperature absorption spectra shown in
Figure 3.3 [79]. The origin of these transitions is not clear and more detailed
information can be found in Reference 79. Another important band of Cr2+

ion in ZnSe is centered around 6.5 μm, extending up to 14 μm on the long
wavelength side [79]. The importance of this band lies in the fact that its
short wavelength side also overlaps with the lasing wavelength range of
Cr2+:ZnSe, causing unwanted absorption losses [79].

3.2.5 Dependence of Passive Laser Losses on Chromium Concentration

Earlier studies with Cr2+:ZnSe gain medium showed that increasing chro-
mium concentration leads to increased passive losses at the lasing wave-
lengths [28]. We used the measured absorption spectra of Cr2+:ZnSe samples
with different chromium concentrations to investigate this effect in detail.
Comparison of the measured absorption spectra of the Cr2+:ZnSe samples
with those of the undoped ZnSe allows the estimation of the passive losses
at the lasing wavelengths (around 2500 nm, see Figure 3.3). Our measure-
ments showed that, despite slight variations from sample to sample, passive
losses of Cr2+:ZnSe increase linearly with increasing Cr2+ concentration. This
can be clearly seen in the absorption spectra of the three Cr2+:ZnSe samples
shown in Figure 3.3. For example, whereas sample 1 with a Cr2+ concentra-
tion of 2.7 × 1018 ions/cm3 has an estimated single-pass loss of about 2% at
2500 nm, the loss increases to above 10% for sample 3 which has a concen-
tration of 23.2 × 1018 ions/cm3. Based on the absorption spectra of more than
10 polycrystalline Cr2+:ZnSe samples, we obtained the following empirical
equation for the differential loss coefficient at 2500 nm (αloss, in the units of
cm–1) as a function of the average Cr2+ concentration NCr (cm–3):

(3.6)

The constant in Equation 3.6 (0.04 ± 0.02 cm–1) is probably due to scattering
losses.

3.2.6 Determination of the Diffusion Coefficient

Knowledge of the diffusion coefficient for Cr2+ ions in the ZnSe host facilitates
the preparation of Cr2+:ZnSe samples with a desired active ion concentration.
In previous studies, Ndap et al. studied the preparation of Cr2+:ZnSe samples

α loss CrN≈ ± + ± ×{ }−( . . ) ( . . ) .0 04 0 02 0 02 0 01 10 18
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by thermal diffusion doping between 800 and 950°C to determine the diffu-
sion coefficient. Both single-crystal and polycrystalline hosts were used. It
was shown that diffusion is faster in polycrystalline samples than in single
crystals below 910°C probably due to the enhancement of diffusion along
grain boundaries [78]. For temperatures above 910°C, diffusion speed was
similar in both cases due to the grain growth process observed in polycrys-
talline samples at temperatures above ∼900°C [78]. Both sputtered films and
CrSe powders were used as the dopant source, and diffusion was observed
to be faster with CrSe powder than with sputtered metallic chromium for
temperatures higher than 850°C [78]. In a recent work, thermal diffusion
process in ZnSe single crystals was studied between 800 and 1000°C by using
sputtered metallic chromium layers [104].

In our work, we used the model discussed in Subsection 3.2.3, to determine
the diffusion coefficient for Cr2+ ions (from CrSe powder source) in the
polycrystalline ZnSe host between 900 and 1100°C [92]. Two different meth-
ods were employed. In the first method, the average absorption coefficient
at the center of the cylindrical Cr2+:ZnSe samples was measured as a function
of the diffusion time. Sixteen samples prepared at 1000°C for different dif-
fusion times were used. Figure 3.4 shows the measured variation of the
average absorption coefficient (αav) at 1775 nm as a function of the diffusion
time. Least-squares fit between the experimental data and the diffusion
model gave the best value of 6 × 10–10 cm2/sec for D.

We also used a second method which allows the determination of the
diffusion coefficient with one sample only. In this case, a Cr:YAG laser oper-
ating at 1510 nm was used to measure the spatial variation of the absorption

FIGURE 3.4
Measured variation of the peak absorption coefficient at the sample center as a function of the
diffusion time for several Cr2+:ZnSe samples. All the samples were prepared at 1000°C. The
solid curve is the best theoretical fit based on the diffusion model.
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coefficient inside the sample. In these experiments, the output beam of the
Cr:YAG laser was focused to a 20-μm spot and scanned across the sample
cross section. Figure 3.5 shows the measured and calculated variation of the
average absorption coefficient (αav) as a function of the radial distance for a
Cr2+:ZnSe sample subjected to diffusion at 1000°C for 10 days. Note that this
measurement also gives information on the spatial uniformity of the
Cr2+:ZnSe samples prepared by thermal diffusion doping. For the specific
sample in Figure 3.5, spatially uniform section of the sample extends over
65% of the total sample cross section. Using this method, best-fit between
experiment and theory was obtained for a D value of 5.45 × 10–10 cm2/sec,
in good agreement with the result of 6 × 10–10 cm2/sec obtained above. The
average diffusion coefficient determined at 1000°C (5.7 × 10–10 cm2/sec) in
our study is lower than the previously reported values [78,104], possibly due
the variation in the properties of the host samples. We also used Cr2+:ZnSe
samples prepared at 900 and 1100°C to investigate the temperature depen-
dence of the diffusion coefficient. Figure 3.6 shows the variation of the best-
fit value of the diffusion coefficient as a function of diffusion temperature
between 900 and 1100°C.

3.3 Fluorescence Spectroscopy of Cr2+:ZnSe

In this section, we review the fluorescence properties of the Cr2+:ZnSe
medium. In particular, we present data that show how the lifetime and the
fluorescence efficiency vary with the active ion concentration. An empirical

FIGURE 3.5
Measured and calculated variation of the absorption coefficient as a function of the radial
distance in the Cr2+:ZnSe sample. The sample was subjected to diffusion for 10 days at 1000°C.
The thickness and radius are 2 mm and 5 mm, respectively.
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fit is also obtained for the concentration dependence of the lifetime. We
further discuss the models used for the determination of the absorption cross
section from cw and pulsed absorption saturation measurements. Since life-
time data are needed in the cw analysis of saturation, we included this
discussion on the modeling of saturation after Subsection 3.3.3.

3.3.1 Emission Spectrum of Cr2+:ZnSe

When the Cr2+:ZnSe gain medium is excited by using optical sources oper-
ating between 1500 and 2100 nm (5T2 → 5E excitation), efficient, Stokes-
shifted fluorescence can be obtained in the 2–3 μm wavelength range. Figure
3.7 shows the emission spectrum of Cr2+:ZnSe samples excited at 1510 nm
by a cw Cr4+:YAG laser. The Cr2+:ZnSe samples have the concentrations of
3 × 1018 ion/cm3 (sample a) and 14 × 1018 ion/cm3 (sample b) with peak
absorption coefficients of 3.4 cm–1 and 16 cm–1, respectively, at 1775 nm.
Samples showed wide emission between 1.7 and 3.1 μm. Note that due to
the self-absorption of the medium between 1.5 and 2.1 μm, emission inten-
sity on the low-wavelength side of the spectrum is reduced for sample b.
This suggests that samples with relatively low chromium concentration are
more suitable to obtain lasing in the low-wavelength end of the emission
band. Experiments aimed at operating a gain-switched Cr2+:ZnSe laser
below 2000 nm are further discussed in Subsection 3.4.3. We also note in
passing that even ultraviolet (355 nm) and visible (532 nm) pump sources
can be used to obtain mid infrared emission from Cr2+:ZnSe [105]. The

FIGURE 3.6
Temperature dependence of the diffusion coefficient D for the diffusion of Cr2+ into polycrys-
talline ZnSe between 900 and 1100°C.
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details of this indirect excitation mechanism and a discussion of lasing at
2.4 μm under 532-nm excitation can be found in Reference 105.

The stimulated emission cross section σe is an important laser parameter
which is related to the strength of the emission band and the amount of
optical amplification that can be obtained from the gain medium. σe can be
determined from the fluorescence spectrum by using the Fuchtbauer–Lad-
enburg formula [18,81,106]:

(3.7)

Here, c is the speed of light, n is the index of refraction, τrad is the radiative
lifetime, and Ie(λ) is the spectral distribution of the fluorescence intensity.
The emission data for the sample with lower chromium concentration (sam-
ple a) can be used to determine Ie(λ). In our analysis the refractive index n
and the radiative lifetime τrad were taken as 2.45 and 5.5 μsec for Cr2+:ZnSe,
respectively [107,108], yielding a peak emission cross section of 13 × 10–19 cm2

at 2050 nm. This is in good agreement with the previously reported values
[14,43,106,109,110].

3.3.2 Temperature and Concentration Dependence of the Fluorescence 
Lifetime

In general, the total fluorescence decay rate of an energy level is the sum of
the radiative (Wrad) and nonradiative (Wnon-rad) decay rates. The experimen-
tally measured fluorescence lifetime (τf) is related to Wrad and Wnon-rad through

FIGURE 3.7
Measured emission spectra of two Cr2+:ZnSe samples with concentrations of a) 3 × 1018 ion/cm3

and b) 14 × 1018 ion/cm3. The samples were excited at 1510 nm using a cw Cr4+:YAG laser.
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(3.8)

where τrad is the radiative lifetime and τnon-rad is the inverse of the nonradiative
decay rate Wnon-rad. As Wnon-rad increases, the fluorescence lifetime of the
sample decreases and a larger fraction of the input pump energy is converted
into heat. An important parameter that influences the power efficiency of a
solid-state laser is the fluorescence quantum efficiency, which is the ratio of
the fluorescence lifetime (τf) to the radiative lifetime (τrad). This parameter
(τf/τrad) measures the fraction of the input pump energy that can be converted
to laser emission. As noted earlier, Cr2+:ZnSe attracted a lot of attention
because at low doping densities, it has a near-unity fluorescence quantum
efficiency near room temperature. This is quite rare in TM-doped tunable
solid-state lasers. Near-unity quantum efficiency at room temperature fur-
ther suggests that both the multiphonon relaxation and thermally activated
nonradiative decay processes are negligible in Cr2+:ZnSe at room tempera-
ture [30,43,46,111,112]. Here, we also note that the reduced role of mul-
tiphonon relaxation is due to the low phonon cutoff energy (250 cm–1 in
ZnSe) of the medium [2].

3.3.2.1 Concentration Dependence of the Fluorescence Lifetime

As the doping concentration is increased, ion-ion interactions can also
increase the strength of nonradiative decay processes, leading to a reduction
in fluorescence quantum efficiency [111]. In this section, we discuss the
experiments performed in our group to investigate the concentration depen-
dence of the fluorescence lifetime.

Figure 3.8 shows the room-temperature time-dependent fluorescence
decay curve of a polycrystalline Cr2+:ZnSe sample with a Cr2+ ion concen-
tration of 9.5 × 1018 cm–3. The corresponding peak absorption coefficient is
10.7 cm–1 at 1775 nm. A pulsed optical parametric oscillator (OPO) operating
at 1570 nm and producing 65-ns pulses at a repetition rate of 1 kHz was
used to excite the samples. The inset in Figure 3.8 shows the variation of the
natural logarithm of the fluorescence intensity. We note that the fluorescence
signal shows a single-exponential decay. By doing a single-exponential fit to
the experimental data, the fluorescence lifetime was determined to be 4.6 ±
0.2 μsec for this particular sample.

The above measurement was repeated for various Cr2+:ZnSe samples
doped with different amounts of chromium. Figure 3.9 shows the measured
variation of the fluorescence lifetime at room temperature as a function of
the average chromium concentration. As can be seen, the fluorescence life-
time shows a rapid decay with Cr2+ concentration due to concentration
quenching. Similar decrease in the fluorescence lifetime with Cr2+ concentra-
tion was also observed in previous studies [74,113,114]. The concentration
dependence of the fluorescence lifetime τf can be described by an empirical
formula of the form

1 1 1
τ τ τf rad non-rad

rad non-radW W= + = + ,
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(3.9)

where NCr is the chromium concentration, τF0 is the low-concentration value
of the fluorescence lifetime, and N0 is the concentration where τF is reduced

FIGURE 3.8
Room temperature time-dependent fluorescence decay of a Cr2+:ZnSe sample with a concen-
tration of 9.5 × 1018 cm–3. The sample was excited with 65-ns-long pulses at 1570 nm. The inset
shows the variation of the natural logarithm of the fluorescence intensity. The fluorescence
lifetime was determined to be 4.6 ± 0.2 μsec.

FIGURE 3.9
Measured variation of the fluorescence lifetime of polycrystalline Cr2+:ZnSe as a function of the
chromium concentration at room temperature. The solid line is the empirical fit given by
Equation 3.9 in the text.
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to τF0/2. The solid line in Figure 3.9 shows the least-squares fit to the exper-
imental lifetime data by using Equation 3.9. The best-fit values of τF0 and N0

were determined to be 5.56 μsec and 17 × 1018 ions/cm3, respectively. N0 =
17 × 1018 ions/cm3 corresponds to a peak absorption coefficient of 19.5 cm–1

at 1775 nm. τF0 values reported by other groups are in the 5–7 μsec range
[74,106,108,114]. The observed variation may be due to the difference in the
structural properties of the ZnSe host. The value of N0 measured in our study
(17 × 1018 ions/cm3) is also lower than those obtained in other studies
(∼25 × 1018 ions/cm3 [108,113], ∼26 × 1018 ions/cm3 [114], ∼30 × 1018 ions/cm3

[74]). Despite the variation in the reported values of N0 and τF0, we see clearly
that the concentration dependence of the lifetime is relatively weak for con-
centrations lower than 10 × 1018 ions/cm3 (see Figure 3.9 and References 74,
108, 113). This value of concentration (∼10 × 1018 ions/cm3) appears as the
critical concentration where ion–ion interactions and nonradiative decay
processes start to become effective. We can hence conclude, based on the
lifetime measurements, that samples with chromium concentrations lower
than about 10 × 1018 ions/cm3 (peak absorption coefficient = 11.5 cm–1 at 1775
nm) are more suitable for laser applications, especially in the cw regime.

3.3.2.2 Temperature Dependence of the Fluorescence Lifetime

Data on the temperature dependence of the fluorescence lifetime gives very
useful information about the strength of multiphonon relaxation processes at
different temperatures. In Cr2+:ZnSe, the temperature dependence of the flu-
orescence lifetime was investigated by several groups [14,74,81,106,113]. In
some of the previous measurements, a slight increase in fluorescence lifetime
was observed as the temperature was increased from cryogenic temperatures
to room temperature [14,43,106]. The reason for this increase remained unclear
and several explanations were offered [14,106]. In a recent work, Kisel et al.
suggested that the observed increase in the fluorescence lifetime may be
attributed to reabsorption in the bulk of the samples [108]. In support of this,
the temperature dependence of the fluorescence lifetime was measured by
using the luminescence from the surface and the bulk of Cr2+:ZnSe samples.
Insignificant increase in the fluorescence lifetime was observed with temper-
ature when the fluorescence signal was collected from sample surface, in
comparison with what was taken from the bulk of the samples.

In our studies, we characterized the temperature dependence of the fluo-
rescence lifetime at elevated temperatures between 0 and 160°C. Such data
provide useful information for the design of power-scalable Cr2+:ZnSe lasers
since the unused pump power can lead to thermal gradients inside the gain
medium, and reduce the population inversion due to the temperature depen-
dence of the fluorescence lifetime. Figure 3.10 shows the experimentally
measured variation of the fluorescence lifetime as a function of temperature
between 0 and 160°C for a Cr2+:ZnSe sample with a Cr2+ concentration of
5.7 × 1018 ions/cm3 (peak absorption coefficient = 6.5 cm–1 at 1775 nm). A
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sharp decrease in the fluorescence lifetime was observed above 60°C similar
to the results of other studies [14,74,81,106,113]. An empirical polynomial fit
to the data shows that the fluorescence lifetime τF(T) can be estimated from

(3.10)

where τRT is the fluorescence lifetime of the sample at room temperature and
T is the temperature in degrees Celsius. The solid line in Figure 3.10 is the
best fit to the experimental data based on Equation 3.10 with τRT = 5 μsec.

3.3.3 Dependence of the Fluorescence Efficiency on Chromium 
Concentration

A direct consequence of the concentration dependence of the fluorescence
lifetime is a reduction in the fluorescence efficiency in Cr2+:ZnSe with increas-
ing active ion concentration. As a result, the population inversion of the
upper laser level for a given pump power decreases and the cw lasing
threshold increases. In our studies, we have directly measured the effect of
the ion concentration on the fluorescence quantum efficiency in Cr2+:ZnSe.
Figure 3.11 shows the measured variation of fluorescence efficiency (ηF) as
a function of Cr2+ concentration at 2400 nm. Fluorescence efficiency ηF at
2400 nm is defined as

( 3.11)

FIGURE 3.10
Measured variation of the fluorescence lifetime for a Cr2+:ZnSe sample with a Cr2+ concentration
of 5.7 × 1018 ions/cm3 between 0 and 150°C.
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where I2400 is the measured fluorescence intensity at 2400 nm and Pabs is the
absorbed pump power at the excitation wavelength. Measurements were
performed by using a Cr:YAG laser at 1510 nm and a Tm-fiber laser at 1800
nm. Results showed a monotonic decrease in the fluorescence efficiency with
increasing Cr2+ concentration. The observed decrease in ηF (Figure 3.11) is
sharper than that for the fluorescence lifetime (Figure 3.9). This may be
attributed to the presence of higher passive losses at the lasing wavelength
in more heavily doped samples, as explained in Subsection 3.2.5.

Based on the fluorescence efficiency data, it is possible to estimate the
optimum chromium concentration where the emitted photons at the lasing
wavelength will be maximized. Note that ηF gives the fraction of the
absorbed pump power that is converted to photons at the emission wave-
length. By multiplying ηF with the total absorption A of the sample, we
obtain a fraction which is proportional to the total number of photons at the
emission wavelength. Note that the total absorption A = 1 – exp(–σaNCr�)
(σa = absorption cross section, NCr = chromium concentration, and � = sam-
ple length) increases with ion concentration NCr and tends to unity at large
NCr. Figure 3.12 shows the calculated variation of AηF for a 2-mm thick
Cr2+:ZnSe sample by taking σa = 11.5 × 10–19 cm2 [10]. As can be seen from
Figure 3.12, this simple analysis shows that the fluorescence intensity for
Cr2+:ZnSe will be maximized in a sample with an average chromium con-
centration of about 6 × 1018 ions/cm3. We note here that the optimum chro-
mium concentration will also depend on the chosen sample length. The result
obtained here is for the specific case of � = 2 mm.

FIGURE 3.11
Variation of the fluorescence efficiency in Cr2+:ZnSe samples at 2400 nm as a function of the
chromium concentration. Two different pump sources (a Cr:YAG laser at 1510 nm and a Tm-
fiber laser at 1800 nm) were used.
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3.3.4 Determination of Absorption Cross Sections

3.3.4.1 Model Equations

If the active ion density NCr inside the Cr2+:ZnSe medium is accurately
known, the absorption cross section σa(λ) at the wavelength λ can be readily
determined from

(3.12)

where the small-signal absorption coefficient αp0(λ) is typically measured
with a spectrophotometer as described before in Subsection 3.2.4. If NCr is
not accurately known, absorption saturation measurements can instead be
employed in the determination of σa(λ). In this case, a laser whose operating
wavelength λ overlaps with the absorption band of the medium is required.
The transmission of the sample is measured as a function of the input power
or input energy depending on whether a cw or a pulsed source is used,
respectively. Alternatively, the input power or energy is kept fixed and the
transmission is measured as a function of the pump beam waist location (z-
scan method). In the following, we employ the rate-equation formalism [115]
to analyze the saturation characteristics of an absorber for the cw and pulsed
cases and describe how σa(λ) can be determined from the measured data.
We model the Cr2+:ZnSe medium as a modified four-level system with the
possibility of excited-state absorption. Transverse intensity variations across

FIGURE 3.12
Estimated variation of Aηf (A = absorption, ηf = fluorescence efficiency) for a 2-mm thick
Cr2+:ZnSe gain medium as a function of chromium concentration.
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the beam cross section are also taken into account. As we will point out,
knowledge of the fluorescence lifetime is necessary in order to determine
σa(λ) from the cw saturation measurements.

3.3.4.2 Continuous-Wave Case

In the case of cw saturation, we derive the differential equation satisfied by
the beam power during propagation through the saturable absorber. A sche-
matic of the energy-level diagram is shown in Figure 3.13. Spectroscopic
designations of the energy levels are not used in order to keep the analysis
general. Let us suppose that pump photons at the wavelength of λp are
incident on the absorber. If λp overlaps with the absorption band, absorber
ions will be raised from the ground state ⎪g〉 to the first excited-state ⎪3〉. We
assume that fast nonradiative decay of the excited ions then takes place to
the upper level ⎪2〉. In the case of Cr2+:ZnSe, level ⎪2〉 is the upper laser level
from which ions decaying via stimulated emission produce laser radiation
around 2.5 μm. In the analysis of the saturable absorber, we neglect stimu-
lated emission and only consider spontaneous emission to the lower level
⎪1〉. Finally, fast nonradiative decay brings the ions back to the ground state
⎪g〉. Typically, the nonradiative decay rates are extremely fast compared to
spontaneous decay and populations of levels ⎪1〉 and ⎪3〉 may be neglected.
We further assume that excited-state absorption may occur from level ⎪2〉 to
a higher lying level ⎪4〉 at the pump wavelength of λp and that once ions are
excited to level ⎪4〉, rapid nonradiative decay takes them back to level ⎪2〉.
In the following analysis, we drop the spatial and temporal dependence of
the populations and intensities to simplify the notation. The population
density N2 of the upper level obeys the differential equation

FIGURE 3.13
Energy level diagram for Cr2+:ZnSe medium, with the possibility of excited state absorption at
the pump wavelength.
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(3.13)

where h is Planck’s constant, c is the speed of light, Ip is the intensity of the
pump radiation at λp, σa is the ground state absorption cross section at λp,
Ng is the population density of the ground state, and τf is the fluorescence
lifetime.

As the pump beam propagates through a thin slab of the saturable
absorber with cross-sectional area A and thickness dz, conservation of
energy yields

(3.14)

Here, vg is the group velocity of the pump beam, and fp is the normalized
strength of excited-state absorption at λp (fp = σesa/σa, σesa = excited-state absorp-
tion cross section). Note that here, N2+ Ng = NCr. In steady state, N2 becomes

(3.15)

where Isa is the absorption saturation intensity given by

(3.16)

Note that the smaller the value of Isa, the easier it will be to saturate the
absorption. By using the steady-state expressions for N2 and Ng, it can be
shown that Ip will satisfy the differential equation

(3.17)

Here, αp0 is the small-signal differential pump absorption coefficient
defined in Equation 3.12 in the preceding section. If excited-state absorption
is present, note from Equation 3.17 that it is not possible to fully saturate the
absorber even at very high pump intensities.

If the normalized transverse distribution ΦP of the intensity is assumed to
be cylindrically symmetric, then the beam power Pp(z) at the location z
satisfies
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(3.18)

where r is the radial coordinate. As an example, ΦP for a Gaussian beam is
given by

(3.19)

where ωp is the position-dependent pump spot-size distribution. The trans-
mitted power will depend on the input power and the waist location of the
pump spot-size function. Best fits can be made to experimental data by
varying fp and Isa. From the values of the best-fit parameters, σa and σesa can
be determined. To find σa, the fluorescence lifetime τf of the sample is also
needed (see Equation 3.16).

3.3.4.3 Pulsed Case

As an alternative to the cw saturation measurements, a train of pulses can
also be sent through the medium to measure the dependence of the trans-
mission on input pulse energy and beam focusing. Here, we analyze the
behavior of the saturable absorber by assuming that the duration of the
pulses is much shorter than the fluorescence lifetime. We also assume that
the absorber completely recovers before the next pulse comes. The pulse
intensity Ip(t) and the integrated energy density Ep are related through

(3.20)

Here, τ is much greater than the pulsewidth so that to a very good approx-
imation, Ip(τ) = 0. By using Equation 3.13 and Equation 3.14 and by neglecting
spontaneous decay rates, we obtain

(3.21)

If Equation 3.13 is integrated from t = –∞ to t = τ, the ground state popu-
lation Ng can be expressed in terms of the integrated energy density as

(3.22)
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where the initial ground-state population density is Ng(–∞) = NCr = (αp0/σa)
and Esa (Esa = hc/σaλp) is the saturation fluence for absorption. If Equation
3.21 is integrated from t = –∞ to t = τ, we obtain the differential equation that
describes the spatial evolution of the energy density:

(3.23)

Finally, by assuming that the transverse energy distribution of the beam
is described by Φp, we find that the total pulse energy Ep obeys

(3.24)

In the analysis of saturation data, fp and Esa can be used as the fitting
parameters to determine σa and σesa.

3.3.4.4 Experimental Results

In this section, we present the results of saturation measurements performed
with a polycrystalline Cr2+:ZnSe sample to determine the absorption cross
section σa. In the measurements, a 1.85-mm-thick Cr2+:ZnSe sample with a
peak absorption coefficient of 12.2 cm–1 at 1775 nm and a fluorescence lifetime
of 4.3 μsec was used. A cw Tm-fiber laser at 1800 nm and a pulsed KTP
optical parametric oscillator at 1570 nm were used to measure the variation
of the sample transmission as a function of the beam waist location. The
pump waist has a radius of 30 μm and 70 μm for the cw and pulsed cases,
respectively. Figure 3.14 shows the experimentally measured and calculated
variation of the transmission as a function of the pump spot position for
both cw and pulsed cases. For the cw case, at 1800 nm, best-fit between
experiment and theory was obtained for fp = 0 and σa = 6.05 × 10–19 cm2. In
the pulsed case, at 1570 nm, best-fit values of fp and σa were 0.06 and
2.15 × 10–19 cm2, respectively. For both 1570 nm and 1800 nm, the best value
of fp is very small indicating that excited-state absorption is negligible, in
agreement with earlier work [108,116–118]. The calculated absorption cross
section values at 1570 nm and 1800 nm correspond to a peak absorption
cross section of 5.6 × 10–19 and 6.1 × 10–19 cm2 at 1775 nm (using Equation 3.5),
respectively. The agreement between these values obtained by using different
techniques is reasonably good. The averaged best-fit value of the cross section
at 1775 nm comes to 5.85 × 10–19 cm2. Several other groups also determined
the absorption cross section for Cr2+:ZnSe. The results of these measurements
along with the pump wavelengths used appear in Table 3.2. The best-fit
average obtained in our studies is lower than the average (∼10 × 10–19 cm2)
of the previously reported values shown in Table 3.2.
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3.4 Pulsed Operation of Cr2+:ZnSe Lasers

3.4.1 Review of Earlier Work on Pulsed Cr2+:ZnSe Lasers

Cr2+:ZnSe lasers can be operated in pulsed mode by using a second pulsed
pump laser whose wavelength overlaps with the absorption band. The peak
powers obtainable from pulsed pump sources are typically high and lasing
can thus be achieved at lower average pump powers than those needed for
cw pumping. In this section, we review the work done in the development

FIGURE 3.14
Measured and calculated variation of the transmission of a 1.85-mm thick Cr2+:ZnSe sample as
a function of the incident beam waist location. As pump sources, a 1570 nm KTP OPO producing
70 ns pulses (pulsed), and a Tm-Fiber laser at 1800 nm (cw) was used.

TABLE 3.2

Reported Peak Absorption Cross-Section Values (σo) and the 
Relative Strength of the Excited-State Absorption (fp) for 
Cr2+:ZnSe

σσσσo (× 10–19cm2) fp Pump Wavelength Reference

∼11 0 Pulsed, 1534 nm 108
∼7.5 — Pulsed, 2017 nm 145

∼10 < 0.04 Pulsed, 1598 nm 116
∼9.5 — cw, 2000 nm 146

∼12 0 Pulsed, 1534 nm 117
∼11.5 — * 10
∼8 — * 15

∼10 ∼0 — Average
∼5.5 0.06 Pulsed, 1570 nm This work
∼6 0 cw, 1800 nm This work

Note: Pump wavelengths used in the measurements are also indi-
cated. Those marked by * use the known chromium concen-
tration value of the prepared samples to calculate σo.
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of pulsed Cr2+:ZnSe lasers. Continuous-wave and mode-locked regimes of
operation will later be discussed in Section 3.5 and Section 3.6, respectively.

The first experimental demonstration of lasing action in Cr2+:ZnSe
employed pulsed pumping [14,15]. In this work, Page et al. used a 10-Hz,
10-mJ, Co:MgF2 laser operating at the wavelength of 1860 nm to excite the
Cr2+:ZnSe gain medium. The pump pulsewidth was about 40 μsec. Plane-
parallel Cr2+:ZnSe samples were placed at the center of a confocal resonator
consisting of two curved mirrors (R = 20 cm). The output coupler had a
transmission of 7.5%. The pump beam was focused to a spot of several
millimeters and up to 600 μJ of output pulse energy was obtained with ∼3.5
mJ of absorbed pump energy. The slope efficiency with respect to absorbed
pump power was 22.6%. By using a diffraction grating in Littrow configu-
ration, the laser output could be tuned between 2150 and 2800 nm. The same
group also demonstrated the first diode-pumped, pulsed Cr2+:ZnSe laser [28].
In these experiments, an InGaAsP/InP diode laser array producing more
than 70 W of peak power at 1.65 μm was used as the pump. The gain medium
was excited from one side. Using a 10% output coupler, output energies as
high as 18 μJ (0.34 W peak power) were obtained with about 150 μJ of
absorbed pump energy. To date, pulsed operation of Cr2+:ZnSe lasers has
been characterized in numerous other studies [28,42,106,109,119–122]. In the
particular experiments reported by Zakel et al., a 10-mm-long cylindrical
Cr2+:ZnSe sample (chromium concentration = 6 × 1018 ions/cm3) was
pumped by a 30-W, 7-kHz, Tm:YALO laser at 1940 nm and average output
powers as high as 18.5 W (2.64 mJ pulse energy) were obtained during gain-
switched operation [122]. The slope efficiency exceeded 65%. An acousto-
optic tunable filter was further used for rapid tuning of the laser output
between 2.04 and 2.74 μm.

3.4.2 Dependence of the Power Performance on Chromium 
Concentration

In our studies, we investigated the gain-switched operation of a Cr2+:ZnSe
laser pumped at 1.57 μm by a pulsed, eye-safe KTP optical parametric oscil-
lator (OPO) [107]. This is a very attractive excitation scheme since the KTP
OPO can be pumped by the 1064-nm Nd:YAG lasers which are widely
available. One important issue that needs to be addressed in the case of 1570-
nm pumping has to do with the poor overlap of the pump wavelength with
the Cr2+:ZnSe absorption band (1500 nm to 2100 nm) whose center is at 1775
nm. If the crystal lengths are kept fixed, this requires the use of gain media
with higher active ion concentrations to absorb the same amount of pump
power. However, as explained in previous sections, high doping concentra-
tions can increase the fluorescence quenching, passive losses at the lasing
wavelength, and thermal loading. Hence, it is important to understand the
effect of the active ion concentration on the lasing efficiency. In this work,
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we investigated the dependence of the laser power performance on the active
ion concentration in 1570-nm-pumped gain-switched Cr2+:ZnSe lasers.

A schematic of the gain-switched Cr2+:ZnSe laser is shown in Figure 3.15.
In the experiments, we used a 1064-nm-pumped noncritically phase-matched
KTP OPO capable of delivering 65-ns pulses at a pulse repetition rate of 1
kHz with up to 880 μJ of pulse energy. Cr2+:ZnSe laser was configured as a
standard x-cavity, consisting of two curved high reflectors (M1 and M2, R =
10 cm), a flat end high reflector (M3), and a flat output coupler (OC). The
length of each resonator arm was around 15 cm. Several diffusion-doped
Cr2+:ZnSe samples were placed at Brewster incidence between the curved
mirrors M1 and M2. The pump was focused to a beam waist of about 100
μm with a converging lens (L1, f = 10 cm). A filter (F) was used after the
output coupler to block the residual pump beam. The cavity was not purged
during the measurements and the relative humidity was around 40%.

We used three Cr2+:ZnSe samples with thickness of ∼3 mm and Cr2+ con-
centrations of 3.6 × 1018, 14 × 1018, and 25 × 1018 ions/cm3 to investigate the
concentration dependence of the power performance. Table 3.3 lists the opti-
cal properties of the three samples. Three different output couplers with 5.5,
17.5, and 25% transmission were used to characterize the laser performance
with each sample. Figure 3.16 shows the energy efficiency curves taken with
the 25% output coupler. The highest output energy was obtained with Sam-
ple 2, which had a peak absorption coefficient of 16 cm–1 at 1775 nm and a
corresponding Cr2+ concentration of 14 × 1018 ions/cm3. In this case, the
resonator produced 52 μJ of output energy with 340 μJ of absorbed pump
energy. Note that the power performance degrades monotonically with
increasing ion concentration. In particular, the slope efficiency of the reso-
nator decreases from 25% to 12% when the ion concentration increases from
3.6 × 1018 to 25 × 1018 ions/cm3. This could be mainly attributed to an increase
in passive losses at the lasing wavelength, as described in Subsection 3.2.5.
Although the slope efficiency was higher with Sample 1, higher output
energy was obtained with Sample 2 due the larger absorption of the latter.

FIGURE 3.15
Schematic of the KTP OPO-pumped gain-switched Cr2+:ZnSe laser. See the text for a detailed
description of the components. Mirror M4 was used only during the intracavity pumping
experiments.
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Pulse forming dynamics during the gain-switched operation of the
Cr2+:ZnSe laser depends on many factors such as the incident pump energy,
cavity configuration, and the optical characteristics of the gain medium. In
these experiments, we investigated the effect of the incident pump energy
on the delay between the pump and the laser pulses, and the duration of
the output pulse. Figure 3.17 shows the measured variation of the delay and
the laser pulsewidth as a function of incident pump energy for Sample 1. As
can be seen both the delay and the pulsewidth initially decrease with increas-
ing pump energy as expected but then level off due to absorption saturation.

The passive loss analysis of the samples was also performed by using the
power efficiency data obtained with three output couplers [123]. The slope
efficiency η of the laser can be expressed in terms of the output coupler
transmission T and the round trip passive loss L as

(3.25)

TABLE 3.3

Properties of the Cr2+:ZnSe Samples Used in the KTP OPO-Pumped, Gain-Switched 
Lasing Experiments

Sample
Sample Length

(mm)
αααα at 1775 nm

(cm–1)
Absorption

at 1570 nm (%)

Average Cr2+

Concentration
(× 1018 cm–3)

Lifetime
(μsec)

1 3.03 4.1 51 3.6 5.0
2 3.04 16 75 14 4.4
3 3.06 29 99 25 1.5

FIGURE 3.16
Measured variation of the output energy as a function of the absorbed pump energy for the
three different Cr2+:ZnSe samples used in the experiment. Properties of the samples are listed
in Table 3.3. A 2.9-μm mirror set and a 25% output coupler was used in the measurements.
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where η0 is the maximum slope efficiency that can be obtained at high output
coupling. Factors including the finite quantum defect of the laser transition,
mode matching between the pump and the laser beams, and luminescence
quantum efficiency all affect η0. Figure 3.18 shows the variation of the inverse
slope efficiency (1/η) as a function of the inverse transmission (1/T) of the
output couplers for the three samples. As can be seen from Equation 3.25,
the intercept and the slope of the linear best fit can be used to determine the
values of η0 and L. Using this method, the single-pass loss was estimated to

FIGURE 3.17
Measured variation of the delay and the output pulse width as a function of incident pump
energy for the gain-switched Cr2+:ZnSe laser. Sample 1 and the 2.9-μm mirror set (output coupler
transmission = 25%) were used.

FIGURE 3.18
Measured variation of the inverse slope efficiency (1/η) as a function of the inverse output
coupler transmission (1/T) for the three different Cr2+:ZnSe samples used in the experiment.
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be 11, 15, and 31% for Samples 1, 2, and 3, respectively. Here, atmospheric
and mirror losses were neglected. The estimated passive losses of the samples
scale with chromium concentration, as expected from the spectroscopic
results (See Subsection 3.2.5).

3.4.3 Intracavity-Pumped Cr2+:ZnSe Laser with Ultrabroad Tuning

In a second experiment, we used an intracavity pumping configuration and
demonstrated ultrabroad tuning of the gain-switched Cr2+:ZnSe laser. A
curved gold retro reflector (M4, R = 10 cm) was further placed after the curved
high reflector (M2). In addition to enabling double-pass pumping of the gain
medium [27,124], this configuration also provides feedback for the OPO
setup, extending the effective resonator for 1570-nm oscillation from M4 up
to the input high reflector of the optical parametric oscillator (not shown in
Figure 3.15). To demonstrate tuning in different parts of the spectrum, four
different mirror sets with central reflectivity wavelengths at 2, 2.25, 2.6, and
2.9 μm were used. All the high reflectors had transmission greater than 90%
at 1570 nm. In the experiments, tuning was achieved by using a Brewster-
cut sapphire prism. Most of the efficiency and the tuning data were obtained
by using a Cr2+:ZnSe sample (Sample 4, referred to as S4 in the following
graphs) which had a thickness of 1.94 mm and a Cr2+ concentration of
5.7 × 1018 ions/cm3. The measured fluorescence lifetime and the pump
absorption were 5 μsec and 43%, respectively. Only in the tuning data at
longer wavelengths (2600–3100 nm), a second sample (Sample 5, S5) with a
thickness of 1.85 mm and concentration of 11 × 1018 ions/cm3 was used for
improving the output efficiency. Figure 3.19 shows the energy efficiency

FIGURE 3.19
Energy efficiency curves taken with Sample 4 in the single-pass and intracavity pumping
configurations. A 2.6-μm mirror set (output coupler transmission = 25%) was used.
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curves for Cr2+:ZnSe Sample 4, taken with the 2.6 μm HR set. In the intrac-
avity pumping configuration, output energies as high as 143 μJ was obtained
with a 25% output coupler and 1.16 mJ of intracavity OPO pump energy.
The pulse repetition rate was 1 kHz.

Tuning experiments were conducted by using four sets of resonator optics
with center wavelengths of 2 (OC transmission  = 7%), 2.25 (OC transmission
= 25%), 2.6 (OC transmission  = 25%), and 2.9 μm (OC transmission  = 4%).
The bracketed values indicate the output coupler transmission for each set
of mirrors at the center of the reflectivity window. Measured variation of the
output energy as a function of the wavelength is shown in Figure 3.20 for
an input Nd:YAG pump energy of about 1.8 mJ. Here the input intracavity
OPO pump energy did not remain constant due to the fact that different sets
of the optics used in the tuning experiments had different overall transmis-
sion at 1570 nm. Due to the low damage threshold of the 2.25 μm HR mirrors,
intracavity configuration was not applied with this set; hence lower output
powers were obtained. The solid curve in Figure 3.20 shows the estimated
single pass small signal reabsorption loss of the Cr2+:ZnSe gain medium
(Sample 4). With intracavity pumping, the demonstrated fractional tuning
range was 0.49 (Δλ/λ0≅(3100–1880)/2490 = 0.49) comparable to that of
Ti+3:Al2O3 (Δλ/λ0 ≅ 0.57) lasers (see Table 3.1). Also note from Figure 3.20
that use of Sample 5 with a 25% transmitting output coupler improves the
laser efficiency in the long wavelength end of the tuning range.

FIGURE 3.20
Tuning curve for the intracavity-pumped gain-switched Cr2+:ZnSe laser taken with four differ-
ent mirror sets. Laser emission could be obtained in the 1880 to 3100 nm wavelength range.
The solid line is the small-signal, single-pass loss of Sample 4 due to self absorption.
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3.5 Continuous-wave Cr2+:ZnSe lasers

As noted in the Introduction, several favorable characteristics of the
Cr2+:ZnSe medium enable efficient continuous-wave laser operation at room
temperature. These include the four-level energy structure, absence of
excited-state absorption, and high luminescence quantum efficiency near
room temperature. On the other hand, the high thermal index coefficient
(dn/dT = 70 × 10–6/°K for Cr2+:ZnSe [125]) and temperature dependence of
the fluorescence lifetime above room temperature cause unwanted thermal
loading problems and could limit power scaling in room-temperature sys-
tems. In this section, we review the work done on the development of cw
Cr2+:ZnSe lasers. We discuss the operation under various pumping configu-
rations and the results obtained with regard to power efficiency and tuning
performance. We also discuss the recent work done in our group on the
characterization of a cw Cr2+:ZnSe laser pumped by a Tm-fiber laser at 1800
nm. Experimental data showing power efficiency, tuning, and the role of
active ion concentration are presented.

The continuous-wave operation of a laser can be modeled by using the
rate equation formalism. It can be shown that in the case of end pumping,
the incident threshold pump power Pth required to achieve lasing is given by

(3.26)

where hνP is the energy of pump photons, σem is the stimulated emission
cross section of the gain medium, � is the length of the gain medium, αp is
the small-signal differential pump absorption coefficient, (1 Exp(–αP�)) is the
total absorption at the pump wavelength, L is the passive round-trip loss of
the resonator, T is the transmission of the output coupler, and ωL and ωp are
the average values of the laser and pump spot sizes in the gain medium. If
present, LGSA represents the round-trip ground state absorption loss in the
gain medium. In addition, the slope efficiency η of the laser can be calculated
by using the formula in Equation 3.25.

Room-temperature continuous-wave operation of a Cr2+:ZnSe laser was
first reported by Wagner et al. [27]. A 1-W Tm:YALO laser operating at 1940
nm was used as the pump source. A three-mirror cavity was end-pumped
with the Tm:YALO laser and different Cr2+:ZnSe samples with thicknesses
in the 1–3-mm range were used. The pump was focused to a 60-μm waist.
Best results were obtained with a 2.76-mm-long crystal that had a single-
pass absorption of 35%. The curved gold high reflector of the laser cavity
was used for double passing the pump beam, resulting in a total effective
pump absorption of 58%. With a 7% transmitting output coupler, 250 mW
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of output was obtained by using 600 mW of absorbed pump power, giving
a slope efficiency (with respect to the absorbed pump power) of 63%. By
using a Brewster-cut ZnSe prism placed near the output coupler, the output
wavelength of the laser could also be continuously tuned between 2138 and
2760 nm.

Following the first demonstration of cw lasing in Cr2+:ZnSe lasers, several
alternative pump sources were employed to obtain tunable cw output. These
include Co2+:MgF2 [124,126], Tm:YALO [27], Tm:YLF [125], NaCl:OH– [127],
Er-doped fiber lasers [32,35,128–131], and others. In the particular experi-
ments described by Sorokin and Sorokina, tunable diode-pumped cw oper-
ation was demonstrated by using InGaAsP-InP laser diodes operating at 1600
nm [132]. A three-mirror resonator was used and the gain crystal was end-
pumped from two sides. The total available diode power was 1W. With 1%
output coupler, lasing could be obtained with as low as 30 mW of absorbed
pump power. Different output couplers with transmissions in the range 1–7%
were used to investigate the dependence of the output power on pump power.
By using the 7% output coupler and 460 mW of absorbed pump power, 70
mW of output could be obtained. The output wavelength of the laser could
be varied by using an intracavity Lyot filter. In this case, the polarized output
of the laser could be tuned over 350 nm from 2300 to 2650 nm.

In our experiments, we employed a thulium-doped fiber laser operating at
1800 nm to investigate the cw lasing characteristics of a Cr2+:ZnSe laser.
Pumping at 1800 nm has several advantages. First and foremost, because the
pump wavelength is very close to the absorption resonance, a desired level
of absorption can be obtained by incorporating the minimum possible amount
of active ions into the ZnSe host. It is known that the amount of passive losses
at the lasing wavelength as well as the rate of nonradiative decay increase
with ion concentration. Pumping at 1800 nm and using crystals with low
active ion concentration reduces passive laser losses, decreases the rate of
nonradiative decay and also minimizes thermal loading effects that would
arise due to the temperature dependence of the fluorescence lifetime. All these
positive factors are expected to improve the power scaling capability of room-
temperature Cr2+:ZnSe lasers especially at higher pumping levels.

Figure 3.21 shows the experimental arrangement of the cw Tm-fiber-
pumped Cr2+:ZnSe laser. The pump source was a 5-W, commercial Tm-fiber
laser at 1800 nm. The collimated beam diameter (1/e2) and the M2 were
4.5 mm and 1.03, respectively. In the first set of experiments, we used a single
Cr2+:ZnSe sample with a length 2.6 mm and a pump absorption coefficient
of 10.7 cm–1 at 1800 nm. The measured fluorescence lifetime was 4.6 μsec. The
round-trip loss was 4.1% at the lasing wavelength, giving a crystal figure of
merit (FOM = α1800/α2500,α1800 = differential absorption coefficient at 1800 nm
and α25 00= differential loss coefficient at 2500 nm) of 70. The sample was held
in a copper holder maintained at 15°C. The cavity was a standard, astigmat-
ically compensated, four-mirror x-cavity in which the gain crystal was placed
between two curved high reflectors each with R = 10 cm (M1 and M2). The
cavity was terminated with a flat high reflector (M3) on one end and a flat
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output coupler (OC) on the other. In the experiments, three different output
couplers with transmissions of 3, 5.8, and 15.3% at 2500 nm were used. The
incident pump beam was focused to a waist of 36 μm inside the gain medium
with an input lens (f = 10 cm). ABCD analysis of the cavity shows that the
cavity beam waist at the center of the stability region was 45 μm at the
wavelength of 2400 nm (total cavity length = 90 cm).

Figure 3.22 shows the power efficiency data for the Tm-fiber-pumped cw
Cr2+:ZnSe laser. The best performance was obtained with the 15.3% transmitting

FIGURE 3.21
Schematic of the 1800-nm-pumped continuous wave Cr2+:ZnSe laser. The reflectivity band of
the high reflectors was centered around 2.6-μm. See the text for a detailed description of the
components.

FIGURE 3.22
Continuous-wave power efficiency data for the cw Cr2+:ZnSe laser taken with 3, 5.8, and 15.3%
transmitting output couplers.
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output coupler. In this case, as high as 640 mW of output power was obtained
with 2.5 W of pump. The corresponding slope efficiency with respect to
incident power was 34%. The incident threshold power was measured to be
210, 280, and 410 mW for the 3, 5.8, and 15.3% output couplers, respectively.
Findlay–Clay analysis was first used to determine the round-trip passive
loss L of the resonator [133]. Here, it is assumed that the incident threshold
pump power is proportional to (L + T). Best linear fit to the graph of Pth as
a function of T gave 10.6% for L. Alternatively, Caird analysis can be used
to determine L by using the fact that a plot of 1/η as a function of 1/T gives
a straight line (see Equation 3.25). The slope efficiency was measured to be
16, 23, and 34% with respect to the incident pump power for the output
couplers with respective transmissions of 3, 5.8, and 15.3%. L was determined
to be 6.2% from the Caird analysis. Similar discrepancy between the Find-
lay–Clay and Caird analyses was also observed in previous laser studies
with Cr2+:ZnSe [15,27,110,124], and attributed to the existence of residual
ground state absorption [43,79,100,110,124] which affects the threshold
power but not the slope efficiency [46,124]. By using Equation 3.26 and the
lasing threshold data, the average value of the stimulated emission cross
section was further determined to be 4.2 × 10–19 cm2 at the laser wavelength
(around 2500 nm). Using the peak emission cross value determined in Sub-
section 3.3.1 and the emission line shape function, the value of the emission
cross section at 2500 nm is calculated to be 4.7 × 10–19 cm2, in good agreement
with the value determined from the laser threshold data.

FIGURE 3.23
Tuning curve for the 1800-nm-pumped cw Cr2+:ZnSe laser. The variation of the transmission
of the output coupler and the high reflectors is also shown. The laser could be tuned between
2240 and 2900 nm. The dips in the tuning curve correspond to the atmospheric absorption lines.
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Tuning characteristics of the cw Cr2+:ZnSe laser was further investigated
by using a Brewster-cut MgF2 prism placed in the high-reflector arm of the
resonator. The output coupler had a transmission of 3%. At the pump power
of 1.8 W, the output of the laser was reduced from 255 to 250 mW after the
insertion of the prism. Figure 3.23 shows the tuning curve. Without purging
the cavity, broad tunability could be obtained in the 2240–2900 nm wavelength
range with a single set of optics. The black and gray solid lines in Figure 3.23
show the wavelength dependence of the high reflector (HR) and output
coupler transmissions (OC), respectively. Tuning on both sides was limited
with the reflectivity bandwidth of the high reflectors. In these measurements,
the relative humidity was 67%. A rough estimate of the transmission of air
at that humidity level is also shown [134]. Note that the observed dips near
the wavelength of 2600 nm coincide with the atmospheric absorption peaks.

In the second set of experiments, we investigated the effect of active ion
concentration on the cw power performance of the Cr2+:ZnSe laser. Here,
several Cr2+:ZnSe samples with different Cr2+ concentration were used. Chro-
mium was incorporated into 2-mm-thick polycrystalline ZnSe samples by
diffusion doping. All of the samples were prepared at 1000°C. By varying
the diffusion time, samples with average Cr2+ concentration between
0.8 × 1018 and 23.2 × 1018 ions/cm3 were prepared. The laser setup was similar
to what was described above. The four-mirror x-cavity was end pumped by
the Tm-fiber laser at 1800 nm and the output coupler with 3% transmission
was used. Figure 3.24 shows the power efficiency data taken using four samples

FIGURE 3.24
Power efficiency data for the cw Cr2+:ZnSe laser taken with 4 samples with chromium concen-
trations of 0.8 (Sample 1), 2.2 (Sample 2), 4.0 (Sample 3) and 12.8 (Sample 4) × 1018 ions/cm3.
The transmission of the output coupler was 3%.
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with chromium concentrations of 0.8 (Sample 1), 2.2 (Sample 2), 4.0 (Sample
3) and 12.8 (Sample 4) × 1018 ions/cm3. Note that the slope efficiency as well
as the threshold pump power depends on the active ion concentration. At
the fixed incident pump power of 2.1 W, maximum output power of 165
mW is obtained by using the sample with an average chromium concentra-
tion of 8.5 × 1018 ions/cm3. Power performance was observed to degrade at
lower and higher concentrations as can be seen from Figure 3.24. The opti-
mum chromium concentration determined from laser power measurements
comes close to that (6 × 1018 ions/cm3) predicted from the fluorescence effi-
ciency measurements described in Subsection 3.3.3.

3.6 Mode-Locked Cr2+:ZnSe Lasers

As discussed in the previous sections, the Cr2+:ZnSe gain medium has a very
broad emission band extending from 2000 to 3000 nm, allowing for the
possibility of ultrashort optical pulse generation in the picosecond and fem-
tosecond time scales. The technique of mode locking is routinely employed
to produce such short pulses. The principles of mode locking and its appli-
cation to various solid-state laser systems are extensively discussed in other
chapters of this handbook (see for example, Chapter 7 to Chapter 11). In this
section, we focus on the recent mode-locking work performed with Cr2+:ZnSe
lasers. We discuss the first experimental demonstration of acousto-optic
mode locking in Cr2+:ZnSe lasers which enabled the generation of picosecond
pulses. We then discuss more recent work in which passive mode-locking
techniques have been used to generate picosecond and femtosecond pulses.

Active mode locking of Cr2+:ZnSe lasers was first experimentally demon-
strated by Carrig et al. [135]. In this experiment, acousto-optic mode locking
was used to generate picosecond pulses. A schematic of the experimental
setup is shown in Figure 3.25. The four-mirror, astigmatically compensated
z-cavity contained a 2.3-mm-thick Cr2+:ZnSe crystal (xtal in Figure 3.25)
placed at Brewster incidence between two concave high reflectors (M1 and
M2). The total absorption of the 2.3-mm-thick Cr2+:ZnSe crystal varied with
the location of the pump waist inside the gain medium but was typically
around 65%. Spatial variation of the absorption over the crystal cross section
results from the diffusion of the chromium ions during the doping process
and was addressed in detail in Section 3.2. The crystal was held between two
copper plates and no active cooling was employed. The crystal temperature
was measured to be 26°C. The Cr2+:ZnSe laser was end pumped by a cryogenic
NaCl:OH– laser operating at 1.58 μm. A maximum pump power of 1175 mW
was available in the experiments. By using a converging input lens (L1,
f = 10 cm), the pump beam was passed through the input dichroic mirror M1
and focused to a waist of approximately 40 μm (1/e2 radius) inside the gain
medium. The flat output coupler (OC) of the resonator had a transmission of
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3%. The total cavity length was adjusted to give a pulse repetition rate of
81.2 MHz. The estimated cavity beam waist inside the Cr2+:ZnSe crystal was
35 μm. A single, 1.1-mm-thick, sapphire birefringent tuning plate (BTP) was
also included in the cavity for bandwidth control. To obtain a train of mode-
locked pulses, the cavity loss was modulated with an acousto-optic mode
locker (AOM) consisting of a 1-cm-long Brewster-cut quartz slab driven at
40.62 MHz. The modulator was located near the end high reflector (M3) of
the resonator. The peak transmission modulation was about 14% at the
lasing wavelength.

Figure 3.26 shows the cw power efficiency curves for the free-running and
mode-locked Cr2+:ZnSe laser. In the free-running mode without the tuning plate
and the mode-locker, the incident threshold pump power and the slope effi-
ciency were 190 mW and 24.2%, respectively. During mode-locked operation,
the threshold pump power increased to 350 mW and the slope efficiency was
reduced to 11.3%, mainly due to the insertion loss of the mode locker. In this
case, the resonator produced as high as 82 mW of output power at the center
wavelength of 2.47 μm. Matching the pulse repetition rate to the mode-locker
modulation frequency readily gave a train of mode-locked picosecond pulses.
The collinear intensity autocorrelation shown in Figure 3.27 was measured by

FIGURE 3.25
Schematic of the acousto-optically mode-locked Cr2+:ZnSe laser. See the text for a detailed
description of the components.

FIGURE 3.26
Power efficiency curves for the free-running and mode-locked Cr2+:ZnSe laser.
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using two-photon absorption in a Ge detector. The full-width at half-maxi-
mum (FWHM) pulse duration τp was determined to be 4.4 ps by assuming
a Gaussian pulse profile. The spectral width of the pulses was further mea-
sured by using a scanning Fabry–Perot interferometer with a finesse of 120
and a free-spectral range of 750 GHz. The spectral width (FWHM) came to
104 GHz, with a corresponding time-bandwidth product of 0.46, in good
agreement with the theoretical limit of 0.44 for Gaussian pulses.

According to the amplitude modulation (AM) mode-locking theory of
Siegman and Kuizenga [136], the duration (FWHM) of the output pulses is
given by

where g0 is the saturated round-trip amplitude gain coefficient (0.075), δ1 is
the modulation depth parameter for the acousto-optic modulator (0.54), fm

is the modulator drive frequency (40.6 MHz), and Δfa is the gain bandwidth
of the laser (30 THz). The estimated values of these parameters for the setup
discussed here are indicated in parentheses. With these values, the estimated
duration came to 7.7 ps, in reasonable agreement with the experimentally
measured value of 4.4 ps. Acousto-optically initiated mode locking of a
Cr2+:ZnSe laser was also reported in other studies [137]. Purely active and
passive mode-locking regimes were experimentally demonstrated, resulting
in the generation of pulses as short as 4 ps.

Continuous-wave passive mode locking of a Cr2+:ZnSe laser was experi-
mentally demonstrated by Pollock et al. by using a Semiconductor Saturable
Absorbing Mirror (SESAM) [138]. In these experiments, a 10-mm-long cylin-
drical Cr2+:ZnSe crystal was placed at one end of a folded cavity which was

FIGURE 3.27
Collinear intensity autocorrelation of the output pulses obtained from the acousto-optically
mode-locked Cr2+:ZnSe laser. By assuming a Gaussian intensity profile, the duration (FWHM)
of the pulses was determined to be 4.4 ps.
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end-pumped by a Tm:YALO laser at 1940 nm. The pump beam was focused
to a waist radius of approximately 75 μm inside the crystal. Passive mode
locking was initiated by using a SESAM structure located at the other end
of the resonator. An intracavity lens with a focal length of 2.25 cm was used
to focus the beam onto the SESAM which consisted of a 50-layer sublattice
of InAs/GaSb quantum wells grown on top of a dielectric Bragg stack. The
small-signal round-trip absorption and saturation fluence of the SESAM
were 12% and 40 μJ/cm2, respectively. The output coupler also served as the
folding mirror of the cavity and two output beams were produced. Up to
400 mW of total mode-locked output power could be generated. During
mode-locked operation, 10.8-ps-long pulses (assuming a sech2 profile) with
a spectral bandwidth of 37 GHz were produced, giving a time-bandwidth
product of 0.4. No dispersion compensation scheme was employed. The
repetition rate was 100 MHz. By moving the SESAM to the other end of the
cavity where the mode area is 8 times larger than that used for mode-locked
operation and by shortening the cavity length, passively Q-switched opera-
tion could also be obtained, yielding 47–62-ns pulses at a repetition rate of
1MHz. In more recent studies [139], Sorokina et al. reported on the generation
of femtosecond pulses with a duration of about 100 fs from a passively mode-
locked Cr2+:ZnSe by using a SESAM similar in design to that used in the
earlier studies [138]. In this particular case, an intracavity sapphire plate was
also included to compensate for dispersion and to reduce the pulsewidths
to the femtosecond range.

3.7 Conclusions

In this chapter, we have provided a comprehensive review of the work on
the development of Cr2+:ZnSe lasers. A detailed account of the preparation
methods and spectroscopic characterization techniques was presented. Dif-
fusion doping was described in detail and various methods for the deter-
mination of the diffusion coefficient were discussed. Pulsed, continuous-
wave, and mode-locked operations of the Cr2+:ZnSe lasers were also
reviewed. Overall, the studies performed in our group delineated the effect
of active ion concentration on passive losses, fluorescence efficiency, fluo-
rescence lifetime, and power performance. The results indicate that chro-
mium concentrations of less than 10 × 1018 ions/cm3 are more suitable for
obtaining efficient lasing especially in the cw regime. Related to this, we
note that the best route to power scaling in cw Cr2+:ZnSe lasers is through
use of pump lasers operating as close to the peak absorption wavelength
at 1775 nm as possible. This makes it possible to obtain a desired level of
pump absorption with the least possible chromium concentration and hence
minimizes several deleterious thermal loading problems that can arise dur-
ing high-power operation.
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4.1 Introduction

The ultraviolet (UV) tunable lasers have become one of the most important
tools in many fields of science and technology. The most impressive appli-
cations for them include environmental sensing, engine combustion diag-
nostics, semiconductor processing, micromaching, optical communications,
and medicinal and biological applications.

To illustrate the use of UV lasers in such diverse areas, we may consider
an example. The behavior of trace constituents in the Earth’s upper atmo-
sphere, governed by chemical, dynamical, and radiative processes, is of par-
ticular importance for the overall balance of the stratosphere and mesosphere.
In particular, ozone plays a dominant role by absorbing the short-wavelength
UV radiation which might damage living organisms and by maintaining the
radiative budget equilibrium. The measurement of the total ozone column
content and vertical profile by a ground-based UV spectrometer network or
by satellite-borne systems constitute the fundamental basis for global obser-
vations and trend analysis. Remote measurements of the trace constituents
using an active technique such as lidar have been made possible by the rapid
development of powerful tunable laser sources, which have opened a new
field in atmospheric spectroscopy by providing sources which can be tuned
to characteristic spectral features of atmospheric constituents [1].

Tunable UV laser sources are used for atmospheric differential absorption
lidar (DIAL) measurements from airplanes to analyze the global distribution
of O3 radicals which is directly relevant to the “ozone hole” and global
climate formation problems [2]. In the airborne UV DIAL system, two fre-
quency-doubled Nd:YAG lasers are used to pump two high-conversion-
efficiency, frequency-doubled, tunable dye lasers. They used the UV lasers
in the wavelength region from 289 to 311 nm. All-solid-state cerium lasers
cover this wavelength region.

4.1.1 Cerium-Doped Fluoride Crystals

To provide tunable or ultrashort UV laser radiation in a reliable and efficient
way, the best choice at the moment would be to use directly-pumped solid-
state UV-active media, based on the electrically-dipole-allowed interconfig-
urational 5d-4f transitions of rare-earth ions in wide band-gap fluoride
crystals: YLiF4 (YLF) [3], LaF3 [4], LuLiF4 (LLF) [5,6], LiCaAlF6 (LiCAF) [7–9],
and LiSrAlF6 (LiSAF) [10,11]. In fact, this is the only option which also allows
independent control of tunable radiation bandwidth or, when necessary,
even provides multiwavelength UV output in one laser beam from the
oscillator [5,6]. This option was proposed in 1977 from purely spectroscopic
considerations [12] and then confirmed experimentally on Ce3+ ion in UV
region by D. J. Ehrlich et al. [3,4] and Nd3+ ion in VUV region by R. W.
Waynant [13].
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As early as 1977, K. H. Yang and J. A. Deluca proposed a simple way of
implementing a tunable laser capable of producing radiation directly in the
UV and even vacuum ultraviolet (VUV) spectral ranges [12]. For this pur-
pose, they proposed to use interconfiguration 5d-4f transitions of rare-earth
ions in wide band-gap dielectric crystals. Because of the strong lattice inter-
action with 5d electrons, the fluorescence that results from 5d to 4f transitions
of trivalent rare-earth ions in solid hosts is characterized by broad band-
widths and large Stokes shifts. Such fluorescence is particularly attractive
for the development of tunable lasers. Powder samples of Ce3+:LaF3 and
Ce3+:LuF3 were excited by the 253.7-nm radiation transmitted through a
narrow-band interference filter inserted in front of a mercury lamp source.
Broadband UV fluorescence were reported for Ce3+:LaF3 (276–312 nm) and
Ce3+:LuF3 (288–322 nm). The fluorescence quantum yields account for the
fact that not all of the atoms raised to the pump bands subsequently decay
to the upper laser level. Some of these atoms can in fact decay from the pump
bands straight back to the ground state or perhaps to other levels which are
not useful. The pump quantum efficiency or fluorescence quantum yields
ηq(λ) is defined as the ratio of the number of atoms which decay to the upper
laser level to the number of atoms which are raised to the pump band by a
monochromatic pump at wavelength λ. The fluorescence quantum yields of
LaF3:1%Ce3+ and LuF3:0.1%Ce3+ are 0.9 and 0.82, respectively. Estimates of
the threshold power for lasing action suggested that a laser system tunable
from 276 to 322 nm is feasible with noble-gas-halide lasers as pumping
sources [12].

After that, Ce3+:Y3Al5O12 (YAG) was investigated as a model system for a
5d-4f solid-state tunable laser [14]. This system was chosen because YAG
had been extensively studied as a laser host and good quality crystals were
readily available. Despite providing apparently adequate conditions to
achieve stimulated emission, it was not possible to detect laser action in
Ce3+:YAG. It was found that there was strong excited-state absorption (ESA)
in this material at the wavelengths of its fluorescence. The ESA was suffi-
ciently strong to completely quench any possible laser action. The crystal
showed a net optical loss instead of optical gain at the wavelength of the
fluorescence transition. This self-absorption may explain the failure of all
attempts to obtain stimulated emission in this material.

A laser of the type which has a 5d-4f transition was originally implemented
with Ce3+:YLiF4 (Ce:YLF) as a laser medium [3]. It should be noted that Ce3+

ions are the most promising activators for the UV spectral range. However,
in spite of a large number of studied Ce-activated materials [15,16], the inves-
tigations performed before 1992 revealed only two laser-active media [3,4].

In 1979, D. J. Ehrlich et al. reported the first observation of stimulated
emission from a 5d-4f transition in triply ionized rare earth-doped crystal
Ce:YLF, optically pumped at 249 nm, and emitted at 325.5 nm [3]. Because
the Ce3+ ion has only one electron in the 4f state, the impurity energy levels
of Ce-doped crystals are particularly simple. The ground state is split into a
2F5/2 and a 2F7/2 levels by the spin–orbit interaction. The first excited state is

© 2007 by Taylor & Francis Group, LLC



166 Solid-State Lasers and Applications

a 5d state, which interacts strongly with the host lattice because of the large
spatial extent of the 5d wave function. Thus, the crystal-field interaction
dominates over the spin–orbit interaction and the 5d state splits into four
levels as a result of the S4 site symmetry for the rare-earth ion in YLF. Figure
4.1 shows the absorption and fluorescence spectra for Ce:YLF.

The broad absorption bands that peak at 195, 205, 240, and 290 nm result
from transitions from the 4f ground state to the crystal-field split 5d levels
of the Ce3+ ion. The fluorescence spectrum has two peaks, the result of
transitions from the lowest 5d level to the two spin–orbit ground states
4f(2F5/2) and 4f(2F7/2). The 40-ns radiative lifetime of the 5d level results from
the electric-dipole-allowed character of the 5d → 4f transition. The potential
tuning range of the Ce:YLF laser estimated from the half-power points of
the fluorescence spectrum is from 305 to 335 nm. The maximum output
energy observed was ~1 μJ in a pulse width of 35 ns for an absorbed pump
energy of 300 μJ.

However, the operation of the Ce:YLF laser is hampered by several poor
performance characteristics. These include an early onset of saturation and
roll-off in the above-threshold gain and power output as well as a drop in the
output for pulse repetition rates above 0.5 Hz. It has been shown that an excited
state absorption of the UV pump light is responsible for a photoionization of
the Ce3+ ions, which in turn leads to the formation of transient and stable color
centers. The color centers have a deleterious effect on the lasing characteristics
of Ce:YLF because they absorb at the cerium emission wavelengths. The
growth and relaxation of these centers influence the gain saturation and pump
rate limitation of the Ce:YLF laser [17,18]. This experiment is of historic sig-
nificance, but it is of small practical use due to the existence of solarization.

In 1980, the same group mentioned above reported the operation of an
optically pumped Ce3+:LaF3 laser [4]. The unpolarized near-UV absorption and
emission spectra for a 0.05% Ce-doped LaF3 crystal are shown in Figure 4.2.

FIGURE 4.1
Absorption (solid line) and fluorescence (dotted line) spectra of Ce:YLF. (From D.J. Ehrlich et
al., Opt. Lett., 4, 184–186, 1979.)
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Because of the rapid internal relaxation to the lowest 5d state, the fluores-
cence spectrum was not noticeably different for ArF (193 nm), KrF (248 nm),
or frequency-doubled Ar+ ion laser (257 nm) pumping. Similarly, the fluo-
rescence lifetime was identical for 248-nm or 193-nm excitation. For the
0.05%-doped crystal, the lifetime was 18 ± 2 ns. The approximate potential
tuning range is from 275 to 315 nm. The output of a small commercial excimer
laser, producing 40 mJ at 248 nm or 10 mJ at 193 nm in a 25-ns (FWHM)
pulse, was used for optical pumping. The primary difficulties encountered,
i.e., low output power and high threshold, can probably be ascribed to initial
difficulties in crystal growth. However, because no one has been able to
reproduce the results of this experiment, it is difficult to comment on the
properties of Ce3+:LaF3 crystal as a laser medium.

Subsequent studies showed that the attempts to find laser-active media
among Ce-activated materials failed because of absorption from the excited
state of the 5d configuration of Ce3+ ions in Ce3+:YAG [19,20] and Ce3+:CaF2

[21], formation of stable or transient color centers in Ce-activated samples
[16,17,21], and other complex processes occurring in such media under the
high-power UV pumping.

The spectrally broad vibronic emission bands in impurity-doped solids
serve as the basis for wavelength-tunable laser operation in these materials.
But because of the broad emission and absorption bands, these materials are
susceptible to ESA which can significantly reduce the performance character-
istics of the laser materials. The ESA is a two-step process, where the first
photon absorbed promotes an electron from the 4f ground state to the lowest
5d state of the trivalent cerium ion. Within the lifetime of this excited 5d state,
a second photon is absorbed which then photoionizes the ion by promoting
that electron to the conduction band. The free electron subsequently traps out

FIGURE 4.2
Ultraviolet absorption and spontaneous emission of a 700-μm-thick LaF3 crystal with 0.05 at.
% Ce3+ ion doping. (From D.J. Ehrlich et al., Opt. Lett., 5, 339–341, 1980. With permission.)
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at an electron acceptor site forming a stable color center. These color centers
are absorptive at the wavelengths for stimulated emission of the trivalent
cerium ions, and hence they serve as a quenching mechanism for laser gain
in this crystal. The color centers produced are photochromic in that they can
be optically bleached [16]. Over a long period of time, difficulties in over-
coming these problems, which are inherent in well-known materials used
for producing UV light [3,4], made investigators believe that this scheme of
UV lasers was of little promise.

However, recent investigations showed that, by an appropriate choice of
activator–matrix complexes and active medium–pump source combinations,
one can create efficient tunable lasers using d-f transitions in Ce3+ ion in the
UV spectral range [5–9] and in Nd3+ ion in the VUV range [22]. Furthermore,
such lasers proved to be stable under the pumping.

In 1992, M. A. Dubinskii et al. of Russia reported UV laser medium,
Ce3+:LuLiF4 (Ce:LLF) crystal, which can be pumped by KrF excimer laser.
This crystal has almost the same optical properties with Ce:YLF. But Ce:LLF
has smaller solarization effect, and it is expectedly more effective in practical
use [5,6]. In 1993, the same group reported Ce3+:LiCaAlF6 (Ce:LiCAF) crystal
which can be pumped by the fourth harmonic of Nd:YAG laser. No solar-
ization effect of this crystal was observed [7–9].

Ce3+:LiSrAlF6 (Ce:LiSAF) crystal was reported in 1994, and it also can be
pumped by the fourth harmonic of Nd:YAG laser [10,11]. It has the similar
laser properties with Ce:LiCAF crystal.

All these new Ce-doped crystals have a broad gain-width in the ultraviolet
region, which is especially attractive for ultrashort-pulse generation and
amplification. Figure 4.3 shows the tunable wavelength regions of the five
known Ce-doped laser crystals.

FIGURE 4.3
Various tunable lasers in ultraviolet region. Solid lines and dots indicate the confirmed tunable
wavelength region, dotted lines show potential tunable wavelength region.
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4.1.2 Basic Properties of Ce:LLF Laser Medium

Ce:LLF is a tunable solid-state laser material in ultraviolet region which was
first reported in 1992 by Prof. Dubinskii in Russia [3,4]. The choice of this
material for the experiments in UV is more reasonable because of its struc-
tural and chemical similarity to comprehensively studied and grown com-
mercially YLF single crystal. The LLF crystals belong to the scheelite
structural type. Similar to all rare-earth ions, Ce3+ ions take part in activation,
substituting for Lu3+ ions in the position with the point group S4.

In the early stages, Ce3+:LuLiF4 single crystals were grown from a carbon
crucible using the Bridgman–Stockbarger method in a fluorinated atmo-
sphere. Recently, high-quality, large Ce:LLF crystals (ϕ 18 mm × 10 mm in
length) were successfully grown by the Czochralski (CZ) method.

Ce:LLF has a potential tuning region of around 305 to 340 nm, so it is
especially attractive for use in spectroscopy of wide band-gap semiconduc-
tors for blue laser diodes, such as GaN [23]. The fluorescence spectrum of
Ce:LLF crystal has two peaks at 311 nm and 328 nm, respectively (Figure
4.4). KrF excimer laser (248-nm), 5th harmonics of Nd:YAG laser, and fre-
quency-doubled copper vapor laser (CVL) can be used as the pumping
source for Ce:LLF crystal. The fluorescence lifetime was about 40 ns.

The small-signal gain and saturation fluence of Ce:LLF were evaluated
using the second harmonic (325 nm) of a nanosecond DCM-dye laser as a
probe. A KrF excimer laser was used to pump the Ce:LLF. The single-pass
gain in the small-signal region (~1 mJ/cm2) was over 6-dB/cm (4.3 times)

FIGURE 4.4
π-Polarized absorption (a) and normalized fluorescence (b: π-polarization, c: σ-polarization)
spectra of Ce:LLF single crystal. (From M.A. Dubinskii, et al., in 18th International Quantum
Electronics Conference, OSA Technical Digest, Optical Society of America, Washington, D.C., 1992,
paper FrL2, pp. 548–550; M.A. Dubinskii et al., Laser Phys., 4, 480–484, 1994. With permission.)
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with 0.5-J/cm2 pumping flux. The saturation fluence of Ce:LLF assuming
the Frantz–Nodvik relation was estimated to be ~50 mJ/cm2 at 325 nm
(Figure 4.5), which is about two orders of magnitude higher than that of
organic dyes (~1 mJ/cm2). The emission cross section estimated from this
saturation fluence was ~10–17 cm2 by the relation of Es = hν/σ.

4.1.3 Basic Properties of Ce:LiCAF Laser Medium

In contrast to excimer laser pumped UV solid-state laser media, such as
Ce:LLF and Ce:YLF, the Ce:LiCAF crystal, which was first reported by M.
A. Dubinskii et al. in 1993 [7–9], is the first known tunable UV laser directly
pumped by the fourth harmonic of a standard Nd:YAG laser. In that sense,
this is the first truly all-solid-state tunable UV laser.

For the first time, the Ce:LiCAF were grown in a fluorinated atmosphere
using the Bridgeman–Stockbarger technique from carbon crucibles. The crys-
tals grown had the colquiriite structure and the space group P31c. The non-
polarized absorption spectrum of a 2.3 mm thick Ce:LiCAF sample,
containing about 0.1% of Ce3+ ions, is shown in Figure 4.6a. Due to the first
4f-5d-absorption peak with a half width of 3000 cm–1 centered at about 37,000
cm–1, Ce:LiCAF can be pumped by the fourth harmonics of various commer-
cially available Nd-lasers  (e. g., YAG, YAP, YLF, and GSGG). The Ce:LiCAF
fluorescence spectrum (Figure 4.6b) displays the nearly two-humped shape
characteristic of Ce3+ ions in most known hosts, due to the allowed 5d-4f-
transitions terminating at the 2F7/2 and 2F5/2 components of the spin–orbit split

FIGURE 4.5
Ce:LLF gain dependence on input fluence of 10-ns, 325-nm probe pulses. The solid line indicates
the gain saturation curve assuming the Frantz–Nodvik relation, which was fitted by the least-
square method. The saturation fluence and the small signal gain were fitted to be 50 mJ/cm2

and 5.1 (pumping fluence ~ 0.5 J/cm2). (From M.A. Dubinskii, et al., in 18th International
Quantum Electronics Conference, OSA Technical Digest, Optical Society of America, Washington,
D.C., 1992, paper FrL2, pp. 548–550; M.A. Dubinskii et al., Laser Phys., 4, 480–484, 1994. With
permission.)
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ground term. Ce:LiCAF has a potential tuning range from 280 to 320 nm.
Ce:LiCAF has sufficiently higher effective gain cross section (6.0 × 10–18 cm2)
compared with Ti:sapphire [24], which is favorable for designing laser oscil-
lators. Ce:LiCAF has also larger saturation fluence (115 mJ/cm2) [11] than
organic dyes, which is attractive for designing power amplifiers. The fluo-
rescence lifetime was reported to be 30 ns, which is too short for constructing
regenerative amplifiers. However, it is long enough for designing multipass
amplifiers. The nonpolarized small-signal single-pass gain dependence on
the probe beam wavelength for a 2.3-mm thick Ce:LiCAF sample with Ce3+

ion concentration of 0.9 atomic percent is shown in Figure 4.6c. The sample
optical axis orientation with respect to the direction of observation was the
same as for obtaining the fluorescence spectra (Figure 4.6b). The pump
fluence of 0.3 J/cm2 was used to obtain the above dependence. The probe
fluence was less than 1 mJ/cm2. From a comparison of Figure 4.6b and Figure
4.6c, it is evident that the small-signal gain curve shape is similar to the
fluorescence spectrum observed. This means that induced absorption is small
in the gain spectral region. The small-signal gain reaches a value of 2.5 in
the vicinity of the main fluorescence peak [25].

Ce:LiSAF laser, which has similar property to CeLiCAF laser, was also
demonstrated by C. D. Marshall in 1994 [11]. As Ce:LiSAF has well-matched
absorption band and emission peak to Ce:LiCAF, it is can be directly pumped
by the fourth harmonic of a standard Nd:YAG laser. However, Marshall
determined that Ce:LiCAF shows a superior property in its lower propensity
to form color centers. Both transient and permanent color centers have been
observed in Ce:LiSAF lasers when pumped at 266 nm, though identical
pumping conditions did not produce color centers in Ce:LiCAF.

FIGURE 4.6
(a) Nonpolarized absorption spectrum of a Ce:LiCAF sample (0.1 at. %; 2.3 mm in length); (b)
nonpolarized fluorescence spectrum of Ce:LiCAF (0.9 atomic percent); (c) single-pass small-
signal gain dependence on the probe beam wavelength for a Ce:LiCAF sample (0.9 atomic
percent; 2.3 mm in length). (From N. Sarukura et al., IEEE J. Sel. Top. Quantum Electron. 1,
792–804, 1995. With permission.)
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4.2 Ultraviolet Tunable Pulse Generation from Ce3+-Doped 
Fluoride Lasers

In most lasers, all of the energy released via stimulated emission by the
excited medium is in the form of photons. Tunability of the emission in solid-
state lasers is achieved when the stimulated emission of photons is intimately
coupled to the emission of vibrational quanta (phonons) in a crystal lattice.
In these “vibronic” lasers, the total energy of the lasing transition is fixed
but can be partitioned between photons and phonons in a continuous fash-
ion. The result is broad wavelength tunability of the laser output. In other
words, the existence of tunable solid-state lasers is due to the subtle interplay
between the Coulomb field of the lasing ion, the crystal field of the host
lattice, and electron–phonon coupling permitting broadband absorption and
emission. Therefore, the gain in vibronic lasers depends on transitions
between coupled vibrational and electronic states; that is, a phonon is either
emitted or absorbed with each electronic transition.

Rare-earth ions doped in appropriate host crystals exhibit vibronic lasing.
The main difference between transition metal and rare-earth ions is that the
former is crystal-field sensitive, and the latter is not. As distinct from tran-
sition metal ions, the broadband transition for rare-earth ions are quantum
mechanically allowed and therefore have short lifetime and high cross sec-
tions. The Ce3+ ion laser, using a 5d-4f transition, has operated in the host
crystals [19–22]. Such a system would be an alternative to the excimer laser
as a UV source, with the added advantage of broad tunability.

Due to the vibronic nature of the Ce3+ ion laser, the emission of a photon
is accompanied by the emission of phonons. These phonons contribute to
thermalization of the ground-state vibrational levels. The laser wavelength
depends on which vibrationally excited terminal level acts as the transition
terminus; any energy not released by the laser photon will then be carried
off by a vibrational phonon, leaving the Ce3+ ion at its ground state. The
terminal laser level is a set of vibrational states well above the ground state.
So the Ce3+ ion lasers belong to four-level lasers.

4.2.1 Tunable Ce:LLF Laser [29–33]

The schematic diagram of the tunable Ce:LLF laser pumped with 10-Hz
frequency-doubled CVL is shown in Figure 4.7. Quasi-longitudinal pumping
scheme was employed with a 2-mm long Ce:LLF crystal. Tunable operation
is realized by rotating the single silica Brewster prism. The Ce:LLF laser
tunability obtained at the pumping power level of 900 mW at 289 nm is shown
in Figure 4.8. The tuning was achieved from 305 nm to 333.2 nm. Maximum
output power of 150 mW at 311-nm wavelength was generated at room
temperature. When the crystal was cooled to –3°C the output power increased
approximately 50% over the full tuning range except around the 327-nm peak.
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The output power decreased and changed from π polarization to σ polariza-
tion at 327 nm. The decrease of output power is attributed to the ESA. At 327
nm, gain is highest for σ polarization, but the efficiency is lower.

4.2.2 Tunable Ce:LiCAF Laser [34]

The setup of the tunable short-cavity Ce:LiCAF laser is shown schematically
in Figure 4.9. The cavity length was 25 mm. To obtain the tuning performance
of this laser without consideration of its temporal characteristics, a high-Q
laser with a low transmission flat output coupler (T = 20%) was designed.
The laser consisted of a half-cut Brewster prism with a high reflection coating
at one face used as the end mirror and a 10-mm-long, Brewster-cut at the
end faces, 1% doped (in the melt) Ce:LiCAF crystal used as the gain medium
without any special cooling. The 266-nm, horizontally polarized pumping
pulses from a Q-switched Nd:YAG laser were focused longitudinally. In most
cases, the laser operated at 2 Hz to reduce any possible thermal problems in

FIGURE 4.7
Experimental configuration for the prism-tuned Ce:LLF laser. (From A.J.S. McGonigle et al.,
Electron. Lett., 35, 1640–1641, 1999; A.J.S. McGonigle et al., Appl. Opt. 40, 4326–4333, 2001. With
permission.)

FIGURE 4.8
Prism-tuned Ce:LLF laser output power vs. wavelength at –3°C and 25°C. (From A.J.S. McGoni-
gle et al., Electron. Lett., 35, 1640–1641, 1999; A.J.S. McGonigle et al., Appl. Opt. 40, 4326–4333,
2001. With permission.)
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the Ce:LiCAF crystal without mandatory cooling, and to obtain higher
extraction efficiency. The c-axis of the Ce:LiCAF crystal was parallel to the
direction of the pumping polarization. The tuning operation was realized by
rotating the prism horizontally. A 55% reflection flat output coupler was
used. A single-pulse output was generated with the pumping energy of 15
mJ. The demonstrated tuning range was 280 nm to 314 nm (Figure 4.10.).

4.3 Generation of Subnanosecond Pulses from Ce3+-Doped 
Fluoride Lasers

Direct ultrashort pulse generation has not been obtained from ultraviolet
solid-state lasers as it has been for near infrared tunable laser materials like

FIGURE 4.9
Experimental setup of the tunable, short-cavity Ce:LiCAF oscillator pumped by the fourth
harmonics of a Q-switched Nd:YAG laser. (From Z. Liu et al., Jpn. J. Appl. Phys. 36, L1384–L1386,
1997. With permission.)

FIGURE 4.10
Tuning curve for the short-cavity Ce:LiCAF laser with 55% reflection output coupler.
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Ti:sapphire and Cr:LiSAF crystals. This is due to the difficulty of obtaining
continuous-wave (CW) laser operation, which is required for Kerr lens mode-
locking (KLM) schemes utilizing spatial or temporal Kerr type nonlinearity
[37,38].

4.3.1 Short Pulse Generation with Simple Laser Scheme

A general technique for subnanosecond pulse generation from laser-pumped
dye laser has been described [39]. The technique makes use of the resonator
transients. These transients are in the form of damped relaxation oscillation
or “spiking”. These resonator transients are the consequences of the interac-
tion between the excess population inversion and the photons in the cavity.
Their durations can be controlled by proper choices of photon cavity decay
time and pumping level. The decay lifetime (photon lifetime) tc of a cavity
mode is defined by means of the equation:

(4.1)

where E is the energy stored in the mode. If the fractional (intensity) loss
per pass is L and the length of the resonator is lc, then the fractional loss per
unit time is cL/nlc, therefore

. (4.2)

For the case of a resonator with mirrors’ reflectivities R1 and R2,

. (4.3)

The quality factor of the resonator is defined universally as:

(4.4)

where E is the stored energy, ω is the resonant frequency, and P = dE/dt is the
power dissipated. By comparing Equation 4.4 and Equation 4.1, we obtain

Q = ωtc . (4.5)

We will consider a laser resonator with two mirrors pumped by a Q-
switched laser. Normally, the pulse duration from the Q-switched laser is
~10 ns. During the pump pulse, inversion will build up in the laser-active
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medium; after threshold inversion is reached, a delayed laser pulse will
develop. The proposed method of short pulse generation is based on the fact
that this pulse may be shorter than the pump pulse, due to the transient
characteristics of the laser oscillator.

The transient behavior of such a laser can be understood by solving numer-
ical examples with a computer. The laser is adequately described by the well-
known rate equations for a four-level system as follows:

(4.6)

(4.7)

where n is the population inversion (n2–n1) and nearly equal to the upper
state population n2, W(t) is the pumping rate, B is the Einstein B coefficient
for stimulated emission, q is the total number of photons in the cavity, tc is
the resonator (photon) lifetime.

The pumping rate was assumed to have the form of a Gaussian pulse with
full half-width T1 and integrated photon number N. A large reduction of the
over-all pulse duration demands a high value of T1/tc. The ratio T1/tc can
be made large easily, because the laser resonator needs no switching elements
and therefore need not be longer than the material itself. Further, it is possible
to use a laser resonator of low mirror reflectivity, whose resonator lifetime
is not markedly longer than the single-pass transit time lc/c. To obtain short
single pulses, it is necessary to use resonator lifetimes which are small com-
pared to the pump duration in combination with controlling the level of
pumping [40].

4.3.2 Subnanosecond Ce:LLF Laser Pumped by the Fifth Harmonic
of Nd:YAG Laser [30]

The optical layout for a short-cavity Ce:LLF laser is shown schematically in
Figure 4.11. The Ce:LLF single crystal with 0.2 atomic percentage doping
level was cut to form a cylinder (5-mm diameter and 25-mm length) with a
flat polished window on the side. The sample was oriented so that its optical
axis was parallel to the side window and perpendicular to the cylinder
longitudinal axis. No antireflection coatings were applied to the rod ends
for this experiment. To increase the efficiency of side pumping, the effective
pumping penetration depth was reduced by using the novel tilted-incidence-
angle side pumping scheme instead of conventional normal-incidence side
pumping. Using a 20-cm-focal-length cylindrical lens which was also tilted
to be parallel to the side window of the laser crystal, the pumping pulse was
focused down to a 1.2 × 0.15 cm2 line-shaped area to provide the 140 mJ/cm2
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pumping fluence at nearly 70° incidence angle. Observed efficient penetra-
tion depth was estimated to be ~1 mm, meanwhile in conventional normal-
incidence side pumping scheme, the pumping penetration depth was over
3 mm for the Ce:LLF crystal used here, which is too deep for obtaining a
good output beam pattern. Obvious advantages of the above-mentioned
(tilted-incidence-angle, side-pumping) scheme are very simple focusing
geometry, reduced pumping fluence at the rod surface, reduced risk of dam-
aging optics, and better matching of the excited rod volume and the laser
cavity mode volumes (quite similar to the coaxial pumping scheme). This
better matching resulted in a better output beam quality. The low-Q, short-
cavity Ce:LLF laser consisted of a Littrow prism which was used as an end
mirror, and a low reflection (20%) flat output coupler. The total length of the
laser cavity was 6 cm. Typical spectrally and temporally resolved streak-
camera images of the Ce:LLF laser output pulse are given in Figure 4.12.
Using the 213-nm, 5-ns, 16-mJ pumping pulses, the σ-polarized, and satellite-
free reproducible pulses were obtained with 880-ps and 77-μJ at 309 nm. It
is worth mentioning here that pumping at 213 nm does not cause noticeable
laser rod solarization or laser performance degradation during several hours
of continuous operation at a 10 Hz repetition rate.

4.3.3 Short Pulse Generation from Ce:LiCAF Laser

4.3.3.1 Short Pulse Generation from Ce:LiCAF Laser with Nanosecond 
Pumping

Ce:LiCAF is a tunable UV laser medium which can be directly pumped by
the fourth harmonic of a standard Nd:YAG laser. A 1% doped, 5-mm cubic
Ce:LiCAF sample was used without any dielectric coatings on the polished
surfaces. The optical layout of the subnanosecond Ce:LiCAF laser is shown
in Figure 4.13. The 1.5-cm long laser cavity was formed by a flat high-reflection

FIGURE 4.11
Short-cavity, tilted-incidence-angle (approximately 70°) side pumping tunable Ce:LLF laser
optical layout. The pumping pulse was focused by a 20-cm focal length cylindrical lens tilted
so that the cylinder axis is parallel to the side window of the laser crystal. (From N. Sarukura
et al., Appl. Opt. 37, 6446–6448, 1998. With permission.)
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mirror and an 80% transmission flat output coupler. 20-mJ, 10-ns, 1-Hz, 266-
nm, horizontally polarized pumping pulses (the fourth harmonic of a con-
ventional 10-ns Q-switched Nd:YAG laser) were focused longitudinally
from the high-reflection mirror side by a 30-cm focal-length lens with ~300
mJ/cm2 pumping fluence inside the active medium. The c-axis of the
Ce:LiCAF laser crystal sample was parallel to the direction of the pumping
polarization. The absorbed energy was 5 mJ. The single output pulse has a
energy of 45 μJ. The pulse duration was measured to be 600 ps using a
streak camera.

FIGURE 4.12
Temporally and spectrally resolved streak-camera image of UV short pulse from a low-Q, short-
cavity Ce:LLF laser. (From N. Sarukura et al., Appl. Opt. 37, 6446–6448, 1998. With permission.)

FIGURE 4.13
Optical layout of low-Q, short-cavity Ce:LiCAF oscillator with nanosecond pumping.
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4.3.3.2 Short Pulse Generation from Ce:LiCAF Laser with Picosecond 
Pumping [41]

For shorter pulse generation, a shorter pumping source was used: the fourth
harmonic of a mode-locked Nd:YAG oscillator and regenerative amplifier
system operated with the repetition rate of 10 Hz. A low-Q, short cavity
Ce:LiCAF oscillator was formed by a flat high-reflection mirror and a 30%
reflection flat output coupler. The cavity length was 1.5 cm. A 10-mm Brew-
ster-cut, 1% doped (in the melt) Ce:LiCAF crystal was used. A typical spec-
trally and temporally resolved streak camera image of the output pulse of
the Ce:LiCAF laser is shown in Figure 4.14. The Ce:LiCAF laser pulse width
was measured to be 150 ps, whereas the pumping pulse width was 75 ps.

4.4 High-Power Ultraviolet Cerium Laser

4.4.1 High-Energy Pulse Generation from a Ce:LLF Oscillator [42]

A Ce:LLF laser resonator is established by using a flat high reflector and a
flat output coupler. The length of the laser cavity was 6 cm. The layout is
shown schematically in Figure 4.15. High-quality, large Ce:LLF crystals (ϕ
18 mm × 10 mm in length) were grown successfully by the Czochralski (CZ)
method. The Ce:LLF sample used here was obtained by cutting the grown
Ce:LLF crystal in the middle along its axis (a half-cut cylinder). The side
window and two end surfaces were polished. No dielectric coatings were
deposited on the polished end surfaces and the side window. The pumping

FIGURE 4.14
Streak camera image of the low-Q, short-cavity Ce:LiCAF laser pulse with picosecond pumping.
(From Z. Liu et al., J. Nonlinear Opt. Phys. Mater., 8, 41–54, 1999. With permission.)
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pulses from a randomly polarized KrF excimer laser operated at 1 Hz were
focused softly on the side window of the Ce:LLF crystal using a 50-cm-focal-
length spherical lens under a normal-incidence side-pumping condition.
Because the output pulse of the KrF excimer laser has a rectangular shape,
it is not difficult to make a near-line-shape pumping area on the Ce:LLF
crystal through a spherical lens. Almost all of the pumping pulse energy
(maximum: 230 mJ) was absorbed by the Ce:LLF crystal. The coupler with
45% transmission was used. The maximum output pulse energy reached 27
mJ with the pumping pulse energy of 230 mJ, and the corresponding pump-
ing fluence was approximately 0.6 J/cm2. This is the highest output pulse
energy ever achieved from this laser medium. The free-running Ce:LLF laser
operated at the wavelength of 309 nm. The slope efficiency was approxi-
mately 17%.

4.4.2 High-Energy Pulse Generation from a Ce:LiCAF Oscillator [43,44]

The schematic diagram of a Ce:LiCAF laser resonator using the large-size
Ce:LiCAF crystal is shown in Figure 4.16. The laser resonator is established
by a flat high reflector and a flat output coupler with 30% reflection for 290
nm and 75% transmission for 266 nm separated by 4 cm. The large Ce:LiCAF
crystal grown by the method described above (18 mm in diameter, clear
aperture 15 mm, length 10 mm) is doped with 1.2 mol% Ce3+ ions. There is
no coating on the parallel end faces of the crystal that are perpendicular to
the optical axis of the resonator. To obtain a high-quality laser beam, the
quasi-longitudinal pumping method was employed. For high-energy output
without damage to the crystal and optics in the cavity, a large pump beam
cross section is necessary. The three horizontally polarized pump beams were
focused with a 40-cm-focal-length lens to produce a spot size of φ 6 mm at
the surface of the Ce:LiCAF crystal. To reduce the diffraction effects and
disturbance to the beam uniformity, it is better to choose a ratio of crystal

FIGURE 4.15
Experimental setup of the high-power Ce:LLF laser pumped by a randomly polarized KrF
excimer laser operated at a repetition of 1 Hz. (From Z. Liu et al., Jpn. J. Appl. Phys., 39, L88–L89,
2000. With permission.)
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radius to beam radius as 2 mm or greater. Therefore, a much larger crystal
diameter than the pump beam diameter is preferred. With the total pumping
energy of 230 mJ, the output pulse energy as high as 60 mJ was achieved at
290 nm at 10 Hz repetition rate, which is the highest performance reported
for a Ce:LiCAF oscillator until now, as far as we know. In this way, we
demonstrated the generation of high-energy pulse at 290 nm very easily and
efficiently.

4.4.3 High-Energy Pulse Generation from a Ce:LiCAF Laser Amplifier [45]

A high quality, large Ce:LiCAF crystal was successfully grown by the Czo-
chralski (CZ) method. [46] A large-sized Brewster-plate gain module (1 × 2 × 2
cm3) with a 3.2-cm–1 absorption coefficient at 266 nm and a 0.2-cm–1 absorption
coefficient at 290 nm was cut from a 5-cm diameter Ce:LiCAF boule grown
in CF4 atmosphere by the Czochralski method. The experimental setup of a
coaxially pumped large-aperture Ce:LiCAF double-pass power-amplifier
module is illustrated in Figure 4.17. To generate seed pulses, a conventional
Ce:LiCAF master oscillator with 8-mJ output energy and a preamplifier deliv-
ered horizontally polarized, 15-mJ, 3-ns probe pulses at 290 nm. Considering
the 25-ns fluorescence lifetime and 3-ns probe-pulse duration, a bow-tie dou-
ble-pass geometry was selected. It has 3-ns optical delay for the second ampli-
fication pass to achieve less gain relaxation and no significant temporal
overlap of the probe pulse at the crystal. To pump the power-amplifier mod-
ule, four beams of horizontally polarized, 266-nm, 8-ns pulses were prepared
from three 10-Hz, Q-switched Nd:YAG lasers using Li2B4O7 crystals. When
the total fundamental energy from Nd:YAG lasers was 4.2 J, the total excita-
tion energy at 266 nm was 0.38 J [47–49]. These beams delivered 182- and 60-
mJ pump energy from one side and 75- and 65-mJ from the other. These

FIGURE 4.16
Experimental setup of the Ce:LiCAF laser oscillator pumped by the fourth harmonics of two
Q-switched Nd:YAG lasers. The pulse energy as high as 60 mJ was achieved at 290 nm at 10
Hz repetition rate. (From Z. Liu et al., Jpn. J. Appl. Phys., 39, L446–L467, 2000. With permission.)
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beams were projected into the gain medium with 8-mm diameter similar to
the probe beam diameter of 7 mm. The crystallographic c axis of the gain
medium is parallel to the probe beam polarization. Over 95% of the excitation
energy was absorbed in the gain medium, and the pumping density was
0.7 J/cm3. This pumping condition of less than 0.5 J/cm2 from each side
should provide an adequate safety margin for the optical damage threshold
(~2 J/cm2). From the output-energy dependence on different input energy
as shown in Figure 4.18, the gain saturation was observed. The small signal

FIGURE 4.17
The experimental setup of a coaxially pumped large aperture Ce:LiCAF double-pass power-
amplifier module. A conventional Ce:LiCAF master oscillator and preamplifier delivered 15-
mJ, 3-ns probe pulses at 290 nm for the characterization of this module. A large Brewster plate
1 × 2 × 2 cm3 was used as the gain medium. A bow-tie double-pass geometry with 3-ns delay
for the second amplification was selected to achieve less relaxation of gain and no significant
temporal overlap of the probe pulse at the crystal. (From S. Ono et al., Appl. Opt., 41, 7556–7560,
2002. With permission.)

FIGURE 4.18
Output-energy dependence on input energy. The spot size and pump energy are 0.38 cm2 and
0.38 J, respectively. Assuming the Frantz–Nodvik relation, saturation fluence and small signal
gain coefficient are evaluated 77 mJ/cm2 and 39 times, respectively. (From S. Ono et al., Appl.
Opt., 41, 7556–7560, 2002. With permission.)
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gain and the saturation fluence were evaluated to be 39 times and 77 mJ/cm2,
assuming the Frantz–Nodvik relation. [50,51] This theoretical model for the
slow decay of the gain medium assumption should still be applied, consid-
ering the 25-ns fluorescence lifetime, the 4-ns optical delay of the second
pass, and the 8-ns pump pulse duration. The saturation fluence evaluated
from the reported emission cross section was 115 mJ/cm2. This deviation
might be attributed to the oversimplified Frantz–Nodvik relation. The high-
est output energy reached 98 mJ for a 7.7-mJ transmitted input pulse with
13-mJ probe pulse from the preamplifier stage with an extraction efficiency
of 25%. The pulse energy after the first amplification pass was 43 mJ. The
amplified spontaneous emission was below the detection limit of .10 μJ when
no probe pulse was input into the amplifier. This extraction efficiency was
83% of the theoretical limit for the present optical layout.

4.4.4 Ce:LiCAF Chirped-Pulse Amplification (CPA) System

The solid-state UV laser medium Ce:LiCAF was shown to have broad tun-
ability, at least from 281 to 315 nm, corresponding to a bandwidth of a 3-fs
pulse. Additionally, Ce:LiCAF has an attractively high saturation fluence of
115 mJ/cm2 [11]. A 5-cm-diameter Ce:LiCAF crystal [46] was successfully
grown for use in future terawatt Ce:LiCAF chirped-pulse amplification laser
systems [52,53]. Moreover, owing to the recent development of new nonlin-
ear crystals such as CsLiB6O10 (CLBO) and Li2B4O7 (LB4), the conversion
efficiency from the second harmonics of Nd:YAG lasers to the fourth har-
monics is as high as 50% [47–49]. In terms of these energy-efficiency aspects,
a Ce:LiCAF CPA laser system for use in high-peak-power systems is feasible,
even when it is compared with a Ti:sapphire CPA laser system.

The setup of the Ce:LiCAF CPA system is illustrated in Figure 4.19. Fem-
tosecond seed pulses at 290 nm with a 1-kHz repetition rate were provided
by frequency tripling of the Ti:sapphire regenerative amplifier output. The
duration of the seed pulse was 210 fs. The seed pulse has a spectrum band-
width of 1.0 nm. Seed pulses without any dispersion compensation were
guided to an eight-pass quartz-prism pulse stretcher with reflective optics,
expanding the pulse duration to 2.6 ps and avoiding spatial chirping and
aberration. Stretched seed pulses of 33-mJ energy were guided to a modified
bow-tie-style four-pass Ce:LiCAF amplifier after being selected by a mechan-
ical shutter [54]. A synchronously operated 10-Hz Q-switched Nd:YAG laser
provided 100-mJ, 266-nm, 10-ns pump pulses. With the 1 cm × 1 cm × 1 cm
Brewster-cut Ce:LiCAF crystal there was 82% absorption of the pump beam.
The pump beam was softly focused with a 70-cm focal-length lens to a 4-
mm diameter, with a pump fluence of 0.8 J/cm2, which was well below the
damage threshold of Ce:LiCAF crystal (.5 J/cm2). The diameter of the seed
beam was approximately 1.5 mm for the first and second passes, and we
expanded it to approximately 3 mm for the third and fourth passes to avoid
deep gain quenching and possible damage to the optics in the amplifier. The
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maximum output energy was 6 mJ for this amplifier, with a net gain of 180 for
the 33-mJ input pulse. The corresponding fluence was approximately 90
mJ/cm2, which was near the saturation fluence of the Ce:LiCAF crystal. The
amplified spontaneous emission was below the detection limit of 20 mJ when

FIGURE 4.19
Experimental setup of the Ce:LiCAF CPA laser system. (From Z. Liu et al., Opt. Lett., 26, 301–303,
2001. With permission.)
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no seed pulse was input into the amplifier. The energy-extraction efficiency
for the absorbed pump power reached 7.3%. The total gain factor was 370
for the transmission pulse when the output energy was 4.5 mJ. The gain
factors for the four passes are estimated to be approximately 7, 3, 2, and 7.
The gain-factor difference should be due to the spatial and temporal overlap
quality of the pump and signal beams. The amplified pulse had a slightly
broadened spectrum bandwidth of 1.6 nm [Figure 4.20(b)]. After amplifica-
tion, the beam was guided to dispersion-compensating double-pass quartz
Brewster prism pairs separated by 70 cm or to a 2400-line/mm-grating pair
of prisms separated by 15.5 cm (Figure 4.19). The amplified pulse was com-
pressed to 115 fs [Figure 4.20(a)] and 120-fs duration for each case, assuming
a sech2 pulse shape with time and bandwidth products of 0.66 and 0.69,
respectively. These products are approximately twice the transform-limited

FIGURE 4.20
(a) Autocorrelation curve of the amplified pulse compressed by the prism compressor. The
pulse duration was 115 fs. The width of the third-order autocorrelation trace is divided by a
deconvolution factor of 1.29, assuming a sech2 pulse shape. (b) Spectrum of the amplified pulse;
the bandwidth was slightly broadened to 1.6 nm. (From Z. Liu et al., Opt. Lett., 26, 301–303,
2001. With permission.)
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values. The throughput of the prism compressor was 60% and that of the
grating compressor was 40%. To obtain a shorter pulse duration, we obvi-
ously need a more sophisticated compressor to compensate for the higher-
order dispersion. The B integral [55] of this CPA system is estimated from
the reported values of the nonlinear refractive index n2 for quartz and
LiCaAlF6 to be less than 5, even when the compressor prism part is included
[56,57]. Therefore a pulse-stretching ratio of 12 should be adequate for this
amplification level. If the 5-cm-diameter Ce:LiCAF crystal could be utilized,
with a pump fluence level similar to that reported above, output energy
exceeding 0.5 J would be expected. Because the bandwidth of the gain
medium is not fully utilized in the present system, a much shorter pulse
duration of .10 fs may be achievable, with a shorter seed pulse and better
dispersion [58].

4.5 Conclusions and Prospects

As mentioned at introduction, tunable lasers in the ultraviolet region attract
special interests for applications relating to the remote sensing. The simple,
compact, all-solid-state cerium laser can generate coherent radiation in this
wavelength region. Due to the properties of longer-wavelength tuning region
and the degradation-free, Ce:LLF and Ce:LiCAF lasers are especially attrac-
tive for use in spectroscopy of wide band-gap semiconductors for blue laser
diodes, such as nitride-based laser diodes. Furthermore, the operating region
of all-solid-state tunable UV lasers were expanded by using the sum-fre-
quency mixing technique [59,60].

Ce:fluoride laser were also used to environmental sensing [61]. Narrow
lasing linewidth (< 0.1 nm) operation was demonstrated in distributed-
feedback tunable lasers and injection-seeded tunable laser [62,63]. Ce:LiCAF
laser worked efficiently at 20 kHz repetition rate [64].

The Ce:LLF and Ce:LiCAF were proven to generate and amplify short
pulses in UV region. Subnanosecond ultraviolet coherent pulses were gen-
erated directly from solid-state lasers from low-Q, short-cavity Ce:fluoride
lasers pumped by the fifth and fourth harmonics of Nd:YAG lasers. The
direct generation and efficient amplification of UV short pulses are also
demonstrated from the simplest, all-solid-state, UV short-pulse, MOPA sys-
tem composed of Ce:LiCAF crystals and conventional Q-switched Nd:YAG
lasers [65]. In extension of the above short pulse work, Ce:LiCAF CPA was
demonstrated. 30-GW peak power was delivered from this CPA system. Due
to the available large Ce:LiCAF crystal, 3-ns pulse duration, 98-mJ output
energy from the Ce:LiCAF amplifier were reported. A much higher output
power can be expected by fully utilizing the crystal cross size while using a
larger pumping source.
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In the last 10 years, Ce:LLF and Ce:LiCAF have been developed due to
the property of lower propensity to form color centers. However the quest
for new UV laser materials goes on. Recently, several new Ce3+-doped mate-
rials have been reported, including Ce3+:LiBaF3, Ce3+:LuPO4, Ce3+:KY3F10

[29,66–68]. It is reasonable to expect cw solid-state ultraviolet lasers in future
with the improvement of Ce:fluoride crystal qualities and high power ultra-
violet cw pumping sources [69]. Further development of laser systems using
these laser media will open up new possibilities of simple and compact
tunable UV ultrashort-pulse laser light sources.
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5.1 Introduction

Laser wavelengths greater than 1.4 μm provide enhanced eyesafety owing
to the absorption in this region of the spectrum by liquid water in the eye.
Operation at wavelengths within the eyesafe band is required for many
applications for which the laser output beam is not contained. Several laser
types operate within the eyesafe band:

• Bulk solid-state crystals and glasses doped with rare earth ions

• Erbium-doped fiber amplifier (EDFA)

• Crystals doped with transition metal ions
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• Optical parametric oscillators

• Raman lasers

The scope of this chapter is restricted to bulk solid-state rare earth lasers
operating within the eyesafe wavelength band. The primary focus is on laser
transitions that can be pumped by laser diodes. The most significant are
those doped with the trivalent holmium (Ho3+), erbium (Er3+), and thulium
(Tm3+) ions and operating within the wavelength range 1.5 to 2.1 μm. EDFAs
are closely related to bulk erbium-doped lasers, and are discussed in depth
in Reference 1 and Reference 2.

5.2 Eyesafe Wavelengths

Pulse energy, pulse duration, aperture size, and wavelength are the key
factors that determine laser eyesafety. Of these factors, wavelength is typi-
cally the only one that can be modified without degrading performance. As
a result, lasers with emission within the eyesafe wavelength band are com-
monly referred to as “eyesafe lasers,” although lasers at any wavelength with
restricted performance (for example, low output power) can be eyesafe.
Wavelengths longer than approximately 1.4 μm are strongly absorbed by the
cornea and the vitreous humor of the eye, which are composed primarily of
liquid water. The laser intensity is thereby attenuated significantly before
reaching the retina.

The absorption spectrum [3] of liquid water is shown in Figure 5.1. Com-
binations of the fundamental vibrations of the O–H bond produce the strong
absorption bands. The fundamental vibrations are two stretch modes at
2.9 μm and a bending mode at 6.1 μm. The absorption band at 1.95 μm is a

FIGURE 5.1
Absorption spectrum of liquid water.
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combination of a stretch mode and a bending mode, and the absorption band
at 1.45 μm is a combination of two stretch modes.

Table 5.1 lists several important eyesafe rare earth laser wavelengths and
the corresponding absorption depth in liquid water. These wavelengths are
also indicated on the absorption curve in Figure 5.1. The diameter of the
human eye is approximately 2.5 cm. Table 5.1 shows the optical density (OD)
in liquid water for this absorption length. The OD is very high for all wave-
lengths shown, and is greater than 5 for wavelengths greater than 1.38 μm
for this absorption length.

5.3 Electronic Energy Structure

The lowest electronic states for the Ho3+, Er3+, and Tm3+ rare earth ions are
shown in Figure 5.2. This diagram is adapted from the Dieke chart [4] of the
trivalent rare earths. The electronic states are labeled with the 2S+1LJ term
notation. The arrows indicate the most significant laser transitions. The
wavelengths shown are those for the yttrium aluminum garnet (YAG) crystal
host. The 2940 nm Er3+ transition is nominally within the eyesafe band, but
the absorption in liquid water at this wavelength is so strong (absorption
depth is 1 μm) that it can damage the cornea and skin at low power. The
other three laser transitions shown in Figure 5.2 are known as quasi-three-
level lasers, because the lower laser level is within the ground electronic state.

The trivalent rare earths have a partially filled 4f shell. Table 5.2 shows the
number of 4f electrons and the corresponding quantum numbers for the
lowest electronic states of the Ho3+, Er3+, and Tm3+ ions. The electronic states
with the highest S have the lowest energy, and for states with the same S
those with the highest L have the lowest energy (Hund’s rule, Reference 5,
p. 251). For example, in Er3+ the 4f shell is missing three electrons. The
electronic state with lowest energy has three unpaired electrons, for which
S = 3/2 and L = 6. The J values range from L+S to L–S, and the states with
the highest J have the lowest energy (for a shell more than half full, as is the
case for the 4f shell in Ho3+, Er3+, and Tm3+

rule is violated in Tm3+ owing to strong spin–orbit coupling that mixes the

TABLE 5.1

Absorption in Liquid Water of the Primary Eyesafe Rare Earth Laser Wavelengths

Rare Earth Laser
Wavelength

(nm)
Absorption Depth

(cm) in Liquid Water
OD in 2.5 cm

of Liquid Water

Er:Glass 1535 0.075 15
Er:YAG 1645 0.181 6
Tm:YAG 2015 0.016 68
Ho:YAG 2097 0.035 31

© 2007 by Taylor & Francis Group, LLC
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3H4 and 3F4 states, resulting in a lower energy for the 3F4 state relative to the
3H4 and 3H5 states [6]. The leading percentages of the 3H4 and 3F4 states are
60% and 63%, respectively [7].

5.4 Quasi-Three-Level Model

The electric field of the host crystal splits each electronic state into 2J+1 levels.
The individual crystal-field levels are not shown in Figure 5.2, but the total
extent of the splitting in YAG is shown to scale by the thickness of the gray
bars [8]. The manifolds of crystal-field energy levels [8] for the two lowest
electronic states of Er:YAG are shown in Figure 5.3. The crystal-field splittings
are shown to scale, but the spacing between the 4I15/2 and 4I13/2 electronic

FIGURE 5.2
Lowest electronic energy states for the trivalent Ho, Er, and Tm rare earth ions.

TABLE 5.2

Quantum Numbers of the Lowest Electronic States of the Ho3+, Er3+, and Tm3+ 
Rare Earth Ions

Rare Earth Ion
Number

of 4f electrons Highest S Highest L J

Ho3+ 10 2 6 (I) 8, 7, 6, 5, 4
Er3+ 11 3/2 6 (I) 15/2, 13/2, 11/2, 9/2
Tm3+ 12 1 5 (H) 6, 5, 4
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states is compressed. The Er3+ crystal-field levels are doubly degenerate
(Kramers degeneracy, which applies when the number of electrons is odd;
Reference 5, p. 223), resulting in eight distinct levels for the 4I15/2 state and
seven distinct levels for the 4I13/2 state.

The most direct method of pumping the 1645 nm Er:YAG laser is via the
1533 nm pump transition into the upper state manifold, as shown in Figure
5.3. An alternate pump transition at 1470 nm is also shown. In addition to
the dominant 1645 nm laser transition, an alternate laser transition at 1617
nm is also shown. The energies of the relevant crystal-field levels for all four
transitions are shown at the right of the figure. Figure 5.3 illustrates the
“quasi” nature of the quasi-three-level laser transition. The lower laser level
is a member of the manifold of crystal-field levels of the ground electronic
state, but is not in general the lowest member of the manifold. Quasi-three-
level lasers are modeled in references 9 to 16.

The key features that distinguish quasi-three-level laser operation from four-
level laser operation can be illustrated by a simple model of the direct upper-
state pumped Er:YAG laser. The model parameters are defined in Figure 5.4.
The crystal-field levels shown are those of the 1645 nm Er:YAG laser pumped
at 1533 nm, but the model can also be applied to the direct upper-state pumped
2097 nm Ho and 2015 nm Tm lasers in any crystalline or glass host material.
The subscript 1 refers to the ground electronic state, and the subscript 2 refers
to the first excited electronic state. N1 (N2) is the population density in the
ground (first excited) electronic state. The fraction f of the electronic state

FIGURE 5.3
Crystal-field energy levels for the two lowest electronic states in Er:YAG.
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population in a particular crystal-field level is given by the Boltzmann dis-
tribution. Primed variables refer to the pump transition, and unprimed vari-
ables refer to the laser transition. For example, f1′ is the Boltzmann fractional
population in the lower state of the pump transition. The cross sections for
the pump and laser transitions are given by σ′ and σ respectively. Solid
arrows represent the “forward” directions of the transitions, and the dashed
arrows represent the “reverse” directions. The reverse laser transition pro-
duces absorption from the ground state at the laser wavelength, an effect
known as reabsorption loss. The reverse pump transition limits the extent
to which the ground state can be depleted, thereby limiting the population
density that can be stored in the upper laser state.

5.5 Reabsorption Loss

Reabsorption loss requires a minimum population density in the upper laser
state to reach inversion on the laser transition. The laser inversion density
is given by

ΔN = f2 N2 – f1 N1. (5.1)

Population in electronic states higher than the first excited state can be
ignored in the upper-state pumped laser. Therefore

FIGURE 5.4
Parameters of the quasi-three-level laser model.
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N = N1 + N2 (5.2)

where N is the Er3+ dopant concentration. It is convenient to work with the
normalized upper-state population density β, defined by

β = N2/N. (5.3)

Then, from Equation 5.2 and Equation 5.3,

N1 = N (1 − β) (5.4)

N2 = N β. (5.5)

Using Equation 5.1, Equation 5.4, and Equation 5.5, the normalized laser
inversion density is

ΔN/N = f2 [β – f (1 – β)] (5.6)

where f = f1/f2 is the laser transition Boltzmann ratio.
Equation 5.6 shows that the laser inversion density does not become pos-

itive until the normalized upper-state population reaches a minimum value
given by

βmin = f/(1 + f). (5.7)

The Boltzmann factor for the ith crystal-field level of the ground electronic
state is given by

f1i = exp[−(E1i – E11)/kT]/Z1 (5.8)

where E1i is the energy of the ith crystal-field level of the ground electronic
state (e.g., E11 is the energy of the lowest crystal-field level of the ground
electronic state), k is Boltzmann’s constant, T is the laser rod temperature, and

Z1 = Σj exp(−E1j/kT)

is the partition function for the ground electronic state.
Similarly, the Boltzmann factor for the ith crystal-field level of the first

excited electronic state is given by

f2i = exp[−(E2i – E21)/kT]/Z2 (5.9)

where E2i is the energy of the ith crystal-field level of the first excited electronic
state, and

Z2 = Σj exp(−E2j/kT)

is the partition function for the first excited electronic state.
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The crystal-field energy levels [8] and the corresponding Boltzmann factors
(for T = 300 K) for the lowest two electronic states of Er:YAG are shown in
Table 5.3. The bold cells are the relevant levels for the 1533 nm pump tran-
sition and the 1645 nm laser transition.

The laser transition Boltzmann ratio f is obtained by dividing Equation 5.8
by Equation 5.9 to give

f = (Z2/Z1) exp[(1/λL – ΔE0)/kT] (5.10)

where λL is the laser wavelength and ΔE0 = E21 − E11 is the energy difference
of the lowest crystal-field levels of the first excited electronic state and the
ground electronic state.

Equation 5.10 has a simple dependence on wavelength and temperature.
The ratio of partition functions Z2/Z1 is independent of wavelength; there-
fore f increases exponentially with decreasing wavelength. Figure 5.5 shows
the wavelength dependence of f for Er:YAG at two temperatures in the region
of the two primary laser wavelengths 1617 nm and 1645 nm.

Figure 5.6 shows the wavelength dependence of βmin, given by Equation
5.7, for Er:YAG at two temperatures. The minimum upper-state population
required for inversion is substantially higher for the 1617 nm laser transition
than for the 1645 nm transition (65% higher for 0°C, and 51% higher for
50°C). The wavelength dependence of reabsorption loss can have a signifi-
cant impact on quasi-three-level laser performance.

Equation 5.10 shows that f has a significant exponential dependence on
temperature provided 1/λL–ΔE0 is not close to zero. In addition to the explicit
exponential dependence, the variation of the partition function ratio with
temperature is relatively insignificant, as shown in Figure 5.7 for Er:YAG.

Equation 5.10 shows that f increases as the temperature increases when
λL>1/ΔE0 (ignoring the slow variation of Z2/Z1 with temperature). For
Er:YAG, 1/ΔE0 = 1528 nm (ΔE0 = 6544 cm–1, as seen in Table 5.3). Figure 5.8
shows the temperature dependence of f for the two primary laser wave-
lengths 1617 nm and 1645 nm, both of which are longer than 1/ΔE0, hence
the increase in f with temperature.

TABLE 5.3

Crystal-Field Energy Levels and Boltzmann Factors (for T = 
300 K) for the Lowest Two Electronic States of Er:YAG

I E1i (cm–1) f1 E2i (cm–1) f2

1 0 0.264 6544 0.276
2 19 0.241 6596 0.215
3 57 0.201 6602 0.209
4 76 0.183 6779 0.089
5 411 0.037 6800 0.081
6 424 0.035 6818 0.074
7 523 0.022 6879 0.055
8 568 0.017 N/A N/A
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FIGURE 5.5
Wavelength dependence of f for Er:YAG at two temperatures.

FIGURE 5.6
Wavelength dependence of βmin for Er:YAG at two temperatures.

FIGURE 5.7
Temperature dependence of the partition function ratio Z2/Z1 in Er:YAG.
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Figure 5.9 shows the temperature dependence of βmin for the two primary
Er:YAG laser wavelengths. Similar to the wavelength dependence, the tem-
perature dependence of reabsorption loss can have a significant impact on
quasi-three-level laser performance.

5.6 Ground State Depletion

The analysis of ground state depletion [17–19] parallels that of reabsorption
loss. The inversion density on the pump transition is given by

ΔN′ = f2′ N2 – f1′ N1. (5.11)

FIGURE 5.8
Temperature dependence of f for two Er:YAG laser wavelengths.

FIGURE 5.9
Temperature dependence of βmin for two Er:YAG laser wavelengths.
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Using Equation 5.4 and Equation 5.5, the normalized pump inversion
density is

ΔN′/N = f2′ [β – f′ (1 – β)] (5.12)

where f′ = f1′/f2′ is the pump transition Boltzmann ratio. The reverse pump
transition ensures that ΔN′ can be no greater than zero. This places an upper
limit on the normalized upper-state population, given by

βmax = f′/(1 + f′). (5.13)

The pump transition Boltzmann ratio is derived in the same way as the
laser transition Boltzmann ratio, and is given by

f′ = (Z2/Z1) exp[(1/λp – ΔE0)/kT] (5.14)

where λp is the pump wavelength.
Figure 5.10 shows the wavelength dependence of f′ for Er:YAG at two

temperatures in the region of the two primary pump wavelengths 1470 nm
and 1533 nm. As in Figure 5.5, the Boltzmann ratio increases exponentially
with decreasing wavelength. As anticipated from the discussion preceding
Figure 5.8, the 50°C curve lies below the 0°C curve in Figure 5.10 (the reverse
of the relative positions of the curves in Figure 5.5) for wavelengths less than
approximately 1528 nm (1/ΔE0). The actual crossing point of the curves is
1523 nm. The shift of the crossing point from the nominal value of 1528 nm
is a result of the temperature dependence of Z2/Z1.

Figure 5.11 shows the wavelength dependence of βmax for Er:YAG at two
temperatures. The maximum population density than can be stored in the
upper state is substantially higher for the 1470 nm pump transition than for
the 1533 nm pump transition.

Figure 5.12 shows the temperature dependence of f ′ for the two primary
pump wavelengths 1470 nm and 1533 nm. As discussed above, the temperature

FIGURE 5.10
Wavelength dependence of f′ for Er:YAG at two temperatures.
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FIGURE 5.11
Wavelength dependence of βmax for Er:YAG at two temperatures.

FIGURE 5.12
Temperature dependence of f′ for two Er:YAG pump wavelengths.

FIGURE 5.13
Temperature dependence of βmax for two Er:YAG pump wavelengths.
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dependence for the 1470-nm pump wavelength has the opposite sign as the
temperature dependence for the 1617-nm and 1645-nm laser wavelengths seen
in Figure 5.8. The temperature dependence for the 1533-nm pump wavelength
is nearly zero because this wavelength is close to 1/ΔE0.

Figure 5.13 shows the temperature dependence of βmax for the two primary
Er:YAG pump wavelengths.

5.7 Reciprocity of Emission and Absorption

The laser cross section σ shown in Figure 5.4 is not a directly measurable
quantity. We can define effective cross sections by multiplying by the Boltz-
mann population factors. The effective absorption cross section for the laser
transition is given by

σa = f1 σ = α/N (5.15)

where α is the absorption coefficient. Similarly, the effective emission cross
section for the laser transition is given by

σe = f2 σ. (5.16)

The absorption spectrum for Er:YAG with 1% Er concentration at room tem-
perature is shown in Figure 5.14. The spectrum was measured with an FTIR
spectrometer. The wavelength range covers the 1617-nm and 1645-nm laser lines.

The emission cross section spectrum is derived from the absorption spec-
trum by combining Equation 5.15 and Equation 5.16 to give the reciprocity
relation between emission and absorption spectra for a quasi-three-level laser
transition

σe = α/f N. (5.17)

FIGURE 5.14
Absorption spectrum for 1% Er:YAG at room temperature.
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Reciprocity of emission and absorption spectra is discussed in references
20 to 25.

The emission cross section spectrum derived from the absorption spectrum
of Figure 5.14 using Equation 5.17 is shown in Figure 5.15. The exponential
dependence of the Boltzmann ratio f on wavelength results from reabsorp-
tion loss and is shown in Figure 5.5. This dependence accounts for the shift

line is only 25% greater than that of the 1645-nm line.
The laser gain cross section spectrum is given by

g = σ ΔN/N. (5.18)

Using Equation 5.6 and Equation 5.16, Equation 5.18 gives

g = σe [β – f (1 – β)]. (5.19)

The gain cross section spectrum is shown in Figure 5.16 for two values
of the normalized upper-state population density β. The explicit dependence
of Equation 5.19 on f has a significant impact on the relative strengths of
the 1617-nm and 1645-nm laser lines for different values of β. For lower
values of β (for example, the β = 0.25 curve in Figure 5.16), the gain cross
section is higher for the 1645 nm laser line than for the 1617 nm line. For
higher values of β (for example, the β = 0.50 curve in Figure 5.16), the gain
cross section is higher for the 1617-nm line than for the 1645-nm line. As a
result, an Er:YAG laser with low output coupling transmission will oscillate
on the 1645-nm line, but a laser with higher output coupling will shift to
the 1617-nm line.

FIGURE 5.15
Emission cross section spectrum for Er:YAG at room temperature.
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in the relative amplitudes of the 1617-nm and 1645-nm peaks between Figure

that of the 1645-nm line, whereas the emission cross section of the 1617-nm
5.14 and Figure 5.15. The absorption coefficient of the 1617-nm line is twice
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5.8 Thulium-Sensitized Holmium Laser

The relatively high levels of upper-state population density required for
inversion of quasi-three-level laser transitions, as seen in Figure 5.6 and
Figure 5.9, impose high pump intensity requirements on them. Prior to the
past several years, pump intensities sufficient for direct upper-state pumping
were not readily available. A technique that has been widely employed to
reduce the pump intensity requirement is illustrated in Figure 5.17. In addi-
tion to the lasant ion, a second ion, known as the sensitizer, is introduced
into the laser crystal. In this context, the lasant ion is known as the activator.
In this scheme the pump light is absorbed by the sensitizer, which transfers
its excitation to the activator. The sensitizer concentration can be relatively
high, enabling efficient absorption of the pump, while the activator concen-
tration is relatively low, minimizing reabsorption loss. In Figure 5.17 the
sensitizer ion is Tm3+ and the activator ion is Ho3+.

In the pumping scheme shown in Figure 5.17, the 3H4 state of Tm3+ is
pumped by a 792 nm AlGaAs laser diode. The 3H4 + 3H6 → 3F4 + 3F4 cross-
relaxation process converts the pump excitation into two ions in the first
excited state of Tm3+. The 3F4 → 5I7 energy transfer process populates the
upper state of the 2065 nm Ho3+ laser transition. The two upconversion
processes are detrimental to the laser performance. The 5I7 + 5I7 → 5I5 + 5I8

upconversion process removes a pair of Ho3+ ions from the upper laser state.
The 5I7 + 3F4 → 5I5 + 3H6 upconversion process removes a single Ho3+ ion
from the upper laser state [26–32].

The pump and laser wavelengths shown in Figure 5.17 are those of the
yttrium lithium fluoride (YLF) crystal host. Laser performance in the YLF

FIGURE 5.16
Gain cross section spectrum for Er:YAG at room temperature.
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host generally surpasses that in the YAG host owing to the larger upconver-
sion coefficient in YAG relative to YLF. The cross-relaxation, energy transfer,
and upconversion nonradiative processes exhibit energy mismatches that
are bridged by crystal lattice phonons. The phonon spectrum is broader in
YAG than in YLF, thereby increasing the upconversion coefficient in YAG
owing to the smaller energy mismatch.

The rates for the nonradiative processes are faster for higher dopant con-
centrations, owing to the increased probability of interaction for shorter
interaction distances. This imposes compromises on the choice of dopant
concentrations for optimized performance of the sensitizer/activator laser
scheme. Efficient population of the 3F4 state by the cross-relaxation process
requires a Tm3+ concentration of at least several percent, but the upconver-
sion losses increase with increasing dopant concentrations. The upconver-
sion losses are more significant for Q-switched than for CW laser operation,
owing to the high upper-state population density of the energy stored prior
to Q-switching. This effect is more pronounced when large pulse energies
are required, owing to the long storage times required for operation at low
pulse repetition frequency (PRF). The thermal equilibrium of the overlapped
3F4 and 5I7 state manifolds also plays a role in the optimization of the dopant
concentrations. This places an effective upper limit on the ratio of the con-
centrations of Tm3+ to Ho3+ ions for Q-switched operation at low PRF, because
the population stored in the Tm3+ ions is only available for Q-switched
extraction after the time delay inherent in the transfer of population to the
Ho3+ ion [33]. Typical optimum concentrations for the sensitizer/activator
scheme are a few percent of Tm3+ and a few tenths of a percent of Ho3+.

Early Ho:YAG lasers were pumped by xenon flashlamps and CW tungsten
and mercury lamps [34,35]. The relatively low intensities of these pump
sources necessitated cooling the laser rod with liquid nitrogen to overcome
reabsorption loss. These lasers utilized the broadband absorption of Er3+ and
Cr3+ sensitizers, in addition to the Tm3+ sensitizer shown in Figure 5.17, to
match the broadband emission of the pumping lamps. Subsequent to these
initial results, flashlamp-pumped Ho-doped lasers were demonstrated in a
variety of crystalline hosts, including yttrium gallium garnet (YGG) [36],
yttrium iron garnet (YIG) [36], yttrium aluminum oxide (YALO) [37,38], YLF
[39–41], and barium yttrium fluoride (BaY2F8) [42] Flashlamp-pumped laser
performance with improved efficiency was achieved by optimizing the con-
centrations of the Cr3+ and Tm3+ sensitizers and the Ho3+ activator in YAG
[43–47]. Early applications of these lasers were in the field of remote sensing,
including coherent laser radar and differential absorption lidar (DIAL)
[48–50]. Sensitizer/activator Tm,Ho lasers have also been demonstrated in
other garnet crystal hosts, including yttrium scandium gallium garnet
(YSGG), gadolinium scandium aluminum garnet (GSAG), yttrium scandium
aluminum garnet (YSAG) [51], and lutetium aluminum garnet (LuAG) [52].

The development of practical laser diodes pump sources led to the devel-
opment of Tm,Ho sensitizer/activator lasers with significantly improved per-
formance over that of lamp-pumped lasers. The primary benefit of laser diode
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pumping results from the close match between the narrowband laser diode
output radiation and the narrow absorption lines of trivalent rare earth ions.
The first demonstration of a diode-pumped rare earth laser with activator ion
other than Nd3+ was a Ho:YAG laser sensitized with Er3+ and Tm3+ [53–55].
Shortly thereafter, the diode-pumped Er,Tm,Ho laser was demonstrated in
the YLF crystal host [56,57]. These early results utilized cryogenic cooling of
the laser rod to mitigate the temperature-dependent reabsorption loss.

Following these initial results, utilizing optimized concentrations of the sen-
sitizer and activator ions, the diode-pumped Tm,Ho:YAG [58–61],
Cr,Tm,Ho:YAG [62], and Tm,Ho:YLF [63,64] lasers were demonstrated at room
temperature. These early results were limited to output powers of a few mW,
but were soon followed by Tm,Ho:YAG lasers with output powers of tens of
mW [65,66], followed by demonstrations of output powers greater than 10 W
[67,68]. A mode-locked Tm,Ho:YAG laser has also been demonstrated [69].

Sensitizer/activator Tm,Ho lasers have also been operated by pumping
with alternate lasers to simulate laser diode pumping. The Tm,Ho:YAG laser
was pumped by a 785 nm alexandrite laser [70,71], Cr,Tm,Ho:YAG [62,72]
and Cr,Tm,Ho:YSGG [72] lasers were pumped by a 647 nm krypton ion laser,
the Tm,Ho:YAG laser was pumped by a 785 nm Cr:GSAG laser [73], and the
Tm,Ho:LuAG laser was pumped by a 781 nm Ti:sapphire laser [74]. In
addition to the garnet crystal hosts, the diode-pumped Tm,Ho laser has also
been demonstrated in other oxide hosts such as YALO [75] and GdVO4

(gadolinium vanadate) [76,77].
As described previously, the Tm,Ho:YLF laser benefits from weaker upcon-

version that the Tm,Ho:YAG laser [78]. Advances in diode-pumped
Tm,Ho:YLF lasers were made by researchers at Coherent Technologies (now
Lockheed Martin Coherent Technologies) [79], Lockheed Sanders (now BAE
Systems) [80–83], and Schwartz Electro-Optics (now Q-Peak) [84–86]. Of par-
ticular note is the extensive research performed at NASA Langley Research
Center (LaRC) on diode-pumped Tm,Ho:YLF lasers and amplifiers producing
high pulse energies [87–94]. Pulse energies greater than 600 mJ have been
demonstrated by the LaRC group in YLF [95–98], and more recently a pulse
energy of 1 J has been demonstrated by the group in lutetium lithium fluoride
(LuLF) [99,100]. Research has been performed on conductively cooled diode-
pumped Tm,Ho:YLF and LuLF lasers for spaceborne applications [101–103].
As in the case of Tm,Ho:YAG lasers, alternate lasers have been used to simulate
laser diode pumping [104]. In addition to YLF and LuLF [105–111] lasers, other
fluoride crystal hosts have been utilized, including barium yttrium fluoride
[112] and potassium yttrium fluoride (KYF4) [113].

5.9 Thulium Laser

The upconversion processes shown in Figure 5.17 limit the storage of energy
in the upper laser state. An alternate method for producing 2 μm laser output
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is shown in Figure 5.18. The 3H6 → 3H4 pump transition and the 3H4 + 3H6 →
3F4 + 3F4 cross-relaxation process are utilized as in Figure 5.17. In this scheme,
however, the only dopant is Tm3+, and the 3F4 → 3H6 laser transition is
utilized. The 3F4 + 3F4 → 3H4 + 3H6 upconversion process is not shown in
Figure 5.17 owing to the weakness of this process relative to the two upcon-
version processes involving the Ho3+ ion. This process is the inverse of the
cross-relaxation process, and like the upconversion processes in Ho3+ it
removes population from the upper laser state [114]. The pump and laser
wavelengths shown in Figure 5.18 are those of the YAG crystal host.

As with Tm,Ho:YAG lasers, early Tm:YAG lasers were pumped by flashlamps
[34]. Subsequent to this early work, efficiencies of flashlamp-pumped Tm:YAG
lasers were improved by optimizing the concentrations of the Cr3+ sensitizer
and the Tm3+ activator ions [115–119].

FIGURE 5.17
Energy level diagram of the diode-pumped Tm-sensitized 2.1 μm Ho laser.

FIGURE 5.18
Energy level diagram of the diode-pumped 2.0 μm Tm laser.
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Shortly after the first demonstrations of diode-pumped Tm,Ho:YLF and
Tm,Ho:YAG lasers, the diode pumping scheme of Figure 5.18 for the Tm:YAG
laser was demonstrated at room temperature [120]. Subsequently the diode-
pumped Tm:YAG was Q-switched [65], and applied to eyesafe remote sensing
applications [121]. For these applications, the Tm:LuAG laser has been found
to have more favorable atmospheric transmission than the Tm:YAG laser [122].

As in the case of Tm,Ho sensitizer/activator lasers, Tm lasers have also
been operated by pumping with alternate lasers to simulate laser diode
pumping. The Cr,Tm:YAG laser was pumped by a 647 nm krypton ion laser
[123], the Tm:YAG and Tm:YSGG lasers were pumped by a 785 nm titanium
sapphire laser [124,125], a mode-locked Tm:YAG laser was pumped by a
titanium sapphire laser [126,127], a mode-locked Cr,Tm:YAG laser was
pumped by a krypton ion laser [69], and the Tm:YAG laser was pumped by
a 1064 nm Nd:YAG laser [128].

Diode-pumped Tm:YAG lasers have been operated with high efficiency,
in particular in end-pumped geometries for which the pump and laser modes
are well matched [129,130]. Of particular note is the end-pumping architec-
ture developed by Lawrence Livermore National Laboratory (LLNL)
[131–133]. In this architecture a lens duct is utilized to collect the pump light
from a laser diode stack. The pump light is guided into the end and down
the length of a Tm:YAG laser rod. This technique has yielded an output
power of 115 W [134,135]. A group at DSO National Laboratories in Sin-
gapore has demonstrated 150 W from a diode-pumped Tm:YAG laser with
a side pumping geometry [136–138].

Tm lasers have also been operated in a variety of oxide crystal hosts other
than YAG. Early demonstrations of the Tm:YALO laser were flashlamp-
pumped and cooled to liquid nitrogen temperatures [38,139]. The efficiency
of the Tm:YALO laser was increased by pumping with a ti:sapphire laser
[140,141] and laser diodes [142,145]. Output powers have been scaled to high
levels with the utilization of fiber-coupled laser diode pumps [146,147], most
recently to an output power of 50 W [148]. The Tm laser has been demon-
strated in yttrium vanadate (YVO4) [149–151] and GdVO4 [152–154], in the
tungstates KY(WO4)2 [155] and KGd(WO4)2, [156] and in yttria (Y2O3)
[157–159] and scandia (Sc2O3) [159].

Tm lasers have also been operated in a variety of fluoride crystal hosts.
Output powers have been scaled to high levels in YLF [160–162], with an
output power exceeding 20 W [146]. The Tm laser has also been demon-
strated in KYF4 [163] and BaY2F8 [163–164].

5.10 Upper-State Pumped Holmium Laser

A third pumping scheme for producing 2 μm laser output is shown in Figure
5.19. This scheme is similar to that of Figure 5.17, except that the Tm3+ and
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Ho3+ ions are doped in separate crystals, thereby avoiding the 5I7 + 3F4 →
5I5 + 3H6 upconversion process that involves both Tm3+ and Ho3+ ions. This

3
4

3
6

and 5I5 – 5I7. In Figure 5.19 the upper state of the Ho laser is directly
populated by pumping with the output of the Tm laser. This optical pump-
ing process substitutes for the 3F4 → 5I7 nonradiative energy transfer pro-

Tm3+ and Ho3+ ions are doped in separate laser media. The pump and laser
wavelengths shown in Figure 5.19 are those of the Tm:YALO and Ho:YAG
lasers.

In addition to the elimination of the Tm–Ho upconversion process, the
direct upper-state pumping scheme also reduces the detrimental effects of

to a negligible level. The concentrations of Tm3+ and Ho3+ can be indepen-
dently optimized because the two ions are doped into separate crystals. The
advantages of the upper-state pumping scheme are particularly relevant
when the Ho laser is Q-switched. Large pulse energies can be obtained while
operating the Tm pump laser in the CW mode, owing to the long lifetime
of the Ho3+ 5I7 upper laser state (8 ms in YAG). The 3F4 + 3F4 → 3H4 + 3H6

upconversion process does not significantly impair the performance of the
Tm laser because CW operation does not entail energy storage in the upper
laser state. The impact of the 5I7 + 5I7 → 5I5 + 5I8 upconversion process [165,166]
can be reduced to a negligible level by utilizing Ho3+ concentrations as low
as a few tenths of a percent. In contrast, in the sensitizer/activator scheme
the Ho3+ concentration must be kept at a level high enough to ensure efficient
energy transfer from the Tm3+ ion.

The first demonstrations of direct upper-state pumping of a Ho laser by a
Tm laser utilized the YAG crystal host for both lasers. Two pumping tech-
niques were utilized in these initial demonstrations. In both cases the Ho:YAG

FIGURE 5.19
Energy level diagram of the upper-state pumped Ho laser.
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and Figure 5.18, owing to the close match of the transition energies F  – H

the other two upconversion processes shown in Figure 5.17 and Figure 5.18

is the strongest of the three upconversion processes shown in Figure 5.17

cess of Figure 5.17, and is represented by a dashed line to indicate that the
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laser was intracavity-pumped by the Tm laser. In the first case, the pump was
a flashlamp-pumped Cr,Tm:YAG laser [167,168], and in the second case the
pump was a Tm:YAG laser pumped by a Ti:sapphire laser [169,170].

The Ho laser has also been upper-state pumped by lasers other than Tm
lasers. Direct upper-state pumping of the Ho:YAG laser by 1.9 μm laser
diodes was demonstrated shortly after the initial demonstrations of Tm laser
pumping [171–173]. By eliminating the intermediate Tm laser, direct pump-
ing by laser diodes can significantly increase the efficiency of the Ho laser.
Though high-power 1.9 μm laser diode devices have not yet proven to be
sufficiently mature for this technique to be fully practicable, the potential for
near-term improvement in efficiency is significant.

Most of the demonstrations of upper-state pumping of Ho lasers by Tm
lasers have not utilized the intracavity pumping technique of the initial
demonstrations, owing to the restrictions imposed by placing the Tm and
Ho laser media in a common resonator. In particular, it is difficult to insert
a Q-switch into the common resonator while operating the Tm laser in the
CW mode. Continuous-wave Ho lasers, however, have exploited the intrin-
sic efficiency advantage of the intracavity pumping technique [174,175],
with a CW output power of 7.2 W demonstrated from a Ho:YAG laser
intracavity-pumped by a Tm:YAG laser with 53.4 W incident laser diode
pump power [176]. The Ho:YAG laser has also been intracavity-pumped by
a Tm:YLF laser [177].

Upper-state pumped Ho lasers with significantly higher output powers
and pulse energies have been demonstrated by utilizing Tm:YALO and
Tm:YLF pump lasers. These pump lasers are capable of operation with high
output power at output wavelengths more closely matched to favorable
absorption bands of Ho:YAG and Ho:YLF in comparison with the Tm:YAG
pump laser. The stronger absorption in these pump bands eliminates the
need for intracavity pumping.

The Ho:YAG laser was operated in the CW and Q-switched modes by
pumping with a diode-pumped Tm:YALO laser [178]. The Ho:YAG laser was
also pumped by a diode-pumped Tm:YLF laser [179,180], with an output
power of 18.8 W from the Ho:YAG laser in the CW mode [181] and a pulse
energy of 50 mJ from the Ho:YAG laser in the Q-switched mode at a PRF of
60 Hz [182].

The Ho:YLF laser has also been operated in the upper-state pumping
mode. An alexandrite laser-pumped Tm:YALO pump laser was utilized to
produce a pulse energy of 33 mJ from the Ho:YLF laser [183]. A diode-
pumped Tm:YLF laser was utilized to produce a CW output power of 21 W
and a Q-switched pulse energy of 37 mJ at a PRF of 100 Hz from a Ho:YLF
laser [184].

More recently, upper-state pumped Ho lasers have been scaled to higher
output power by pumping with diode-pumped Tm-doped fiber lasers. The
Ho:YAG laser was upper-state pumped by a Tm fiber laser [185–187], yield-
ing Ho:YAG output powers of 6.4 W in the CW mode [188,189] and 5.6 W
in the Q-switched mode at a PRF of 20 kHz [190]. Single longitudinal mode
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operation of a CW Ho:YAG ring laser pumped by a diode-pumped Tm-
doped fiber laser was demonstrated with an output power of 3.7 W [191,192].
Significant power scaling was demonstrated from a Ho:YLF laser pumped
by a diode-pumped Tm-doped fiber laser, with an output power of 43 W in
the CW mode and a pulse energy of 45 mJ in the Q-switched mode at a PRF
of 200 Hz [193].

5.11 Ytterbium-Sensitized Erbium Laser

The sensitizer/activator scheme can also be applied to the 1.5 μm Er laser,
as shown in Figure 5.20. In this case the Yb3+ ion is the sensitizer. The 2F5/2

state is pumped by a 980 nm InGaAs laser diode. Energy transfer to the 4I11/2

state [194] is followed by the 4I11/2 → 4I13/2 multiphonon decay process, which
populates the upper state of the 1533 nm Er3+ laser transition. The 4I13/2 +
4I13/2 → 4I9/2 + 4I15/2 upconversion process removes a pair of Er3+ ions from
the upper laser state [196–201]. Additional upconversion loss processes
involving higher electronic energy states, some of which involve both the
Yb3+ and Er3+ ions [202], are not shown. The pump and laser wavelengths
in Figure 5.20 are those of a glass host.

The earliest Yb,Er:glass sensitizer/activator lasers were pumped by
flashlamps [203–205]. Following these initial results, Yb,Er:glass lasers
pumped by flashlamp-pumped 1 μm Nd lasers were demonstrated
[206–208]. A review of the early flashlamp-pumped Yb,Er:glass laser devel-
opments is given in Reference 209. More recently, higher pulse energies have

FIGURE 5.20
Energy level diagram of the diode-pumped Yb-sensitized Er laser.
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been obtained from flashlamp-pumped Yb,Er:glass lasers by utilizing
improved glass compositions [210,211]. A flashlamp-pumped Yb,Er:glass
laser utilized a frustrated total internal reflection (FTIR) Q-switch to produce
a pulse energy of 7 mJ [212]. A flashlamp-pumped Yb,Er:glass laser with an
FTIR Q-switch has produced a pulse energy of 1 mJ in a single longitudinal
mode for remote sensing applications [213]. A variety of flashlamp-pumped
passively Q-switched Yb,Er:glass lasers have been demonstrated. Passive Q-
switches doped with the saturable absorbers divalent uranium [214,215] and
cobalt [214,216,217] have been utilized.

The CW diode-pumped Yb,Er:glass laser is modeled in Reference 218.
Demonstrations of CW diode-end-pumped Yb,Er:glass lasers [219,220] were
performed shortly after the development of the first diode-pumped Tm,Ho
and Tm lasers. Single longitudinal mode demonstrations of CW diode-end-
pumped microchip Yb,Er:glass lasers were conducted soon after [221–223],
followed by broad tunability over the range 1528 nm to 1564 nm [224–226].
Over 300 mW CW has been demonstrated from a diode-end-pumped
Yb,Er:glass laser, and 230 mW in a single longitudinal mode [227].

The pulsed diode-pumped Yb,Er:laser is modeled in Reference 228. Pulsed
Yb,Er:glass lasers are typically operated at low PRF to avoid the strong
thermal lens that arises from the low thermal conductivity of the glass host.
Diode-pumped Yb,Er:glass lasers have been operated in the side-pumped
configuration [229], producing a pulse energy of 1.2 J in the long-pulse mode
[230] and a pulse energy of 14 mJ in the Q-switched mode [231]. In the end-
pumped configuration, diode-pumped Yb,Er:glass lasers have also been
operated in the long-pulse [232] and Q-switched modes [233,234]. As in the
case of flashlamp-pumped Yb,Er:glass lasers, novel Q-switching techniques
have been exploited for diode-pumped Yb,Er:glass lasers. The FTIR Q-switch
has been utilized [235–237], producing a pulse energy of 26 mJ [238]. Passive
Q-switches have also been utilized, including InGaAsP/InP semiconductor
[239] and divalent uranium [240,241] and cobalt [242–245]. Q-switched
diode-pumped Yb,Er:glass lasers have also been operated in a single longi-
tudinal mode for coherent laser radar applications [246], producing a pulse
energy of 11 mJ [247].

Yb,Er sensitizer/activator lasers have also been demonstrated in a variety
of crystalline hosts. As in the case of Yb,Er:glass lasers, early Yb,Er crystal
lasers were pumped by flashlamps [248]. Er-doped lasers, as with Tm,Ho
and Tm lasers, have also been pumped with alternate lasers to simulate laser
diode pumping. The nonsensitized Er:YAG and Er:YGG lasers were pumped
by the 647 nm krypton laser [249,72,250]. A Ti:sapphire laser was utilized to
pump Yb,Er lasers in the Y2SiO5 (YOS) [251], YAG [252], and Ca2Al2SiO7 [253]
crystal hosts.

Diode-pumped Yb,Er lasers have been operated in the YAG [254,255], YOS
[255], YCa4O(BO3)3 [256], and YVO4 [257] crystal hosts. A diode-pumped
Yb,Er:YAG laser has produced a pulse energy of 79 mJ in the long-pulse
mode [258,259].
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5.12 Upper-State Pumped Erbium Laser

The Er laser can also be directly upper-state pumped in a manner similar to
the Ho:YAG laser shown in Figure 5.19. In Figure 5.20 the 1533 nm Er:glass
laser of Figure 5.20 pumps the upper state of the 1645 nm Er:YAG laser. As
in Figure 5.19, this optical pumping process is represented by a dashed line
to indicate that the two Er3+ ions are doped in separate laser media.

As in Figure 5.20, the 4I13/2 + 4I13/2 → 4I9/2 + 4I15/2 upconversion process
removes population from the upper laser state, and upconversion processes
to higher energy states, some of which involve both the Yb3+ and Er3+ ions,
are not shown. Also not shown is the 4I13/2 + 4I13/2 → 4I9/2 + 4I15/2 upconversion
process in the Yb,Er:glass laser. Similar to the Ho:YAG upper-state pumping
scheme of Figure 5.19, the impact of the 4I13/2 + 4I13/2 → 4I9/2 + 4I15/2 upcon-
version loss process can be reduced to a negligible level by utilizing concen-
trations of Er3+ as low as a few tenths of a percent. In contrast, in the
Yb,Er:glass laser the concentrations of Yb3+ and Er3+ must be large enough
to facilitate the 2F5/2 → 4I11/2 energy transfer process.

Early demonstrations of upper-state pumped nonsensitized Er-doped
lasers utilized flashlamp-pumped pulsed Yb,Er:glass lasers as the pump
source. The crystal hosts YAG [260], YOS [261], and YLF [262] were used for
these demonstrations. In the case of Er:YLF pulse energies of 50 mJ in the
Q-switched mode and 90 mJ in the long-pulse mode were obtained [262].
Upper-state pumped Er-doped lasers have also been operated in the intrac-
avity pumping configuration. The Er:YAG laser was intracavity-pumped by
a flashlamp-pumped Yb,Er:glass laser [263], and by a diode-pumped
Yb,Er:glass laser [264,265].

More recent demonstrations of upper-state pumped Er:YAG lasers have uti-
lized continuous-wave Yb,Er-doped fiber lasers as the pump source [266–269].
An output power of 60 W has been achieved in the CW mode [270], and a pulse

FIGURE 5.21
Energy level diagram of the upper-state pumped Er laser.
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energy of 16 mJ in the Q-switched mode [271], for fiber-laser-pumped Er:YAG.
Laser action in crystal hosts other than YAG has been demonstrated, includ-
ing LuAG, YLF, YALO, and YVO4 [272,273]. A single-frequency fiber-laser-
pumped Q-switched Er:YAG laser has been utilized for coherent laser radar
applications [274].

More recently, the Er:YAG laser has been directly upper-state pumped by
laser diodes [275,276]. A pulse energy of 38 mJ has been achieved in the Q-
switched mode [277], and 930 mJ in the long-pulse mode [278].

5.13 Summary

Lasers operating within the eyesafe wavelength band are becoming increas-
ingly important for applications for which the laser output beam is not con-
tained. Rare earth solid-state lasers doped with the trivalent Ho, Er, and Tm
ions operate at wavelengths in the range 1.5 to 2.1 μm within the eyesafe
band. Eyesafe rare earth lasers were first demonstrated shortly after the initial
demonstrations of neodymium-doped 1 μm lasers in the mid-1960s. With the
development of practical laser diode devices in the late 1980s, diode-pumped
eyesafe rare earth lasers were demonstrated, producing increasingly higher
output power levels as the performance of laser diode pump devices matured.

Several novel laser diode pumping schemes have been developed for the
eyesafe rare earth lasers. The 2.1 μm Ho, 1.6 μm Er, and 2.0 μm Tm lasers
are of the quasi-three-level type, in which the lower laser level resides within
the ground electronic state manifold. These lasers exhibit reabsorption loss
at the laser output wavelength. The sensitizer/activator pumping scheme
was developed to overcome the high laser threshold imposed by reabsorp-
tion loss. Direct upper-state pumping of the 2.1 μm Ho laser and the 1.6 μm
Er laser has been utilized to virtually eliminate the detrimental effects of
upconversion loss in these lasers, thereby enabling energy storage at lifetimes
approaching the intrinsic upper-state fluorescence lifetime. With the contin-
ued development of high-power laser diode pump devices, a range of oppor-
tunities exists for the further development of eyesafe rare earth solid-state
lasers with improved performance.
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6.1 Introduction

Neodymium (Nd)-doped solid state lasers play important roles in industrial,
scientific, and medical fields. Nd (Nd3+) is a rare earth trivalent ion. Most of
the industrial laser systems are based on near-infrared emission of four-level
Nd lasers. In this section, we review basic properties and recent progress of
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high-power Nd-doped solid-state lasers. In the opening sections, we study
laser crystals. Next, we study the various shapes of laser crystals and review
practical applications of Nd-doped lasers. Finally, we focus on wavelength
conversion of Nd-doped lasers.

After 1990, diode-pumped solid-state lasers have made rapid progress.
Owing to the development of pumping configurations and pump beam
optics, laser diodes can excite specific pump band with specific pump beam
mode. Pumping efficiency is several times higher and generated heat is much
smaller than lamp-pumped systems. Therefore, power supplies and cooling
systems are compact. These merits result in high efficiency, high brightness,
and compact beam source. Moreover, development of laser diodes acceler-
ates industrial application of the diode-pumped solid-state laser systems.
Laser diode bars about 800 nm wavelength are used to pump Nd-doped
laser crystal. Single 1-cm laser diode bars with as high as 80 W and two-
dimensionally stacked laser diode bars with more that 100 W of output are
commercially available. More than 10 kW output power was reported with
diode-pumped solid-state laser systems.

Although lamp-pumped systems still play and will continue to play impor-
tant roles in industrial fields, in this section we focus on diode-pumped
systems.

6.2 Host Materials

With proper selection of host materials, we can optimize laser performance.
Basic mechanical and spectroscopic properties of Nd-doped laser materials
are summarized in Table 6.1 [1,2]. Let us briefly discuss Table 6.1. The thermal

TABLE 6.1

Mechanical and Optical Properties of Commonly Used Nd-Doped Hosts

Properties Nd:YAG Nd:YVO4 Nd:YLF

Thermal conductivity (W/cmK) 0.14 0.051 (a axis)
0.0523 (c axis)

0.06

Thermal expansion
(×10–6 (K–1))

7.5 4.43 (a axis)
11.37 (c axis)

13.0 (a axis)
8.0 (c axis)

Densities (g/cm3) 4.56 4.24 3.99
dn/dT (K-1) 7.3 × 10–6 8.5 × 10–6(dn0/dT) 2.9 × 10–6(dne/dT)
Stimulated emission cross section
(cm2)

6.5 × 10–19 15.6 × 10–19 1.8 × 10–19(p)
1.2 × 10–19(p)

Fluorescence lifetime (ms) 230 100 480
Index of refraction 1.82 no = 1.958

ne = 2.168
no = 1.4481
ne = 1.4704

Source: From W. Koechner, Solid-State Laser Engineering, 5th revised and updated edition,
Springer-Verlag, New York, 1999; A.A. Kaminskii, Laser Crystals: Physics and Properties,
Springer-Verlag, New York, 1990; Xiaoyuan Peng et al., Appl. Opt., 40, 1396, 2001.
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conductivity and dn/dT are very important parameters to be considered in
the design and operation of high-power solid-state lasers. From Table 6.1,
Nd:YAG is found to be the most favorable because of its high thermal
conductivity. Nd:YVO4 is not suitable for high-power operation because of
its low thermal conductivity and high dn/dT. Stimulated emission cross
section of Nd:YVO4 is about three times and ten times higher than Nd:YAG
and Nd:YLF, respectively. Hence, it is suitable for generating short pulse in
Q-switching operation, at high repetition frequency. Nd:YLF is suitable for
high pulse energy generation because of its long fluorescence lifetime.

6.2.1 Basic Properties and Recent Progress of Nd:YAG Lasers

Figure 6.1 shows the energy level diagram of Nd:YAG, (Neodymium-doped
yttrium aluminum garnet), which is the most commonly used solid-state
laser material in industrial fields. The transition from the 4F3/2 upper laser
level to the 4I9/2 lower laser level is the main simulated emission line at
1064 nm. The strongest pump band wavelength is about 810 nm. At room
temperature, 4F3/2 (upper laser level) and 4I9/2 (lower laser level) are at the
sub levels R2 and Y3, according to Boltzmann’s law. Because the lower level
is well above the ground state, threshold condition is easily obtained, with
relatively low pump power. Host material YAG is chemically stable, has good
thermal, mechanical properties, and presents isotropic crystal structure.
These properties make Nd:YAG the most versatile solid-state laser material.

Since 1995, researchers have attempted to fabricate ceramic YAG with low
scattering loss and large size [4]. Many advantages are reported for ceramic
YAG. In comparison with single crystal, ceramic YAG can be fabricated with
larger size at lower cost. In addition, higher doping concentration is possible
(over 1% doping level is difficult for single crystal). An attractive feature of
ceramic YAG is that one can fabricate a variety of composite structures,
combining Nd:YAG ceramics with different doping concentrations. Intensive
research is now taking place in this area [3–9].

FIGURE 6.1
Energy level diagram of Nd:YAG.
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6.2.2 Basic Properties and Recent Progress of Nd:YVO4 Lasers[10]

Neodymium-doped yttrium vanadate (Nd:YVO4) with its advantage of
remarkably large emission cross section (three times as high as Nd:YAG) and
strong pump-beam absorption results in a compact and efficient high-gain
solid-state laser, generating short pulse, at high Q-switching repetition rate.
Consequently, Nd:YVO4 lasers are widely used in the microprocessing field.

Due to its natural birefringence, Nd:YVO4 laser generates linearly polar-
ized output (e-polarized) without any polarization optics. However, the
fracture limit of Nd:YVO4 is lower than that of Nd:YAG by a factor of four.
This limits the maximum pump and output powers of Nd:YVO4 crystal.
Hence, Nd:YVO4 lasers are preferred in low and middle power applications.

Recently, another vanadate crystal, Nd:GdVO4 (Nd-doped gadolinium
vanadate), has been reported. The thermal conductivity of Nd:GdVO4 along
its (110) direction is comparable with that of Nd:YAG. This feature is desir-
able for power scaling.

6.2.3 Nd:YLF

Neodymium-doped lithium yttrium fluoride (Nd:YLF) has a long fluores-
cence lifetime and is suitable for the generation of high-energy laser pulses.
The crystal structure of Nd:YLF gives natural birefringence, thus providing
linearly polarized output. The wavelength depends on polarizations (σ
polarization: 1053 nm, π polarization: 1047 nm). The 1053-nm σ-polarized
transition exhibits lower gain and positive thermal lens. The 1047-nm π-
polarized higher gain transition exhibits negative thermal lens. In both wave-
lengths, the thermal lensing is much lower than in Nd:YAG.

6.3 Shape of Laser Crystals

In this section, we compare two shapes (rod and slab) of laser crystals for
Nd-doped high-power solid-state laser systems. End-pumping and side-
pumping schemes for each crystal shape are discussed.

6.3.1 Rod Crystals

A rod crystal is easy to use, fabrication cost is low, and cooling water man-
agement is simple (only two O-rings are required to seal the cooling water).
Moreover, the circular cross section of rod crystals presents symmetric optical
properties around the laser oscillation axis and provides a favorable circular
cross-section beam. Rod crystals are most widely used in industrial laser
systems because of these two features. In most cases, rod crystals are cooled
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by water flowing in glass tubes around them and, consequently, heat is
extracted from the side surface of the crystals. Temperature distribution and
refractive index distribution, which are perpendicular to the rod axis, modify
the beam parameters of the laser. This so-called thermal lens and thermal
birefringence limits scaling of output power with high-beam quality. Devel-
opment of rod-shaped solid-state lasers is, in most cases, related to manage-
ment of thermal lens and thermal birefringence.

6.3.1.1 End-Pumped Rod Lasers

Applying a laser diode as a pump source, one can control wavelength
(absorption length), spot size, divergence, and incidence angle of the pump
beam. End-pumping configuration can fully utilize these merits.

In an end-pumped system, the pump light enters through the “end” of the
laser crystal. The pump-light axis and laser oscillation axis are parallel. End
pumping results in higher mode matching overlap, higher absorption effi-
ciency, and higher pump density. Optical-to-optical efficiency of single-mode
end-pumped solid state lasers reaches more than 50%. However, absorbed
pump light causes strong thermal distortion of laser crystals, and thermal
fracture limits output power scaling. We will review typical end-pumped
rod lasers in this section.

The resonator configuration shown in Figure 6.2 [13] is an example of a
commercially available robust and efficient end-pumped laser system. Two
20-W diode bars are coupled to linear arrays of fiber optics. Coupling efficiency
of fiber bundles, from the collimated diode bars to the output of the fiber
bundle, is over 85%. The pump light is subsequently imaged into the faces of
the Nd:YVO4 active media through dichroic folding mirrors. The design shown
in Figure 6.2 is a nearly confocal resonator and is highly insensitive to mis-
alignment. The cavity length is about 14 cm. An output power of 13.8 W at
1064 nm with M2 = 1.05 is obtained for a total pump power of 26 W from the
fiber bundles. As a consequence of the thermal lensing, the laser mode size
increases as a function of pump power, resulting in a nonlinear slope efficiency.
The optical conversion efficiency at the maximum output power is 53%.

Q-switched, frequency converted end-pumped Nd:YVO4 systems are in high
demand for micromachining. Fiber-coupled diode bars avoid complexities and

FIGURE 6.2
Schematic of an end-pumped solid-state laser system.
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reduce maintenance costs. One can replace diode lasers without touching
the laser assembly.

Another example is a high-power end-pumped system producing 60-W
TEM00-mode output power. Figure 6.3 shows the high average power angular-
ity multiplexed pump geometry used for end pumping [14]. Four 15-W laser
diode bars are placed around both ends of each rod. The two sets of diodes on
each rod are rotated 45° with respect to one another to produce a circular gain
distribution in the rod cross section. The divergence of each diode bar is from
40° to 10° in the plane perpendicular to the array by using a 2-mm-diameter
quartz rod lens. The diode light is then focused into the rod end by using a
14.2-mm focal length spherical lens. The pump light is incident upon the
Nd:YAG rod at an angle of 30°. The edge-cooled Nd:YAG rods have a diameter
of 6.35 mm, a length of 7.5 mm, and a doping level of 1.0 atomic percent.

The geometry described above enables efficient pumping. Both lenses have
antireflection coatings for the pump light, and the rod ends are antireflection
coated for the pump light and lasing wavelengths. A passive tuning scheme
is used to set the center wavelengths of the diodes to within 1 nm of the
optimum for absorption. The efficiency with which the pump light is trans-
ferred from the diode and absorbed in the rod is over 80%. Thus approxi-
mately 50 W of pump power is absorbed per rod end.

The pump light is concentrated in the central portion of the rod, as shown

efficiently by the fundamental mode. The small signal gain in the central
area of each rod is approximately 0.5.

Multimode extraction tests using a single rod were performed with a 14.3-
cm-long resonator formed between 1.1-m concave mirrors (transmittance of

FIGURE 6.3
Angularly multiplexed pump geometry used to focus the power of  8 15-W laser-diode bars
into each laser rod.
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the output coupler is 3%). An output power of 24 W is extracted from a rod
pumped on a single end, whereas a rod pumped from both ends can produce
49.5 W. Multimode output power of 92 W is obtained with a total pump power
of 235 W. The slope efficiency is 44% (based on the diode output power). The
beam quality is 20–30 times diffraction limited. Figure 6.5 shows a symmetrical
resonator designed for high-beam-quality extraction. The symmetry ensures
that the mode is the same size and that rays pass through similar areas in both
rods. The resonator is formed by flat-end mirrors separated from the rods by
65 cm. The rods are separated from one another by 20 cm. A 16-cm focal length
lens located at the symmetry plane compensates for first-order thermal focus-
ing. Neglecting aberrations, each rod has a thermal lens focal length of 25.7 cm
and a TEM00-mode diameter of 2.4 mm (1/e2). A stable output power of 60 W

FIGURE 6.4
Fluorescence profile of a 6.35-mm-diameter end-pumped Nd:YAG rod. A total pump power of
approximately 100 W is absorbed in the rod, 70 W of which is encircled within 2.4-mm mode
diameter.

FIGURE 6.5
Symmetrical resonator used in TEM00 extraction experiments. Symmetry between the two laser
rods allows straightforward correction of the thermal distortion and stress-induced birefrin-
gence.
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is obtained with the flat–flat resonator and a total diode power of 235 W. The
beam quality is 1.3 times diffraction limited.

6.3.1.2 Side-Pumped Rod Lasers

Side-pump configuration is applied for both diode-pumping and flash-lamp-
pumping systems. The pump light strikes a laser crystal transversely,
through the side surface of a laser crystal. Consequently, scaling of pump
power and output power is much easier than end-pumped systems. How-
ever, because of low mode-matching overlap of the pump beam and oscil-
lation laser beam, efficient operation of the TEM00 mode is difficult.
Therefore, side-pump configurations are considered to be suitable for high-
power multitransverse-mode systems. Side-pumping configurations do not
include any pumping optics on the laser oscillation axis. Therefore, it is easy
to align multicavities along an optical axis. The multicavity configuration is
important in industrial high-power applications.

Theoretical and experimental investigations have proven that if a suitable
arrangement of rods and mirrors are selected, the output power increases
proportionally to the number of rods [15] without degrading beam quality.
Figure 6.6 is a schematic drawing of the multirod configuration. The best
beam quality, highest efficiency, and largest range of stable oscillation are
obtained from a symmetric plane–plane resonator in which the two rods are
separated by L/2 and the mirror–rod distance is L/4.

This type of simple and robust plane–plane resonator–amplifier multicav-
ity configuration is widely used in industrial high-power applications. The
most important application is welding. Five to ten  identical lamp-pumped
or laser-diode-pumped cavities (pump heads) are used. These employ
Nd:YAG rods with diameter of 3 to 15 mm to produce several kW of CW
output. The output power is coupled to several hundred micrometers core-
diameter step index (SI) fibers to realize flexible beam delivery.

An amplifier configuration, to improve output beam mode stability against
pump power, is reported [16]. This configuration stabilizes the thermal-lens-
dependent variation in the output-beam parameters by extracting the laser
beam from the collimating point of the periodic beam propagation. The
configuration does not need any sophisticated technologies.

Figure 6.7 shows the setup of a preliminary experiment to confirm the laser
performance of the proposed configuration. A resonator–amplifier system is

FIGURE 6.6
Amplification of the output power by several rods at a distance L/2. The beam quality remains
constant because the rods form a type of lens waveguide.
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composed of three pump cavities A, B, and C. The resonator consists of
cavities A and B, along with a flat total reflector (TR) and a flat partial reflector
(PR) (The reflectance of the out-coupling mirror was 80%). The pump cavities
A and B are placed 400 mm apart from the TR and PR mirrors, respectively.
The distance between rod ends of cavities A and B was set to 800 mm. Cavity
A and cavity B contained a Nd:YAG rod (4 mm in diameter, 105 mm in
length, 0.6% Nd doping) with 16 laser diodes (25 W rated diode output
power), placed in fourfold symmetry around the rod axis. The pumped part
length of the Nd:YAG rod in cavity A and B was 72 mm.

The amplifier pump cavity C was placed at a distance of 400 mm (optical
path length) away from the PR mirror, along the optical axis of the output
beam and contained a Nd:YAG rod (4 mm in diameter, 70 mm in length,
0.6% Nd doping) pumped by eight laser diodes (25 W rated diode output
power), placed in fourfold symmetry. The pumped part length of the
Nd:YAG rod in cavity C was 36 mm.

The total pump power of cavity A and B were maintained to be twice that
of cavity C, so that pump intensity and thus the refractive index were main-
tained to be identical in the pumped region of all Nd:YAG rods. The output
beam variation depending on the pump power was characterized by mon-
itoring the waist beam diameter and the position of the beam waist. A two-
pump-cavity resonator, consisting of cavity A and B, was used to characterize
conventional system as a reference.

Figure 6.8 shows the pump-power dependence of the waist-beam position.
Z0 in vertical axis represents the distance between M2 meter and the mea-
sured beam waist. The horizontal axis of Figure 6.8 and Figure 6.9 is the LD
driving current of cavity B. From Figure 6.8, we can confirm that the mea-
sured output beam waist was maintained at a constant position, as was
predicted from the calculation. Figure 6.9 compares the output waist-beam
size of a conventional and a novel configuration. In the conventional system,
the waist-beam diameter varied 23% (from 3.3 mm to 2.5 mm) as the pump
power increased, and in the novel configuration, the beam diameter
remained almost constant (beam size varied only 2% [3.4 to 3.6 mm]). Com-
pared to the conventional configuration, the beam diameter variation of the
novel configuration was suppressed to be less than 1/10. The experimental
results in Figure 6.8 and Figure 6.9 confirmed the theoretical analysis.

FIGURE 6.7
Schematic of the experimental setup.
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Let us now introduce a typical side-pumping configuration. A fiber-cou-
pled diode-side-pumped system is described subsequently [17]. Figure 6.10
shows the experimental setup. The laser rod is placed inside a flow tube for
cooling water, which is antireflection coated at 808 nm. The optical pump
sources consist of fiber-coupled diode lasers with a nominal output power
of 10 W each at 808 nm. The pump radiation is delivered through fibers to
the Nd:YAG laser head. The optical quartz fibers have a core diameter of
800 μm, a total diameter of 1.5 mm, and 0.22 NA. Each pump module consists
of 16 fibers. The fibers are mounted side by side with a spacing of 0.5 mm.
The pump modules are arranged in a threefold symmetry around the laser
rod, giving a total available pump power of approximately 370 W. The diode

FIGURE 6.8
Position of the beam waist plotted against the pump power.

FIGURE 6.9
Variation of the waist-beam size against the pump power.
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laser radiation directly irradiates the laser rod without any additional focus-
ing optics. The spacing df–f (Figure 6.10) between the fiber ends and the flow
tube can be varied from 0.5 and 20 mm. For sufficient absorption of the
diode-laser radiation, pump-light reflectors are mounted around the rod.
Nearly 340 W of the total pump power is absorbed because of the double
pass of the radiation in the laser rod. A maximum multimode output power
of 160 W was obtained. In the TEM00 mode operation, 60 W was obtained
at an optical-to-optical conversion efficiency of 25%.

Another example of side-pumped Nd:YAG rod laser aims at a simple and
low-cost structure that avoids introducing complexity, such as precisely
aligned and coated coupling optics of the laser diodes. Selection of the laser
diode modules depends on the output power and wavelength [18].

For this purpose, a low-loss diffuse reflectivity pumping chamber is
applied to pump laser rods directly. With this configuration, efficient pump-
ing is realized with poor-wavelength-selected and broad spectral emission
stacked arrays.

Figure 6.11 shows the schematic of the cross section of the pump module.
The laser design combines the easy to scale stacked-array technique of the
pump modules with the reliable and proven rod laser geometry. Different
stack sizes can be adapted by the shape of the reflector.

Results are given from a double-rod system in which each cavity is pumped
by a Cu microchannel-cooled stacked array consisting of 50 cw laser bars.
All bars are driven electrically in series and at the same temperature. This
leads to a 8-nm total line width (FWHM) of the stack diode. Differences in
the output characteristics of the bars are averaged by the multiple passes of
the pump light through the rod, resulting in a flat power deposition inside
the Nd:YAG rod. With one cavity (size 10 × 5 × 5 cm), 350 W cw output power
at 23% optical efficiency was achieved. Efficient, high-power operation of
side pumped rod lasers are also reported [19–23].

FIGURE 6.10
Laser head side-pumped by fiber-coupled diode lasers. The linear pump power density is
150W/cm.
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6.3.2 Slab Crystals

Compared with rod crystals, rectangular slab crystals have large cooling
surfaces. Therefore, using slab-shaped laser media reduces thermally
induced strain and aberration. For efficient cooling, two side surfaces (thin
direction) of slab crystals are cooled uniformly. The other two side surfaces
(thick direction) are thermally insulated. Hence, temperature gradient, ther-
mal lens, and thermal birefringence are present only in one direction (thin
direction). However, uniform cooling of rectangular slab crystals require
complex cooling techniques. A zigzag path, bouncing on cooling surfaces
(thin direction), efficiently eliminates the first-order thermal lens. Slab crystal
with zigzag path has many polished surfaces. Consequently, the fabrication
cost is relatively high.

6.3.2.1 End-Pumped Slab Lasers

To reduce the fabrication cost of the slab laser system, an end-pumped
hybrid-resonator design was proposed [24]. The laser utilizes a low-cost slab
crystal that has only two polished surfaces. Laser diode stacks and pump
beam optics form a nearly homogeneous pumped volume with rectangular
cross section in the center of the slab crystal.

Figure 6.12a shows the laser head. The slab is 3 mm × 8 mm × 16 mm. A
diode laser stack consists of three 10 mm laser diode bars. Each diode bar
emits 30 W pump light. The radiation emitted by each diode laser bar was
individually collimated by microlenses. The three conditioned beams were
parallel to one another in the plane defined by the fast axis and the propa-
gation direction. To obtain a homogeneous line shaping, an Offner optic and
a cylindrical lens (L2) were used. The Offner optic consisted of two almost
concentric mirrors (M5 and M6) and had minimal imaging error.

The cylindrical lens was incorporated with its focal length apart from the
exit facets of diode lasers to generate a virtual line source with dimensions

FIGURE 6.11
Experimental arrangement.
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of 0.3 mm × 10 mm. Then the virtual line source was reimaged 1:1 near the
entrance face (3 mm × 16 mm) of the slab crystal. The total transmission of
the imaging optic including the microlens was 83%. Inside the pumped
volume, the gain sheet had a nearly rectangular cross section of 0.3 mm × 10
mm as indicated by the shaded area within the slab in Figure 6.12c. The laser
performance is shown in Figure 6.13. The beam power of 31 W at 1064 nm
was generated at a beam propagation factor of M2 = 1.3 (unstable direction)
and 1.7 (stable direction).

A hybrid resonator was also employed for the Nd:YVO4 system to produce
high power at high beam quality. An Nd:YVO4 laser with 100 W output
power was reported with a partially end-pumped unstable resonator [25].

The Nd:YVO4 slab laser crystal size was 1 mm × 10 mm × 12 mm. The system

A maximum continuous-wave output power of 103 W was obtained at an
incident power of 248 W with a beam quality faactor of M2 < 1.5. The optical-
to-optical conversion efficiency was 41.5%. In Q-switched mode, 1.66 mJ was
obtained at 50 kHz repetition rate, with pulse length of 11.3 ns.

FIGURE 6.12
Schematic of the slab laser with a hybrid resonator: (a) complete laser head; (b) side view of
the diode laser (DL) stack with the cylindrical lenses; (c) geometry of the pumped volume. M1,
M2, resonator mirrors; M4, folding mirror for the pumping beam.
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The resonator configuration and output characteristics are presented in Fig-

was electro-optically Q-switched at high repetition rate.

ure 6.14. The basic concept of the system is the same as described above.



246 Solid-State Lasers and Applications

6.3.2.2 Side-Pumped Slab Lasers

Let us now review a slab laser transversely pumped by fiber-coupled diode
lasers [26].

Figure 6.15 shows a schematic of the laser head. The Nd:YAG slab is
mounted in an aluminum frame and sealed at both ends. The O-rings are
placed just as one would place O-rings on a rod laser crystal, with no care
taken to locate them away from a bounce point because the slab is protected
by a low-index coating. The top and bottom of the slab are insulated by
placing gold-coated glass microscope slides in contact with the Nd:YAG slab.
The glass slides are coated on the back with a thin RTV silicone layer for

FIGURE 6.13
Dependence of laser output power on the diode pumping power.

FIGURE 6.14A
Schematics of the laser; cross sections in y-z and x-z planes: (a) diode-stack; (b) pair of prisms;
(c) two cylindrical lenses; (d) planar waveguide; (e) imaging group; (f) rear mirror, M1; (g)
Nd:YVO4 slab; (h) output coupler M2; and (i) output laser beam.
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FIGURE 6.14B
Continuous-wave output power of the partially end-pumped Nd:YVO4 slab laser vs. incident
pump power into the slab crystal.

FIGURE 6.15
Schematic of the laser head. The thick black lines on the glass slides and the brass fiber holders
represent gold coatings for confining the pump light.
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stress relief. The last two sides of the frame contain the fiber pump modules.
The Nd:YAG slab is water cooled with 2-mm-thick water channels flowing
between the slab surfaces and the brass fiber holders. The water flows at a
rate of 1 l/min, and the Reynolds number and flow geometry are selected to
make the flow turbulent. The fibers are isolated from the water flow by a 0.5-
mm antireflection-coated sapphire window glued onto the brass mount. The
assembly of this laser head is simple and can be completed in a short time.

At a pump power of 235 W, the zigzag slab laser emitted 72 W of power in
a square, multimode beam. The optical-to-optical slope efficiency was 36%
with a threshold of 30 W. The laser was operated in a TEM00 mode configu-
ration as shown in Figure 6.16. The asymmetric thermal lens is compensated
by the astigmatism from an off-axis concave mirror. A 20-cm radius-of-curva-
ture mirror was chosen to dominate the thermal lensing in the cavity, and the
fold angle necessary to produce TEM00 mode operation at full power was 45°.
A TEM00 mode power of 40 W was obtained at a pump power of 212 W. The
output is polarized as a result of the Brewster slab faces, with a polarization
ratio better than 100:1. Figure 6.17 shows the cw output power vs. the diode-
laser input power for both multimode and TEM00 mode operation.

FIGURE 6.16
Cavity design for TEM00 mode operation.

FIGURE 6.17
Input vs. output curve for multimode (squares) and TEM00 mode (circles) operation.
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The pump beam absorption is highest at the surface where the pump beam
enters. It is important to utilize the pump volume near the surface. We will
review a side-pumped slab laser that utilizes a single high-angle-of-incidence
reflection in a Nd:YVO4 slab crystal to utilize the pump volume near the
surface [27].

The experimental arrangement is shown in Figure 6.18. The laser medium
was a 3%-doped Nd:YVO4 parallelopiped bar with dimensions of
10.1 mm × 2.5 mm × 3.0 mm. Both a-cut ends were antireflection coated for the
wavelength of 1.06 μm. Pumping was through the 10.1 mm × 3.0 mm face,
which was polished flat and uncoated. The pump source was a 1-cm quasi-
cw diode-laser bar (SDL Model 3230-TZ), which produced 200-ms square
pump pulses with energies of as much as 12mJ at a repetition rate of 16 Hz.
A 0.25-mm-diameter fiber lens was used to collimate the diode-laser output
partially so as to control the spatial extent of the pumping. The laser cavity
was formed between a concave high reflector (reflectivity R1 = 1) and a plane
output coupler (R2 = 0.475 – 0.985) with a single bend that was due to the total
internal reflection located at the center of the pump face. External angles, θ,
ranged from 0° to 10°. To ensure that the curvature of the mode within the
rod was small, the laser rod was located close to the flat output coupler. The
radius of curvature of the high reflector and the total cavity length were chosen
to produce the maximum output energy and best-quality laser mode.

For cavity parameters that gave a moderately small mode radius of 130 μm
(L1 = 23 mm, radius r1 = 100 mm, L2 = 9 mm), the best beam quality was
obtained at an angle of θ  = 4°. At smaller angles, the output pulse energy
was higher, but the beam showed a multimode structure caused by diffrac-
tion at the rod ends and the steep gradient in the gain across the beam cross
section. At angles greater than 6°, the output energy was even larger, but the
beam was stretched horizontally (i.e., in the plane of Figure 6.18) to a diam-
eter at least twice that in the vertical direction. Some structure in the hori-
zontal direction was also present. At an external angle of 4°, the output beam

FIGURE 6.18
Experimental arrangement (top view). θ is the angle between the beam, external to the crystal
and the pump face. The c axis of the Nd:YVO4 laser rod was oriented perpendicular to the
plane of the figure.
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appeared to be TEM00 and was not sensitive to a small misalignment of the
cavity mirror or the focusing of the pump light. Careful measurement of the
beam waist at the focus of a diffraction-limited lens and the subsequent
divergence gave values of M2 of approximately 1.3 and 3.9 in the horizontal
and vertical directions, respectively. The apparently poor beam quality in
the vertical direction was unexpected from the measured far-field beam
profile. Strong gain variations in the vertical direction as a result of nonuni-
form pumping in that direction are a likely source of this large divergence.
Thermal lensing within the laser material appeared to have a negligible effect
on the laser mode; no changes in the output beam were observed as the
pump repetition rate was varied from 16 to 70 Hz.

The output pulse energy vs. the total uncorrected pump energy from the
diode bar is shown in Figure 6.19 for output mirror reflectivities R2 of 0.475,
0.815, and 0.985. The highest output was obtained with R2 = 0.475, which
indicates that the gain was high. As much as 2.3 mJ of energy was obtained
for a pump energy of 12 mJ. The output pulses were polarized parallel to
the crystal c axis and were approximately 200 μsec long with no observable
oscillations. A maximum optical slope efficiency of 22% and an optical-to-
optical conversion efficiency of 19% were obtained. If reflection losses at
an uncoated fiber lens (n = 1.5) and the pump face (n = 1.96 for pump light
polarized perpendicular to the c axis) are included, these values increase
to 27% and 23%, respectively. High average power slab lasers are also
reported [28,29].

FIGURE 6.19
Output energy as a function of the diode pump energy. Results are shown for external angles θ of
4° (solid curves) and 10° (dotted curves) at output coupler reflectivities of R2 = 0.475, 0.815, and 0.985.
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6.4 Wavelength Conversion Lasers

High-power Nd lasers are applied for various wavelength conversion sys-
tems. As wavelength conversion is a nonlinear process, conversion efficiency
is a function of the fundamental beam intensity on the frequency conversion
crystal. The Q-switched pulse laser beam is advantageous in achieving effi-
cient frequency conversion.

The second-harmonic (wavelength is about 500 nm) of Nd-doped lasers
can be used for laser display, microprocessing of metals, and large area
processing, such as annealing of SiO2 polycrystals. In the scientific field,
second-harmonic lasers are used as a pump source for Ti:Sapphire lasers.

Frequency conversion ultraviolet (UV) laser systems are widely used for
micromachining of various materials including copper, glasses, polymers,
and ceramics. The high photon energy and high focusibility of UV lasers
enables the extension of the processing capabilities of solid-state lasers.

Many organics absorb third- (wavelength is about 350 nm) and fourth-
harmonic (wavelength is about 260 nm) of Nd lasers. The most important
application of UV lasers is in the area of printed circuit board processing,
where the work piece contains many organics. Laser drilling is a widely
accepted method of creating microvias in high-density electronic intercon-
nect and chip packaging devices. Commercially available laser sources used
for microvia formation are of two types, CO2 lasers and 355-nm UV solid-
state lasers. High average power, high-throughput CO2 lasers are advanta-
geous for large-size drilling, and UV solid-state lasers are advantageous for
high-precision, small-size drilling. Diameters down to 20–30 μm [30] are now
achieved. In this area, UV solid-state lasers are required to have higher
repetition Q-switching frequency and higher average power for high-speed
processing.

Nd:vanadate (Nd:YVO4) has become a desirable laser crystal in addition
to Nd:YAG. Because glasses absorb fourth- and fifth-harmonic wavelength
and not third harmonics, intensive research has been devoted to apply fourth
and fifth harmonics for processing glass fibers and fiber grating. Next, we
will focus on topics related to intracavity harmonic generation lasers.

6.4.1 Intracavity Second-Harmonic Generation

Figure 6.20 compares extracavity and intracavity schemes. SHG (second-
harmonic generation) is obtained through intracavity and extracavity fre-
quency conversion systems. Intracavity systems result in high conversion
efficiency, but thermal distortion of frequency conversion crystals in the
resonator causes unstable and inefficient laser performance. The problem
limits scaling of average power with high beam quality.

© 2007 by Taylor & Francis Group, LLC
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The basic properties of SHG (second-harmonic generation) frequency con-
version crystals are summarized in Table 6.2 [31]. Neglecting the complex
phase-matching condition and employing planewave approximation, the
conversion efficiency of second-harmonic generation is given by the equation

. (6.1)

The conversion efficiency is proportional to the square of deff. From Table
6.2, it is seen that KTP(KTiOPO4) is advantageous for low- and middle-power
operation because of its high frequency conversion coefficient. The deff of
KTP (Type II phase matching) is an order of magnitude larger than that of
LBO (Type II phase matching) (see deff in Table 6.2). To increase average green
output power, LBO(LiB3O5) is preferable because of its high damage thresh-
old and good thermal and mechanical properties.

FIGURE 6.20
An intracavity frequency-conversion laser system and an extracavity frequency-conversion laser.
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A typical intracavity-doubled high-power green laser that applies two side-
pumped Nd:YAG rods, with quartz rotator, is presented in the following text.

Figure 6.21 shows a 138-W intracavity green pulse laser [32]. A quartz 90°
polarization rotator is placed between two uniformly pumped Nd:YAG rods
for polarization-dependent bifocusing compensation. The pump heads con-
sist of four modules. Each module contains four 1-cm-long linear continuous-
wave diode arrays (808-nm wavelength, 20-W output power). Each module
is rotated 22.5° from the others around the optical axis to produce uniform
pump–light distribution within the rod’s cross section. An Nd:YAG rod (4
mm in diameter, 105 mm in length, with 0.6% Nd doping) is surrounded by
a flow tube and a diffusive reflector. Figure 6.21 shows a schematic drawing
of the L-shaped 0.7-m-long convex–convex cavity. The distance between the
end mirrors (radius of curvature 1m) and the rod ends is 250 mm. The
resonator is folded by a harmonic separator mirror (T > 98% at 532 nm,
R > 99.5% at 1064 nm, where T is transmittance and R is reflectance) and a
total reflector. The pumping head and acousto-optic Q-switches are placed in
one arm of the resonator. The Q-switches are operated at 10-kHz repetition
rate. A 15-mm-long Type-II phase-matched dual-wavelength antireflection-
coated LBO(LiB3O5) crystal is placed in another arm of the resonator. The 532-
nm green beam was extracted from the harmonic-separator mirror in one
direction. In Figure 6.22, the laser performances at 1064-nm and 532-nm
operation are compared. The 1064-nm operation is obtained by replacement
of one of the total reflection end mirrors with a partial output coupler (trans-
mittance, 15%) and removal of the LBO crystal from the resonator. At 800 W
total diode-output power, 205 W of 1064 nm output power was obtained in
cw operation, and 148 W in Q-switched operation. Then, the transmitting
output coupler is replaced with a total reflector and the LBO crystal is placed
in the resonator again. A maximum 532-nm green output power of 138 W
was generated, with 800 W total diode output power and 1750 W electrical
input power, corresponding to an optical-to-optical conversion efficiency of
17.3% and electrical-to-optical conversion efficiency of 7.9%. The ratio of
green output to Q-switched IR output was approximately 90%. The beam

FIGURE 6.21
Schematic of the intracavity-doubled high-power green laser.
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quality of the green output was M2 = 11. The pulse width of the green beam
was 70 ns at the maximum green output power. High-power, high-pulse-
energy green lasers have also been reported [33–37].

6.4.2 Intracavity Third-Harmonic Generation

Compared to fourth-harmonic lasers, the third harmonic (350 nm in wave-
length) of Nd-doped solid-state lasers can produce more output power with
high conversion efficiency and longer lifetime of optical components. At the
moment, the third harmonic of Nd lasers is commercially available as a beam
source for micromachining. UV solid-state lasers are required for high aver-
age power for high-speed processing. High average power intracavity-tri-
pled Nd:YAG and Nd:YLF lasers reported [38,39].

Figure 6.23 is a schematic of a Kr arc-lamp-pumped Nd:YAG laser. The
linear cavity consists of a 145-mm Nd:YAG rod, an accousto-optic Q-switch,
a Type-I phase-matched LBO crystal for second- harmonic generation, a Type-
II LBO crystal for third-harmonic generation, and an intracavity dichroic
mirror for harmonic separation. The cavity design is simple and compact and
the overall length of the laser resonator is 74 cm. The repetition rate of the
laser is continuously variable from 5 to 20 kHz. The THG output was 8 W at
5 kHz, 3 W at 20 kHz, and a maximum power of 8.8 W was achieved at 6
kHz. Nonlinear conversion efficiency was estimated at a moderate repetition
of 10 kHz. We measured 20 W of SHG and 6.8 W of THG from the Nd:YAG
oscillator. This corresponds to an effective SHG-to-THG conversion efficiency
of 34%. Such high UV output and high efficiency were achieved by taking
advantage of intracavity THG design. In addition to the high intracavity IR

FIGURE 6.22
Power performance of the Nd:YAG laser at 532 and 1064 nm.
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power, the intracavity SHG is used in a multipass fashion. As a result, the
interaction length of nonlinear optical crystal is effectively increased and
high conversion efficiency is obtained.

This group further improved the ultraviolet output power by using
Nd:YLF UV (351 nm) output power of 11.5 W and 23.2 W was obtained for
TEM00 mode and multimode, respectively.

High average power fourth- and fifth-harmonic generation is mainly
attempted with extracavity configuration, where the frequency conversion
crystals are placed outside the resonator. We can thus separate the technical
advances of the system, improvements of fundamental beam sources, and
that of frequency conversion techniques. Intensive research has been
reported in this area [40–44].

6.5 Summary

We have reported a variety of high average power Nd-doped lasers. Remark-
able advances were obtained in pumping geometries, novel laser materials,
and resonator configuration.

Recently, over 10 kW output power and several hundred watts of TEM00

mode output were reported with fiber laser systems. These systems will
replace some application fields of solid-state lasers. However, it seems dif-
ficult to generate high pulse energy with fiber laser systems because of the
small cross-sectional area of the core. In addition, because of complex pump-
ing configuration, the cost is relatively higher than that for solid-state laser
systems at the moment. In the next decade, these technical advances are
expected to result in the development of industrial workhorses based on
high-power solid- state laser systems.
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7.1 Introduction

The field of ultrashort pulse generation began in the mid-1960s, soon after
the invention of the laser. Since then it has been developing rapidly, and this
process is still continuing, with new regimes of operation being penetrated
by ultrafast lasers and with new types of ultrafast lasers being developed.
In Section 7.2, we present a historical review mainly of the developments of
the last two decades. The main part of this paper contains an overview of a
number of important technical aspects for ultrashort pulse generation with
solid-state lasers. The emphasis of this chapter is to give an updated review
of the progress in pulsed solid-state lasers (i.e., bulk but not fiber lasers)
during the last 10 years. There has been a book chapter, “Ultrafast Solid-
State Lasers,” by the same authors, which appeared in the book Ultrafast
Lasers: Technology and Applications in 2003 [1]; this has now been updated and
somewhat expanded, e.g., concerning new performance records, Q-switched
mode locking, and new saturable absorbers.

This chapter is organized as follows: Section 7.2 gives a historical review
on mode-locked lasers. Section 7.3 contains a detailed discussion of the
demands on gain media for ultrashort pulse generation and gives an over-
view on available media as well as the corresponding achievements. Tech-
nical issues of particular importance are covered in Section 7.4 to Section 7.7
and include the effects of dispersion and nonlinearities in laser cavities, and
different mode-locking techniques. Several examples for ultrafast lasers are
then discussed in Section 7.8. Finally, the article ends with a summary and
outlook in Section 7.9.
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7.2 History of Mode-Locked Lasers

Mode locking was first demonstrated in the mid-1960s using a HeNe laser
[2], a ruby laser [3], and an Nd:glass laser [4]. Solid-state laser media were
used for ultrashort pulse generation very early on. However, at that time
solid-state lasers could not produce continuous-wave (cw) mode-locked out-
put, i.e., a pulse train with essentially constant pulse repetition rate and pulse
energy. Instead, only a burst of pulses were generated, where these bursts
typically lasted for microseconds and were repeated with kilohertz frequen-
cies. This resulted from the fact that the saturable absorber used for mode
locking also drove those lasers into Q-switched operation; the resulting
regime is called “Q-switched mode locking” (Figure 7.1). It leads to higher
pulse energies and peak powers but is typically much less stable than cw
mode locking and not suitable for many applications. This continued to be
a problem for most passively mode-locked solid-state lasers until, in 1992,
the first intracavity saturable absorber was designed correctly to prevent Q-
switching instabilities in solid-state lasers [5].

For some time, the success of ultrafast dye lasers in the 1970s and 1980s
diverted the research interest away from solid-state lasers. This was partly
because Q-switching instabilities are not a problem for dye lasers but also
because dye lasers soon allowed the generation of much shorter pulses. In
1974 the first sub-picosecond passively mode-locked dye lasers [6–8] and, in
1981, the first sub-100-fs colliding pulse mode-locked (CPM) dye lasers [9]
were demonstrated. The CPM dye laser produced pulses as short as 27 fs
with a typical average output power of about 20 mW [10], and for many
years it became the workhorse of ultrafast laser spectroscopy in physics and
chemistry, although working with the usually quite poisonous (partly carci-
nogenic) and short-lived dyes and their solvents was not convenient, and
the output power remained quite limited. Shorter pulse durations, down to
6 fs, were achieved through additional amplification and external pulse
compression but only at much lower repetition rates [11].

The development of diode lasers with higher average powers in the 1980s
again stimulated a strong interest in solid-state lasers. Diode laser pumping
provides dramatic improvements in efficiency, lifetime, size, and other
important laser characteristics. For example, actively mode-locked diode-
pumped Nd:YAG [12] and Nd:YLF [13–16] lasers generated 7–12 ps pulse
durations for the first time. In comparison, flashlamp-pumped Nd:YAG and
Nd:YLF lasers typically produced pulse durations of ≈100 ps and ≈30 ps,
respectively [17,18]. Before 1992, however, all attempts to passively mode-
lock 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.
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The breakthrough to ultrafast solid-state lasers was additionally sparked
with the discovery of the Ti:sapphire laser medium [19], which was the first
solid-state laser medium that was able to support a few femtosecond pulses.
The existing passive mode-locking techniques, primarily developed for dye
lasers, were inadequate because of the much longer upper state lifetime (in
the μsec regime) and smaller gain cross section (in the 10–19 cm2 regime) of
Ti:sapphire compared to dyes (with nanosecond lifetimes and cross sections
in the order of 10–16 cm2). Therefore, passive pulse generation techniques had
to be adapted to new solid-state laser materials. 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 mode locking (KLM) [20] of Ti:sapphire lasers was discovered
in 1991 and produced the shortest laser pulses with less than 6 fs duration
[21–23] directly from the laser cavity without any additional external cavity

FIGURE 7.1
Schematic illustration of (a) continuous-wave (cw) mode locking and (b) Q-switched mode
locking.
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pulse compression. Sub-4-fs pulses have been demonstrated with external
pulse compression [24] for the first time using cascaded hollow-fiber pulse
compression. External pulse compression into few-optical-cycle regime [25]
is either based on optical parametric amplification [26], compression of cav-
ity-dumped pulses in a silica fiber [27], hollow-fiber pulse compression [28]
or, more recently, occurs through filamentation [29]. Especially the latter two
allow for pulse energies of more than 100 μJ with only few-optical-cycle,
which fulfill a central task in the generation of attosecond extreme violet
(XUV) pulses [30]. For such applications, using intense few-cycle pulses in
the near-infrared driving extreme nonlinear processes, the electric field
amplitude rather than the intensity envelope becomes the important factor.
The electric field underneath the pulse envelope then needs to be located at
a fixed position with respect to the peak of the envelope. This carrier-enve-
lope-offset (CEO) [31] can be phase-locked in the laser oscillations with
attosecond accuracy [32]. The CEO phase lock can be maintained through
chirped-pulse amplification (CPA) Ti:sapphire system [33] followed by either
hollow-fiber pulse compression [34] or filamentation [29], and also through
chirped-pulse optical parametric amplification [35,36].

In 1992, semiconductor saturable absorber mirrors (SESAMs) [5,37]
allowed for the first time self-starting and stable passive mode locking of
diode-pumped solid-state lasers without Q-switching instabilities. This was
soon demonstrated with a large number of different gain media, providing
different output wavelengths, and pulse duration regimes [38–39]. Further-
more, we have developed the theoretical underpinnings of the performance
of SESAMs in solid-state lasers [37,40,39], worked out design guidelines for
application to practical laser systems either to prevent Q-switch-mode lock-
ing [41] or to optimize stable Q-switching [42], and taken this know-how to
demonstrate unprecedented laser performance improvements in several key
directions: shortest pulse widths (around 5 femtoseconds) [21,25], highest
average and peak power from a passively mode-locked laser (nanojoules
extended to microjoules) [43], and highest pulse repetition rate too (~1 Giga-
hertz extended to >160 Gigahertz) [44–46]. More recently, we have demon-
strated passive mode locking of VECSELs (vertical external cavity surface
emitting semiconductor lasers) [47], demonstrating more than 2 W average
output power with close to transform-limited pulses which is something that
semiconductor lasers had never before been able to do [48–49]. Full wafer-
scale integration will make these sources extremely compact and cheap [50].
Today, SESAM mode-locked solid-state lasers have replaced KLM lasers for
most applications. KLM is still required to obtain the shortest pulse duration
in the few-optical-cycle regime and for extremely broad tunability. However,
KLM has serious limitations because the mode-locking process is generally
not self-starting and critical cavity alignment close to the cavity stability limit
is required. Therefore, optimization of KLM lasers for short pulse durations
usually leads to reduced stability, efficiency, and output power. These con-
straints become rather disturbing when high average output powers or very
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compact cavity designs are required. For these reasons, mode locking with
intracavity SESAMs represents an attractive alternative to KLM.

Today, SESAMs are well established for ultrafast all-solid-state lasers. The
main reason for their utility is that both the linear and nonlinear optical
properties can be adjusted over wide ranges by suitable materials and design,
allowing for more freedom in the specific laser cavity design. The main
device parameters such as operation wavelength λ, modulation depth ΔR,
saturation fluence Fsat, and absorber recovery time τA can be measured [51]
and custom designed in a wide range for either stable cw mode locking
[41,52], or pure Q-switching [42], or a combination of both [40]. The first
SESAM device for solid-state lasers, the antiresonant Fabry–Perot saturable
absorber (A-FPSA), consisted of a Fabry–Perot cavity filled with a saturable
absorber with its thickness adjusted for antiresonance, i.e., the intensity in
the cavity was substantially lower than the incident intensity [5]. Later, it
was recognized that the top mirror element was not necessary, and that the
absorber could be integrated in the lower Bragg mirror [53–54] or an appro-
priate spacer layer [37,54]. Earlier, a nonlinear Bragg reflector was introduced
by Garmire’s group but had too much loss modulation to be suitable for
passively mode- locking solid-state lasers at the time [55]. Such a nonlinear
Bragg reflector, which consists of alternating quarter-wave layers with a
single quantum well absorber embedded, was later also sometimes called a
saturable Bragg reflector (SBR) [56]. A close-to-resonant Fabry–Perot satura-
ble absorber structure, referred to as the D-SAM (dispersive saturable
absorber mirror) was used to optimize both negative group-delay dispersion
(GDD) and the nonlinear modulation to construct more compact femtosec-
ond sources [57].

One important parameter of a SESAM device is its saturation fluence,
which has typical values in the range of several tens to hundreds of μJ/cm2.
Lower saturation fluence is particularly relevant for fundamentally mode-
locked solid-state lasers with an ultra-high pulse repetition rate (i.e.,
>>1 GHz) [44–46], and very high average output power [58,43]. Novel
absorber materials with increased absorption cross sections are one alterna-
tive to reduce the saturation fluence. Quantum dots are promising candidates
for this [50,59], and in the 1.3–1.5 μm wavelength regime GaInNAs absorbers
can show decreased saturation fluence [60–62]. Two novel concepts for semi-
conductor saturable absorber structures result in decreased saturation flu-
ence: the low-field-enhanced resonant-like SESAM device (LOFERS), which
gives up to eleven times lower saturation fluence than the classical SESAM
device, but at the price of reduced operation bandwidth and tightened
growth tolerance, and the enhanced SESAM device (E-SESAM), which com-
bines broadband operation, relaxed growth tolerances, and reduced satura-
tion fluence [63].

The recovery times of SESAMs vary between a few nanoseconds for Q-
switching applications and a few picoseconds for ultrafast lasers. For some
time, it was believed that a pulse duration significantly below the absorber
recovery time cannot be obtained because in this situation a time window
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with net gain appears behind the pulse. In dye lasers, this problem did not
occur because not only the absorber but also the gain medium is strongly
saturated by the circulating pulse. However, it was soon found that pulse
durations far below the absorber recovery time are indeed possible also in
solid-state lasers, where gain saturation by a single pulse is very weak. This
was first understood for the regime of soliton mode locking [64–66] where
the pulse formation is basically done by the soliton effects and the saturable
absorber is only required to start and stabilize the mode locking. For example,
a SESAM with a recovery time of 10 ps was sufficient to stabilize soliton
pulses with only 300 fs duration in a Ti:sapphire laser [65]. In contrast to
KLM, no critical cavity alignment is necessary, and mode locking is self-
starting. Pulses as short as 13 fs have been produced with soliton mode-locked
Ti:sapphire lasers [66]. It was also found that pulse durations well below the
absorber recovery time are possible even without soliton pulse formation. In
this regime, the pulse (but not any noise growing in the gain window behind
the pulse) is constantly delayed by the absorber (which attenuates mostly the
leading part and thus shifts the center of the pulse). This mechanism limits
the time in which noise behind the pulse can grow [67].

For some time it was believed that mode locking with SESAMs would not
allow for significant further increases of average output power. However,
SESAM damage can be avoided even at very much high powers provided
that suitable designs with low saturation fluence and not too high modula-
tion depth are used, and Q-switching instabilities are safely suppressed
[41,68]. The latter often appeared to be difficult when high-power laser heads
with rather large laser mode areas in the gain medium are used. The Q-
switching tendency could then be avoided only by rather strong focusing
on the SESAM, which increases the risk of damage. However, high-power
laser heads have been designed with significantly smaller mode areas, and
this allowed the safe suppression of Q-switching instabilities without oper-
ating the SESAM under extreme conditions. We typically operate the device
at three to five times the saturation fluence to reduce the residual losses.
More suitable laser heads and cavity designs allowed us to demonstrate as
much as 27 W of average power in 19-ps pulses [69], using three commercial
Nd:YAG laser heads. Even significant further increases of power appear to
be possible, e.g., just by using more laser heads.

In the sub-picosecond regime, it first appeared to be a far more challenging
task to demonstrate multiwatt output powers. Gain media with the required
broad amplification bandwidth often bring in other constraints: poorer ther-
mal conductivity and lower laser cross sections, and sometimes a quasi-three-
level laser transition. Although poor thermal properties are an obvious obsta-
cle on the path towards higher powers, low laser cross sections can raise
equally severe challenges by introducing a strong Q-switching tendency [41].
These problems have been solved for high powers in the sub-picosecond
regime by using thin-disk laser heads (Subsection 7.8.2) [70] as developed
in the 1990s at the University of Stuttgart. Only with optimized SESAMs as
discussed earlier and the effect of spatial hole burning in the laser head [71]
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did it become possible to demonstrate a thin disk Yb:YAG laser that was
passively mode-locked with a SESAM to generate 730-fs pulses with as much
as 16 W of average power [72] and, more recently, 60 W [43] and 80 W [73]
with similar pulse durations. For even shorter pulse durations, thin-disk
laser heads can also be built with Yb3+-doped tungstate crystals such as
Yb:KYW, with which we obtained 22 W in 240-fs pulses so far [74]. We
envisage that improved versions should soon allow for well over 30 W with
pulse durations of 200 fs and even below. This new regime of power and
pulse duration opens exciting perspectives for entirely new applications.
This laser has been used to produce a red–green–blue (RGB) source with
close to 10 W average output power in each color [73] and with external
pulse-compression peak powers as high as 12 MW have been generated with
33-fs pulses and a pulse repetition rate of 34 MHz [75]. This could be focused
to a peak intensity of 1014 W/cm2, a regime where high field laser physics
becomes possible, such as for example high-harmonic generation at 34 MHz
to improve signal-to-noise ratio in XUV measurements.

Another active field of research is the generation of pulse trains with very
high repetition rates. This also became possible using a systematic SESAM
optimization with regard to Q-switching instabilities [52,76,63]. We have
demonstrated quasi-monolithic miniature Nd:YVO4 lasers which look more
like previous Q-switched microchip lasers but generate stable mode-locked
pulse trains with currently up to ≈160 GHz [44]. Such lasers provide the
combination of high repetition rates with output powers far higher than
those from mode-locked semiconductor or fiber lasers. This makes it possible
also to drive nonlinear devices, e.g., parametric oscillators, with such lasers
[77–79]. In this way, ultrabroadband tunable output into the S-, C- and L-
band for telecommunication application is possible. Full C-band tuning in
the multi-10-GHz regime can be obtained with diode-pumped Er:Yb:glass
lasers [80–81] with up to 50 GHz [45] demonstrated so far. A wide area of
new opportunities for applications, e.g., in telecommunications, arises and
will be explored in the next few years.

Today, a large variety of reliable and compact all-solid-state ultrafast lasers
is available with pulse durations ranging from picoseconds to well below
100 fs. A detailed table with all results using different solid-state lasers and
different mode-locking techniques is provided elsewhere [39].

7.3 Gain Media for Ultrashort Pulse Generation

Gain media for ultrafast lasers have to meet a number of conditions. We
first list those criteria which apply to continuous-wave (cw) lasers as well.
Obviously the gain medium should have a laser transition in the desired
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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 (στ product, where σ is the gain cross section and τ the
upper state lifetime of the gain medium) 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 weak (or even negative)
temperature dependence of the refractive index (to reduce thermal lensing),
and a weak tendency for thermally induced stress fracture.

For ultrafast lasers, in addition we require a broad emission bandwidth,
as ultrashort pulses have a large bandwidth. More precisely, we need a large
range of wavelengths in which a smoothly shaped gain spectrum is obtained
for a fixed inversion level. The latter restrictions explain why the achievable
mode-locked bandwidth is in some cases (e.g., some Yb3+-doped media [82])
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. While the requirement
of a reasonably small pump threshold can be satisfied even with low laser
cross sections if the fluorescence lifetime is large enough, it can be very
difficult to overcome Q-switching instabilities (see section 7.3.5) in a pas-
sively mode-locked laser based on a gain material with low laser cross
sections. Unfortunately, many broad-band gain media tend to have low laser
cross sections, which can significantly limit their usefulness for passive mode
locking, particularly at high pulse repetition rates and in cases where a poor
pump beam quality or poor thermal properties necessitate a large mode area
in the gain medium. Finally, a short pump absorption length is desirable
because it permits the use of a small 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. The latter is particularly impor-
tant for very short pulses.

Most gain media for ultrafast lasers belong to one of two groups. The first
group has quite favorable properties for diode-pumped high-power cw oper-
ation, but can not be used for femtosecond pulse generation because of their
relatively small amplification bandwidth. Typical examples are Nd3+:YAG
and Nd3+:YVO4. With high-power laser diodes, one or several conventional
end-pumped or side-pumped laser rods and a SESAM (section 7.3.4.1) for
mode locking, up to 27 W of average power in 19-ps pulses has been achieved
with Nd3+:YAG [69], or 20 W in 20-ps pulsed with Nd3+:YVO4 [83]. Signifi-
cantly shorter pulse durations have been achieved at lower output powers,
down to 1.5 ps with 20 mW [84], using the technique of additive pulse mode
locking (APM, section 7.3.4.3). For all these Nd3+-doped crystals, the rela-
tively large laser cross sections usually make it relatively easy to achieve
stable mode-locked operation without Q-switching instabilities, if the laser
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mode area in the gain medium is not made too large. See section 8.1 for
typical cavity setups.

The second group of gain media is characterized by a much broader ampli-
fication bandwidth, typically allowing for pulse durations well below 0.5 ps,
but also usually by significantly poorer thermal properties and lower laser
cross sections. Ti3+:sapphire [19] 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 that the
quantum defect is large. Using an argon-ion laser or a frequency-doubled
solid-state laser as a pump source, Ti3+:sapphire lasers have been demon-
strated to generate pulses with durations below 6 fs and a few hundred
milliwatts of average power [21,85]. For these pulse durations, KLM (section
7.3.4.2) is required, and self starting may be achieved with a SESAM in
addition [21]. With SESAM alone, 13-fs pulses with 80 mW have been dem-
onstrated [66]. 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 a frequency-doubled diode-pumped
solid-state laser at ≈1 μm. Another option is to achieve rather high pulse
energies and peak powers by using a very long laser cavity and limiting the
peak intensities by the use of longer and chirped pulses in the cavity, which
may be compressed externally. Such a laser has been demonstrated to produce
130-nJ pulses with <30 fs pulse duration and >5 mW peak power [86].

In recent years, Cr2+:ZnSe [87] has been identified as another very inter-
esting gain material which is in various ways similar to Ti3+:sapphire, but
emits at mid-infrared wavelengths around 2.2–2.8 μm. This very broad band-
width should allow for pulse durations below 20 fs, although to date the
shortest achieved pulse duration is much longer, ≈4 ps [88]. Apparently, the
large Kerr nonlinearity of this medium is causing significant problems for
short pulse generation.

Diode-pumped femtosecond lasers can be built with crystals like
Cr3+:LiSAF, Cr3+:LiSGaF, or Cr3+:LiSCAF which can be pumped at longer
wavelengths than Ti3+:sapphire. However, these media have much poorer
thermal properties and thus can not compete with Ti3+:sapphire in terms of
output power; the achievable optical bandwidth is also lower. Cr3+:LiSAF
lasers have generated pulses as short as 12 fs [89], but only with 23 mW of
output power, using KLM without self-starting ability. The highest achieved
mode-locked power was 0.5 W in 100-fs pulses [90]. More recently, compact
Cr3+:LiSAF lasers with very low pump threshold have been developed, deliv-
ering e.g., 136-fs pulses with 20 mW average power for <100 mW optical
pump power [91].

Cr4+:forsterite emits around 1.3 μm and is suitable for pulse durations
down to 14 fs with 80 mW [92], or for 800 mW in 78-fs pulses [93]. Normally,
a Nd3+-doped laser (which may be diode-pumped) is used for pumping of
Cr4+:forsterite. The same holds for Cr4+:YAG, which emits around 1.4–1.5 μm
and has allowed to generate pulses with 20 fs, 400 mW [94].
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Other broad-band gain materials are phosphate or silicate glasses, doped
with rare-earth ions such as Nd3+ or Yb3+, for pulse durations down to ≈60 fs
[95,96] 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 [68], or 1 W in 175-fs pulses [97], have
been obtained from Nd3+:glass by using a specially adapted elliptical mode
pumping geometry [98]. Here, a strongly elliptical pump beam and laser
mode allow the use of a fairly thin gain medium which can be efficiently
cooled from both flat sides. The resulting nearly one-dimensional heat flow
reduces the thermal lensing compared to cylindrical rod geometries, if the
aspect ratio is large enough. A totally different route toward high peak
powers is to use a cavity-dumped laser; with such a device, based on
Yb3+:glass, 400-nJ pulses with more than 1 mW peak power have been
generated [99].

Yb3+:YAG has similar thermal properties as Nd3+: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 sections, which favor
Q-switching instabilities (see section 7.3.5). High pump intensities help in
both respects. An end-pumped laser based on a Yb3+:YAG rod has generated
340-fs pulses with 170 mW [100]. As much as 8.1 W in 2.2-ps pulses was
obtained from an elliptical mode Yb3+:YAG laser [101]. In 2000, the first
Yb3+:YAG thin disk laser [70] has been passively mode-locked, generating
700-fs pulses with 16.2 W average power [101]. The concept of the passively
mode-locked thin disk layer has been demonstrated to be power scalable,
which so far lead up to 80 W in 0.7-ps pulses [73] and up to 5-μm pulse
energy [58]. An additive-pulse mode-locked Yb:YAG laser delivered 21 W in
0.58-ps pulses [102].

In recent years, a few Yb3+-doped crystalline gain materials have been
developed which combine a relatively broad amplification bandwidth (suf-
ficient for pulse durations of a few hundred femtoseconds) with thermal
properties which are better than those of other broad-band materials,
although not as good as e.g., those of YAG or sapphire. Examples are
Yb3+:YCOB [103], Yb3+:YGdCOB [104], Yb3+:SFAP [105], Yb3+:SYS [106],
Yb3+:BOYS [107,108], Yb3+:KGW [109], Yb3+:YVO4 [110], Yb3+:Y2O3 ceramics
[111], and Yb3+:CaF2 [112]. With an end-pumped Yb3+:KGW rod, 1.1 W of
average power have been achieved in 176-fs pulses [109]. A Kerr lens mode-
locked Yb3+:KYW laser produced pulses as short as 107 fs [113], while a
SESAM mode-locked Yb3+:SYS laser reached 70 fs with 156 mW average
power [106]. Note that some of these media exhibit rather low emission
cross sections and therefore make stable passive mode locking difficult,
while they might be very useful e.g., in regenerative amplifiers. Tungstate
crystals (Yb3+:KGW, Yb3+:KYW) have been rather useful for passive mode
locking since they have relatively high cross sections. Yb3+:KYW has been
applied in a thin disk laser, generating 22 W in 240-fs pulses [74]. With
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improved crystal quality, significant performance enhancements appear to
be feasible. Another new class of materials with particular importance are
the Yb3+-doped sesquioxides [114] such as Y2O3, Sc2O3, and Lu2O3, which
appear to be very suitable for high-power operation with short pulses.

Color center crystals can also be used for femtosecond pulse generation
[115–117], but we do not discuss them here. Today, they are not frequently
used any more because they need cryogenic conditions and other all-solid-
state laser systems can cover and even exceed their performance.

7.4 Dispersion

7.4.1 Orders of 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, tend to modify the pulse shape and are thus
relevant for the formation of short pulses. The phase shift can be expanded in
a Taylor series around the center angular frequency ω0 of the pulse:

 

Here, the derivatives are evaluated at ω0. Tg ≡ (∂ϕ/∂ω) is the group delay,
D ≡ (∂2ϕ/∂ω2) the group delay dispersion (GDD), (∂3ϕ/∂ω3) 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.

Note that there is some confusion concerning the sign of group delay
dispersion. The ultrafast community associates positive dispersion with the
case (∂2ϕ/∂ω2) > 0, but a convention with opposite sign is frequently used in
fiber optics, where a wavelength rather than a frequency derivative occurs
in the definition. To avoid confusion, one may talk of normal dispersion for
(∂2ϕ/∂ω2) > 0 and anomalous dispersion for (∂2ϕ/∂ω2) < 0. This wording goes
back to the observation that most transparent media exhibit (∂2ϕ/∂ω2) > 0 in
the range of visible wavelengths.

The broader the bandwidth of the pulse (i.e., the shorter the pulse dura-
tion), the more terms of this expansion are significant. GDD, which acts on
an initially unchirped Gaussian pulse with FWHM (full width at half max-
imum) pulse duration τ0, increases the pulse duration according to [18]
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. (7.1)

It is apparent that the effect of GDD becomes strong if . Similarly,
TOD becomes important if (∂3ϕ/∂ω3) > τ0

3 .  Note that dispersion within a laser
cavity can have important effects even if it is not strong enough to signifi-
cantly broaden a pulse during a single cavity round-trip.

7.4.2 Dispersion Compensation

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.
Other components like mirrors may also contribute to this. However, in lasers
with >10 ps pulse duration the dispersion effects can often be ignored, as
the total GDD in the laser cavity is typically at most a few thousand fs2,
much less than the pulse duration squared. For shorter pulse durations, the
GDD has to be considered, and pulse durations well below 30 fs usually
necessitate the compensation of TOD or even higher orders of dispersion
depending on the thickness of the gain material. In most cases, the desired
total GDD is not zero but negative, so that soliton formation (Section 7.6)
can be exploited. Usually, one requires sources of negative GDD, and, in
addition, appropriate higher-order dispersion for shorter pulses. The most
important techniques for dispersion compensation are discussed in the fol-
lowing subsections.

7.4.2.1 Dispersion from Wavelength-Dependent Refraction

If the intracavity laser beam hits a surface of a transparent medium with
nonnormal 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,
thus contributing to the overall dispersion. The most frequently used appli-
cation of this effect is to insert a prism pair in the cavity [118], where the
different wavelength components travel in different directions 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 cavity) or by a second
prism pair (in a ring cavity). Spatial separation of different wavelengths
occurs only in a part of the cavity. The obtained negative GDD 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 in an appreciable range. Some
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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 mate-
rials with lower dispersion (e.g., fused quartz instead of SF10 glass) can help
to reduce the amount TOD generated together with a given value of GDD,
but these also necessitate a larger prism separation. The prism angles are
usually not used as optimization parameters 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 technique are the reasons why prism pairs
are very widely used in ultrafast lasers. In a few millimeter thick Ti3+:sapphire
lasers, pulse durations around 10 fs can be reached with negative dispersion
only from a fused quartz prism pair.

More compact geometries for dispersion compensation make use of a
single prism only [119,120]. In this case, the wavelength components are
spatially separated in the whole resonator, not only in a part of it. Even
without any additional prisms, refraction at a Brewster interface of the gain
medium can generate negative dispersion. In certain configuration, where
the cavity is operated near a stability limit, the refraction effect can be
strongly increased [121], so that 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.

7.4.2.2 Grating Pairs

Compared to prism pairs, pairs of diffraction gratings [122] can generate
higher dispersion in a compact setup. However, because of the limited dif-
fraction 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 only used
for external pulse compression.

7.4.2.3 Gires–Tournois Interferometers (GTIs)

A compact device to generate negative GDD (even in large amounts) is the
Gires–Tournois Interferometer (GTI) [123], which is a Fabry–Perot interfer-
ometer, operated in reflection. As the rear mirror is highly reflective, the GTI
as a whole is highly reflective over the whole wavelength range, whereas
the phase shift varies nonlinearly by 2π for each free spectral range, calcu-
lated as Δν = c/2nd where n and d are the refractive index and the thickness
of the spacer material, respectively. Within each free spectral range, the GDD
oscillates between two extremes the magnitude of which is proportional to
d2 and also depends on the front mirror reflectivity. Ideally, the GTI is oper-
ated 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–1.
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
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stable but not tunable GDD can be generated with monolithic designs, based
on thin films of dielectric media like TiO2 and SiO2, particularly for the use
in femtosecond lasers. The main drawbacks of GTI are the fundamentally
limited bandwidth (for a given amount of GDD) and the limited amount of
control of higher-order dispersion.

7.4.2.4 Dispersive Mirrors

Dielectric Bragg mirrors with regular λ/4 stacks have negligible GDD when
operated well within their reflection bandwidth, but they experience increas-
ing 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 Subsection 7.4.2.3).
Another broad range of designs is based on the concept of the chirped mirror
[124–125]: 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 dispersion.
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 opti-
mizations which 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,
which typically has a large number of local maxima and minima, and thus
is quite difficult to optimize. Nevertheless, refined computing algorithms
have lead to designs with respectable performance, which were realized with
the precision growth of dielectric mirrors. Such mirrors can compensate the
dispersion in Ti3+:sapphire lasers for operation with pulses durations well
below 10 fs [25,126].

The original chirped-mirror design was further refined by the double
chirped mirror (DCM) concept which takes into account the impedance
matching problem occurring at the air mirror interface and the grating struc-
ture in the mirror [127–128]. The impedance matching concept allowed much
better insight into the design limitations and also allowed for the first time
an analytical design with custom-tailored dispersion characteristics that
required only minor numerical optimization [129–130]. These double-chirped
mirrors resulted in new world-record pulse durations in the two-optical-cycle
regime from KLM Ti:sapphire lasers [21–22,131]. However, the impedance
matching to the air sets a limit. This impedance matching is based on a
broadband antireflection (AR) coating that interferes with the rest of the
multilayer mirror design and therefore has to be of very high quality with a
very low residual power reflectivity of less than 10–4 [132]. However, this can
only be achieved over a limited bandwidth and is impossible for more than
≈0.7 optical octaves in the near-infrared and visible spectrum [133].

The invention of the back-side coated (BASIC) mirrors [132] or later the
tilted front-side mirrors [134] resolved this issue. In the back-side coated
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mirror the ideal DCM structure is matched to the low index material of the
mirror, which ideally matches the mirror substrate material. This DCM struc-
ture is deposited on the back of the substrate, and the AR-coating is deposited
on the front of the slightly wedged or curved substrate, so that the residual
reflection is directed out of the beam and does not deteriorate the dispersion
properties of the DCM structure on the other side of the substrate. Thus, the
purpose of the AR-coating is only to reduce the insertion losses of the mirror
at the air–substrate interface. For most applications it is sufficient to get this
loss as low as 0.5%. Therefore, the bandwidth of such an AR-coating can be
much broader. The trade-off is that the substrate has to be as thin as possible
to minimize the overall material dispersion. In addition, the wedged mirror
leads to an undesired angular dispersion of the beam.

Another possibility to overcome the AR-coating problem is given with
the idea to use an ideal DCM under Brewster-angle incidence [135]. In this
case, the low index layer is matched to air. However, under p-polarized
incidence the index contrast and therefore the Fresnel reflectivity of a layer
pair is reduced, and more layer pairs are necessary to achieve high reflec-
tivity. This increases the penetration depth into the mirror, which has the
advantage that these mirrors can produce more dispersion per reflection,
but this means that scattering and other losses, and also fabrication toler-
ances, become even more severe. In addition, this concept is difficult to
apply to curved mirrors. In addition, the spatial chirp of the reflected beam
has to be removed by back reflection or an additional reflection from another
Brewster-angle mirror.

Other methods to overcome the AR-coating problem are based on using
different chirped mirrors with slightly shifted GTI oscillations that partially
cancel each other. Normally, these chirped mirrors are very difficult to fab-
ricate [132]. Many different growth runs normally result in strong shifts of
those GTI oscillations so that a special selection of mirrors makes it ultimately
possible to obtain the right dispersion compensation. Some tuning of the
oscillation peaks can be obtained by the angle of incident [22]. A specially
designed pair of DCMs has been used to cancel the spurious GTI oscillation
[136] where an additional quarter wave layer between the AR-coating and
the DCM structure was added in one of the DCMs. Also, this design has its
drawbacks and limitations because it requires an extremely high precision
in fabrication and restricts the range of angles of incidence.

After this overview it becomes clear that there is no perfect solution to the
challenge of ultrabroadband dispersion compensation. At this point ultrabroad-
band chirped mirrors are the only way to compress pulses in the one- to two-
optical-cycle regime [25]. For example, BASIC DCMs have been used for ultra-
broadband dispersion compensation of a hollow-fiber supercontinuum [137].

7.4.2.5 Dispersive SESAMs

Negative dispersion can also be obtained from semiconductor saturable
absorber mirrors (SESAMs) (Subsection 7.7.3.4.1) with specially modified
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designs. The simplest option is to use a GTI-like structure (Subsection 7.4.2.3)
[57]. A double-chirped dispersive semiconductor mirror has also been demon-
strated [138], and a saturable absorber could be integrated into such a device.

7.5 Kerr Nonlinearity

Due to 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

(7.2)

where I is the laser intensity and n2, a material-dependent coefficient, which
also weakly depends on the wavelengths. (The pump intensity is normally
ignored because it is by 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 focus-
ing effect (for positive, n2) which can be exploited for a passive mode-locking
mechanism as discussed in Subsection 7.7.3.4.2.

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 with radius w (defined so that at this radius we have 1/e2 times
the peak intensity), the nonlinear coefficient γSPM, relating the on-axis phase
change ϕ to the pulse power P according to ϕ = γSPMP, is given by

(7.3)

where L is the propagation length in the medium. Note that the peak intensity
of a Gaussian beam is I = P/(πw2/2), 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 that is two times
smaller.

The most important consequence of SPM in the context of ultrafast lasers
is the possibility of soliton formation (Section 7.6). 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, but
negatively chirped pulses can be spectrally compressed. An originally
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unchirped pulse traveling through a nonlinear and nondispersive medium
will experience an increase of bandwidth only to second order of the prop-
agation distance, whereas a chirp grows in first order.

The simple picture of the Kerr nonlinearity as presented above is often
sufficient for describing nonlinear effects in mode-locked laser cavities. How-
ever, the matter is actually more complicated. First of all, Equation 7.3 rests
on an approximation for narrow-band light, the elimination of which results
in more complicated equations with an additional term describing the phe-
nomenon of self-steepening. This is sometimes relevant for ultrashort pulses.
Besides, the nonlinear response of transparent media also has a noninstan-
taneous part, which results in the Raman effect. This can lead to the Raman
self-frequency shift [139], as can be relevant in mode-locked fiber lasers, for
example, but only rarely in bulk lasers.

7.6 Soliton Formation

Pulse propagation through a medium with both second-order dispersion
(GDD) and a Kerr nonlinearity results in a strong interaction of both effects.
A special case is that the intensity has a sech2 temporal profile

(7.4)

with the peak power Pp and the FWHM pulse duration τFWHM ≈ 1.76 ⋅τS. If
such a pulse is unchirped and fulfills the condition

(7.5)

where D and γSPM must have opposite signs and are calculated for the same
propagation distance, and

(7.6)

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 only acquires an overall nonlinear phase shift. Higher-order solitons,
where the peak power is higher by a factor that is the square of an integer
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
distance, the so-called soliton period in the case of a second-order soliton.
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Solitons are remarkably stable against various kinds of distortions. In
particular, stable soliton-like pulses can be formed in a laser cavity although
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 5–10)
cavity round-trips, the soliton simply “sees” the average GDD and Kerr
nonlinearity, and this “average soliton” behaves in the same way as in a
homogeneous medium. The soliton period in terms of the number of cavity
round-trips is

(7.7)

where D is calculated for one cavity round-trip. NS is typically quite large
in lasers with pulse durations of > 100 fs, so that the average soliton is a
good approximation. Once NS becomes less than ten, the soliton is signifi-
cantly disturbed by the changes of dispersion and nonlinearity during a
round-trip, and this may lead to pulse breakup. In Ti3+:sapphire lasers for
pulse durations below 10 fs, the regime of small NS 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 (as sometimes encountered with
very long pulses) it can be beneficial to decrease NS by increasing both 
and γSPM, because stronger soliton shaping can stabilize the pulse shape and
spectrum and make it 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
some positive chirp (assuming n2 > 0 for the Kerr medium), and under these
conditions SPM can generate the required extra bandwidth.

7.7 Mode Locking

7.7.1 General Remarks

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

In the frequency domain, mode locking means operation of the laser on a
number of axial cavity modes, where 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
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round-trip time of the cavity. At other times, the output power is negligibly
small. The term mode locking resulted from the observation that a fixed phase
relationship between the modes has to be maintained in some way to pro-
duce short pulses. The achievable pulse duration is then inversely propor-
tional to the locked bandwidth, i.e., to the number of locked modes times
their frequency spacing.

It is obvious in the frequency domain description that mode locking 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 (TEM00) usually is a prerequisite to
stable mode locking.

In some cases, a mode-locked laser is operated with several equally spaced
pulses circulating in the cavity. This mode of operation, called harmonic mode
locking [18], can be used for the generation of pulse trains with higher rep-
etition rates even if the cavity can not be made very short (as, e.g., in the
case of fiber lasers). 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 an externally applied timing information. A
number of solutions have been found, but in this article we concentrate on
fundamental mode locking, with a single pulse in the laser cavity, as it occurs
in most ultrafast lasers.

So far we have assumed that the mode-locked 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
continuous-wave (cw) mode locking and is, indeed, very similar to ordinary cw
(not mode-locked) operation, as the output power in each axial cavity mode
is constant over time. Another important regime is Q-switched mode locking
(Subsection 7.7.3.5), where the mode-locked pulses are contained in period-
ically 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
mode locking.

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

Mechanisms for mode locking are grouped into active and passive
schemes, and hybrid schemes that utilize a combination of both. Active mode
locking (Subsection 7.7.2) is achieved with an active element (usually an
acousto-optic modulator), generating a loss modulation which is precisely
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synchronized with the cavity round-trips. Passive schemes (Subsection 7.7.3)
rely on a passive loss modulation in some type of saturable absorber. This
passive loss modulation can occur on a much faster time scale: the shorter
the pulse becomes, the faster the loss modulation can be — or, at least the
reduction of the loss, although the recovery of most saturable absorbers takes
a finite time even for very short pulses. Therefore, passive mode locking
typically allows for the generation of much shorter pulses than achieved
with active mode locking. Passive schemes are also usually simpler, as they
do not rely on driving circuits and synchronization electronics, and allow
more compact setups. The pulse timing is then usually not externally con-
trolled. Synchronization of several lasers can be achieved with active mode-
locking schemes, but it is also possible for passively mode-locked lasers using
a feedback stabilization mechanism, which can act on the cavity length.

Mode-locked lasers are in most cases optically pumped with a cw source,
e.g., one or several 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 rates, because the
lifetime of the upper laser level is usually at least a few microseconds long or,
in some cases, even more than a millisecond. Within a cavity round-trip time,
the gain then undergoes only very minute changes. Synchronous pumping
(with a mode-locked source), as is occasionally used for dye lasers, is therefore
rarely applied to solid-state lasers and is not discussed in this article.

In the following sections we discuss some details of active and passive
mode locking. The main emphasis is on passive mode locking, because such
techniques are clearly dominating in ultrafast lasers.

7.7.2 Active Mode Locking

An actively mode-locked laser contains some kind of electrically controlled
modulator, in most cases of acousto-optic and sometimes of electro-optic
type. The former utilizes a standing acoustic wave with a frequency of 10s
or 100s of MHz, 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 is oscillating
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 modulator
provided that it always arrives at those times where the modulator loss is at
its minimum. Even then, the temporal wings of the pulse experience a some-
what 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
like dispersion or self-phase modulation (Section 7.4) can have additional
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influences on the pulse. Usually, within 1000s of cavity round-trips a steady
state is reached, where the mentioned competing effects, which are both rather
weak, exactly cancel each other for every complete cavity round-trip.

The theory of Kuizenga and Siegman [17,140] describes the simplest situ-
ation 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 with Lorentzian shape. The simple result is
the steady-state FWHM pulse duration

(7.8)

where g is the power gain at the center frequency, M is the modulation
strength (2M = peak-to-peak variation of power transmission), fm is the
modulation frequency, and Δfg is the FWHM gain bandwidth. The peak gain
g is slightly higher than the cavity loss l (for minimum modulator loss)
according to

, (7.9)

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 important to note that for non-Lorentzian gain spectra, the quantity
Δfg should be defined so that the corresponding Lorentzian reasonably fits
to 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 addi-
tional 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 (even if they are antireflection coated).
Also, note that the saturation of inhomogeneously broadened gain can distort
the gain spectrum 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. However,
with too much SPM the pulses become unstable. It has been shown with
numerical simulations [141] that a reduction of the pulse duration by a factor
in the order of two 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 (Section 7.6) can be formed [142].
If the soliton length corresponds to less than about 100 cavity round-trips,
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soliton shaping effects can be much stronger than the pulse shaping effect
of the modulator. The pulse duration is then determined only by the soliton
equation (Equation 7.6). The soliton experiences only a very small loss at the
modulator. However, due to its bandwidth it also experiences less gain than
a long background pulse, the so-called continuum, 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 Reference 64, it can be shown that the minimum pulse duration
is proportional to

(7.10)

where Ns is the soliton period in terms of cavity round-trips (Equation 7.7).
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 Nd3+:YAG or Nd3+:YLF, typical pulse durations of
actively mode-locked lasers are in the 4–20 picosecond regime. A more
detailed overview is given in Table 2 of Reference 143. Using Nd3+:glass and
the regime of soliton formation, pulse durations as short as 310 fs have been
achieved [144]. For significantly shorter pulses, active mode locking is not
effective because the time window of low modulator loss would be much
longer than the pulse duration.

7.7.3 Passive Mode Locking

7.7.3.1 The Starting Mechanism

Passive mode locking relies on the use of some type of saturable absorber
that 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 that 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 satu-
rating the gain to a level where these experience net loss in each roundtrip.
In effect, we obtain a single circulating pulse. Due to the action of the
saturable absorber, which favors the peak against 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 fur-
ther pulse shortening. Note that other shortening effects, such as soliton
shaping effects, can also become effective.

g
f

N
M

1 3 1 6/ /

Δ g
2/3

S⎛
⎝⎜

⎞
⎠⎟

© 2007 by Taylor & Francis Group, LLC



282 Solid-State Lasers and Applications

The described startup can be prevented if strong pulse broadening effects
are present in an early phase. Particularly 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 mode
locking. These effects are usually difficult to quantify but can, in most bulk
solid-state lasers, be suppressed by using suitable designs. For example, even
antireflection coated surfaces in the cavity should be slightly tilted so that
beams resulting from residual reflections are eliminated from the cavity.

Note that a saturable absorber with long recovery time (low saturation
intensity) is most effective for fast self-starting mode locking, although a
shorter recovery time may allow generation of shorter pulses. Other tech-
niques to facilitate self-starting mode locking include the use of optical
feedback from a moving mirror [145], which tends to increase the intracavity
fluctuations in cw operation.

7.7.3.2 Parameters of Fast and Slow Saturable Absorbers

An important 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, as well as of the trailing edge of the pulse,
takes place. On the other hand, for short enough pulse durations we have
the opposite situation of a slow absorber, with the absorber recovery occur-
ring on a long time scale compared to the pulse duration. This regime is
frequently used in ultrafast lasers, because the choice of fast saturable absorb-
ers is very limited for pulse durations below 100 fs. We will discuss in
Subsection 7.7.3.3 why it is possible that pulses with durations well below
100 fs can be generated even with absorbers which are much slower.

Concrete types of saturable absorbers are compared in Subsection 7.7.3.4.
In the following we discuss some parameters which can be used to quanti-
tatively characterize the action of saturable absorbers.

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

(7.11)

that is a reasonable approximation in many cases. The response is then
characterized by the parameter Isat, called saturation intensity, and the unsat-
urated loss q0. For pulses with a given peak intensity Ip, an average value of

* Note that in some publications q was defined as the amplitude (instead of intensity) loss coef-
ficient, which is one half the value used here.
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q can be calculated which represents the effective loss for the pulse. Figure
7.2 shows this quantity as a function of the normalized peak intensity for
Gaussian and soliton (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 differential
equation

(7.12)

with the recovery time τ, the unsaturated loss q0, and the saturation fluence
Fsat. (We assume q << 1.) If the recovery is so slow that we can ignore the
first term, the value of q after a pulse with fluence Fsat is q0 exp(–Fp/Fsat) if
the pulse hits an initially unsaturated absorber. The effective loss for the
pulse is (independent of the pulse form)

(7.13)

with the saturation parameter S:= Fp/Fsat. For strong saturation (S > 3, as usual
in mode-locked lasers), the absorbed pulse fluence is ≈ FsatΔR, and we have

. (7.14)

Figure 7.3 shows a plot of this function, compared to the loss after the
pulse. It is important to observe that the loss after the pulse gets very small
for S > 3, but the average loss qp for the pulse is still significant then.

FIGURE 7.2
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: the same for a Gaussian pulse;
dotted curve: loss for the peak intensity.
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The assumption of an exponential recovery of saturable absorbers is actu-
ally more a measure of convenience than a usually encountered element of
reality. Semiconductor saturable absorbers (Subsection 7.7.3.4.1), for exam-
ple, often exhibit biexponential or even more complicated recovery dynam-
ics, which can also strongly depend on the excitation level, reflecting the
complicated processes occurring in such devices.

Another important 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 deter-
mines the typical operating parameters.

7.7.3.3 Passive Mode Locking with Fast and Slow Saturable Absorbers

Here we give some guidelines on what pulse durations can be expected from
passively mode-locked lasers. First we consider cases with a fast saturable
absorber and without significant influence of dispersion and self-phase mod-
ulation. 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 mode-locked with SESAMs (Subsection 7.7.3.4.1), analytical results
have been obtained [141–142]. These calculations are strictly valid only for
weak absorber saturation, which is not the desired case, but numerical simu-
lations showed that for a fully saturated absorber the obtained pulse duration
can be estimated from

 (7.15)

FIGURE 7.3
Solid curve: loss for a pulse on a slow saturable absorber, as a function of the saturation
parameter (pulse energy divided by saturation energy); dotted curve: loss after the pulse.
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where Δfg is the FWHM gain bandwidth (assuming that a Lorentzian shape
fits the gain spectrum well within the range of the pulse spectrum; see
Subsection 7.7.2), g is the power gain coefficient (which equals the overall
cavity losses), and ΔR 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
calculations are not accurate for a fully saturated gain and numerical simu-
lations (which do not need to approximate the gain saturation with a linear
function) result in typically ≈10% longer pulse durations. Note that signifi-
cantly weaker or stronger absorber saturation results in longer pulses. If we
introduce some self-phase modulation, the pulse duration can be somewhat
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 which can arise in an absorber when it is
saturated [39].

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

With a slow saturable absorber, somewhat longer pulse durations are
obtained. Without significant influence of dispersion and self-phase modu-
lation, we can estimate the pulse duration with [67]

(7.16)

This equation, which is very similar to Equation 7.15, 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
absorber saturation, the pulses duration gets somewhat longer.

In contrast to the situation for fast absorbers, the influence of self-phase
modulation always appears to make the pulses longer, apart from the insta-
bility occurring when the effect is too strong. Particularly in femtosecond
lasers, it can be difficult to make the SPM effect weak enough; in this case,
soliton mode locking [64,66] (Subsection 7.7.3.3) is a good solution.

As observed in many experiments, the pulse duration obtained with a slow
saturable absorber can easily be more than an order of magnitude shorter than
the absorber recovery time. This may seem quite surprising because a slow
absorber can clean up only the leading part of the pulse, not the trailing part.
Even more disturbing, there is usually a temporal window with net gain
behind the pulse, so that one should expect any noise behind the pulse to
exponentially grow in power and soon destabilize the pulse. However, the
pulse maximum (but not the trailing part) is constantly delayed because the
absorber attenuates only the leading part; in effect, the pulse tends to “eat up”
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the trailing part, and any noise there has only a limited time to grow before
it merges with the pulse [67]. This mechanism alone can allow for pulse
durations well below one tenths of the absorber recovery time. If the absorber
is too slow, this can lead to instabilities, rather than simply to longer pulses.

In the femtosecond regime, many absorbers (including SESAMs) become
very slow compared to the pulse duration. The question arises how stable
mode-locked operation can be achieved with a pulse duration much shorter
than the absorber recovery time. We have already seen that the temporal delay
of the pulses, caused by the slow absorber, is a very important factor. However,
there are other effects which can also significantly help to generate shorter
pulses. In dye lasers, it was found that gain saturation during each pulse can
very much shorten the time window with effective gain [147]: 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 generate pulses with durations down to ≈27 fs [10], which
is much less than the absorber recovery time (typically in the order of 0.1 ns
to a few nanoseconds for dye absorbers).

In ion-doped solid-state gain media, this principle 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. There-
fore, gain saturation occurs only on a time scale in the order of the fluores-
cence decay time and is caused by the integral effect of many pulses, but
gain saturation by a single pulse is very weak. Nevertheless it has been
shown that even from solid-state media one can obtain pulses which are
much shorter than the absorber recovery time. This is particularly the case
if the mechanism of soliton mode locking [142,64–66] is employed. In the
regime of negative intracavity dispersion, soliton effects (Section 7.6) can fix
the pulse duration at a certain value. The saturable absorber is then required
only to start the mode locking process and to stabilize the solitons. The latter
means that two types of instability 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 break-up can occur, particularly in cases with too strong or
too weak soliton effects (Section 7.6) and/or with very strong saturation of
the absorber. It turns out that soliton mode locking allows for somewhat
shorter pulses than without dispersion and SPM, and it allows the use of an
absorber with relatively small modulation depth (and accordingly small loss)
because the limit for the pulse duration depends only weakly on the absorber
parameters. Also note that operation with zero dispersion would often not
be possible in the femtosecond domain (even if somewhat longer pulses
would be acceptable) because the strong SPM effect would destabilize the
pulses if it is not compensated with negative dispersion.

Note that apart from the shortest achievable pulse duration, self-starting
mode locking is also a desirable goal. In this respect, a slow absorber is
usually superior, because it has a lower saturation intensity which facilitates
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the mode-locking process in an early phase, as discussed in Subsection
7.7.3.1. Indeed, it is found that reliable self starting mode locking is usually
easily achieved for lasers mode-locked with (usually slow) semiconductor
absorbers (see the next section), though Kerr lens mode-locked lasers (Sub-
section 7.7.3.4.2) are usually not self starting, particularly when optimized
for short pulses. Spatial hole burning can also help to start-up the mode
locking process because the laser starts already with a larger bandwidth and
the axial modes only need to get phase-locked [148–149].

7.7.3.4 Saturable Absorbers for Passive Mode Locking

In this section we discuss a number of different saturable absorbers (or
artificial saturable absorbers) for passive mode locking, concentrating on the
most important techniques for ultrashort pulse generation.

7.7.3.4.1 Semiconductor Absorbers

A semiconductor can absorb light if the photon energy is sufficient to excite
carriers from the valence band to the conduction band. Under conditions of
strong excitation, the absorption is saturated because possible initial states
of the pump transition are depleted while the final states are partially occu-
pied. Within typically 60–300 fs after the excitation, the carriers in each band
thermalize, and this already leads to a partial recovery of the absorption. On
a longer time scale — typically between a few ps and a few ns depending
on defect engineering — they will be removed by recombination and trap-
ping. Both processes can be used for mode locking of lasers. More details
about the physics of semiconductor nonlinearities used for mode locking are
given in a chapter of another book [150].

We typically integrate the semiconductor saturable absorber into a mirror
structure, which results in a device whose reflectivity increases as the inci-
dent optical intensity increases. This general class of devices is called semi-
conductor saturable absorber mirrors (SESAMs) [37]. Semiconductor
saturable absorbers are ideally suited for passive mode locking solid-state
lasers because the large absorber cross section (in the range of 10–14 cm2) and
therefore small saturation fluence (in the range of 10 μJ/cm2) is ideally suited
for suppressing Q-switching instabilities [41].

Most mode-locked lasers are operated in the wavelength regimes around
0.7–0.9 μm (e.g., Ti3+:sapphire or Cr3+:LiSAF) or 1.03–1.07 μm (e.g., Nd3+:glass,
Nd3+:YAG, Yb3+:YAG). For 0.8 μm, GaAs absorbers can be used together with
Bragg mirrors made of AlAs and GaxAl1–xAs, where the gallium content x is
kept low enough to avoid absorption. For wavelengths around 1 μm, the
Bragg mirrors can be made of GaAs and AlAs, and the absorber is made of
InxGa1–xAs, where the indium content x is adjusted to obtain a small enough
band gap. Because InxGa1–xAs cannot be grown lattice-matched to GaAs,
increasing indium content leads to increasing strain, which can lead to sur-
face degradation by cracking and thus limits the absorber thickness. Never-
theless, such samples have been applied for mode locking of lasers operating
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even around 1.3 μm [151] and 1.5 μm [152]. In addition, InGaAsP [153] and
AlGaAsSb [154] have been demonstrated as absorbers for the wavelength
range from 1.3 μm to 1.5 μm. More recently, dilute nitrides have been suc-
cessfully used as long-wavelength absorber material. This quaternary alloy
has the advantage to be GaAs-based and to minimize the lattice mismatch
by incorporating just a few percent of nitrogen to InGaAs while reducing
the indium concentration [60]. GaInNAs SESAMs have less nonsaturable
losses than InGaAs SESAMs and stable self-starting passive mode locking
was demonstrated [155–156,62]. Other novel absorber materials with
increased absorption cross sections can be used to reduce the saturation
fluence. Quantum dots are promising candidates for this [50,59].

SESAMs can be produced either with molecular beam epitaxy (MBE) or
with metal–organic chemical vapor deposition (MOCVD). The MOCVD pro-
cess 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 semi-
conductors at lower temperatures, down to ≈200°C, whereas MOCVD is
usually done at ≈600°C. Lower growth temperatures lead to microscopic
structural defects which act as traps for excited carriers and thus reduce the
recovery time, which can be beneficial for the 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 beryl-
lium doping [157,158].

The first SESAM device for solid-state lasers, the antiresonant Fabry–Perot
saturable absorber (A-FPSA), consisted of a Fabry–Perot cavity filled with
a saturable absorber, and with its thickness adjusted for antiresonance, i.e.,
the intensity in the cavity was substantially lower than the incident intensity
[5]. The A-FPSA mirror is based on absorber layers sandwiched between
the bottom AlAs/AlGaAs semiconductor and the top SiO2/TiO2 dielectric
Bragg mirror. The top reflector of the A-FPSA provides an adjustable param-
eter that determines the intensity entering the semiconductor saturable
absorber and therefore the saturation fluence of the saturable absorber
device. Thus, this design allowed for a large variation of absorber param-
eters by simply changing absorber thickness and top reflectors [54,159]. This
resulted in an even simpler SESAM design with a single quantum well
absorber layer integrated into a Bragg mirror [53]. In the 10-femtosecond
regime with Ti:sapphire lasers we have typically replaced the lower semi-
conductor Bragg mirror with a metal mirror to support the required large
reflection bandwidth [160,161]. However, more recently, an ultrabroadband
monolithically grown fluoride semiconductor saturable absorber mirror was
demonstrated that covers nearly the entire gain spectrum of the Ti:sapphire
laser. Using this SESAM inside a Ti:sapphire laser resulted in 9.5-fs pulses
[162]. The reflection bandwidth was achieved with a AlGaAs/CaF2 semi-
conductor Bragg mirror [163].
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In a general sense, we then can reduce the design problem of a SESAM to
the analysis of multilayered interference filters for a given desired nonlinear
reflectivity response for both the amplitude and phase. More recently, novel
design structures allowed to substantially lower the saturation fluence of
SESAMs into the 1 μJ/cm2 regime [63]. New terms “low-field-enhancement
resonant-like SESAM device” (LOFERS) [164] and “enhanced SESAM device
(E-SESAM)” [165] were introduced [63].

So far the SESAM is mostly used as an end mirror of a standing-wave
cavity. Very compact cavity designs have been achieved for example in
passively Q-switched microchip lasers [42,166–167] and passively mode-
locked miniature lasers [168–169] where a short laser crystal defines a simple
monolithic cavity. The SESAM attached directly to the laser crystal then
formed one end-mirror of this laser cavity. As the laser cannot be pumped
through the SESAM, the laser output needs to be separated from the collinear
pump by a dichroic mirror. These examples suggest that there is need for a
device that combines the nonlinear properties of the SESAM with an output
coupler. This has been demonstrated before for a passively mode-locked fiber
laser [170] and more recently for solid-state lasers [171].

Semiconductor doped dielectric films have been demonstrated for satura-
ble absorber applications [172]. In this case, InAs-doped thin-film rf-sputter-
ing technology was used which offers similar advantages as SESAMs, i.e.,
the integration of the absorber into a mirror structure. However, the satura-
tion fluence of more than 10 mJ/cm2 is in most cases much too high for stable
solid-state laser mode locking. In comparison, epitaxially grown SESAMs
typically have saturation fluences in the range of 1–100 μJ/cm2 depending
on the specific device structure.

The presence of two different time scales in the SESAM recovery, resulting
from intraband thermalization and carrier trapping/recombination, can be
rather useful for mode locking. The longer time constant results in a reduced
saturation intensity for a part of the absorption, which facilitates self-starting
mode locking. The faster time constant is more effective in shaping pico-
second and even subpicosecond pulses. Therefore, SESAMs allow to easily
obtain self-starting mode locking in most cases.

SESAMs are quite robust devices. The ratio of the damage fluence and the
saturation fluence is typically in the order of 100, so that a long device lifetime
can be achieved with the usual parameters of operation (pulse fluence ≈3–10
times the saturation fluence) [173]. For high-power operation, the thermal
load can be substantial, but the relatively good heat conductivity 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 increas-
ing the mode area and keeping the pulse fluence constant will not substan-
tially increase the temperature rise [68], assuming that the back side is
sufficiently cooled. The temperature rise can be limited to below 100 K by
the use of SESAM designs with low saturation fluence (100 μJ/cm2 or less),
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because these allow operation 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.

Perhaps surprisingly, SESAM heating is actually more of an issue in high
repetition rate lasers than in high power lasers. For a given intracavity
average power, a reduction of the cavity length (for increasing the repetition
rate) demands reduction of the mode area (for sufficient saturation) and thus
concentrates the fixed dissipated power on a smaller spot. Even though the
temperature excursion scales only with the square root of the repetition rate
(for fixed intracavity average power and saturation parameter), this can be
a challenge for multiGHz lasers even with moderate output powers, and
SESAMs with a low value of the saturation fluence are then needed.

7.7.3.4.2 Kerr Lens Mode Locking
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 in the order of only a few femto-
seconds. 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 mode locking (KLM) [174–176]
and which was the explanation for the earlier breakthrough result by Sib-
bett’s group [20], also referred to as “magic mode locking” because the
mechanism was not understood at that time. 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 also called hard-aperture
KLM. Another possibility (soft-aperture KLM [177]) is to use a pump beam
which has 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.

In any case, KLM requires the use of a laser cavity which reacts relatively
strongly to changes of the focusing power of the Kerr lens. This is usually
only achieved by operating the laser cavity near one of stability limits,
possibly with detrimental effects on the long-term stability.

Detailed modeling of the KLM action requires sophisticated three-dimen-
sional simulation codes, including both the spatial dimensions and the time
variable [178–180]. The basic reason for this is that the strength of the Kerr
lens varies within the pulse duration, which leads to a complicated spatio-
temporal behavior. However, a reasonable understanding can already be
obtained simply by calculating the transverse cavity modes with a constant
Kerr lens, using some averaged intensity value.

Self-starting mode locking with KLM can be achieved with specially opti-
mized laser cavities [181–185]. Unfortunately, this optimization is in conflict
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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 so as to react sensitively to long
pulses during the start-up phase. Basically, one would face a similar problem
with any fast saturable absorber, but 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 6 fs duration) with a self-starting
Ti3+:sapphire laser has become possible by combining a SESAM with a cavity
set up for KLM [186,21,162]. The SESAM is then responsible for fast self-
starting, whereas the pulse shaping in the femtosecond domain is mainly
done by the Kerr effect. Note, however, that this requires a SESAM with
extremely broad reflection bandwidth, as can be achieved only with very
special designs.

7.7.3.4.3 Additive Pulse Mode Locking

Already before the invention of Kerr lens mode locking (Subsection 7.7.3.4.2),
the Kerr effect was used in a different technique called additive pulse mode
locking (APM) [187–188]. 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, whereas its wings are reduced by destructive interference.
A prerequisite for this to happen is, of course, that the cavity lengths are
equal and matched with submicron precision. Because other methods (e.g.,
KLM or using saturable absorbers) do not need such a precise match, 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) from a Nd3+:YAG laser have been achieved with APM [189].

A variant of APM which is also becoming obsolete is resonant passive mode
locking (RPM) [190,191]. 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, 2-ps pulses were generated with a Ti:sap-
phire laser [190] and 3.7-ps pulses in a Nd:YLF laser [191].

7.7.3.4.4 Nonlinear Mirror Mode Locking

χ(2) Nonlinearities can also be used to construct effective saturable absorbers
[192]. A nonlinear mirror based on this principle consists of a frequency
doubling crystal and a dichroic mirror. For short pulses, a part of the inci-
dent 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

© 2007 by Taylor & Francis Group, LLC



292 Solid-State Lasers and Applications

higher intensities. This has been used for mode locking, e.g., with up to 1.35
W of average output power in 7.9-ps pulses from a Nd3+:YVO4 laser [193].
The achievable pulse duration is often limited by group velocity mismatch
between fundamental and second-harmonic light.

7.7.3.5 Q-Switching Instabilities

The usually desired mode of operation is cw mode locking, 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 Figure 7.1). The laser then emits bunches of mode-locked 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 mode locking, any small increase of pulse energy will lead to
stronger saturation of the absorber and thus to a positive net gain. This will
lead to an exponential growth of the pulse energy until this growth is stopped
by gain saturation. In a solid-state laser, usually exhibiting a large gain
saturation fluence, this may take many cavity round-trips. The pulse energy
will then drop even below the steady-state value. A damped oscillation
around the steady state (and finally stable cw mode locking) is obtained only
if gain saturation sets in fast enough.

The transition between the regimes of cw mode locking and QML has been
investigated in detail [41,194] for slow saturable absorbers. If the absorber
is fully saturated, the absorber always fully recovers between two cavity
round-trips and soliton shaping effects do not occur. A simple condition for
stable cw mode locking can be found [41]:

(7.17)

where Ep is the intracavity (not output) pulse energy and EL,sat, EA,sat are the
gain and absorber saturation energies, respectively. Using the saturation
parameter S:= Ep/EA,sat, we can rewrite this to obtain

(7.18)

This explains why passively mode-locked lasers often exhibit QML when
weakly pumped and stable cw mode locking for higher pump powers.
Normally, mode locking is fairly stable even for operation only slightly above
the QML threshold, so that 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/or large mode area in the gain medium,
enforced, for example, by poor pump beam quality or by crystal fracture);
Ep can not be made large (limited power of pump source, high repetition
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rate, or large intracavity losses); or when a high value of ΔR is needed for
some reason (e.g., a need exists for very short pulses). We thus find the
following prescriptions 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 ΔR than necessary.

• Use a cavity with low repetition rate.

Another interesting observation [41] is that in soliton mode-locked lasers
the minimum intracavity pulse energy for stable cw mode locking is lower
by typically a factor in the order of four. The reason for this is that a soliton
acquires additional bandwidth if its energy rises 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
tendency is reduced [195]. In this case, the two-photon absorption acts as an
all-optical power limiter [196]; the reflectivity, plotted as a function of the
pulse energy, is exhibiting a pronounced roll-over for high pulse energies.
As the QML tendency is directly related to the slope of this saturation curve,
it can be eliminated by operating near the maximum of the saturation curve,
where the slope is near zero.

Two-photon absorption in SESAMs can be strong in the regime of pulse
durations well below 1 ps, but it is usually too weak to be effective for pulse
durations around 10 ps or longer, unless the SESAM is operated in the
strongly saturated regime, close to its damage threshold. Surprisingly, it has
been found [197] that SESAMs can exhibit a pronounced roll-over of the
saturation curve even for pulse durations of several picoseconds; the reduc-
tion of the roll-over for longer pulses has been found to be much weaker
than expected, at least for several SESAMs operated in the 1.5-μm regime.
This means that apparently there is another physical effect, not identical to
two-photon absorption but similarly affecting the saturation curves,
although the nature of this effect has not yet been identified. The effect is
nevertheless technologically very important, because it allows operation of
passively mode-locked Er:Yb:glass lasers with extremely high pulse repeti-
tion rates, up to 80 GHz having been achieved so far (Subsection 7.8.4). This
has been revealed partly by a careful characterization of SESAMs [63,197]
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and partly by transfer function measurements on several passively mode-
locked lasers [76].

7.7.3.6 Passive Mode Locking at High Repetition Rates

The repetition rates of typical mode-locked solid-state lasers are in the order
of 30–300 MHz. Pulse trains with much higher repetition rates — higher than
1 GHz or even above 10 GHz — are required for some applications, e.g., in
telecommunications or for optical clocking of electronic circuits.

There are two basic approaches to realize such high repetition rates: either
one must use a very compact laser cavity, which has a short round-trip time
for the circulating pulse (fundamental mode locking), or one must arrange
for several pulses circulating in the cavity with equal temporal spacing. The
latter technique, called harmonic mode locking, requires some mechanism to
stabilize the pulse spacing. It is widely used in fiber lasers, because these
can usually not be made short enough for multi-GHz repetition rates with
fundamental mode locking, but it is rarely used 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 mode locking), resulting in a repetition
rate of 2.7 GHz [198] which, to our knowledge, is the highest value achieved
with this technique, applied to diode-pumped solid-state lasers. A funda-
mentally mode-locked laser with 2.6 GHz repetition rate has also been dem-
onstrated [199].

In the following, we concentrate on fundamentally (i.e., not harmoni-
cally) mode-locked bulk lasers, which have generated repetition rates of
up to nearly 160 GHz [44]. The difficulty is not the construction of a
sufficiently compact laser cavity; a cavity length of few millimeters (or even
well below 1 mm for 160 GHz) is easily obtained when a compact mode
locker such as a SESAM (Subsection 7.7.3.4.1) is used. The main challenge
is rather to overcome the tendency for Q-switched mode locking (Subsec-
tion 7.7.3.5) which becomes very strong at high repetition rates. As this
issue formerly constituted a challenge, even at repetition rates in the order
of 1 GHz, specially optimized laser cavities and SESAMs had to be devel-
oped for repetition rates > 10 GHz [63]. First, it was realized that Nd3+:YVO4

is a laser medium with a particularly high gain cross section; numbers
between about 100 ⋅10–20 cm2 and 300 ⋅10–20 cm2 have been quoted, with the
lower end of this range being more realistic. 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 μm or less. The latter is facilitated
by good pump absorption of Nd3+:YVO4 (which relaxes the constraints on
the beam quality of the pump source) and the good thermal properties.
Other important design aspects are to minimize the intracavity losses, so
that operation with a small output coupler transmission and accordingly
high intracavity pulses energy is achieved, and of course to use a SESAM
with optimized parameters.
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After the first milestone at 13 GHz [200], based on a cavity with a Brewster-
cut Nd3+:YVO4 crystal, a SESAM and an air spacing, quasi-monolithic Nd3+:YVO4

lasers have been used for higher repetition rates of 29 GHz [168], later 59
GHz [201], 77 GHz [169] and finally 160 GHz [44]. More recently, diode-
pumped lasers were demonstrated up to 40 GHz [202] and 80 GHz [79]. Such
lasers are often built with a quasi-monolithic cavity design as discussed in
Subsection 7.8.4. The repetition rate is limited not only by the Q-switching
tendency but also because the finite pulse duration (typically around 3–6 ps)
which leads to an increasing overlap of consecutive pulses. Note that the
average output powers are at least a few tens of milliwatts in all cases, and
sometimes a few hundreds of milliwatts. At a lower repetition rate of 10
GHz, a high power of 2.1 W was achieved with a more conventional laser
design [44], although at the expense of a longer pulse duration of 14 ps.

Unfortunately, the choice of laser media for high pulse repetition rates at
other wavelengths, e.g., 1.5 μm as required for telecom applications, is very
limited: for this wavelength region, there is no gain medium with similarly
favorable properties as Nd:YVO4 for 1064 nm. Erbium-doped gain media have
rather low laser cross sections, which initially seemed to greatly limit their use
for passive mode locking at high repetition rates. Cr4+:YAG is more favorable
in terms of cross sections, but suffers from higher crystal losses and a quite
variable crystal quality — particularly at high doping densities, as required for
short crystals. Attempts to achieve repetition rates of 10 GHz or higher have
so far not been successful; to our knowledge, the maximum is still at 2.6 GHz
[198]. On the other hand, passively mode-locked Er:Yb:glass lasers turned out
to operate stably even at very high pulse repetition rates of first 10 GHz [80],
later 25 GHz [81], 40 GHz [203], 50 GHz [45] and more recently even at 77 GHz
[219]. In this regime, the theoretical estimates had predicted that it would be
hardly possible to avoid Q-switching instabilities. It took a few years to resolve
this significant departure from theoretical expectations, as it turned out to be
difficult even just to determine whether the discrepancy was due to effects in
the erbium gain medium (with its comparatively complicated level structure)
or in the SESAM. The explanation then turned out to be a modified saturation
behavior of the SESAMs, as discussed in Subsection 7.7.3.5, although additional
contributions from the gain medium can not strictly be ruled out. It appears,
however, that these are not required for a quantitative explanation of the obser-
vations. Even the stabilizing effect of ordinary gain saturation, as considered
in the original QML theory, is not important in these lasers, as the QML ten-
dency is already eliminated by the modified SESAM saturation characteristics.

In recent years, surface-emitting external-cavity semiconductor lasers
(VECSELs) have also been shown to be very suitable for pulse generation in
the multi-GHz regime of repetition rates [220]. Compared to multi-GHz
lasers based on more traditional solid-state gain media, they have a better
(and already partly realized) potential for combining high repetition rates
with high output powers. Also, they potentially offer important advantages
for cheap mass production. We briefly discuss such lasers in Subsection 7.8.5.
A more detailed review is given in Reference 220.
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7.7.3.7 Summary: Requirements for Stable Passive Mode Locking

Here we briefly summarize a number of conditions which must be met to
obtain stable passive mode locking:

• The laser must have a good spatial beam quality, i.e., it must operate
on the fundamental transverse mode (see Section 7.1).

• The saturable absorber must be strong and fast enough so that the
loss difference between the pulses and a cw background is sufficient
to compensate for the smaller effective gain of the short pulses
(Subsection 7.7.3.3). Also, it must be fast enough to suppress the
growth of noise in the gain window behind the pulse (Subsection
7.7.3.3).

• The saturable absorber should be strong enough to guarantee for
stable self starting. (A longer absorber recovery times helps in this
respect, see Subsection 7.7.3.1.)

• The absorber must be significantly saturated, but should also not be
too strongly saturated, because this would introduce a tendency for
double pulses.

• 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.

• To avoid Q-switching instabilities, the conditions discussed in Sub-
section 7.7.3.5 must be fulfilled.

• In some cases where inhomogeneous gain saturation occurs (e.g.,
induced by spatial hole burning [71,148,149]), spectral stability may
not be given: 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.

• Spurious intracavity reflections have to be eliminated with care, in
so far as they do not leave the resonator.

7.8 Designs of Mode-Locked Lasers

In the previous sections we have discussed the most important physical
effects which are relevant for the operation of mode-locked lasers. Here we
give an overview on laser designs, with the emphasis on those designs which
are currently used and/or are of promise to find widespread application in
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the foreseeable future. We discuss a number of practical aspects for the design
and operation of such lasers.

7.8.1 Picosecond Lasers

The setups of picosecond lasers typically do not differ very much from those of
lasers for continuous-wave operation. Some mode locker is installed, which
might be either an acousto-optic modulator (AOM) for active mode locking
(Subsection 7.7.2) or, e.g., a SESAM (Subsection 7.7.3.4.1) for passive mode lock-
ing. Also, the cavity design needs to fulfill a few additional demands. As an
example, we refer to Figure 7.4, which shows the setup of a high-power
Nd3+:YAG laser [69], passively mode-locked with a SESAM. The cavity design
must provide appropriate beam radii both in the laser head (where the funda-
mental Gaussian mode should just fill the 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 Subsection
7.7.3.5 can be used to ensure that the chosen design will not suffer from Q-
switching instabilities. 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 which is highly reflective for the laser light.

The SESAM should typically be used as an end mirror, not as a folding
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 mode-locked lasers, where the
SESAM is replaced by an AOM. The AOM should be placed close to an end
mirror, for similar reasons as discussed above for the SESAM.

7.8.2 High-Power Thin-Disk Laser

By far, the highest average powers in the sub-picosecond domain can be
obtained from thin disk Yb3+:YAG lasers, passively mode-locked with a
SESAM. The first result, with 16.2 W in 700-fs pulses [72], received a lot of

FIGURE 7.4
Setup of a passively mode-locked high-power Nd3+:YAG laser, containing a DCP (direct coupled
pump) laser head, two curved mirrors, a SESAM, and an output coupler mirror (OC) with 7%
transmission.
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attention for its unusually high output power. More importantly, this new
approach introduced the first power-scalable technology for sub-picosecond
lasers. For this reason, further big improvements became possible, first to 60
W average power [43] and later even to 80 W [73], in both cases with pulse
durations near 700 fs. These lasers are operated in the soliton mode-locked
regime (Subsection 7.7.3.3). Anomalous intracavity dispersion was originally
obtained from a Gires–Tournois interferometer (Subsection 7.4.2.3), but for
higher powers this turned out to be unsuitable due to strong thermal effects.
The same applies to intracavity prism pairs; sufficient dispersion can only be
achieved with high dispersion materials such as SF10 glass, which exhibit too
high losses and thus thermal distortions. The method of choice is therefore the
use of dispersive mirrors which, however, also have to be carefully optimized.

The power scalability of the passively mode-locked thin-disk laser rests
on a combination of circumstances. First of all, the thin-disk laser head [70]
itself is power scalable because of the nearly one-dimensional heat flow in
the beam direction; thermal effects (such as thermal lensing) do not become
more severe if the mode area is scaled up proportional to the power level.
A possible problem is only the effect of stress, which has to be limited with
refined techniques for mounting the crystal on the heat sink. The SESAM
(Subsection 7.7.3.4.1) also has the geometry of a thin disk and thus does not
limit the power; more power on an accordingly larger area does not signif-
icantly increase the temperature excursion or the optical intensities in the
device. Finally, the tendency for Q-switching instabilities does not become
stronger if, for instance, the pump power and the mode areas in the disk
and the absorber are all doubled while leaving pump intensity and cavity
length unchanged. Thus, the whole concept of the passively mode-locked
thin-disk laser is power-scalable in the sense that the output power can be
increased without making the following key challenges more severe: heating
in the disk, heating or nonthermal damage of the SESAM, and Q-switching
instabilities. Further power increases can introduce other challenges that are
not problematic at lower powers, such as the difficulty to provide dispersion
compensation with optical elements that can withstand the very high intra-
cavity powers and additional sources of nonlinearities such as the air inside
the cavity [58]. Simply increasing the mode areas everywhere also has its
limits, because thermal effects on dispersive mirrors (having significantly
higher absorption than ordinary highly reflecting mirrors) cannot be limited
this way: larger beams do cause weaker thermal lenses, but become more
sensitive to lensing. Also, laser cavities with very large mode areas are subject
to various design restrictions. At the moment, one could build thin-disk laser
heads with higher output power and still diffraction-limited mode quality,
but lower-loss dispersive mirrors (or other dispersion-compensating ele-
ments) would be required to raise the average output power to levels well
above 100 W. This may seem somewhat surprising, as the initial concerns
were centered on diffraction-limited operation and SESAM damage, which
then turned out not to be the limiting factors.
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Apart from higher powers, one can go for still shorter pulse durations. For
Yb:YAG, the available gain bandwidth will probably not allow significantly
shorter pulses in a high-power thin-disk laser. (Low-power Yb:YAG lasers
have generated pulses with durations down to 340 fs [100], but high-power
lasers are subject to additional constraints.) Promising results have been
achieved with ytterbium-doped tungstate crystals, particularly with Yb:KYW,
which in a thin-disk laser generated 240-fs pulses with 22 W output power
[74]. Although simulations show that Yb:KYW and Yb:KGW could in princi-
ple even be superior to Yb:YAG in terms of efficiency and output power, so
far the difficulty to obtain Yb:KYW thin disks with sufficiently high quality
has prevented the experimental demonstration of this superiority.

As the thin disk must be cooled from one side, a reflecting coating on this
side is used, and the laser beam is always reflected at the disk. For mode-
locked 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. In any case, a
standing-wave pattern occurs in the gain medium, which leads to spatial
hole burning. This has been shown to make stable mode locking possible
only in a narrow range of pulse durations [71], except if the effect of spatial
hole burning is reduced, e.g., by using a cavity with multiple reflections on
the disk [204], or if the amplification bandwidth is strongly reduced by using
a narrow-band gain medium or an additional etalon [204].

Passively mode-locked thin-disk lasers can serve as ideal pump sources for
a variety of nonlinear conversion processes. Though laser design tends to
become more difficult for higher powers, nonlinear conversion stages can
greatly benefit from high peak powers. For example, 58% efficient single-pass
frequency doubling has been achieved in critically phase-matched LBO at
room temperature [72]; such performance can in the picosecond region usu-
ally be obtained only with noncritical phase matching, which requires a
temperature-stabilized crystal oven. Also, high peak powers from thin disk
Yb:YAG lasers allowed the realization of high gain fiber-feedback parametric
oscillators [205–207], which have some significant advantages over low-gain
devices and also allow efficient single-pass parametric generation in period-
ically poled LiTaO3 [206]. A high power RGB laser source has been developed
with 8 W in the red, 23 W in the green, and 10 W in the blue output beam,
where all optical power originated from a thin disk Yb:YAG laser with no
amplifier stages. Due to the extensive use of critical phase matching, only one
of the nonlinear crystals, a parametric generator based on LiTaO3, required a
crystal oven. Even this last oven could be eliminated by using stoichiometric
material, as recently demonstrated [208]. Note that such a system appears not
to be possible with a picosecond laser system of similar power.

7.8.3 Typical Femtosecond Lasers

Most femtosecond lasers are based on an end-pumped laser setup, with a
broadband laser medium such as Ti3+:sapphire, Cr3+:LiSAF, Nd:glass or
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Yb3+

the case of Ti3+:sapphire, the pump source can be either an Ar 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, Nd:glass or Yb3+:glass are typically pumped with high-
brightness diode lasers, delivering a few watts with beam quality M2 factor in
the order of 10 in one direction and <5 in the other direction, which allows for
diffraction-limited laser output with typically a few hundred milliwatts.

The typically used laser cavities (see Figure 7.5 as an example) contain two
curved mirrors in a distance of a few centimeters on both 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, whereas the other one may be used for a SESAM as a passive mode
locker. One arm typically contains a prism pair (Subsection 7.4.2.1) for dis-
persion compensation, which is necessary for femtosecond pulse generation.
In most cases, femtosecond lasers operate in the regime of negative overall
intracavity dispersion so that soliton-like pulses are formed.

Instead of a SESAM, or in addition to it, the Kerr lens in the gain medium
can be used for mode locking (Subsection 7.7.3.4.2). In most cases, soft-
aperture KLM is used. Here, the cavity design is made so that the Kerr lens
reduces the mode area for high intensities and thus improves the overlap
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 mirrors,
or some other distance in the cavity.

For the shortest pulse durations around 5–6 fs [21–23], the strong action
of KLM as an effective fast saturable absorber is definitely required. Also
double-chirped mirrors (Subsection 7.4.2.4) are required for precise disper-
sion compensation over a very broad bandwidth. Typically, several disper-
sive mirrors are used in the laser cavity, and additional mirrors may be used
for further external compression. A SESAM allows for self-starting mode
locking [21,22].

FIGURE 7.5
Typical setup of a femtosecond laser. The gain medium is pumped with a laser diode. A prism
pair is used for dispersion compensation, and a SESAM as mode locker.
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Higher pulse energies and peak powers have been generated by using
laser setups with reduced repetition rates in the 10-MHz regime [58,209].
The long cavity length required for such repetition rates can be 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 and even of the air [58]. If self-phase modulation
becomes too strong, this destabilizes the mode-locking process.

7.8.4 Lasers with High Repetition Rates

For ultrashort pulses with multi-GHz repetition rate, laser designs are
required which are very different from those explained in the previous sec-
tions. In the following, we discuss some typical designs which have allowed
us to realize extremely high pulse durations in different wavelength regimes.

In the 1-μm spectral region, Nd:YVO4 has been found to be a particularly
suitable gain medium for very high repetition rates, as already discussed in
Section 7.3. For repetition rates of 40 GHz and above, a quasi-monolithic
design [168] is useful, where the output coupler mirror is a dielectric coating
directly fabricated on a curved and polished side of the laser crystal, whereas
the SESAM is attached to the other side of the crystal (see Figure 7.6). The
crystal may be antireflection-coated on the flat side or just uncoated. Note
that with a reflecting coating on this side, there is a cavity effect. Depending
on the exact size of the air gap between crystal and SESAM, the optical field
can more or less penetrate the SESAM structure, and, accordingly, the effec-
tive modulation depth and saturation fluence of the SESAM are modified.
In this case, for optimum performance, one has to manipulate the width of
the air gap.

In the quasi-monolithic geometry, counter-propagating waves overlap in
the crystal, leading to the phenomenon of spatial hole burning, which can
have significant influence on the mode-locking behavior [71,148–149]. In par-
ticular, it allows to obtain shorter pulses, although often with some amount
of chirp, because gain narrowing is effectively eliminated: even without a

FIGURE 7.6
Quasi-monolithic setup as used for passively mode-locked Nd3+:YVO4 lasers with repetition
rates above 20 GHz. SESAM: semiconductor saturable absorber mirror.
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mode locker, such lasers tend to run with a significant emission bandwidth,
and the mode locker more or less only has to lock the phases of the running
cavity modes. Therefore, lasers of this design have achieved the shortest
pulse duration of all Nd:YVO4 lasers, despite the relatively small modulation
depth of the SESAM. Short pulses are often desirable as such but also are
important for reaching very high repetition rates, because otherwise there
can be significant overlap of consecutive pulses.

For significantly higher output powers, a different kind of design is
needed. The poor beam quality of the then-required pump laser enforces the
use of a thinner gain medium together with some air spacing to obtain the
required repetition rate. Such a laser has been developed for pumping multi-
GHz parametric oscillators and generated 2.1 W in 14-ps pulses [44].

For multi-GHz Er:Yb:glass lasers, another design has been developed,
where a thin plate of Er/Yb-doped glass is mounted within a very short
laser cavity (Figure 7.7). For the highest repetition rate demonstrated so far,
which is 77 GHz [219], the geometrical cavity length is ≈1.9 mm. Sufficient
saturation of the SESAM is achieved by designing the laser cavity for rather
small mode sizes, which implies the use of a folding mirror with a radius of
curvature below 1 mm.

Another type of multi-GHz lasers, based on a semiconductor gain medium,
is described in the following section.

7.8.5 Passively Mode-Locked Optically Pumped Semiconductor Lasers

Although we concentrate on lasers based on ion-doped crystals and glasses
in this article, we note that semiconductor gain media are also very interest-
ing to obtain high pulse repetition rates. The low gain saturation fluence of
such a medium basically eliminates the problem of Q-switching instabilities
in passively mode-locked lasers. The large amplification bandwidth allows
for sub-picosecond pulse durations [220], and such devices can be developed
for different laser wavelengths. With mode-locked edge-emitting semicon-
ductor lasers, repetition rates of up to 1.5 THz [211] have been obtained, but
typically at very low power levels and often not with transform-limited
pulses. A general problem is that the achievable mode areas for single trans-
verse mode propagation are rather limited, so that nonlinearities get too
strong for high peak powers. Therefore, for a long time it seemed that

FIGURE 7.7
Miniature cavity setup as used for multi-GHz Er:Yb:glass lasers.
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semiconductor lasers could not play an important role in the domain of
mode-locked lasers.

The optically pumped vertical-external-cavity surface-emitting semiconduc-
tor lasers (VECSEL) is a laser source that has sparked widespread interest in
the past few years due to its capability of producing high average output
powers in a diffraction-limited beam [212]. In this case the light emission is in
a direction perpendicular to the chip surface, rather than along the surface
(i.e., edge-emitting semiconductor laser). An external cavity (Figure 7.8) can
be used to define the cavity modes, and it can host additional elements for
various functions, in particular a SESAM for mode locking [213,220]. This
concept allows for much larger mode areas and thus for higher powers in a
diffraction-limited beam — particularly with optical pumping with a high
power diode laser, which allows to obtain a smooth pumping distribution over
large areas. Low power devices (well below 1 W average output power) can
be cooled through the GaAs substrate. For higher powers, the thermal imped-
ance has to be reduced, e.g., by thinning down the substrate after growth, by
growth in reverse order with subsequent soldering to a heat sink and removal
of the substrate by etching [48], or by attaching a transparent heat sink on the
surface, where the heat sink may consist of diamond [214] or SiC [215].

The strong gain saturation in semiconductor materials limits the achievable
pulse energies but also basically eliminates the Q-switching tendency and
thus makes VECSELs suitable for very high average power at very high
pulse repetition rates. In fact this combination, which is needed for some
applications (e.g., for optical clocking or for pumping high repetition rate

FIGURE 7.8
Cavity of a vertical external cavity surface-emitting semiconductor laser (VECSEL). The pump
beam from a high-power diode laser comes from the side. The semiconductor gain structure
serves as an amplifying folding mirror.
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parametric oscillators) is rather difficult to achieve with traditional gain
media such as ion-doped crystals or glasses, and VECSELs are very well
placed here. On the other hand, VECSELs are not suitable for low repetition
rates and high pulse energies, because those would lead to excessive gain
saturation and consequently pulse breakup.

The first passively mode-locked VECSEL has been demonstrated in 2000
[47], at that time with a moderate performance; it generated strongly chirped
22-ps pulses with 22 mW of average power. Since then, the progress has been
rapid. For example, a 200-mW device [216] has been shown to generate
nearly transform-limited pulses with 3.2 ps duration, and recent achieve-
ments include 2.1 W in 4.7-ps pulses [49], a 10-GHz device with 0.5-ps pulses
[210], a high power 10-GHz device with 1.4 W [217], and very high repetition
rate VECSELs with up to 30 GHz [50] and 50 GHz [221]. The pulses in the
early experiments were often strongly chirped, but in 2002 a study of the
mode-locking dynamics in VECSELs revealed that a soliton-like pulse shap-
ing mechanism in the positive dispersion regime can help to generate short
pulses with low chirp [218].

One of the most application-relevant milestones that remain to be achieved
in the field of passively mode-locked VECSELs is the integration of the semi-
conductor absorber into the gain structure, enabling the realization of ultra-
compact high-repetition-rate laser devices suitable for wafer-scale integration.
We have recently succeeded in fabricating the key element in this concept, a
quantum-dot-based saturable absorber with a very low saturation fluence,
which for the first time allows stable mode locking of surface-emitting semi-
conductor lasers with the same mode areas on gain and absorber. Experimen-
tal results at high repetition rates of up to 30 GHz [50] and 50 GHz [221] are
shown. This should lead to very compact ultrafast lasers which could be
fabricated with a cheap wafer-scale mass production process.

7.9 Summary and Outlook

Although the field of ultrashort pulse generation had already been started
in the 1960s, significant progress has been made only in the last two decades.
Points of particular importance are:

• The transition from dye lasers to compact, powerful, efficient, and
long-lived diode-pumped solid-state lasers.

• The development of semiconductor saturable absorber mirrors (SES-
AMs) that can be optimized for operation in very different parameter
regimes concerning laser wavelength, pulse duration and power levels.

• The minimization of the pulse duration from Ti:sapphire lasers down
to below 6 fs, using Kerr lens mode locking, sometimes assisted by
a SESAM, and ultrabroadband dispersive mirrors.

© 2007 by Taylor & Francis Group, LLC



Passively Mode-Locked Solid-State Lasers 305

• The breakthrough to unprecedented average and peak power levels
from diode-pumped mode-locked lasers, based on improved laser
heads and an improved understanding of absorber damage issues,
Q-switching instabilities, and cavity designs, and most importantly
the complicated interplay of such aspects.

• The demonstration of picosecond solid-state lasers with extremely
high repetition rates of tens of GHz, based mainly on optimized
cavity designs and an improved understanding of Q-switching
instabilities.

For the next few years we expect the following developments in the field:

• New solid-state gain media will be utilized. Even after many years
of solid-state lasers, new solid-state gain media with interesting
properties are developed, which can lead to superior performance
or even to entirely new achievements. For example, Cr2+:ZnSe should
be suitable for the generation of pulses with 20 fs duration or less
in a new spectral region around 2.7 μm, even though to our knowl-
edge femtosecond pulses can not yet be produced, maybe as a con-
sequence of excessive nonlinearity. New ytterbium-doped gain
media can also have significant impact as, e.g., sesquioxides or
improved tungstates for very high powers, or various other crystals
for even shorter pulses from diode-pumped lasers.

• Passively mode-locked thin-disk lasers should reach even higher
power levels beyond 100 W, and using novel gain media they should
also reach significantly shorter pulse durations of perhaps below 200
fs. Amplifier devices for lower repetition rates will become important
for material processing.

• As a relatively new type of lasers, optically pumped semiconductor
lasers have a particular potential for improvements in terms of out-
put power, pulse duration, tunability, as well as compactness and
cheap production (with wafer-scale technologies) [220].

• Nonlinear frequency conversion stages (based on second-harmonic
generation, sum frequency mixing, or parametric oscillation) will
be pumped with high-power mode-locked lasers to generate short
and powerful pulses at other wavelengths. This will be of interest,
for example, in applications such as large-screen RGB display sys-
tems or for high-harmonic generation with unprecedented power
levels. Nonlinear frequency conversion may also allow high repe-
tition rate picosecond lasers to find new applications e.g., in tele-
communications.

We thus firmly believe that the development of ultrafast laser sources has
not come to its end but will continue to deliver new devices with superior
properties for many applications. As the performance levels have relatively
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quickly reached regions which previously appeared to be unrealistic, there
is now the opportunity to use the new sources for many new applications.
It appears very realistic to expect that new research in this area will generate
far reaching technical developments.
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8.1 Introduction

There is a growing demand for compact, low-cost, high-energy femtosecond
solid-state lasers in many branches of science and technology. Applications
are diverse, including biomedical imaging [1], ultrafast spectroscopy [2,3], and
high harmonic generation [4,5], to name a few. Let us consider a commercial
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state-of-the-art femtosecond laser that can be used in these applications. One
of the most expensive components of such a system is the pump laser, the
cost of which approximately scales with the output power. Hence, a major
reduction in overall system cost can be achieved by reducing the pump
power requirements. For example, use of novel resonator geometries with
tight beam focusing can enable low-threshold laser operation and decrease
the pump power needed to obtain mode-locked operation. This approach
has been used by several groups and low-threshold femtosecond Ti3+:Al2O3

lasers operating with less than 1 W of pump power have been demonstrated.
For example, Read et al. [6] obtained sub-20-fs pulses with output powers
of 35–100 mW by using pump powers of 400 mW–1 W. In other experiments,
Kowalevicz et al. reported the generation of 14-fs pulses with an average
power of 15 mW by using only 200 mW of pump power [7]. However, one
drawback of this scheme is that the average output power of the femtosecond
oscillator is also reduced. Because several applications in nonlinear optics
require femtosecond pulses with high energy and high peak power, it
becomes important to preserve or scale up the original pulse energies as the
pump power is decreased. One possible approach is to use extended optical
cavities to scale up the pulse energy. In this case, provided that the additional
optics needed to extend the cavity length do not increase the losses by a
considerable amount, the average output power of the short and long cavities
remains nearly the same and extension of the cavity length scales up the
pulse energy by lowering the pulse repetition rate. This technique provides
an attractive alternative to direct generation of high-energy femtosecond
pulses without resorting to more complex amplification schemes such as
chirped-pulse amplification [8] or cavity damping [9,10]. In the experiments
reported by Libertun et al., an extended cavity was used to generate 36-nJ
pulses from a Ti3+:Al2O3 laser by lowering the repetition rate to 15.5 MHz
[11]. Simply extending the cavity length makes the resonator bulky, rendering
it difficult to use the mode-locked laser in other applications or to integrate
the device in measurement systems. As an example, when the repetition rate
of a mode-locked laser is reduced from 100 MHz to 10 MHz, the length of
the cavity increases from 1.5 to 15 m.

An elegant solution that maintains compactness in an extended resonator
was first proposed by Cho et al. who used a Herriott-type multipass cavity
(MPC) to increase the effective length of a mode-locked Ti3+:Al2O3 laser,
generating 16.5-fs pulses with a peak power of 0.7 MW at a pulse repetition
rate of 15 MHz [12]. Further refinements in MPC design has recently led to
the generation of pulses with as high as 0.5 μJ of output energy and peak
powers of the order of 10 MW [13]. The simplest MPC configuration consists
of two highly reflecting mirrors with a mechanism to inject and extract
optical beams. An incident, off-axis beam undergoes multiple bounces
before exit and hence, the desired extension of the resonator can be achieved
with a compact arrangement of mirrors. Multipass optical cavities were first
introduced by Herriott et al. in 1964 [14]. To date, MPCs have been widely
used in many applications such as accurate optical loss measurements [15],
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stimulated Raman scattering [16,17], long-path absorption spectroscopy [18],
high-speed path-length scanning [19], and construction of compact solid-
state lasers [20,21]. More recently, MPC femtosecond lasers have become
versatile sources of ultrashort optical pulses and have found applications in
various fields such as micromachining of photonic devices in transparent
media [22], and multiphoton ionization spectroscopy [23]. Micromachining
applications and the interaction of intense light beams with transparent
materials are discussed in greater detail in Chapter 9 of this handbook.

In this chapter, we give a detailed discussion of the design of multipass
optical cavities and their application to pulse energy amplification in fem-
tosecond solid-state lasers. In Section 8.2, we first summarize the general
characteristics of mode-locked lasers. Multipass cavities are then introduced
in Section 8.3 and the general design guidelines are outlined. First, we use
paraxial ray tracing and discuss the stability condition for a general MPC.
Conditions needed to obtain circular spot patterns on each mirror are
derived. We then focus on special MPC configurations that leave invariant
the original spotsize distribution of the short cavity. These are referred to as
“q-preserving” MPCs. We give analytical design rules for the construction
of q-preserving MPCs and provide illustrative examples. In particular, we
prove that the angular advance of the bouncing beam after one round trip
should equal π times a rational number in order for the MPC to be q-
preserving. In the case of MPCs that use notches to inject and extract the
beam, additional compensating optics is needed to make the overall MPC
configuration q-preserving. This is further discussed in Subsection 8.3.4. The
pulse repetition rate that can be obtained with a multipass cavity depends
on the mirror separation and radii. We develop a simple model and show
how the pulse repetition rates vary for different q-preserving configurations
in the case of two-mirror MPCs consisting of flat-curved or curved-curved
high reflectors. Finally, we discuss different experiments in which MPC
configurations were utilized to build compact and/or high-energy mode-
locked oscillators. Examples based on Ti:sapphire, Cr:LiSAF, and Nd:vana-
date gain media are presented.

8.2 Mode-Locked Femtosecond Lasers

Most state-of-the-art femtosecond lasers are based on tunable solid-state gain
media in which optical amplification over multi-THz bandwidths can be
achieved by using insulating crystals or glasses doped with rare-earth or
transition metal ions. Many examples of such gain media exist, including
Ti3+:sapphire [24], Cr4+:forsterite [25,26], Cr4+:YAG [27], ytterbium-doped
hosts [28,29], and many others. Different ion–host combinations lead to laser
operation in different spectral regions from the ultraviolet to infrared. The
pulsewidths that can be obtained from mode-locked lasers depend on the
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bandwidth of the gain medium, cavity dispersion, and reflectivity band-
width of the mirrors. With careful dispersion control, extremely short optical
pulses below 6 fs have been generated [30–32].

Mode locking is the technique employed to obtain ultrashort optical pulses
from solid-state lasers. Typical pulse durations are in the picosecond (10–12)
to femtosecond (10–15) range. In a laser resonator, the standing-wave cavity
supports the oscillation of many resonant longitudinal modes that are
equally spaced in frequency and that overlap the amplification band of the
gain medium. During mode-locked operation, these cavity modes are forced
to oscillate with a constant phase, producing a periodic train of pulses. The
repetition rate, frep, of the pulses, which is also equal to the frequency spacing
between two adjacent longitudinal modes (this frequency spacing is also
referred to as the free spectral range) is given by 

. (8.1)

Here, c is the speed of light and L is the effective length of the optical
resonator. The average output power Pav of the mode-locked laser and the
energy W per pulse are further related through

. (8.2)

We note that during mode locking, the peak powers obtained from the
resonator can be increased by orders of magnitude in relation to the average
power. In particular, if the number of locked modes is N, then the pulse
duration and peak power per pulse will be of the order of 1/NfFSR and N
Pav, respectively. To appreciate the effectiveness of this method in producing
high-peak-power pulses, consider a modest example, where longitudinal
modes of a 1.5-m-long Ti3+:Al2O3 laser are locked over a 20-THz bandwidth.
The free spectral range will be 100 MHz, corresponding to 200,000 locked
modes and a mode-locked pulse duration of the order of 50 fs. Furthermore,
assuming that an average power of 500 mW is generated from the resonator,
mode locking will produce peak powers around 100 kW.

Active and passive mode locking techniques can be used to lock the phase
of the oscillating modes. Active mode locking involves synchronized mod-
ulation of the cavity loss or gain at the frequency equal to the free spectral
range or one of its harmonics [33,34]. In the case of passive mode locking,
pulse shaping is achieved by an intensity-dependent saturable loss mecha-
nism [33,35]. Two variations of passive mode locking are widely used in
state-of-the-art femtosecond solid-state lasers. In Kerr lens mode locking
(KLM), Kerr nonlinearity-induced focusing inside the gain medium provides
a saturable loss mechanism and aids in pulse shaping [33,36]. A second
technique uses semiconductor saturable absorbers (SESAM) for initiating
mode locking [37]. Chapter 7 of this handbook gives a comprehensive review
of ultrafast lasers and SESAMs.

f
c
Lrep =

2

P Wfav ref=
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Dispersion compensation techniques are employed to obtain the shortest
possible pulses from a femtosecond laser. If a large number of longitudinal
modes are locked together, the pulse envelope Ep(t) will be given in terms
of the spectral amplitude distribution Ep(ω) as

. (8.3)

Here, ω is the angular frequency and Φp(ω) is the phase. Ideally, it is desired
to keep Φp(ω) constant over the spectral extend of the pulse. In practice,
however, as the locked bandwidth becomes large, material dispersion and
self-phase modulation distort the phase and compensation techniques
become necessary to minimize phase variations. Prism pairs [38] or chirped
mirrors [39–42] are typically employed to introduce controlled amounts of
second- and higher-order dispersion into the cavity. In the ideal case, where
phase distortions are eliminated, it is possible to produce the shortest pos-
sible pulse for a given bandwidth, also known as the transform-limited pulse.
In this case, the available spectral bandwidth Δν (FWHM) and the output
pulsewidth τp (FWHM) satisfy

. (8.4)

Here, K is a constant of the order of unity and depends on the specific
pulse shape. For example, K = 0.315 for a hyperbolic secant-squared (sech2)
pulse and 0.441 for a Gaussian pulse.

In the particular case of Kerr lens mode-locked lasers, negative dispersion
is often introduced to balance self-phase modulation and form soliton-like
pulses. Shortest pulses are generated when the net second-order dispersion
of the resonator is negative. Under reasonable approximations, it can be
shown that the pulse energy W and the net second-order dispersion D obey
the scaling law [33]

, (8.5)

where 1.76τ is the full-width at half-maximum (FWHM) pulsewidth, and δ
is the effective Kerr nonlinearity coefficient given by

. (8.6)

In Equation 8.6, λ is the vacuum wavelength, L is the length of the gain
medium, n2 is the nonlinear index of the gain medium, and Aeff is the effective
mode cross-sectional area.

Equation 8.1 to Equation 8.6 provide the basic design rules for the con-
struction of femtosecond KLM MPC lasers. We first note from Equation.8.1
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and Equation 8.2 that as the cavity length is increased, the repetition rate
decreases, and the corresponding output energy per pulse increases, pro-
vided that the average power of the laser remains nearly the same. In order
to maintain the same mode-locked pulsewidth, the net cavity dispersion also
needs to be scaled up proportional to the pulse energy, as can be seen from
Equation 8.5. In practice, this is done by adding more negative dispersion
into the cavity with a prism pair or additional chirped mirrors. If these
conditions are satisfied, the peak power of the output pulses can be scaled
up as the cavity length is increased.

8.3 General Characteristics of Multipass Cavities

8.3.1 What Is a Q-Preserving Multipass Cavity?

Let us consider as a specific example, a Kerr lens mode-locked femtosecond
laser. In practice, the addition of an MPC to increase the output pulse energy
involves two steps. First, a short laser resonator is constructed and optimized
to obtain the best cw power performance. Focusing inside the gain medium
is then adjusted to initiate KLM mode-locked operation. Here, the term short
is relative and refers to the initial cavity being short in relation to the
extended cavity containing the MPC. In the second step, the MPC is added
to increase the effective cavity length. Consider, for example, a short cavity
with a round-trip length of 2 m. In mode-locked operation, it will produce
pulses at a repetition rate of 150 MHz. If the addition of the MPC increases
the total round-trip length of the cavity to 20 m, the repetition rate will
decrease to 15 MHz. Provided that the average output power remains nearly
the same, this represents a pulse energy gain of ten. In such a case, because
the length of the MPC laser is considerably larger than that of the short
cavity, addition of an arbitrary MPC will, in general, change the spotsize
distribution and hence the focusing inside the gain medium. In extreme
cases, the new resonator may not even be stable or the KLM operating point
of the cavity may be drastically modified. These problems can be mitigated
if the MPC is designed in such a way as to leave invariant the initial spotsize
distribution inside the gain medium. There are two important advantages of
such a design. First, the optimum mode matching between the pump and the
laser modes is maintained. As a result, similar power performance can be
obtained with the extended cavity. Second, spotsize distribution needed to
initiate KLM action remains nearly the same. Hence, stable mode-locked oper-
ation can be obtained by proportional scaling of the net cavity dispersion (see
Equation 8.5) Figure 8.1 summarizes this important feature of the MPC laser
design. To be specific, the short cavity was assumed to have an astigmatically
compensated x configuration and consists of the mirrors M1, M2, M3, and
M4. Cavity length extension is achieved with a two-mirror MPC consisting
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of mirrors M5 and M6. To extend the cavity, mirror M4 of the short cavity
is removed. As a result, a single round trip of the laser also includes the
transit of the beam through the MPC. Laser output is obtained through the
mirror M1. Here, zR denotes the reference plane situated at the input of the
MPC. Let qi be the Gaussian beam parameter of the beam incident on the
MPC. In general, the returning beam has a different beam parameter qr. The
ideal MPC design should be such that qi = qr. In our analysis of MPCs, we
will refer to this class of designs as the q-preserving MPC configurations. In
the case of a two-mirror multipass cavity, for example, there are infinitely
many discrete mirror separations for which the MPC becomes q-preserving.
These will be discussed in the next section.

8.3.2 Design Rules for Q-Preserving Multipass Cavities

In this section, we will analyze the propagation of a laser beam inside an
MPC by using the matrix formalism of paraxial optics and obtain analytical
design rules for the construction of q-preserving MPC’s. A specific example
of an MPC consisting of two mirrors (M1 and M2) is shown in Figure 8.2.
As we discussed before, a mechanism is needed for injecting and extracting
the beam. For the particular case shown in Figure 8.2, beam injection and
extraction are done by using triangular notches cut on the mirrors. If the
MPC mirrors are separated by a distance L0, and the number of complete
round-trips in the MPC is n, then the effective optical path length traversed
after one transit becomes 2nL0. The MPC configuration needs to be stable so
that the bouncing beam remains close to the optical axis after an arbitrary
number of round trips. A stability condition similar to that of a standard
two-mirror resonator guarantees the confinement of the bouncing beam near
the optical axis of the MPC. If a single round trip is represented by a ray
transfer matrix MT of the form

FIGURE 8.1
Schematic of a short laser cavity extended by using a multipass cavity (MPC). When the MPC
is q-preserving, the q-parameter of the beam injected into the MPC (qi) equals that of the
returning beam (qr) at the input reference plane zR.
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(8.7)

then, the elements A and D of MT need to satisfy the inequality

(8.8)

in order for the MPC to be stable. Note that because the bouncing beam
returns to the same location after each round trip, the determinant of MT is
unity. If the stability condition given by Equation 8.8 is met, the two eigen-
values λ1,2 of MT have unit magnitude and can be expressed as λ1 = eiθ and
λ2 = e–iθ. In addition, the corresponding eigenvectors  are given by

. (8.9)

Here, cosθ = (A + D)/2. Standard diagonalization techniques can be used to
calculate the nth power  of MT, which gives the ray transformation matrix
for n full round trips inside the MPC.  can be expressed in the form [43]

(8.10)

FIGURE 8.2
Sketch of a multipass cavity consisting of two reflecting mirrors (M1 and M2). In this particular
case, notches are used for beam injection and extraction.
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Let us next analyze the effect of the MPC on the propagation of rays to
give a physical interpretation for the angle θ appearing in Equation 8.9 and
Equation 8.10. We assume that the optical axis is along the z direction and
the incident ray  is represented by the 2 × 1 column vector

(8.11)

In Equation 8.11, r0 and r0′ are the initial ray displacement from the optical
axis and the initial angle of inclination, respectively. Neglecting astigmatic
effects, the ray vector  after n complete round trips is given by

. (8.12)

Let (x0,x0′) and (y0,y0′)  be the initial offset and inclination of the incident
ray in the x and y directions, respectively, at the input reference plane. By
using Equation 8.10 and Equation 8.12, the transverse displacements xn and
yn of the ray after the nth round trip become

. (8.13)

Equation 8.13 shows that the spot pattern formed by the bouncing beam
on the MPC mirrors will in general be elliptical. If the initial ray parameters
are chosen such that

, (8.14)

then the bouncing rays form a circular spot pattern on each mirror and the
coordinates (xn, yn) of the spots after n round trips are given by

. (8.15)

This is schematically depicted in Figure 8.3, which shows three consecutive
spots on one of the MPC mirrors. Note that the angle θ corresponds to the
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angular advance of the spot pattern after one round-trip. The value of θ
depends on the elements A and D of the ray transfer matrix MT and hence
on the specific configuration of the MPC.

We next consider the propagation of a Gaussian beam through an MPC
and investigate the conditions that must be met in order for the MPC to be
q-preserving. As is well known, information about the radius of curvature
R and the spotsize ω of a Gaussian beam is contained in the complex beam
parameter q, which is also referred to as the q-parameter; 1/q is given by [44]

(8.16)

In Equation 8.16, λ is the wavelength of light and n (not to be confused
with the integer n) is the local refractive index of the medium. After passing
through an optical system characterized by a ray transformation matrix M
with elements (A,B,C,D) the q-parameter q′ of the emerging Gaussian beam
can be calculated from

(8.17)

Let us suppose that the injected beam leaves the MPC after n complete
round trips. The matrix M representing n complete round trips will be given
by . If  is ± I, where I is the 2 × 2 unity matrix, then we see from
Equation 8.17 that q′ = q and the returning beam from the MPC will have
the same q parameter as the incident beam. Looking at Equation 8.10, when

, (8.18)

where n and m are any two integers,  and hence the MPC
becomes q-preserving. The integer n denotes the number of round trips that

FIGURE 8.3
Sketch of the circular spot pattern on one of the MPC mirrors. When the initial offset and the
angle of inclination of the beam are properly adjusted, a circular spot pattern can be obtained.
θ is the angular advance of the spot pattern after one round trip and x0 is the radius of the
circular spot pattern.
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the beam has undergone, and m designates the number of semicircular arcs
that the spot pattern produced by the bouncing beam completes on one of
the mirrors. As an example, if m = 3, then the bouncing beam traverses three
semicircular arcs, thus covering a full angular sweep of 540° before exiting
the MPC. Equation 8.18 is the key design rule for the construction of q-
preserving MPCs.

We can provide an alternative interpretation of Equation 8.18 as follows:
suppose the mirror radii and separation of a MPC are chosen so that the
angular advance θ satisfies Equation 8.18. If the bouncing beam completes
n round trips inside the MPC, then the MPC becomes q-preserving.

8.3.3 An Illustrative Design Example

We will outline the design of a specific two-mirror multipass cavity shown
in Figure 8.4. Let the radii of curvature of the mirrors M1 and M2 be R1 and
R2, respectively. The separation between the mirrors is L0. To find the ray
transfer matrix for one round trip, we need the ray matrices that describe a
curved mirror and displacement in a uniform medium. The ray transfer
matrix MR of a curved mirror with radius R is given by

. (8.19)

For a displacement of d, the corresponding ray matrix Md is

(8.20)

Starting immediately to the right of the mirror M1 and proceeding to the
right, the overall ray matrix MT for one round trip can be calculated from
the matrix product

. (8.21)

FIGURE 8.4
A two-mirror multipass cavity consisting of curved mirrors (M1 and M2) with radii R1 and R2.
L0 is the mirror separation.
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It can be shown that the trace of MT is independent of the starting position
inside the resonator and (A+D)/2 is given by

. (8.22)

To consider a specific example, let M1 be flat (R1 = ∞) and R2 be 2 m. If we
choose θ as 24°, which is 2π/15 (corresponding to m = 2 and n = 15), the
MPC will be q-preserving if 15 full round trips are completed during the
passage of the beam. By using Equation 8.22, we see that (L0/R2) = 0.0432
gives θ = 24°. Because R2 = 2 m, the mirror separation L0 needs to be set at
0.0864 m for this q-preserving MPC configuration.

8.3.4 Compensating Optics for Non-q-Preserving MPCs

Long optical path lengths can still be obtained by using multipass cavities,
which are not exactly q-preserving. In this case, it is of interest to know
whether it is possible to use compensating optics to make the MPC q-pre-
serving. In this section, we address this issue by looking at a specific MPC
configuration in which notches carved on the mirrors are used to inject and
extract the beam. We note once again that two conditions must be simulta-
neously satisfied in order for the MPC to be q-preserving: θ must be adjusted
to be mπ/n (m and n being integers) and n full round trips must be completed
during the passage of the beam. When m is even, the bouncing spot pattern
needs to complete a full circular sweep, or a multiple thereof, in order for the
MPC to be q-preserving. However, it is not possible to extract such a beam
with a notch, because it causes the incident beam to escape the MPC without
undergoing any reflections. In this case, by adjusting the notch position on
the second mirror, the bouncing beam can complete a maximum of n–1 round
trips to maximize the effective optical path length. Therefore, one additional
round trip must be introduced in order to make the MPC q-preserving.

In the case of a two-mirror MPC with notches, compensating optics can
be added to make it q-preserving. To see how this is possible, let us consider
the two-mirror MPC consisting of two curved reflectors (M1 and M2) as
shown in Figure 8.5. The radii of M1 and M2 are R1 and R2, respectively. To
analyze the propagation of the beam in the forward and backward directions,
we introduce two reference planes in addition to the input reference plane
zR. Starting at the reference plane zF and moving to the left, the round trip
ray transfer matrix MF can be expressed as

, (8.23)

where the matrices for curved mirrors and displacements are located, as
defined in Equation 8.19 and Equation 8.20. Similarly, starting at the reference
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plane zB and moving to the right, the round trip ray transfer matrix MB

becomes

. (8.24)

Because θ is adjusted to be mπ/n, MF and MB both satisfy

. (8.25)

Now, we analyze the case where the second notch is adjusted so that the
beam completes only n–1 round trips inside the MPC before exit. We also
assume that after the beam exits the MPC, it goes through a compensating
optical system and returns to the MPC. Let Mc represent the transformation
matrix of the compensating optics used to make the overall MPC q-preserv-
ing. Starting at the reference plane zR, a complete round trip inside the MPC
can now be expressed as

. (8.26)

A judicious choice of compensating optics can make the overall MPC q-
preserving. In particular, if Mc is chosen as

, (8.27)

then MT in Equation 8.26 equals the unity matrix and the q parameters of
the incident (qi) and returning beams (qr) become identical at the input
reference plane zR. Practical realization of the compensating optics described
by Mc is straightforward. The setup is shown in Figure 8.6. Upon exiting the
second notch, the beam is first reflected by a curved mirror of radius R2 and

FIGURE 8.5
A two-mirror multipass cavity with notched mirrors. The mirrors M1 and M2 have radii R1 and
R2. Because of a missing round-trip, a single transit is not q-preserving. After the mirror M2, a
compensating optical system represented by the ray transformation matrix Mc is added to make
the multipass cavity q-preserving after a round trip. L0 is the distance between mirrors M1 and M2.
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propagates a distance of L0 up to the retroreflector. Note that the retroreflector
has a radius of R1/2, not R1. The beam then traverses the same path back
into the MPC. The total optical path length introduced by the MPC and the
compensating optical system becomes 4nL0. The design discussed in this
section gives a very practical q-preserving MPC example utilizing notches
to inject and extract the beam. One important property of the design is that
it is scalable. In other words, if all of the radii and mirror separations of the
MPC are increased by a factor k, the overall path length increases by the
same factor k, and, more important, the new MPC still remains q-preserving.
For example, when R1, R2, and L0 are doubled, the MPC remains q-preserv-
ing, the total optical path length is doubled, and the pulse repetition rate is
halved (neglecting the length of the short cavity), without changing the
original spotsize distribution of the short cavity.

If specific compensating optics is not available, non-q-preserving MPC
configurations may sometimes be preferred due their simplicity. In such a
case, it is of interest to know how much deviation occurs from the ideal q-
preserving configuration. As a specific example, we consider an MPC con-
sisting of a flat and a curved reflector with notches as shown in Figure 8.7.
Again, mirrors M1 and M2 have radii R1 and R2. After n–1 round trips, the
beam leaves the second mirror and is retroreflected by a flat mirror (M3 in
Figure 8.7) that can also serve as an output coupler. The resulting configu-
ration is not strictly q-preserving. As a result, if the lengths and radii of the
MPC are scaled by some factor, the q-parameter of the returning Gaussian
beam and hence the spotsize distribution inside the gain medium will in
general be different. Reference [45] provides a thorough analysis of such non-
q-preserving MPCs. It is shown that when L1 < L0 and the separation between
the MPC mirrors is much less than the radius of curvature (L0/R1 << 1), the
approximate effect of the non-q-preserving MPC is to shorten the arm length
of the resonator by . It is well known that in a standard four-mirror
laser resonator, the long arm determines the maximum spotsize of the beam
at the center of the stability region. Hence, if this MPC is placed in either
arm of a nearly symmetric four-mirror cavity or in the shorter arm of an

FIGURE 8.6
Compensating optics for a two-mirror multipass cavity with notched mirrors. After exiting the
second mirror, the beam is first redirected by a curved mirror of radius R2 and then retroreflected
by a second curved mirror of radius R1/2 situated at a distance of L0 from the mirror M2. L0 is
the distance between mirrors M1 and M2.
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asymmetric cavity, the maximum spotsize at the center of the stability region
will remain approximately the same, provided that the short arm is initially
longer than . In this case, the main effect of the deviation from ideal
q-preserving operation is simply a shift in the stability region of the cavity.
When the non-q-preserving cavity is added to the short cavity, the position
of the focusing mirrors around the gain medium can then be readjusted in
order to obtain lasing again.

8.3.5 Pulse Repetition Rates

As we discussed before, MPCs provide a versatile technique for increasing
the effective optical path lengths with a compact arrangement of mirrors. It
is important to note that the mirror separations cannot be arbitrary chosen
due to two limitations. First, the multipass cavity arrangement must be stable
as summarized by Equation 8.8. Second, mirror separations resulting in q-
preserving conditions should be chosen. In general, only a discrete set of
mirror separations satisfies both of these constraints. In this section, we
derive analytical expressions for the mirror separations of two-mirror q-
preserving MPCs and examine how the repetition rate of a femtosecond laser
depends on the multipass cavity parameters. We also show that in the case
of a two-mirror MPC consisting of a flat and a curved mirror, an optimum
round trip number (n) exists, which minimizes the repetition rate for a given
value of m (the integers n and m are as defined in Subsection 8.3.2).

Let us consider a two-mirror MPC. If the mirror separation is L0, and the
beam undergoes n round trips in a single transit, then the MPC introduces a
total effective optical length of 4nL0. Neglecting the length of the short cavity,
the repetition rate frep of the mode-locked laser containing the MPC becomes

. (8.28)

Equation 8.28 is correct, whether or not the MPC is q-preserving. However,
the q-preserving condition θ = mπ/n is satisfied only at certain discrete
values of L0, as we discuss below for specific cases.

FIGURE 8.7
Schematic of a non-q-preserving multipass cavity. The exiting beam is retroreflected by a flat
mirror M3 placed at a distance of L1 from the second mirror M2. L0 is the distance between
mirrors M1 and M2.
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We first consider a two-mirror q-preserving MPC consisting of a flat and
a curved mirror as shown in Figure 8.8. Mirror M1 has a radius of R and
mirror M2 is flat. Again, note that because notches were used in this particular
design to inject and extract the beam, compensating optics was added after
the flat mirror to make the overall MPC q-preserving. We will refer to this
class of two-mirror MPCs as flat-curved (FC) MPCs and denote the q-pre-
serving mirror separations and the corresponding repetition rates as LFC and
fFC, respectively. Starting at the reference plane zR, the ray transfer matrix MT

for one round trip becomes

(8.29)

Hence,

(8.30)

Because θ = mπ/n for q-preserving configurations, we find, by using
Equation 8.30, that LFC is given by

(8.31)

Here, R is the radius of the curved mirror. Note that for a fixed m, different
q-preserving mirror separations are found by changing the value of n. For
a fixed value of m, this gives infinitely many possible q-preserving mirror
separations. Also, for large values of n, LFC monotonically decreases and
approaches zero. The corresponding repetition rate frep becomes

(8.32)

FIGURE 8.8
Two-mirror flat-curved multipass cavity with compensating optics. LFC is the mirror separation.
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In Equation 8.32, c is the speed of light. Figure 8.9a and Figure 8.9b show
how LFC and fFC vary as a function of n for m = 2 and R = 4 meters. Each
solid square in Figure 8.9a and Figure 8.9b, corresponding to an integer value
of n, represents a q-preserving configuration. Another interesting feature of
flat-curved MPCs can be seen from Figure 8.9b.  For a given value of m,
there exists an optimum value nopt of n, independent of R, which maximizes
the effective optical length and minimizes the pulse repetition rate. This is
of practical importance in the construction of flat-curved MPCs with very
low repetition rates. For a fixed value of m, the optimum value nopt can be
found by setting to zero the derivative of fLC with respect to n. This gives
the following transcendental equation for nopt:

(8.33)

In practice, nopt will be the integer closest to the solution of Equation 8.33.
For example, when m = 4, nopt = 5 and the corresponding mirror separation

(a)

(b)

FIGURE 8.9
Calculated variation of the (a) mirror separation LFC and (b) repetition rate fFC as a function of n
for a flat-curved, two-mirror multipass cavity. In the calculations, m = 2 and R = 4 meters. Each
solid square, corresponding to an integer value of n, represents a q-preserving configuration.
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and minimum repetition rates become 0.9R and c/18.09R, respectively. Vari-
ation of nopt with m is tabulated in Reference 43.

In the case of curved-curved (CC) MPCs, the separation LCC is obtained
from

(8.34)

Different from the flat-curved case, two distinct sets of q-preserving solu-
tions exist for the θ values. These can be expressed as (m±π/n), where m+ = m
and m– = m – 2n. These correspond to angular advances of (mπ/n) and
(mπ/n)-2π, respectively. The resulting mirror separations  and repetition
rates  of the q-preserving configurations become

(8.35)

and

(8.36)

The resulting spot patterns on the MPC mirrors are different for the two
different values of m. These are discussed in detail elsewhere [45].

Inspection of Equation 8.32 and Equation 8.36 shows that fFC and  have
a similar dependence on n. In particular, the repetition rate attains a mini-
mum value for both cases as n is varied. The only difference is that for the
curved-curved MPC, the optimum value (nopt)CC is approximately the integer
closest to 1⁄2 (nopt)FC. This choice of n gives the minimum possible repetition
rate that can be obtained for these two configurations. The trends discussed
above differ from the second set of solutions for the curved-curved MPC.
As n is increased,  monotonically decreases while  asymptotically
approaches 2R. Hence, it is preferable to use curved-curved MPCs to achieve
the lowest possible repetition rates. Figure 8.10a and Figure 8.10b show the
variation of the MPC separation and the corresponding repetition rate,
respectively, for the two possible cases of the curved-curved MPCs. A prac-
tical constraint on the maximum allowed value of n comes from the loss per
bounce introduced by the highly reflecting mirror. If the total number of
round trips in one transit is n and if the reflective loss per bounce from each
MPC mirror is lR, then the addition of the MPC will introduce a total loss of
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4nlR into the cavity. Hence, use of very high quality reflectors with ultralow
reflective loss is critical in minimizing passive losses while achieving very
long effective optical path lengths.

8.3.6 Practical Considerations

In this section, we discuss some of the important issues related to the con-
struction of practical MPC femtosecond lasers. The most important point to
remember is that the overall length of the MPC can be tens of meters, which
makes the alignment of the laser extremely difficult by using the fluorescence
of the gain medium alone. In practice, it is much easier to build the short
laser cavity first. Once lasing is obtained, the power performance and mode
matching of this cavity can be optimized further. Let us remember that,
especially when a q-preserving MPC is added for cavity length extension,
the laser spotsize distribution in the gain medium will remain invariant.

(a)

(b)

FIGURE 8.10
Calculated variation of the (a) mirror separation and (b) repetition rate as a function of n for
the two possible cases of a curved-curved, two-mirror multipass cavity. In the calculations,
m = 2 and R = 4 meters.
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Suppose that the MPC will be placed in the arm containing the end high
reflector of a standard four-mirror cavity built either in x or z configuration.
To ease the alignment of the MPC, the high reflector is first replaced by a
plane (not wedged) partial reflector with low output coupling. The leaking
beam can then be used to align the MPC with the desired mirror separation
and spot pattern. The partial reflector should be placed as close to the input
reference plane of the MPC as possible. The end mirror of the MPC can then
be aligned to provide feedback into the laser. At this stage, once the partial
reflector of the short cavity is removed, the lasing of the extended cavity is
readily obtained because the stability region should remain nearly the same
as that of the short cavity.

The other important issue is about dispersion compensation in MPC
femtosecond lasers. One possibility is to use prism pairs but they are
undesirable in MPC configurations. The most important reason is that a
large prism separation may be necessary to provide sufficient dispersion
for high pulse energies, and this can make the setup rather bulky. In
addition, if highly dispersive prisms are instead used to obtain the same
amount of second-order dispersion with shorter prism separation, it may
become difficult to control the higher order contributions to phase distor-
tions. A more practical approach is to use double-chirped mirrors (DCMs)
for dispersion compensation [41]. With careful design, controlled amounts
of second- and higher-order dispersion can be introduced with a compact
arrangement of MPCs.

8.4 Experimental Work on Multipass Cavity Femtosecond 
Lasers

In the previous sections, we discussed the general characteristics and the
key design rules of multipass cavities. In practice, MPCs can be employed
to improve the performance of femtosecond lasers in a number of ways.
First, MPCs can be used to build very compact femtosecond resonators. This
particular application of MPCs is first discussed in Susection 8.4.1. The
technique was applied to a Ti3+:Al2O3 oscillator and both q-preserving and
non-q-preserving configurations were investigated. A 31-MHz femtosecond
oscillator with a 30 cm × 45 cm footprint could be built and operated with
pump powers as low as 1.5 W. Second, MPCs can be employed to increase
the pulse energy of low-average-power femtosecond lasers. This is discussed
in Subsection 8.4.2. In this case, experiments were performed with a Cr:LiSAF
gain medium and 0.75-nJ pulses were obtained at 867 nm with 120 mW of
pump power. Next, we discuss the application of MPCs in generating pulse
energies above 100 nJ (Subsection 8.4.3) and in obtaining mode-locked oper-
ation from ultralong optical cavities (Subsection 8.4.4).
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8.4.1 Compact Femtosecond Lasers Based on the MPC Concept

MPC configurations can be used to make very compact femtosecond lasers.
This particular application of MPCs was experimentally demonstrated by
using a Ti3+:Al2O3 gain medium [45,46]. A schematic of the experimental
setup is shown in Figure 8.11. The short cavity that extended up to the
reference plane zR, was a folded, astimatically compensated x cavity contain-
ing a short (2 mm) Brewster-cut Ti3+:Al2O3 crystal with a pump absorption
of about 75% at 532 nm. The radius of the concave high reflectors M1 and
M2 was 3 cm. The resonator was end pumped by a diode-pumped frequency-
doubled Nd:YVO4 laser operating at 532 nm. The path length of the long
arm extending from M2 to the output coupler (OC) was 35 cm, and the short
arm (between M1 and zR) was 21 cm. The estimated pump and laser beam
radii inside the gain medium were 7 μm and 9 μm (1/e2 radius), respectively.
In order to maintain compactness, double-chirped mirrors (M1–M5) were
used for dispersion compensation. The net round trip dispersion of the
resonator was about –224 fs2.

A flat-curved q-preserving MPC was used to extend the optical path length
of the resonator. The curved mirror (M6) had a radius of 2 m. The beam
entered the MPC through a notch on the curved mirror and exited through
a second notch on the flat mirror (M7). The mirror separation was adjusted
to be 23.4 cm. This corresponds to a 40° angular advance of the spot pattern
after each round trip with m = 2 and n = 9 (see Equation 8.18). Because
notches were used for beam injection and extraction, nine full round trips
could not be completed and compensating optics was used to make the MPC
q-preserving. The beam leaving the second flat mirror was reflected by a flat
high reflector (M8) through the notch and then sent back by a curved ret-
roreflector (M9) whose radius was 1 m. Although the overall path length of
the resonator was 9.6 m, use of the MPC enabled the realization of a very
compact design with a footprint of 30 cm × 45 cm. The corresponding pulse
repetition rate was 31.25 MHz.

FIGURE 8.11
Schematic of the compact 31-MHz femtosecond Ti3+:Al2O3 oscillator. A flat-curved multipass
cavity was added for cavity extension. See the text for a description of the components.
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Use of a tight-focusing resonator geometry resulted in low-threshold oper-
ation of the Ti3+:Al2O3 laser. With an input pump power of 1.5 W and without
the MPC, the resonator produced 178 mW of cw output power. The output
coupler had a transmission of 11%. For this case, the threshold pump power
and the slope efficiency were 510 mW and 20%, respectively. CW power
measurements further showed that the optimum output coupling of the
resonator was near 11% at a pump power of 1.5 W. The round-trip resonator
losses were further estimated to be 6.8%. The multipass cavity was aligned
by using another flat output coupler positioned before the first mirror (M6)
of the MPC. The mirror tilts and separation were adjusted to obtain a nearly
circular spot pattern on each of the MPC mirrors. The spot pattern on one
of the MPC mirrors can be seen in Figure 8.12. Also seen in Figure 8.12 is
the rectangular notch used for beam injection. The angular advance of the
spot pattern after each round trip was 40°. With the compensating optics, a
full round trip through the MPC gave a q-preserving configuration and
lasing of the extended cavity could be readily achieved by removing the
output coupler before the MPC. With the MPC, the cw output power
decreased to 140 mW at the input pump power of 1.5 W. The round-trip
insertion loss of the MPC was further estimated to be 3%.

FIGURE 8.12
Spot pattern on one of the mirrors of the multipass cavity used in the 31-MHz femtosecond
Ti3+:Al2O3 oscillator.
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Femtosecond pulse generation experiments were carried out with the 11%
transmitting output coupler. Once the focusing of the cavity beam was opti-
mized inside the gain medium, mode-locked operation could be readily
obtained by moving one of the resonator end mirrors. Once initiated, stable,
uninterrupted mode-locked operation could be sustained for many hours.
Figure 8.13 shows the oscilloscope trace of the pulse train obtained. Charac-
terization of the mode-locked pulses was done at a pump power of 1.5 W.
The measured autocorrelation and spectrum of the pulses are shown in
Figure 8.14a and Figure 8.14b, respectively. The spectral bandwidth (FWHM)
was measured to be 40 nm. By assuming a hyperbolic secant pulse profile,
the pulse duration was further determined to be 23 fs, with a corresponding
time-bandwidth product of 0.45. With 1.5 W of pump power, 88 mW of
mode-locked output power was obtained, corresponding to 2.8 nJ of pulse
energy at a 31.25-MHz repetition rate. As the pump power was increased to
2.3 W, up to 4 nJ of output energy could be obtained.

A simpler non-q-preserving MPC design was also used to build a compact
femtosecond Ti3+:Al2O3 oscillator. The design was similar to what is shown
in Figure 8.11 with L0 = 23.4 cm, m = 2, and n = 9, except the missing round
trip was not compensated and the flat 11% transmitting output coupler was
placed at a distance of 6.5 cm from the exit mirror of the MPC. The net round-
trip dispersion of this setup was –230 fs2. We discussed non-q-preserving
MPCs of this kind in Subsection 8.3.4. Note that here L1 = 6.5 cm and
L0 = 23.4 cm. Because L1 < L0 and L0 << R (R = 200 cm), for both the short
and the extended cavities, the beam waist at the center of the stability region
remains nearly the same but the stability regions are shifted. This made the
alignment of the extended cavity more difficult in comparison with the q-
preserving cavity. Once the output coupler before the MPC was removed,
laser action could not be readily obtained and the position of the focusing
mirrors (M1 and M2) around the gain medium was adjusted to obtain lasing.

FIGURE 8.13
Oscilloscope trace of the pulse train at a repetition rate of 31.25 MHz.
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The overall passive loss of the non-q-preserving configuration was slightly
lower and hence somewhat better power performance was obtained. In
particular, with 1.5 W of pump power, the mode-locked resonator produced
115 mW of average output power, corresponding to 3.65 nJ of pulse energy
at a pulse repetition rate of 31.5 MHz. When the pump power was increased
to 2.4 W, as high as 5.2 nJ of output pulse energy was obtained. At this pump
power, 19-fs pulses with a time–bandwidth product of 0.39 were produced.
The pulsewidth is shorter than that for the q-preserving case discussed above
due to slightly higher available pulse energy as is predicted by the soliton
mode-locking theory (see Equation 8.5).

8.4.2 Pulse Energy Scaling in Low-Average-Power Systems

In this section, we review another experiment in which an MPC was used
to scale up the output energy of a mode-locked Cr:LiSAF laser with low
average output power [47]. Cr:LiSAF is a broadly tunable solid-state gain
medium that can be used to generate femtosecond laser pulses around

(a)

(b)

FIGURE 8.14
Measured (a) autocorrelation intensity and (b) spectrum of the femtosecond pulses generated
with the 31-MHz multipass-cavity Ti3+:Al2O3 oscillator. The input pump power is 1.5 W. The
pulse duration (FWHM) and the spectral width are 23 fs and 40 nm, respectively.
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850 nm. One important advantage of this gain medium is that the absorption
band around 670 nm allows direct diode pumping. Although broad-stripe
diodes are available as pump sources, they are typically expensive and suffer
from low mode quality, making it difficult to obtain good mode matching
between the pump and the laser resonators. A cost-effective alternative is to
use inexpensive, single-spatial-mode diodes to improve mode matching. How-
ever, the low output power of single-mode diodes has limited the directly
generated output energy from the Cr:LiSAF oscillators to about 0.14 nJ [48].

In the experiments described by Prasankumar et al. [47], a flat-curved MPC
was used to scale the output energy of a Cr:LiSAF laser. The short cavity
contained a 5-mm-long, Brewster-cut 1.5% doped Cr:LiSAF crystal posi-
tioned between two curved mirrors with 10-cm radii. The short cavity, which
had a repetition rate of 115 MHz was end pumped by 3 single-mode diodes
producing a total of 120 mW. The MPC consisted of a flat and a curved mirror
separated by 2 m. The radius of the curved mirror was 4 m, giving an angular
advance of π/2 for the spot pattern after each round trip. So far, we mainly
discussed the use of notches for beam injection and extraction. An alternative
method is to use small pick-off mirrors to direct the incident and exit beams.
In this particular case, small pick-off mirrors were used for beam injection
and extraction. The overall repetition rate of the extended cavity was 8.6
MHz. Mode locking was initiated with a saturable Bragg mirror. Dispersion
compensation was provided by DCMs or a prism pair. By using DCMs only,
39-fs pulses were produced with 20 nm bandwidth centered at 867 nm. The
average output power was 6.5 mW. With a repetition rate of 8.6 MHz, this
corresponds to pulse energy of 0.75 nJ and represents a fivefold enhancement
compared to previous results.

8.4.3 High Pulse Energies with MPCs

Multipass cavities can also be used to obtain very high energy femtosecond
pulses at megahertz repetition rates from standard lasers. In the experiments
described by Kowalevicz et al. [49], a MPC was used to scale up the output
energy of a Ti:Al2O3 laser pumped by a 10-W frequency-doubled Nd:vana-
date laser. The short cavity was a standard x-folded configuration containing
a 3-mm-long Ti:Al2O3 crystal between two curved high reflectors each with
a radius of 10 cm. The pump absorption coefficient of the crystal was 2.76
cm–1 at 532 nm. The crystal was mounted on a copper block and maintained
at 15°C. The short cavity was extended by using a flat-curved MPC. The
radius of the curved mirror was 15 m and the mirror separation was set to
1 m, giving an angular advance of 30° per round trip. This corresponds to
m = 2 and n = 12 (See Equation 8.18). Small pick-off mirrors were used for
beam injection and extraction. The MPC introduced a total of 12 round trips
per pass, giving a repetition rate of 5.85 MHz for the extended resonator.
Dispersion compensation was achieved by using DCMs. In order to balance
the chirp due to self phase modulation, the cavity was operated with a large
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amount of negative dispersion. The net dispersion of the cavity was esti-
mated to be –1350 fs2. Also, a 25% output coupler was used to decrease the
intracavity intensity and to minimize instabilities due to excess Kerr nonlin-
earity. The absorption of the laser crystal was about 56%. In order to use the
pump more efficiently, a curved retroreflector was used to double-pass the
pump beam. During mode-locked operation, the resonator produced 877
mW of output power with 9.4W of input pump power. At a repetition rate
of 5.85 MHz, this corresponds to an energy per pulse of 150 nJ. The output
pulses had 43-fs duration (FWHM, assuming a hyperbolic secant squared
pulse profile) and a spectral bandwidth of 16.5 nm (FWHM). The peak power
of the pulses was 3.5 MW. This laser system has been used in the microfab-
rication of photonic components on transparent glass [22].

Direct scaling to even higher pulse energies becomes quite challenging due
to the possibility of pulse instabilities caused by excessive nonlinearities in
the gain medium. One alternative scheme is to build chirped-pulse oscillators
with MPCs in order to avoid this problem. Fernandez et al. [50] used this
method to build chirped-pulse multipass oscillator with a repetition rate of
about 11 MHz. The resonator was operated with a small amount of positive
dispersion. In combination with Kerr nonlinearities, positive dispersion led
to the generation of strongly chirped picosecond pulses with a broad spec-
trum in the 760–820 nm range. The pulses extracted from the cavity were
then compressed with an extracavity dispersive delay line consisting of a
pair of LaK16 prisms. With about 10 W of input pump power, 220-nJ, 30-fs
pulses could be produced at a pulse repetition rate of 11 MHz, corresponding
to peak powers of 5 MW. More recently, the same group utilized a double
MPC setup to generate 0.5 μJ, sub-40 fs pulses at a pulse repetition rate of 2
MHz, corresponding to a peak power in excess of 10 MW [13]. Similarly,
researchers at the Max Planck Institute have obtained 0.5 μJ, 50-fs pulses at
a repetition rate of 6 MHz. Tight focusing was employed to create peak
intensities exceeding 1014 W/cm2, and ionization of helium, which requires
simultaneous absorption of at least 17 photons, was experimentally demon-
strated [23].

8.4.4 MPC Lasers with Ultralow Repetition Rates

In this section, we review two studies in which MPCs were employed to
build mode-locked solid-state lasers with ultralow repetition rates around 1
MHz. In the experiments described by Kolev et al. [51], a diode-pumped
Nd:YVO4 laser was constructed and passively mode-locked with semicon-
ductor saturable absorber mirrors at 1064 nm. Cavity extension was achieved
by incorporating a q-preserving MPC (referred to as a “zero-q-transforma-
tion” of ZqT system in Reference 51). Three different MPC designs were
employed resulting in mode-locked operation with repetition rates of 4.1,
2.6, and 1.5 MHz. In the case of 1.5-MHz operation, there were up to 72
reflections from the MPC mirrors per round trip, and special mirrors with
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very high reflectivity (R > 99.997%) were used to minimize passive resonator
losses. The duration of the output pulses was independent of the repetition
rate and was measured to be 13 ps by assuming a sech2 intensity profile. The
average output power at 1.5 MHz repetition rate was 3.5 W, and the M2 of
the output beam was determined to be less than 1.1.

In another experiment, Papadopoulos et al. [52] demonstrated the opera-
tion of an ultralow-repetition-rate picosecond Nd3+:YVO4 MPC laser pas-
sively mode-locked with a SESAM. In this case, the MPC was folded with
the help of two plane mirrors. By changing the alignment of the plane or
concave mirrors, the number of passes and hence the repetition rate of the
laser could be adjusted. In the experiments, a 5-mm-long 0.1%-doped
Nd3+:YVO4 crystal was pumped by a 15-W diode laser at 808 nm. Passive
mode locking was obtained with a SESAM having a modulation depth of
about 6%. Stable mode-locked operation could be achieved with repetition
rates as low as 1.2 MHz. The pulse duration and the average power were
16.3 ps and 470 mW, respectively, corresponding to a pulse energy of 392 nJ
and peak power of 24 kW. The M2 was further measured to be 1.1.

8.5 Conclusions

We have provided a detailed account of the design rules of multipass optical
cavities and their application to pulse energy scaling in femtosecond solid-
state lasers. Q-preserving multipass cavities were introduced, and their ana-
lytical design rules derived. We have proved that the angular advance of the
bouncing beam after one round trip should equal π times a rational number
in order for the MPC to be q-preserving. Illustrative design examples were
given. In the case of MPCs with notched mirrors, the use of compensating
optics to restore the q-preserving nature of the multipass cavity was dis-
cussed. Variation of the pulse repetition rates for different q-preserving con-
figurations was also calculated for two-mirror MPCs consisting of flat-curved
or curved-curved high reflectors. Finally, we discussed several experiments
performed by different groups in which MPCs were utilized to build compact
and/or high-energy mode-locked oscillators. MPC femtosecond lasers offer
a simple alternative to pulse energy scaling and should find numerous appli-
cations in science and technology.
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9.1 The Laser Light Source

9.1.1 Introduction

Femtosecond laser systems have proven their potential in research labora-
tories in a variety of applications that were previously unthinkable, in fields
as diverse as material processing, photonic device production, microscopy,
and biomedicine. The application of these lasers outside research laboratory
environments has been, up to now, very limited because of their complexity
and difficulty of operation, and because of the high prices of commercially
available laser systems.

In terms of both pulse energy and repetition rate, cavity-dumped laser
systems are in between oscillators and amplifier systems, and thus are ideal
laser sources for many applications such as microstructuring, laser surgery,
tissue manipulation, multiphoton microscopy, and laser spectroscopy. In the
past the main focus of research was on cavity-dumped TEM00-pumped
Ti:sapphire laser systems [1–5]. However, because these lasers are pumped
in the green spectral region, where no laser diodes are available, their appli-
cation is limited to a small community of users due to the high cost of the
green pump lasers. Recently, we became aware of the potential of diode-
pumped laser oscillators with cavity-dumping in terms of performance and
reliability. In two publications we have demonstrated the generation of fem-
tosecond pulses with energies of 300 nJ and repetition rates higher than 1
MHz from a laser system based on Yb:glass [6,7]. However, this material is
limited in terms of power scaling because of its low absorption and emission
cross sections, which makes it necessary to use relatively long laser rods with
tight focusing [8]. Therefore, self-phase modulation is the limiting parameter
and cannot be further reduced easily [7,9]. Additionally, due to the poor
thermal conductivity of Yb:glass and the need of tight pump focusing, the
maximum pump power is limited to a few watts.

One possible way to overcome these disadvantages is to use a laser mate-
rial with larger cross sections having a shorter pump absorption length at a
given doping concentration. This would allow one to increase the spot size
of the laser mode and also to shorten the crystal. Yb:KY(WO4)2 (Yb:KYW)
meets the desired advantages [10]: First, its absorption and emission cross
sections are larger than those of Yb:glass by an order of magnitude. Second,
the improved thermal conductivity leads to reduced thermal effects in com-
parison with Yb:glass. Therefore, it is possible to use low-brightness, high-
power multi-emitter diode bars for pumping, which reduces costs and
increases the reliability compared with high-brightness diode-pumping
options [11]. Even though the nonlinear refractive index is higher than in
Yb:glass, all the properties mentioned above make this crystal an almost
ideal candidate for high-peak-power laser systems.

The first part of this chapter is organized as follows: After a brief description
of the laser setup, we introduce three dynamic regimes which are dependent
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on different dumping frequencies. The pulse-to-pulse stability, the transient
spectra, and autocorrelations are discussed with respect to the theoretical
model. A numerical evaluation of the laser dynamics is carried out and
compared to the experimental results. The major pulse shaping mechanism
is shown to be caused by solitary pulse propagation, but the spectral prop-
erties of the laser pulses are strongly influenced by the generation of Kelly
sidebands.

9.1.2 Mode-Locked Yb:XXX Laser Oscillators

During the last decade, the research on Yb-doped laser materials has been
very successful [12], which was triggered, on one hand, by the availability
of high-brightness diodes emitting in the absorption band. On the other
hand, the lasing transition of Yb3+ from 2F7/2 to 2F5/2 is rather simple and
broad-band due to Stark degeneration without significant upconversion or
cross relaxation channels; furthermore, the absence of concentration quench-
ing allows for high doping levels [13]. The small quantum defect leads to
self-absorption in the lower wavelength edge of the emission band, and Yb-
doped laser materials can be described by a quasi-three-level model with
the resulting requirements for the pump intensity.

Due to the large bandwidth, passive mode-locking was quite successful.
The most advanced approaches are based on semiconductor saturable
absorber mirrors (SESAMs) for achieving mode-locking, and on prisms or
phase correcting mirrors to provide anomalous dispersion for solitary pulse
shaping. Recent results have been: 90 fs pulses with 40 mW average output
power and 0.4 nJ energy from a Yb:GdCOB laser oscillator, 68 fs pulses with
300 mW average output power, and 3 nJ energy from a Yb:SrYBO laser
oscillator [14,15]; 340 fs pulses with 110 mW average output power and 1 nJ
energy from a Yb:YAG laser oscillator, 60 fs pulses with 65 mW average
output power and 0.6 nJ energy from a Yb:Glass laser oscillator [8,16,17]; 71
fs pulses with 120 mW average output power and 1.2 nJ energy from a
Yb:KYW laser oscillator [18,19] and, finally, 810 fs pulses with 60 Watts of
output power with 1.75 μJ from a mode-locked thin-disk laser oscillator
[20,21]. High-power cw demonstrations with innovative Yb-doped materials
are given in [22,23].

9.1.3 Numerical Model

The laser dynamics of the passively mode-locked oscillator with cavity-
dumping is well described by three coupled equations: The first equation is
Haus’ master equation of mode locking [24] and describes the time evolution
of the slowly varying field amplitude A(t,T) on two time scales: the local
time t in a moving frame around the pulse, and a global time T in a scale of
many resonator round-trip times TR including many linear and nonlinear
pulse shaping effects
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(9.1)

with the group delay dispersion (GDD) β2, the so-called gain dispersion
 which includes the gain bandwidth Ωg and the band-

width Ωf of further cavity elements (both HWHM); g is the roundtrip ampli-
tude gain, l and q the linear and nonlinear amplitude losses. The field
amplitude is normalized in a way that |A(t,T)|2 describes the power enve-
lope. Then, the SPM coefficient (self-phase modulation) is given by:

, (9.2)

with the center wavelength λ0, the effective mode area AL = πw2
0, the mode

radius w0, the nonlinear Kerr coefficient n2, and the geometrical length lL of
the laser medium.

The second equation is the rate equation for the laser gain. Assuming only
small changes of the gain g(T) during one laser round-trip (τL >> TR), which
is well fulfilled in practically all cases using Yb-doped materials with their
long upper-state lifetime τL, the rate equation is

(9.3)

with the small signal amplitude gain g0, the pulse energy

(9.4)

and the saturation energy

(9.5)

with the number of passes M1as through the gain medium per roundtrip and
the emission cross section σL.

The third and last equation describes the dynamics of the saturable
absorber mirror (SESAM):

, (9.6)

with the small signal amplitude losses q0, the absorption life time τq, and the
saturation energy
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(9.7)

with the saturation flux density Fq, and the effective mode area Aq of the
laser beam on the absorber mirror.

9.1.3.1 Numerical Solution

The master equation can be efficiently solved employing a split-step Fourier
method [25], which applies the nonlinear effects like SPM and SESAM in the
time domain, and the linear effects in the Fourier domain.

The gain g(T) is slowly varying on time scales of the round-trip time and
can be discretized as

, (9.8)

leading to the discrete and recursive version of Equation 9.3 with TL = τL/TR

. (9.9)

The same can be done with the absorber equation (Equation 9.6) and a
suitable time discretization Δt:

. (9.10)

With tq := τq/Δt we obtain

. (9.11)

9.1.3.2 Soliton Mode-Locking

In steady state, the effects on the pulse energy and the effects on the pulse
shape cancel each other. The gain equals the loss, and the pulse broadening
due to gain dispersion equals the shortening from the saturable absorber.
Assuming that, in this case, their contribution to the pulse shaping can be
neglected, Equation 9.1 reduces to the nonlinear Schrödinger equation

. (9.12)

With γ  > 0 it can be solved in the case of anomalous dispersion (β2 < 0)
with a fundamental soliton
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(9.13)

with the pulse peak amplitude and the nonlinear phase shift per roundtrip
given by

. (9.14)

The soliton fulfills the area theorem, saying that the product of ampli-
tude/energy and duration is constant

. (9.15)

Later in the experimental part, we will show that the assumptions leading
to the solitary solutions of the master equation are well fulfilled in our case.

9.1.3.3 Kelly Sidebands

The periodic disturbance of the soliton in a laser resonator due to the discrete
ordering of the pulse-shaping elements leads to a continuous shedding of
power from the pulse peak to the background, leading to a resonant enhance-
ment of phase-matched spectral components. Because the phase of the back-
ground continuum is determined only by the linear cavity phase φ(ω), the
phase matching condition is given by [26–28]

, (9.16)

and peaks at positions ω±n can be observed in the optical spectra. Later, we
will show that besides the sidebands, according to the laser roundtrip time,
an additional set of Kelly sidebands will appear in the case of cavity dump-
ing, where due to the periodic dumping an additional disturbance of the
soliton on a second time scale is imposed.

9.1.4 Cavity-Dumping Dynamics of Picosecond Lasers

Because SPM and GDD terms can be neglected, the generation of picosecond
pulses from a cavity-dumped laser oscillator can be modeled simply by
solving the rate equations.

Figure 9.1a shows the calculated relaxation transient between two dumping
events, together with some experimental data for verification. The dump-
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A t T A
t T

TR

( , ) sec exp=
⎛
⎝⎜

⎞
⎠⎟

−
⎛
⎝⎜

⎞
⎠⎟0 h i

sechτ
ψ

A
E A

0
2

2
0
2

2 2 2
= = =

τ
ψ β

τ
γ

sech h

and,
| |

sec

A E0
2 22τ β

γ
τ β

γsech sech= ⇔ =| | | |

φ ω ψ( ) ,± = −n n n2π ∈ΝΝ

© 2007 by Taylor & Francis Group, LLC



Cavity-Dumped Femtosecond Laser Oscillator 355

from the dumping to the steady state. This is a very stable mode of operation
that we call the relaxed regime, where the dumping frequency is much smaller
than the energy relaxation frequency, fdump � fenergy. Things become more
complicated in the so-called resonant regime with fdump ≈ 2 fenergy. Figure 9.1b
and Figure 9.1c reveal the pulse energy as well as the gain transient. The

FIGURE 9.1
(a) Pulse energy transient between two dumping events in the picosecond oscillator (noisy line:
experimental data; straight line: calculation); (b) and (c): calculated energy and gain transient
for a dumping frequency in the resonant regime; (d) and (e): calculated energy and gain transient
for a dumping frequency in the transient regime.
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pulse energy strongly changes with fdump, depending on whether the dump-
ing occurs in a minimum or a maximum of the energy relaxation oscillation.
We observe a subperiodic behavior, where a pulse with high pulse energy
is followed by a small one and vice versa. At even higher dumping frequen-
cies, a third mode of operation can be identified, the transient regime with
fdump � fenergy, shown in Figure 9.1d and Figure 9.1e. The dumping events
are imposed with a periodicity too small for the internal time constants,
giving no time for the laser to show any pronounced gain dynamics at all.
Therefore, we observe stable pulse trains with significant but decreasing
energy enhancement. This is also an inherently stable mode of operation.
The pulse energies of subsequent pulses as a function of the dumping
frequency are subsumed in Figure 9.2a. The scale is normalized to the
intracavity pulse energy without dumping; the three regimes are well dis-
tinguishable.

In conclusion, picosecond dumping is a stable scheme, in addition to the
one resonance where the dumping frequency interferes with the energy
relaxation oscillation. Things become much more complicated in the case of
the femtosecond laser with solitary pulse shaping.

9.1.5 Cavity-Dumping Experiments With Picosecond Lasers

The picosecond Nd:YVO4 laser with cavity dumping was an end-pumped
system, which was passively mode-locked with a SESAM. It did not contain
any components for dispersion control. The schematic setup of the device is
outlined in Figure 9.3. The pump light was focused into the Nd:YVO4 gain
medium, which had a high reflection coating for the laser wavelength at
1064 nm on one side. Typically, 14 W of the pump power was absorbed inside
the crystal. The other end of the 3.2 mm long crystal was cut at Brewster’s

FIGURE 9.2
(a) Steady-state output pulse energy as a function of the dumping frequency of the picosecond
oscillator (calculated); (b) difference in pulse energy between subsequent pulses as a function
of the dumping frequency. The subharmonic behavior in the resonant regime is clearly visible
in both graphs.
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angle. The actual laser cavity of 27 MHz repetition rate had to be folded
multiple times to allow for a compact setup. The dumping was performed
by a combination of a Pockel’s-cell (PC) and a thin-film polarizer (TFP). The
PC was in a double-BBO-crystal configuration with a λ/4-voltage of 2.5 kV.
For technical reasons the high voltage switches could only be driven up to
1.1 kV at dumping rates above 500 kHz, hence the dumping ratio was limited.

The system was analyzed in the stable “transient” regime at dumping
frequencies of 0.71, 0.83, and 1.02 MHz, and the pulse energy remained
constant around 1.8 μJ. The energy relaxation oscillation as characteristic
intrinsic frequency of the system was well below the dumping frequencies
(fenergy ≈ 180 kHz); therefore, no destabilization was observed. At the repeti-
tion rate of 1 MHz, the dumping efficiency was as high as 48%, limited by
the electronics as mentioned before. The intracavity pulse energy was deter-
mined as 3.8 μJ, corresponding to 102 W of average power. This suggests
potentially higher output pulses if voltages closer to the λ/4-voltage of the
PC could have been applied.

In Figure 9.4 some experimental data, which was taken at the repetition
rate of 1 MHz, is shown. The autocorrelation trace of the dumped pulses on
the left was fitted with the autocorrelation of a sech2, giving a typical pulse

FIGURE 9.3
Schematic setup of the cavity-dumped picosecond Nd:YVO4 laser system.

FIGURE 9.4
Left: typical autocorrelation of the output pulses at a dumping rate of 1.02 MHz. Right: nor-
malized intracavity pulse energy in dependence on the number of round trips (the residual
ripples in the curve are due to aliasing).
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with of 7.1 ps. On the right the measured intracavity pulse energy transient
is displayed in dependence on the number of round trips.

9.1.6 Cavity-Dumping Dynamics of Femtosecond Lasers

Our investigations regarding the dynamics in the solitary parameter region
have been performed with a mode-locked directly diode-pumped Yb:glass
oscillator [9]. Besides the dumping frequency, two main inherent time con-
stants are involved: the energy relaxation period 1/fenergy and the soliton
relaxation period

(9.17)

in numbers of round trips. Cavity dumping imposes an additional periodic
perturbance of the solitary pulse. As all three time constants can be in the same
order of magnitude, such a system displays an extraordinary dynamic behav-
ior in certain parameter ranges, and a detailed knowledge about the pulsing
dynamics is necessary for the identification and anticipation of stable regimes.

From an experimental point of view, because cavity dumping represents
a periodic perturbance of the solitary pulse, the intracavity pulse shaping
transient from one dumping event to the next is accessible for a measurement
— at least, in the stable regimes. Here, we will compare the transient mea-
surements to corresponding solutions of the master equation of mode lock-
ing. The excellent agreement between the measurement and the theory
allows extrapolating the pulse parameters beyond the limits of the current
experiment.

In order to characterize our laser in terms of stability, the system was
analyzed in the same operational regimes as for the picosecond case, the
“relaxed,” “resonant,” and “transient” regime for low, medium, and high
dumping rates, respectively. Typical pulse energy and peak power evolutions
between two dumping events are shown in Figure 9.5. For low repetition
rates (< 20 kHz, Figure 9.5a and Figure 9.5b), the time between the dumping
is long compared to the period of the energy relaxation oscillations, which
allows the laser to relax to its steady state. In terms of pulse duration and
chirp, the dumped pulses correspond to the unperturbed laser without cav-
ity-dumping. It is possible to extend the relaxed regime to rather high fre-
quencies (up to 20 kHz) by operating the system in terms of power and
dispersion very close to the multiple pulse breakup. The overshoot after the
dumping is limited considerably due to the optimized ratio between spectral
filtering and absorber action, as was analyzed in detail in [29]. In this regime,
the observed pulse to pulse reproducibility is very high. The rms-noise of
the energy fluctuations was measured to be better than 0.1%, which is the
resolution limit of the used oscilloscope. In the resonant regime with a
dumping rate close to the energy relaxation oscillation frequency (around
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40 kHz), a double-energy state for subsequent pulses appears and subhar-
monic behavior is observed. Intracavity pulse energy and peak power evo-
lution between the dumping events in this regime are shown in Figure 9.5c
and Figure 9.5d. This regime extends more or less from 20 to 80 kHz. The
secondary oscillations visible on the crest of the peak power transient wave-
form are an effect of the third relevant time constant, namely the soliton
relaxation period, which becomes important in the third, the transient
regime: The “transient” regime is present at dumping frequencies higher
than 80 kHz; the laser has no time to relax before the next dumping occurs.

FIGURE 9.5
Intracavity energy and peak power (detected via second-harmonic energy) as monitored by a
photodiode. The arrows indicate the dumping period.
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This is depicted in Figure 9.5e and Figure 9.5f. Despite the saw-tooth shape
of the fundamental, the structured second-harmonic trace, which reveals
oscillations in the pulse duration, indicates the soliton relaxation period. As
will be shown in the following, these oscillations can have a major effect on
the stability of the system. To illustrate the complex interplay between the
three relevant time constants in the transient regime, the energy relaxation
period, the soliton relaxation period, and the dumping period, a stability
diagram is measured and given in Figure 9.6. As a measure for the stability,
the rms-noise of the second harmonic of dumped pulses is plotted as a
function of dumping ratio and dumping frequency. Bright regions are oper-
ational parameters which lead to high stability, whereas dark regions repre-
sent poor stability. At certain dumping frequencies with high stability, the
pulse to pulse rms-noise is better than 0.8%. It is obvious that a decreasing
dumping ratio diminishes the perturbance and increases the stability,
whereas at higher dumping ratios the darker regions of instability become
broader, up to the point that only a few narrow stable areas remain. The
instability can manifest itself as a subharmonic, multienergy state in the
second-harmonic signal, irregular energy fluctuations, or both.

The three graphs in the lower part of Figure 9.6 show the peak power
transients at different dumping frequencies in three neighboring stable areas
of the transient regime as indicated in the stability plot. It is clearly visible
that distinct regimes can be classified by the number of periods existing in

FIGURE 9.6
Upper part: measured stability regions of the system in the transient regime. Bright areas: low
rms noise = high dynamical stability; dark areas: poor dynamical stability. Lower part: second-
harmonic transient signal as monitored by a fast photo diode. The different regimes A (TR4),
B (TR3), and C (TR2) are separated by unstable regions.
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the transient. Because the second-harmonic transients unveil the soliton
pulse width dynamics, an integer number of soliton phase periods fitting in
the transient is necessary for the stability of the system. For clarification we
denote the different regions of the transient regime TRn (where n is the
number of minima/saddle points in the second-harmonic transient). At high
repetition rates the system is in the regime TR2 (Figure 9.6c) and by lowering
the dumping frequency, the laser becomes unstable in the area of 155 kHz
and switches to TR3 (Figure 9.6b), where the laser is stable again. The same
happens around 120 kHz, where TR4 is reached as shown in Figure 9.6a.
The energy relaxation oscillation is responsible for a strong destabilization
observed below 60 kHz, where we enter the “intermediate” regime with
distinct subharmonic switching of the pulse energy (Compare with Figure
9.5c and Figure 9.5d). The system is dynamically unstable (period-doubling)
until the “relaxed” regime below 20 kHz is entered. In contrast to the relaxed
case, the characteristics of the dumped pulses in the transient regime are
different from the unperturbed case for obvious reasons. The spectral and
temporal properties of the dumped pulses are compared in Figure 9.7.
Although the temporal pulse shape and width remain similar, the optical
power spectrum in the transient regime is strongly modulated. From the
shape of the autocorrelation we conclude that this structure is not due to
multiple pulse instability. To clarify the details of the pulse shaping in the
transient regime and to obtain further experimental insight into the dynamics

FIGURE 9.7
Measured spectra (left) and autocorrelation traces (right). The upper two plots are taken in the
“relaxed” regime, they correspond to the results without cavity dumping, whereas shown below
is the “transient” regime with a dumping rate of 180 kHz. The autocorrelation width of 520 fs
(524 fs) corresponds to a pulse width of 337 fs (340 fs).
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of the laser system we employed a more sophisticated method to measure
transient spectra and autocorrelation traces. To achieve this, the intracavity
pulses of the laser system were monitored by a background free autocorrelator
and a scanning Fabry–Perot spectrometer. By detecting the output signal of
both the autocorrelator and the spectrometer with fast photodiodes, subse-
quent laser pulses from the oscillator could be resolved. Figure 9.8 shows a
schematic of the setup. A synchronization signal taken from the cavity
dumper driver is used as the sampling clock for the oscilloscope (LeCroy
Waverunner LT584). By adjusting the time delay with respect to the dumping
event it was possible to record spectrum and autocorrelation trace for each
roundtrip. For obvious reasons, this method can only be employed in stable
regimes where the pulse evolution is reproducible in each dumping cycle.

In Figure 9.9 the transients of the autocorrelation and power spectra
between two dumping events are shown for a dumping frequency of 180
kHz. Note the well-shaped autocorrelation trace despite the strongly struc-
tured spectra. Furthermore, an oscillation in the spectral and temporal width
of the pulse can be observed. By comparing with Figure 9.6c, we can identify
the laser to be operating in the TR2 regime. The periodicity of this oscillation
will be discussed in the following section. The most prominent property in

FIGURE 9.8
Experimental setup of the directly diode pumped Yb:glass laser with cavity dumping, employ-
ing a synchronous sampling scheme for autocorrelation and power spectrum of the pulse
sequence during the transient.

FIGURE 9.9
Measured autocorrelation and power spectrum of the pulse sequence between two dumping
events for a dumping frequency of 180 kHz. Intensity is mapped to a grayscale from dark to
bright.
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the measured transient optical spectrum is the appearance of spectral side-
bands moving toward the center of the spectrum. To understand this inter-
esting behavior which was, to our knowledge, not yet reported in the
literature, we employed numerical simulations of the pulse shaping.

The parameters used for the simulations are given in Table 9.1. The result
for a dumping frequency of 180 kHz is depicted in Figure 9.10. A good
agreement of the spectral and pulse evolution between the simulation and
the experiment in Figure 9.9 can be observed. To stress this even further, the
simulated (red) and the measured (blue) spectra directly before the dumping
are compared in Figure 9.11. The agreement is excellent, and we can therefore
conclude that our laser system is indeed very well described by the above
equations. Figure 9.12 shows the simulated power spectrum and intensity
of the pulse over a larger range on a logarithmic scale along with the corre-
sponding phase. The remote sidebands in the power spectrum are the Kelly
sidebands. The dips in the chirped temporal continuum background and the
sidebands close to the peak of the spectrum (see also Figure 9.11) are a result
of the cavity dumping. The simulations reveal the second set of Kelly side-
bands due to the periodic perturbance of the system on a timescale much
larger than the cavity round-trip time.

As was pointed out in the previous section, the laser system imposes two
dominant perturbation periodicities on the pulse. One is the cavity round-trip
time wherein we expect the “standard” Kelly sidebands. They appear at a
spectral position where the nonlinear phase shift per round-trip modulo 2π is
equal to the linear cavity phase due to dispersion. At these spectral positions,

TABLE 9.1

Parameter Values Used in the Simulations

Parameter Value Parameter Value

g0 0.21 EL 3.8 mJ
L 0.027 Eq 138 nJ
q0 0.0075 τL 1.3 ms
τq 1.5 ps TR 45 ns
β2 –7200 fs2 Ωg 2π 2 THz
γ 0.113 MW–1 Ωf 2π 10 THz

FIGURE 9.10
Simulated autocorrelation and power spectrum of the pulse sequence between two dumping
events at a dumping frequency of 180 kHz. Intensity is mapped to a grayscale from dark to
bright.
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constructive interference of the pulse with the dispersive background occurs
and phase matched continuum is generated at certain spectral positions. This
is illustrated in the left part of Figure 9.13: Exactly at the points of intersection
between the phase parabola due to the strong negative round-trip dispersion
and the nonlinear phase modulo 2π, a sideband is present in the (calculated)
optical spectrum. The standard Kelly sidebands have not been observed in
the experiment because of the limited dynamics of the spectrometer used.

On the second timescale, namely the dumping period much longer than
the cavity round-trip time, a second set of sidebands becomes apparent. As
the pulse accrues a lot more dispersion between two dumping events, the
phase parabola of the cavity dispersion is much steeper, and the sidebands
appear much more pronounced around the center of the spectrum (see Figure
9.14). The right part of Figure 9.13 compares measured and calculated optical
power spectra before dumping with the cavity phase. The sidebands appear
exactly at the intersections between the phase parabola and the nonlinear
phase modulo 2π, as predicted by theory.

FIGURE 9.11
Linear and logarithmic plots of the spectra from simulation and measurement immediately
before the dumping event, at 180 kHz repetition rate. The unmodulated curve is the measure-
ment of the unperturbed laser.

FIGURE 9.12
Simulated pulse spectrum (left) and pulse envelope (right and phase) immediately before the
dumping event at 180 kHz repetition rate. The ellipse marks the dominant spectral structures,
which are shown in more detail in Figure 9.11.
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The operation at higher dumping frequencies is also preferable in terms
of stability. With a dumping frequency of more than 500 kHz, which is well
beyond the energy relaxation oscillation (on the order of some 10 kHz) and
the soliton relaxation periodicity (on the order of some 100 kHz), the system
is in the stable TR1-regime. To anticipate the laser performance with high
dumping rates the stability for varying dumping rates in the range of 80
kHz up to 2 MHz and dumping ratios in the range of 0.2 up to 0.4 has been
analyzed with the numerical simulation. The results are shown in Figure
9.15. Again, the TRn regimes can readily be identified. We find good stability
at frequencies of up to 1 MHz. The unstable region (shown in black) at very

FIGURE 9.13
Phase matching between linear and nonlinear phase. The matching points become apparent in
the optical spectrum as small peaks (Kelly sidebands). Left: sidebands due to the cavity
roundtrip periodicity. Right: sidebands due to the dumping period (simulation and measure-
ment). The cavity phase parabola is given by the solid curve, the nonlinear phase modulo 2π
by the dotted horizontal lines. The vertical dotted lines indicate phase matching between the
nonlinear and the linear phase, coinciding with the spectral peaks.

FIGURE 9.14
Spectral modulation for different dumping frequencies. Left: 540 kHz; right: 880 kHz. The cavity
phase is given by the solid curve, the nonlinear phase by the dotted horizontal lines. The
dumping ratio is 40%. A simple control of the Kelly sidebands can be accomplished by changing
the dumping frequency. If the dumping frequency is increased, a reduced cavity GDD per
dumping cycle results, and therefore a shifting of the Kelly sidebands away from the center of
the spectrum. The simulation reveals that the sidebands become less pronounced with higher
dumping frequencies due to the less efficient coupling to the continuum radiation.
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high frequencies is caused by the additional losses of the cavity-dumping result-
ing in a significant drop in the average pulse energy and Q-switching instabil-
ities. This can be compensated for by a stronger pump. The inward motion of
the spectral sidebands during the transient (see Figure 9.10) can be well under-
stood by the increasing intracavity power and the resulting change in the
nonlinear phase shift. The movement of the spectral sidebands is accompanied
by an oscillation of the pulse width, as shown in detail in Figure. 9.16. The
figure shows both the transient peak power and the calculated soliton order

(9.18)

FIGURE 9.15
Stability regions of the system as predicted by simulation. Bright areas: low rms noise = high
dynamical stability; Dark areas: poor dynamical stability. Upper horizontal axis: dumping
frequency. Lower horizontal axis: number of round trips between dumping events at 22 MHz
fundamental repetition frequency of the oscillator.

FIGURE 9.16
Left: calculated peak power evolution at a dumping rate of 80 kHz. Right: calculated transient
of the soliton order. The pulse peak phase evolution is shown in both graphs. The dotted
horizontal lines represent 2π-steps on the phase axes. The dotted vertical lines clarify the phase
periodicity of the pulse. The distance between two dotted vertical lines indicates the number
nR of cavity round trips during one phase period. The oscillations in the peak power and in
the soliton order asymptotically approach the phase periodicity of the pulse.
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For the fundamental soliton, osol is equal to unity leading to the area
theorem Equation 9.15. The black curve represents the peak phase evolution;
dotted horizontal and vertical lines indicate a 2π phase step. The deviation
from a linear phase is due to the change in pulse energy during one dumping
cycle. Immediately after the dumping event, with strongly reduced energy,
the pulse is too short to form a fundamental soliton, thus it sheds away
energy into the continuum while broadening. The soliton order reacts with
a damped oscillation around the steady state value of unity. The oscillation
period asymptotically approaches the phase periodicity known from the
fundamental soliton, as the soliton order gets close to unity.

In conclusion, the main pulse and spectral shaping mechanisms have been
identified as a result of the solitary behavior of the pulse. Two distinct sets
of Kelly sidebands have been observed and are due to the main two times-
cales present in the system: the dumping period and the repetition period
of the laser. Based on the better understanding of the underlying physical
processes, design criteria for improved femtosecond cavity dumped laser
systems could be deduced. For highest efficiency and pulse energy this leads
to the following criterion:

(9.19)

For the solitary mode-locked laser fdump � fsoliton represents a fundamental
limitation to the accessible peak power Ppeak of such a system, as the following
relation can be derived from Equation 9.17:

(9.20)

In order to maximize Ppeak at a given magnitude of fsoliton it is necessary to
reduce the SPM-parameter γ and increase the round-trip time TR as much as
possible. We applied these criteria to improve the performance of a Yb:KYW
oscillator.

9.1.7 The Cavity-Dumped Yb:KYW Oscillator

A schematic setup of the laser system is shown in Figure 9.17. It was based
on an AR-coated 1 mm-long Yb:KYW rod. The crystal was used in an ng-cut
geometry, such that the laser polarization was aligned along the np-axis
(crystallographic b-axis). The pump diode was an internally collimated mul-
tiemitter bar and capable of delivering 35 W at 981 nm. In the experiments
18 W were used of which 50% was absorbed under lasing conditions. The
pump light was focused to a round spot with a diameter of approximately
300 μm by a combination of an achromatic and a cylindrical lens with a focal
length of 30 mm and 100 mm, respectively (L1, L2). The modal size in the
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active medium was estimated to be 240 μm defined by a curved mirror with
200 mm radius (M2). The cavity was stretched by four curved mirrors with
radii of 1000 mm (M4), 3000 mm (M7, M11), and 1500 mm (M16) to a total
length of 8.8 m, and a repetition frequency of frep = 17 MHz. We chose an
electro-optical cavity dumper consisting of a 36 mm-long double beta barium
borate (BBO) Pockels cell (PC) and a thin film polarizer (TFP) to avoid excess
self-phase modulation. The high-voltage driving switch provided up to 1.54
kV at 1 MHz in a pulse short enough to suppress a postpulse with an
extinction ratio of better than 1/2000. The laser is operated in the anomalous
dispersion regime to enable soliton formation. The net dispersion of the laser
cavity was measured to be –9200 fs2 generated by dispersive mirrors, each
having a dispersion of –500 fs2. The soliton-like pulse was stabilized by a
semiconductor saturable absorber mirror (SESAM) and the estimated spot-
size on the SESAM was 750 μm. The small size of only 50 × 90 cm2 makes
the laser system very compact and easily portable.

With this setup we generate pulses with an energy of 1.35 μJ at a dumping
frequency of 1 MHz. The typical spectral width is 3.3 nm full width at half
maximum (FWHM) with a corresponding pulse length of 380 fs, measured
by background free intensity autocorrelation. The time–bandwidth product
of 0.34 suggests almost transform limited pulses, and the peak power is

FIGURE 9.17
Setup of the Yb:KYW laser: L1, achromatic lens; L2, cylindrical lens; M1, dichroic pump mirror;
M2, M4, M7, M11, and M16, curved mirrors; M14 and M15, high-reflecting mirrors; the rest,
dispersive high-reflecting mirrors; other abbreviations as described in text.
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3 MW. The inset in Figure 9.18 depicts the optical power spectrum. The spectral
side peaks are the Kelly sidebands as discussed above [9] and result from the
interference between the pulse and the continuum radiation generated by the
periodic perturbance of the pulse due to the dumping process [9].

At certain dumping frequencies below 1 MHz and high dumping ratio
we observed regimes of subharmonic behavior of both the pulse duration
and the pulse energy [9]. In the stable regimes the laser shows an excellent
noise performance with a pulse energy rms-value of below 0.5% over a time
period of 12 h.

The generation of 1.35 μJ-pulses at a repetition rate of 1 MHz is a major
breakthrough in the generation of high-energy pulses directly from a laser
oscillator. Additionally, we will show that these pulses can be efficiently
compressed in a simple fiber-prism compressor and peak powers exceeding
10 MW can be reached [30].

9.1.8 Pulse Compression

High peak power pulses with a duration of a few 100 fs show great potential
for spectral broadening in large mode area fibers (LMA) and subsequent
recompression in a prism sequence. Pulses of 12 MW have been obtained by
combining a micro-structured fiber with a mode-locked thin disc laser [21].
In our case we used a 38 mm-long piece of ytterbium-doped double-clad
fiber with an inner core radius of 29 μm and a numerical aperture of 0.054
for reasons of availability. Focusing was done with a 60 mm focal length
plano-convex lens; for recollimation, we used a curved mirror with a radius
of 50 mm. The prism sequence consisted of two quartz prisms with an apex

FIGURE 9.18
Power spectrum of the pulse after broadening in the LMA fiber. Black curve: measured spec-
trum; gray curve: simulation result. The inset depicts the typical spectrum of the laser.
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distance of 96 cm and was used to compensate for the nonlinear chirp as
well as for the fiber and lens dispersion. Pulses of 550 nJ could be launched
without damaging the fiber, even when operating the system for hours. The
pulse energy after the prisms was of 400 nJ and indicates an excellent cou-
pling efficiency beyond 70%. The polarization after the fiber remained linear
with a ratio of 1/200. Increasing the incident power substantially further led
to fiber damage. The facet was not affected but the fiber bulk itself was. We
believe that the destruction process is caused by catastrophic self-focusing,
as a bright white spot becomes visible approximately 2 mm after the facet.
The typical broadened spectrum of the pulse is depicted in Figure 9.18. The
two prominent inner peaks are partly caused by the Kelly sidebands which
are not affected by the nonlinearity. We characterized the pulses by means
of an interferometric autocorrelation and the comparison to a numerical
analysis of the process. The propagation of the typical laser pulse was sim-
ulated with the split-step Fourier method. In the model, second- and third-
order dispersion, self-phase modulation, and self-steepening were included
[25]. Stimulated Raman scattering was not significant in our particular case.
Spectrum and autocorrelation from the simulation almost perfectly match
the measured curves, as one can see in Figure 9.19. The side maxima of the
autocorrelation are caused by the inevitable pre- and postpulses resulting
from the shape of the broadened spectrum. With a launched pulse energy
of 400 nJ we deduce from the simulation a pulse duration of 21 fs and a peak
power of 13 MW [30]. The temporal pulse power profile is depicted in the
inset of Figure 9.19.

Focusing the compressed high-peak-power pulses into a 3 mm-long sap-
phire plate we obtain a stable and smooth white light filament. An estimate

FIGURE 9.19
Autocorrelation signal of the compressed pulse (black curve) and simulated autocorrelation
trace (gray curve). The inset shows the time dependence of the simulated pulse power with a
pulse duration of τ = 21 fs.

© 2007 by Taylor & Francis Group, LLC

Po
w
er
sp
ec
tr
um
(a
rb
.)

Wavelength (nm)
960 1000 1040 1080 1120

0

0.4

0.8

1.2

1.6

PS
(a
rb
.)

Wavelength (nm)
1035 1040 1045



Cavity-Dumped Femtosecond Laser Oscillator 371

of the stability of the continuum is given by the rms-noise of only 1% behind
an interference filter with a spectral bandwidth of 20 nm centered at 700 nm.

9.1.9 Conclusion

We reported on the generation of microjoule femtosecond pulses from a
directly diode pumped cavity-dumped Yb:KYW oscillator. Based on the the-
oretical modeling and understanding of the main pulse shaping processes,
peak powers exceeding 3 MW at a repetition frequency as high as 1 MHz
have been obtained. With external fiber-prism compression down to 21 fs the
peak power can be increased beyond 13 MW. This laser light source is well
suited for many fields in science. It was applied successfully in multiphoton
microscopy and material ablation. The very successful application in
waveguide writing is reported in the second part of this contribution.

9.2 Optical Waveguide Writing

9.2.1 Introduction

Optical waveguides and related photonic devices, such as waveguide ampli-
fiers and lasers, couplers, splitters, and interleavers, are finding increasing
applications in optical communication systems. The integration on a single
glass chip of several optical functions such as power splitting, wavelength
multiplexing/demultiplexing, and gain can enable all-optical data process-
ing and provide reliable and cheap devices for high-bandwidth optical fiber
links, especially for Local Area Network (LAN) and Metropolitan Area Net-
work (MAN) applications. Traditional waveguide manufacturing technolo-
gies include chemical vapor deposition with subsequent reactive ion etching
(silica on silicon) [31], ion exchange [32] and sol-gel [33]. Though these
techniques are well established, they present two main disadvantages: (1),
they are multistep processes, including a photolithographic step limiting the
flexibility of device fabrication and (2) they are essentially two-dimensional
techniques, capable of producing only structures in planar geometry close
to the surface of the sample.

Recently, a novel technique for the direct writing of waveguides and pho-
tonic circuits, exploiting refractive index modifications induced by focused
femtosecond pulses, has emerged [34–38]. The basic physical mechanisms
underlying this process can be outlined as follows: When a femtosecond
pulse is tightly focused in a transparent material, a combination of nonlinear
effects such as multiphoton absorption and avalanche ionization allows it to
deposit energy is in a small volume around the focus [39,40]. The photoge-
nerated hot electron plasma rapidly transfers its energy to the lattice, giving
rise to high temperatures and pressures, and possibly leading to melting;
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this localized absorption produces, by mechanisms still under investigation,
an increase of refractive index over a micrometer-sized volume of the mate-
rial. This photoinduced refractive index gradient allows one to produce, by
moving the laser focus inside the glass substrate, a wide variety of devices,
both active and passive.

Femtosecond micromachining shows, compared with traditional
waveguide fabrication techniques, a number of distinct advantages:

1. It requires a simpler and less expensive device production equip-
ment, avoiding clean-room facilities.

2. It enables rapid device prototyping, because the device pattern can
be easily changed by simple software control, with significant cost
reduction in comparison with standard techniques using photolitho-
graphic steps and requiring the production of a mask.

3. It is intrinsically a three-dimensional technique, because refractive
index changes can be induced in any point in the bulk of the material
within a given depth (100 μm to 1 mm) from the surface; this char-
acteristic can be exploited to implement novel device functionalities,
which are impossible with standard fabrication methods.

In this section we will review the current state of the art of femtosecond
optical waveguide writing, with particular emphasis on the use of the diode-
pumped cavity dumped Yb laser described in the previous section.

9.2.2 Absorption of Femtosecond Pulses in Transparent Materials

In order to understand the physical phenomena underlying optical waveguide
writing by femtosecond laser pulses, it is necessary to analyze the absorption
processes of intense laser pulses by transparent materials. Because these
materials have, by definition, an energy gap greater than the laser photon
energy, there is no linear absorption through interband transitions from
valence to conduction band. At high intensities, however, absorption can
take place through nonlinear phenomena, such as multiphoton, tunneling
and avalanche ionization. Multiphoton ionization involves the simultaneous
absorption of m photons of energy hν, where m is the minimum integer such
that mhν > Eg, Eg being the band-gap energy of the dielectric material. This
process is highly nonlinear with the laser intensity and can be described by
the rate equation

(9.21)

where n is the electron density, I is the laser intensity, and σm is the cross
section for the m-photon absorption process.

dn
dt m

m= σ I
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Tunneling ionization occurs when the very high electric field of the laser
pulse lowers the Coulomb potential energy barrier and enables an electron
to tunnel from the valence to the conduction band. At high intensities the
multiphoton and tunneling ionization processes compete [41] and can be
distinguished by the so-called Keldysh parameter, γ = ω(2m*Eg)1/2/eE, where
m* and e are the effective mass and charge of the electron and E is the
amplitude of the electric field oscillating at frequency ω. When γ � 1, mul-
tiphoton ionization dominates over tunneling.

To analyze the avalanche ionization process, let us suppose that an electron
is free at the bottom of the conduction band of the material; if exposed to
an intense light field, it can be accelerated and acquire kinetic energy. When
its total energy exceeds the conduction band minimum by more than the
bandgap energy, it can ionize another electron from the valence band, result-
ing in two electrons near the conduction band minimum. These electrons
can be in turn accelerated by the electric field, causing an avalanche in which
the free electron density grows exponentially; for sufficiently high densities,
the dielectric becomes strongly absorbing. The avalanche ionization process
can be described by the rate equation

(9.22)

where α is the avalanche ionization rate.
Let us now try to understand the peculiar nonlinear mechanism by which

femtosecond pulses are absorbed in transparent materials. If the dielectric is
illuminated by a “long” pulse (with picosecond or nanosecond duration),
the peak intensity is too low to allow multiphoton or tunneling ionization,
even if the total pulse energy might be rather high. The only possible absorp-
tion mechanism is avalanche ionization starting from an initial “seed” of free
electrons in the conduction band which, being the material an insulator, are
due to impurities and dislocations within the focal volume of the laser pulse.
As their number is subject to large fluctuations, the absorption process is
erratic and poorly reproducible. With femtosecond laser pulses, on the other
hand, the peak intensities are much higher, and multiphoton ionization
becomes significant. When the intensity exceeds a given threshold, some free
electrons are generated in the focal volume by multiphoton ionization. These
electrons act as a seed, this time generated in a fully deterministic fashion,
for the avalanche ionization process. It is therefore clear that only femtosec-
ond pulses allow, by the unique combination of multiphoton and avalanche
ionization, for the absorption of energy in a highly controlled and reproduc-
ible manner in a small volume inside the bulk of a transparent material.

9.2.3 Refractive Index Change

Though the process of nonlinear absorption of femtosecond pulses in dielec-
trics is well assessed, the physical mechanism by which it can induce permanent

dn
dt

I t n t= α ( ) ( )
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refractive index changes in glasses is not yet fully understood. Energy is
deposited by the femtosecond pulses in a small volume of the bulk material,
by the above described nonlinear mechanisms. If the absorbed energy is too
high, catastrophic material damage occurs, including the formation of void-
like structures; for a lower energy, there is a regime in which the material
maintains its good optical quality, but there are permanent refractive index
changes. Several mechanisms have been proposed to explain this index
change, none of which seems to be fully general.

A first possible mechanism is color center formation: the femtosecond
irradiation produces in the material a sufficient number of color centers
which, while absorbing in the UV, modify the refractive index of the material
at the wavelengths of interest by the Kramers–Kroenig mechanism. This has
been a proposed mechanism for the refractive index change produced by
deep-UV excitation of the Ge-doped silica fibers that results in fiber Bragg
gratings. Characterization by electron spin resonance of glass substrates
(fused silica and borosilicates) exposed to femtosecond pulses showed the
presence of color centers; however, subsequent annealing strongly reduced
the density of color centers, whereas the refractive index change was almost
unaffected [42]. This indicates that color centers do not play a dominant role
in refractive index modification.

An alternative mechanism is thermal; energy deposited by the laser melts
the material in the focal volume, and the subsequent resolidification dynam-
ics lead to density (and therefore refractive index) variations in the focal
region [43]. Some glass types, such as fused silica, increase their density at
higher temperatures; if they are rapidly cooled (quenched), the higher den-
sity (and therefore higher refractive index) structural arrangement is “frozen
in.” This hypothesis is confirmed by Raman measurements in fused silica,
indicating the presence of this higher density structure of the glass after
femtosecond irradiation [44]. However. in other glasses, such as Corning
0211, the density decreases with increasing temperature, yet waveguides are
still formed by femtosecond irradiation. In this case, a possible mechanism
responsible for waveguide formation is nonuniform cooling. After irradia-
tion, the material melts out to a radius where the temperature equals melting
temperature of the glass. Molten material just inside this maximum radius
then quickly quenches and solidifies into a lower-density structural arrange-
ment of the glass. This quenching continues radially inward as the glass
continues to cool. Because there is no free surface that can expand to take
up the extra volume occupied by the less dense glass formed by this quench-
ing, the material near the focal region is put under pressure. As a result of
this pressure, the material near the focal region solidifies into a higher density
phase, leading to the higher refractive index at the core of the structures.

Finally, another possible mechanism is direct structural change induced
by the femtosecond laser pulses, i.e., rearrangement of the network of chem-
ical bonds in the glass matrix leading to a density increase.

In practical cases, all of the three mechanisms discussed above play a role
in refractive index change, and it is difficult to disentangle their relative
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contributions. Finally, it is worth noting that in crystalline materials femto-
second laser irradiation generally produces a decrease in refractive index;
this can be easily understood by considering that in a crystal the atoms are
in the closest possible arrangement and that any change in the lattice order
will lead to a lower density. Optical waveguides can nevertheless be created
on the sides of the modified region, where stresses induce a refractive index
increase [45,46].

9.2.4 State of The Art in Femtosecond Laser Waveguide Writing

Nonlinear absorption in glasses takes place for intensities around 1–5 × 1013

W/cm2 which, for a pulse duration of 100 fs, correspond to fluences of 1–5
J/cm2. The pulse energy required to achieve such fluences depends on the
focusing conditions: for “mild” focusing (1–3 μm beam waist), it is at the
level of a few microjoules, and for extremely tight focusing, of the order of
a half-wavelength (diffraction limited), it can be reduced to a few tens of
nanojoules.

Two different regimes of femtosecond micromachining can be distin-
guished, depending on whether the pulse period is longer or shorter than
the time required for heat to diffuse away from the focal volume: the “low-
frequency” regime, in which material modification is produced by the indi-
vidual pulses, and the “high-frequency” regime, in which cumulative effects
take place. Because the heat diffusion time out of the absorption volume in
the glass can be estimated at ≈1 μs, the transition between the two regimes
takes place at frequencies around 1 MHz. Low-frequency systems typically
use regeneratively amplified Ti:sapphire lasers (1–200 kHz repetition rate)
[34–38], and high-frequency systems directly use Ti:sapphire oscillators with
the cavity length stretched by a telescope or a multipass cell (5–20 MHz
repetition rate) [47–53].

For the low-frequency regime, two different writing geometries are possi-
ble: longitudinal and transverse, in which the sample is translated, respec-
tively, along and perpendicularly to the beam propagation direction (see
Figure 9.20). In the longitudinal geometry, the waveguides are intrinsically
symmetric, and their transverse size is determined by the focal spot size,
making it possible to achieve fairly large diameters; however, the waveguide

FIGURE 9.20
Waveguide writing geometries: longitudinal and transversal with respect to the femtosecond
laser beam.
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length is limited by the focal length of the focusing objective, and their
quality is degraded by spherical aberrations, which depend on the depth of
the focus inside the glass sample. The transverse geometry provides a much
greater flexibility and allows one to write waveguides or waveguide struc-
tures of arbitrary length; it has, however, the disadvantage of producing a
strong asymmetry in the waveguide cross section [54]. This asymmetry can
be explained as follows: perpendicularly to the beam propagation direction,
the waveguide size is given approximately by the beam focal diameter 2w0,
whereas along the propagation direction, it is given by the confocal param-
eter . For focused diameters of the order of a few micrometers,
this results in a large difference in waveguide sizes in the two directions.
This asymmetry becomes particularly severe when the waveguide size is
increased, as required for waveguiding at the optical communication wave-
length of 1.5 μm, thus greatly reducing the efficiency of fiber butt coupling
in conventional telecommunications setups. This problem can be overcome
[55,56] by introducing a novel focusing geometry in which the femtosecond
writing beam is astigmatically shaped by changing both the spot sizes in the
tangential and sagittal planes and the relative positions of the beam waists.
This shaping allows one to modify the interaction volume in such a way that
the waveguide cross section can be made circular and with arbitrary size. 

There are many studies on low-frequency optical waveguide writing with
amplified Ti:Sapphire systems; such lasers are indeed commercial and are
often already present in the laboratories for other kinds of experiments. The
first demonstration of the possibility of writing waveguides in glasses by a
femtosecond laser was given by Hirao’s group [34–36], using an amplified
Ti:Sapphire laser at 200 kHz. Subsequently, there were both fundamental
investigations aimed at the study of the optical characteristics of the
waveguides as a function of the writing conditions and glass substrate com-
position, and applied studies aimed at the fabrication of photonic devices.
In the first class, we can include the papers studying the structural modifi-
cations that lead to refractive index variations in fused silica [34,38,41,44],
and those exploring the possibility to write waveguides in different materi-
als, such as doped silica, borosilicate, fluoride, chalcogenide, and doped
phosphate glasses [35,57–60]. Among the demonstrated device functional-
ities, apart from straight waveguides, are splitters [38], directional couplers
[47,61], Mach–Zehnder interferometers [62], and waveguide amplifiers
[56,63]. Though some device architectures are similar to those used with
standard waveguide fabrication methods, others exploit the unique 3D capa-
bilities of femtosecond waveguide writing, such as a 1-to-3 coupler and three-
dimensional waveguide arrays, recently fabricated in fused silica [64,65].

High-frequency micromachining is relatively new, because stretched-cavity
Ti:sapphire oscillators with peak power sufficient for material modification
have become available only recently. This writing regime offers several advan-
tages: (1) simplification of the experimental setup, because the amplification
stage is avoided, (2) much greater processing speeds, up to 20 mm/s, and (3)
intrinsic symmetry of the waveguide transverse profile, determined by the

b w= 2 0
2π /λ

© 2007 by Taylor & Francis Group, LLC



Cavity-Dumped Femtosecond Laser Oscillator 377

isotropic heat diffusion, and the possibility of controlling the waveguide size
by changing the writing speed, because of thermal accumulation effects.

However, the small available intensity range limits the process flexibility,
and the need of tight focusing enables formation of structures only in close
proximity to the surface, thus not allowing full exploitation of the three-
dimensional capabilities of the process. Another problem of this technique is
the strong dependence of the outcome on glass substrate composition. In fact,
high quality optical waveguides can be created by high-frequency systems
only in a few glass types (alkali-silicate glasses such as Corning 0211, Corning
0215, and Schott IOG10), while in other substrates (phosphate glasses and
fused silica) irregular and void-like structures are formed [52]. The influence
of the glass composition on waveguide formation is still poorly understood.

High-frequency lasers have been used to manufacture a variety of photonic
devices such as directional couplers and unbalanced Mach–Zehnder inter-
ferometers, used as spectral filters [50]; recently, the three-dimensional capa-
bilities of the technique have been exploited to create more complex devices,
such as a three-waveguide directional coupler and a three-dimensional
microring resonator [49].

9.2.5 Optical Waveguide Writing by Cavity-Dumped Yb Laser

Most of the experiments on femtosecond laser optical waveguide writing
have used Ti:Sapphire laser systems. Quite recently, however, new Yb-based
bulk and fiber lasers have been introduced, with medium-high repetition rate
(200 kHz–1 MHz) and energy approaching the μJ level. Diode-pumping
makes these systems particularly compact and efficient, which is important
for industrial applications of the technique, requiring maintenance-free, turn-
key operation. Here, we will report on optical waveguide writing experiments
[66–68] using a femtosecond cavity-dumped Yb:glass oscillator described in
the first part of this chapter.

The waveguide writing setup is very simple and is depicted schematically
in Figure 9.21. The femtosecond pulses from the oscillator are suitably atten-
uated, then their polarization is rotated by a half-wave plate in order to be
parallel to the translation direction; the beam is then deviated by a mirror
to the vertical direction and focused by a microscope objective inside the
glass sample. We tried different focusing objectives and demonstrated that
the best results in terms of circular symmetry of the waveguide mode were
obtained with a very high numerical aperture (N.A.) objective (100X oil-
immersion Zeiss Plan-Apochromat, 1.4 N.A.); therefore, we will concentrate
on the results obtained with such an objective. The waveguides are written
inside the glass at a depth of 170 μm from the surface. This is the nominal
depth to minimize the aberrations with this kind of objectives. However, the
same objective provides uniform results at least for depths in a 100 μm range
around the nominal one [53].
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The glass used is a commercial phosphate glass (QX, Kigre, Inc.) doped
with 2% wt of Er2O3 and 4% wt of Yb2O3. Such doping levels have been
optimized to obtain high gain per unit length in order to fabricate compact
devices.

A transverse writing configuration is adopted, in which the sample is
translated by motorized stages (M.511.DD, Physik Instrumente) in a direction
perpendicular to the laser beam. Both end facets of the waveguides are
polished after laser inscription.

In optical waveguide writing by femtosecond lasers, a strong dependence
on the glass type and on the writing conditions (mainly repetition rate and
pulse energy of the laser source) has been evidenced. On the other hand, the
shape of the refractive index profile has a dominant impact on the waveguide
properties. For this reason an accurate measurement of this profile is of the
utmost importance. Such measurements often show quite unexpected fea-
tures, with positive and negative refractive index peaks, that could not be
predicted either from the writing parameters or from a near-field character-
ization of the guided mode but only from a direct measurement of the
refractive index profile. Very few techniques have proved the capability of
characterizing with high resolution, the refractive index profile of a femto-
second laser-written waveguide. Digital holography microscopy [52] and
selective etching followed by atomic force microscopy [69] have been pro-
posed, but both these techniques are destructive of the sample. We used a
commercial refractive index profilometer (Rinck Elektronik) that is based on
the refracted near-field technique [70]. This technique is nondestructive,
applicable to almost any glass type and with high spatial resolution (0.5 μm)
and sensitivity (Δn = 10–5 relative and 10–4 absolute).

Figure 9.22 shows the measured refractive index profile for a waveguide
written at 885 kHz repetition rate and 270 nJ, with 300 μm/sec translation
speed. The actual spot size of the writing laser beam inside the sample is
below 1 μm, due to the very tight focusing used. The size of the modified
region (≈20 μm) is much larger than the spot of the writing laser beam,

FIGURE 9.21
Waveguide writing setup: the femtosecond laser beam is focused by a microscope objective
into the glass sample, which is suitably translated to obtain the desired optical circuit geometry.
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indicating the occurrence of thermal diffusion. However, though the isotropy
of thermal diffusion should give almost symmetric profiles, here we observe
a clearly asymmetric profile consisting of two lobes, one positive and one
negative. We believe that this asymmetry should not be ascribed to some
misalignment of the focusing objective, because it is different from
waveguide to waveguide and it changes by just varying the repetition rate
or pulse energy. It seems to be related to the glass characteristics and requires
further study to be fully understood. However, it is worth noting that when
the product of the repetition rate with the pulse energy is about 250 mW, a
rather reproducible profile shape is found. This refractive index profile shape
is the most promising one for applications, as the positive part is single
peaked with a very high index change. Although a certain asymmetry is
present in the positive part of the refractive index profiles, it does not sig-
nificantly affect the quality of the guided modes.

The key parameter for evaluating the waveguide performance is the inser-
tion losses. The insertion losses of a waveguide are defined as the excess
losses one measures in the transmission of a fiber when it is cut and a
waveguide is inserted in the path. They consist of coupling losses and prop-
agation losses. The former take into account the losses due to mismatch
between the mode of the fiber and that of the waveguide and should be
counted two times, one at the input and one at the output of the waveguide;
the latter take into account the losses due to light scattering or absorption
in the waveguide.

The insertion losses are measured by coupling the waveguide with two
standard telecom fibers, with index matching fluid to minimize Fresnel losses,
and by comparing the transmitted power to that measured with the same
fibers spliced. The measurement was performed at the wavelength of 1600
nm, chosen because it falls outside the absorption band of the Er ions. Typical
results were insertion losses around 1.1–1.2 dB for 22-mm-long waveguides.

FIGURE 9.22
Refractive index profile of a femtosecond laser written waveguide measured by a refracted
near-field profilometer.
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In order to distinguish the contributions arising from coupling and prop-
agation losses, we acquired the near-fields of the waveguide and fiber modes.
The theoretical maximum coupling efficiency η was estimated from the
overlapping integral of the field profiles in the waveguide (Eg) and the fiber
(Ef ), according to the formula

(9.23)

Figure 9.23 shows the near field of the single transverse mode supported
at 1600 nm by a typical waveguide, acquired with a Vidicon Hamamatsu
camera (Model C2400), together with the intensity profiles in the y and z
directions. The measured intensity profiles of the coupling fiber at the same
wavelength are also shown. The excellent mode matching between the two
provides coupling losses as low as 0.1 dB. From the measured insertion losses
it is thus possible to estimate an upper limit for the propagation losses of
0.4 dB/cm for the best waveguides. We expect that this figure can be further
improved by a better control of the uniformity in the translation speed and
by minimizing mechanical vibrations.

The substrate used for the waveguide inscription is erbium-doped and is
intended to provide active devices at telecom wavelengths, where, in addi-
tion to insertion losses, optical gain is very important. A schematic of the

FIGURE 9.23
Near-field intensity of the guided mode of a femtosecond laser written waveguide. Side panels
show the transverse cross sections of the waveguide (solid line) and fiber (dashed line) mode
profiles.
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setup used for characterizing the optical gain is shown in Figure 9.24a. The
22-mm-long active waveguide is butt-coupled on both sides to standard
telecom single mode fibers, using an index-matching fluid. A couple of 980-
nm wavelength InGaAs laser diodes in a bipropagating pumping scheme
supply up to 550 mW (300 mW + 250 mW) incident pump power through
980/1550 nm wavelength-division-multiplexers (WDMs). Signal radiation in
the telecom C-Band (1530–1565 nm) is provided by a broadband source,
properly attenuated to about –3 dBm over 100 nm bandwidth.

The small signal internal gain of the amplifier as a function of wavelength,
measured with an accuracy of about 0.5 dB with a pump power level of 490
mW, is shown in Figure 9.25. An internal gain higher than 7 dB and 3 dB
is measured, respectively, at 1535 nm and 1565 nm. Due to the very low
insertion losses, this means that this waveguide is able to provide net gain
in the whole C-Band, from 6dB at the peak to 2 dB at the edge. This
waveguide can act as an optical amplifier or can be used as an active medium
in a laser cavity.

The schematic of the laser setup is shown in Figure 9.24b. The cavity
consists of two Fiber Bragg Gratings (FBGs) coupled with index matching
fluid to the waveguide. This configuration, with respect to discrete mirrors
or dielectric coatings, allows for efficient pumping with standard pigtailed
diode lasers, simple change of the laser wavelength, and output coupling by
substitution of the gratings and output power already coupled into a stan-
dard telecom fiber with no losses. Bidirectional diode pumping is used and
output power is measured by an optical spectrum analyzer.

FIGURE 9.24
Schematic of the setup for (a) gain measurements and (b) laser action experiments in
waveguides.
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In Figure 9.26, the output power of the waveguide laser is reported with
respect to the incident pump power, for an output coupling of 32% at a
wavelength of 1533 nm. A pump power threshold of about 110 mW and a
slope efficiency of 8.4% are found, with a maximum output power of 30 mW
at 500 mW of pump power. For pump powers higher than 430 mW the output
power shows a slight saturation. The slope efficiency is therefore calculated
by fitting the experimental points before the saturation begins.

For telecom applications it would be extremely important to have a very
compact laser source able to generate in parallel all the channels of a WDM
transmission. The femtosecond laser writing technology is able to provide
such device in a very easy and cheap way. Indeed, the waveguides we are

FIGURE 9.25
Internal gain, insertion losses, and net gain in the telecommunication C-band for a femtosecond
laser-written waveguide.

FIGURE 9.26
Output power of the waveguide laser as a function of incident pump power at two different
wavelengths: 1533 nm (triangles), 1560 nm (circles). Interpolating lines for slope efficiency
evaluation.
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presenting show a net gain in the whole C-Band and can, thus, be used to
form a waveguide laser array emitting on the ITU grid in the whole wave-
length range. To demonstrate this possibility, we made the waveguides lase
also close to the C-Band edge (1560 nm). With an output coupling of 15%,
we obtained a pump power threshold of 90 mW and a slope efficiency of
6.6%, with a maximum output power of 23 mW (see Figure 9.26). Again, for
pump powers above 400 mW the laser characteristics deviate from linear
thus the slope efficiency is calculated from points at lower pump power.

9.2.6 Conclusions

In conclusion, we have demonstrated the possibility to write high quality
optical waveguides by means of the compact diode-pumped femtosecond
oscillator described in the first part of the chapter. Such waveguides, realized
on an erbium–ytterbium codoped phosphate glass, provide net gain and
laser action in the whole C-Band with application to telecommunications.
Femtosecond laser writing of optical waveguides and photonic devices is a
still emerging field that has yet to exploit many of its potentialities, especially
those involving three-dimensional structuring capabilities. Applications will
span a wide range of fields from telecommunications to biophotonics.
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10.1 Femtosecond-Laser-Based Frequency Combs
for Optical Frequency Metrology

In the past decade, remarkable progress has been achieved in ultrashort pulse
generation directly from the laser due to the advent of double-chirped mirror
(DCM) technology for precision dispersion compensation. In standard
100 MHz Ti:sapphire lasers, phase coherent locking of approximately 2 mil-
lion of longitudinal modes can be achieved, which results in pulses as short
as 5 fs at a center wavelength of 800 nm (see Figure 10.1). The quest for ever
shorter pulse durations was fuelled by the application of these pulses in
ultrafast time-domain spectroscopy. In particular, with intense laser pulses
containing less than two optical cycles underneath the electric field envelope,
it is now possible to explore the regime of extreme nonlinear optics [1], in
which light–matter interaction is directly governed by the time evolution of
the laser electric field E(t), which depends on the carrier-envelope (CE) phase
φCE, i.e., the phase between the rapidly oscillating carrier wave and the
electric field envelope (see Figure 10.2a). Thus, the CE phase can influence
the outcome of nonlinear optics experiments. The influence of the CE phase
has recently been observed, e.g., in multipath quantum interference effects
[2,3], carrier-wave Rabi flopping [4,5], photoemission from a metal surface
[6], above-threshold ionization [7], high-harmonic generation [8], and non-
sequential double ionization [9]. Isolated attosecond soft-x-ray pulses gen-
erated by high-harmonic generation using few-cycle driving pulses also pave
the way for attosecond science [10], and might furthermore be used to seed
next generation x-ray free-electron lasers [11].

FIGURE 10.1
Evolution of the pulse duration and spectral bandwidth of ultrashort pulses from Ti:sapphire
lasers achieved over the years. STA, University of St. Andrews; WSU, Washington State Uni-
versity; TUW, Technische Universität Wien; ETHZ, Eidgenössische Technische Hochschule
Zürich; MIT, Massachusetts Institute of Technology; UKA, Universität Karlsruhe (TH); UHD,
Universität Heidelberg.
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Today, as will be discussed in this chapter, frequency combs based on
octave-spanning Ti:sapphire lasers also provide the basis for ultraprecise
measurements of optical frequencies [12–14]. Modern high-precision spec-
troscopy allows the realization of standards for time, frequency, and length.
In addition, these experiments enable precise tests of the fundamental laws
of nature including quantum mechanics and general relativity, as well as the
determination and search for possible time variations of fundamental con-
stants [15,16]. In the past, optical frequency measurements required very
large, expensive, inflexible, extremely sensitive and labor intensive experi-
mental setups (so-called phase-coherent frequency chains), because no sim-
ple counting mechanism able to count optical frequencies (hundreds of THz)
was known. These frequency chains were so labor intensive (see, e.g., Figure
1 in Reference 17) that only a few frequency chains have ever been imple-
mented since their first demonstration [18] in 1973 [e.g., at the National
Institute of Standards and Technology (NIST) in Boulder, CO, and the Phy-
sikalisch-Technische Bundesanstalt (PTB) in Braunschweig, Germany] [13].

Optical frequency metrology was revolutionized in 1999 by a new approach
pioneered by the groups of Hänsch and Hall [19] at the Max Planck Institut
für Quantenoptik (MPQ) in Garching, Germany, and at JILA in Boulder, CO.
In the frequency domain, the pulse train emitted by a femtosecond mode-
locked laser shown in Figure 10.2b corresponds to a frequency comb

, (10.1)

which maps the two radio frequencies fR and fCE onto the optical frequencies
νm via a large integer number m = 105 – 106. In Equation 10.1, fR denotes the
repetition frequency of the pulse train, fCE is called carrier-envelope (CE)
frequency. The femtosecond frequency comb thus allows one to establish a

FIGURE 10.2
(a) Electric field vs. time (black line) of a single laser pulse containing only a few optical cycles
of the carrier wave underneath the electric field envelope (i.e., inside the gray area). The carrier-
envelope (CE) phase φCE measures the difference between the maximum of the electric field
and the maximum of the field envelope. The pulse duration is defined as the full width at half
maximum of the corresponding intensity profile. (b) Pulse train emitted by a femtosecond laser:
The CE phase φCE changes from pulse to pulse by the amount ΔφCE due to the difference between
the group and phase velocities resulting from dispersive and nonlinear effects within the laser
cavity. The CE frequency fCE is smaller than the laser repetition frequency fR = 1/Tr with the
cavity round-trip time Tr.

νm mf f= +R CE
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direct and rigid phase relationship between two microwave signals and the
optical frequency comb of a mode-locked laser in a single step. By controlling
the comb’s two degrees of freedom fR and fCE, the optical frequency comb is
fully controlled, and it can be used as a precise ruler in the frequency domain
to measure optical frequencies by heterodyning an unknown optical fre-
quency with the comb. Although the existence of the frequency comb was
already recognized in early pioneering work on high-resolution two-photon
spectroscopy using picosecond dye lasers [20–22], only the advent of broad-
band femtosecond mode-locked lasers opened the possibility to directly
bridge THz frequency gaps and to fix the CE frequency fCE, which needs to
be known and stabilized to establish a stable frequency comb.

The experiments by the Hänsch group revealed that the frequency comb
emitted by a mode-locked laser is remarkably equidistant. The comb unifor-
mity (even after spectral broadening in a standard single-mode optical fiber)
was confirmed at the level of 3 × 10–18 [23], and the comb line separation was
found to agree with the laser repetition frequency within an accuracy of at
least 6.0 × 10–16 [24]. These experiments guarantee the great potential of fem-
tosecond frequency combs as clockworks for ultrahigh-precision frequency
metrology.

The most straightforward approach to measure the CE frequency, the so-
called ν-to-2ν self-referencing technique, necessitates a frequency comb with
an octave bandwidth [25,26]. As can be seen from Equation 10.1, by hetero-
dyning the frequency-doubled low-frequency components of the comb at
frequency ν with the high-frequency components at frequency 2ν, the CE
frequency fCE can be determined. In 1999, the discovery of supercontinuum
generation in a microstructure fiber by J. K. Ranka et al. [27] paved the way
for the first implementation of the self-referenced optical frequency synthe-
sizer [28,29]: the frequency comb of a 10–30-fs Ti:sapphire laser was first
spectrally broadened in a microstructure fiber to cover one octave of band-
width, and afterwards the CE frequency was detected and stabilized by ν-
to-2ν self-referencing. With this self-referenced synthesizer based on a mode-
locked laser, every spectroscopy laboratory is nowadays capable of measur-
ing or synthesizing optical frequencies with unprecedented precision.

A particularly intriguing application of this technology are optical clocks
[30–32]. To establish an optical clock, one needs to phase coherently derive
the clock signal fR from an optical frequency standard νS. A heterodyne beat
signal fb between the frequency standard νS and the frequency comb νm is
used to establish a connection between νS and fR, provided that fCE is either
independently stabilized or eliminated as an independent variable [30,31].
The stability and accuracy of frequency standards benefit from choosing as
high transition frequencies as possible. The principal advantage of an atomic
clock based on an optical transition over a microwave atomic clock is the
much higher (~105) operating frequency. This leads to a finer division of time
and, thus, to a potentially higher stability. The frequency stability of an
optical clock is most commonly characterized by the Allan deviation σy(τ),
which gives the fractional frequency instability as a function of the averaging
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time τ (in seconds) [33,34]. It is anticipated that optical clocks can reach
fractional frequency instabilities of about 10–16τ–1/2 [32–34], and Hertz-level
accuracies have been reported [35].

Although microstructure fibers can easily broaden the femtosecond laser
spectrum to bandwidths exceeding one octave, they have severe limitations
with regard to long-term operation in optical clockworks as well as with
homogeneous spectral coverage of the octave in the case of optical frequency
synthesis. The CE phase noise added by amplitude-to-phase noise conver-
sion in microstructure fibers has extensively been investigated [36,37], and
broadband amplitude noise in the output light that might mask the hetero-
dyne beats in the radio-frequency (RF) spectra may occur if too much broad-
ening is necessary. For all these reasons, much experimental effort has been
devoted to develop more reliable, more stable, and simpler optical clock-
works without the need for spectral broadening in microstructure fibers.

In this chapter, we will discuss octave-spanning Ti:sapphire lasers that can
be CE-phase stabilized by ν-to-2ν self-referencing without additional exter-
nal broadening [38–42]. Meanwhile Ti:sapphire laser systems with repetition
rates up to 1 GHz [43] were CE phase stabilized without the need for external
broadening using the more complex 2ν-to-3ν self-referencing technique [44].
Alternatively, the CE frequency of few-cycle Ti:sapphire lasers can also be
stabilized using the interference between spectral components generated by
self-phase modulation (SPM) and second-harmonic generation (SHG) in thin
ZnO crystals [45,46], and analogously, using the interference between SPM
and difference-frequency generation (DFG) in a periodically-poled lithium
niobate (PPLN) crystal (see Figure 10.3) [47].

Erbium fiber-laser-based frequency synthesizers also represent an attrac-
tive alternative for metrological applications with turnkey operation [48–50].

FIGURE 10.3
Origin of CE-phase sensitivity. The fundamental spectrum of an octave-spanning pulse centered
at ωc is shown at the top. Shown below are spectra generated by an instantaneous second- and
third-order nonlinearity due to difference-frequency generation (DFG), second-harmonic gen-
eration (SHG), self-phase modulation (SPM), and third-harmonic generation (THG). The cor-
responding phases are indicated.
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However, at present, the CE beat note of fiber lasers exhibits ~200 kHz
linewidth in a 100 kHz resolution bandwidth [49], indicating increased CE
phase fluctuations. The larger CE phase jitter might limit the usefulness of
CE-phase stabilized fiber lasers for time-domain spectroscopy in the regime
of extreme nonlinear optics. In optical frequency metrology, the larger CE
beat linewidth implies decreased short-term stability and longer averaging
times to obtain a desired stability.

This chapter is organized as follows: Section 10.2 reviews the laser dynam-
ics and technology needed to achieve few-cycle laser pulses with octave-
spanning spectra directly from a Ti:sapphire laser. In Section 10.3, the phys-
ical mechanism underlying CE phase control in prismless octave-spanning
Ti:sapphire lasers via pump-power modulation is analyzed. Section 10.4 is
devoted to a CE-phase-controlled 200 MHz octave-spanning Ti:sapphire
laser. In section 10.5, we perform a complete noise analysis of the CE phase-
lock loop and discuss its bandwidth limitations. Finally in Section 10.6, we
will also discuss CE-phase independent optical clockworks based on
sum/difference-frequency generation, which were recently employed as
clockwork in a HeNe/CH4 optical molecular clock [51,52].

10.2 Ultrabroadband Ti:Sapphire Lasers

The simplest and most robust approach to obtain a CE-phase stabilized train
of pulses is to perform direct ν-to-2ν detection to the output of a laser
oscillator. In this section, we will give a brief overview of the theory and
technology needed to achieve octave-spanning spectra directly from the
laser. We will start by briefly describing in Subsection 10.2.1 the pulse for-
mation and dynamics in these lasers, followed by a discussion in Subsection
10.2.2 of the main technical challenges that must be overcome to enable the
generation of ultrabroadband spectra. In Subsection 10.2.3, we will describe
the experimental setup and results.

10.2.1 Laser Dynamics

Much insight has been obtained into the nonlinear dynamics of ultrashort
pulse generation in general, and over the last thirty years a unified picture
based on the master equation of mode locking has been developed. We will
focus here on the description of Kerr-lens mode locking [53–56], which is
the nonlinear mechanism that enables to generate pulses that are short
enough to finally obtain octave-spanning spectra directly from the laser.

For passive mode locking to occur, a suitable saturable absorber mechanism
is required. Depending on the ratio between saturable absorber recovery time
and final pulse width, one may distinguish between different regimes of
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operation that result in different pulse formation processes. In the case of
solid-state lasers, where the pulse energy is not large enough to saturate the
gain medium in one single pass, gain saturation on the time scale of the
pulse can be neglected. Therefore, a fast saturable absorber must be present
which opens and closes the gain window immediately before and after the
arrival of the pulse. This is the mode-locking principle known as fast satu-
rable absorber mode locking [57]. Specifically, in Kerr-lens mode locking, the
self-focusing which occurs in the gain medium due to the nonlinear Kerr
effect, combined with a soft aperture created by the overlap of the laser beam
with the gain profile creates a fast saturable absorption due to the ultrafast
response of the Kerr effect, which is expected to be as fast as a few femto-
seconds [58].

The dynamics of a laser mode locked with a fast saturable absorber in the
limit of small changes per round trip is described by the master equation

(10.2)

where we have already factored out the carrier wave [59] and take into
account the effects of gain g, loss l, finite gain or resonator bandwidth, fast
saturable absorption, group-delay dispersion (GDD), and self-phase modu-
lation (SPM) caused by the Kerr medium, which cannot be ignored when
the pulse duration approaches the femtosecond regime. The complex ampli-
tude a ≡ a(T,t) is the slowly varying field envelope whose shape is investi-
gated on two time scales: first, the global time T which is coarse-grained on
the time scale of the round-trip time Tr, and second, the local time t which
resolves the resulting pulse shape. a(T,t) is normalized such that  is
the instantaneous power and

the pulse energy at time T. Df is the effective gain curvature, and the asso-
ciated filtering action is represented by .

is the group-velocity dispersion (GVD) parameter for the cavity, i.e., the
average dispersion per round trip in the cavity composed of the gain
medium, the air path, and eventually including dispersion generated by
reflections from dispersion compensating mirrors. γ is the self-amplitude
modulation (SAM) coefficient. The Kerr coefficient is δ = (4π/λc)n2L/Aeff,
where λc is the carrier wavelength, n2 the nonlinear index, and Aeff the
effective mode cross-sectional area. To simplify the dynamics, the gain is taken
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to follow adiabatically the intracavity pulse energy g = g0/(1 + W/Wsat), with
small-signal gain g0 and saturation energy of the gain medium Wsat, as appli-
cable for a gain medium with a relatively short relaxation time (which is the
case for Ti:sapphire lasers). The bandwidth is assumed to be limited by a
filter of bandwidth Ωf resulting in . Equation 10.2 has a simple
steady-state solution [60]

(10.3)

where β is the chirp parameter. Equation 10.3 describes the pulse evolution
in a medium with continuously distributed dispersion and SPM [61].

However, as first pointed out by C. Spielmann et al. [62], for lasers gener-
ating pulses as short as 10 fs and below, large changes in the pulse width
occur within one round trip through the resonator because the dispersive
elements, positive and negative, as well as the SPM section are placed dis-
cretely, and the ordering of the elements of the resonator has a large impact
on the resulting pulse width. This effect was first observed in a fiber laser
and called stretched-pulse mode locking [63].

The spectral bandwidths of the octave-spanning Ti:sapphire lasers indicate
that the pulse propagating in the cavity is as short as 5–6 fs. Therefore, we
must consider the impact of the discrete action of dispersion and nonlinearity
in the laser on the spectral shape of such laser pulses.

A mode-locked laser consists of a gain medium (i.e., the Ti:sapphire crystal)
and dispersion balancing components, in our case DCMs. The system can
be decomposed into the linear resonator arms and the nonlinear gain crystal,
(Figure 10.4). To achieve ultrashort pulses, the dispersion-balancing compo-
nents should produce close to zero net dispersion, while the dispersive
elements individually produce significant group delay (GD) over the broad
bandwidth of the laser pulse. A system with sufficient variation of dispersion
can support nonlinear Bloch waves [64]. One can show that the Kerr non-
linearity produces a self-consistent nonlinear scattering potential that per-
mits formation of a periodic solution with a simple phase factor in a system
with zero net dispersion. It has been shown that nonlinear propagation along
a dispersion-managed fiber near zero net GDD possesses a narrower spec-
trum in the segment of positive dispersion than in the segment of negative
dispersion [64,65]. Thus, the effect of negative dispersion is greater than that
of the positive dispersion and imparts to the pulse an effective net negative

FIGURE 10.4
In analogy with dispersion-managed fiber transmission links, this schematic represents the
order of the dispersive and nonlinear components in the resonator.

Df f
2= 1/ Ω
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dispersion. This effective negative dispersion can balance the Kerr-induced
phase, leading to steady-state pulses at zero net dispersion. This is true even
if there is no nonlinearity in the negative dispersion segment. The pulses are
analogous to solitons in that they are self-consistent solutions of the Hamil-
tonian (lossless) problem, but they are not secant hyperbolic in shape like the
solution of Equation 10.2. Figure 10.5 shows a numerical simulation of such
a self-consistent solution evolving through the resonator over one round trip.

The steady-state pulse formation can be understood in the following way.
By symmetry the pulses are chirp-free in the middle of the dispersion cells.
A chirp-free pulse starting in the center of the gain crystal, i.e., nonlinear
segment, is spectrally broadened by the SPM and disperses in time due to
the GVD, which generates a mostly linear chirp over the pulse. After the
pulse leaves the crystal it experiences GVD in the arms of the laser reso-
nator, which compresses the positively chirped pulse to its transform limit
at the end of each arm, where an output coupler can be placed. Back
propagation towards the crystal imposes a negative chirp, generating the
time-reversed solution of the corresponding nonlinear Schrödinger equa-
tion (NLSE). Therefore, subsequent propagation in the nonlinear crystal
compresses the pulse spectrally and temporally to its initial shape in the
center of the crystal. The spectrum is narrower in the crystal than in the
negative-dispersion sections, because it is negatively prechirped before it
enters the SPM section, and spectral spreading occurs again only after the
pulse has been compressed.

FIGURE 10.5
Numerical simulation of pulse shaping over one round trip in the resonator. (a) and (b) represent
the pulse shape in the time and frequency domain, respectively. The dispersion map is shown
on the left-hand side. SPM occurs only in the laser crystal, i.e., in the positive dispersion section.
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In a laser with a linear cavity, for which the negative dispersion is equally
distributed in both arms of the resonator, which is the case for the octave-
spanning lasers described here, the pulse runs through the dispersion map
twice per round trip. The pulse is short at each end of the cavity and, most
importantly, the pulses are identical in both passes through the crystal, which
exploits the KLM action twice per round trip [66], in contrast to an asym-
metric dispersion distribution in the resonator arms, as is the case for lasers
with intracavity prisms for dispersion compensation. Thus, a symmetric
dispersion distribution may lead to an effective saturable absorption that is
twice as strong as an asymmetric dispersion distribution, which results in
substantially shorter pulses.

For gaining insight into the laser dynamics, a master equation approach
describing the average pulse dynamics has been developed [61,67]. Because
of the breathing of the pulse, the Kerr phase shift is produced by a pulse of
varying amplitude and width as it circulates around the ring. The Kerr phase
shift for a pulse of constant width, δ|a|2, has to be replaced by a phase
profile that mimics the average shape of the pulse, weighted by its intensity.
Therefore, the SPM action of Equation 10.2 is replaced by

(10.4)

where A0 is the pulse amplitude at the position of minimum width. Here,
the Kerr phase profile is expanded to second order in t. The coefficient δ0

and μ are evaluated variationally, the SAM action is similarly expanded.
Finally, the net intracavity dispersion acting on average on the pulse is
replaced by the effective dispersion Dnet in the resonator within one round
trip. Note that the effective dispersion Dnet is different from the average linear
dispersion in the cavity, because the pulse spectrum is less wide in the
positive dispersion region than in the negative dispersion region, generating
an effective net negative dispersion even at zero average linear dispersion.
The master equation becomes

(10.5)

This equation has Gaussian pulse solutions. Because the approximations
made in arriving at Equation 10.5 are not applicable to the wings of the pulse,
the wings are not in fact Gaussian. However, in few-cycle lasers, the wings
are not very well described by the simple parabolic gain profile either, rather
the mirrors and output couplers are what form a hard spectral filter for the
pulse. As we will see in this case, the saturable absorber action is strong
enough to stabilize generation of spectrum beyond the high reflectivity band-
width of the output coupler and the output spectrum shows strong wings
due to the enhanced output coupling. This will become evident when we
show the experimental results in Subsection 10.2.3. The master equation 10.5
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is a patchwork; it is not an ordinary differential equation. The coefficients in
the equation depend on the pulse solution and eventually have to be found
iteratively. Nevertheless, the equation accounts for the pulse shaping in the
system in an analytic fashion. The pulse is shaped by the interplay between
GVD and SPM. However, this pulse is not stable in the presence of gain
filtering or a finite cavity bandwidth. Stabilization is achieved by saturable
absorber action due to KLM that favors the pulse and suppresses background
radiation that can benefit from the peak of the gain.

10.2.2 Technical Challenges in Generating Octave-Spanning Spectra

To make use of the full potential of the dispersion-managed soliton pulse
formation, several technical challenges need to be overcome. We will high-
light here the three most important aspects to be considered in the design
of such ultrabroadband lasers.

The first important aspect is to design the laser cavity in such a way as to
maximize the artificial saturable absorber action in the laser crystal. As
mentioned earlier, fast saturable absorption is obtained by combining the
self-focusing due to the Kerr effect in the crystal with a soft aperture caused
by the proper selection of the pump mode size in the crystal. In this case,
the change in the beam waist enhances the overlap between the laser mode
and the pump mode, and therefore, enhances the gain of the self-focused
laser mode. As a consequence, because the pulse peak sees higher gain/lower
losses than the wings, the pulse shortens in each round trip. The response
time of the nonresonant Kerr effect is on the order of a few femtoseconds,
allowing the nonlinear index of refraction to follow the pulse almost instan-
taneously, enhancing the KLM action.

The proper resonator design for optimum KLM is a complex, time-consum-
ing problem. In order to map out the complete parameter range of the laser
system, a complete spatiotemporal evolution of the pulse needs to be done
numerically, until steady state is reached, which is a challenging task even
with today’s computers. However, a resonator design based on ABCD matrices
or q-parameter analysis, where the KLM is modeled by an intensity-dependent
lens, already gives a good starting point for the laser construction [68–71]. The
final optimization is then done by the experimentalist by varying the cavity
parameters in order to achieve the strongest KLM, i.e., broadest spectrum.

The second essential element in the generation of octave-spanning spectra
is a mirror technology that supports an octave-spanning spectrum with high
reflectivity and custom-designed dispersion properties. For this purpose we
invented the so-called double-chirped mirror pairs (see Figure 10.6 and Fig-
ure 10.7). DCMs have been developed to enable precise dispersion control
and high reflectivity simultaneously over a fractional bandwidth of as much
as Δf/fc = 0.4 [72,73], where fc is the center frequency of the pulse. DCMs
work on the principle of chirped mirrors, where the Bragg wavelength of
the mirror pairs is continuously chirped to generate a wavelength-dependent
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penetration depth into the mirror. However, chirping of the Bragg wave-
length is not enough to accomplish this. In addition to the Bragg wavelength,
impedance matching has to be ensured such that the waves do not encounter

FIGURE 10.6
(a) Standard Bragg mirror, (b) simple chirped mirror, (c) double-chirped mirror (DCM) with
matching sections to avoid residual reflections causing undesired oscillations in the GD and
GDD of the mirror.

FIGURE 10.7
DCM pair consisting of DCMs M1 (a) and M2 (b). M1 can be decomposed into a double-chirped
back-mirror BM matched to a medium with the index of the topmost layer. In M2, a layer with
a quarter-wave thickness at the center frequency of the mirror and an index equivalent to the
topmost layer of BM is inserted between the back mirror and the AR coating. The new mirror
containing BM and the quarter-wave layer can be reoptimized to achieve the same phase as
M1 with an additional  phase shift over the whole octave of bandwidth.
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spurious reflections before the turning point in the mirror is reached. Hence,
the Bragg wavelength and the impedance matching has to be tuned over the
operational wavelength of the mirror, which is emphasized by the name
double-chirped mirror [73]. Most importantly, to avoid reflections at the
surface of the mirror to the air, a high quality antireflection (AR) coating is
necessary. To avoid spurious reflections during propagation of the grating
structure, the grating is switched on adiabatically by increasing the thickness
of the high index layer continuously from small values to a quarter-wave
thickness (Figure 10.6c). However, to extend this concept to cover one full
octave, i.e., Δf/fc = 0.66, the requirements on the quality of the AR coating of
such mirrors become impossible to realize and even after reoptimization of
the mirror, a small amount of impedance mismatch is still present leading
to undesired large oscillations in the GDD.

The high reflectivity range of the back mirror can easily be extended to
one octave, simply by chirping slow enough and having a sufficient number
of layer pairs. However, the smoothness of the resulting GDD strongly
depends on the quality of matching provided by the AR coating.

The reflections occurring at the AR coating, similar to those in Gires–Tourn-
ois interferometers (GTIs), add up coherently when multiple reflections on
chirped mirrors occur inside the laser over one round trip, leading to pre-
and postpulses if the mode-locking mechanism is not strong enough to
suppress them sufficiently. Experimental results indicate that a residual
reflection in the AR coating of r < 0.01 and smaller, depending on the number
of reflections per round trip, is required so that the pre- and postpulses are
sufficiently suppressed. This corresponds to an AR coating with less than
10–4 residual power reflectivity, which, for a bandwidth approaching one
octave, is no  longer possible [74]. A way out of this limitation is offered by
the observation that a coherent subtraction of the pre- and postpulses to the
first order in r is possible by reflections on a mirror pair M1 and M2 (Figure
10.7). A series of two reflections on mirror M1 and on a similar mirror M2
with an additional phase shift of π between the AR coating and the back
mirror leads to coherent subtraction of the first-order GTI effects.

Figure 10.8 shows in the top graph, the designed reflectivity of both
mirrors of the pair in high resolution, taking into account the absorption in
the layers. The graph below shows the reflectivity of the mirror, which has
in addition high transmission between 510–550 nm for pumping of the
Ti:sapphire crystal. Each mirror consists of 40 layer pairs of SiO2 and TiO2

fabricated using ion-beam sputtering [75,76]. Both mirror reflectivities cover
more than one octave of bandwidth from 580 to 1200 nm or 250 to 517 THz,
with an average reflectivity of about 99.9% including the absorption in the
layers. In addition, the mirror dispersion corrects for the second- and higher-
order dispersion of all intracavity elements. The choice for the lower wave-
length boundary in dispersion compensation is determined and limited by
the pump window of Ti:sapphire. The oscillations in the group delay of
each mirror are about 10 times larger than those of high-quality DCMs
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covering 350 nm of bandwidth [66]. However, in the average group delay of
both mirrors, the oscillations are ideally suppressed due to cancellation by more
than a factor of ten. Therefore, the effective residual reflectivity of the mirror
pair covering one octave, r2, is even smaller than that of conventional DCMs.
Because of slight fabrication errors the oscillations in the group delay still do
not precisely cancel. Close to 900 nm and 1000 nm especially, deviations from
the design goal of the order of 1–2 fs occur, which will lead to observable spectral
features in the spectral output of the lasers described in Subsection 10.2.3.

The last key element in the laser design is the output coupling mirror. In
order for an ultrashort pulse to build up in the laser cavity, the output coupler
should have a large enough reflectivity bandwidth so as not to impose signif-
icant spectral filtering on the pulse. However, to perform direct ν-to-2ν detec-
tion to the laser, the wings of the spectrum need to be enhanced by increased
output coupling relative to the center of the spectrum. Therefore, the reflec-
tivity curve of the output coupler has to be chosen to balance these two effects.
To illustrate the importance of this effect, we have measured the intracavity
and external spectrum as well as output coupler transmission curves for two
different output couplers OC1 and OC2 (mirrors with 1% transmission over
the center wavelength range and different bandwidth), which can be seen in
Figure 10.9. In the case of OC1, the output coupler is a strong spectral filter in
the laser, which limits the spectrum that can be generated to a bandwidth
similar to that of the transmission curve. Although there is some enhancement
of the spectral wings, it is not sufficient to achieve enough power at the ν and
2ν points. Ιn contrast, in the case of OC2 the spectral filter is relatively weak
which allows a broader spectrum to be generated inside the cavity, and prop-
erly enhanced to achieve significant power at the spectral wings.

FIGURE 10.8
Reflectivity (left scale) of the type I DCMs shown as thick solid line. The group delay design
is given by the thin dashed line. The individual group delays (right scale) of type I and II DCMs
are shown as thin lines and its average as a thick dotted line, which is almost identical to the
design goal over the wavelength range of interest from 650-1200 nm. The group delay, measured
using white light interferometry, is shown as the thick gray line from 600-1100 nm. Beyond
1100 nm the sensitivity of the Si detector limited the measurement.
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Unfortunately, engineering a broadband reflectivity OC with no penalties
to the GDD is not an easy task. The best results have been obtained so far
by employing a simple high-index contrast quarter-wave dielectric stack
made out of ZnSe/MgF2 layers with 1% transmission at the center wave-
length. The bandwidth is related to the index contrast of the high- and low-
index layers. With such structure, we have designed output couplers that
produce 1% transmission from 650 nm to 1100 nm, as can be seen in Figure
10.11. The experimentally observed spectra (Figure 10.11) show the genera-
tion of octave-spanning spectra directly from the laser using these OCs.

10.2.3 Experimental Setup and Results

The octave-spanning lasers demonstrated here consist of astigmatism-com-
pensated cavities (Figure 10.10). They have a 2-mm long Ti:sapphire crystal
with an absorption of α = 7 cm–1 at 532 nm and are pumped by diode-pumped,
frequency-doubled Nd:YVO4 lasers, either Millennia Xs by Spectra-Physics
or Verdi-V6 by Coherent. In the 80-MHz repetition rate version, the radius of
curvature (ROC) of the folding mirrors is 10 cm, and the pump lens has a 60
mm focal length; in the 200 MHz version, the corresponding values are 7.5
cm and 50 mm, respectively. All mirrors in the cavity, except for the end
mirrors, are type I (gray) and type II (black) DCMs that generate smooth
group-delay dispersion when used together in pairs, as shown in Figure 10.8.
One cavity-end mirror is a silver mirror, the other one is the broadband

FIGURE 10.9
Output spectra (black curves) and intracavity spectra (gray curves) generated by a 80 MHz
Ti:sapphire laser using (a) a broadband output coupler OC1, and (b) an ultrabroadband output
coupler OC2. The output coupler transmission (black dotted curves) are shown for comparison.
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ZnSe/MgF2 output coupler (OC) with 1% transmission in the center. In one
round trip of the laser pulse through the cavity, the 12 bounces on DCMs
generate the precise negative dispersion required to compensate for the
positive second- and up to sixth-order dispersion caused by the laser crystal,
the air path in the cavity, and the BaF2 plate and wedges used to fine-tune
the dispersion. We used BaF2 for dispersion compensation because it has the

FIGURE 10.10
Scheme of the octave-spanning prismless Ti:sapphire laser. The Z-folded cavity is astigmatically
compensated. Twelve bounces on the DCM pairs [DCM type I (gray) and type II (black)] provide
smooth and broadband compensation of the dispersion of the laser crystal, the BaF2 plate and
wedges, and the air within the laser cavity. The BaF2 wedges are used for dispersion fine-tuning.
S, silver end mirror; OC, output coupling mirror.

FIGURE 10.11
(a) Output spectrum of the 80 MHz Ti:sapphire laser on a linear (black curve) and on a
logarithmic scale (gray curve). The reflectivity of the ZnSe/MgF2 output coupler (dotted curve)
is shown for comparison. (b) Same for the 200 MHz Ti:sapphire laser. The wavelengths 570 and
1140 nm used for ν-to-2ν self-referencing are indicated by two dashed lines. The Fourier limit
of the pulse spectrum is 3.6 fs.
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lowest ratio of third- to second-order dispersion in the wavelength range
from 600–1200 nm and the slope of the dispersion of BaF2 is nearly identical
to that of air. This allows us to scale the cavity length and repetition rate
without changing the overall intracavity dispersion. To achieve mode-locked
operation, it is usually necessary to reduce the amount of BaF2 inside the laser
cavity (i.e., by withdrawing one of the wedges). The broadest spectrum can
be achieved by optimizing the insertion of the BaF2 wedge. The spectral width
of the laser depends critically on the dispersion balance, but with the prism-
less lasers adjusting the dispersion does not significantly change the cavity
alignment. In contrast to prism-compensated cavities, a slight misalignment
of the resonator does not affect intracavity dispersion, and therefore, it is
possible to operate the laser in octave-spanning mode for as much as a full
day without interruption. Figure 10.11 shows the spectrum under broadband
operation of a 80 MHz and a 200 MHz laser [41,42], the corresponding average
output powers are ~120 mW and ~270 mW, respectively. The octave is reached
at a spectral density about 25 dB below the average power level. The same
plot also shows the OC reflectivity curve. As already described, the detailed
shape of this reflectivity curve is also a determining factor for the width of
the output spectrum, because it significantly enhances the spectral wings and
simultaneously allows for spectral buildup inside the cavity.

Because the dispersion of 0.5 mm of BaF2 is similar to that of 1 m of air,
the cavity can be scaled up to GHz repetition rates by removing air path and
correspondingly adding BaF2 to maintain the proper dispersion balancing.
This is not possible in lasers with intracavity prisms because a minimum
distance between the prisms is required to provide negative dispersion.

10.3 Carrier-Envelope Phase Control

Active control of the CE frequency of mode-locked lasers is a prerequisite
for many applications in both time and frequency domain. For octave-span-
ning lasers which do not use intracavity prisms for dispersion compensation
[41,42], this control can be done by utilizing the response of fCE to intracavity
power, i.e., by controlling the intracavity pulse energy via modulation of the
pump power.

Detailed studies of the intensity-related fCE dynamics have been performed
in Ti:sapphire mode-locked lasers which employ external fiber broadening
for the generation of octave-spanning spectra and fCE control [77]. A connec-
tion between the dependence of the CE frequency, the laser repetition rate
and the center frequency of the pulse spectrum on intracavity pulse energy
was found. The experiments showed that the CE phase control coefficient

, where ΔPp is a change in pump power, could change signs,
consistent with the shifting of the spectrum with pump power also changing
C f PfPp CE p= Δ Δ/
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signs. In order to obtain optimum conditions for fCE control, the dependence
of  on intracavity power, and therefore, on pump power is of prime
importance.

In octave-spanning lasers the CE phase dynamics is much simpler [78].
This is due to the fact that the center frequency of the pulse has no observable
change with pump power, because the pulse spectrum completely fills up
the available bandwidth and is in fact limited by the bandwidth of the output
couplers available. Then a change of the CE frequency due to changes of the
center frequency of the pulse is absent; the CE frequency responds only to
changes in the intracavity pulse energy and the concomitant changes in
phase and group velocity related to the nonlinear refractive index. This
response has a simple linear behavior, provided care is taken to work in a
power region where the laser is operating in a unique single pulse regime,
i.e., no continuous-wave (cw) component or multiple pulses are present.

In this section, we summarize the linear and nonlinear effects in the laser
cavity that may lead to a CE phase shift per round trip ΔφCE and, therefore,
contribute to the CE frequency via

(10.6)

If we assume that the laser operates at carrier frequency fc, then the complex
carrier wave of the pulse is given by

,  (10.7)

where νp is the phase velocity of the carrier wave in the cavity. In the absence
of nonlinearities, the phase velocity is simply the ratio between frequency
and wavenumber due to the linear refractive index of the media in the cavity,
i.e., νp = νp(fc) = 2πfc/k(fc). The envelope of a pulse that builds up in the cavity
due to the mode-locking process will travel at the group velocity due to the
presence of the linear media given by νg = νg(fc) = 2π[dk(fc)/dfc]–1. Therefore,
after one round trip of the pulse over a distance 2L, which takes the time
Tr = 2L/νg, we obtain from Equation 10.7 that the linear contribution to the
CE phase shift caused by the difference between phase and group velocities is

(10.8)

and for the subsequent CE frequency, we obtain

(10.9)
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In a dispersive medium, group and phase velocities depend on the carrier
frequency. Therefore, if the carrier frequency shifts as a function of the
intracavity pulse energy, the linear CE frequency becomes energy- and pump
power-dependent as found in Reference 77.

In a mode-locked laser there are also nonlinear processes at work that may
directly lead to an energy-dependent CE frequency. There are many effects
that may contribute to such a shift. Here we rederive briefly the effects due
to the intensity-dependent refractive index as discussed by Haus and Ippen
[79] for the case of a laser with strong soliton-like pulse shaping, which can
be evaluated analytically using soliton perturbation theory. We then argue
that the same analysis holds for the general case where steady-state pulse
formation is different from conventional soliton pulse shaping.

We start our analysis with a master equation of the form shown in Equation
10.2. Strictly speaking, as already discussed in section 10.2.1, Equation 10.2
applies only to a laser with small changes in pulse shape within one round
trip. Obviously this is not the case for few-cycle laser pulses where the pulse
formation is governed by dispersion-managed mode locking [64]. Neverthe-
less we want to understand this propagation equation as an effective equa-
tion of motion for the laser, where some of the parameters need to be
determined self-consistently [59].

Let us assume that the laser operates in the negative GVD regime, where
a conventional soliton-like pulse forms, and that it is stabilized by the effec-
tive saturable absorber action against the filtering effects. Then the steady-
state pulse solution is close to a fundamental soliton, i.e., a symmetric sech-
shaped pulse that acquires an energy-dependent nonlinear phase shift per
round trip due to the nonlinear index

, (10.10)

see Reference 79. The nonlinear soliton phase shift per round trip is

. (10.11)

A more careful treatment of the influence of the Kerr effect on the pulse
propagation, especially for few-cycle pulses, needs to take the self-steepening
of the pulse into account, i.e., the variation of the index during an optical
cycle, by adding to the master equation (Equation 10.2) the term [80]

. (10.12)

We emphasize that this term is a consequence of the Kerr effect and is not
related to soliton propagation. It can be viewed as a perturbation to the
master equation (Equation 10.2). For pulses with τ much longer than an
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optical cycle, this self-steepening term is unimportant in pulse shaping,
because it is on the order of 1/ωcτ � 1. However, this term is always of
importance when the phase shifts acquired by the pulse during propagation
are considered. Haus and Ippen found, by using soliton perturbation theory
based on the eigensolutions of the unperturbed linearized Schrödinger equa-
tion, analytic expressions for the changes in phase and group velocity. The
nonlinear phase shift per round trip of the soliton adds an additional phase
shift to the pulse in each round trip.

If the term in Equation 10.12 is applied to a real and symmetric waveform,
it generates an odd waveform. An odd waveform added as a perturbation
to the symmetric waveform of the steady-state pulse leads, to first order, to
a temporal shift of the steady-state pulse. For a soliton-like steady-state
solution this timing shift can be evaluated with soliton perturbation theory,
i.e., using the basis functions of the linearized operator, which results in a
timing shift [79,81]

. (10.13)

In total, the compound effect of self-phase modulation, self-steepening,
and linear dispersion on the pulse results in a CE frequency of

(10.14)

As the above expression shows, the term arising from the group delay
change due to self-steepening is twice as large and of opposite sign compared
with the one due to self-phase modulation. In total we obtain

(10.15)

We emphasize that soliton perturbation theory was used in this derivation
only for analytical evaluation of timing shifts. If the pulse shaping in the laser
is not governed by conventional soliton formation but rather by dispersion-
managed soliton dynamics [64] or a saturable absorber, the fundamental
physics stays the same. If the steady-state solution has a real and symmetric
component, the self-steepening term converts this component via the deriv-
ative into a real and odd term, which is to first order a timing shift in the
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autonomous dynamics of the free running mode-locked laser. Another mech-
anism that leads to a timing shift is, for example, the action of a slow saturable
absorber, which absorbs only the front of the pulse. So care needs to be taken
to include all relevant effects when a given laser system is analyzed.

The derivation above shows that the group velocity change due to self-
steepening of the pulse leads to a change in sign of the energy-dependent
contribution at fixed center wavelength of the pulse. We checked this pre-
diction by observing the CE frequency shift in a 200 MHz repetition rate
octave-spanning Ti:sapphire laser, which is discussed in detail in Section
10.4. The identification, which of the peaks in the RF spectrum corresponds
to the CE frequency, can be done by inserting BaF2 material in the laser and
observing which peak moves up in frequency (adding dispersion causes
νg/νp to decrease, thus increasing the magnitude of the second term in
Equation 10.15). Variation of the pump power and observation that the same
peak also moves up in frequency confirms the predictions of Equation 10.15.
Figure 10.12a shows the CE frequency shift as a function of pump power.
As Equation 10.15 predicts, the CE frequency shift follows linearly the soliton
phase shift φs and therefore the pump power over the range where the
intracavity laser power (or pulse energy) depends linearly on the pump
power. This is the case as long the laser operates in a unique single pulse
regime. For higher pump powers, cw background radiation breaks through
and the theory on which Equation 10.15 is based no longer holds because
the intracavity power is now divided between two components, the pulse
and the cw solution (Figure 10.12b). The observed turning point is not inher-
ent to the pulse dynamics itself but is due to the appearance of a cw com-
ponent in the spectrum, as is easy to see from Figure 10.12. After the cw
component is present, any increase in pump power enhances the cw com-
ponent and most likely decreases the pulse energy, causing fCE to eventually
shift in the opposite direction. This is a consequence of the fact that the Kerr
lens mode-locking (KLM) action does not increase indefinitely, i.e., there is
an upper value for the pulse energy above which a further increase in pump

FIGURE 10.12
(a) CE frequency shift (black) and relative intracavity power change (gray) as function of pump
power change. Both curves make evident the presence of a cw breakthrough for pump powers
above 6.3 W, which is confirmed by the appearance of a cw component in the optical spectrum
shown in (b). For clarity, the spectra are vertically offset by 10 dB.
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power will either contribute to cw breakthrough or to multiple pulses. There-
fore, care must be taken to operate at an optimum pump power level which
is significantly below this threshold value for single pulse instabilities. From
the data shown in Figure 10.12, the pump power to CE frequency conversion
coefficient for the 200 MHz lasers is CfPp = 11 MHz/W. Figure 12a also shows
the relative change of the intracavity pulse energy as a function of the same
variation in pump power. The appearance of a cw component is also explic-
itly indicated in this measurement by the abrupt change in the observed
slope. The shallow slope of the change in the average power in pulsed
operation as compared to the change in power in cw operation is an indica-
tion of the strength of the saturable absorption and the bandwidth limitation
of the laser. From this data, we can infer a relatively weak response in the
change of the pulse energy in mode-locked operation and therefore a corre-
spondingly weak response in the fCE change, which in fact will be confirmed
in the transfer function analysis discussed in Subsection 10.5.1.

Now, we can compare quantitatively the measured shift of fCE in Figure
10.12a, with the theoretically derived result from soliton perturbation theory.
It turns out that the measurement and theory agree very well, despite the
fact that the laser dynamics differs from the ideal conventional soliton oper-
ation regime. The conversion coefficient

, (10.16)

where ΔPintra is the intracavity power in mode-locked operation, can now be
determined in terms of known cavity parameters under the assumption of
a fixed pulse width

, (10.17)

where L = 4 mm is the path length per round trip through the Ti:sapphire
crystal, n2 = 3 × 10–20 m2/W is the nonlinear index of refraction for Ti:sap-
phire, λc = 800 nm  is the carrier wavelength, Aeff = πw0

2 (w0 = 16 μm) is the
mode cross-sectional area, τ =τFWHM/1.76 with a pulse width of τFWHM = 5 fs,
and Pintra = 12 W is the intracavity power. This expression gives, for a 5%
change in intracavity power, a corresponding change in fCE of 9.6 MHz, which
agrees well with the results shown in Figure 10.12a.

Despite this surprisingly good agreement, one has to be aware that the
spot size and other parameters are rough estimates, which may easily
change depending on cavity alignment. Also the pulse width is not constant
in the crystal but rather stretching and compressing by more than a factor
of two. Nevertheless, the experimental observations in Figure 10.12 agree
well with the above theoretical estimate obtained from conventional soliton
propagation.
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10.4 Carrier-Envelope Phase-Controlled 200 MHz
Octave-Spanning Ti:Sapphire Lasers

Scaling the repetition rate of Ti:sapphire lasers to higher values brings along
many advantages for optical frequency metrology, ultrafast time-domain spec-
troscopy, and other applications. In optical frequency metrology, higher repe-
tition rate lasers yield a larger power per comb line leading to larger signal-to-
noise ratios (SNRs) of the measured heterodyning beat signals. Moreover, for
repetition rates above ~150 MHz, the individual comb lines can conveniently
be resolved using commercial wavemeters. In ultrafast time-domain spectros-
copy, higher repetition rate lasers enable shorter data acquisition times and
improved SNRs. In this section, we discuss CE phase stabilization results for a
200 MHz octave-spanning Ti:sapphire laser as described in Subsection 10.2.3.

The 200 MHz octave-spanning Ti:sapphire laser (Figure 10.13) is pumped
by focusing ~6.5 W (measured in front of the acousto-optic modulator
(AOM)) of 532 nm light emitted by a Coherent Verdi-V6 pump laser into the
gain crystal using a 50 mm focal length lens, and it emits an average output
power of ~270 mW.

Our ν-to-2ν self-referencing setup represents a major improvement over
previous setups: in them, to generate a CE beat note with sufficient SNR for
phase locking (~30 dB in 100 kHz resolution bandwidth), the short- and long-
wavelength portions of the laser spectrum were spatially separated using a
dichroic mirror in a Mach−Zehnder type interferometer [28] or a prism in a
prism-based interferometer [40]. The long-wavelength portion was fre-
quency doubled in a second-harmonic generation (SHG) crystal, and the
short-wavelength fundamental light and the SHG light were recombined
again. Although the wavelength components, that interfere with each other

FIGURE 10.13
CE-phase stabilized 200 MHz octave-spanning Ti:sapphire laser. The femtosecond laser itself
(located inside the gray area) has a compact 20 cm × 30 cm footprint. AOM, acousto-optical
modulator; S, silver end mirror; OC, output coupling mirror; PBS, polarizing beam splitter
cube; PMT, photomultiplier tube; PD, digital phase detector; LF, loop filter; VSA, vector signal
analyzer. The CE frequency is phase locked to 36 MHz.
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generating the CE beat note, can conveniently be overlapped in space and
time, these interferometer setups tend to be bulky and alignment sensitive.
Even more important, mechanical fluctuations in the interferometer introduce
additional CE phase noise in the frequency range up to ~10 kHz. In our setup
(Figure 10.13), in contrast, the time delay between the 570 and 1140 nm spectral
components used for ν-to-2ν self-referencing is produced by 10 bounces on
DCMs, which is intrinsically more stable than the above-mentioned interfer-
ometric setups. After the DCM-based delay line, the Ti:sapphire output is
focused onto a 2 mm-thick BBO crystal cut for type I SHG at 1160 nm. We
measured an SHG conversion efficiency on the order of 10–3. The emitted SHG
light and the orthogonally polarized fundamental light are projected onto a
common axis using a half-waveplate and a polarizing beam splitter cube. Then
it is spectrally filtered using a 10 nm wide interference filter centered at 570
nm, spatially filtered using a ~1mm diameter aperture, and finally detected
using a photomultiplier tube (Hamamatsu H6780-20).

In the RF power spectrum shown in Figure 10.14, we observe a peak at
the CE frequency with a SNR of ~35 dB in a 100 kHz resolution bandwidth.
This SNR is sufficient for direct and routine CE phase stabilization. Phase
locking is achieved by a phase-lock loop (PLL, see Section 10.5) in feeding
an error signal back to an AOM placed into the pump beam which regulates
the pump power and thus changes the CE frequency [13]. A bandpass filter
is used to select the CE beat signal at 36 MHz. This signal is amplified,
divided by four in frequency to enhance the locking range of the PLL, and
compared with a reference frequency supplied by a signal generator using
a digital phase detector. The output signal is amplified in the loop filter,
which in our case is a proportional–integral (PI) controller, and fed back to
the AOM, closing the loop. The output of the digital phase detector is pro-
portional to the remaining jitter between the CE phase evolution and the
local oscillator reduced by the division ratio of four.

FIGURE 10.14
Radio-frequency power spectrum of fundamental and frequency-doubled light transmitted
through a 10 nm wide interference filter centered at 570 nm, resolution bandwidth (RBW) is
100 kHz. The peak at the CE frequency fCE exhibits a signal-to-noise ratio of ~35 dB, sufficient
for direct and routine CE phase stabilization.
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The power spectral density (PSD) of the CE phase fluctuations SφCE mea-
sured with a vector signal analyzer (VSA) at the output of the digital phase
detector and properly rescaled by the division factor is shown in Figure 10.15.
The accumulated (root-mean-square) CE phase error  can be obtained
from SφCE by integration over frequency according to

(10.18)

resulting in a value of 0.103 rad (integrated from 2.5 mHz to 10 MHz),
equivalent to 44 attosecond CE phase jitter at 800 nm.

Because a digital phase detector requires a low pass filter (~1.9 MHz in
our case) for operation, any signal with a higher frequency than the low-
pass filter cutoff will be attenuated, yielding a CE phase error which does
not represent the true CE phase error of the system. Fundamentally this
makes a separate out-of-loop measurement [37] consisting of a separate SHG
process, CE beat detection, and phase comparison necessary. The Allan devi-
ation of an SHG process using a nonlinear crystal was measured to be on
the order of 10–16 for an averaging time of 1 s [82], thus it is reasonable to
assume no significant contribution of the SHG process to the CE phase noise.
Furthermore, our monolithic ν-to-2ν self-referencing setup employing a
DCM-based delay line is not expected to introduce additional CE phase noise
either, in contrast to the commonly used Mach–Zehnder type or prism-based
interferometers. Hence, assuming that our ν-to-2ν self-referencing setup and
the photomultiplier detection truthfully reflect the CE phase dynamics, only
a phase detector with a high enough intermediate frequency (IF) bandwidth
is necessary to measure the true CE phase error within the loop.

In a second measurement, also depicted in Figure 10.15, we therefore
replaced the digital phase detector with an analog mixer. This measurement
yielded a slightly higher value for the accumulated CE phase error of 0.117
rad, equivalent to 50 attosecond CE phase jitter at 800 nm. Both measurements

FIGURE 10.15
Power spectral density (PSD) of the CE phase fluctuations SφCE (gray and black curves) and
accumulated RMS CE phase error  (gray and black dotted curves) measured with a digital
phase detector and analog mixer, respectively.
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are in good agreement with each other considering that they were taken on
different days with different loop-filter settings. These results reflect the
elaborate acoustic vibration isolation and shielding against environmental
perturbations (e.g., air currents) as well as the effectiveness of our PI control
loop up to ~20 kHz. At present, the bandwidth of our PI control loop is
limited by the AOM used to modulate the pump power. By using an electro-
optic modulator, the CE phase fluctuations are expected to be even further
suppressed in the future.

10.5 Noise Analysis of Carrier-Envelope Frequency-
Stabilized Lasers

In 2005, we have built two 200 MHz octave-spanning frequency combs
(OSFCs). One is pumped by a single-longitudinal-mode (slm) Nd:YVO4

pump laser (Verdi-V10, Coherent) and the other one by a multi-longitudinal-
mode (mlm) Nd:YVO4 pump laser (Millennia Xs, Spectra-Physics). Figure
10.16 depicts the measured relative intensity noise (RIN) for the mlm pump
laser and slm pump laser. The mlm pump laser shows significantly higher
RIN in the high-frequency range, whereas the slm pump laser has higher
RIN at very low frequencies. Recently, S. Witte et al. [83] also characterized
the influence of RIN of these pump lasers on the residual CE phase noise
for a 10-fs Ti:sapphire laser, employing chirped mirrors for intracavity dis-
persion compensation and external spectral broadening in a microstructure
fiber. However, no rigorous noise analysis has been performed so far. The
purpose of this section is to elucidate the impact of the RIN of different pump
lasers on the finally achievable CE phase noise and how the feedback mech-
anism and the design of the feedback loop employed impacts residual CE
phase noise [78].

Figure 10.17 shows the corresponding spectrally resolved and integrated
CE phase error measured for the two 200 MHz OSFCs. In agreement with

FIGURE 10.16
Relative intensity noise (RIN) of a Coherent Verdi-V6 (black curve) and a Spectra-Physics
Millennia Xs (gray curve). The measurement noise floor is given by the light gray curve.
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the data measured by S. Witte et al., the high-frequency CE phase noise is
found to be larger for the mlm pump laser. The CE phase fluctuations at
lower frequencies, which are smaller for the mlm pump laser, are strongly
suppressed by the large PI control loop gain and, therefore, do not contribute
significantly to the residual CE phase noise. The residual CE phase fluctua-
tions of the OSFC pumped by the mlm pump laser amount to 0.257 rad,
compared to only 0.117 rad if the slm laser is used. First of all, it is surprising
that the mlm pumped system is only a factor of 2.2 worse than the slm
pumped system, despite the fact that the high-frequency noise of the mlm
pump is worse. As we will see, this is so because the feedback gain is large
below 100 kHz. Obviously the system pumped by the mlm pump laser could
do equally well if the feedback-loop bandwidth could be extended by one
order of magnitude. The reasons why the high-frequency noise of the mlm
pump cannot be further suppressed will be elaborated further in the follow-
ing feedback analysis.

From a control systems point of view, the fCE-stabilized laser is a PLL [84],
where the voltage-controlled oscillator (VCO) is the CE-frequency con-
trolled OSFC, which is the block indicated by the dashed box in Figure
10.18. When the laser is turned on, the CE frequency fCE is determined by
the cavity parameters and alignment, equivalent to the center frequency of
oscillation of the VCO in a PLL. A voltage applied to the AOM driver
changes this frequency by an amount proportional to the equivalent VCO
gain of the system. The model depicted in Figure 10.18 includes all the
electronic components used in the stabilization (phase detector, AOM, and
loop filter), whose transfer characteristics are easy to measure and to
describe by analytic expressions. Assuming an instantaneous response of
the CE frequency to pump power via a constant CfPp, one is not able to
reproduce the measured CE phase noise spectrum. Therefore, the impact of
the frequency response of the OSFC system must be taken into account in
the analysis, which was done by considering the transfer function between
the intracavity laser power (or pulse energy) and the pump power via the
laser gain dynamics.

FIGURE 10.17
Comparison of the CE phase noise of a self-referenced 200 MHz Ti:sapphire frequency comb
pumped by a Coherent Verdi-V6 (black solid and black dotted curves, data already shown in
Figure 10.15) and by a Spectra-Physics Millennia Xs (gray solid and gray dotted curves).
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10.5.1 Transfer Function Representation for the Pulse Energy
versus Pump-Power Dynamics

The starting point for derivation of the transfer function are the laser rate
equations for pulse energy and gain, which can be derived from the master
equation (Equation 10.2) by proper elimination of the remaining degrees of
freedom in the mode-locked laser, as has been derived, for example, in the case
of soliton lasers mode locked by slow saturable absorbers [85,86]. One can write

(10.19)

(10.20)

where we have used
Tr = cavity round-trip time
τL = upper state lifetime

l = total nonsaturable loss
q(E) ≡ qml(E) =  effective energy-dependent saturable absorber and filter 

loss (for more details, see Reference 86)
g0 =  small-signal gain, which is proportional to pump power

Esat = saturation energy of the gain medium.

Many assumptions have been made when using these equations to describe
the energy and gain dynamics. For example, possible frequency shifts and
back action of the background radiation onto the energy and gain dynamics,
i.e., the details of the pulse-shaping mechanism, are neglected. We have

FIGURE 10.18
Block diagram of the phase-lock loop (PLL) composed of the fCE-stabilized laser. The voltage-
controlled oscillator (VCO) is depicted in the dashed box.
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denoted the time coordinate as capital T to emphasize the fact that this
dynamics occurs on the time scale of many cavity round trips. This is possible
for solid-state laser gain media because the interaction cross section is small
and therefore the gain saturates with average power rather than with a single
passage of the pulse through the gain medium [85]. Note that the most
important term in the rate equations is the mode locking related energy-
dependent loss qml(E), which comprises the loss during saturation of the
absorber as well as additional losses due to the bandwidth limitations of the
system that  increase with additional spectral broadening or increasing int-
racavity pulse energy [86]. A typical characteristic dependence of qml on
intracavity pulse energy E is shown in Figure 10.19. To derive a transfer
function for the laser, we linearize Equation 10.19 and Equation 10.20 around
the steady-state operating point, denoted by the subscripts:

E = Es + ΔE, g = gs + Δg, g0 = g0s + Δg0, 

to get the set of linearized equations

(10.21)

(10.22)

where τstim is the stimulated lifetime given by τL(1 + τLEs/TrEsat)–1. By taking
the Laplace transform of the above equations, it is straightforward to derive
a pump power to pulse energy transfer function, by writing g0 as Kg0Pp. Defining
the pump parameter r = 1 + τLEs/TrEsat, which indicates how many times the
laser operates above threshold, we arrive at

FIGURE 10.19
Mode locking related energy-dependent loss qml(E). Stable mode locking occurs at operating
point 2 where dqml/dE > 0.
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(10.23)

where τp = Tr/l is the photon decay time due to the linear cavity losses in cw
operation. So far we have considered the mode-locked case, but a similar
relation can be obtained for the intracavity power in cw operation simply by
setting the saturable absorber terms in Equation 10.23 to zero. However, the
laser parameters, like mode cross section in the gain medium likely change
values when the laser changes from cw operation to mode-locked operation.
But because we have no way of measuring them in mode-locked operation,
we have estimated them based on our knowledge of laser parameters in cw
operation and used those to examine the effect of the inclusion of the saturable
absorber into the transfer function. Figure 10.20 shows the pump power to
intracavity pulse energy transfer functions, in amplitude and phase, for cw
and mode-locked operation for different values of the term (∂q/∂Es)Ps. It is
obvious that the mode locking of the laser drastically changes the transfer
characteristic between pump power and intracavity power due to the pulse
operation, which introduces the term (∂q/∂Es)Ps into the rate equation (Equa-
tion 10.21). Depending on its sign this term enhances (for (∂q/∂Es)Ps < 0 it may
lead to Q-switching when large enough) or strongly damps (for (∂q/∂Es)Ps > 0)
intracavity energy fluctuations. In cw operation its absence usually leads to
pronounced relaxation oscillations (Figure 10.20). As we can see, the stronger
the effective inverse saturable absorption, the more damped become the relax-
ation oscillations in the laser, and the weaker becomes the response at all
frequencies. This result has to be expected, because the stronger the inverse
saturable absorption, the more clamped become the pulse energy and the
average power.

The model is verified by measuring the transfer function of the laser in cw
and mode-locked operation. The measurement is performed by using a
network analyzer as shown in Figure 10.21. Care has to be taken to assure

FIGURE 10.20
Calculated amplitude and phase response of intracavity power with pump power for cw
operation (black) and for different values of saturable absorption: (∂q/∂Es)Ps = 10r/τL (gray),
(∂q/∂Es)Ps = 50r/τL (light gray),  and (∂q/∂Es)Ps = 150r/τL (dashed).
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that no cw component is present in mode-locked operation during the mea-
surements. The results are shown in Figure 10.22. Also shown in the same
plots are the amplitude and phase of the transfer function given by Equation
10.23. For the cw case, q(E) = 0. The parameter r was measured to be 3.22,
and the intracavity loss l, which determines the value of τp, was determined
by matching the relaxation oscillation frequency in the model with the mea-
sured result. The value obtained was l = 0.22. Kgo was then calculated using
the relationship g0 = KgoPp = rl = 0.15. As can be seen in Figure 10.22, the
model describes well the gain dynamics in cw operation. For the mode-
locked case, we included the effect of the saturable absorber and modified
the other parameters in such a way as to match the measured transfer
function as closely as possible, especially for frequencies beyond 10 kHz,

FIGURE 10.21
Schematic of the transfer function measurement setup. In order to measure only the contribution
from the laser itself, a first calibration measurement is performed with PD1 measuring the AOM
and AOM driver response (PD1 and PD2 are the same photo detector). The laser transfer
function is measured by detecting with PD2 the reflection from one intracavity BaF2 plate and
subtracting the AOM and AOM driver response.

FIGURE 10.22
Measured (black and gray curves) and modeled (black and gray dashed curves) amplitude and
phase response of OSFC laser, in cw and mode-locked operation.
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where the impact on the final noise calculation is most pronounced. This
was achieved by setting (∂q/∂Es)Ps = 150 r/τL, qs = l, l = 0.17, r = 3.5, and
Kgo = 0.23. Figure 10.22 shows that the approximations made in the model
do not fully describe the system, i.e., we neglect the interaction with the
continuum, which is an infinite-dimensional system. In the measurements,
a significant change in the amplitude response from low to high frequencies,
in the 1–100 kHz range, is observed in mode-locked operation, which is an
indication of additional slow processes occurring in the mode-locked laser
that are absent in the cw laser. When pushing the laser to octave-spanning
operation, i.e., for the shortest pulse and widest spectrum, one is always
pushing the laser towards its stability boundary resulting in modes that
approach zero damping time, i.e., dynamics with time constants of many
round trips. These modes, which are neglected in the analysis, are most likely
responsible for the deviations in the low-frequency range of the laser when
mode locked. Nevertheless, the model gives good qualitative and quantita-
tive description of the laser dynamics and the transfer function mimics the
global behavior of the measured transfer function while still being simple.
It confirms our observations on the strength of the saturable absorption in
such systems, explicit in the measurements shown in Figure 10.12a. As will
be shown in the next section, the inclusion of this transfer function in the
noise analysis is essential in deriving the correct noise behavior of the system.

10.5.2 Determination of the Carrier-Envelope Phase Error

To calculate the CE phase noise spectrum of the OSFC, a linear noise analysis
is performed. The block diagram in Figure 10.23 shows the closed-loop
system. The input noise source, characterized by the PSD of the pump noise
Sp(s), which is the RIN multiplied by the square of the pump power, is
converted to the CE phase noise spectral density Sφ(s) in the laser and is
partially suppressed in the feedback loop. The feedback path consists of the
phase detector, the loop filter and the AOM, with transfer functions denoted
by HPD(s), HLF(s), and HAOM(s), respectively. Table 10.1 shows the correspond-
ing analytic expressions. The loop filter consists of a simple PI controller
with time constants τ1, τ2, and τ3, and the AOM is, up to a small drop in
amplitude for higher frequencies, equivalent to a delay line with a propaga-
tion delay given by the time it takes for the acoustic wave to travel from the

FIGURE 10.23
Block diagram describing the addition of intensity noise to the CE phase-lock loop.
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piezoelectric transducer to the optical beam. We set this delay to 1.73 μs to
match the measured transfer function. The finite bandwidth of the AOM is
not taken into account here because the measurements show that the mag-
nitude of the AOM transfer function is approximately constant out to 1 MHz.
The calculated and measured transfer functions for the loop filter and the
AOM are shown in Figure 10.24. We consider the phase detector (Analog
Devices AD9901) transfer function to be flat, based on its datasheet.

In the noise analysis we consider the case of the OSFC pumped by the
multi-longitudinal-mode pump laser because of the increased high-frequency
noise in such systems as discussed earlier in Section 10.5. Given the RIN

TABLE 10.1

Transfer functions of the Ti:sapphire laser, phase detector, 
loop filter, and AOM

HTisa(s)

HPD(s) KPD

HLF(s)

HAOM(s)

FIGURE 10.24
Measured (gray) and calculated (black) transfer functions for loop filter (top) and AOM (bot-
tom). Amplitude response is on the left and phase response on the right.
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measurement in Figure 10.16 as the input noise source, we calculate Sφ(s) using
the transfer functions in Table 10.1 to derive the closed-loop transfer function
that describes the conversion of pump noise Sp(s) to CE phase noise Sφ(s)

. (10.24)

Then, Sφ(s) is obtained by multiplying the intensity noise spectrum of the
pump laser Sp(s) with the square modulus of HCL(s) given by Expression 10.24

(10.25)

The calculated and measured CE phase noise is shown in Figure 10.25.
Already given in the previous Subsection 10.5.1, the values for the parame-
ters used in HTisa(s) are those which closely match the measured and calcu-
lated OSFC transfer function in mode-locked operation in the range between
10 kHz and 1 MHz. When only the pump noise is used as a noise source,
we found that the calculated and measured Sφ(s) showed good agreement
up to 200 kHz, beyond which point the measurement showed enhanced
noise. This was determined to be due to electronic noise at the output of the
phase detector, which was then included as an additional noise source in the
analysis to get a good fit beyond 200 kHz. We added this white noise source
SPD in the loop, which converts to a final contribution to Sφ(s) by the closed-
loop transfer function

(10.26)

where the magnitude of the white noise source SPD was estimated based on the
measurement. Improved noise performance could be obtained by increasing

FIGURE 10.25
CE phase noise spectrum of the Millennia-Xs pumped OSFC. The black curve is the calculated
spectrum, the gray curve shows the measurement.
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the closed-loop bandwidth, which is currently about 100 kHz. This bandwidth
is dictated by the phase margin of the feedback loop, which according to the
Nyquist theorem may run unstable when the gain is larger than 1 while the
phase approaches 180° [87]. Note that the VCO integrates a frequency devi-
ation into a phase deviation causing the feedback loop to start off with a
–90° phase, as can be seen in Figure 10.26. When the bandwidth of the gain
medium is approached, additional phase accumulates from the gain dynam-
ics and the time delay from the AOM (see Figure 10.13), which renders the
system unstable if the loop gain is not properly reduced. Of course, for a
reasonably stable system and optimum operation of the feedback loop, large
enough gain and phase margins are necessary. This imposes a limitation to
the maximum loop gain because the jointly added phase from HAOM(s) and
HTisa(s) reduces the phase margin.

However, now that the different phase contributions to the feedback loop
are well understood, the noise suppression at high frequencies could be
improved by custom design of the control electronics. For example, by add-
ing a lead-lag compensator [87], the limitation arising from the phase delays
of some of the components could be reduced. Also, replacing the AOM by
an electro-optic modulator or intracavity loss modulation could further the
contribution to the open-loop phase from the time delay of the AOM.

FIGURE 10.26
Amplitude (top) and phase (bottom) of open-loop transfer function of the CE phase-lock loop
(black curve) corresponding to Figure 10.23. The contribution from the loop filter (gray), AOM
(light gray), and laser dynamics (dashed) to the open-loop phase are also shown. The zoomed
plots on the right-hand side confirm that the PLL satisfies the Nyquist stability criterion (gain
margin 2 dB, phase margin 12°).
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10.6 Carrier-Envelope Phase-Independent Optical Clockwork 
for the HeNe/CH4 Optical Molecular Clock

An intriguing alternative to optical clockworks based on octave-spanning
Ti:sapphire lasers are CE phase independent optical clockworks, which have
less demanding bandwidth requirements and allow extending frequency
combs into the infrared (IR) spectral region. In 2002, A. Baltuška et al. [88].
have shown that the phase relationship between pump, signal, and idler
pulses in a parametric interaction enables the generation of CE phase-inde-
pendent idler pulses. Similarly, by using difference-frequency generation
(DFG) between two different spectral portions νm = mfR + fCE and νn = nfR + fCE

(with m, n integers) of the same frequency comb, a CE frequency-indepen-
dent DFG comb in the infrared spectral region νm –νn = (mfR + fCE) – (nfR + fCE)
= (m – n)fR with excellent accuracy and stability can be generated [89]. Fur-
thermore, a CE frequency independent DFG comb tuned to 800 nm might
also pave the way to an all-optical CE phase stabilization scheme by injection
locking [90]. Equivalent to the DFG approach, sum-frequency generation
(SFG) between an IR optical frequency standard νS and the low-frequency
portion of a frequency comb nfR + fCE yields an SFG comb νS + nfR + fCE that
can be tuned to spectrally overlap with the high-frequency portion mfR + fCE

of the original frequency comb. The heterodyne beat νS – (m – n)fR results
from the coherent superposition of many corresponding comb lines and does
not depend on the CE frequency fCE, thus allowing the construction of a CE
frequency-independent optical clockwork. A similar scheme to eliminate the
CE frequency by orthogonalizing error signals derived from two optical
heterodyne beats of the comb against a reference laser νS and its second
harmonic 2νS was already used earlier [31]: If the two optical beats are
expressed as fb1 = νS – (mfR + fCE) and fb2 = 2νS – (2mfR + fCE), then the differ-
ence between the two beats gives fb2 – fb1 = νS – mfR, permitting control of fR

from νS without stabilizing fCE. In another experiment, in order to avoid the
use of microstructure fibers or the need for special octave-spanning lasers,
A. Amy-Klein et al. [91] phase locked two modes of the same frequency
comb to two cw diode lasers. The difference frequency between the two cw
lasers was phase locked to a stable IR reference. This technique is insensitive
to fCE, but involves numerous phase locks and lasers.

In collaboration with the groups of Jun Ye (JILA in Boulder, CO, U.S.A.)
and Mikhail A. Gubin (Lebedev Physical Institute in Moscow, Russia), our
group implemented a CE frequency independent optical clockwork for the
HeNe/CH4 optical clock based on SFG/DFG in a periodically-poled lithium
niobate (PPLN) crystal [51,52]. Although we first demonstrated the SFG
based CE phase independent clockwork [51], we restrict our discussion here
to the DFG based optical clockwork, which eventually was employed in the
HeNe/CH4 optical molecular clock [52].
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The experimental setup of the HeNe/CH4 optical molecular clock is shown
in Figure 10.27. The three key ingredients are (i) a custom-designed Ti:sap-
phire frequency comb, (ii) a transportable double-mode methane-stabilized
helium neon laser [92–94] at 3.39 μm serving as IR frequency standard, and
(iii) a difference-frequency generation setup using a PPLN crystal.

The X-folded Ti:sapphire laser operates at a repetition frequency fR of
78 MHz and emits an average output power of typically 150 mW. It employs
a 2.3-mm thick Ti:sapphire gain crystal and 7 bounces on DCMs for disper-
sion compensation. The two concave DCMs, both with a focal length of
50 mm, produce a beam waist inside the gain crystal, which is oriented at
Brewster’s angle of ~60°. Approximately 6.5 W of 532 nm pump light
emitted by a frequency-doubled Nd:YVO4 laser is focused into the gain
crystal using an achromatic doublet lens (76.2 mm effective focal length).
The output spectrum depicted in Figure 10.28a is spectrally shaped by
means of a custom-designed narrowband output coupler consisting of five
pairs of SiO2/TiO2 layers. The resulting transmission (not shown here) is
about 0.5% in the center of the output coupler at about 800 nm, it increases
strongly to 5% at the designated wavelengths of 685 nm and 866 nm [51].
Due to these transmission characteristics of the output coupler, the output
spectrum exhibits spectral peaks at 670 nm and 834 nm (see Figure 10.28a),
which have a frequency difference corresponding to 3.39 μm wavelength.
A third peak at ~902 nm is not used in the experiment. Approximately
12.3 mW of average power is contained within the 7 nm FWHM bandwidth
of the 670 nm peak, while a 10 nm wide spectral region centered at 831 nm
has 7.8 mW of average power.

The Ti:sapphire output is focused into a periodically-poled lithium niobate
(PPLN) crystal using a 40 mm focal length calcium fluoride lens. This 5-mm
long PPLN crystal has a quasi-phase-matching period of 16.2 μm and is
heated to 130°C. The resulting phase-matching bandwidth is ~0.75 THz. The
output light is collimated with a 38 mm calcium fluoride lens. For efficient
DFG inside the PPLN, the Ti:sapphire beam traverses a prism-based delay

FIGURE 10.27
Experimental setup of the HeNe/CH4 optical molecular clock. The heterodyne beat between
the cw output of a methane-stabilized helium neon laser at 3.39 μm and the CE frequency
independent comb obtained by difference-frequency generation in a periodically poled lithium
niobate (PPLN) crystal is stabilized via feedback to a piston-mode piezoelectric transducer on
which the fold mirror of the Ti:sapphire laser is mounted. Thus, the repetition frequency fR is
phase coherently derived from the frequency of the HeNe/CH4 laser. OC, output coupling
mirror; BS, beam splitter; PD, photodiode; PZT, piezoelectric transducer.
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line (consisting of two SF10 prisms) before the PPLN for fine-adjusting the
temporal overlap of the 670 and 834 nm spectral components. The resultant
CE frequency independent IR comb passes through a 50 nm FWHM band-
width interference filter centered at 3.39 μm. We measured ~10 μW of average
power transmitted through the filter, corresponding to nearly 600 pW per
mode of the IR comb. With an IR monochromator [95] and lock-in detection,
we observed that the IR comb has a bandwidth of ~270 nm (7 THz) centered
at ~3.4 μm (88.5 THz) as shown in Figure 10.28b.

The optical frequency standard is a compact, transportable, double-mode
helium neon laser stabilized to resonances of the F2

(2) (P(7)ν3) transition in
methane (HWHM ~200 kHz, hyperfine structure is unresolved) at 3.39 μm.
Saturated absorption and saturated dispersion resonances are both used to
phase lock the reference laser frequency, providing optical radiation with a
linewidth < 100 Hz. This type of reference HeNe laser is being routinely
incorporated in transportable HeNe/CH4 systems with telescopic beam
expanders for providing resolution of the hyperfine structure of methane
and frequency repeatability of 2 × 10–13 over several years [92]. Measurements
with a frequency chain indicate an instability of < 4 × 10–13 at 1 s, limited by
a hydrogen maser. A direct optical comparison of two versions of the system
(one was a nontransportable, resolved hyperfine-structure version) has a
demonstrated Allan deviation of ~2 × 10–14 at 1 s. A second HeNe laser
(heterodyne laser) is phase locked to the reference laser with a fixed ~600 kHz
frequency offset, and provides the optical field we use to stabilize our IR
comb. An amplifier HeNe tube is used to increase the power from 300 μW
to ~1 mW.

After the cw HeNe beam and the IR comb are combined on a 60/40 beam
splitter, they pass through a 50 nm FWHM interference filter centered at
3.39 μm. A 1.8 cm focal length calcium fluoride lens focuses the beams onto
a liquid-nitrogen-cooled InSb photodiode with a 250 μm diameter active area.

FIGURE 10.28
(a) Output spectrum of the custom-designed 78 MHz Ti:sapphire laser with strong peaks at
670 and 834 nm. (b) CE-frequency-independent IR comb at 3.39 μm generated by difference-
frequency mixing of the Ti:sapphire comb in a PPLN crystal. RBW, resolution bandwidth.
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A heterodyne beat between the cw HeNe beam at νHeNe and the Nth line of
the IR comb is detected and amplified. As shown in Figure 10.29, the beat
frequency fb = NfR – νHeNe has a SNR of 25 dB in a 100 kHz bandwidth. It is
subsequently phase locked via an RF tracking oscillator, which consists of a
voltage-controlled oscillator and a digital phase-lock loop, to a 70 MHz
synthesized signal (with a negligible noise contribution) derived from a
stable cesium reference. Control of fb is achieved by feedback of the PLL
error signal to a piston-mode piezoelectric transducer on which the fold
mirror of the Ti:sapphire laser is mounted. Now the RF frequency fR is directly
expressed in terms of the optical frequency νHeNe as fR = (νHeNe + 70 MHz)/N.
The optical clock signals fR are independently detected using visible light
from the second port of the beam splitter.

The stability of the RF clock signal is compared to both a hydrogen maser
and the repetition frequency of a second Ti:sapphire laser operating as part
of an optical clock based on a molecular iodine transition [31]. For compar-
ison with the maser, the tenth harmonic of fR is compared to a 780 MHz
signal derived from NIST’s (National Institute of Standards and Technology
in Boulder, CO) ST-22 hydrogen maser and transferred to JILA via the Boul-
der Research and Administrative Network (BRAN) single-mode fiber [96].
The I2 clock consists of a second Ti:sapphire laser with a 100 MHz repetition
rate. Its frequency comb is stabilized by locking fce using ν-to-2ν self-refer-
encing, and by phase locking one comb line near 1064 nm to a Nd:YAG laser
which is stabilized to molecular iodine [31]. The seventh harmonic of this I2-
referenced Ti:sapphire laser’s fR is compared to the ninth harmonic of the
CH4-referenced Ti:sapphire laser’s fR at ~702 MHz. We deliberately introduce
an offset frequency of 10 kHz between the two stabilized fR harmonics. A
double-balanced mixer detects this 10 kHz difference frequency that is sub-
sequently filtered and counted [97] with a 1 s gate time in order to determine
the Allan deviation σy(τ) of the HeNe/CH4 clock as compared to the hydro-
gen maser or the I2 clock.

FIGURE 10.29
Heterodyne beat signal fb between the HeNe/CH4 laser and a neighboring DFG comb line
exhibiting a signal-to-noise ratio of > 25 dB in a 100 kHz RBW.
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Figure 10.30a shows representative frequency counting data for both com-
parisons. Denoting the comparison frequency (780 MHz for the maser,
702 MHz for the I2 clock) as fc, frequency fluctuations Δfc are normalized to fc

for fair evaluation of the two stability measurements. Parasitic back reflections
from surfaces inside the HeNe resonator shift the centers of saturated absorp-
tion and saturated dispersion resonances of the reference system [98]. As the
position of the reflecting surface moves due to temperature changes, both a
slow drift and a slow oscillation of νHeNe are observed. Therefore, a quadratic
drift of Δfc tightly correlated with recorded temperature changes of the HeNe
system (monitored independently with the laser’s intermode beat frequency),
has been subtracted from the raw data. However, an oscillation with period
> 20 s is still present. Figure 10.30b shows the Allan deviations determined
from various frequency-counting records. Measurements against the maser
(filled diamonds) are limited by the maser’s intrinsic short-term instability of
~3 × 10–13 at 1 s. Data run I (bow ties) against the I2 clock used free-space
photodiodes for detection of both clocks’ repetition frequencies, and data run
II (circles) used fiber-coupled detectors which exhibit greater phase noise and
amplitude-to-phase noise conversion. The noisy plateau in the Allan devia-
tion for data run II for τ < 20 s strongly suggests that amplitude-to-phase
noise conversion in the detection process limits our instability for short time
scales [99]. However, for time scales 20 s < τ < 100 s, data run II exhibits com-
parable stability to data run I, even though they were taken under very
different conditions of temperature fluctuations in the laboratory. We there-
fore conclude that the instability of our HeNe/CH4 clock as compared to the
I2 clock is ~1.2 × 10–13 at 1 s, averaging down as τ–1/2 for τ < 100 s, limited by
excess noise in the photodetection process [99].

In order to characterize the phase noise of our HeNe/CH4 clock signal, we
examine the 10 kHz signal derived from comparison with the I2 clock (using

FIGURE 10.30
Comparison of the HeNe/CH4 clock signal against the NIST ST-22 hydrogen maser and the iodine
clock signal. (a) Fractional frequency fluctuations Δfc/fc for 1 s counter gate time. (b) Allan devia-
tions for comparison with the hydrogen maser (diamonds), the iodine clock with fiber-coupled
detection of fR (circles), and the iodine clock with free-space-coupled detection of fR (bow ties).
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free-space detection of the clock signals) with a fast-Fourier-transform (FFT)
spectrum analyzer. These measurements represent an upper limit to the
single-sideband (SSB) phase noise, as they are sensitive to amplitude noise
as well. Figure 10.31 shows our measurement results after scaling the phase
noise up to a 1 GHz carrier frequency for ease of comparison against other
oscillators. We include curves representing the typical SSB phase noise of
other extremely stable microwave sources [100]. Less than 10 Hz from the
carrier, our SSB phase noise is superior to some of the lowest phase-noise
microwave sources available, achieving –93 dBc/Hz at 1 Hz offset. Note that
if the phase was driven by white noise sources, one would expect a 20 dB
per decade roll-off of the SSB phase noise. Independent measurements of
the phase noise of our RF amplifiers indicate that, below 10 Hz, they are
limiting the SSB phase noise of our system.

Without the need for stabilization of fCE, and coupled with the use of a
portable highly stable HeNe/CH4 optical frequency standard, our setup
represents a compact, reliable optical clock with high stability and exceed-
ingly low phase noise, which can in principle be operated for long (> 24 h)
periods of time. We also note the applicability of our scheme to absolute
frequency measurements throughout the near- and mid-IR spectral range.

10.7 Conclusions

In this chapter we have shown that, besides their well-known importance
for ultrafast time-domain spectroscopy, few-cycle Ti:sapphire lasers yield
highest-quality frequency combs for optical frequency metrology. We

FIGURE 10.31
Single-sideband (SSB) phase noise of the HeNe/CH4 clock signal when compared with the
iodine clock signal. Additional curves show the approximate SSB phase noise of extremely low-
phase-noise microwave sources for comparison. All data were scaled for a 1 GHz carrier for
ease of comparison.
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reviewed the pulse formation and dynamics in these lasers, discussed the
main technical challenges that must be overcome to enable the generation of
ultrabroadband spectra, and presented octave-spanning Ti:sapphire lasers
which can directly be carrier-envelope phase stabilized by ν-to-2ν self-refer-
encing with residual carrier-envelope phase jitter of only 50 asec. We further-
more performed a complete noise analysis of the carrier-envelope phase-lock
loop and discussed its bandwidth limitations. This system represents a very
attractive clockwork for ultrastable and ultraprecise optical clocks based on
optical transitions in trapped single ions and neutral atoms. An intriguing
alternative to optical clockworks based on octave-spanning Ti:sapphire lasers
are carrier-envelope phase independent optical clockworks based on differ-
ence-frequency generation, which have less demanding bandwidth require-
ments and allow to extend frequency combs into the IR spectral region. Finally
we have presented a HeNe/CH4 optical molecular clock employing such a
carrier-envelope phase-independent clockwork and demonstrated the syn-
thesis of ultrastable microwave signals from this optical frequency reference.
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11.1 Introduction

Ultrafast optical science is a rapidly expanding field based on the capability,
offered by lasers, to generate ultrashort light pulses, with duration ≤ 100 fs
(see Chapter 6 to Chapter 10). On the one hand such short pulses enable
the observation of very fast dynamical processes in atoms, molecules, and
solids [1]; on the other hand, their very high intensities enable the study of
new regimes in light-matter interaction [2]. In a classical “pump–probe”
experiment, the system is resonantly excited by a “pump” pulse, and its
subsequent evolution is monitored by the pump-induced absorption change
of a delayed “probe” pulse. Our capability to observe fast dynamical pro-
cesses is limited by the duration of the light pulses available to us, thus

© 2007 by Taylor & Francis Group, LLC



438 Solid-State Lasers and Applications

calling for the generation of shorter and shorter pulses; however, the need
to excite a system on resonance and probe optical transitions occurring at
different photon energies requires frequency tunability of both pump and
probe pulses. Therefore, frequency tunability is as important an issue as short
pulse duration for an ultrafast optical spectroscopy system.

The first sources of femtosecond light pulses were based on the dye laser
[3–5] (i.e., “liquid laser”) technology. While in some cases very short pulses
could be obtained, the peak powers were limited by the low saturation
intensities of the dye molecules, and the presence of dye jets made the
systems very sensitive to alignment, preventing long term stability; partial
frequency tunability could be achieved in a cumbersome way by changing
the laser dye.

The 1990s have witnessed a revolution in ultrafast laser technology, in
which dye laser systems have been completely replaced by solid state ones.
Three main innovations have been responsible for this evolution: (1) the
availability of high optical grade Ti:sapphire crystals [6], (2) the discovery
of Kerr-lens mode locking (KLM) [7], and (3) the introduction of the chirped-
pulse amplification (CPA) technique [8,9]. Ti:sapphire is a laser material with
excellent thermal properties and exceptionally broad-gain bandwidth in the
near-IR (from 600–1000 nm). KLM is a powerful passive mode-locking tech-
nique which allows generating from Ti:sapphire oscillators pulses with sub-
100-fs duration and energy in the nJ range; CPA enables to boost the energy
from an oscillator by some six orders of magnitude, up to the mJ level. Typical
figures of commercial Ti:sapphire laser systems are pulse energy >1 mJ, pulse
duration <100 fs, and repetition rate >1 kHz. However, the frequency tun-
ability of such laser sources is limited in a narrow range around the peak
gain wavelength of 800 nm or 400 nm, obtained by second harmonic gener-
ation (SHG). Despite this limitation, the very high peak powers of these
sources, in excess of 10 GW, enable exploitation of the second-order nonlinear
optical effect known as optical parametric amplification (OPA) to extend
their tuning range [10]. The principle of OPA is quite simple: in a suitable
second-order nonlinear crystal, a high- frequency and high-intensity beam
(the pump beam, at frequency ω3) amplifies a lower-frequency, lower-intensity
beam (the signal beam, at frequency ω2); in addition a third beam (the idler
beam, at frequency ω1) is generated. The OPA process can be given a simple
corpuscular interpretation: a photon at frequency ω3 is absorbed by a virtual
level of the material and two photons at frequencies ω2 and ω1 are emitted.
In this interaction both energy conservation

(11.1)

and momentum conservation

(11.2)

? ? ?ω ω ω3 1 2= +

? ? ?k k k3 1 2= +
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must be fulfilled. The signal frequency can in principle vary from ω3/2 (the
so-called degeneracy condition) to ω3 and, correspondingly, the idler varies
from ω3/2 to 0 (at degeneracy signal and idler coincide). To summarize, an
OPA transfers energy from an high intensity, fixed frequency pump beam,
to a low intensity, variable frequency signal beam; in this process a third
beam, the idler, is also generated. The OPA acts as a broadband optical
amplifier with continuously tunable center frequency, which can amplify by
many orders of magnitude a suitably generated weak signal beam (the so-
called seed beam).

In this chapter we will discuss the state of the art of femtosecond OPAs
including the most recent developments [11]. In Section 11.2 we will briefly
review the theory of optical parametric amplification and point out the
features relevant to ultrashort pulses, deriving some design criteria. In Sec-
tion 11.3 we will outline the classical designs of femtosecond OPA systems,
covering the near-IR, visible and mid-IR spectral ranges. In Section 11.4 we
will show how OPAs have the capability of generating pulses much shorter
than the pump pulses, exploiting the ultrabroad gain bandwidths available
in certain configurations. In Section 11.5 we will describe another unique
feature of OPAs, namely, the capability to generate, under suitable condi-
tions, pulses with a constant carrier-envelope phase. Finally, in Section 11.6
we will show how OPAs, thanks to their very high gain and low thermal
loading, may provide an alternative route to the generation of ultrahigh peak
power pulses, exceeding the PW level.

11.2 Theory of Optical Parametric Amplification

In order to highlight the main factors influencing the optical parametric
amplification process with ultrashort pulses, we will give a brief theoretical
treatment [12,13]. We start with a linearly polarized light pulse with carrier
frequency ω, envelope A(z,t) and plane wavefront, propagating in the z
direction

(11.3)

in a medium with a nonlinear polarization

PNL(z,t) = ε0deffE2(z,t) (11.4)

Here, deff is the so-called effective nonlinear optical coefficient, which is
linked through the tensor χ(2) to the propagation direction and polarization
of the field.

E z t A z t j t kz c c( , ) , exp . .= ( ) −( )⎡⎣ ⎤⎦ +ω
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If the propagation equation

(11.5)

is manipulated considering linear dispersion and the slowing varying envelope
approximation (SVEA), one gets [13]

(11.6)

where μ0 is the magnetic permeability of vacuum. By defining the group velocity

and the group velocity dispersion (GVD)

,

Equation 11.6 can be recast in the form:

(11.7)

This equation shows that the pulse envelope propagates through the medium
with the group velocity νg, whereas GVD causes a change of its shape; the
nonlinear polarization acts as a source term driving its amplitude variations.

Let us now consider the propagation in a second-order nonlinear medium
of three collinear linearly polarized waves at frequencies ω1, ω2, and ω3, with
ω1 < ω2< ω3 and ω1 + ω2 = ω3. The polarizations of the three waves are not
necessarily parallel. The resulting electric field can be written as:

(11.8)

and the nonlinear second-order polarization becomes

 (11.9)
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where we have rejected the constant terms (optical rectification) and the
oscillating components at frequencies different from ω1, ω2, and ω3.

Equation 11.9 shows that (1) the nonlinear polarization at one frequency
is proportional to the product of the electric fields at the other two frequen-
cies, so that the waves become nonlinearly coupled, and (2) the wavevector
of the nonlinear polarization at a given frequency does not coincide with
that of the wave.

The forcing term ∂2PNL/∂t2 can be easily calculated and simplified applying
the SVEA, thus getting:

(11.10)

By inserting (10) into (7) and rejecting the complex conjugated, one derives
the three coupled nonlinear equations:

 (11.11a)

 (11.11b)

 (11.11c)

where Δk = k3 – k2 –k1 is the so-called wave vector mismatch. Equation 11.11
show that the three fields exchange energy through the nonlinear polariza-
tion; if two fields are injected into the medium, a third one is generated by
the nonlinear interaction. According to the initial condition, two main phe-
nomena can arise: sum-frequency generation (SFG) and difference-frequency
generation (DFG). In SFG, two fields at frequencies ω1 and ω2 interact to
produce a field at the frequency ω3 = ω1 + ω2 (SHG is just a particular case
in which ω1 = ω2). In DFG, two fields at frequencies ω3 and ω2 interact; the
field at ω3 loses energy in favor of the field at ω2 and of the newly generated
frequency ω1 = ω3  ω2 (optical rectification is the limiting case when ω3 = ω2).

OPA is a mechanism similar to DFG, except for the strength of the interacting
fields: DFG arises when the fields at ω2 and ω3 have comparable intensities,
whereas OPA occurs when the field at ω2 is much weaker. In OPA, therefore,
an intense beam at ω3 (pump beam) generates a beam at ω1 (idler beam) and
transfers energy to the beam at ω2 (signal beam), thereby amplifying it.
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To capture the main features of the OPA process, we will simplify Equation
11.11 by considering monochromatic waves

:

(11.12a)

(11.12b)

(11.12c)

These equations can be easily solved if one neglects the depletion of the
pump beam (A3 ≅ cost.) and assumes an initial signal intensity A20 (seed
beam) and no initial idler beam (A10 = 0). One obtains, after propagation for
a length L of nonlinear material:

(11.13a)

(11.13b)

where Γ and g are defined as follows:

(11.14)

In the case of large gain (gL>>1), Equation 11.13 simplifies to

(11.15a)

(11.15b)
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(11.16a)

(11.16b)

Equation 11.15 and Equation 11.16 show that, for a given small-signal gain,
both signal and idler intensities grow exponentially (within the no-depletion
approximation) with crystal length L and allow to define a parametric gain as

(11.17)

Note that this exponential growth is qualitatively different from the qua-
dratic growth observed in other second-order processes like SFG and SHG
and shows that the OPA behaves like a real amplifier. With respect to a
classical optical amplifier based on population inversion in an atomic or
molecular transition, however, an OPA has three important differences: (1)
it does not have any energy storage capability, i.e., the gain is present only
during the pump pulse; (2) the gain center frequency is not fixed but can be
continuously adjusted by varying the phase- matching condition; and (3) the
gain bandwidth is not limited by the linewidth of the transition but rather
by the possibility of satisfying the phase-matching condition over a broad
range of frequencies.

Let us now consider the factors influencing the parametric gain G:

1. G ∝ exp(g) strongly depends on the parameter g, which is maximum
when Δk = 0 (phase-matching condition). G rapidly decreases for
nonzero values of Δk, suggesting that phase-matching is a key con-
dition to be fulfilled in order to get significant amplification from
the nonlinear material. In the following we will focus on the case Δk
= 0, leading to g = Γ.

2. G ∝ exp(deff) depends exponentially on the second-order nonlinear
optical coefficient of the crystal deff; one should therefore select the
crystal with the highest deff. There are, however, other considerations
leading to the choice of the crystal, such as phase-matching range,
dispersive properties, availability, and optical damage threshold.

3.  scales as the exponential of the square root of the
pump intensity. This indicates the suitability of ultrashort pulses for
OPAs, due to their high peak powers. One should try to use the
highest possible pump intensity before the onset of other nonlinear
optical phenomena such as self-focusing, self-phase modulation and
beam breakup. In order to be able to use high pump intensities, it
is important to have a spatially clean beam profile, without hot spots.
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4.  scales as the exponential of the crystal length. This gain
is strikingly different from the efficiency of SHG, which scales as the
square of the crystal length. During the nonlinear interaction the
idler beam is generated at the difference frequency between pump
and signal. The idler then gets amplified, and a beam at the signal
frequency and phase is generated, thus adding power to the ampli-
fied seed. This mechanism acts as positive feedback, giving rise to
an exponential gain of the signal during its propagation. We will see
that with ultra-short light pulses, the optimum crystal length has to
be chosen considering the durations and group velocities of the
interacting pulses.

5.  scales as the exponential of the square root of the
product of signal and idler frequencies. This seems to indicate an
advantage to use high pump frequencies. However, we will see that
with ultrashort pulses this advantage is often offset by the larger
difference in group velocities of the interacting pulses.

Let us consider two practical examples of parametric gain calculation; both
refer to the crystal β-barium borate (BBO), which is the most widely used.
For an OPA pumped at λ3 = 0.8 μm and a signal wavelength λ2 = 1.2 μm,
employing a 3-mm-thick BBO crystal and pump intensity I3 = 40 GW/cm2,
we obtain G = 2 × 104; for an OPA pumped at λ3 = 0.4 μm and a signal
wavelength λ2 = 0.6 μm, employing a 3-mm-thick BBO crystal and pump
intensity I3 = 40 GW/cm2, we obtain G = 6 × 105. Note the advantage of using
shorter pump wavelengths.

It is worthwhile mentioning that the phase-matching condition k3 = k2 + k1

and the relationship between the frequencies, ω3 = ω2 + ω1, can be rewritten as

 (11.18a)

 (11.18b)

which represent momentum and energy conservation for the interacting
pump, signal, and idler photons in the corpuscular interpretation of para-
metric processes. This interpretation allows extension of the phase-matching
condition to a noncollinear geometry by simply using the vector equation:

 (11.19)

Let us now discuss how to obtain the collinear phase-matching condition
Δk = 0 necessary for high gain. The condition k3 = k1 + k2 is equivalent to

(11.20)
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It is easy to show that (20) is normally not satisfied in isotropic materials
because of normal dispersion; in the limiting case ω1 = ω2 = ω, ω3 = 2ω (SHG),
it would correspond to n(2ω) = n(ω). In birefringent crystals, which are,
anyway, those used for OPAs because, due to the lack of inversion symmetry,
they have a second-order nonlinear optical coefficient, one can exploit the
polarization dependence of refractive index. In particular, one can choose
for the high-frequency pump field the polarization direction corresponding
to the lower refractive index. One can then select the propagation direction
in the crystal in order to exactly satisfy (20) for a given set of wavelengths.

We consider the case, common in femtosecond OPAs, of negative uniaxial
birefringent crystals (ne<no); according to the previous discussion, the pump
beam has extraordinary polarization. If both signal and idler beam have
ordinary polarization, we talk about type I phase matching. If either the
signal or the idler beams have extraordinary polarization, we talk about type
II phase matching [14]. Both types of phase matching have their specific
advantages and can be used depending on the case. Let us consider type I
phase matching in a negative uniaxial crystal (such as for example BBO). In
this case Equation 11.20 becomes:

(11.21)

which allows us to compute ne3*, i.e., the refractive index at the pump
frequency required for phase matching. The refractive index of the extraor-
dinary beam depends on the angle θ between the wave vector and the optical
axis according to the:

(11.22)

where ne is the principal extraordinary refractive index. Putting together
Equation 11.21 and Equation 11.22, one obtains the phase-matching angle as

(11.23)

In this case, the idler is efficiently generated with ordinary polarization,
whereas extraordinary components are negligible as they are phase-mis-
matched. For type II phase matching, Equation 11.21 cannot be solved explic-
itly, only approximate solutions can be found with numerical methods [14].

Figure 11.1 shows the phase-matching angle as a function of wavelength
for BBO type I and II OPAs at the pump wavelengths 0.8 μm. Note that, in
general, the phase-matching angle has a less pronounced wavelength depen-
dence for type I with respect to type II phase matching.
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So far we have discussed the case of monochromatic waves (∂A(z,t)/∂t = 0);
we will now see how the previous considerations can be extended to OPAs
with ultrashort pulses. In this case one needs to go back to Equation 11.11,
containing the time derivatives of the pulse envelopes. As previously dis-
cussed, the second derivatives describe broadening of the individual pulses
within the nonlinear crystal due to dispersion and can be neglected for
reasons that will appear clearer later. By transforming to a frame of reference
that is moving with the group velocity of the pump pulse (τ = t-z/νg3) we
obtain the equations

(11.24a)

(11.24b)

(11.24c)

These equations show that the main limiting factor in parametric interac-
tion with ultrashort pulses is the difference in group velocities, also called
group velocity mismatch (GVM), between the interacting pulses. With
respect to the pump pulse, which is fixed in this frame of reference, the signal
and idler pulses move with different velocities and after a while separate
temporally, thus stopping the parametric interaction. The relative speeds νgrel

FIGURE 11.1
Phase-matching angle as a function of wavelength for a BBO OPA pumped at 0.8 μm for type
I phase matching (dashed line), type II phase matching (signal extraordinary, dash-dotted line)
and type II phase matching (idler extraordinary, solid line).
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of signal and idler pulses with respect to the pump pulse are given, according
to Equation 11.24, by

(11.25)

One can define pulse splitting length as the propagation length after
which the signal (or the idler) pulse temporally separates from the pump
pulse in the absence of gain; this represents the length over which paramet-
ric interaction takes place, i.e., the maximum useful crystal length. It can be
expressed as

(11.26)

where τ is the pump pulse duration. Note that the pulse splitting length
becomes shorter for decreasing pulse duration and for increasing GVM. GVM
depends on the crystal type, pump wavelength and type of phase matching.
Figure 11. 2 and Figure 11.3 show examples of GVM curves for a BBO OPA
pumped by 0.8 μm (Figure 11.2) and 0.4 μm (Figure 11.3) pulses, respectively.
Note that, due to greater dispersion values in the visible, GVM is in general
larger in this wavelength range.

We have shown that the GVM between pump and signal/idler limits the
maximum useful length of the nonlinear crystal. We will now consider which
factors determine the amplification bandwidth. Ideally, one would like to
have a broadband amplifier, i.e., an amplifier which, for a fixed pump fre-
quency ω3, provides a more or less constant gain over a broad range of signal
frequencies. Practically, however, the phase-matching condition can be satis-
fied only for a given set of frequencies (ω1, ω2, and ω3). If the pump frequency

FIGURE 11.2
Pump-signal (δsp) and pump-idler (δip) group velocity mismatch curves for a BBO OPA pumped
at 0.8 μm for type I phase matching (solid lines) and type II phase matching (idler extraordinary,
dashed lines).
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is fixed at ω3 and the signal frequency changes to ω2+Δω, then by energy
conservation the idler frequency changes to ω1–Δω. The ensuing wave vector
mismatch can be approximated to the first order as

(11.27)

The full width at half maximum parametric gain bandwidth can be calcu-
lated from Equation 11.17, within the large gain approximation, as:

(11.28)

Equation 11.28 shows that the gain bandwidth is inversely proportional to
the GVM between signal and idler and has only a square root dependence on
small-signal gain and crystal length. For the case when νg1= νg2, Equation 11.28
loses validity and Equation 11.27 must be expanded to the second order, giving

(11.29)

Figure 11.4 and Figure 11.5 show typical plots of phase-matching band-
widths for BBO OPAs, pumped at 0.8 μm (Figure 11.4) and 0.4 μm (Figure

FIGURE 11.3
Pump-signal (δsp) and pump-idler (δip) group velocity mismatch curves for a BBO OPA pumped
at 0.4 μm for type I phase matching (solid lines) and type II phase matching (idler extraordinary,
dashed lines).
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11.5), respectively. We see a remarkable difference between type I and II
phase matching: for type II interaction, the bandwidth is smaller than in
type I and stays more or less constant over the tuning range, while for type
I interaction, as previously said, the bandwidth increases as the OPA
approaches degeneracy. These features can be exploited for different appli-
cations: type I phase matching is used to achieve the shortest pulses,
whereas type II phase matching allows us to obtain relatively narrow band-
widths over broad tuning ranges, which are required for many spectroscopic
investigations.

FIGURE 11.4
Phase-matching bandwidth for a BBO OPA pumped at 0.8 μm for type I phase matching (solid
line) and type II phase matching (idler extraordinary, dashed line). Crystal length is 4 mm and
pump intensity 50 GW/cm2.

FIGURE 11.5
Phase-matching bandwidth for a BBO OPA pumped at 0.4 μm for type I phase matching (solid
line) and type II phase matching (idler extraordinary, dashed line). Crystal length is 2 mm and
pump intensity 100 GW/cm2.
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11.3 Optical Parametric Amplifiers from the Visible to the 
Mid-IR

A general scheme of an ultrafast OPA is presented in Figure 11.6. The system
is powered by energetic femtosecond pulses, typically coming from an ampli-
fied Ti:sapphire laser at 800 nm. A fraction of the beam is split and used to
generate the seed beam. Then the pump beam (which may be optionally
frequency doubled) and the seed, after their timing has been adjusted by a
delay line, interact in a first amplification stage. It is possible to further
amplify the signal in a second stage (power amplifier), using a previously
split fraction of the pump beam. The two-stage approach has two advan-
tages: (1) it allows compensation from the GVM arising between pump and
signal beams in the first stage, and (2) it enables to adjust the pump intensity,
and thus the parametric gain, separately in the two stages. In particular, the
power amplifier requires a much lower gain. At the OPA output, after the
pump has been spectrally filtered, both signal and idler beams are available.
In some cases, it is necessary to use a pulse compressor to restore the trans-
form-limited duration of the pulses.

In the following we will first briefly describe the seed generation tech-
niques, then give examples of OPA designs in the near-IR, visible, and mid-
IR frequency ranges.

11.3.1 Seed Generation

The first stage of any OPA is the seed generator, i.e., a stage producing the
initial photons at the signal wavelength. As the seed beam is at a different
wavelength from the pump beam, a nonlinear process is required. The two

FIGURE 11.6
Scheme of an ultrafast optical parametric amplifier. BS, beam splitter; OPA, optical parametric
amplification stage.

© 2007 by Taylor & Francis Group, LLC

Pulsed, energetic

 source

Seed 

generation
OPA OPA

Delay line Delay line

PumpPump

Optional

SHG

BS

BS

First amplification stage Power amplifier



Solid-State Ultrafast Optical Parametric Amplifiers 451

main techniques employed for seed generation are parametric superfluores-
cence and supercontinuum generation.

Parametric superfluorescence [15] is parametric amplification of vacuum
noise and can also be thought as two-photon emission from a virtual level
excited by the pump field. In practice it is achieved by pumping a suitable
second-order nonlinear crystal (often of the same kind as those employed in
the later OPA stages); amplification of vacuum noise occurs at those wave-
lengths for which the phase-matching condition is satisfied. Disadvantages
of this technique are the poor spatial quality of the generated seed beam and
its large fluctuations (inherent in a process which is starting from noise); for
these reasons, it is nowadays seldom used in OPAs.

Supercontinuum (white light) generation [16] is a phenomenon occurring
when an intense light pulse is focused inside a transparent material, such as
fused silica or sapphire. It can be understood as a result of self-phase-
modulation (SPM) of the pulse. When an intense laser beam impinges on a
material of thickness L, its refractive index becomes a linear function of the
intensity (Kerr effect):

n(t)= n0 + n2 I(t) (11.30)

so that the phase shift experienced by a quasi-monochromatic pulse of carrier
frequency ω0 is

(11.31)

and the instantaneous frequency becomes

. (11.32)

Equation 11.32 suggests that the instantaneous carrier frequency of the
pulse changes in time; in particular, during the leading edge of the pulse
(dI/dt > 0), it is shifted to the red, whereas during the trailing edge (dI/dt <
0) it is shifted to the blue, leading to a dramatic broadening of the spectrum.
Note that this is an oversimplified description of the phenomenon; in fact,
other phenomena such as spatial self-focusing, temporal self-steepening, and
space time-focusing play a role (see [17] and [18] for a detailed description).

Practically, white light generation is achieved by focusing 800-nm, 100-fs
pulses with energy from 1 to 3 μJ into a sapphire plate, with thickness ranging
between 1 and 3 mm. Sapphire is chosen because of excellent thermal con-
ductivity and low UV absorption, preventing long-term degradation. The
white light extends throughout the visible (down to ≈ 0.4 μm) and the near-
IR (up to ≈ 1.5 μm), with an energy of approximately 10 pJ per nm of
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bandwidth; it displays very high pulse-to-pulse stability and excellent spatial
beam quality.

11.3.2 OPAs in Near-IR

The simplest way of obtaining OPAs tunable in the near-IR is by pumping
with the fundamental wavelength (800 nm) of an amplified Ti:sapphire laser
[19–26]. They have the following advantages: (1) high available pump ener-
gies (up to the mJ-level) and (2) low pump-signal and pump-idler GVM
values, allowing the use of long nonlinear crystals and the obtainment of
high gains. These advantages are partially offset by a lower gain for the
parametric interaction in the near-IR compared to the visible because of
lower signal and idler frequencies. Tunability is limited by the losses due to
absorption of the idler wave in the nonlinear crystal. This is typically a
problem at wavelengths longer than ≈ 3 μm. Therefore, the signal beam is
tunable from degeneracy (1.6 μm) to 1.1 μm whereas the idler beam tunes
from 1.6 to 3 μm. This leaves a “hole” in the tuning range from 0.8 to 1.1 μm.

A typical setup for a near-IR OPA is shown in Figure 11.7 [27]. It is pumped
by a standard CPA Ti:sapphire laser generating 500-μJ, 50-fs pulses at 1 kHz
repetition rate. A small fraction of the pump (≈2 μJ) is used to generate white
light in a 2-mm-thick sapphire plate; 50 μJ of the pump are used to amplify
a near-IR wavelength in the continuum in a preamplifier stage consisting of
a 3-mm-thick BBO crystal cut for type II phase matching (θ = 26°, ϕ = 0°).
Wavelength tuning is achieved by tilting the crystal, thus changing the phase-
matching condition. Typical signal energies after the preamplifier are up to
6 μJ. The power amplifier stage consists of an identical BBO crystal pumped
by 450 μJ; in this case signal energies up to 200 μJ are generated. The signal
beam is tunable from 1.1 to 1.6 μm and the idler up to 2.8 μm; pulsewidth
ranges from 30 to 50 fs according to wavelength.

FIGURE 11.7
Scheme of a near-IR OPA. BS, beam splitter; DF, dichroic filter; DM, dichroic mirror.
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11.3.3 OPAs in the Visible

The generation of femtosecond pulses tunable in the visible is important for
a variety of spectroscopic applications in physics, chemistry, and biology. A
straightforward way of achieving tunable visible pulses consists in fre-
quency- doubling the output of an 800-nm-pumped near-IR OPA [26]; how-
ever, as absorption of the idler in the nonlinear crystal prevents signal
amplification for wavelengths shorter than ≈1100 nm, the SH would be
tunable down to only 550 nm, leaving a substantial part of the visible range
uncovered. Pumping with the SH of an amplified Ti:sapphire laser around
400 nm [28–33], the signal can be tuned through most of the visible range,
from ≈450 nm to degeneracy (800 nm). Correspondingly, the idler tunes from
800 nm to 2.5 μm; this fills the gap in the tuning range left by near-IR OPAs.
Visible OPAs in general produce lower energies than near-IR ones because
of the lower pump energy available from a frequency-doubled pump. Fur-
thermore, GVM is much larger in the visible range, preventing the use of
long nonlinear crystals. This disadvantage is partially compensated for by
the larger gain for parametric interaction in the visible. Also in visible OPAs,
the most popular nonlinear material is BBO. Type II phase matching provides
gain bandwidths that are narrower and stay essentially constant over the
tuning range, which may be beneficial for some spectroscopic applications
[30]. Using type I phase matching, the amplified pulse bandwidth strongly
depends on signal wavelength, increasing in the red as degeneracy is
approached. The collinear interaction geometry limits the available phase-
matching bandwidth. A possible solution to this problem consists of chang-
ing the phase-matching angle in subsequent amplification stages, so as to
amplify at each pass a different spectral region of the white light seed; this
technique makes it possible to generate 30 fs pulses tunable throughout the
visible [32]. A more effective solution to the problem, which consists in using
noncollinear interaction geometry, will be discussed in Section 11.4.

11.3.4 OPAs in Mid-IR

The mid-IR spectral region (3-10 μm) is spectroscopically very interesting
because it covers the vibrational transitions in molecules and the intersub-
band transitions in low-dimensional semiconductors; the generation of
ultrashort pulses tunable in this frequency range is therefore of great interest
to chemists and physicists. Although several approaches have been pro-
posed, we will report on the most widely used one, based on DFG between
signal and idler pulses generated by a near-IR OPA pumped at 800 nm
[34–36]. A typical experimental setup is shown in Figure 11.8. The signal and
idler pulses are generated by a type II near-IR OPA and thus have perpen-
dicular polarization, as required in the DFG process. The two pulses, with
a combined energy of ≈ 200 μJ, are separated by a dichroic mirror, reflecting
the idler and transmitting the signal, and recombined by an identical mirror.
In this way their relative delay can be adjusted. The two collinear and

© 2007 by Taylor & Francis Group, LLC



454 Solid-State Lasers and Applications

temporally overlapped pulses are then focused on a 1-mm-thick AgGaS2

crystal, cut for type II phase matching (θ = 40°); the mid-IR pulses are
separated from the residual near-IR by a long-pass filter and collimated by
an off-axis paraboloid. By tuning the OPA and simultaneously readjusting
the phase-matching angle of the DFG crystal, the mid-IR pulses can be tuned
from 3 to 10 μm with energies in excess of 1 μJ; pulsewidths down to 70 fs,
corresponding to just a few cycles of the mid-IR electric field, are obtained.

11.4 Ultrabroadband Optical Parametric Amplifiers

OPAs provide an easy way of tuning over a broad range the frequency of an
otherwise fixed femtosecond laser system, and this is their main spectroscopic
application. On the other hand, they can be broadband optical amplifiers, and
thus can be used to dramatically shorten, by more than an order of magnitude,
the duration of the pump pulse. One can, therefore, start with a femtosecond
system producing relatively long pulses (100–200 fs) and use an OPA to
shorten their duration to the sub-10-fs regime. In this section we will describe
such ultrabroadband OPAs based on noncollinear phase matching.

We have seen in Section 11.2 that the gain bandwidth of an OPA is deter-
mined by the GVM between signal and idler pulses. For 400-nm-pumped,
visible OPAs, the idler is in the NIR and moves at a significantly larger group
velocity with respect to the signal, due to the lower refractive index, resulting
in narrow gain bandwidths. One solution to this problem is to adopt a
noncollinear interaction geometry (see Figure 11.9a) in which pump, signal,
and idler propagate along different directions. It is then possible to choose
the angle Ω between signal and idler wave vectors is such way that the
projection of the idler group velocity along the signal direction equals the
signal group velocity:

. (11.33)

FIGURE 11.8
Scheme of a mid-IR pulse generation stage. DM, dichroic mirrors; LPF, long-pass filter.
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This effect is shown pictorially in Figure 11.9; for a collinear geometry
(Figure 11.9b), signal and idler moving with different group velocities get
quickly separated, giving rise to pulse lengthening and bandwidth reduction,
whereas in the noncollinear case (Figure 11.9c) the two pulses manage to
stay temporally overlapped. Note that Equation 11.33 can be satisfied only
if νg2 > νg1; this is, however, always the case if the signal is in the visible
range and type I phase matching in a negative uniaxial crystals, where both
signal and idler see the ordinary refractive index, is used. Equation 11.33
allows determining the signal-idler angle Ω required for broadband phase
matching; from a practical point of view, it is more useful to know the pump-
signal angle α, which is given by

(11.34)

Note that in the noncollinear geometry, the phase matching condition is a
vector equation

k 3 = k 1 + k 2 (11.35)

which, projected in the directions parallel and perpendicular to the signal
wave vector and according to the geometry sketched in Figure 11.9a, becomes

k3 cosα = k1 cosΩ + k2 (11.36a)

k3 sinα = k1 sinΩ. (11.36b)

Note that in a practical situation the pump-signal angle α is fixed while
the signal idler angle Ω adjusts itself, according to Equation 11.36b, to satisfy
the phase-matching condition; so, the idler is emitted at a different angle for
each wavelength, i.e., is angularly dispersed.

As an example, in a type I BBO OPA pumped at 400 nm, for a signal wave-
length of 600 nm broadband noncollinear phase matching is achieved, accord-
ing to Equation 11.34, for α = 3.7°. To better illustrate the effect of noncollinear

FIGURE 11.9
(a) Schematic of a non-collinear interaction geometry; (b) representation of signal and idler
pulses in the case of collinear interaction; and (c) same as (b), for non-collinear interaction.
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phase matching, in Figure 11.10 we plot, for the above described OPA, the
phase-matching angle θm as a function of signal wavelength for different
values of α. For a collinear configuration (α = 0°), θm shows a strong depen-
dence on the signal wavelength so that, for a fixed crystal orientation, phase-
matching can be achieved only over a narrow signal frequency range. By
going to a noncollinear configuration and increasing α, the wavelength
dependence of θm becomes progressively weaker until, for the optimum
value α = 3.7°, a single crystal orientation (θ ≅ 31°) allows us to achieve
simultaneously phase matching over an ultrabroad bandwidth, extending
from 0.5 to 0.75 μm.

This favorable property of noncollinear geometry for broadband paramet-
ric amplification was first recognized by Gale et al. [37–39] and was exploited
to build broadband optical parametric oscillators generating pulses as short
as 13 fs; more recently, the same concept was extended by several research
groups to OPAs seeded by the white-light continuum [40–49]. The noncol-
linear OPA (NOPA) has nowadays become a workhorse for ultrafast spec-
troscopy with the highest temporal resolution.

In the following we will describe the NOPA design used by our research
group [41,43,46,47], the schematic of which is shown in Figure 11.11. The
system starts with a conventional CPA Ti:sapphire laser (Clark-MXR, Model
CPA-1) generating 150-fs, 800-nm pulses at 1 kHz with energy up to 500 μJ.
The system has enough energy for simultaneously pumping up to three
NOPAs. A fraction of the beam is used to generate the pump pulses at 400
nm by SHG in a 1-mm-thick lithium triborate crystal; they have energy up
to 50 μJ, and their duration is slightly lengthened to ≈180 fs by GVM during
the SHG process. Another small fraction of the beam, with energy of approx-
imately 2 μJ, is focused into a 1-mm-thick sapphire plate to generate the seed
pulses; by carefully controlling the energy incident on the plate (using a
variable-optical-density attenuator) and the position of the plate around the

FIGURE 11.10
Phase-matching angle as a function of signal wavelength for a non-collinear type I BBO OPA
pumped at 0.4 μm, as a function of pump-signal angle α.
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focus, a highly stable single-filament white light continuum is generated.
The group delay of the visible portion of the white light, measured with the
technique of optical Kerr gating, is small and fairly linear with frequency,
with group-delay dispersion (GDD) ranging from 75 fs2 at 700 nm to 115 fs2

at 500 nm; the measured chirp matches fairly well the GDD introduced by
the sapphire plate. This can be understood by recalling that, as explained in
Section 11.3.1, most of the visible frequency components are generated in a
short time interval during the leading edge of the pulse, around the point
of maximum steepness. To avoid the introduction of additional chirp, only
reflective optics are employed to guide the white light to the amplification
stage. Parametric gain is achieved in a 1-mm-thick BBO crystal, cut at θ = 31°,
using a single-pass configuration to increase the gain bandwidth. The chosen
crystal length is close to the pulse-splitting length for signal and pump in
the wavelength range of interest. To minimize the effects of self-focusing,
we position the BBO crystal beyond the focus of the pump beam. In that
position the pump spot size is approximately 120 μm, corresponding to an
intensity of 120 GW/cm2; at higher intensities distortions and beam breakup
are observed. The white-light seed is imaged by a spherical mirror (Figure
11.11) in the BBO crystal, with a spot size matching that of the pump beam.

When it is illuminated by the pump pulse and aligned perpendicularly to
the pump beam, the BBO crystal emits a strong off-axis parametric super-
fluorescence in the visible in a cone with an apex angle of 6.15° (correspond-
ing to an angle of 3.7° inside the crystal); this is the direction for which the
group velocities of signal and idler are matched and therefore the gain
bandwidth is maximized. We carefully adjust the pump-signal angle to
match the cone apex angle, giving us a visual aid in order to optimize the
system for broadband phase-matching. In these conditions, for optimum
pump–seed delay, an ultrabroad gain bandwidth that extends over most of
the visible is observed. A typical amplified pulse spectrum shown in Figure
11.12a: It displays a FWHM of 180 THz. The amplified pulses have energy
of approximately 2 μJ, peak-to-peak fluctuations of less than 7% and maintain

FIGURE 11.11
Scheme of a non-collinear OPA pumped at 0.4 μm BPF, bandpass filter.
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a good TEM00 beam quality. Higher energies, up to ≈ 10 μJ, can be extracted
by a second pass in the BBO crystal. After the gain stage, the amplified pulses
are collimated by a spherical mirror and sent to the compressor.

The NOPA generates pulses with very broad bandwidths and thus poten-
tially very short; in order to obtain the minimum pulsewidth compatible
with their bandwidth (the so-called transform-limited duration), one needs
to accurately control their spectral phase. In the following we will briefly
outline the basics of pulse compression: let us consider an ultrashort pulse
with frequency spectrum:

 (11.37)

where A(ω) is the spectral amplitude and φ(ω) is the spectral phase. By a
Taylor expansion of the spectral phase around the central frequency ω0

(carrier frequency) one obtains

(11.38)

By differentiating φ with respect to ω one obtains the group delay, repre-
senting the transit time for a quasi-monochromatic wavepacket through the
system:

FIGURE 11.12
(a) NOPA spectrum under optimum alignment conditions (pump-signal angle α = 3.7°); (b)
spectra generated by the NOPA with α = 2°, demonstrating continuous tunability.
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(11.39)

where τg0 = φ′(ω0) is the group delay of the carrier frequency, GDD = φ′′(ω0)
is known as second-order dispersion (or group-delay dispersion), and TOD
= φ′′′(ω0) is known as third-order dispersion. In order to obtain a transform-
limited pulse, the group delay should be constant with frequency, so that
the different frequency components of the pulse arrive simultaneously. Prop-
agation in a transparent material gives, in the visible spectral range, a “pos-
itive” dispersion (GDD > 0, TOD > 0), corresponding to the blue colors
traveling more slowly than the red ones. In order to compensate for it, a
compressor, i.e., an optical system providing “negative” dispersion (blue
colors traveling faster than the red ones), is needed. Simple compressors can
be obtained by double-passing prism pairs or grating pairs; in this case, one
can adjust the parameters (prisms or gratings distance) in order to compen-
sate for the second- order dispersion of the material:

GDDmaterial+ GDDcompressor = 0 (11.40)

This correction is sufficient for pulses with moderately broad bandwidths,
as TOD cannot be controlled independently [40–42]. For ultrabroadband
pulses one can use prism-grating sequences in order to be able to correct
simultaneously second and third order dispersion [44,45]; alternatively, one
can use compressors with custom-tailored dispersion characteristics, which
can accurately correct to high orders the phase distortions in the system.
Such compressors are either chirped dielectric mirrors, in which both GDD
and TOD can be independently controlled or adaptive systems based on
deformable mirrors. Using ultrabroadband double-chirped mirrors, pulses
as short as 5.7 fs have been generated from NOPAs [47], whereas the pulse-
width could be pushed down to 3.9 fs using deformable mirrors [48].

Although some applications benefit from the ultrabroad bandwidths gen-
erated by the visible NOPA under optimum alignment, in other cases it is
necessary to be more frequency selective and reduce the NOPA bandwidth,
generating pulses which are still very short (15–20 fs) but have center fre-
quencies tunable across the visible range. Two possible strategies to reach
this goal are: (1) increasing the chirp of the white light before the amplifica-
tion stage and  (2) detuning the pump-signal angle α from the optimum
value. In the first case the spectral components of the white light seed are
properly delayed so that only few components are temporally superposed
to the 180-fs pump and get amplified. This can be easily obtained by adding
a glass block on the seed path; its thickness changes the group delay of the
various colors and influences the bandwidth of the seed superposed to and
amplified by the pump. Tunability, on the contrary, is obtained adjusting the
seed-pump delay only, thanks to the broad acceptance bandwidth of the
amplifying crystal. The disadvantage of this technique lies in the need to
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compensate for the chirp added by the glass, which increases when thicker
glasses are chosen.

In order to avoid any correction in the compression stage, a second
approach can be adopted: since, as already explained through Figure 11.10,
the amplified bandwidth depends on the angle α between pump and signal,
one can choose to set the two beams at a suitable angle, according to the
desired bandwidth. For α ≈ 2.5°, for instance, the bandwidth acceptance of
the amplifier allows pulses to get about 20 fs long after compression; in this
case tunability can be achieved by tilting the crystal towards the desired θm.
Figure 11.12b shows a series of spectra acquired in this configuration for
different values of θm, demonstrating the continuous tunability of the setup.
The bandwidth can be changed without any consequence on the pulse chirp,
thus avoiding any changes in the compressor configuration.

The tunable visible NOPA can be easily configured to generate pulses in
the near-IR spectral region; the only difference lays in the stage of signal
generation and filtering. In order to increase the signal spectral energy den-
sity in the IR, white light is generated in a 2-mm-thick sapphire plate and
then filtered with a 1-mm-thick Schott long-pass filter. For center wave-
lengths near 900 nm, pulse compression is necessary to compensate for the
chirp introduced by self-phase modulation and propagation in the sapphire
plate: since no suitable chirped mirrors are available for the purpose, a prism-
pair compression stage can be adopted. Two fused silica prisms cut at Brew-
ster angle and kept at a distance of 21 cm give excellent results. From 900
nm to 1200 nm pulses from 12 fs to 20 fs can be obtained, and the compression
can be adjusted so that measured pulses are only 15% longer than the trans-
form-limited expected duration. For longer wavelengths dispersion gets neg-
ligible since GDD approaches 0, and the duration of the amplified pulses
goes from 30 fs to 45 fs, approaching the transform limit also without any
compression stage.

11.5 Self-Phase-Stabilized Optical Parametric Amplifiers

Ultrabroadband light pulses containing only a few optical carrier cycles under
their envelope are currently produced by several methods, including direct
generation from a mode-locked oscillator [50], spectral broadening in a guiding
medium [51] and optical parametric amplification (see previous section). For
such short pulses, the maximum amplitude of the electric field varies signifi-
cantly between consecutive optical half-cycles, so that it becomes important
to control the evolution of the electric field underneath the pulse envelope.
Mathematically, the electric field of an ultrashort pulse can be written as

 (41)E t A t tc( ) = ( ) +( )cos ω ϕ
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where A(t) is the pulse envelope with its maximum at t = 0, ωc is the carrier
frequency and ϕ is the carrier-envelope phase (CEP). If ϕ = 0, a maximum
of the electric field corresponds to the peak of the pulse envelope (cosine
pulse), whereas if ϕ = π/2, the electric at the peak of the pulse envelope is
zero (sine pulse). Control of the CEP becomes important for extreme non-
linear optics experiments which are sensitive to the electric field rather than
the intensity of the pulse. Examples of such effects in the non-resonant case,
requiring high pulse energies, are above-threshold ionization [52] and high-
harmonic generation [53], for which CEP-control is a prerequisite to the
production of attosecond pulses [54]. Resonant CEP-sensitive phenomena,
requiring much lower pulse energies, are for example sideband interference
during carrier-wave Rabi flopping [55], multiphoton photoemission from
metal surfaces [56] and quantum interference between one and two-photon
absorption pathways in semiconductors [57].

A standard mode-locked laser oscillator produces a pulse train in which
the CEP changes from pulse to pulse, due to the difference between phase
and group velocities during one roundtrip. The CEP slippage Δϕ, in addition,
is not constant in time, but drifts due to fluctuations in the cavity parameters.
The goal of producing CEP-stabilized pulses has been achieved by first
measuring the CEP slippage Δϕ and stabilizing it using active electronic
feedback [58,59]; by subsequent picking and amplification of selected pulses,
a train of pulses with constant CEP is achieved [53].

A completely different method was recently proposed by Baltuska et al.
[60], who recognized that in a white-light seeded OPA in which the pump
and the seed are derived from the same source, the idler is automatically
phase stabilized. The physical mechanisms underlying this effect are basi-
cally three: (1) a white light continuum generated by SPM maintains the
same value of CEP as the driving pulse; (2) the OPA process preserves the
phase of the seed pulse, carrying it to the signal wave; (3) in an OPA, the
idler is produced by DFG between pump and signal, so that in this nonlinear
process the CEPs of the two pulses add up with different signs. Let us now
consider the case in which both pump and seed are derived from the same
pulse: in this situation their CEPs are equal and thus cancel in the idler beam,
leading to passive, all-optical phase stabilization. If we consider previously
described OPA configurations, those pumped by the FW satisfy this condi-
tion, because the 800-nm beam is used both for seed generation and as a
pump; on the other hand, the visible NOPA does not satisfy this condition,
because the pump is the SH and carries CEP 2ϕ while the seed is generated
by the FW and carries CEP ϕ. To solve this problem, Baltuska et al. built a
NOPA in which the white light seed is generated by the SH instead of the
FW, in a CaF2 plate; in this case, both pump and signal carry a CEP 2ϕ and
the idler is self phase stabilized. Since the idler of the NOPA spans over an
octave of bandwidth, its self-frequency -stabilization can be simply verified
by a nonlinear spectral interferometer (NLSI) [61–63]. The pioneering work
by Baltuska et al. suffers from the disadvantage that the self-phase-stabilized
pulses obtained from the NOPA idler have a strong angular dispersion. This
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was overcome in a recent work by our group, in which collinear DFG was
performed between pulses generated by two synchronized NOPAs sharing
the same CEP: an ultrabroadband visible and a narrowband near-IR NOPA.
The obtained self-phase-stabilized pulses are free from angular dispersion,
have 200-nJ energy and ultrabroad bandwidth spanning over an octave, from
800 to 1700 nm [64]; tuning of the difference frequency (DF) spectrum is
possible by changing the near-IR carrier frequency.

The experimental setup is shown in Figure 11.13. An amplified Ti:sapphire
of the type described in Section 11.4 drives simultaneously two NOPAs. Both
NOPAs are pumped by the SH, seeded by white light and use BBO crystals
cut for type I phase-matching (θ = 31°, ϕ = 0°). The first is a standard visible
NOPA, already described in Section 11.4, employing the pump-seed angle
(3.7°) required for broadband visible amplification. It generates pulses with
up to 2 μJ energy and spectrum extending from 490 to 720 nm, compressed
to nearly transform-limited sub-10-fs duration by 10 bounces onto ultra-
broadband chirped mirrors. The second NOPA is configured to operate in
the near-IR by selecting the near-IR portion of the white-light seed with a
long-pass filter and reducing the pump-seed angle to ≈2.4°. Upon suitably
tilting the BBO crystal, pulses centered at 1130 nm with 50 nm bandwidth
and up to 1 μJ energy are produced. Due to the low dispersion in the near-
IR, nearly transform-limited 30 fs pulsewidths are obtained without pulse
compression.

The pulses produced by the two NOPAs are synchronized by a delay line,
combined by a dichroic beam splitter and collinearly focused on a 400-μm-
thick BBO crystal cut for DFG with type II phase-matching (θ = 32°, ϕ = 30°):
both pulses from the NOPAs have extraordinary polarization, while the DF
pulse is generated with ordinary polarization. Type II DFG provides a broad
acceptance bandwidth for the high-frequency beam and a much narrower
one for the low-frequency beam. This is well suited to our experimental

FIGURE 11.13
Scheme of the experimental setup for DFG of self-phase stabilized pulses: Pol1, near-IR sheet
polarizer; LPF, long-pass filter; SHG, 2-mm-thick BBO crystal; Pol2, cube polarizer; OMA, optical
multichannel analyzer.
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configuration with an ultrabroadband visible and a narrowband near-IR
beam: numerical simulations show that, even with a 400-μm-thick BBO crys-
tal, it should be possible to down-convert the full visible bandwidth to the
near-IR. The collinear configuration avoids angular dispersion of the DF beam
but poses the problem of its separation from the generating beams, one of
which spectrally overlaps with the DF: the type II configuration enables to
select the DF light by a near-IR polarizer together with a long-pass filter.

A typical DF spectrum is shown in Figure 11.14: it extends from 900 to
1700 nm, which are the responsivity limits of the InGaAs spectrometer used
for this measurement. Use of a silicon spectrometer enables to detect a tail
of the DF signal extending to wavelengths lower than 800 nm; therefore the
DF spectrum spans, albeit with its tails, over an octave of bandwidth. With
incident energies of 600 nJ and 300 nJ from the visible and near-IR NOPAs,
respectively, typical measured energy of the DF pulses is 200 nJ, in excellent
agreement with numerical simulations. A Fourier transform of the spectrum
in Figure 11.14 yields a 7.6-fs pulsewidth: note that, given the 3.8-fs carrier
period, this corresponds to about two cycles under the pulse envelope.
Preliminary pulse characterization using a non-collinear autocorrelator
yielded a 13.5-fs pulsewidth without the use of any compressor (see inset in
Figure 11.14).

To investigate self-phase-stabilization of the DF pulses, we set up a NLSI
[65]. The DF pulses are focused on a 2-mm frequency-doubling BBO crystal
and the spatially overlapped FW and SH are directed to the silicon spectrom-
eter through a polarizer. Self-phase-modulation in the BBO crystal slightly
broadens the FW spectrum, so that it is possible to achieve spectral overlap
between its blue edge and the red edge of the SH spectrum (see Figure 11.15a).
Suitably adjusting their intensities by rotating the polarizer, an interference
pattern is observed; Figure 11.15a shows one such pattern obtained by aver-
aging over 1000 laser shots. The appearance of a stable fringe pattern upon
averaging is a clear proof of the shot-to-shot stability of the CEP due to the

FIGURE 11.14
Spectrum of the DF pulse. Inset, non-collinear autocorrelation of DF pulses.
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self-phase-stabilization mechanism of DFG; the reduced fringe visibility
results from a combination of imperfect mode matching between the inter-
fering beams, leakage in the polarizer and residual CEP fluctuations due to
environmental noise. By taking a Fourier transform of the oscillatory com-
ponent of the interferogram (shown in Figure 11.15b) one obtains a 210-fs
delay between the interfering pulses (see Figure 11.16); this is attributed to
the residual chirp between the frequency components of the DF pulse and
to the group delay (GD) introduced by the focusing lens and the BBO crystal.
To confirm that the observed fringes stem from FW-SH interference, we
inserted a 2-mm-thick SF10 plate in front of the DF beam. According to the
dispersive properties of SF10, this plate should introduce a GD of about 275
fs between the 760 nm and the 1520 nm components of the DF. The fringes
showed a reduced period (solid lines in Figure 11.15b) corresponding to an
increase of the FF-SH delay by 313 fs (solid line in Figure 11.16), in excellent
agreement with the expected value. Note that all the configurations dis-
cussed in this section and based on the DFG process do not require a system
with an actively CEP-stabilized oscillator.

FIGURE 11.15
(a) Spectral interference patterns between the FF and the SH of the DF pulses as generated
(dashed curve) and with a 2-mm-thick SF10 plate on the beam path (solid curve). The dotted
lines are a guide to the eye. (b) Oscillatory components of interferograms.
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11.6 Optical Parametric Chirped-Pulse Amplification

There is a great interest in the generation of ever increasing laser peak
powers and focused intensities, for a number of current and potential appli-
cations. Using the CPA technique, peak powers in excess of 1 PW [66] and
intensities greater than 1021 W/cm2 have been demonstrated; to scale this
performance to even higher levels, a number of issues must be faced in
conventional CPA systems. Since the energy levels are approaching the
damage threshold of the compressor gratings, significant increases of the
peak power can be only achieved by shortening the pulse duration, which
in turn requires an increase of the gain bandwidth. For strongly driven
amplifying media, however, the phenomenon of gain narrowing reduces
the available bandwidth. In addition, the prepulse due to amplified spon-
taneous emission (ASE) spoils the temporal pulse contrast, and the large
linear and nonlinear phases accumulated in the long paths through the
amplifying media prevents transform-limited pulse recompression and dif-
fraction-limited focusing. A novel high power amplification scheme, solving
most of these problems, was recently proposed by Ross et al., based on the
seminal work by Dubietis et al. [67], and termed “optical parametric
chirped-pulse amplification” (OPCPA). In this scheme parametric gain is
achieved by coupling a quasi-monochromatic high energy pump field (such
as, for example, a picosecond or nanosecond pulse generated by a neody-
mium laser) to a chirped, low energy broadband seed field in a nonlinear
crystal [68–70]. If the seed pulse is sufficiently stretched, good energy extrac-
tion from the pump field can be achieved, and subsequent recompression
makes it possible to reach very high peak powers. The OPCPA concept has
some very important advantages with respect to the standard CPA:

FIGURE 11.16
Fourier transforms of the oscillatory components of the interferograms in Figure 11.15(b).
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1. The parametric amplification process, in the non-collinear geometry,
can provide gain bandwidths well in excess of those achievable with
conventional amplifiers and could sustain pulse spectra correspond-
ing to a transform-limited duration of ≈5 fs. High energies are pos-
sible by using large nonlinear crystals, such as KDP, which can be
grown to sizes of tens of centimeters. These crystals should be capa-
ble of withstanding pump energies of hundreds of joules.

2. The OPCPA has the capability of providing a high gain in a relatively
short path; for example, a lithium triborate (LBO) crystal pumped
by 0.5 ns pulses at 0.526 μm, at intensities below the damage thresh-
old, can have a gain coefficient of 12 cm–1. This short path length
allows a compact, tabletop amplifier setup and also minimizes the
linear and nonlinear phase distortions and ensures an excellent tem-
poral and spatial quality of the pulses.

3. In OPCPA amplification occurs only during the pump pulse, so that
the ASE and the consequent prepulse pedestal are greatly reduced.

4. In a standard amplifier, even for good energy extraction, there is
always some thermal loading, due to the quantum defect (difference
between energies of the pump and emitted photons, usually absorbed
by the material in nonradiative decay processes); this becomes very
relevant for high energy amplifiers, often requiring cryogenic cooling.
In OPCPA, on the other hand, no fraction of the pump photon energy
is deposited in the medium, because it is transformed in the sum of
the signal and idler photon energies; so thermal loading effects, apart
from parasitic absorption, are completely absent, greatly reducing
spatial aberration effects on the beams.

The OPCPA concept is very promising and has been already implemented
in a proof-of-principle experiment to generate TW-level pulses [70]; in a low
repetition rate systems pumped by a Nd:glass laser chain, pulses with energy
up to 570 mJ with 115 fs duration, corresponding to a peak power of 3.67
TW, have been obtained [71]. More recently, the ultrabroad gain bandwidth
obtainable from OPCPAs has been exploited to generate 8-mJ pulses with
100-THz bandwidth [72], subsequently recompressed to 5-mJ, 10-fs pulses.
The system was pumped by a frequency-doubled, amplified Nd:YAG laser
producing 60-mJ, 60-ps pulses at 20 Hz repetition rate and 532 nm wave-
length, and seeded by a broadband Ti:sapphire oscillator; parametric gain
was achieved in two 4-mm type I BBO crystals. In addition, since OPAs
preserve the CEP of the seed beam, it is possible to achieve phase-stable
amplification of ultrashort pulses; recently, 11.8-fs, 120-μJ pulses at 1 kHz
have been obtained [73,74].

Future developments include the use of OPCPAs pumped by large-frame
high energy lasers, in order to generate PW-class systems. As an example,
the design for an OPCPA pumped by the high-power iodine laser Asterix
IV is given in Ref. [75]. The Asterix IV pump laser delivers at the fundamental
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wavelength (1.315 μm) up to 1.2 kJ of energy in pulses with a duration of
500 ps; the beam can be efficiently frequency tripled to generate over 500 J
of energy at 0.438 μm. The 10-fs seed pulses are generated by a Ti:sapphire
oscillator and then stretched to several hundreds picoseconds; parametric
amplification takes place in three stages, using a non-collinear interaction
geometry, and telescopes increase the beam size after each stage. The first
two stages employ LBO because of its high nonlinear coefficient and broad
amplification bandwidth, while the last stage uses KDP because this nonlin-
ear crystal can be grown in the large sizes (≈ 30 cm) required to keep the
fluence below the damage threshold. After the compressor, energies of 100
J with pulse duration of 20 fs are expected, corresponding to a peak power
of 5 PW and to a focused intensity of 1023 W/cm2.

11.7 Conclusions

We have seen in this chapter that ultrafast OPAs are a mature technology,
making it possible to extend considerably the tuning range of femtosecond
Ti:sapphire laser systems. Several OPA designs have become standard and
are commercially available. In particular, near-IR OPAs (pumped by the FW
of a Ti:sapphire laser) offer tunability from 1.1 to 2.5 μm with several tens
of μJ energy, while visible OPAs (pumped by the SH of a Ti:sapphire laser)
are tunable from 0.45 to 2.5 μm with somewhat lower energies. Typical
pulsewidths obtainable from these systems are in the 50-200 fs range,
depending on the specific design and the pump pulse duration. SFG and
DFG techniques allow extending their tunability from the UV range to the
mid-IR, out to 12 μm.

In addition to their standard application as continuously frequency tunable
optical amplifiers, OPAs have some other remarkable properties that make
them useful in ultrafast optical science:

1. Under some conditions, in particular in a non-collinear interaction
geometry, OPAs offer very broad gain bandwidths, thus enabling
the generation of very short pulses, down to a few optical cycles.
Such pulse durations are much shorter than that of the driving pulse,
so that OPAs act as effective pulse compressors.

2. The DFG process which takes place in the OPA leads to a subtraction
of the carrier-envelope phases of pump and signal pulses. Therefore,
if pump and signal carry the same CEP, the idler pulses are auto-
matically self-phase-stabilized. This passive, all-optical self-phase-
stabilization technique, in conjunction with the broad phase-match-
ing bandwidths of OPAs, offers an interesting route to the generation
of few-optical-cycles with precisely controlled electric fields.
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3. OPAs also have the capability of providing very high gains over
broad bandwidths: these characteristics, together with the relatively
short material path, negligible thermal loading of the crystals, low
linear and nonlinear phase distortions and low levels of amplified
spontaneous emission, make them very attractive candidates for
large-scale, high peak power amplifiers. The OPCPA concept holds
promise to increase the peak powers available from lasers well above
the current limit of 1 PW.
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12.1 Introduction

Laser noise has been of high interest for many years, both in the context of
fundamental physics and for a variety of laser applications. Simple types of
lasers, particularly single-frequency lasers, constitute cases of strong interest
in quantum optics which have been studied in great detail. The obtained
understanding has also brought significant benefits for the further develop-
ment of lasers with favorable noise properties, as required for many appli-
cations. For example, lasers are nowadays used in fiber-optic communication
systems the data rates of which are fundamentally limited by noise issues.
An important part of the noise in such a system comes from the laser source
in the transmitter, another one usually from fiber amplifiers, where similar
effects occur. Noise is similarly important for various kinds of metrology
applications, including ultraprecise interferometric length measurements
(e.g., for gravitational wave detection), spectroscopic measurements, and
optical clocks surpassing cesium clocks in performance, to name only a few
examples. Over quite a few decades, such types of applications have contin-
ued to act as a driver for the development of laser sources with still better
noise properties, and of improved measurement techniques to monitor the
success of such attempts. A decent understanding of how laser noise is
generated does not only help to improve the performance of particular
devices but also to realize fundamental limitations in order to correctly judge
the future potential of different types of lasers for low-noise performance.

This chapter is meant to be an introduction into the area of laser noise.
We start with the essential mathematical basics, also explaining some details
of the notation, which often cause confusion in the literature. We then first
focus on single-frequency lasers, which have been studied in most detail
and deserve significant attention for various reasons, including the fact that
their understanding also greatly facilitates the understanding of more com-
plicated situations — for example, in mode-locked lasers. The following
sections are then devoted to multimode continuous-wave lasers, Q-switched
lasers, and mode-locked lasers. Each section begins with a discussion of the
basic physics, and most of them end with an overview on experimental
methods for measurements. The emphasis is on single-frequency lasers and
mode-locked lasers.

12.2 Mathematical Basics

In this section, we very briefly recall a few conceptual and mathematical
basics for the description of noise, as required in later sections. However,
throughout this book chapter we will limit the mathematical discussion as
far as possible and put more emphasis on conceptual aspects.
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One typically starts with the measurement of time-dependent fluctuating
quantities such as a laser output power, optical phase, or the temporal
positions of laser pulses. The given examples show that these fluctuating
quantities can be either continuously varying over time or occur at discrete
temporal positions as defined, for example, by the temporal positions of
pulses emitted by a mode-locked laser. In either case, the data are normally
thought of being available for an infinite span of time, although this is
obviously not possible in practice. This aspect has some mathematical impli-
cations, as is discussed later on in this section.

The time-varying quantities themselves may be directly of interest — for
example, when they carry important measurement information or when they
are needed in some compensation schemes. In many cases, however, one is
more interested in statistical descriptions based on time and/or ensemble-
averaged data. In the time domain, this is typically done with auto- or cross-
correlation functions. For example, the autocorrelation function correspond-
ing to the laser power P is

(12.1)

where the angle brackets indicate temporal and/or ensemble averaging
(which deliver the same results for ergodic systems).

More frequently used are spectral descriptions in the form of power den-
sities. For a spectral quantity which exists only in a finite span of time, a
frequency-dependent power density S(f) is easily defined via the squared
modulus of the Fourier-transformed data. For quantities with an infinite span
of time, however, the Fourier integrals usually do not converge. A laser
power, for example, will fluctuate around some mean value, which can not
be integrated over an infinite span. In this situation, one may in principle
use a modified definition of power density, which involves a limit process:

(12.2)

with units of W2/Hz. Here, the Fourier integral is restricted to a time interval
of width T, then divided by this width, and the limit for T → ∞ is taken. This
definition is conceptually simple, but often awkward to use directly. There-
fore, one usually applies the Wiener–Khinchin theorem which gives a con-
nection to the autocorrelation function:

(12.3)

This power density is two-sided — that is, defined for positive as well as
negative frequencies, even though the negative-frequency part does not carry
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additional information for real quantities such as a laser power. In the fol-
lowing we will normally use one-sided power densities (as used in the
engineering disciplines), which are two times larger but defined only for
positive frequencies, apart from the point ω = 0, which must be handled with
care in integrations. In any case, the autocorrelation function can be retrieved
with an inverse Fourier transform

(12.4)

where the frequency range must be chosen according to the use of one- or
two-sided power densities. As a special case, one may calculate a variance
according to

. (12.5)

The description of phase noise involves some additional mathematical
aspects. It can be described with a power density Sϕ(f) of the optical phase
ϕ, or alternatively by a power density Sν(f) of the instantaneous optical
frequency, which is related to the phase according to

. (12.6)

(Note that for clarity we use the symbol ν for optical frequencies and f for
noise frequencies.) From Equation 12.6, one can infer that

(12.7)

(with units of Hz2/Hz), which shows that, for example, white frequency
noise corresponds to Sϕ(f) ∝ f –2.

Phase noise is often retrieved from the spectrum of the electric field of a
light beam. However, the relation between the power densities of the optical
phase and the electric field are not trivial. In cases where the excursions of the
optical phase are limited to a small range with a width well below, for example,
1 rad, the field spectrum has a delta function at the mean optical frequency
plus noise sidebands with a power density which is directly proportional to
Sϕ(f). The linewidth of the field spectrum is then zero. In other cases, where
the optical phase undergoes a random walk which involves an unbounded
long-term drift, one obtains a field spectrum with nonzero width and a non-
trivial relation of the power densities (see Equation (7) and (8) in Reference 1):

(12.8)
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where SE(Δν) is the power density of the electric field, expressed as a function
of the offset Δν from the mean optical frequency. SE(Δν) is a two-sided and
Sϕ(f) is a one-sided power density.

For the simple case of a one-sided Sϕ(f) = C/f–2, SE(Δν) has a Lorentzian
shape with a full width at half maximum ΔνFWHM = πC.

12.3 Single-Frequency Lasers

12.3.1 Quantum Noise Limits

Concerning the noise properties, the simplest possible laser system is that
of a single-frequency laser — that is, of a laser which operates in a continu-
ous-wave fashion on a single cavity mode. Even if the gain bandwidth is
much larger than the frequency spacing of the cavity modes, single-fre-
quency operation can be achieved by using an appropriate intracavity filter.
Any effects of mode competition, which would complicate the dynamics,
are then excluded. Basically, we have to deal with only two different kinds
of noise: intensity noise, as measured, for example, with a photodiode, and
phase noise, which is relevant in situations involving interference or precise
frequency measurements.

There is a very important difference between the characteristics of intensity
and phase noise. Gain saturation provides a “restoring” force for the output
power, which always pulls the output power toward the steady-state solu-
tion, even under the influence of noise. On the other hand, the optical phase
has no restoring force: the laser has no phase (or time) reference, so that the
phase undergoes a random walk, which can lead to ever increasing phase
deviations compared to the noiseless case. (This situation is well known for
any free-running oscillator.) The consequence of this is a finite emission
linewidth. In contrast to that, a quantum-limited beam in a so-called coherent
state [2] also has some intensity and phase noise but can have a zero line-
width: there is no unbounded drift of the optical phase. The corresponding
intensity noise is called shot noise. This was originally interpreted as a result
of the detection process, not the light field itself, as a constant probability
for detecting a photon in a certain time interval already produces this shot
noise. However, it was later realized that shot noise actually results from the
quantum fluctuations of the light field, and a rather convincing support for
this interpretation came with the demonstration of so-called amplitude-
squeezed light [3,4], which can cause the detected intensity noise to fall below
the shot noise level.

The noise of the output of a free-running single-frequency laser can
approach both the shot noise level and quantum-limited phase noise at high
enough noise frequencies but usually does not so at low frequencies. In the
simplest situation, only quantum noise affects the laser operation. Such noise
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has two basic origins: the laser gain medium and any optical elements
introducing cavity losses. The noise impact of losses can be illustrated with
the random nature of the removal of part of the photons, whereas the effect
of laser gain is explained with spontaneous emission into the cavity mode.
In fact, it is known [5] that any phase-insensitive optical amplifier with a
given gain has to add at least the amount of noise, which an ideal four-level
laser gain medium adds due to spontaneous emission — even though the
physical origin of this noise may be different. In the case of a (nondegenerate)
parametric amplifier; for example, the dominant noise influence results from
the vacuum fluctuations entering the idler port.

In a laser with quantum noise influences only, the circulating field acquires
fluctuations in each cavity round trip due to the quantum noise associated
with the gain and the cavity losses. If the latter are dominated by the output
coupler mirror, these can be understood as the effect of vacuum fluctuations
which can get into the cavity through the output coupler. As the fluctuations
corresponding to different round trips are statistically independent, their
variances add up, and the variance, for example, of the optical phase grows
linearly with time. In Appendix 1, we show that this leads to a finite line-
width of the laser output which is given by the Schawlow–Townes formula
[6] (here presented in a slightly modified form)

(12.9)

for the FWHM (full width at half maximum) laser linewidth, where hν is the
photon energy, ltot denotes the total power losses per cavity round trip, Toc

the output coupler transmission, TR the cavity round-trip time, Pout the laser
output power, and Pint the intracavity power. The formula is exactly equiv-
alent to the original Schawlow–Townes formula if there are no parasitic losses
(i.e., ltot = Toc). In that case, for a given output power the linewidth scales
with the square of the output coupler transmission, as a higher transmission
means both higher laser gain (introducing stronger fluctuations) and a lower
intracavity power (making quantum effects relatively stronger). The line-
width also scales with the inverse square of the round-trip time, which means
that long laser cavities are potentially better in terms of linewidth — pro-
vided that classical noise (see below) can be well suppressed.

The derivation of the Schawlow–Townes formula considers the spontane-
ous emission noise, but does not refer to any noise sources within the gain
medium which are associated with pump noise (which is usually at the shot
noise level or above) and dipole fluctuation noise. It is possible to treat these
noise sources as well, using, for example, a semiclassical technique based on
Langevin equations. Such a model as, for example, used in Reference 7
through Reference 9 contains the full laser dynamics and allows for calcu-
lation of both the quantum-limited intensity and phase noise. In the follow-
ing, we briefly review the results obtained for an example case, namely, a
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compact diode-pumped Nd:YAG laser with 100 mW output power at 1064
nm, 5% output coupler transmission, 1% parasitic losses and a round-trip
time of 133 ps = 1/(7.5 GHz). The pump source is a diode laser, the intensity
noise of which is assumed to be white and 30 dB above the shot noise limit.
Figure 12.1 shows the calculated intensity noise relative to the shot noise
level (with all calculations based on Reference 7), which would correspond
to the one-sided power density

, (12.10)

with P being the average power. The corresponding relative intensity noise
(RIN) at the shot noise level has the power density

. (12.11)

At low noise frequencies, the intensity noise of the laser of Figure 12.1 is
≈30 dB above the shot noise limit, as the power fluctuations of the pump are
directly translated into output power fluctuations. The peak at 445 kHz is
due to relaxation oscillations [10], which are excited mainly by vacuum fluc-
tuations, despite the significant pump excess noise. For frequencies above
this peak, the intensity noise is still dominated by vacuum fluctuations from
the gain medium, until the noise level finally reaches the shot noise level
above a few hundred MHz. In the semiclassical picture, the noise in this high-
frequency regime results mainly from vacuum fluctuations that enter the
output beam by reflection at the output coupler. This mechanism illustrates
the fundamental nature of the shot noise level, which in this regime can not
even be strongly affected by any dynamics inside the laser cavity. Here, the
combination of the transmitted intracavity field with the (dominant) vacuum

FIGURE 12.1
Calculated intensity noise (in dB relative to the QNL) of a diode-pumped solid-state laser. The
pump noise is 30 dB above the QNL.
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noise approximates a coherent state, as mentioned above. The noise of the
intracavity field can be below the shot noise level at high frequencies, basically
because the light field is circulating in the cavity and experiences only slight
modifications of its fluctuations within a few cavity round trips (assuming
small cavity losses). This intracavity field, however, is not directly accessible.

A higher output power of, for example, 1 W would significantly modify
the spectral density in Figure 12.1 only around the relaxation oscillation
peak, which would become reduced in height but becomes broader. On the
other hand, a longer cavity would reduce the relaxation oscillation fre-
quency and thus allow reaching the shot noise limit at a lower frequency;
for this reason, a laser with long cavity can be superior over a compact
monolithic laser for measurements where the shot noise limit must be
reached at not too high frequencies. The use of a shot-noise-limited pump
source (with otherwise same parameters as in Figure 12.1) would lead to
Figure 12.2, with the low-frequency noise reduced to a level which is much
closer to the shot noise, whereas a significant influence of excess noise from
quantum fluctuations in the gain medium is then seen on both sides of the
relaxation oscillation peak.

The same kind of model also allows calculating the phase noise power
density of the output beam (see, e.g., Equation (15) in Reference 9). Com-
pared to the Schawlow–Townes result, there is only one deviation: for very
high noise frequencies, the phase noise power density becomes constant
(as for a coherent state), i.e., does not continue to fall in proportion to f –2.
This effect is again due to vacuum fluctuations, which are reflected at the
output coupler mirror and cause the high-frequency noise to stay at the
fundamental quantum noise limit. The linewidth remains unchanged, as
it is determined by low-frequency noise only. Note that in the simple case
considered here the phase noise does not exhibit a peak related to the
relaxation oscillations, as the dynamics of intensity and phase noise are
completely decoupled.

FIGURE 12.2
Same as Figure 12.1 but with a shot-noise-limited pump source.
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12.3.2 Other Noise Sources

So far, we have considered only noise from quantum fluctuations and from
excess noise of the pump source. However, real lasers also exhibit additional
noise sources, as well as coupling mechanisms, which can also increase
various kinds of noise.

Particularly in the context of phase noise, mirror vibrations can be impor-
tant unless a very stable cavity setup is used. First considering only cavity
length changes but no tilts (which would lead to misalignment), mirror
vibrations can be expected to have basically no effect on the intensity noise
but a strong effect on the phase noise. A change δL of the round-trip length
(corresponding to twice the cavity length change in the case of a linear cavity)
will change the optical phase by δϕ = kδL = 2πδL/λ (with k  = 2π/λ) in each
round trip. This means that the phase errors are integrated over subsequent
round trips. This can be described with the differential equation

(12.12)

where δϕ now describes the phase evolution over many cavity round trips
and TR the cavity round-trip home. In the frequency domain, we have

. (12.13)

From this we can conclude that random cavity length changes with a
power density SδL(f) lead to a phase noise power density

. (12.14)

The integrating nature of the effect results in the f–2 dependence of the
coupling factor, which shows that particularly the low-frequency phase noise
is sensitive to mirror vibrations. (In other words, changes of the cavity length
lead to changes of optical frequency, which is basically the derivative of the
phase.) The high frequency phase noise is much less affected, both because
of the smaller coupling factor and the decay of the power density of the
mechanical vibrations above the mechanical resonance frequencies.

The effect of mirror tilts is much more complicated to describe, because
these lead to cavity misalignment. How exactly a laser will respond to that,
depends on the cavity design (determining how the caused beam offset
depends on the position in the cavity) as well as on factors like the pump
distribution and thermal lensing in the gain medium. It is easy to see that
both intensity and phase noise can be affected by such tilts, whereas a general
quantitative description would appear to be very difficult.
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Another source of noise is related to thermal fluctuations, which can occur
in the gain medium mainly as a result of pump power fluctuations. These
may mainly translate into additional phase noise, particularly at low fre-
quencies but can also cause drifts of the maximum of the gain spectrum
which might affect the laser wavelength, possibly even trigger mode hops.

Finally, there are effects which provide a coupling between intensity and
phase noise. This is well known for semiconductor lasers, where fluctuations
of the carrier density affect the refractive index and thus cause additional phase
noise. Quantitatively, this coupling can be described with Henry’s linewidth
enhancement factor α [11], which leads to a phase change δϕ = αδg/2 when
the light passes the gain medium while there is a fluctuation δg of the
intensity gain. In a laser, white spontaneous emission noise causes white
noise of the carrier density (at noise frequencies well below the relaxation
oscillation frequency) and thus phase noise with a power density propor-
tional to f–2, which contributes to the linewidth. In effect, the coupling
increases the linewidth by a factor 1 + α2, as derived in Reference 11 and in
a different way in Appendix 2. For semiconductor lasers, 1 + α2 can easily
be between 10 and 100. For solid-state lasers based on ion-doped crystals or
glasses, such a factor is usually neglected, although this may not always be
fully justified. In particular for quasi-three-level lasers (including semicon-
ductor lasers), but also for wavelength-tuned lasers, the shape of the gain
curve can be quite asymmetric around the laser wavelength, and Kram-
ers–Krönig relations, result in a nonvanishing dependence of the refractive
index at the laser wavelength on the excitation of the medium. To complicate
things further, allowed transitions in the ultraviolet spectral region can give
additional Kramers–Krönig type contributions [12] even for four-level laser
gain media with laser operation at the maximum of a symmetric line.

Figure 12.3 shows the phase noise power density for a linewidth enhance-
ment factor of 3, again relative to the quantum noise limit (corresponding
to a coherent state), calculated from Equation (15) in Reference 9. Here, the
low-frequency phase noise and thus the linewidth are increased due to the
intensity/phase coupling. The most pronounced effect is a peak at the relax-
ation oscillation frequency.

An even more direct coupling of intensity and phase noise is in principle
also possible via the Kerr effect: the refractive index can be increased for
high optical intensities. However, this effect is very weak in continuous-
wave lasers: typical phase shifts are in the region of microradians per round-
trip, and the fluctuations of these phase shifts (caused by intensity fluctu-
ations) even smaller. Therefore, other effects as discussed above are usually
dominating.

Semiconductor lasers differ from ion-doped solid-state lasers not only in
terms of the above mentioned coupling of intensity and phase noise. More
importantly, their general parameters are very different. In particular, the
laser transition (typically an interband transition) has a very large oscillator
strength, whereas ion-doped solid-state lasers a usually emitting on so-called
forbidden transitions with very low oscillator strength. As a consequence,
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semiconductor lasers have a much stronger coupling between light field and
excitation of the gain medium, and a much lower upper-state lifetime. This
leads to a much higher relaxation oscillation frequency, which is often in the
gigahertz range, and to a strong damping of relaxation oscillations [11,13–16].
There is a wide range of noise frequencies where excess noise in the pump
current can in principle directly affect the laser noise. However, the pump
noise itself can be rather weak when a suitable diode driver is used, so that
the intensity noise does not need to be large, at least in single transverse
mode diodes where mode hopping does not occur.

12.3.3 Noise Measurements

12.3.3.1 Measurement of Relative Intensity Noise

The relative intensity noise of a laser is usually measured with a photodiode.
A sensitivity high enough to detect the shot noise can often be achieved but
may be difficult in some cases, for example, if the requirement of a multi-
GHz detection bandwidth enforces measures which degrade the sensitivity.
A high photocurrent is desirable in order to achieve a strong signal, which
has to compete mainly with thermal and other excess noise in the detection
electronics. However, the photocurrent per unit detection area is limited by
the onset of detector saturation (which tends to suppress the apparent noise),
and large-area devices tend to have a reduced detection bandwidth. In the
visible spectral region, medium-sized PIN silicon photodiodes such as the
model Hamamatsu G5832-02 with bandwidths in the MHz range are widely
used because of their demonstrated ability to handle fairly large power levels
(with a linear response above 100 mW optical power), as well as their high
surface uniformity (with a 2% loss of sensitivity at half the distance from the
diode center) [17,18]. For longer wavelengths (e.g., 1.5 μm), InGaAs detectors
are commonly used; these are rather expensive but offer a much better

FIGURE 12.3
Solid curve: phase noise for the same parameters as in Figure 12.1 but with α = 3. Dashed
curve: same for α = 0.
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compromise between bandwidth and photocurrent than germanium-based
devices, for example. Velocity-matched devices [19] even allow bandwidths
of tens of gigahertz combined with photocurrents of tens of milliamperes.

For the electronic processing, one often has to separate the DC part of the
photocurrent from the noise part. The calibration may then require a separate
measurement, for example, involving a mechanical chopper or acousto–optic
modulator, producing a well-defined power modulation.

12.3.3.2 Measurement of Phase Noise

The measurement of phase noise always requires some kind of phase refer-
ence. Different phase noise measurement schemes can rely on different kinds
of phase references and can be grouped as follows:

1. Schemes based on passive devices such as filters or resonators, which
can provide a direct conversion from the frequency of the DUT
(device under test) to a power.

2. Interferometric interrogation schemes, where the instantaneous phase
of the DUT is measured via interference with a reference signal
which itself is derived from the output of the DUT, typically with
some time delay or temporal averaging. This is the basis of self-
heterodyning methods.

3. Heterodyne schemes with a reference signal generated by an auxiliary
oscillator of superior frequency stability. Alternatively, one may
employ two similar optical oscillators. Assuming uncorrelated noise
processes with same power density for both lasers, the measured
noise power densities are two times those of the single devices.

In the simplest case — the passive device schemes, sometimes named direct
or homodyne detection — frequency fluctuations are converted into power
fluctuations by means of the frequency-dependent transmission of the discrim-
inator. The slope of a Fabry–Pérot interferometer (FPI) or an absorption line
of some molecules can be employed as such a discriminator, in such cases
yielding a Lorentzian-like line shape. If the oscillator or the filter is tuned such
that the mean frequency of the oscillator is at the slope, preferably near the
inflection point, the power transmitted by the filter varies, to first order, lin-
early with the frequency of the signal as P(ν – νs) ≅ P(νs) + kd(ν – νs) where kd

is the slope of the filter at νs. A photodetector behind the filter converts the
power fluctuations into fluctuations of the photocurrent, which can be char-
acterized by means of an electronic spectrum analyzer. Modern spectrum
analyzers show a quantity directly related to the spectral density of the fluc-
tuations of the signal. To obtain the power density of the frequency fluctuations
in Hz2/Hz, the slope kd of the frequency discriminator has to be determined.

The application of this method requires that the contributions of other noise
sources do not affect the measurement. However, there may be contributions
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from fluctuations of the center frequency of the filter or from fluctuations of
the signal amplitude. The latter contribution may be eliminated by stabilizing
the amplitude of the input or by normalizing the transmitted signal based
on the separately measured amplitude fluctuations. The unwanted response
of such a slope discriminator to intensity fluctuations can be substantially
reduced with a symmetric setup [20] which is well known from RF (radio
frequency) techniques. As a fundamental limitation, the transfer function
from frequency to photocurrent fluctuations drops with f–2 at noise frequen-
cies above the half-width of a Lorentzian shaped filter, yielding a f–4 depen-
dence of the frequency noise detectivity. However, a resonance width as
narrow as possible is highly desirable in order to obtain optimum detectivity
at low noise frequencies.

An improved high-frequency performance, namely a f–2 dependence of the
detectivity, is available using the interferometric interrogation methods of
the second group listed. Here, the instantaneous field incident on an optical
resonator is compared with the field already stored in the resonator. Both
field components are superimposed on the resonator input mirror, where the
input field is partly reflected and where, on the other hand, a small amount
of the intra-cavity field is leaking out in backward direction. In principle, an
FM demodulation at the slope of the on-resonance notch of this reflected
signal would give the desired improved high-frequency response. However,
the contrast of such spectral notches might be deteriorated, for example, due
to imperfect transverse mode matching or out-of-band background signals.
Thus, essentially two methods have been established to improve the contrast,
for instance, to reduce the AM sensitivity. They rely either on phase modu-
lation (PM) (Pound-Drever-Hall scheme [21,22]) or on polarization (Hänsch-
Couillaud [23]). In the first case, the resonance is “seen” only by the carrier
but not by the PM sidebands if the modulation frequency is chosen suffi-
ciently high. Hence, the interference of both field components as detected at
the modulation frequency provides the desired information about DUT fre-
quency fluctuations. The Hänsch–Couillaud scheme, on the other hand,
employs an intracavity loss [23] or birefringent [20] element in order to
distinguish between the instantaneous field and the stored reference field
while background signals are suppressed.

In both examples discussed so far, the reference signal was derived from
the DUT output and stored in an optical resonator. A similar storing effect
can be achieved using a long optical fiber in one arm of a highly unbalanced
interferometer. In the domain of RF techniques, such a setup is commonly
referred to as delay-time discriminator. For ease of data processing, one
usually inserts a frequency shifter (e.g., an AOM = acousto-optic modulator)
into one of the interferometer arms. The beat note between both field com-
ponents at the interferometer output is then detected with a photodiode and
characterized with an RF spectrum analyzer. If the delay time of such a self-
heterodyning setup is chosen larger than the coherence time of the laser
emission, the fluctuations of both optical fields become uncorrelated, and
the output spectrum becomes a self-convolution of the laser output spectrum.
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This situation is the simplest concerning data processing, and it corresponds
to the heterodyning of similar but independent lasers, that is, to the third
group listed. For highly coherent laser oscillators, however, a fiber-optic
delay with a length of the order of 100 kilometers or more may be required,
which is fairly impractical due to cost and fiber losses. Therefore, measure-
ments with such long delay times are often carried out with amplifying
recirculating fiber loops [24], where a fiber piece of moderate length can be
passed many times.

One can also work with delay lengths below the coherence length of the
laser emission. In this case, the power density of the interferometer output
is comprised of a delta function peak at the drive frequency of the AOM,
superimposed on a pedestal, the shape of which depends on the noise spec-
trum of the DUT [25]. In the simplest case, where the fiber delay τd is very
short compared to the coherence time τc and where the frequency noise
power density is constant Sν(f) = Sν0 (corresponding to white frequency
noise), the power density of the interferometer output corresponds to a delta
function at the AOM frequency and a sinc2-shaped pedestal

. (12.15)

Here, the approximation of small modulation index

(12.16)

holds, and the pedestal can be normalized to the total noise power, yielding

as measured in units of dBc/Hz. Then, the value of Sν0 can be inferred from
the ratio between the delta function power and the maximum of the sinc2-
function:

(12.17)

12.4 Multimode Continuous-Wave Lasers

Many continuous-wave lasers are not operating on a single cavity mode but
rather on several or even many modes simultaneously. In such a multimode
regime, there is a competition by the different cavity modes that are using
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the same gain medium. The competition may be strong in the sense that
saturation of the gain by one mode can reduce the gain of other modes to
about the same extent, or weak in the sense that these cross-saturation effects
are weak. A reduction of the mode competition is called inhomogeneous gain
saturation and may occur as a result of microscopic details of the gain medium
(e.g., the existence of different lattice sites of laser-active ions or different
velocity groups in the case of a gas laser), but also as a consequence of spatial
hole burning in a linear cavity. The latter effect results from the standing-
wave pattern in the gain medium, which has essentially two consequences:
the gain is saturated mostly around the antinodes of the pattern, and the
mode “sees” the excitation of the gain medium mostly in these regions.

Whatever the exact situation of mode competition is, this competition can
easily lead to significant additional noise (called mode partition noise), because
it often does not lead to a stable situation with a more or less constant
distribution of power between the modes. Even if it does for some time,
temperature changes in the gain medium or other influences can disturb the
mode pattern, and the result can be a significant redistribution of power
between the modes, which is usually also associated with changes of the
overall power. This is not surprising; consider, for example, a mode which
originally was below the laser threshold but suddenly gets some more gain
due to a change of the pattern of lasing modes. The power in that mode will
rise exponentially and will reach its equilibrium (if there is one) only in an
oscillatory manner. Therefore, there is not only the mode beating as such,
but also an increased low-frequency intensity noise that can be of fairly
broadband nature due to the complicated nonlinear dynamics of the mode
powers. It is known that the mode partition noise tends to be highest for
lasers operating on just a few cavity modes with comparable powers in these
modes [26–28]. Even if most of the power is carried by a single mode, a small
fraction of the power in other modes can cause significant noise [29], with
a power density which can be orders of magnitude higher than that, for
example, of a high-power laser diode operating on many modes.

For a laser running only on fundamental (usually Gaussian) transverse
modes, the mode-beating noise contains only high frequencies around the
mode spacing and integer multiples thereof. A significantly more compli-
cated situation arises for lasers with transverse multimode operation, where
many more mode frequencies and thus also many more beat frequencies,
including those with much lower frequencies, occur. Therefore, one can
expect lasers with a diffraction-limited beam quality to exhibit lower inten-
sity noise.

Mode competition (and the related dynamics) is essentially responsible for
the excess noise of high-power diode lasers, as used, for example, for pump-
ing solid-state lasers. When the total output power is collected on the detec-
tor, the obtained intensity noise is typically several tens of dB above the shot-
noise limit. Even much higher noise can be obtained when collecting only a
part of the spatial pattern, because the noise in the different spatial modes
can be highly anticorrelated.
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Phase noise is, of course, more difficult to specify in multimode lasers:
there is not a well-defined phase of the overall field. One can, however,
consider the phases of the different modes, which also must be expected to
undergo complicated nonlinear dynamics.

A common situation is that a solid-state laser is pumped with a high-power
semiconductor laser diode, with the latter exhibiting significant mode par-
tition noise. Even if the total power of the semiconductor laser is fed into
the solid-state laser (to avoid the above-mentioned detrimental effect of
spatial filtering), the resulting intensity noise of the solid-state laser can be
significant, because the degree of pump absorption can significantly vary
across the spectrum of the pump diode, so that the absorbed pump power
fluctuates more than the total incident pump power.

12.5 Q-Switched Lasers

12.5.1 General Remarks

In a similar fashion as in a continuous-wave laser, operation on multiple
cavity modes can lead to mode beating and associated intensity noise. The
mode beating periods often is on the order of one tenth of the pulse duration,
corresponding to a pulse duration approximately one order of magnitude
above the cavity round-trip time. Note that significant mode beating occurs
even in situations where one mode carries most of the power. A special aspect
of the situation in a Q-switched laser is that there is often too little time for
establishing clean single-frequency operation during the build-up phase of
the Q-switched pulse, even if one mode has some gain advantages over all
others. For that reason, it may take special precautions to suppress mode
beating. Possible measures include strong spectral filtering in the cavity, the
use of a short cavity (leading to a large mode spacing), injection seeding
with an additional single-frequency laser, and feedback-stabilized single-
frequency prelasing [30].

In contrast to pulse generation by mode locking (see Section 12.6), each
pulse in a Q-switched laser is normally built up from noise (typically from
fluorescence in the gain medium), unless some mechanism for injection
seeding is used. A consequence of this is that even for single-frequency
operation the relative optical phase of subsequent pulses is entirely random.
The build-up time and thus the pulse energy and temporal position can also
be influenced by the noise in the initial period of pulse buildup.

12.5.2 Active vs. Passive Q Switching

In the following we briefly discuss some aspects which depend on whether
an active or passive Q-switching mechanism is used. It will become apparent
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that such differences are caused not only by possible noise in an active Q
switch or its driver electronics. In fact, the most fundamental difference
results from the fact that the start of the pulse formation process is differently
influenced by pump noise.

Consider an actively Q-switched laser first. Here, the pulse formation pro-
cess is triggered by an external event, which is not influenced by the current
energy content of the gain medium. Still, the temporal position of the generated
pulse depends on the energy stored in the gain medium: the more energy there
is, the higher the laser gain in the pulse-build-up phase, and the earlier the
pulse maximum will be reached. Therefore, in a situation with a fixed repeti-
tion rate of the active Q switch, pump noise can cause bounded fluctuations
of the pulse energy, the pulse duration, and the temporal pulse position.

In contrast, pulse formation in a passively Q-switched laser (with a satu-
rable absorber in the cavity) is triggered not by an external signal but rather
at the time where the energy stored in the gain medium becomes sufficient
to generate a positive net gain per cavity round trip. Assuming constant
cavity losses and an always fully recovered saturable absorber, this occurs
always for the same level of stored energy, independent of the pump power.
In principle, the pump power can still have an influence during the pulse
buildup time, but this time is often so short that the pump influence is
negligible. Therefore, the pulse energy and the pulse duration are then nearly
independent of the pump power, and changes of the pump power only affect
the pulse repetition rate, as observed, for example, in passively Q-switched
microchip lasers [31]. This can cause reduced noise in the pulse energy at
the expense of higher timing jitter. Note, however, that this does not fully
hold for cases with incomplete absorber recovery between the pulses.

12.6 Mode-Locked Lasers

12.6.1 Types of Noise

Compared to continuous-wave lasers, mode-locked lasers exhibit many more
degrees of freedom which may be affected by noise, and different kinds of
noise can be relevant in different situations. For getting some overview, we
first list possible types of noise in such lasers:

• Intensity noise can be understood as noise of the average power, and
this is related to noise of the pulse energy and repetition rate.

• Absolute timing jitter is the deviation of the pulse positions (defined
by the times with maximum optical power or better as some “center
of gravity”) from the “ticks” of a hypothetical ideal clock. Timing
jitter can also be specified relative to some other oscillator, for exam-
ple, relative to some other laser or to an electronic oscillator which

© 2007 by Taylor & Francis Group, LLC



490 Solid-State Lasers and Applications

is used to actively mode-lock the laser under test. In such cases, the
term residual jitter is sometimes used.

• All involved cavity modes exhibit phase noise, which is partially
correlated between the modes.

• The carrier-envelope offset phase [32] is related to the phases of the
cavity modes.

• Other parameters of the pulses can also exhibit noise, in particular
the pulse duration, center frequency, chirp, etc.

In contrast to noise in continuous-wave lasers, pulse parameters — similar
to energy, temporal position, duration, etc. — are not defined on a continuous
time scale but only on a discrete temporal grid. A consequence of this is that
noise spectra can be specified only up to half the pulse repetition rate,
corresponding to the Nyquist frequency. A mathematically more subtle point
is that the optical phase (or amplitude) of a mode is actually well defined
only over time scales well above the pulse period, as required to spectrally
resolve the line. However, this is normally not a problem, as one usually
considers the phase noise at lower frequencies.

In principle, all kinds of noise of the output of a mode-locked laser are
determined by the specification of the amplitude and phase noise of all the
lines in the optical spectrum, plus the correlations between these fluctuations.
Therefore, one may see quantities like timing jitter or intensity noise as
projections of the overall noise on some smaller (typically one-dimensional)
spaces. In practice, one is mostly dealing with such projections, which often
embrace everything relevant for a particular experiment. For example, the
phase noise in a single line largely determines the beat frequency noise with
a (noiseless) single-frequency reference signal.

12.6.2 Coupling Effects

Before considering the most important types of noise, we discuss a number
of effects which couple different kinds of noise in a mode-locked laser with
each other. We do not claim to present a complete picture — which is hardly
possible, given that a great variety of coupling effects can occur in different
situations — but rather try to discuss the most important mechanisms and
to create a reasonable understanding of what consequences such coupling
mechanisms can have.

The basic idea is to consider the noise in different dynamical variables
describing the pulse properties and to discuss in which ways different kinds
of noise can affect each other. As explained in Section 12.6.1, these dynamical
variables actually correspond to projections of the overall noise in a mode-
locked laser, which could alternatively be described as amplitude and phase
noise of all lines in the spectrum. However, the picture used in the following
is natural because it involves experimentally very relevant variables. The
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variables considered in the following are the pulse energy Ep, the optical
phase ϕopt of the central line, the pulse duration τp, the temporal position Δt,
and the deviation Δνc of the center frequency (defined as a “center of grav-
ity”) from its average value. We supplement these variables by the gain g of
the laser medium, which is directly related to the energy stored in the gain
medium (at least if homogeneously broadened media are considered and
spatial mode profiles are disregarded). Figure 12.4 illustrates the interactions
between these variables, which we briefly discuss in the following text. Note
that some analytical models have been described (see, for example, Reference
33) which work with differential equations for some limited set of such
dynamical variables.

As is well known, the evolution of pulse energy and gain is closely coupled
by the effects of laser amplification and gain saturation: any deviation of the
gain from the net loss in the cavity leads to changes of the pulse energy,
whereas larger pulse energies tend to reduce the gain. Both effects are typ-
ically of integrating nature; for example, gain saturation in a mode-locked
solid-state laser (where the pulse energy is typically far below the saturation
energy) affects the temporal derivative of the gain, rather than its current
value. The resulting dynamics lead to the well-known relaxation oscillations.
Note, however, that these dynamics can be coupled to other variables; for
example, the gain can also depend on the spectral width of the pulses.

The pulse energy can then couple to the pulse duration and other variables.
For example, a shorter pulse has a higher peak power, leading to a lower
loss on a fast saturable absorber (but not on a slow absorber) [34]. In lasers
with a soliton circulating in the cavity, pulse duration and pulse energy are
coupled to each other by the interplay of dispersion and nonlinearity. The
optical phase can be affected by intensity fluctuations (and thus by fluctua-
tions of pulse energy or duration) via the Kerr nonlinearity and also by gain
fluctuations due to refractive index changes as described by Kramers–Krönig
relations.

FIGURE 12.4
Illustration of the interactions of various pulse parameters and the laser gain.
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The timing (temporal position) of pulses can be affected by the temporal
delay caused on a slow saturable absorber, which depends on pulse energy
and duration [35]. The timing can also be modified via the self-steepening
effect [36] (which is important for very short pulses), by center frequency
fluctuations if there is dispersion [33], and by gain fluctuations via Kram-
ers–Krönig effects. The center frequency can affect the pulse energy via the
frequency-dependent laser gain and/or cavity losses, and can itself be influ-
enced by pulse energy fluctuations if the Raman self-frequency shift [37] of
pulses is relevant (for example, in some fiber lasers).

It is apparent that the situation can be rather complex, even though not all
possible coupling effects will usually be simultaneously relevant in any con-
crete situation. The simplest consequence of such coupling effects is that noise
of one quantity is transferred into noise of some other quantity. However,
strong bidirectional coupling can also introduce complicated nonlinear
dynamics, and even in a numerical model as presented, for example, in Ref-
erence 38 the interpretation of the overall dynamics may not always be simple.

12.6.3 Intensity Noise

At a first glance, one may expect that the intensity noise of a passively mode-
locked laser is basically the same as for a single-mode continuous-wave laser
as discussed in Section 12.2. However, at least for passively mode-locked lasers
this is not true because the saturable absorber can significantly alter the gain
dynamics, and in fact usually does so in practical situations. The key point is
that the cavity losses become dependent on the pulse energy (for a slow
absorber) or the peak power (for a fast absorber) [34]; usually, they are reduced
for higher pulse energies. In effect, the damping of the relaxation oscillations
is reduced, or the relaxation oscillations can even become undamped — typ-
ically, for pump powers below a certain well defined threshold value. In the
latter case, the continuous-wave mode-locked regime becomes unstable
[39,40]. The resulting regime with strong oscillations of the pulse energy is
called Q-switched mode locking. This regime can be rather noisy with large
fluctuations of maximum pulse energy, pulse duration, optical phase, etc., if
the pulse energy between subsequent bunches of pulses gets very low. How-
ever, Q-switched mode loading can also be very stable.

Even if this regime is avoided, the reduced damping of the relaxation oscil-
lations increases the intensity noise around the relaxation oscillation frequency,
whereas the width of the relaxation oscillation peak is reduced [41]. Transfer
function measurements with a sinusoidally modulated pump power have dem-
onstrated the increased peak height and decreased peak width [42], and the
mentioned effect on the noise is clearly to be expected. On the other hand, the
impact on noise at frequencies far below or far above the relaxation oscillation
frequency should not too strongly deviate from that of a continuous-wave laser.

The intensity noise of any laser can, of course, be strongly increased by
excess noise of its pump source. This is particularly the case for lasers with
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gain media which have a very short upper-state lifetime, such as semicon-
ductor lasers or dye lasers. For a discussion in the context of a passively
mode-locked dye laser, see Reference 43.

12.6.4 Timing Jitter

Most noise measurements on mode-locked lasers are focused on timing jitter,
which is relevant for many applications, such as data transmission or optical
sampling measurements. Therefore, we also focus on timing jitter in this book
chapter but also present some results on optical phase noise in Subsection
12.6.6. The current section is devoted to the mathematics and physics of timing
jitter, whereas the section following it addresses jitter measurements.

Before going into details of pulse generation, we briefly discuss how timing
jitter is usually specified. Conceptually, one can consider the timing errors of
the pulses emitted by a mode-locked laser, as obtained by comparing their
temporal positions with the ideal temporal positions for a noiseless pulse source
(→ absolute jitter), or with some real source which will itself have some noise
(→ relative jitter). One can specify the statistical properties of timing noise by
the power spectral density SΔt(f) of the timing errors. It is actually quite common
to replace the timing error Δt with a timing phase error ϕt = 2πfrepΔt, where frep is
the pulse repetition rate, and the corresponding power density is

. (12.18)

This picture results from considering the emitted pulse train as a (usually
highly anharmonic) oscillation of the optical power, which in the noiseless
case can be seen as consisting of a sinusoidal signal at frep and integer har-
monics. The optical field oscillation (sometimes called the carrier oscillation)
is disregarded in this picture, which basically describes the output of a pho-
todiode illuminated with the pulse train. Note that using the term phase noise
in this case can provoke confusion with optical phase noise, so we suggest using
the term timing phase noise, instead.

A rather different method of specifying timing noise of oscillators, which
is often used in metrology, is the Allan variance [44,45]. It is a generally
agreed [46] means to characterize frequency fluctuations in time domain.
The so-called two-sample variance without dead time is commonly referred
to as  or  and is defined as

(12.19)
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Here, the frequency deviations are normalized with the mean frequency
ν0 and averaged over subsequent time intervals of width τ = tk+1 – tk, where
tk are equidistant time values with an integer index k and a spacing τ. The
Allan variance and its square root, sometimes called the Allan (standard)
deviation, are based on differences of adjacent (time-averaged) frequency
values rather than on frequency differences from the mean value, as is the
“conventional” standard deviation. Plots usually show the Allan variance as
a function of the averaging time τ, and the shape of such curves can be used
to retrieve information on the noise processes.

Alternatively, the Allan variance can be determined from the normalized
phase or timing deviation x(t). For a given measurement interval τ it follows that

which after insertion gives

. (12.21)

The Allan variance can be calculated from the frequency noise density
according to [47]

, (12.22)

while it is not possible to unambiguously retrieve the frequency noise spec-
trum from the Allan variance [48].

Equation 12.22 can be simplified in certain cases [47]. White frequency
noise Sν(f) = S0, for example, results in , whereas so-called
flicker frequency noise Sν(f) = a/f leads to an Allan variance which is inde-
pendent of the measuring time: . A linear frequency drift
y(t) = bt, which is typical for frequency standards, results in an Allan variance
that increases with the squared measuring time: .

We now turn to the timing jitter of pulse trains from mode-locked lasers.
Here, we need to distinguish between actively and passively mode-locked
lasers. The fundamental difference between those laser types is that an
actively mode-locked laser has a timing reference connected to its modulator,
which introduces a kind of restoring force for the relative timing error
between both signals. Passively mode-locked lasers, on the other hand, have
no timing reference (unless they are equipped with some active timing sta-
bilization), so that the timing errors can undergo an unbounded drift. In the
noise spectrum, this kind of random walk leads to a divergence for zero
noise frequency, similar to the one for the optical phase noise. However, the
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distinction is somewhat blurred by the existence of regenerative active mode-
locking schemes, where the modulator frequency is automatically adjusted
to match the cavity round-trip frequency, so that cavity length drifts play
the same role as in passively mode-locked lasers and the (absolute) timing
error displays the same kind of low-frequency divergence. The same is
actually even true for “ordinary” actively mode-locked lasers if one considers
that the RF signal of the modulator driver has a diverging phase noise, but
the divergence does not occur for the relative jitter between pulse train and
modulator driver signal.

There have been a number of publications presenting theoretical results
for the timing jitter of actively and/or passively mode-locked lasers. In this
chapter, we focus on three kinds of models, which are based on somewhat
different approaches. The first one is the model by H. A. Haus and A. Mecozzi
[33], which has been developed on the basis of soliton perturbation theory
and the assumption of a fast saturable absorber. Here, it is assumed that the
pulse dynamics are basically determined by soliton effects, with additional
influences from quantum noise which are treated as weak perturbations. The
circulating pulse is described with four dynamical variables, namely pulse
energy, optical phase, temporal position, and spectral position (i.e., offset of
the center frequency from its mean value). Of course, this is already a sim-
plification, as additional degrees of freedom such as chirps or pulse shape
distortions are not included. Also, the pulse duration is not rigidly coupled
to the pulse energy even for the case of soliton pulses; only in the stationary
case, the soliton dynamics lead to a constant product of pulse energy and
pulse duration. In addition, the description of the gain dynamics is rather
crude: there is no additional dynamical variable for the laser gain, so that
relaxation oscillation dynamics can not be described. However, an extension
in this direction is possible and has indeed been reported [49].

The quantum noise can then be projected onto the dynamical variables of
the model, leading to Langevin-type equations, and analytical results for the
noise spectra corresponding to these variables have been obtained. As a brief
review of the results, we focus on the central result concerning timing jitter,
which has two contributions. The first one is the direct impact of quantum
noise on the pulse position, i.e., on the timing phase error, which causes a
random walk of this variable, corresponding to a power spectral density
proportional to f–2 and to white frequency noise. The second contribution
comes from fluctuations of the optical center frequency, which are bounded
due to the limited laser gain bandwidth (which always tends to pull the
spectrum back to its equilibrium position) and couple to the pulse timing
via dispersion — that is, the dependence of the group velocity on the center
frequency. The integrating nature of this coupling leads to an additional f–2

dependence, so that this contribution from the center frequency is propor-
tional to f–2 at low frequencies (where the center frequency noise is basically
white) and proportional to f–4 at higher frequencies, where, however, finally
the direct contribution of quantum noise on the pulse timing dominates.
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Although the Haus–Mecozzi model has been developed for passively
mode-locked lasers, it can relatively easily be modified for active mode
locking [49,50], as far as soliton shaping effects still stay dominant. Techni-
cally, this involves including an additional term in the dynamical equation
of the temporal position, representing a “restoring force” as generated by
the active modelocker. The result is that the power spectral density of the
timing noise levels off at f = 0, eliminating the mentioned divergence.

Of course, the Haus–Mecozzi model is not valid for mode-locked lasers
that are not based on soliton pulse shaping. As such lasers are also very
important, a numerical model has recently been developed [38] that requires
only a significantly less restricting set of assumptions. Here, the pulse is
represented by an array of complex amplitudes, which resemble the pulse
shape in the time or frequency domain. A wide range of effects acting on
the pulse can be described in the time or frequency domain, and fast Fourier
transforms allow to switch between domains as required. Thus, the model
allows us to treat basically all kinds of mode-locked lasers, regardless of their
mode-locking mechanism (active or passive, fast or slow absorber), gain
dynamics, and additional coupling effects.

The first situation investigated with this numerical model was one of a soliton
mode-locked laser, where the Haus–Mecozzi model is applicable. After applying
some trivial corrections to the latter (see the erratum [51] and Reference 38),
perfect agreement was obtained, as had been expected. An initially quite sur-
prising result was that the agreement persisted in cases without any dispersion
and Kerr nonlinearity, i.e., without soliton shaping effects, where the assump-
tions of the Haus–Mecozzi model are clearly violated. This lead to the insight
that the noise properties (including the timing jitter) are not directly affected by
the detailed pulse-shaping processes (e.g., soliton effects or saturable absorber
action): the noise influences come from quantum effects (spontaneous emission),
and their impact on the pulse parameters depends only slightly on the pulse
shape (e.g., sech2 or Gaussian) but not on the shaping mechanism itself. The
latter only influences the coupling of different kinds of noise. For example, the
presence of dispersion (as is required, e.g., for soliton mode locking) leads to the
above mentioned coupling of center frequency noise to timing noise.

This new insight triggered the development of a new analytical model [52]
which does not reduce the dynamics to the interplay of a few dynamical
parameters and emphasizes less the role of the pulse-shaping mechanism.
In this model, the above mentioned direct effect of quantum noise on the
pulse timing can be explained as follows. The quantum noise added to the
pulse during one cavity round trip can be described by adding uncorrelated
noise amplitudes with equal noise variance to all samples (complex ampli-
tudes) in the time domain. The total power in each sample can be increased
or reduced, depending on the relative phase of original amplitude and noise
contribution. In effect, the pulse position (defined as the “center of gravity”)
experiences some random change while the pulse shape distortions are sub-
sequently dampened by the pulse shaping mechanism. Even though on
average this timing change is zero, the variances of the timing errors for
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subsequent cavity round trips simply add up (because the corresponding
noise influences are statistically independent), which leads to a linear growth
of variance with time. The latter corresponds to the f–2 dependence of the
timing noise power spectral density. The indirect effect of quantum noise via
the optical center frequency can be described similarly, and the results are
exactly identical to those of the (corrected) Haus–Mecozzi model. So we see
that the Haus–Mecozzi results are much more general than the underlying
assumptions, and this is proven by the new model which does not need
these assumptions, in particular not those on the pulse-shaping mechanism.

As a consequence, we can now apply such analytical results to a much
wider range of lasers. However, we have to keep in mind that a great variety
of coupling effects (as discussed in Section 12.6.2) can occur. In any particular
case, one has to check which coupling effects can occur and analyze their
importance. (Note that the importance of particular coupling effects can
greatly vary between different types of mode-locked lasers, which can have
totally different values of pulse duration, repetition rate, peak power, etc.,
and different components in the cavity.) The relevant effects then have to be
included in the equations. The challenge is to make sure that all relevant
effects have been identified and correctly included. In this situation, it can
be very helpful to employ the above mentioned numerical model at least for
validation purposes, as the description of particular interactions (e.g., with
a slow saturable absorber) tends to be simpler than the analysis of all result-
ing coupling effects. This kind of sanity check has been done in Reference
52 for some simple cases. More complicated situations of practical interest
will still have to be analyzed.

12.6.5 Jitter Measurements

For the measurement of the timing jitter of mode-locked lasers, a great
variety of techniques is available, which strongly differ in terms of the uti-
lized phase (or timing) reference and also in terms of performance and
applicability in different situations.

A frequently used technique for jitter measurements is based on the direct
spectral analysis of a photodiode signal with a microwave spectrum analyzer
[53], which displays sharp peaks of the power spectral density at integer
multiples of the repetition rate frep and noise sidebands around them, which
contain information on timing jitter. A simplified analysis, using the approx-
imation of small timing excursions (compared to the pulse period) and
ignoring various correlations between different fluctuating quantities, leads
to the simple result that the intensity noise causes equal contributions to the
sidebands of all orders, whereas the contributions of the timing phase noise
scale with the square of the sideband order. Thus, one can in principle easily
separate the contributions of intensity and timing phase noise from each
other, if one has data from at least two different sidebands.
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The simplicity of this method, both in terms of experimental setup and
data analysis, makes it very attractive. However, one should be aware of a
number of limitations. Fundamental limitations arise from large phase excur-
sions in passively mode-locked lasers and from the possibility of the above
mentioned correlations [54–56]. An important remark concerns the fact that
the effectively used phase reference is the local oscillator of the spectrum
analyzer, which itself of course exhibits phase noise. It turns out that the
phase noise of state-of-the-art spectrum analyzers can easily exceed the
timing phase noise of certain types of mode-locked lasers, as has been dem-
onstrated, for example, with passively mode-locked miniature Er:Yb:glass
lasers [57,58]. Other technical issues can arise from the difficulty to detect
high enough harmonics for multi-GHz lasers and from possible AM/PM
conversion (i.e., conversion from intensity to phase noise) in the photode-
tector [59,60]. Note also that the lowest detectable noise frequency is in the
order of three times the minimum resolution bandwidth of the spectrum
analyzer. Finally, note that noise data obtained with electronic spectral ana-
lyzers require certain corrections related to envelope detection, logarithmic
averaging, and the effective noise bandwidth of the RF filter. Such corrections
typically amount to adding ≈2 dB to the measured data, resulting in ≈16%
higher power densities. Other errors can result from inadequate detector
modes or signal power levels. (For example, see Agilent Application Note
150 for details.)

Another class of jitter measurement techniques is based on phase detectors.
Typically, a microwave mixer is used as phase detector. Its inputs are the
photodiode signal and a sinusoidal reference signal from a stable electronic
oscillator. The relative phase of these must be adjusted to be π/4 on average.
As long as the phase deviations from this condition are small enough (well
below 1 rad), the average voltage output of the mixer is proportional to the
phase deviation. For larger phase differences, of course, the method is not
suitable. Therefore, it is applicable to cases where the phase excursion
remains small for all times, as is typically the case. Examples would be for
the residual jitter in actively mode-locked lasers [60–62], for timing-stabilized
passively mode-locked lasers [63–66], and for synchronously pumped lasers
[67] but not for free-running passively mode-locked lasers.

Technical difficulties arise from parasitic effects such as mixer offsets,
which lead to incomplete suppression of amplitude noise, and excess noise
of electronic components. Such problems can be addressed with chopper
schemes [60] and/or with correlation methods [68,69], allowing suppression
of excess noise from electronic components like mixers and amplifiers to a
high degree [70]. Other methods involve the conversion of the microwave
reference into an optical amplitude or phase modulation [71]. Another issue,
of course, is the stability of the electronic oscillator. For high sensitivity, one
may employ an ultra low-noise sapphire-loaded cavity oscillator [72] which,
however, is rather expensive, or replace this with a second mode-locked laser,
which should either be superior in terms of noise or have noise properties
similar to those of the first laser. With such a scheme and the combination
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of two phase detectors, operating on different harmonics of the photodiode
signal, timing stabilization and measurement have become possible with
relative rms jitter values in the order of only 1 fs [73].

A very high (subfemtosecond) sensitivity for timing jitter detection can be
obtained with optical phase detectors [74] when dealing with very short
femtosecond pulses. Here, the inputs are two laser beams carrying femto-
second pulse trains, and the phase detector is a nonlinear crystal or (for better
intensity noise suppression) a combination of two nonlinear crystals [75].
Note that such a phase detector can work only for timing errors in a very
narrow range in the order of the pulse duration; that is, not for free-running
lasers. For short pulses, however, the achieved sensitivity is extremely high
and can go beyond the limits set by shot noise for all photodiode-based
methods.

Recently, a novel method for relative timing jitter measurement has been
demonstrated [57], which uses microwave mixers but not as phase detectors.
It is very sensitive and much more versatile than phase detector methods.
The principle setup for comparing the timing of two lasers is shown in Figure
12.5. The outputs of the two lasers are detected with fast photodetectors and
mixed with the signal from a tunable electronic oscillator to obtain mixing
products at much lower frequencies of, for example, 200 kHz. These are then
simultaneously recorded with a two-channel digital storage oscilloscope (or
a sampling card in a PC). Both mixing products are actually affected by phase
noise of the electronic reference oscillator, which may be stronger than the
phase noise arising from the timing noise of the lasers. However, with suit-
able Fourier transform techniques one can extract the relative phase of the
two recorded data traces, and this relative phase reflects the timing difference
of the lasers, with no influence of the phase noise of the electronic oscillator.
It has been shown that the system phase noise resulting from thermal and
digitizing noise is almost white, so that particularly at low noise frequencies
the sensitivity of this method is much higher than for other methods which
are affected by phase noise from a reference oscillator. Figure 12.6 shows
data from measurements on two 10-GHz passively mode-locked Er:Yb:glass

FIGURE 12.5
Setup for relative timing jitter measurements. PD = photodiode.
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lasers (see Reference 57). The two upper noise traces indicate the noise
spectrum corresponding to the two recorded channels, which are essentially
equal and dominated by the electronic oscillator. (One of the curves has been
raised by 20 dBc/Hz in order to distinguish the otherwise overlapping
curves.) The lowest noise trace shows the relative timing noise as obtained
from the phase differences. It is close to the quantum limit of the free-running
lasers (dashed line) at about 1–100 kHz is lower than that for low noise
frequencies (due to the timing stabilization) and hits the noise floor above
≈100 kHz. The noise floor is at ≈136 dBc/Hz, set by noise of the used
sampling card, but in other cases it may be limited by the photodetectors.
In the reported experiments, traveling-wave photodiodes have been used
that can handle high photocurrents and thus allow for a particularly low
noise floor.

Note that such a time domain method allows characterization of noise at
very low frequencies, limited only by the available sampling memory. For
low noise frequencies, another time domain method has been discussed in
Reference 76.

Instead of an external phase reference, one may derive the phase reference
from the input signal itself — pretty much in analogy to methods discussed
in Section 12.3.3.2 in the context of optical phase noise. The direct analogue
of a self-heterodyning setup in the electronic domain is rarely used despite
its potential sensitivity. In principle, one could use a photodiode for detection
of the repetition signal and a delay-time discriminator comprising a long RF
delay line. However, the short pulse durations of today’s mode-locked lasers
cannot be exploited with such systems due to the limited bandwidth of

FIGURE 12.6
Relative timing noise spectrum as measured with a setup according to Figure 12.5 with two
timing-stabilized passively mode-locked Er:Yb:glass lasers. See the text for explanations.
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photodetectors and RF cables. A better approach is therefore to delay the
pulse train of the DUT in a long fiber and to compare the arrival times of
the input pulses with those of the delayed pulses, using an optical intensity
correlator — for example, a nonlinear crystal or a photodetector based on
two-photon absorption. Such systems are inherently fast if the overall group
velocity dispersion of the delay line is kept low, using a proper combination
of different fibers. Output pulse durations well below 1 ps have been
reported for delays of many kilometers [77]. Thus, the discriminator slope
of a fiber-based timing discriminator can be about two orders of magnitude
steeper than that of a microwave delay line, so that a superior frequency
noise sensitivity can be achieved.

12.6.6 Optical Phase Noise and Carrier-Envelope Offset Noise

In the case of a mode-locked laser, the definition of the optical phase is not
a completely straight-forward issue. One is tempted to consider that phase
as a property of each single pulse, similar to the pulse energy, duration, etc.
This picture, however, leads to some complications — for example, the
question of which temporal position to take the phase value: at a constant
position (even if the pulse position drifts) or at the pulse maximum (which
itself may not always be very well defined)? The relevance of the optical
phase for beat measurements actually suggests a different definition: the
spectrum of a regular pulse train consists of an equidistant comb of lines,
and one can take one of these lines (typically the central one) to define an
optical phase. As each of these lines is similar to the output of a single-
frequency laser, this does not introduce conceptual problems and at the same
time leads exactly to that quantity which is relevant when, for example, a
beat note between that line and the output of a single-frequency laser is
measured. There is only one remark to be made: one requires a measurement
time of several pulse periods to measure the phase of an individual line, so
this kind of optical phase is, strictly speaking, defined only with a bandwidth
which is some fraction of the pulse repetition rate; this usually doesn’t matter.
So we basically have a multitude of phase values, corresponding to all lines
in the spectrum of the laser output. Even if one is interested only in a single
beat note, it is worthwhile to consider the full frequency comb, as this has
implications which in recent years have turned out to be very important for
frequency metrology. One can exploit the exact equidistance of the lines (at
least in a noiseless case, where all lines have zero width) and write the
frequency of the line with the integer index j as [32,78]

(12.23)

with the so-called carrier-envelope offset (CEO) frequency νceo and the rep-
etition rate frep. Now we consider the situation with noise. In principle, all
lines are subject to noise, which is not completely correlated. In the long run,

ν νj j f= + ⋅ceo rep
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however, the mode-locking mechanism does not allow the pulse to fall apart
(for example, by broadening indefinitely), so that the phases of all lines are
prevented from drifting arbitrarily. For an actively mode-locked laser, there
is only one degree of freedom which is able to do an unbounded drift: the
phases of all lines can drift simultaneously by the same amount; that is, the
differences between them are bounded. From this one can conclude that the
linewidths of all lines must be equal, irrespective of their optical powers. For
the case that only quantum noise acts in the laser, it has been shown [79]
that this common linewidth equals the Schawlow–Townes linewidth (Equa-
tion 12.9), evaluated with the total power of all lines — that is, the laser’s
average power. This holds despite the fact that the high-frequency (short-
term) noise is only weakly correlated: the linewidth is determined by the
diverging low-frequency noise not by the high-frequency noise.

The situation is somewhat different for a passively mode-locked laser,
which has one more degree of freedom for an unbounded drift; the pulse
timing, which has no “restoring force” in that case and is related to phase,
changes proportionally to the deviation of the frequency from the center
frequency of the comb. This means that the slope of the optical phases can
undergo an unbounded drift, which affects the wings of the spectrum but
not the center. As a result of this, one obtains somewhat increased linewidth
for the lines in the wings of the optical spectrum. More important, the optical
phase can be coupled to other variables by various effects; for example, it
can be shown (and demonstrated with a numerical model as described
above) that a slow saturable absorber can strongly couple center frequency
fluctuations to those of the optical phase. As a result, the optical phase noise
can be orders of magnitude stronger than that at the Schawlow–Townes level.
This, however, remains to be carefully checked in experiments.

Although one can characterize the steady state of the frequency comb with
only two parameters (νceo and frep), a similar decomposition for the noise is
somewhat problematic. It does work for the low noise frequencies, as
explained above, but not for high frequencies. Even for low noise frequencies,
there are practical problems, namely the difficulty to determine the CEO
phase without picking up uncontrolled phase drifts in the measurement
setup. We also note that the CEO frequency is a quantity which is not directly
measured but rather extrapolated from optical frequencies, so one should
recognize the optical frequencies as being closer to the physical reality. The
overall noise in a mode-locked laser is therefore perhaps more naturally seen
as the result of noise in all lines of the comb, rather than as being caused by
a superposition of common phase noise with carrier envelope offset noise.
Notwithstanding these thoughts, currently used schemes for the stabilization
of frequency combs usually involve the detection and stabilization of the
CEO frequency [32,78,80], and to achieve this one requires control parameters
which can influence the pulse repetition rate and the CEO frequency. Cur-
rently, different experimental approaches are under investigation with the
goal of generating stabilized frequency combs with minimum noise, as
required for high-precision frequency metrology.
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We can conclude that the area of optical phase noise and noise of the carrier-
envelope offset frequency of mode-locked lasers is far from being fully
explored. More in-depth theoretical studies are to be done and, experimen-
tally, the field probably has the potential for significant further development.
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Appendix 1: Derivation of Schawlow–Townes Formula

The Schawlow–Townes formula for the linewidth of a laser with quantum noise
influences only has been presented by Schawlow and Townes in 1958 (see
Reference 6). This reference, however, does not contain a derivation, but only
referred to a result for thermal noise influences in masers and simply replaced
kBT with hν. In the following, we give a derivation with a detailed physical
explanation, which is instructive and confirms a very important result.

Assume a four-level single-frequency laser without amplitude/phase cou-
pling. The output coupler transmission is Toc, and there can be additional
(parasitic) cavity losses lpar , so that the total cavity losses are ltot = Toc + lpar .
On average, the gain must balance the losses: g = ltot.

We describe the circulating field with a complex amplitude A, normalized
so that the intracavity power is .

During each round-trip, the gain medium adds a fluctuating amplitude
δA where each of the quadrature components has the variance

(12.24)

with TR being the round-trip time. This amount of noise is consistent, for
example, with the results of Reference 5 and with a 3-dB noise figure of a
high-gain laser amplifier. Its effect is that the optical phase changes by

(12.25)
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where δAq is the quadrature component perpendicular to A in the complex
plane. The cavity losses contribute another noise amplitude proportional to
ltot. Therefore, in total the variance of the phase is increased by

(12.26)

per round trip, where we have used g = ltot, because the gain must balance
the cavity losses. As each round trip contributes statistically independent
phase fluctuations, the phase variance grows with time according to

. (12.27)

Such a linear growth of variance is consistent with a two-sided power
density

(12.28)

where

. (12.29)

(One can verify this by calculating the phase variance for a given power
density proportional to f–2, which leads to an integral that can be analytically
solved and is proportional to the time t.) One can further show that the power
density of Equation 12.28 corresponds to a Lorentzian field spectrum with

, (12.30)

which approaches the phase noise power density Sϕ(f) for large frequency
offsets Δf. It is normalized for a unity integral and leads to the FWHM field
linewidth

(12.31)

(see also the end of Section 12.2). For ltot = Toc (i.e., without parasitic cavity
losses), this result is exactly equivalent to the original Schawlow–Townes
formula [6]
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(12.32)

where

(12.33)

is the half width of the resonances of the cavity (with unpumped gain medium).

Appendix 2: Derivation of Linewidth Formula for Lasers
with Amplitude/Phase Coupling

We use the same notation as in Appendix 1. Any fluctuation δA in the
amplitude quadrature of the intracavity field of the laser amounts to a change

(12.34)

of the intracavity optical power. Written in this way, one can consider the
addition of the fluctuation amplitude as a kind of gain, which for low fre-
quencies must be compensated by the opposite change of the laser gain,
caused by gain saturation:

(12.35)

The optical amplitudes have white noise with the two-sided power density

(12.36)

if the fluctuations from gain medium and losses are added. Therefore, we have

, (12.37)

which indicates white noise in the gain. For the instantaneous optical fre-
quency νopt and the optical phase ϕ we have the dynamical equation

, (12.38)
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because the optical phase changes by αδg/2 per round trip where α is the
linewidth enhancement factor. From this we obtain the power density

(12.39)

of the optical frequency and

(12.40)

of the optical phase, from which we obtain the contribution to the linewidth
(in the same way as in Appendix 1) as

. (12.41)

Finally, one has to add this contribution to that one of the direct influence
of quantum noise on the phase fluctuations, as both fluctuations are from
different quadrature components and thus statistically independent. In total,
one obtains

. (12.42)
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