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Preface

Lasers in Materials Science is the title of both this book and the Third Interna-
tional School, SLIMS-2012, held on S. Servolo Island, Venice (Italy) from July 8
to 15, 2012.

The selection of topics covered in the book and the combination of didactic
introduction to the fundamentals of laser-materials interactions with up-to-date
presentation of state-of-the-art techniques and emerging applications of laser
processing reflect the content and spirit of the lectures and discussions at the
School. One of the goals of this biennial school is to provide Ph.D. students and
young research scientists working in the field of laser-materials interactions with
robust fundamental knowledge that is often lacking in their training, so that they
may profitably interact with colleagues working in areas neighboring their own
research fields. The general area of Lasers in Materials Science spans fields where
the interaction between laser radiation and matter plays a basic role to engineer
new materials, or to enhance specific properties, mainly surface related, of irra-
diated matter. The laser community offers several established International Con-
ferences where young researchers can meet with their peers, exchange
experiences, establish collaborations, or display their own results to a qualified
audience. However, a structured training opportunity, specifically geared toward
young researchers, was lacking before the SLIMS series was established.

Focusing on the strong interplay between experimental and theoretical inves-
tigations of laser-induced phenomena, the program of the one-week residential
School included 17 lectures on the fundamentals and principles of laser-materials
interactions and laser materials processing. The syllabus covered the mechanisms,
relevant experimental and computational techniques, as well as current and
emerging applications in nanoscience, biomedicine, photovoltaics, analysis, and
industry. The topics ranged from laser-surface and -bulk interactions, to the role of
defects, nonlinear absorption phenomena, surface melting, vaporization, super-
heating, homogeneous and heterogeneous nucleation, phase explosion and plasma
formation, nanosecond, femtosecond and attosecond laser pulses, film synthesis by
pulsed laser deposition, nanoparticle nucleation, growth and assembling, laser
nanostructuring of soft matter, development of new light and X-ray sources, free
electron lasers, and laser interactions with biological tissues.

One of the distinctive features of SLIMS-2012 was the active participation of
students in the activities of the School. This was facilitated by structured
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classroom discussions and ample opportunity for students to discuss their ongoing
projects or research plans with the School lecturers in informal settings. The
students presented posters that were displayed over the School duration in the
lecture hall. All posters were discussed during three extensive poster sessions and
at coffee breaks. The students also gave brief oral presentations highlighting key
points of their research in dedicated sessions and participated in a competition for
the Best Student Presentation Award (dedicated to the memory of Prof. Roger
Kelly). The School was attended by 36 students from 13 countries, with 25 stu-
dents coming from EU countries, six from the USA, and four from the Mediter-
ranean Sea area.

All lecturers, coming from both leading research centers and academic insti-
tutions, are actively involved in research topics covered by their lectures. The
School Directors are grateful to School lecturers for the attention they put in the
preparation of truly didactic, though high level, presentations and for the relevant
work they did to convert the didactic material into self-contained book chapters
that offer excellent reviews of the different topics.

Venice International University (VIU) quarters at S. Servolo Island provided
superior lecturing and logistic structures in a pleasant working ambience,
immersed in a quiet, beautiful garden, a few minutes from the heart of the city.
This confirmed to be strategic for the success of the School.

The positive evaluation of SLIMS-2012 by the participants stimulated the
planning of the forthcoming Fourth International School on Lasers in Materials
Science, SLIMS-2014 that will be held on S. Servolo Island from July 13 to 20,
2014 under the direction of N. M. Bulgakova, Y. Lu, P. Schaaf, and P. M. Ossi.

Madrid, Spain M. Castillejo
Milan, Italy P. M. Ossi
Charlottesville, USA L. V. Zhigilei
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Chapter 1
Laser Physics for Materials Scientists:
A Primer

Richard F. Haglund

Abstract Laser processing of materials has achieved significant successes in
pulsed laser deposition, micro- and nanostructuring and surface modification and
analysis. However, materials scientists often do not think about the physics of
those lasers, which determines their properties and therefore also the way in which
these lasers can be employed in laser processing. This chapter discusses the
essential theory of laser gain, oscillation and amplification, and provides examples
drawn from lasers now frequently used in materials processing. The implications
for the design of new lasers and new materials-processing strategies are consid-
ered, using the example of a picosecond laser system for polymer processing.

1.1 Introduction

To optimize laser processing for specific applications and materials, it is useful to
understand how lasers function, not only to select the correct lasers for particular
processes, but also to provide input to laser designers and builders for new
developments. In the future, an increased understanding of laser-materials inter-
actions as these relate to laser properties will feed back into the laser-building
community, to enable materials scientists to play a role in:

• Designing and constructing broadly tunable laser systems, at reasonable cost,
capable of being tuned to the parameters that optimize process throughput based
on fundamental laser-matter interactions;

• Understanding how the choice of amplified versus oscillator-only laser systems
enables or limits the application of lasers in new processing applications as well
as efficiency and overall throughput; and

R. F. Haglund (&)
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• Developing figures of merit that will enable comparisons among laser systems in
selecting scalable tools for applications, such as thin-film deposition, where
current laser processes are not competitive with conventional processing tools.

Meeting these challenges would not only enlarge the palette of materials that
can be built, assembled and fabricated using the unique electronic and vibrational
interactions of light with matter, but also expand the emphasis from bulk and thin-
film processing to micro- and nanoscale materials modification where the
incomparable precision of laser processing holds sway.

Lasers commonly used for processing advanced materials can be categorized
according to their (1) temporal pulse structure; (2) laser frequency range; and (3)
tradeoffs between intensity and fluence based on pulse energy and duration. The
throughput or processing rate will, as will be shown later, depends on average
power. Especially during the last decade, the number of different laser types used
in materials processing has expanded significantly; commercially available laser
systems cover a range of all these properties, as shown in Table 1.1.

Figure 1.1 illustrates the parameter space relevant to laser processing materials,
spanned by laser pulse duration and laser intensity. Solid and dashed diagonal lines
show contours of constant fluence. For example, the line 1 J/cm2 is the line rep-
resenting the threshold for many laser processes initiated by pulsed nanosecond
lasers, as in pulsed laser deposition. Below the line representing a fluence of
10 mJ/cm2, mesoscale atomic motion within a material is relatively unlikely; in
this region, local phase changes and other subtle modifications to local materials
properties can be achieved. Above the fluence of 100 J/cm2, on the other hand,

Table 1.1 Characteristics of lasers used in materials processing

Laser type Pulse
duration

Repetition
frequency

Wavelength range
(lm)

Fluence Intensity

Fiber laser
oscillators

CW-1 ps CW-MHz 1.07–2.1 Modest High

Amplified fiber
lasers

Ns-fw kHz-MHz 1.07–2.1 High High

Diode lasers CW-ls CW-kHz 0.8–1.2 Modest Low
Excimer oscillator 10–20 ns 200 Hz 0.308, 0.248, 0.193 High Modest
Excimer amplifier 1–10 ps 10 Hz 0.248 High High
Nd:YAG

oscillators
5–20 ns 20 Hz 1.06, 0.532, 0.355,

0.266
High Modest

Nd:YVO4

oscillators
5–10 ns 20 kHz 1.06, 0.532, 0.355,

0.266
Modest Low

Yb:YAG
amplifiers

0.5–20 ps 20 MHz 1.06, 0.532, 0.355,
0.266

Modest High

Ti:sapphire
oscillator

10–100 fs 100 MHz 0.7–1.0 Low High

Ti:sapphire
amplifier

100–150 fs 5 kHz 0.7–1.0 High High

Yb:YAG ? OPA 10–100 ps 1–5 kHz 0.2–20 Modest High
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most materials modifications that are induced by lasers tend to be destructive for
short- and ultrashort-pulse lasers, while at the limit of very long pulses, the
changes tend to be thermal. As shown in Fig. 1.1, the laser systems listed in
Table 1.1 nevertheless cover a wide range of the parameter space available for
useful materials processing.

In this chapter, we first consider the fundamentals of laser interactions with
materials as these relate to the choice of laser systems, and develop a simple
figure-of-merit that makes it possible to see how various properties of a laser
influence overall process throughput—and hence the economic merit of laser
processing that can be compared to other processes. Next, we consider the fun-
damental theory of laser oscillators and amplifiers that are germanely to laser
processing of materials, including ways of controlling laser pulse duration and
repetition frequency. Finally, we present an example of a tunable, picosecond

Fig. 1.1 A map of the parameter space occupied by current lasers used in materials processing.
Lines of constant fluence are shown covering the range where most materials processing can
occur

1 Laser Physics for Materials Scientists 3



mid-infrared laser system based on currently available oscillators, amplifiers and
parametric generators, illustrating how considering laser physics and laser prop-
erties can drive new modes of materials processing.

1.2 Fundamentals of Laser-Materials Interactions

Materials modification by lasers requires the motion of atoms, ions or molecules—
which of necessity requires complex interactions in the material since photons
carry very little momentum. To achieve atomic motion, three conditions must, in
general, be met: First, a threshold intensity is needed to initiate the process,
generally a few MW � cm�2: Second, vibrational energy—whether generated
directly by infrared photon absorption or by multi-phonon cascades following
electronic excitation—must be localized on a small group of atoms or a molecular-
size cluster in the laser-irradiated solid for longer than a few vibrational periods.
Third, the energy absorbed must be sufficient to initiate and sustain the breaking of
bonds and the mesoscale motion of atoms, ions, molecules and clusters. In laser
ablation, for example, the ejection of mesoscale volumes of material also creates a
dense plume in which the interactions of atoms, ions, molecules and clusters with
each other and with the laser light play a significant role.

Efficiency in materials modification and processing is enhanced by attending to
the hierarchical character of laser-materials interactions. The crucial roles played
by localized temporal and spatial excitation density in materials processing were
first adumbrated by Stoneham and Itoh [1] and Itoh and Stoneham [2]. Their
fundamental concept of localized excitation density is central to the idea of
selective or non-thermal materials processing ranging from the visible-ultraviolet
to the ‘‘molecular fingerprint’’ regions of the electromagnetic spectrum. This
perspective is based on an atomic- or molecular-scale photon-matter interactions
that generate mesoscale effects on time scales that are short compared to thermal
equilibration times. Ultimately, the development of resulting in macroscale
materials modifications on micro- to millimeter length scales.

Figure 1.2 shows schematically the sequence of processes through which the
initial absorption of laser photons ultimately leads to macroscopic effects, such as
those found in laser ablation, laser cutting and multiphoton structuring. By
choosing the laser pulse duration or scanning speed to illuminate the target volume
for a duration shorter than the thermal confinement time [3]

sthermal ¼ L2
p

.
Dthermal ð1:1Þ

(where Lopt is the optical penetration depth and Dthermal is the thermal diffusivity),
which in many technologically important materials is typically 0.1–10 ls, energy
deposition into thermal modes of the target can be confined and the creation of a
heat-affected damage zone by diffusion largely avoided, provided of course that
the desired processing effect also occurs on a shorter time scale. Analogously,
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when the micropulse duration is shorter than the stress confinement time defined
by [4–6]

sstress ¼ Lp

�
Csound ð1:2Þ

(typically 001–0.1 ls), materials modification due to the propagation of photo-
mechanically generated shock waves, spallation and exfoliation will likewise be
limited to the volume in which the laser energy is absorbed.

When laser pulses excite a resonant electronic or vibrational mode of a solid,
the persistence of the deposited energy in that mode and the specific relaxation
mechanisms that relax or release the deposited energy determine whether or not a
non-thermal process results from the laser excitation [7]. The time evolution of the
laser-excited process follows from the basic quantum–mechanical result for the
time rate of change of the yield of a particular process:

dN0

dt
¼ gN0rðkÞ

I

�hx

� �k

ð1:3Þ

where N0 is the number of atoms or molecules per unit volume in the process
volume, g is the quantum efficiency of the process, including loss channels; r(k) the
kth order cross section for the laser interaction with the material; and U ¼ I=�hx is
the photon flux, the number of photons per unit time per unit area.

Fig. 1.2 Dynamics of photon absorption, electronic or vibrational excitation and relaxation
processes leading to materials modifications such as ablation, melting and the formation of recoil-
induced ejecta. The time scales relevant to stress confinement and thermal confinement are also
shown
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From (1.3) it is evident that the rate at which a process occurs—critically
important to the economics of materials processing—must then be proportional to
average power. Since the probability for initiating nonlinear processes scales with
powers of the intensity, rather than fluence, pulse durations of order a few pico-
seconds appear to have significant advantages for materials modification and
processing. In particular, when the material is excited by ultrashort pulses, the
initially spatially localized, anharmonic electronic or vibrational excitations are
diluted only after enough time has elapsed for them to begin mixing with the
delocalized, harmonic modes of the phonon bath following the laser pulse, whereas
with nanosecond laser pulses, this relaxation begins already during the exciting
laser pulse.

In choosing lasers for application to materials properties, it is useful to
remember that the macroscopic observables—such as total yield—necessarily
scale with energy deposited per unit volume ðE=VÞ:

Yield / E

V

� �
¼ FLaðx; IÞ ffi I0sL a0ðxÞ þ b � Iðz; tÞ½ � ð1:4Þ

where FL is the laser fluence, a and b are the linear and nonlinear absorption
coefficients, x and I are the laser frequency and intensity, respectively, and z and t
are the relevant space (penetration depth) and time coordinates.

The interplay of laser energy and intensity can be understood in a qualitative
way by calculating the effective temperature reached in a given target volume,
where the effective temperature is simply the proxy for the energy required to
effect a particular materials modification. The temperature reached by absorption
of a single laser pulse, the number of pulses and the rate at which they are
delivered by the laser turn out to be key parameters for calculating the effect of the
laser-materials interaction, assuming that the laser energy is ultimately converted
into processes that eventually reach thermal equilibrium. From the analytical
solution to the one-dimensional heat-conduction equation, the target temperature
during a single laser pulse reaches an average value [8]

Th i ¼
ffiffiffi
2
p

r
Iabs

ffiffiffiffiffiffiffiffiffiffiffi
a � sL
p

j
; a � j

Cvq0
ð1:5Þ

If all the absorbed energy is converted into the desired materials modification
(e.g., vaporization, melting, annealing), then the specific energy input per unit
volume is given by

Eabs

V
¼ Cpq0 Th i ¼ q0X ð1:6Þ

where X is the binding energy per atom, another material-dependent parameter.
Once thermal equilibrium is reached—typically in a few picoseconds—the tem-
perature rise in the laser-irradiated volume as a function of laser and materials
parameters can be computed as follows:
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DT ¼ FabsðxÞ � aðx; IÞ
Cvq0

¼ FabsðxÞ � aðx0Þ þ bIabs½ �
Cvq0

; Iabss
1=2 ¼

ffiffiffiffiffiffiffiffiffiffi
pa

2
X

r
� f ða;XÞ

ð1:7Þ

The processing rate Y—for example, the rate of material removal in a laser
ablation process leading to the deposition of a thin film—for a laser producing
pulses at a rate Npps with energy EL per pulse is given by

Y ¼ gðx; IÞ E

V

� �
Npps ffi gðx; IÞ ELf ða;XÞ

LoptAðF0;xÞ
Npps ð1:8Þ

Here Lopt is the optical absorption length, AðF0;xÞ is the laser spot size at the
material modification threshold for the given laser frequency, and F0 is the
threshold fluence.

From (1.8), the yield (in units of processing events per unit time) depends
critically both on the materials parameters f ða;XÞ and Lopt, and on the pulse
repetition frequency, whereas the specific energy deposition benefits from non-
linear effects in the target material. Hence, it becomes virtually axiomatic that the
most efficient lasers for many materials processing protocols will be high-intensity
(hence ultrashort pulse), high pulse-repetition frequency devices. Optimal laser
processing conditions can be achieved by choosing short optical depth, small focal
spots, and high pulse-repetition frequency to achieve efficient materials modifi-
cation, as reflected in (1.8) that describes the overall processing rate.

1.3 Fundamentals of Laser Physics

The characteristics of the photon beam that emerges from the laser are determined
by three essential components: the gain medium, the pump or excitation source,
and the optical cavity. The abbreviated treatment here illustrates how the char-
acteristics of all three contribute to the properties of the beam, and follows the
general lines found in [9]; additional details can be found in [10–12].

1.3.1 Electromagnetic Waves in a Medium with Gain
and Absorption

Consider an atomic, ionic or molecular system with two energy levels, E1 and E2,
in thermal equilibrium. The relative population densities of the two levels N1 and
N2 are given by Boltzmann’s equation:
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N1 ¼ N0 exp �ðE1 � E0Þ=kBT½ �;N2 ¼ N0 exp �ðE2 � E0Þ=kBT½ �

) N2

N1
¼ exp �ðE2 � E1Þ=kBT½ �

ð1:9Þ

where kB is the Boltzmann constant, T is the absolute temperature, and N0 is the
ground-state population density. When an electric field interacts with such a two-
level atomic system, its evolution in space and time is expressed by

E x; tð Þ ¼ E0 exp i xt � k0ðxÞz½ �f g ð1:10Þ

The propagation constant is related to the susceptibility of the two-level
medium by

k0ðxÞ ¼ k þ k
v0ðxÞ þ iv00ðxÞ

2n2
� ia

2
¼ k þ k

v0ðxÞ
2n2

þ icðxÞ
2
� ia

2
ð1:11Þ

where the vacuum wave number is k and a is the distributed loss. The optical gain
or loss at the frequency x is thus proportional to the imaginary part of the
propagation constant; the sign of cðxÞ also depends only on the relative size of the
populations in states N1 and N2.

cðxÞ � k
iv00ðxÞ

n2
¼ N2 �

g2

g1

� �
N1

� �
pc2A21

2x2
g x0;xð Þ ð1:12Þ

As an electromagnetic wave propagates through a medium with a complex
dielectric function, the change in intensity is related to the average power absorbed
per unit volume by

dI

dz
¼ � Power

Volume
¼ �xe0

2
v00 Eðx; zÞj j2¼ I0 exp cðxÞ � a½ �zf g ð1:13Þ

Thus if the gain at any given frequency exceeds the distributed loss, the
incoming wave with intensity I0 will be amplified; if the loss dominates, an
incoming electromagnetic wave will be attenuated. The key to making a successful
laser oscillator or amplifier is therefore to create a population inversion that makes
the factor in braces in (1.13) positive; the second is to reduce the distributed losses
a due to scattering, reflection and absorption in the laser medium and the optical
resonator to a minimum.

1.3.2 Creating Gain in a Laser Medium

In any system of atoms, ions or molecules in thermal equilibrium, the population
in state 2 is always exponentially less than that in state 1. Hence, creating gain,
rather than loss, in a laser medium requires the creation of a highly non-equilib-
rium distribution of atoms. This is the function of the laser ‘‘pump,’’ which may be
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a flashlamp, an electron beam, an electric discharge, an electric current or even
another laser. While flashlamps and electric discharges are still used in many
nanosecond laser oscillators, the development of high-efficiency laser diodes
operating in the near infrared has made optical pumping an increasingly popular
choice, especially for mode-locked and fiber lasers, because of the uniformity and
stability of their output and the efficiency with which the diode lasers can be
coupled directly into the desired pump transition.

1.3.3 Laser Oscillators: Theory

The possibility of light amplification by stimulated emission leads naturally to the
question of how to build an oscillator—that is, an optical device in which a very
small input signal can grow into a self-sustaining optical beam, either continuous
or pulsed. Such an oscillator may be either pulsed or continuous-wave (CW);
regardless of which it is, the basic principles remain the same. As a model system
(Fig. 1.3), we consider a simple laser cavity with a gain medium of length L, which
is essentially a pair of resonator mirrors that are perfectly aligned. For the sake of
definiteness, we assume that one mirror is a high reflector, with reflection and
transmission coefficients (r1, t1), while the other mirror, the output coupler, is
partially transmitting with coefficients (r2, t2). If we imagine the initially infini-
tesimally small light signal E0 entering through mirror 1, with transmission
coefficient t1, by the time it passes through mirror 2 with transmission coefficient t2
it has acquired an additional phase exp �ik0Lð Þ that has both real and complex
components and also incorporates the effects of optical gain at frequency x and the
distributed loss a. Describing the electric field in complex exponential notation, we
can write the output wave as an infinite series of waves reflected back and forth

Fig. 1.3 Schematic of a Fabry–Perot resonator, showing how phase and amplitude accumulate
with increasing numbers of round trips through the cavity
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within the Fabry–Perot cavity while allowing for partial transmission of the wave
at mirror 2, as shown in Fig. 1.3. Summing the series yields

Et ¼ E0t2t1e�ik0L 1þ r2r1e�2ik0L þ r2
2r2

1e�4ik0L þ � � �
� 	

¼ E0t2t1e�ið~kþDkÞLeðc�aÞL=2

1� r2r1e�2ið~kþDkÞLeðc�aÞL

ð1:14Þ

For laser oscillation to occur, it is necessary that the denominator of this
equation approach zero, so that a finite output can be generated by amplification of
an infinitesimally small input signal. This can happen when the denominator
vanishes, leading to two conditions for oscillation, one on the threshold gain
required to overcome the distributed losses in the cavity, and the other on the phase
of the waves:

r1r2 exp cthðxÞ � a½ �Lf g ¼ 1ðamplitudeÞ and

2 k þ DkðxÞ½ �L ¼ 2pm; m an integer ðphaseÞ
ð1:15Þ

The phase condition effectively guarantees that a standing electromagnetic
wave will be generated in the resonant cavity, and the amplitude condition says
that the wave will grow in amplitude as long as the gain exceeds the threshold
value. The mth frequency at which the cavity will oscillate can be derived from the
phase condition to be:

k þ DkðxÞ½ �L ¼ kL 1þ v0ðxÞ
2n2

� �
¼ mp) xm ¼ x 1� x� x0

Dx
cðxÞ

k

� �
ð1:16Þ

If the laser resonator has a photon lifetime s0, we can use this to calculate the
threshold population inversion as well, assuming that the population in the level N1

is initially negligible:

s0 ¼
2nL

cð1� R1R2e�2aLÞ �
2nL

c 2aL� ln(R1R2Þ½ � ) N2threshold ¼
8p

A21k
2gðvÞcs0

ð1:17Þ

In laser oscillators typical of those used in most materials-processing applica-
tion, the mechanism described here results in the emission of a laser pulse that will
persist until the population inversion has been extinguished, typically on a time
comparable to the photon lifetime in the cavity (1.17). Figure 1.4 shows how the
longitudinal modes of a Fabry–Perot cavity are modulated by the gain profile of
the laser medium. Those modes on which the net gain exceeds the lasing threshold
as defined by (1.15) will oscillate randomly; in a kind of Darwinian competition,
various modes will oscillate until all are driven down to the threshold gain level.
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Fig. 1.4 a Schematic laser gain profile, derived from the atomic or molecular laser line.
b Longitudinal cavity modes, spaced by the inverse of the cavity round-trip time. c Output
spectrum convoluting the cavity modes with the laser gain profile; those modes that have
intensity above threshold all cavity modes can lase in competition with one another
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1.3.4 Mode-Locked Oscillators

Because the gain created in the excitation cycle is subject to statistical fluctuations,
there may be substantial pulse-to-pulse variations in duration and energy. How-
ever, there is another approach that is designed to minimize these fluctuations,
called mode-locking. The fundamental idea of mode-locking is the following: At a
given frequency m, the gain c(m) satisfies

cthresholdðvÞ ¼ a� 1
L

r1r2 , cðvÞ ¼ ðN2 � N1Þ
c2

8pn2v2sspont
gðvÞ ð1:18Þ

Moreover, we know that wherever the gain at a given frequency is sufficient to
overcome the losses in the optical cavity, laser oscillations can occur over a range
of frequencies mq defined by

vqþ1 � vq ¼
c

2nL
or xq � xq�1 ¼

xc

L
� X ð1:19Þ

In essence, as long as there is sufficient gain, all the frequencies that differ from
each other by the inverse of the round-trip propagation time in the cavity can
oscillate. The total electric field at some arbitrary point in the cavity can be made
periodic in the cavity round-trip time

EðtÞ ¼
X

n

En exp iðx0 þ nXÞt þ /n½ � ¼ Eðt þ TÞ; T ¼ 2p
X
¼ 2L

c
ð1:20Þ

provided that the phase /n, which normally fluctuate in a random fashion in the
cavity, can be made equal to each other, that is locked. In this circumstance, the
cavity modes En all have the same phase relationship with each other, and if the
amplitude of all the electric field modes is constant, the total electric field is

EðtÞ ¼
Xþ�ðN�1Þ=2

�ðN�1Þ=2

E0 exp iðx0 þ nXÞ½ �t ¼ exp ix0t½ � sinðNxt=2Þ
sin(xt=2Þ ð1:21Þ

where x0 is the frequency at the center of the gain profile. The average oscillator
output power, which is proportional to the square of the electric field, is then given
by

PðtÞ / EðtÞj j2¼ sin2ðNxt=2Þ
sin2ðxt=2Þ

ð1:22Þ

What this means is that the power is emitted in a train of pulses separated from
other by the cavity round-trip time, and where the individual pulse duration is 2L/
cN. Just as the intensity of light from N coherently interfering apertures is N2 times
the intensity from a single aperture, the power from N interfering modes is N2

times the power from a single mode. Moreover, the pulse duration, approximated
as the time from the peak to the first zero of the mode-locked train, is 1/N times the
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round-trip time T. Estimating the number of oscillating modes as the ratio of the
transition linewidth Dx to the intermode frequency spacing X, the pulse duration
s0 is

s0�
2p
Dx
¼ 1

Dv
ð1:23Þ

Hence the larger the transition linewidth for the laser transition is, the shorter is
the pulse that can be obtained by mode-locking. Importantly, in solid-state laser
materials, this linewidth depends not only on the lasing atom or ion, but also on the
host material in which the optically active ion is embedded. In addition, since the
laser is being pumped continuously, the pulse-to-pulse variation in the mode-
locked train tends to be substantially smaller than in laser oscillators in which the
pumping or excitation cycle produces a single output pulse.

As long as the mode-locked laser cavity is continuously excited, pulses will be
generated continuously at a frequency c/2L, which for typical cavity dimensions of
tens of centimeters leads to pulse repetition frequencies from tens of MHz to a few
GHz. The energies of these pulses are usually in the nJ range and must therefore be
amplified to reach the typical J/cm2 fluences required for laser processing. How-
ever, at the very highest pulse-repetition frequencies, even the thermal loading
produced by the oscillator pulses is often unacceptably high, creating a require-
ment either to scan the beam at high speeds so that the requirements of thermal and
stress confinement are satisfied, or to reduce the pulse-repetition frequency to an
acceptable level. This is generally accomplished by time-dependent modification
of the resonant cavity, as will be explained below.

1.3.5 Laser Amplifiers

The majority of lasers used in materials processing are oscillators, either contin-
uous-wave (such as diode lasers) or pulsed. However, increasingly the advantages
of mode-locked oscillators—pulse durations in the femtosecond and picosecond
range, and excellent power stability—are generating interest in their use in
materials processing. The chief difficulty with that is the output of mode-locked
oscillators comes at very high pulse-repetition frequencies, leading to undesirable
thermal loading for some applications, but very low pulse energies. This leads to
the need for amplification.

We assume for purposes of discussion that we are dealing with a two-level
system, and that for simplicity, the amplifier medium is homogeneously broadened.
Then the processes we need to deal with are: the pumping rates per unit volume into
level 2 and level 1, the radiative decay from those two levels, stimulated absorption
or emission on the laser transition arising from interaction with a beam of radiation,
and the population of the lower level by the process of spontaneous emission. With
these assumptions, it is possible to write down a pair of rate equations that describe
the time evolution of these two levels.
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dN2

dt
¼ R2 � N	r21ðxL � x0Þ

1
�hxL
� N2

s2
; where N	 � N2 �

g2

g1
N1

dN1

dt
¼ R1 � N	r21ðxL � x0Þ

1
�hxL
� N1

s1
þ N2A21

ð1:24Þ

Assuming that we are in a steady state, that is, that the lifetimes are long
compared to whatever processes lead to loss of inversion, we have

N2 ¼ R2s2 � N	r21
I

�hxL
s2

N1 ¼ R1s1 þ N	r21
I

�hxL
s2 þ N2A21s1

)
) N	 ¼ R2s2 1� ðg2=g1ÞA21s1½ � � ðg2=g1ÞR1s1

1þ r21
I

�hxL
s2 þ ðg2=g1Þs1ð1� A21s2Þ½ �

ð1:25Þ

Since this inversion density basically determines the magnitude of the gain and
its duration, we can now notice that the numerator in the equation for N* is the gain
in the absence of the radiation field, which we denote N*(0), while the denominator
contains a time-dependent term which is essentially the relaxation time for the
population inversion:

N	ðIÞ ¼ N	ð0Þ
1þ I

IsatðxL�x0Þ

IsatðxL � x0Þ �
�hxL

sR

1
r21ðxL � x0Þ

; sR � s2 þ
g2

g1
s1 1� A21s2½ �

ð1:26Þ

The saturation intensity Isat is a measure of how much the population inversion
is affected by the presence of radiation in the cavity: If I 
 Isat, the population
inversion is changed very little by the intensity in the cavity; if I � Isat, then the
population inversion is strongly depleted by the presence of the radiation in the
cavity. These (1.25) can be recast into a particularly useful form if we define a
net pumping rate R*, leading to an expression for the inversion rate per unit
volume

dN	

dt
¼ R	 � 1þ g2

g1

� �
N	

sR

I

Isat
þ spontaneous emission terms ð1:27Þ

In any of the lasers commonly used in materials processing, the spontaneous
emission terms are small compared to the other two terms, and can be safely
neglected. Equation (1.26) essentially states that the inversion rate—which
determines the gain—is proportional to the pumping rate diminished by a term that
is inversely proportional to the relaxation time and directly proportional to the
laser intensity in the cavity.

The practical effect of this situation for a laser amplifier is that as the intensity
in the amplifier increases, the intensity gain for light traversing the amplifier in the
z direction changes from exponential in the small-signal region to linear in the
saturated region:
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