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FOREWORD

Ocular photocoagulation was first used in 1949 by Gerd Meyer-Schwickerath with xenon-arc
photocoagulation. This method was effective for many years especially in the treatment of vascular diseases
of the retina and retinal anomalies. It was used for approximately 15 years to treat many ocular conditions.
The discovery of the laser in 1960 provided for an extremely precise source of monochromatic light with
a range of wavelengths and impulses such that different types of absorption could be induced within the
target tissues with the resulting desired effect on ocular tissues.

Dr. José Henriques and colleagues have compiled an extensive work on the possible applications of laser
treatment on ocular tissues today. In the first chapters the fundaments, technology and interaction of
lasers on ocular tissues are described.

There then follows a detailed description of the application of laser in the anterior segment, in cases
of corneal neovascularisation, iridotomy, iridoplasty, gonioplasty and trabeculoplasty. A section is also
dedicated to suture lysis with laser. Of special note are the chapters dedicated to Q-switched Nd:YAG
laser and the use of femtosecond lasers in cataract extraction.

The use of lasers in different vascular retinopathies is discussed in detail with a particular consideration
to diabetic retinopathy and other retinal vascular conditions. Also note worthy is the section dedicated
to the advantages of lasers in oculoplastic surgery in treating and correcting different anomalies.

In the diagnostic section the application of lasers in corneal aberrometry, laser Doppler lowmetry,
corneal confocal microscopy, pupilometry are reviewed with a special mention in the chapters dedicated
to the use of OCT in the study of the retina.

The last section of the book is dedicated to security, maintenance and installation requirements. The
book closes with a look to the future at the possible application of laser technologies in Ophthalmology
yet to come.

Without any doubt this great work on lasers in ophthalmology covers an importantarea of Ophthalmology
of change and growth. It is the product of the cooperation of well known experts in different fields in the
knowledgeable hands of Dr. José¢ Henriques, Dr. Ana Duarte and Dr. Teresa Quintéo in the book “The
Laser Manual in Ophthalmology - Fundamentals and Laser Clinical Practice”.

Borja Corcéstegui

Medical Director of IMO Instituto Microcirurgia Ocular
Barcelona- Spain
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PREFACE

This manual is the fulfilment of a dream that has been present for years. SPILM’s (Portuguese Medical
Laser Society) objective was to produce a written document to complement the Medical Laser Courses
given over the last two decades. SPILM has run in Portugal seven courses in medical laser and trained
200 doctors in the specialized use of medical laser, 120 of whom were ophthalmologists.

This Laser Manual in Ophthalmology is the result of the effort, knowledge, dedication and generosity
of 129 authors and co-authors, mainly Portuguese but 17 from other countries (Brazil, Italy, Sweden,
United Kingdom and USA). A large number of clinical centers and physics laboratories in Portugal
and worldwide have also been involved and committed to this voluntary project. A perspective of
laser physics, interaction of laser with biological tissues, the clinical applications on different areas in
Ophthalmology and an overview of the diagnosis application and aspects of risk management for laser
use can be found in the 95 chapters of this book.

This work is also the result of the cooperation of three Portuguese scientific societies: SPILM — Portuguese
Medical Laser Society, SPO — Portuguese Society of Ophthalmology and GER — Portuguese Retina Study
Group and corresponds to a profitable commitment to training in Ophthalmology.

Training in medical laser is essential so that doctors can integrate laser physics with medical knowledge in
order to perform surgery most effectively. One should treat the right tissues, the right pathology, using the
appropriate laser settings: at the right time, with the right laser fluency, pulse, duration and wavelength,
so as to achieve the best outcome in a scenario of efficiency, secure environment and patient satisfaction.
This is what people expect from medicine and the doctor must be able to respond to patient’s needs. This
is accomplished by training and knowledge of lasers and its capabilities. Another field of laser use is as
diagnosis tools. The reader can find several chapters about the use of image technologies based on laser.

This voluntary teaching and training has been carried out with the firm conviction that the greatest
benefits can be achieved by sharing. The authors and co-authors of this book are committed to sharing
their knowledge with the medical community freely and voluntarily as they are highly conscious that
they should give back to society what they have received.

We are very happy to be able to launch this Laser Manual in Ophthalmology - Fundamentals and
Laser Clinical Practice and we hope that its reading will be for each reader a pleasure, providing a
feeling of enrichment and increase in knowledge and an opportunity to improve their care to patients.
This has been our goal when we were preparing this work for you.

Views expressed in this publication are those of the author(s) and contributors and do not necessarily
reflect those of SPILM — Portuguese Medical Laser Society, SPO — Portuguese Ophthalmic Society or
GER - Portuguese Retina Study Group.

Fernando Chiotte Tavares and José Henriques
(Past and present Presidents of the SPILM — Portuguese Medical Laser Society)
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The last few decades have been marked by major technological developments. Lasers are in the forefront
of such developments and Ophthalmology is among the medical fields that has most benefited from the
new avenues opened by the use of laser technology.

The understanding of interaction between laser radiation and the ocular tissues led to the use of lasers in
the diagnosis and treatment of a variety of ocular diseases including the leading vision-threatening diseases:
diabetic retinopathy, age-related macular degeneration, glaucoma and cataract. Ophthalmology, which has
pioneered many medical advances, was the first medical specialty to use the lasers for therapeutic purposes.

In addition to therapy, lasers were instrumental in the diagnosis and prevention of many vision-
threatening diseases. The word laser, by itself, captures our imagination and evokes an advanced and
futurist technology. The permanent developments in this area leave us with the feeling that we are living
the future now.

Lasers are in fast and constant evolution, allowing for applications in diagnosis and therapy which are,
increasingly, more efficient and precise. These remarkable advances were only possible due to persistent,
integrated and coherent interdisciplinary approaches. These interdisciplinary efforts are well illustrated
by the valuable contributions of all the authors of this book.

I am greatly honored to have contributed to this book, which opens new horizons for future developments
in ophthalmology due, not in a small measure, to the quality and diversity of the various contributing
authors. It was, therefore, with great pleasure that I accepted the invitation to write one chapter as well
as the introduction to this book. It is a remarkable reward to contemplate the new developments in the
frontiers of knowledge, that are presented in this book and that, ultimately, aim at the greater benefit of
patients. All the chapters in the book share the common challenge of shedding light in a complex subject
and bringing the reader current with new developments, in a manner which can be easily understood,
while remaining scientifically and technically rigorous.

It was with great pleasure and satisfaction that I read this book which is superbly written and organized. I felt
marveled with the organization and contents of the 95 chapters of this book. From the scientific fundaments
of laser technology, to its application in diagnosis and prevention of ocular pathologies, this book is an excellent
example of the remarkable work and extraordinary progress that has been achieved in this critical area.

I urge all ophthalmologists to read this remarkable work.

In a time dominated by unprecedented amounts of information and data, it is extremely challenging to
establish new landmarks in research. However, given its quality and relevance, I believe that this book
will easily become a reference. The reader will feel immediately captivated by the variety and complexity
of the different topics but also by the quality of the research work that underlies each topic.

This book leads us to consider how the world, as we know it, is likely to change in the near future
and how our current difficulties will pale in comparison with the future challenges that we will need
to face soon. Meanwhile, we can all enjoy this fascinating and intriguing work, produced by a new
generation of creative ophthalmologists and researchers. As with all collective endeavors, this book is
better appreciated having into consideration the uniqueness of each individual contribution as it adds to
the richness of a diverse and complex work.

Maria Joao Quadrado
(Presidente of the SPO - Portuguese Society of Ophthalmology)



The Laser Manual in Ophthalmology — Fundamentals and Laser Clinical Practice is the kind of
book that comes in and fills a gap in ophthalmological publications, in the second decade of the 21*
century, a time of great changes in the diagnosis and treatment of many eye diseases.

The use of laser is in fact essential for the diagnosis and treatment of the most common eye diseases despite
the emergence of new treatments. In the last years new lasers have been introduced into clinical practice for
diagnosis and innovative treatments and they are permanently being updated.

I strongly believe that a better understanding of laser properties, laser techniques and laser capabilities for
diagnosis and treatment in ophthalmology is essential for the best care to our patients. The Laser Manual in
Ophthalmology is the answer to this need and I strongly believe that it is a huge and successful challenge.

The book is organized into 18 sections with 95 chapters and over 500 pages, starting with the laser
mechanisms and ending with the future perspectives. Different authors from different countries give us
an updated, comprehensive and rigorous view about how different lasers operate in different tissues and
pathologies. They describe the laser mechanisms and efficacy in oculoplastic surgery, in laser surgery on
the cornea, iris, pupil, lens, posterior capsule, vitreous, posterior hyaloid, retina and choroid, as well as
the laser technique and effectiveness for the diagnosis and/or treatment of many ocular diseases such
as glaucoma, diabetic retinopathy, vein occlusion, central serous chorioretinopathy, choroidal tumors,
macular telangiectasia, ocular ischemic syndrome, drepanocytosis or Coats’ disease.

In fact, itis a great and updated contribution of its editors, coordinators and all authors for the ophthalmic
community. And in the end, this means that we now have a great opportunity to update our knowledge
in this field and that our patients will have a better chance to preserve their sight.

Rufino Silva
(President of the Portuguese Retina Study Group)
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INTRODUCTION

A laser is a device that produces and amplifies a special
type of light. The word /aser is an acronym that stands
for light amplification by stimulated emission of radiation,
a description of the physical process through which
this light is generated. The nature of this process and
the special properties of laser light are intimately
connected. Nowadays, lasers are fundamental tools in a
number of fields, from medicine and biotechnology to
telecommunications, automotive production, materials
processing and scientific research. They are fundamental
components of daily devices such as CD and DVD
players, laser printers and fiber optic modems.

Although the first practical laser was demonstrated
by Theodore Maiman (1927-2007) in 1960, the idea
of stimulated emission goes back to pioneering work
undertaken by Albert Einstein (1879-1955) in 1917.
While working on the interplay between light and matter
and how the two could achieve thermal equilibrium,
Einstein made use of the concept of the photon — a finite
amount of energy in the form of light, proposed by
Max Planck (1858-1947) in 1900 — in his new theory.
Together with the already well known processes of light
absorption and spontaneous emission, this approach led
to the establishment of stimulated emission, of a new form
of light-matter interaction that is at the root of the laser.
It took time for physicists to recognize the potential of
stimulated emission to generate a new form of light, and
then it took them more time to find the adequate optical
materials and techniques to realize it in practice. This
explains the gap of more than forty years between the
original idea and the first realization of the laser. Once
the secret was unlocked, laser technology progressed at
an astonishing pace.

Lasers are available in a wide range of parameters, such
as low or high powers, short or long pulses, and colors
covering the whole visible spectrum and beyond. A laser
may fire a single pulse or a repetitive train of bursts of light,

Gongalo Figueira, Jodo Mendanha Dias

Instituto Superior Técnico, University of Lisbon (PT)

and the laser device may be as small as an electronic chip or
as large as a piece of furniture (or even large, in the case of
ultrapowerful laser chains). Many different optical media
may be used as laser light sources, and many techniques
may be used to provide energy to a laser. For these reasons,
laser technology may appear intimidating at first to an
outsider. It is certainly reassuring to know that the basic
principles at the heart of most lasers are the same, only
changing in the way they are implemented in practice.
Becoming familiar with these fundamentals will surely
provide us with a valuable insight towards understanding
their more advanced features, operation and applications.
In this chapter we introduce the basic concepts related to
the properties of laser light, its generation, and the main
components of a laser device. In doing so, we aimed at
keeping the descriptions and the definitions simple and
compact, avoiding a mathematical treatment. We also
eliminated a multitude of minor details and advanced
concepts that are unnecessary in a short introduction to
the physics and technology of lasers from the viewpoint
of medical professionals. The interested reader will be able
to find much more thorough discussions in the references
provided at the end of the chapter'”.

The chapter ends with two sections that can be helpful as
a quick reference, the first one on radiometric quantities,
units and their definitions, and the second one containing a
glossary of the most common terms related to laser science.

1 PROPERTIES OF LASER LIGHT

We will start by briefly discussing the main distinguishing
features of laser radiation and how it is different from
ordinary light. Later we will relate them to the nature of
the process of laser generation.

1.1 DIRECTIONALITY

One of the most striking features of laser light is that
it has the shape of a narrow beam that can remain
apparently unchanged as it propagates (Figure 1). It
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remains essentially parallel to the travelling direction over
very long distances, a property that makes it useful for
measuring lengths with great precision. Laser beams are
even used to measure the distance from the Earth to the
Moon thanks to a set of special mirrors left behind by the
astronauts of the Apollo 11 mission, which are capable of
reflecting back a beam fired from the Earth. By converting
the travel time into length, scientists are able to calculate this
distance within an accuracy of a few centimeters.

Figure 1. Light and laser show. The thin beams across the image
are laser light, whereas the beams emanating from near the
center are ordinary light. The laser beams remain focused and
intense, while the others spread and become less bright as they
move upwards. (Photo: Ronald Tagra)

[Creative Commons: https://flic.kr/p/ft5FeE]

1.2 MONOCHROMATICITY

Another characteristic that makes laser light especially
appealing is the fact that it can be highly monochromatic,
that is, it can consist of a very pure, single color radiation.
This is in great contrast to ordinary light sources, either
natural or artificial, which are multicolored in nature, or
at the least consist of a range of frequencies. For instance,
sunlight contains all the visible colors of the rainbow, in
addition to (invisible) ultraviolet and infrared. The same
is true for a typical household light bulb. An energy saving
lamp or a fluorescent lamp exhibit narrower spectral emission
lines. Colored light emitting diodes (LED) have a very
narrow spectral bandwidth ranging from a few to a few tens
of nanometers. But the spectral bandwidth of a common
helium-neon laser, emitting red light with a wavelength of
632.8 nm, is measured in thousandths of nanometers.
Itshould be mentioned however that being monochromatic
is a possible but not a strict requirement for laser light. In
fact, when laser radiation is produced in the form of very
short light pulses it can become very polychromatic, and
even be comparable to the sources mentioned above.

1.3 COHERENCE

Probably one of the most useful properties of laser light
is its high degree of coherence. When comparing two
sources of light, we call them coherent if they oscillate
with a fixed phase relative to each other. As a comparison,
imagine two perfectly synchronized swimmers, advancing
side by side while performing the same periodic motion.
With coherent light one can perform experiments and

measurements involving the properties of the phase, such

as using interferometry to measure tiny displacements, or

for creating holograms.

Lasers exhibit two types of coherence:

* longitudinal coherence (along the propagation axis)
is related to the temporal properties of the laser
beam, allowing us to concentrate laser light in time
in the form of very short laser pulses;

® transverse coherence (perpendicular to the
propagation axis) is related to its spatial properties,
allowing us to concentrate laser light in space in the
form of tiny, bright, focused spots of light, almost
close to a wavelength in diameter.

These are two remarkable properties that are exclusive to

laser light. Coherence is also related to the two properties

discussed above, directionality and monochromaticity.

1.4 BRIGHTNESS

It is easy to observe that laser beams are typically very
bright. Although other light sources can be bright as well,
they are typically extended in space, and the light spreads
apart as it moves away from the source. On the other
hand, as mentioned above, laser light is concentrated in a
narrow, parallel beam. When focused, the energy per unit
area of even a modest laser reaches very high levels, capable
of altering the state or causing damage to surfaces. While
this property makes them useful for medical purposes,
it also makes them potentially dangerous to work with.
It is a common requirement for users to wear protective
equipment such as goggles with specially colored filters
when handling lasers, in order to avoid damage to the
eyes, which can be serious and potentially irreversible.

2 RADIOMETRIC QUANTITIES AND UNITS

In this section we list some of the main parameters that
are commonly used to quantify and characterize the
distribution of light (or electromagnetic radiation in
general), including laser light. This is a useful reference
guide since the same laser beam may be characterized by
different parameters depending on which property one
wishes to emphasize for a given application.



2.1 Base units

. i Unit .
Quantity Unit name Description
symbol
Radiant energy Joule ] Energy of light
Radiant energy . . .
) Joule per cubic meter Jm3 Radiant energy per unit volume
density (or dose)
Power or radiant . . . . .
q Watt W Radiant energy emitted, reflected, transmitted or received, per unit time
ux
Irradiance® Power received by a surface per unit area
‘Watt per square meter W m
Radiosity* Power leaving a surface per unit area
Radiant exitance* Power emitted by a surface per unit area (i.e. The emitted component of radiosity)
Radiant exposure , Radiant energy received by a surface per unit area, or irradiance of a surface integrated
Joule per square meter | J m- . o
(or fluence) over the time of irradiation

* In laser literature these quantities are commonly called "intensity", with the context providing the distinction between each use.

2.2 Spectral units

Quantity Unit Name Unit Symbol | Description

Spectral flux Watt per Hertz W Hz! Radiant flux per unit frequency

Spectral

o Irradiance of a surface per unit frequency

irradiance Watt per square meter per Hertz | W m?Hz!

Spectral radiosity Radiosity of a surface per unit frequency

Spectral exitance Radiant exitance of a surface per unit frequency

Spectral exposure | Joule per square meter per Hertz | ] m?Hz! Radiant exposure of a surface per unit frequency
2.3 Intensity units

Quantity Unit Name Unit Symbol Description

Radiant intensity Watt per steradian W sr! Radiant flux per unit solid angle

. . Watt per steradian per o ) )
Spectral intensity u W sr'Hz'! Radiant intensity per unit frequency
ertz

2.4 Radiance units

Quantity Unit Name Unit Symbol Description

. Watt per steradian per Radiant flux emitted, reflected, transmitted or received by a surface, per unit
Radiance W sr'm? . . .
square meter solid angle per unit projected area
Spectral Watt per steradian per . .
. W sr! m? Hz'! Radiance of a surface per unit frequency
radiance square meter per Hertz
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3 LASER GLOSSARY

Absorption

Type of interaction between light and matter in which a
photon is absorbed and its energy is transferred to the atoms,
ions or molecules of the medium, moving them to an excited
state. In the context of the laser process, the excitation of the
gain medium leading to population inversion usually takes
place by absorption of the pump radiation.

Bandwidth

The width of the optical spectrum of a light source,
normally expressed in submultiples of the meter
(wavelength units) or multiples of the Hertz (frequency
units). Many laser types are monochromatic such that
their bandwidth is very narrow.

Coherence

Two waves are said to be coherent when they remain
perfectly synchronized as they propagate. This means that
the phase difference between their oscillations remains
constant. Laser light is strongly coherent in space and in
time, enabling the generation of very tight, intense focused
spots of light and of ultrashort, ultrapowerful laser pulses.

CW (mode)

Acronym that stands for continuous wave i.e. an
electromagnetic wave of constant frequency and
amplitude. The light emitted by a laser operating in CW
mode is therefore approximately monochromatic and
of constant power. The other emission mode consists of

periodic pulses of light, and it is called pulsed mode.

Energy

One of the main parameters that can be used to
characterize a laser beam, energy is stored in the
electromagnetic field and travels at the speed of light. Itisa
measure of the capability of light to induce changes when
interacting with matter, such as raising the temperature,
melting, ablating and cutting. (See the previous section on
radiometric quantities and units)

Excited state

In an atom, ion or molecule, this stands for any energy
configuration that is not the ground state, so by definition
its energy is higher. When, for example, an atom in the
ground state absorbs light energy through the process
of absorption, it moves temporarily towards an excited
state. After an interval characterized by the decay time,
the atom may return to the ground state, releasing a new
photon by spontaneous emission.

Frequency

Temporal period of the sinusoidal wave that represents the
oscillations of the electric field of light. Monochromatic
(i.e. single color) light has a single frequency, whereas
polychromatic (multi-colored) light exhibits different
frequencies. The vacuum frequency of visible light ranges
between approximately 430 terahertz (border between red
and infrared) and 770 terahertz (border between violet
and ultraviolet). The frequency of light is an intrinsic
property that does not depend on the medium, so it is

the same for vacuum and inside any optical material.

Gain

In an amplifier, gain denotes an increase of the energy
through amplification. In a laser amplifier the gain
happens within the gain medium and it corresponds to the
multiplication of photons through coherent amplification.
Under the condition of population inversion, the gain
(stimulated emission) can exceed the loss (absorption) in
the medium, and laser light is emitted.

Gain medium

One of the key components of a laser, the gain medium
is the material chosen for the laser process i.e. where the
energy exchanges leading to laser emission take place.
These exchanges include the excitation of the gain medium
through pumping and the coherent amplification of light
through stimulated emission.

Ground state

In an atom, ion or molecule, it stands for the lowest
possible energy state. For instance, in an atom this
corresponds to the optimized distribution of its electrons
by the different orbitals such that the overall energy
attains the lowest possible value.

Intensity

A commonly used term to denote the amount of power
per unit area, although formally incorrect (see the
previous section for more information). Together with
energy and power, intensity may be considered one of the
main parameters that characterize a laser beam in terms
of its form of interaction with matter.

Laser

A device that emits light through processes of coherent
optical amplification, based on the principle of stimulated
emission. Laser light has a set of unique properties: it is
highly directional, coherent, bright and can be strongly
monochromatic.

Lifetime

The typical time that characterizes a spontaneous emission
transition, that is, how long an atom will stay in a given
excited state before moving (decaying) to a lower energy one.

Monochromatic

'The property of light consisting of a single wavelength, or
in practice of a very narrow range of wavelengths. Laser
light can be almost perfectly monochromatic.

Photon

An extremely small, unit amount of energy in the form
of light. Interactions between light and matter take
place through exchanges of energy that are multiples
of the photon energy. The energy of a given photon is
proportional to its frequency.

Population inversion
A specific, transitory state of matter in which the density
of atoms in a high energy state exceeds the density of



atoms in a low energy state. This contradicts Boltzmann’s
law for matter in thermal equilibrium, but it is a
mandatory condition for laser action to happen.

Power

One of the main parameters that characterize a laser beam,
representing the amount of energy delivered per unit time.
Power can be constant, as in a CW beam, or variable, as in
a pulsed laser. In the latter case one must also distinguish
between average and instantaneous power. (See the previous
section on radiometric quantities and units)

Pulsed mode

The light emitted by a laser operating in pulsed mode
consists of short bursts, or pulses, of light. This can be
achieved in several ways, from modulating the pump
source or the transmission of the optical resonator to
periodically blocking the output light, among others.
Operation in pulsed mode is important because it allows
the energy to be concentrated in very short packets, which
can last as little as less than one billionth of a second. The
interaction between light and matter in the pulsed mode
is strongly dictated by the pulse duration.

Pumping

Pumping is the process through which energy is initially
supplied to the gain medium in a laser, enabling it to
move to an excited state such that population inversion
is achieved. Once this happens, the probability is that
stimulated emission overcomes absorption, and the gain
medium becomes a coherent amplifier.

Refractive index

Each optical medium may be characterized by a
dimensionless number that describes how light propagates,
called the refractive index. For instance, the refractive
index of vacuum is 1, and the refractive index of water is
1.33. This means that light in water (i) travels 1.33 times
more slowly than in vacuum and (i7) the wavelength of
light is 1.33 times smaller. Rigorously, the refractive index
of media other than vacuum is frequency dependent. The
refractive index is also at the origin of the bending of light
rays at the boundary between different optical media.

Resonance

A resonance, in simplified terms, is a specific frequency of
a system, such as an atom or a molecule, at which it can
interact with light, either absorbing or emitting it.

Optical resonator

One of the fundamental building blocks of a laser, the
optical resonator is an arrangement of mirrors (and
possibly other optical elements) that makes light circulate
in a closed loop, forcing it to cross the gain medium
in each pass, becoming amplified in this process. The
simplest implementation of an optical resonator consists
of two plane mirrors, parallel to each other, separated by
some distance, with the gain medium in between.

Spectrum
The spectrum of a laser, or any light source in general,

is the arrangement of frequencies that are present in it.
Specifically, the spectrum provides information about
how the energy is distributed over all the frequencies
present in that source. The spectrum can be displayed by
using measurement devices known as spectrometers.

Spontaneous emission

Type of interaction between light and matter that results
in the emission of a photon. The energy of the photon
corresponds to the energy difference between the initial
and the final states of the transition that took place in
the atom, causing it to move (to decay) to a lower energy
state. Each transition has a typical decay time.

Stimulated emission

Type of interaction between light and matter in which
a photon interacts with an excited medium, stimulating
it to decay to a lower energy level. This only takes place
when the energy difference between the initial and
final states matches the energy of the photon. In these
conditions a replica photon is emitted, having the same
wavelength, direction and phase of the original photon.
Stimulated emission is the core principle of laser action,
since it allows the coherent amplification of light.

Wavelength

Spatial period of the sinusoidal wave that represents the
oscillations of the electric field of light. Monochromatic
(i.e. single color) light has a single wavelength, whereas
polychromatic (multi-colored) light exhibits different
wavelengths. The vacuum wavelength of visible light ranges
between approximately 0.39 micron (border between
violet and ultraviolet) and 0.7 micron (border between red
and infrared). Inside an optical medium these values are
smaller by a factor equal to its refractive index.
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ASER radiation

1 THE GENERATION OF LASER LIGHT

In order to understand how a laser works, we will first take
a look at the fundamental physical principles underlying
the interaction of light and matter (that is, solids, liquids
or gases). From this we will derive the main concepts,
such as coherent amplification, population inversion and
pumping. This will be achieved essentially in a qualitative
way, trying to avoid a more complete mathematical
formalism as much as possible. As mentioned earlier,
readers interested in deepening knowledge of these topics
may find more information in the references provided.
Our current understanding of the way light and matter
interact is rooted in the quantum theory of light, put
forth by Planck, Einstein and others in the early 20®
century. According to this theory, for any interaction
between light and matter, the amount of energy
exchanged is always an integer multiple of a fundamental
unit of energy. Think of a commercial transaction as
an analogy: when you purchase something with cash,
the price that you pay must be an integer multiple of
a fundamental unit, such as the smallest coin available
in a given currency. For instance, in the case where the
smallest unit is a cent, the amount of money exchanged
can never include the fraction “half a cent”, because such
a fraction does not exist.

The fundamental unit of light is called a photon. The
amount of energy represented by a single photon is not
a fixed unit however; instead, it depends on the color of
the light, according to the expression

E=hv

Here E is the energy (in Joules), 4 is the frequency of
the light (in Hertz) and » is called PlancK’s constant,
with a value of about 6.626x103 Joules times second.
The energy of a blue photon is therefore about one and a
half times larger than that of a red photon, because their
frequencies have the same ratio. Since Planck’s constant
has a very small value, the energy of an individual photon

Goncalo Figueira, Joado Mendanha Dias

Instituto Superior Técnico, University of Lisbon (PT)

is extremely small. Exchanges between light and matter in
daily life phenomena involve a huge number of photons,
and their individual nature is not discernible. However,
at the atomic and molecular level, photons and quantum
theory are supreme. In this realm, we can imagine
photons behaving as tiny particles of light, carrying an
energy given by the expression above. We can attribute
the macroscopic properties of light to the photons, and
therefore we can say that the photons in a laser beam are
directional, monochromatic and coherent.

Quantum theory also tells us that at the microscopic
level, matter is organized in such a way that it can only
occupy discrete energy levels. For instance, let us consider
the fundamental building block of matter — the atom. It
consists of a positively charged nucleus surrounded by a
cloud of negative electrons, organized into orbits (Figure
1). When the total energy of the atom is at its lowest
possible value (the so called ground state of the atom),
its electrons are distributed following specific rules over
a number of discrete energy levels, separated from each
other by precise gaps. Here again, the quantum concept
of integer steps appears. When energy is supplied to
the atom, electrons will “climb” one or more steps into
a higher energy level, moving away from the nucleus.
Such an atom is called excited. When they move down
to a lower level, the atom loses energy, emitting a photon
(Figure 2). There are no transitions to “half-levels”.

The expression above also places a restriction on whether
light and matter will interact. Specifically, for a photon of
energy E such interaction is only possible if the internal
constituents of matter — its atoms, ions, molecules and so
on — are organized in such a way that they exhibit two
distinct energy levels separated by a gap E. If this condition
is verified, three different types of interaction can take
place: absorption, spontaneous emission or stimulated
emission. For simplicity, we will use the case of the energy
levels of an atom, although the following definitions also
apply for other types of energy levels in matter.
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For simple atoms with a low number of electrons, the
available energy gaps — and therefore, possible photon
frequencies for interaction — are probably limited.
However, for multielectron atoms, complex molecules,
amorphous media and in general matter with a very large
number of energy levels, the possibilities of interaction
are greatly enhanced.

Inside an atom

Electron
[}
[ J
{ J
[
Q
Orbit
Nucleus
Figure 1. Simplified model of an atom.
Orbit
(]
E E
° Orbit ° Light photon

Figure 2. Energy exchanges in an atom.

1.1 ABSORPTION

One way to supply energy to an atom and cause it to
become excited is to use a beam of light with the correct
frequency. When such a beam is shone on a sample
of matter, given the tremendous number of atoms
and photons involved, eventually an interaction will
take place. Let us then look at a single atom-photon
interaction. In the case where the atom is in the ground
state, one of its electrons will move to another level such
that the difference between the final and initial energies
is E. Since the photon has given its energy to the atom,
allowing this process to happen, it vanishes - we call this
process absorption. The frequency of the absorbed photon
is called a resonance of the atom.

As described above, simple atoms with few electrons will
typically exhibit a small number of discrete resonances,
called absorption lines. For more complex systems, the
number of resonances increases and can take the form of
absorption bands, or even a continuum.

1.2 SPONTANEOUS EMISSION
An atom does not stay forever in an excited state, and
after absorbing energy from a photon it will eventually

release it. The time that this takes is characteristic of
the atom in question and of the transition involved,
but is typically very, very short, ranging from 10°® to
10" seconds (one hundred-millionth to one hundred-
billionth of a second), and is called the /ifezime. In this
process, the electron spontaneously moves, or decays, to
a lower energy level. It may decay to a still excited yet
more stable level of lower energy or it may return to the
ground state. As a consequence of this, energy is released
in the form of light: a photon is emitted, the energy of
which equals the difference between the energies of the
starting and ending levels. Since this mechanism took
place without any intervention external to the atom, it
is called spontancous emission. The emitted photon may
have the same energy as the original one (in the case
where the starting and ending levels exchanged roles
between absorption and emission) or lower (in the case
where the ending level is still another excited level). In
the first case, it is important to note that absorption
followed by spontaneous emission will generate a new
photon that travels in a random direction, and it is not
coherent with the original one. They can have the same
color, but their phase and travel directions will very likely
be different. Laser light that is absorbed and then emitted
spontaneously loses its coherence properties.

1.3 STIMULATED EMISSION

While formulating his theory for light-matter interaction,
Einstein found that a new type of atomic emission was
not only possible, but indeed necessary. Let us start with
an excited atom, that is, one which has already absorbed
energy, possibly from a photon, corresponding to a given
energy gap. As discussed above, this atom will eventually
decay through spontaneous emission. However, what
happens if a similar photon strikes the atom before that
happens, that is, while it is still in the excited state? It
cannot be absorbed, since the previous photon has already
filled that role. Instead, the presence of this photon, the
frequency of which corresponds to an atomic resonance,
stimulates the atom to perform the opposite process, that
is, to decay emitting a photon. Because this process is
triggered by the external photon, it is called stimulated
emission (Figure 3).

The amazing feature of this kind of emission is that the
properties of the newly emitted photon match those of
the driving one: they have (naturally) the same frequency,
travel in the same direction and are coherent. One can say
that stimulated emission is a process for cloning photons.

1.4 COHERENT AMPLIFICATION

In normal matter, the probability for stimulated emission
to happen is very low, making it very difficult to observe.
Indeed, after Einstein’s proposal of the process not
much attention was devoted to it. Only in the 1930s
was it recognized as a method for achieving coherent
amplification, that is, increasing the number of photons
while preserving coherence. We have already seen that
one instance of stimulated emission will lead to a pair of
similar photons. As they propagate inside a medium, they
may find a pair of excited atoms and replicate themselves,
leading to four equal photons. If this process is repeated
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spontaneous absorption spontaneous emission stimulated emission

Figure 3. Schematic of the mechanisms of absorption,
spontaneous emission and stimulated emission. Note that
in the latter we have amplification: one photon goes in, two
photons come out.

many times, the number of cloned photons will grow

geometrically, leading to a vast army of light particles

with the following properties:

e Because they have the same energy, they are
monochromatic;

o They travel along the same well-defined direction,
creating a narrow beam of light;

e They are mutually coherent;

o If the number of photons is very large, the beam will
be very bright.

We have just described the properties of laser light as

described in Section 1! It should now be clear why the

word laser stands for light amplification by stimulated

emission of radiation.

1.5 MATTER IN THERMAL EQUILIBRIUM
Above, we mentioned that stimulated emission is hard
to observe in normal matter. In order to understand
this, let us picture ourselves for a moment as photons
travelling inside a medium. If it is filled with atoms that
have a resonance corresponding to our frequency, our
fate can be twofold: (i) interact with a nonexcited atom
and vanish through absorption, or (ii) interact with an
excited atom and replicate. Which process is more likely
to happen? By simple probabilistic reasoning, one may
conclude that absorption will dominate if the number of
nonexcited atoms is higher, since the likelihood of being
absorbed increases in that situation.

Through a similar reasoning, for stimulated emission to
become dominantit is required that the number of excited
atoms is higher. However, this simple statement violates
one of the fundamental laws of physics stated by Ludwig
Boltzmann (1844-1906): in thermal equilibrium, the
probability of finding an excited atom is lower than the
probability of finding a nonexcited one; and the higher
the energy of the excited state, the lower the probability.
In other words, matter tends to self-organize so as to favor
the lowest energy distribution, avoiding high-energy states.
Unfortunately, that is exactly the opposite of what is
required to achieve stimulated emission. This means that
photons interacting with matter in thermal equilibrium
will be absorbed, as a general rule. Laser light requires a
disruption of this natural balance.

1.6 POPULATION INVERSION

Enabling stimulated emission and coherent amplification
requires achieving an unnatural state of matter: if we
only consider atoms occupying two different energy

levels, more high energy atoms than low energy ones
are required. Since this contradicts Boltzmann’s law for
matter in thermal equilibrium, it is a clear hint that we
must create a non-equilibrium situation. When this
situation is created, we say that these atoms exhibit
population inversion between the two energy levels. This
is a mandatory condition for laser action to happen.

1.7 PUMPING
In order to temporarily induce population inversion in a
gain medium, energy must be supplied to it. This is a very
important stage in any laser and is called pumping. At the
microscopic level it consists of supplying energy to atoms
so that the high-energy ones increase and the low energy
ones decrease. However, it can be shown mathematically,
or reasoned intuitively, that using photons with the same
energy both for pumping (that is, creating the conditions
for amplification) and for stimulated emission (that is,
to experience the amplification) is not only inefficient,
but in fact impossible. In other words, laser action
cannot be achieved if only lower and upper energy levels
are involved. At least one other higher energy level is
required.

We have therefore two major laser configurations (Figure

4), which can be succinctly described as follows:

»  Three-level laser — atoms are pumped from the ground
state level to a high energy level, decaying after a
short time to the stable upper laser level. Laser action
takes place between this level and the ground one.

»  Four-level laser — atoms are pumped from the ground
state level to a high energy level, decaying after a short
time to the stable upper laser level. Laser action takes
place between this level and a lower laser level. From
this, atoms decay very quickly to the ground state.

Four-level lasers have a more favorable configuration

because atoms in the lower laser level can be quickly

removed to the terminal ground state level, making
population inversion easier.

Three-level system

i Fast decay

Four-level system

i i Fast decay

Laser
Transition

Pump Laser Pump

Transition Transition

g Fast decay

Figure 4. Schematic of three- and four-level lasers. The black
horizontal lines represent energy levels.

Transition

2 COMPONENTS OF A LASER SYSTEM

There are many different types of lasers, but at the root
of virtually every one we may find at least three common
elements: the gain medium, the optical resonator, and the
pump source. These may assume different configurations
for each type of laser, so a comprehensive description is
outside the scope of this book. Instead we will concentrate
on the general role played by each of these elements.
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2.1 GAIN MEDIUM

The material chosen for the laser process, i.e. where the energy
exchanges leading to laser emission take place, is called the gain
medium, or the active medium. These exchanges include the
excitation through pumping and the coherent amplification
of light through stimulated emission. The gain medium can
be in a solid, liquid or gas state. In the first case it has a given
geometrical shape, such as a cylinder; in the latter two cases
it is enclosed in a chamber with transparent windows. Solid-
state lasers are very popular, and the gain medium can be a
doped glass or crystal (a transparent, inert medium with a
given percentage of the active ions) or a semiconductor. There
is a wide variety of media capable of exhibiting laser action,

and typical examples will be discussed in Chapter 3.

2.2 OPTICAL RESONATOR
Let us imagine a collection of coherent photons traversing
through a gain medium. As they do so, each photon
will multiply itself many times, and at the end they will
emerge as an amplified beam of coherent light. However,
it is very likely that the gain medium still contains a very
large fraction of excited atoms, which could be used to
increase the energy of this coherent beam even more. In
other words, crossing the gain medium just once is a very
ineffective approach, since it wastes a large amount of the
energy stored in the excited atoms.
So how can we achieve more than one pass? Simply by
using mirrors that reflect the beam upon itself. In fact,
when enclosing the gain medium between two parallel
mirrors — a setup called optical resonator — the photons
can perform a virtually infinite number of passes and
their energy can grow as long as the state of population
inversion is predominant. However, this approach would
be ineffective given that no light emerges from such a
mirrored box. For this reason, the typical arrangement
for an optical resonator consists of using the following:
*  One fully reflective mirror (reflecting close to 100 %
of the incident photons);
*  One partly reflective mirror (reflecting a little below
100 %, such as 90-95 % of the photons).
The optical resonator is responsible for the very well-
defined direction of laser beams. As photons travel back
and forth between the mirrors, they define a privileged axis.
Photons travelling at an angle to that axis will eventually
be lost by failing to be reflected at one of the mirrors. But
photons travelling parallel to that axis will multiply and
contribute to the overall beam (Figure 5).
In reality the mirrors composing an optical resonator are
generally curved, instead of flat, for a question of additional
stability. This has an important effect on the beam shape
and intensity distribution. If you measure the brightness of
a typical laser beam at different points across its aperture,
you will find that (i) the distribution is circularly symmetric
about the central axis and (ii) it decreases as you move away
from the axis, such that if you plot the brightness versus
radial distance you will obtain a kind of bell-shaped curve
know as a Gaussian curve. This property will be discussed in
detail in the following chapters.

2.3 PUMP SOURCE
Everything discussed above is only possible if adequate

energy is provided to the gain medium. For both three-level
and four-level lasers, this energy must be greater than the
energy of the laser photons (Figure 4). The pump energy
is absorbed, leading to population inversion. In order that
this process happens efficiently, we must take advantage of
other resonances, which means that the pump source must
be carefully selected to match a given gain medium.

There are different types of pump sources, although light
sources or electric currents are commonly used. In a very
typical configuration for solid-state lasers, the gain medium
consists of a cylindrical rod placed inside a coated chamber
and surrounded by cylindrical flash lamps. Each time a
current is discharged through the flash lamps, they emit a
bright, short flash of light. Some of the spectral emission
lines of the lamps will match the absorption lines of the
gain medium and excite its laser active atoms or ions. The
remaining light will not be optically absorbed, instead
raising the temperature of the medium. For this reason, and
although very popular, flash lamp pumping is not particularly
effective and requires suitable cooling mechanisms.

A more effective choice is to use light that specifically
targets the required absorption lines. This can be
accomplished by using an external laser that generates
monochromatic light of a higher frequency.

With this we conclude the description of the fundamental
physics and processes which are common to virtually all
lasers. From here onwards one must consider the specific
gain media, resonators and pump sources that are used
for a given laser device, and from the many combinations
of which stems the amazing variety that composes the

field of laser technology.
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Figure 5. Laser light building up inside an optical resonator. The left mirror is fully reflective and the right one is partly reflective. The

privileged axis for stimulated amplification is perpendicular to both mirrors.
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medical LASER
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The first laser was invented in May, 1960, by Theodore
Maiman, to experimentally demonstrate the stimulated
radiation emission from a ruby crystal at Hughes Research
Laboratories in Malibu, California. Since then, many
other materials have been used as the active medium
(lasing medium or gain medium) in the development of
a large number of lasers.

Lasers are grouped into solid-state lasers, liquid lasers and
gas lasers. These are further divided into subcategories.
For example, gaseous lasers may be comprised of atoms,
ions or molecules, and solid-state lasers can be doped
insulators (crystals) or semiconductors. Finally, there
are still Free Electron Lasers (FEL), in which the active
medium is neither a gas nor a liquid nor a solid but
an electron beam from a particle accelerator. Although
these lasers are very promising due to their tunability
and extremely large range of emission wavelengths, from
microwave to x-ray, the requirement of a large-scale
facility is a major limitation on their medical applications.
For this reason, we will not discuss this type of laser any
more but an interested reader can find more information
in the references at end of the chapter.

1.1. GAS LASERS

The three main types, which include most gas lasers, are
usually classified as atomic, ionic and molecular. Excimer
lasers, due to their specificity and broad use in laser medicine
practice, will be discussed separately. We will also briefly
discuss other gas lasers, which are less used in medical
applications, such as metallic vapor and chemical lasers.

1.1.A - ATOMIC LASERS
The pumping of these lasers is usually carried out through

an electric discharge (Figure 1). This type of pumping
system is an electronic current flowing into the lasing gas.
As a medical laser example that uses an atomic gas as an
active medium, we have the helium-neon laser (HeNe).
This active medium consists of a mixture of helium and
neon at a ratio of 8:1'. The amplification by stimulated
emission of light is given by the electronic energy levels
of atoms of neon (lasing species) and the helium atoms in
the mixture are only responsible for the energy transport
from the electronic current to the neon atoms.

1.1.B - ION LASERS OF RARE GASES

‘The most common ion lasers are argon and krypton. This type
of laser is different from atomic lasers for use as an ion-active
medium gas. The most common medical laser that uses a gas
of ions as a lasing medium is the argon ion laser, often called
argon laser. The active medium of the laser is single charged
positive argon-ion gas obtained from the electric discharge of
the pumping system similar to the atomic lasers. There are
also argon and krypton lasers doubly ionized which are less
efficient which emit light in the ultraviolet range.

Typically, these type of lasers are characterized by
simultaneously ~ emitting  several lines  (different
wavelengths) in the visible spectrum with very high
continuous power in (about 50 W).

1.1.C - MOLECULAR LASERS

Just as with atoms and ions, molecules may also have
multiple discrete energy levels. In the case of molecules, this
energy is connected to the vibrational mode of the molecule
or molecule rotation according to an axis of symmetry.
Radiative transition (by absorption or emission of photons)
occurs between the molecular excited states in the same
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Figure 1. An electric discharge gas laser pumping may be applied (A) longitudinally along the laser axis, or (B) transversely perpendicular

to the laser axis.

way as the atomic or ionic states. The energy involved in
the transition between vibrational states of the molecules
are typically smaller than between those for atomic or ionic
states. The emission consists of less energetic photons, in
other words, longer wavelengths (typically in the infrared
region of the electromagnetic spectrum). However, these
lasers produce very high output power due to the huge
flow in the emission of these photons.

Invented in 1960 by Dr. C.K.N. Patel, the carbon dioxide
laser (CO2 laser) is currently the most common medical
laser that uses a gas in molecular form as its active medium.
This gas consists of a mixture of 10% -15% carbon dioxide
(lasing species gas), 10% -20% nitrogen (pumping system
transport gas), with the remaining 65% -80% helium
(heating sink gas which facilitates the final transition in
a four-level system — see previous chapter) exerting a total
pressure, normally, around 0.008 to 0.02 atm.

Once again, the most common mechanism for pumping
these lasers is a DC electric discharge along the gas tube.
However, other forms are quite common for pumping
these lasers, such as millisecond duration electrical pulses,
radio-frequency waves and transverse electric discharge.
The latter allows the operation of these lasers with the
gas at atmospheric pressure. These lasers are called TEA
Lasers (Zransversely Excited Atmospheric pressure) and are
characterized by the emission of very intense short pulses®.

1.1.D - EXCIMER LASERS

The name "excimer laser" refers to an entire class of lasers

with a wide variety of medical applications. An excimer is
an excited diatomic molecule (excited dimer). This type
of short life diatomic molecules is formed from two rare
gaseous atoms or, more often, by an atom of a rare gas
together with an atom of the halogen class. This type of
diatomic molecule, which exists only in an excited state,
emits ultraviolet radiation when it dissociates into its
constituent atoms. Examples of excimer lasers are: argon
fluoride (ArF), krypton fluoride (KrF), xenon fluoride
(XeF), xenon chlorine (XeCl), etc...

The pumping system of these lasers is identical to the
CO2 TEA mentioned in the previous section. The
energy is deposited in the gas and through an intense
electric discharge of short duration (tens to hundreds of
nanoseconds) applied transversely to the laser axis. The
electrons collide with the noble gas atoms (e.g. argon,
krypton, xenon) by changing from a stable electronic
configuration into an unstable configuration, which
allows a momentary connection with a halogen atom (e.g.
fluorine, chlorine). The laser stimulated emission occurs
when this excited diatomic molecule dissociates into its
constituent atoms. As there are no diatomic molecules in
their lowest energy state, the existence of any molecule in
the excited state is already a population inversion situation.

1.1.E - METAL-VAPOR LASERS

Metal-vapor lasers are hybrids, since they are neither
atomic or ionic but rather have characteristics of both.
For example, in the case of a helium-cadmium laser, the



active medium consists of a plasma tube with helium gas
which, during operation, due to the electronic current,
evaporates the metal cadmium present in one of the
discharge electrodes. After that the lasing process is very
similar to the HeNe laser discussed above.

1.1.F - CHEMICAL LASERS

A chemical laser utilizes two highly reactive gases to form
a molecule which becomes a lasing species. An example of
a chemical laser is the hydrogen fluoride (HF) where the
active medium is a gas mixture of hydrogen and fluorine
that reacts chemically producing HF molecules in an excited
state. The laser radiation is emitted in the transition between
the vibrational exited state to the ground state of the
molecule, this will be located in the band of the spectrum
with the smaller level of energy, infrared.

1.2. - LIQUID LASERS (DYE LASER)

The active medium of a laser liquid is called an organic
dye (Rhodamine 6G, Rhodamine B, etc.) dissolved in
ethanol or ethylene glycol (liquid solvent). In a dye laser,
the active medium is optically pumped by other lasers
(argon, Nd: YAG, excimer, ...) or flash lamps which may
issue many wavelengths from infrared to ultraviolet.
Despite their tunabillity and amplification broadband
(useful for generating ultrashort pulses — see Chapter
5) they have fallen into disuse due to the high level of
maintenance that such types of lasers need.

1.3. - SOLID STATE LASERS

There are two types of lasers which use an active medium
in their solid state: the laser doped insulator (crystal) and
the semiconductor laser. However, the latter type has a very
different type of operation from the former, so it is normally
treated completely separately and the predominant solid-
state lasers are only the lasers with doped insulators.

1.3.A - LASER DOPED INSULATOR OR SOLID-
STATE LASER (CRYSTAL)

The active medium of this kind of laser is a non-conductive
solid, based on a crystalline or a glass material, which is
doped and as such responsible for the laser emission.

In a solid-state laser, the active species is an ion immersed
in the matrix of another material — usually named the
host. A variety of crystals and glasses can become a host
if they meet the following criteria: transparency, easy
production (ease of growing the crystal) and with good
thermal conduction.

The most used crystals contain YAG (yttrium-aluminum-
garnet) and other synthetic crystals (ruby, sapphires,
etc..). Silicates, phosphates and other kind of glasses can
also serve as hosts. In commercial lasers, the active species
is an impurity introduced during the crystal production,
reaching 1% of the final composition.

There are other common host materials for neodymium:
YLF (yttrium lithium fluoride, 1047 and 1053 nm),
YVO, (yttrium orthovanadate, 1064 nm), and glass. A
particular host material is chosen in order to obtain a desired
combination of optical, mechanical, and thermal properties.
'The active species in this solid state laser is locked inside the
matrix of the insulating material making it impossible to

become excitable by an electric discharge through the active
medium. Optical pumping is the only practical solution,
assuming that the crystals are transparent to the radiation
that the lasing species emits and absorbs. In opposition to
gaseous lasers, the absorption band in the active solid state
is large due to the crystal matrix properties. This allows the
use of pumping by flash lamps, characterized by a large
spectral emission with reasonable efficiency.

As illustrated in figure 2, there are two configurations
for optical coupling between a flash lamp and the active
medium (crystal rod). The flash lamp can be coiled
around the crystal rod (cylindrical crystal) and placed in
the center of a reflector cylinder in a way that all the light
emitted by the flash lamp hits the crystal (figure 2). This
system was used in the first designed laser, the ruby laser.
In an alternative configuration, the flash lamp is straight-
lined and parallel with the crystal rod (each one placed
at the focal points of an envolving elliptical reflector). In
addition, in this way, most of the light emitted by the
flash lamp reaches the solid crystal® (Figure 2).

Figure 2. (A) Cylindrical ruby crystal with a coiled flash lamp
inside a circular reflecting camera. (B) Flash lamp aligned
with the crystal, each one directed to a focal point inside an
elliptical reflecting camera.

As electric current passes through the flash lamp, it will
produce a bright light impulse. Approximately 30% of this
light will be absorbed by the lasing species inside the crystal
leading to the population inversion. The remaining 70%
of the energy is not absorbed, becoming a source of heat
in the crystal. In fact, heat dissipation is a very common
problem with this kind of laser. To overcome this situation,
solid lasers are operated in a pulsed emission mode instead
of a continuum emission mode.

These flash lamps are not very efficient in converting
electrical energy to light. In this way, the most efficient
laser, pumped by flash lights, has a conversion rate of
about 1%. It is possible to increase efficiency by limiting
the optical pumping to the absorption band of the lasing
species. Unfortunately, most short band light sources of
are very inefficient. An important exception to this rule
is the diode laser (semi-conductive). These lasers are
becoming an important source for pumping solid-state
lasers. Other solid-state lasers have absorption bands that
make pumping by flash lamps or diode lasers ineffective.
Thus, these lasers could only be pumped by another laser
in a solid or gaseous form, limiting their global efliciency
and increasing their cost.
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The Nd:YAG laser (Neodymium: yttrium-aluminum-garnet)
is the solid state laser with a doped crystal that has the most
significant medical applications. The active medium of the
Nd:YAG laser is a colorless crystal rod with chemical formula
Y 2/1150 B (known as ysrium-aluminum-garnet = YAG). In
this crystal rod, 1% of the yttrium atoms are substituted
by neodymium ions with electric charge of +3 that are the
source of laser light (lasing species). The solid YAG crystal
is the host, forming the base for the neodymium ionic
impurities. The population inversion is achieved through
optical pumping (flash lamp or diode laser) that is absorbed
by YAG crystal neodymium ions. The absorption of the
pumping photonic energy will excite the neodymium ions
to an unstable energy level. The ion will rapidly release a
photon decaying to a metastable energy level. The transition
to a lower energy level will occur by stimulated emission,
responsible for the laser light. Finally, the transition from
this energy level to the initial level (fundamental level) is
rapidly achieved by spontaneous emission, depopulating the
lowest energy level of the laser transition necessary for the
population inversion.

Finally, it is important to point out two other types of
solid-state lasers due to their uniqueness and potential
future application that are the femtosecond and fiber
lasers. Femtosecond lasers are lasers that emit radiation
pulses in the sub-picosecond range, normally tens
or hundreds of femtosecond, (10> of a second, see
chapter 5). In order to be able to generate such ultra-
short pulses the active medium (or gain medium) has to
have a very broad spectral emission band. Several solid-
state materials can be used (Nd:glass, Er:silica fiber and
others) but the most suitable choice is Ti:sapphire, which
can produce laser pulses a few femtoseconds long. Its
extreme emission bandwidth is possible due to the strong
coupling between the electronic energy levels with the
lattice vibration of the crystal structure. The fiber laser
has the particular property of a very long active medium
(hundreds of meters of optical fiber roll), which leads to
high amplification and great optical power output. The
pumping system of the fiber lasers is possible by using
a laser radiation optical pump (usually diode laser)
transmitted in the outer-core layer of the fiber that excites
the active medium in the inner-core.

1.3.B - LASER MADE OF SEMICONDUCTING
MATERIALS (DIODE LASER)

These lasers are very different from the ones we have
already discussed. In terms of electrical conductance,
the semiconductor materials are situated between metals
(excellent electrical conduction) and isolating materials
(poor conduction). Semiconductors can be clustered
into two groups: the intrinsic semiconductors (silicium
and germanium) and the extrinsic semiconductors
(formed by adding doping impurities to the intrinsic
semiconducting materials).

There are two kinds of semiconductors: the n-type,
which contains a chemical impurity from group V of
the Periodic Table of Elements (such as phosphorus and
arsenic); and the p-type, containing a chemical impurity
from group III of the Periodic Table (Aluminum, Gallium
or Indium). The success of the semiconductor industry

comes from the capacity to grow these crystals with very
precise quantities of doping atoms, which determines the
electrical conductivity of the final material.

When combining a p-type semiconductor with an n-type
semiconductor, this forms a semiconductor diode or a
p-n junction. In this junction, the excess electrons from
the n-type can recombine with the “holes” on the p-type
(holes are places where there is one electron missing in
the connection between the atoms of the semiconductor).
This recombination releases energy which, under certain
circumstances, can be in the form of photons' (Figure 3).
The processes of emission, absorption and stimulated
emission occur in these materials in the same way as they
occur in every atomic and molecular system. The active
medium of the diode laser is a semiconductor crystal of
gallium-arsenic (GaAs) or similar chemical elements, such
as GaAlAs, InGaAs or AlGalnP. The diode laser has the
size of a salt grain (Figure 4). An electric current passes
through a sandwich of p-type and n-type semiconductors
producing light emission. Stimulated emission and
absorption are two competing processes. At a certain level
of electric current, the rate of the emitted and absorbed
photons is equal. When this threshold is passed, stimulated
emission prevails and the population inversion is achieved
making laser action possible. When two reflecting surfaces
to create an optical resonant cavity are included in the
structure, the diode works as a micro-laser®>.
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The wavelength of a laser (A) is one the most important
parameters to choose from when selecting a medical
grade laser, as the suitable choice of a particular laser
wavelength can determine how deep the radiation will
penetrate into a specific biological tissue.

The wavelength of the laser is closely connected to its
active medium characteristics'. As has been shown in the
previous chapter, the wavelength of the radiation emitted
by a laser is fundamentally determined by the transition
between energy levels through stimulated emission.

‘The most important lasers and their emission wavelengths
are shown schematically in Figure 1 (note: wavelength
scale is logarithmic not linear).

Alexandrite 700-800 nm
Ti-Sapphire §00-1100 nm

llﬂ*?’

ArF

193 nm ! 308 nm
KrF 248 nm Diode
1050 nm
EXCIMER

780-900 nm

EENENEENER
.F ()

HeCd Ar514.5 nm

441 nm Ar 488 nm

Nd:YAG-KTP
532 nm

Figure 1. The most important lasers and their emission wavelengths.

1064 nm

Lasers can emit radiation across the electromagnetic
spectrum, ranging from the ultraviolet (UV) and visible
to the infrared. This laser emission parameter allows us to
classify a particular laser as ultraviolet, visible or infrared
based on its specific wavelength. It is based on this model
of classification that we propose to enumerate various
medical grade lasers in the following sections. As units of
wavelength measurement, we will use the nanometer (1
nm = 10° m) and the micrometer (1 pm = 10° m).

1 INFRARED LASERS
These are the lasers, the wavelength (A) of which is higher
than the red part of the visible spectrum. According to their

Er:YAG 2940 nm C02 10.6 um

Ho:YAG 2120 nm

lﬂll*l@lll*ﬂ

Au628 nm | Kr647 nm Ruby
694 nm
Cu578 nm
HeNe 632
nm
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characteristics, lasers can further be subdivided into near-
infrared (700 nm <A < 3 um), mid- and far-infrared lasers (A
2 3 um). Molecular and gaseous active medium lasers usually
fall within this last group because there is little difference
between the vibrational states of a molecule, giving rise to
low energy, and high wavelength photons.

In this group, the CO2 laser is by far the most used
laser, by physicians, preferably emitting in the 10.6 pm
wavelength. However, there are other lasers such as CO
(A =5 — 6 um), chemical lasers like the HF (A = 2.6 3.0
pum), and the solid state laser Er:YAG (A = 2.94 um) —
these latter two can be considered to belong to the near
infrared group. However, we have chosen to group them
together as they share a wavelength highly absorbed by
tissues, due to their water content — a feature which
makes them particularly attractive for surgical use.
Medical grade lasers, well inside the near infrared band,
comprise the solid state laser, such as the Ho:YAG (A =
2.1 um), Nd:YAG (A = 1.064 um), Alexandrite and Ti:
sapphire and semiconductor lasers (GaAlAs).

In this group we would like to highlight the Nd:YAG

laser due to its wide use in medical practice.

2 VISIBLE LASERS

The visible band (400 nm < A < 700 nm) is very narrow
when compared with the whole of the electromagnetic
spectrum. However, we can further subdivide it into its
main colors, red, green and blue. As shown in Figure 1,
right at the start of the red visible spectrum, we find the
Ruby laser (694 nm), and others include the krypton ion
laser (647 nm) and the HeNe (633 nm). Both can emit
bands with other wavelengths in different regions of the
spectrum; krypton and argon ion lasers in particular have
the ability to simultaneously emit strong bands across all
parts of the visible as well as in the ultraviolet spectrum.
Table 1 presents a complete list of the wavelengths of
ionic lasers.

The argon ionic laser was once frequently used in the
Ophthalmology field but has gradually been replaced by
the Nd:YAG-KTP (532 nm - green-yellow) and diode
laser (577 nm — yellow)*

Table 1. Wavelengths available for Argon and Krypton ion
lasers in the visible spectrum

Argon(nm) Krypton(nm)
528.7 647.1*
514.5% 568

501.7 530

496.5

488.0*

476.5

457.9

*line of higher output power.

Argon mainly emits in the blue-green area of the visible
spectrum (488 nm and 514.5 nm). Blue has long
been out of use due to a known macular absorption of
xantophyllic pigment, by both patient and physician,
despite the proper use of protection filters. During the
1980s and 90s it was largely utilized, particularly the
green band (514.5 nm), to a point that whenever anyone
mentioned retinal laser it was assumed that reference to
the Argon laser was being made, even after it was largely
replaced by the Nd:YAG-KTP (532 nm). The Nd:YAG-
KTP has an important wavelength in the green part of
the visible spectrum (532 nm) corresponding to the
Nd:YAG second harmonic.

This radiation derives from the non-linear phenomenon
of harmonic generation in the KDP or KTP crystal.
These crystals, as we shall further consider, have the
ability to double the Nd:YAG laser frequency, thereby
reducing the wavelength by half.

Finally, in the blue part of the visible spectrum, beyond
some of the weakest bands of the Argon, there is the
metallic vapor laser HeCd.

Other kinds of laser, which preferentially emit in the
visible spectrum, are the liquid dye lasers that have
the singular ability to continuously run all the visible
spectrum. This is due to the wider wavelength band of the
active medium of the dye, which added to the possibility
of putting together multiple dyes, completely covers all
visible spectrum wavelengths.

In everyday clinical Ophthalmology, it is no longer used
but it continues to be useful in the field of Dermatology.

3 ULTRAVIOLET LASERS (UV)

In this higher energy band (A < 400 nm) there is clearly a
dominating family of lasers — the excimer lasers. All of these
(apart from those that do not contain oxygen in their active
medium) emit in wavelengths lower than 350 nm.

Table 2 shows a list of the most used excimer lasers and their
respective wavelengths. Other lasers emitting in the UV
band are the gas lasers. Their wavelengths usually correspond
to the secondary bands of ionic and metal vapor lasers, such
as the argon laser — various bands from 363.8 nm to 275.4
nm; the krypton laser - 356.4, 350.7 and 337.4 nm; the
HeCd laser - 325 nm and the Au laser — 312 nm. Lastly, two
other wavelengths should be mentioned regarding the UV
spectrum - 354.7 and 266 nm — corresponding respectively
to the third and fourth harmonic of the Nd:YAG. As has
been previously stated, this can only happen with the use
of KDP or KTP crystals through a non-linear mechanism
of harmonic generation by tripling and quadrupling the
frequency of emitted laser radiation.

4 TUNABLE LASERS

Therearelasers that can emitatseveral different wavelengths.
When these lasers allow the operator to select the emission
wavelength, one can say that the laser is tunable. To allow
the operator or laser user the choice of wavelength, there
are several techniques that involve changes both inside
and outside the laser optical cavity. Next, we discuss two
of the main techniques for controlling laser emission
wavelength: tuning and selection of lines and generation of
harmonics. Another technique is the parametric oscillator,



Table 2. Some excimer lasers and their wavelengths

Excimer Wavelength (nm) | Excimer Wavelength (nm)
ArHl 193 F2 157

KrF 248 Kr2 146

XeF 351 Xe2 172

XeCl 308 KrCl 222

ArO 558 KrO 558

XeO 558

based on parametric amplification, which is a nonlinear
phenomenon with theoretical concepts which are rather
complex and beyond the scope of this manual, and it is not
our current aim to detail this here.

4.1 TUNING AND SELECTION OF LINES
The laser transition model that occurs between two well-
defined energy states is too simplistic. In many cases the
transition may occur simultaneously between two or
more quantum energy states, leading to several types of
laser emission. One of these emission types, distinctive of
molecular and chemical lasers, is emission into a series of
transitions with very narrow spacing. In these molecules,
the primary vibrational transition is accompanied by
changes in multiple rotational states, so it is possible that
these lasers emit in many lines (wavelengths). In some
cases, such as the dye laser and some solid-state lasers (the
Ti:sapphire), these lines are so close to each other that
they create a continuum band, which provides the ability
to continuously tune the emitted wavelength?.

Another type of emission involve lasers that can emit
in a family of transitions simultaneously. This type of
emission, very common in ion lasers (argon, krypton,
...), can be designed to emit a single line or to produce a
multi-line emission.

Usually, the wavelength can be changed by rotating the
dispersive element of wavelengths (a prism or diffraction

Reflective mirror (full)

Active medium m

A—

Unwanted line

grating that is placed either between the mirrors of the
cavity or replacing one of those mirrors) so that only one
wavelength is aligned with the resonant laser cavity for
each position. This method (see Figure 2) is often used to
tune dye and CO2 lasers and to produce a single line in

argon and krypton ion lasers®.

4.2 GENERATION OF HARMONICS

As mentioned previously in this chapter, we can change
the laser wavelength through nonlinear interaction of
light with matter. This interaction can generate harmonics
which are frequency multiples of the fundamental laser
light, or integer fractions of the wavelength (it should
be recalled that frequency is inversely proportional to
wavelength; w oc 1/A). Despite having already reached
the 28th harmonic of the 1064 nm of the Nd: YAG
laser, for most applications only the second, third and
fourth harmonic are produced, because of energy losses.
The generation of harmonics is a valuable technique
since it can expand the area of wavelengths so that high-
power lasers may principally emit in the visible and the
ultraviolet areas. As previously seen for the most common
case of harmonic generation, an Nd:YAG laser can emit
at 532 nm with the second harmonic (green) and at 355
nm and 266 nm with the third and fourth harmonics,
respectively (ultraviolet). Doubling the frequency of a
dye laser can also achieve a tunable ultraviolet radiation.
Morever, doubling the output frequency of the GaAlAs
semiconductor laser, we obtain a blue laser light*.

The doublers (harmonic generators) of laser frequency
consist of a nonlinear crystal. As a laser beam passes
through the crystal, nonlinear interactions between the
beam and the material generate an electromagnetic wave
at twice the frequency of the laser. To achieve maximum
efficiency, the crystal characteristics must correspond
precisely to the laser wavelength. This is relatively simple
for a single frequency laser such as the Nd:YAG laser; but
for tunable lasers such as dye lasers, it is always necessary
to adjust the crystal whenever the laser wavelength is
changed. There are many nonlinear crystals, with the best
known being the dihydrogen potassium phosphate (KDP)

Reflective mirror (partial)

Output
laser

Aperture

Figure 2. A singular line may be selected using a prism (or other wavelength dispersive devices) placed within the resonant cavity.
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and potassium titanyl phosphate (KTP), but others are also
very important such as ammonium dihydrogen phosphate
(ADP), lithium borate (LBO) and barium borate (BBO).
The magnitude of the nonlinear effect is proportional to the
square of the incident laser intensity. Therefore, high power
lasers are required to generate harmonics with reasonable
efficiency. Often, in order to increase the power level of the
crystal, this is put into the laser cavity. However, the doubler
crystal can either be placed within the cavity as outside of it.
For the generation of the third and fourth harmonics
using nonlinear crystals, a multistep process is used.
The third harmonic is produced generating the first
and the second harmonic (2w,). Thereafter, the second
harmonic is mixed with the fundamental wavelength
(w,) in another nonlinear crystal, in order to add the
two frequencies, thereby generating the third harmonic
Qw,+w=3w,). To produce the fourth harmonic, the
beam obtained by the second harmonic generator again
goes to another doubler crystal thus quadrupling the
fundamental frequency 22w,) = 4w,).
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The temporal behavior of the beam is one of the most
critical parameters of laser emission when choosing a laser
for medical applications. Moreover, the duration of the
laser emission is determinant in the type of interaction that
it establishes with biological tissue.

Some lasers emit continuous radiation, maintaining
a continuous flow of photon emission, so they are
called continuous-wave (CW) lasers'. Other lasers emit
radiation in pulses, and they are called pulsed lasers.
Some of the pulsed lasers can emit very short pulses (sub-
picoseconds (ps) <10%*) and some others emit long pulses
(milliseconds). The number of pulses delivered per second
is designated as repetition rate. This rate can vary from a
very low repetition (<1 pulse per second) up to very high
repetition rates (>10° per second, or > gigahertz (GHz)).
Next, we will discuss two methods for laser emission,
continuous (CW) and pulsed. As regards the pulsed laser,
there are several types of lasers, depending on the system
used to create the pulses: gain switching, Q-switching,
cavity dumping and mode-locking.

CONTINUOUS LASERS (CW)

The lasers can operate in continuous-wave mode emitting
radiation continuously virtually forever. Bearing this in
mind, any laser emission that lasts more than a second is
considered continuous wave. Although this consideration
does not seem very correct from the human point of view,
from the physical point of view it is perfectly legitimate,
because as long as the laser emission attains a steady state
of operation lasting a second, it may be considered as CW.
As previously explained, a laser is an optical oscillator
comprising of an amplifier (pumped active medium)
and of a resonant cavity (two parallel mirrors facing
each other). A small amount of radiation is amplified,
while passing through the active medium by stimulated
emission, and is then reflected back through the amplifier
by the cavity mirrors. These mirrors compel the radiation
to oscillate back and forth indefinitely until it reaches a

very high concentration level. At this point, a saturation
of the amplification gain is achieved, limiting the signal
growth. This amplifier saturation occurs when the power
of the radiation keeps increasing, leading to a decrease
in the available gain. The stable laser emission condition
is reached when the amplifier gain is reduced until it
evens the losses of the cavity, as well as the radiation
emitted by the laser itself (Figure 1)*°. At this point,
the gain only compensates the losses and the cycle of
amplification and feedback is repeated without changing
the steady-state oscillation and the laser emission output
remains constant. If we keep the process in this state for
a significant period of time (> 1 second) we shall have a
laser in continuous-wave emission mode.

A

Gain

>

Steady-state Power

power

Figure 1. If the gain is greater than the losses, the oscillation in
the cavity starts. The amplifier saturates and its gain decreases.
The condition for stability is met when the gain equals the loss.

PULSED LASERS

For various reasons, many types of lasers can only be made
to operate in a pulsed mode. For example, many solid-
state lasers must be operated in pulsed mode, due to the
need for heat dissipation due to the non-absorbed pump
energy. In other cases, the internal physics responsible for
laser emission requires the laser to work in pulsed mode.
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Some of these cases are due to the short lifetime of the
population inversion, caused by the rapid decay process
in the excited state (such as in excimer lasers) or a rapid
increase in the fundamental state population (as in the
ruby laser). Furthermore, in the case of high pressure
gas lasers, the pulse duration is limited by the inevitable
instabilities in the electric discharge pumping the gas.

It is normally desirable to vary the "natural” time of a
laser pulse. Sometimes, the aim is to broaden the pulse in
time. But, in most applications, the aim is to shorten it,
in order to be able to extract the highest peak power and
the best temporal resolution.

The most direct method for obtaining pulsed laser light
is by using a CW laser in combination with a switch or
modulator (shutter), which only lets light pass for short
periods of time. This simple but problematic method has
two disadvantages: it is an inefficient system because it
wastes the laser power whenever it is blocking the light;
and the peak power cannot exceed the stabilized power at
the CW source, as illustrated in Figure 2 (a)’.

More efficient schemes to create pulsed laser emission modes
are based on turning the laser itself on and off, by means of
an internal modulaton process of the laser emission. This
laser modulation process is designed in a way that the energy
is stored during the time when there is no laser emission, so
that it may later be released, during the emission of radiation
towards the exterior of the cavity. The energy can be stored
inside the resonant cavity, in the form of radiation that is
periodically freed, or it may be stored in the active medium in
the form of inverted population, that is occasionally released
whenever the system is allowed any oscillation within the

Mirror (full)

resonant cavity. These schemes make it possible to generate
high peak power short pulses, much higher than the power
obtained by a CW laser, as can be seen in Figure 2 (b).

The four most common and widespread methods can
be used for internal modulation of the laser light. These
methods give rise to four types of pulsed laser emission
that are designated as gain switching, Q-switching, cavity
dumping and mode-locking. We shall now further discuss
these types of pulsed laser emission.

A) GAIN SWITCH LASER

This method is based on a very direct approach for
modeling the process of laser emission. The gain of the
laser amplification is controlled by the turning on and
off the pumping system of its active medium (Figure 3)°.
For example, with the ruby pulsed laser, the pumping
(flash lamp) is turned on periodically for brief periods
of time, in a sequence of electrical pulses. While the
pumping system of the active laser medium is turned on,
the amplification gain, within this medium, exceeds the
cavity losses, providing laser light emission. This emission
is characterized by light pulses, which last the duration
of the active medium pumping. The maximum peak
power according to this method is limited to the balance
between gain and losses through the cavity in a manner
analogous to the functioning of continuous lasers.

B) Q-SWITCH LASER

In this system, the laser emission is cut by a periodic increase
in losses in the resonant cavity, with the aid of a modulated
absorber inserted inside the laser cavity (Figure 4)*. As such,
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Figure 2. Comparison of output pulse lasers with (A) an external modulator and (B) an internal modulator.
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Figure 3. Pulses of a gain switching pulsed laser.
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Figure 4. Q-switching.

the Q-switch mode is, basically, a switch linked to losses.
During this period of time, when there is no laser emission,
due to the losses originated within the cavity, the pumping
system continues to inject energy. The latter will keep on
being stored in the active medium in the form of an inverted
population accumulation. When losses are reduced during
laser emission, a large amount of accumulated population
inversion is rapidly released, thus generating a very intense

pulse of light (which is usually short).

>t

In order to better understand where the name Q-switching
came from, we will explain this process of pulsed laser
emission by considering the cavity quality factor, Q. Like
any oscillator, the laser cavity has a Q quality factor that
measures the loss or gain in a cavity. This factor is defined as:

Q = Stored energy per passage/dissipated energy per passage

Typically, the Q factor in a laser cavity is constant. If this Q
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factor is kept “artificially” low, adding an optical element that
will greatly increase the losses in the cavity, the energy will
gradually be accumulated in the active medium of the laser,
because the energy per passage is almost totally dissipated
and there is no radiation oscillation inside the cavity. If,
suddenly, this artificial loss is removed, we get a high Q factor
cavity and, at the same time, a large amount of population
inversion. This way, a high power light pulse is produced
with a duration of a few nanoseconds up to hundreds of
nanoseconds, from which all the energy accumulated in the
active medium will be emitted. This rapid switch of the Q
factor in the cavity is called Q-switching.

There are three basic ways to achieve Q-switching, as
shown in Figure 52 One consists in using a mirror or
prism rotating at the rear mirror location (opposite the
output mirror) in the laser cavity. Another way is related
to the insertion of a modulator inside the cavity. The third
way consists of inserting a non-linear absorbent element
in the cavity, which becomes transparent, when a certain
amount of energy is attained inside the cavity. The first
two techniques are called active Q-switching because they
require active control of the system. On the other hand,
the third technique is considered passive because, unlike
the previous ones, it does not require any sort of control.

The Q-switch performance with a rotating mirror happens
as follows: most of the time the mirror is not aligned
with the output mirror of the cavity, thereby preventing
radiation oscillation. Periodically, this rotating mirror
passes the point at which it becomes properly aligned,
causing the sudden increase of the Q factor in the cavity,
and producing a Q-switched laser pulse. The technique
using an optical modulator, which is the most common
in Q-switch lasers, blocking one of the cavity mirrors.
When the modulator switches to the transparent state,
the light can oscillate between the mirrors of the cavity,
thereby generating a Q-switch laser pulse. Typically, these
modulators are electro-optic or acousto-optic devices.

As for the passive Q-switching, a material with non-
linear absorption characteristics is inserted into the laser
cavity (typically one cell of a dye solution). This material
is highly absorbent when submitted to low levels of light
output, thereby blocking, as in the previous case, one of
the cavity mirrors. When the pumping energy is pulsed,
there is an increase in the light intensity inside the cavity.
This light intensity attains such a level that the non-linear
absorbent material becomes saturated. At this point, this
element becomes transparent, the Q factor soars and the
Q-switch laser pulse is produced. This operating mode
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Figure 5. Various types of Q-switch lasers used: (A) rotating mirror or prism; (B) active modulator; (C) saturable dye cell (passive).



of the passive Q-switch is restricted in its use to pulsed
pump lasers only. Typically, this method is used in solid-
state lasers pumped by flash lamps, such as ruby and Nd:
YAG lasers.

The non-linear absorption principle of the passive
Q-switches is very simple. The absorption of this material
is entirely due to an energy transition between two states
of the element of which it is composed (dye molecule).
As the light intensity inside the cavity increases, more and
more dye molecules absorb light, making the transition
into an excited state in which they can no longer absorb
any more. These excited molecular states can decay via
spontaneous emission, but from a certain time onwards
the number of molecules in the excited state will be equal
to the number of those in an unexcited state. At this
stage, there is as much emission as absorption, so this
element will not be able to absorb any more radiation,
and we may say it has reached saturation.

The Q-switch pulsed lasers do not increase the pulse energy,
but instead they concentrate this energy in a shorter pulse. In
this manner, they reach very high peak powers (gigawatts),
higher than those normally possible with other pulsed lasers.
An inherent limitation to Q-switching is that it only works
in the cases of active media, capable of storing energy for
a longer period of time than the duration of the Q-switch
pulse. This circumstance arises from the fact that the lasing
species is responsible for the accumulation of energy, while
maintaining its excited state. This is only possible if the
lifetime in this excited state is relatively long. Thus, not all

Pumping system
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active laser media can emit radiation in the Q-switch mode.

C) LASERS WITH CAVITY DUMPING

This technique is based on the accumulation of light
radiation (rather than on population inversion) in the
cavity, which is then fully released, when the laser pulse
emission takes place. In spite of achieving a similar
result, this technique is quite different in principle from
the previous Q-switch technique. The main difference
lies in the fact that the energy storage is kept not in the
active medium but in the resonant optical cavity. The
issuance of the laser pulse occurs when the cavity loses the
accumulated radiation. In this case, the modulation of
these losses is obtained by the deflection of the radiation
out of the cavity or allowing it to pass through the output
mirror, rendering it suddenly transparent (Figure 6)°.
This cavity dumping system behaves like a bucket that
keeps on storing water, coming from a tap in a steady
stream with its bottom being removed all of a sudden,
releasing all the accumulated water at once. As far as this
analogy is concerned, the resonant cavity is represented by
the water bucket, the tap represents the constant pumping,
water acts as the accumulated radiation (photons) and the
bucket bottom represents the system, which expels all the
radiation - stored up until that moment — from the cavity.
The two total reflecting mirrors do not allow the light to
flow away from the resonant cavity during the storage.
This results in a resonant cavity with almost negligible
losses, which causes the flowing power boost inside the
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Figure 6. Cavity dumping. The output mirror is removed releasing all the radiation stored up in the cavity.
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laser. This intense flowing-power may be removed from
the cavity by a deflection process. The result is a powerful
pulse lasting nearly the same time needed for the light to
make 1-round-trip in the cavity.

Usually, the cavity dumping system occurs in two ways.
One is based on an acousto-optic deflector placed in
the cavity, and whenever it is activated it deflects light
away from it, thus producing the laser pulse. Another
approach, also widely used, involves an electro-optic-
modulator and a polarizing beam splicter. When the
modulator is turned off, the linearly polarized light
remains in the cavity without being affected by the beam
splitter. However, when the modulator enters into action,
the polarization of the light passing through it undergoes
a rotation process and is then reflected outwards, away
from the cavity, by the polarizing beam splitter.

This cavity dumping system can be used in continuous CW
lasers, in which energy cannot be stored in the excited levels
of the active medium and, therefore, the Q-switch system
cannot be used. Cavity dumping can also be combined
together with other pulsed laser emission modes, such as
the Q-switch and the mode-locking (blockage of modes)
to produce pulses with particular characteristics.

The cavity dumping of a continuous CW laser can
generate pulses of the order of tens of nanoseconds and
at a megahertz-level repetition rate. Typically, these pulses
are shorter than the Q-switch ones and the repetition rate
is higher displaying, however, a lower peak intensity.

D) MODE-LOCKING LASERS
Pulses in the picosecond (10'% s) and femtosecond (10
s) regime can be generated by the mode-locking process. A

very simplistic view of the pulses of a laser in mode-locking
is to imagine a group of photons attached to each other
and moving as a block, while oscillating inside the laser
cavity. Each time this group strikes the semi-transparent
mirror output, part of the photons will be emitted as an
ultra-short pulse. Next, the remaining photon group in
the cavity make a round-trip, before once again hitting
the output mirror, emitting another pulse®. Therefore, the
pulses are temporally separated by an oscillation time in
the cavity given by 2d/c, in which d corresponds to the
cavity length and ¢ represents the speed of light.

The mode-locking technique is quite distinct from the three
previous ones. Here the pulsed laser emission is obtained
by coupling modes in the laser cavity and locking their
phases between themselves. A laser can oscillate on many
longitudinal modes with frequencies that are equally distant
by means of the spacing modes vf = ¢/2d. This frequency
separation, as far as the modes are concerned, corresponds
to the wavelengths that are submultiples of the laser length
in the cavity 24, that is to say, the wavelengths multiplied
by an integer (7 = 1, 2, 3, ...) are equal to the laser length in
the cavity 7A = 2d, according to which A is the wavelength
of the longitudinal mode n in the optical cavity (Figure 7).
A resonant optical cavity has infinite modes of oscillation,
but a laser only interacts with those which fall within the
spectral band of the emitted radiation, that is to say, within
the zone of radiation frequencies that the active medium is
able to amplify by stimulated emission (Figure 8)°.
Although these modes normally oscillate independently
(known as free modes) by means of an external action,
we can couple them and keep them together in phase.
Then, these modes can be viewed through what is known
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Figure 7. A resonant cavity mode showing a A=2d/20 wavelength.
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Figure 8. The modes in the cavity that are covered by the spectral bandwidth of the laser gain.



in mathematics as the components of a Fourier series
expansion of a periodic signal in time obeying: Tf =1/
vf = 2d/c, which consists of a pulse train. The period of
this pulse train, as mentioned earlier, is equal to the time
an oscillation takes in the resonant cavity. In fact, the
radiation of a mode-lock laser can be viewed as a short
pulse of photons, being reflected back and forth between
the cavity mirrors (Figure 9)°.

If we have a large number of M locked modes in phase,
they form a giant short pulse that oscillates back and forth
in the cavity. The pulse duration of #p is a factor M times
smaller than an oscillation period in the cavity ¢ _ 2d/c
/M. Let us proceed with the issue of how to lock modes
in a way that they all share the same phase. This can be
achieved with the help of a switch or modulator placed
within the resonant cavity. Supposing an optical switch is
located within the laser cavity, blocking the light all the
time, except when the pulse is about to cross it. In this
way, it will only remain open for its passage (Figure 9).
As the pulse itself can pass through the optical switch, it
will not be affected by its presence and the pulse train keeps
on going uninterruptedly. In the absence of mode-locking,
the individual modes display different random phases in
their fluctuations. If; accidentally, the phases of the modes
coincide, the sum of the oscillating radiation of the modes
will form a giant pulse, which will not be affected by the
optical switch. Any other combination of the phases of the
modes would form a distribution of radiation that is totally
or partially blocked by the switch. Thus, in the presence of
the optical switch, only the modes which are in phase with
it, and so in phase with the others, will be able to oscillate in
the cavity and so emit light. The mode-lock laser is held on

Pumping system

until the coincidence of the phases of the ways happens, but
once the occurrence begins they always remain in phase. The
modulation may either be active, changing the transmission
of an electro-optical modulator, for example, or it may be
passive as a result of a saturation effect similar to the one
mentioned about the passive Q-switching device. Here, the
oscillation can only occur when the phases of modes are
added to form an intense pulse to saturate the non-linear
absorber which will thereby let it pass.

The mode-locking requires a laser to oscillate on many
longitudinal modes. Therefore, this method is not valid
for many gas lasers with narrow spectral lines. However,
it can be used with respect to argon ion and krypton
lasers, solid-state crystal lasers, semiconductor lasers
and dye lasers (which, as we have already seen, have an
unusually broad spectral band). The pulse duration is
inversely proportional to the number of laser modes and,
hence, the spectral width of the laser emission. Therefore,
broad spectral gain width lasers can generate ultra-short
pulses of the order of femtoseconds (10 s), such as the
Ti:sapphire solid-state lasers®.
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Figure 9. The mode-locked laser pulse is reflected to and fro between the mirrors in the resonant cavity. Each time it reaches the output mirror,
a short pulse is transmitted. The transmitted pulses are separated by the distance 2d. The optical switch only opens when the pulse hits it, letting
it pass through. Any other wave pattern suffers heavy losses and is prevented from oscillation.
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One of the most important laser parameters in medical
applications has to do with the cross-beam shape and its
propagation. This parameter reflects the laser beam quality
and is given by the transversal distribution of intensity. This
distribution is the result of transverse modes in the laser
resonant cavity, in the same way that the longitudinal modes
are related to the frequency (wavelength) of the laser'.

TRANSVERSE LASER MODES (TEM)

The spatial distribution of the emitted light from a laser
depends on the resonant optical cavity geometry and the
shape of the active medium. So far in this discussion, we
have ignored the cross space effects, assuming that the
optical resonant cavity was formed by two mirrors arranged
in parallel planes, infinitely extended, and the space
between them was completely filled by the active medium.
Bearing in mind this idealistic geometry, we would have
a laser beam output infinitely wide and uniform (plane
wave) to propagate along the optical axis of the cavity. It
is quite obvious that, in addition to this, mirrors cannot
be infinitely extended and the active medium does often
does not fill the entire space between them, as a flat mirror
cavity is extremely sensitive to misalignments. This type of
cavity is considered marginally stable. For stable resonant
cavities, there must exist a certain focus of radiation inside
the cavity and, for this to happen, the most common
process is the use of concave spherical mirrors. The
condition for an operational stable resonant cavity is
reached when a light beam, which, though not perfectly
aligned with the optical axis of the cavity, is continually
reflected in the mirrors, remaining inside the laser cavity.
The use of concave spherical mirrors is the most common
way to satisfy this stability condition.

If one or more curved (non-flat) mirrors are used in the
cavity, the wavefronts (imaginary surface of equal phase)
will no longer be flat (as in the case of a plane wave) and
will have a finite radius of curvature, in order to match
the curvature of the mirrors (Figure 1)'.

12 0 2z,

Figure 1. A Gaussian beam with wavefronts that match the
curvature of the concave mirrors of the cavity.

This is the condition that will define the transversal
distribution of the beam intensity inside the cavity. There are
various solutions to this condition and we call them transverse
electromagnetic modes of the cavity (TEM — Transverse
Electromagnetic Modes). Mathematically, these transverse
modes are, no more, no less than the mathematical functions
that are the solution to a differential equation, which is called
the paraxial Helmholtz equation, which physically describes
the functioning of this type of resonant cavity.

Figure 2 provides an illustration of the transverse distribution
of these functions, called Hermite-Gaussian functions.
Terminology exists for each type of distribution given by
these functions, which are the transverse modes TEM, ,
where each pair of indices (, 7) defines the transverse
mode and its spatial distribution. The TEM,, mode is
simply called the Gaussian beam. Higher index modes, or
a combination of them, form the Hermite-Gaussian beams.
If we carefully observe the distributions shown in Figure
2, we will see that these indices are, no more, no less than
the number of nodes (intensity zero) that appear in each
of the directions of the laser beam cross-section. In most
applications, the TEM,, mode, i.e. the Gaussian beam, is the
most desirable, however, multimode beams can usually be
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more powerful, because they cover the whole active medium
section more evenly. Although these multimode beams are
of inferior quality when compared to the Gaussian beam,
this commitment “quality versus energy” can be acceptable

for certain applications'.
-

(0.0) (0.1) (0.2)

(1.2) (1.2) (2.2)

Figure 2. Distribution of intensities of a few Hermite-Gaussian
bundles on a transverse plane. The pair of indices (I, m) is
indicated for each of the transverse modes.

The standards of different transverse modes discussed
earlier are visible only in the so-called near field, which
means close to the laser output. However, when the beam is
transmitted in space, the distribution becomes increasingly
uniform, due to the divergence of the beams. So away from
the laser, in the so-called far field, the non-uniformity of
the transversal distribution beam is smoothed.

The intensity distribution of these modes is not merely
a mathematical curiosity. It is extremely important for
laser-tissue interaction and, in particular, for laser surgery.
If we want a small focal point to become powerful enough
to vaporize tissue, without affecting the adjacent tissue,
this focal point must be the smallest possible. In order to
efficiently achieve focusing and high power densities, it is
usually advantageous to use a Gaussian beam (TEM ).

GAUSSIAN BEAM (TEM,,)

For most applications, the geometric properties of beam
diameter and its divergence are more important than
the structure of the modes. Thus, the Gaussian beam
through transverse mode TEM is usually the most
desirable for medical applications and other applications
as well. The distribution of intensity for this mode is
given by the following':

i LA

Ir=I,e *

Where r is the radial distance and 7 is the maximum
intensity in the center.

This is called the Gaussian beam because its shape is given
by the mathematical Gaussian function. The schematic
graph displaying this function is shown in Figure 3°.

e Gaussian beam power is obtained by integrating the
distribution of intensities in a particular area. Thus, 90%
of the total beam power is contained in a circle of radius
w centered within the beam. The quantity D = 2w is,
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Figure 3. The Gaussian laser beam: intensity distribution.

therefore, designated as the beam diameter (Figure 3).
As the beam propagates, its diameter increases. This
phenomenon is called the beam divergence (Figure 4)°.

Pumping system Far field

Near field
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z=0 z

Figure 4. The Gaussian laser beam: divergence.

Normally, there is a special plane at which the beam
diameter is minimal, called the beam waist, the radius of
which is w,, and it is usually located inside the laser cavity
or very close to it. If z is the distance along the axis of
propagation from this focal point (w), then the beam
radius can be calculated by the following formula':

%

\

w(z) =w, |1+

18]
3 [

_ T,
In which -0 A where we can see the focus
depth (also called the Rayleigh distance) of the Gaussian
beam with wavelength A.
From here we can say that for distances away from the
focal point (z >> z,) the beam divergence 6 (half of the
divergence angle) is given by the following equation:

6 =_A

T w,

This is schematically illustrated in Figure 4, in which 6
is measured in radians and the total beam divergence is
given by 26. As this ratio indicates, the beam divergence
can be reduced by using a larger aperture for the laser



output, to increase the beam diameter at the focus
point (2w,), or by changing to radiations of shorter
wavelength. A Gaussian beam of a CO2 laser, in the same
circumstances, is typically ten times more divergent than
a Gaussian laser beam for a Nd:YAG laser, due to the
wavelength of the CO2 laser (A = 10.6 pm), which is ten
times higher than the Nd:YAG laser (A = 1.064 pm).
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The laser emission parameters, which are relevant to
medical applications, are related to the amount of output
radiation that a laser can emit from its cavity. The two
physical quantities that characterize the amount of
radiation are laser energy and power.

Energy in Physics is usually defined by the capacity to
produce work. The energy of a luminous radiation can be
defined by the sum of the energy of the photons (quanta
or light particles) that compose it. Each photon has an
associated energy E = Av, where h is Planck’s constant and v
= ¢/A is the frequency of the photon that has a wavelength
A (¢ is the speed of light in vacuum). Because laser emission
is monochromatic (with a single wavelength), the energy of
the emitted radiation is directly proportional to the number
of output photons. The unit of measurement for energy
more frequently used in the world of lasers is the joule (]).
On the other hand, power () is defined by the energy
(E) released per unit time (2), P = E/t. The unit of
measurement most commonly used to characterize this
quantity is the watt (W), so one watt is equivalent to
one joule per second. Bearing in mind the number of
photons, the power of a laser is given by the flux of
photons emitted by that laser. The power specified by a
laser manufacturer is quite different from that specified
by the manufacturer of common lightbulbs. The power
of a common lightbulb is given by the consumed electric
power and not by the luminous power that it irradiates.
In lasers what is usually specified is the power of the
emitted radiation, although they also convert electrical
energy to light.

These concepts can also be applied to pulsed lasers. A
pulsed laser emits a series of pulses of duration 7 and
the repetition rate fis given by the number of pulses per
second. Therefore, the interval of time between each pulse
is 7=1/f If each emitted laser pulse has an energy Epulse,
the power during the time of emission is P = Epulse/z.
This pulse power is called peak power. The average power

is, however, given by the sum of the energy of the pulses
emitted during one second, in other words, the pulse
energy is divided by the period of repetition Paverage =
Epulse/ T.

In pulsed lasers with high peak power, given by short pulses,
and with a low repetition rate, such as the Nd:YAG for
example, we should not talk about laser power but rather
about pulse energy. In these cases, which are very frequent
in solid-state lasers, the average power is very low in relation
to the peak power of the laser pulse. So, it is more natural
in this kind of laser to separately specify the pulse energy,
duration and repetition rate to characterize the emitted
radiation. On the other hand, for continuous CW lasers or
pulsed lasers with very high repetition rates, the quantities
used to characterize the laser output radiation are the power
or average power, respectively. In Tables 1 and 2, we can see
the typical powers of various medical continuous and pulsed
lasers, as well as the main parameters of laser emission'.
The output power of commercial continuous CW lasers
ranges from milliwatts to tens of kilowatts. These powers
are also comparable to the average powers of pulsed
lasers. Typically, these powers are generally limited by
the energy transfer processes. In gas lasers, the kinetic
processes necessary to keep the population inversion
and the stimulated emission may be unsustainable for
great volumes and/or pressures. In solid-state lasers, heat
dissipation may create major problems, as we have already
stated. Until now, the highest continuous or average
registered powers, about two megawatts, were produced
by chemical lasers with military purposes. Another power
record is the peak power of a pulsed laser. These lasers,
called ultra-intense, have a pulse duration of the order of
subpicoseconds and can reach peak powers higher than
Petawatts (10"°W). This kind of laser is being developed
not only with military purposes in mind but also for
research in several branches of Physics: inertial fusion,
particle acceleration, X-ray generation, etc. In Portugal,
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7 Output energy and power

Table 1. Properties of Continuous Lasers (CW)

Laser (general) Wavelength Laser medium Maximum power
HeCd 325.0 nm Gas 50 mW
442.0 nm 150 mW
Ar ion 488.0 nm Gas 20 W
514.5 nm
Kr ion 413.1 nm Gas 5W
530.9 nm
647.1 nm
Dye (Ar pumped) 400-1000 nm Liquid 2w
HeNe 632.8 nm Gas 50 mW
GaAlAs 750-900 nm Semiconductor, single laser, 100 mW
array of lasers 10 W
Nd:YAG 1060 nm (1.06 pm) Solid state 600 W
HF 2600-3000 nm Chemical 150 W
(2.6-3.0 um)
CO2 10600 nm (10.6 pm) Gas 100 W
Table 2. Properties of Pulsed Lasers
Maximum Maximum Maximum
Laser (general) | Wavelength Laser medium Pulse duration | energy repetition rate | average power
(J per pulse) | (Hz)
Excimer 193 nm ArF gas 5-25 nsec 0.5 1000 50
249 nm KrF gas 2-40 nsec 1 500 100
308 nm XeCl gas 1-300 nsec 1.5 500 150
351 nm XeF gas 1-30 nsec 0.5 500 30
Dye: Ar pumped | 400-1000 nm Liquid dye 3-50 nsec 0.1 100 10
flash pumped 350-1000 nm Liquid dye 0.2-30 psec 50 50 50
Metal vapor 628 nm Au vapor 15 nsec 10+ 10¢ 1
Semiconductor | 750-1550 nm Single junction 0.2-2 psec 10 4 10¢ 0.1
(AIGaAs) Array of lasers 2-200 psec 100 1
Nd:YAG 1.06 pm Solid 10 nsec 1 20 20
Er:YAG 2.94 um Solid 200 psec 2 20 30
HF 2.6-3 um Chemical 50-200 nsec 1 20 3
CO2 pulsed 10.6 um Gas 10 psec - 10 msec 5 1000 100
waveguide Gas 1 psec 0.01 5000 50
TEA Gas 20 nsec - 10 psec 150 1000 30




we have one of these lasers at the Instituto Superior
Técnico and it can reach multi-terawatts (>10'?W), with
a pulse duration of hundreds of femtoseconds and with
a repetition rate of one shot (pulse) every two minutes.
Currently, the highest peak power operating lasers already
exceed the Petawatt (1000 terawatts) level.

LASER UTILIZATION PARAMETERS
MEDICAL APPLICATIONS

Besides the laser emission parameters, which characterize
the output of the emitted radiation of a laser, there are
other parameters that characterize the way a laser beam
is applied, for example, in laser-tissue interaction. We
can call them Laser Utilization Parameters, and they
are the following: exposure surface, power density (or
irradiance), radiant exposure (or fluence), radiant energy
density (or dose) and exposure time*?.

Because of its small divergence, we may consider that a
light beam emitted by a laser is parallel. At its output, the
beam diameter is defined by the beam opening, as we have
seen before. However, aided by focusing elements, such as
lenses and curved mirrors, we can easily change the shape
of the beam, increasing or decreasing its diameter and
divergence, according to its application. By changing the
beam diameter, we are basically molding the area of action
of the laser beam in the object in which it is being applied
(biological tissue, in the case of medical lasers). This area is
called the exposure surface and is defined by the zransversal
section of the laser beam when it hits the interaction zone.
This parameter is fundamental to determine power and
energy densities. The ratio of the emitted power (P) to the
exposure surface area (4) is called the power density or
irradiance (J). The unit commonly used to measure the
power density / = P/A is W/em?.

A laser beam may operate intermittently or the laser power
applied to a given surface may vary with time. The rozal
applied energy divided by the exposure surface area is called
the radiant exposure or fluence. The unit in which radiant
exposure is measured is J/cm® This is one of the most
important parameters for laser therapy, as we will see later. If,
besides the exposure surface, we take into account the depth
to which the radiation penetrates a tissue, we can define
a volume where the laser radiation is deposited. The laser
energy delivered, divided by this volume, is called radiant
energy density or dose and the usual unit is J/cm?.

All of the relevant effects with medical application in laser/
tissue interaction can be obtained with radiant exposure
(fluence) between 1 J/cm? and 1000 J/cm?. This is relatively
surprising because the power density (irradiance) itself may
vary more than fifteen orders of magnitude.

Therefore, only one parameter is important to distinguish
and control all these effects, which is the duration of
exposure to the laser radiation in the tissue, also simply
called the Exposure Time.

To illustrate this, in Figure 1 we have a map of
logarithmic scales with the five basic types of laser-
tissue interaction. In the ordinate axis we have the
irradiance in W/cm?. The abscissa axis represents the
exposure time in seconds. Two diagonal straight dashed
lines show constant densities of energy at 1 J/cm?* and
1000 J/cm?, respectively. According to the graph,
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Figure 1. Map of laser-tissue interactions. The circles only give
an approximate estimate of the associated laser parameters.

the time scale may be divided into four sections: CW
exposures of > 1 s for photochemical interactions, from
1 minute to 1 ps for thermal interactions, from 1 ps to
1 ns for photoablation, and < 1 ns for plasma-induced
ablation and photodisruption. The difference between
these latter two interactions is determined by different
radiant exposures. The reciprocal correlation between
irradiance and exposure time clearly demonstrates that
the same energy density is necessary to obtain any of the
interaction types. Therefore, the exposure time is the
main parameter in laser utilization that characterizes the

different mechanisms of laser-tissue interaction'.
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INTRODUCTION

Thermal effects are particularly associated with the absorp-
tion properties of biological tissues and occur as a stepwise
process'. At the molecular vibration-rotation level, the
absorption of a photon promotes the molecule to an excited
state (absorption), which is followed by inelastic collisions
with some partner molecules of the surrounding medium,
leading to the deactivation of the excited molecule and the
simultaneous increase in the kinetic energy (deactivation)
leading to a temperature increase"?.

Photothermal effect laser tissue interaction occurs when
laser energy is absorbed by the target tissue and converted
into heat. The effect depends on the magnitude and the
rate of temperature elevation.

Photothermal effects consist of a large group of laser tissue
interaction types, which cause local temperature elevation.
According to the peak value, specific laser-tissue interac-
tion effects can occur: hyperthermia, photocoagulation,
vaporization, carbonization or melting'.

PHOTOTHERMAL LASERTISSUE INTERACTION
Laser parameters and optical properties of biological
tissues determine if photothermal effects predominate
when laser light interacts with biological tissues. The
extension and type of lesion are also influenced by the
thermic properties of tissues'.

A) LASER PARAMETERS
Several laser parameters need to be taken into account in
order to achieve a particular photothermal effect:
o Wavelength
e Power Density or Irradiance
e  Exposure Time
e  Spot Size
e  Repetition Rate
Wavelength of the beam determines how effectively

will laser radiation be absorbed and scattered and
consequently how deep it will penetrate into the tissue.
Power Density - all effects medically relevant are achieved
at power densities between 1 J/cm? and 1000 J/cm?.
Exposure Time is the duration of laser radiation and a
key parameter determining the type of laser interaction
with biological tissues. This can be broadly considered
to be a thermal as well as a non-thermal effect. The “1 us
rule” postulates that laser pulse durations that are longer
than 1 ps are often associated with measurable thermal
effects, whereas exposures of less than 1 ps will become
negligible. Only shorter laser pulses allow other types of
interactions"*’ (Figure 1).
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Figure 1. Laser-tissue interactions. Influence of Exposure Time
and Power Density (adapted from Niemz').

Applied intensity is the ratio between power density and
pulse duration. Changes in spot diameter, pulse duration
and repetition rate result in different power densities'.
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B) OPTIC CHARACTERISTICS OF BIOLOGICAL
TISSUES
When biological tissues are exposed to laser light, several
effects occur as a result of their optical properties:

e Reflection and refraction

e Absorption

e  Scattering
Refraction can play an important role when irradiating
transparent tissues, such as the cornea.
As the absorption coeflicient and the scattering coefficient
are relevant optical properties of opaque tissues, refraction
assessment becomes impossible.
Absorption is mainly associated with the presence of free
water molecules, pigments and other macromolecules
in biological tissues. As an important biological tissue
constituent, water molecules play a central role in
the effects of laser-tissue interaction. The absorption
coeflicient is associated with the laser radiation wavelength
and its absorption by water molecules. Water is a
dominant absorber in the infrared range of the spectrum
as opposed to the visible spectrum and ultraviolet range.
There is an absorption peak at 3 pum related to symmetric
and asymmetric vibrational modes of water molecules.
The Er:YAG (2940 nm) and Er:YSGG (2780 nm) lasers
typically represent these thermal lasers. Ho:YAG lasers
also have a similar absorption peak of water (2120 nm)
(Figure 2). Similarly, a thermal absorption peak is seen
at 10.6 pm, corresponding to the CO2 laser wavelength.
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Figure 2. Absorption coeflicients and optical penetration depth
of water molecules and other tissue components correlated with
several laser wavelengths. Courtesy of Coherent-Lumenis.

Scattering is the dominant mechanism by which light is
homogeneously distributed within tissues*® (Figure 3).
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Figure 3. Interaction Laser (light) —Tissue (matter) (adapted
from Niemz').

THE THREE STAGES OF THE PROCESS OF
TISSUE HEATING AND THERMAL EFFECT

Three steps are described in the heating process and tissue
damage (Figure 4):

Thermal Tissue
Properties

Laser and Optical

parameters

! ! .

-» Heat Effects

!

Tissue Damage

Type of Tissue

Heat Generation || Heat Transport

Figure 4. Photothermal interaction model (adapted from
Niemz'). Heat generation is dependent on laser and optical
parameters. Heat transport is dependent on thermal tissue
properties. The effects of heat in tissues are dependent on each
type of tissue and the characteristics of its biological pigments:
melanin, hemoglobin, xantophyll, water and, possibly, others.
These are all responsible for heat absorption.

1. Optical stage - heat is generated by a process of photonics
energy absorption by molecules. This absorption causes
molecular excitation (collision with adjacent molecules)
corresponding to kinetic energy and vibration (Figure 4).
During photothermal laser interaction (Figure 5), the
absorbed photons that have been converted into heat,
increase local tissue temperature.

Tissue transmission or penetration depends on the
absorption and scattering coeflicients of biological
pigments, which act as endogenous absorbers.
Hemoglobin, melanin and xantophyll are pigmented
targets for laser irradiation. There is a selective absorption
by pigmented tissue structures, such as melanosomes, the
pigmented retinal epithelium and red blood cells.
Pigments may also be artificially in