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To my many friends in the optics community, to
the many people who have given graciously of
their time helping me understand more about
optics, people, and the world around us, and to
the coming generation in hope this book helps
you get started in the fascinating world of lasers
and optics.
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PREFACE

“For Credible Lasers, See Inside.”

THE LASER IS LESS THAN three years younger than the space age.
Just days after the Soviet Union launched Sputnik I on October 4,
1957, Charles Townes and Gordon Gould had two crucial discus-
sions at Columbia University about the idea that would become the
laser. As the United States and Soviets launched the space race,
Townes and Gould went their separate ways and started their own
race to make the laser. On May 16, 1960, Theodore Maiman crossed
the laser finish line, demonstrating the world’s first laser at Hughes
Research Laboratories in California.

Bright, coherent, and tightly focused, laser beams were a new
kind of light that excited the imagination. Science fiction writers
turned their fictional ray guns into lasers with a stroke of the pen.
Science writers inhaled deeply of the technological optimism of
the early 1960s and wrote breathless predictions about the future
of “the incredible laser.” An article in the November 11, 1962,
issue of the Sunday newspaper supplement This Week revealed
U.S. Army schemes for equipping soldiers with a “death-ray gun …
small enough to be carried or worn as a side-arm.” It quoted Air
Force Chief of Staff Curtis E. LeMay predicting that ground-based
lasers could zap incoming missiles at the speed of light.

The reality was something else. A bemused Arthur Schawlow,
who had worked with Townes on the laser, posted a copy of “The
Incredible Laser” on his door at Stanford University, along with a
note that read, “For credible lasers, see inside.” Irnee D’Haenens,
who had helped Maiman make the first laser, called the laser “a

xiii



xiv PREFACE

solution looking for a problem,” a joke that summed up the real
situation and became a catchphrase for the young laser indus-
try. The infant laser had tremendous potential, but it had to grow
up first.

D’Haenens’s joke lasted many years. So did the popular mis-
conception that lasers were science-fictional weapons. If you told
your neighbors you worked with lasers in the 1970s, they inevitably
thought you were building death rays. That began to change as
supermarkets installed laser scanners to automate checkout in the
early 1980s. Then lasers began playing music on compact disks.
Laser printers, laser pointers, CD-ROMs, and DVD players followed.
Laser surgery became common, particularly to treat eye disease.
Surveyors, farmers, and construction workers used lasers to draw
straight lines in their work. Lasers marked serial numbers on prod-
ucts, drilled holes in baby-bottle nipples, and performed a thousand
obscure tasks in the industry. Lasers transmitted billions of bits per
second through optical fibers, becoming the backbone of the global
telecommunications network and the internet.

The incredible laser has become credible, a global business
with annual sales in the billions of dollars. Lasers have spread
throughout science, medicine, and industry. Laser-generated digital
signals are the heavy traffic on the fiber-optic backbone of the global
information network. Lasers are essential components in home elec-
tronics, buried inside today’s CD, DVD, and Blu-Ray players. Laser
pointers are so cheap that they are cat toys. It is a rare household
that does not own at least one laser, though most are hidden inside
electronics or other things. Yet, lasers have not become merely rou-
tine; they still play vital roles in Nobel-grade scientific research.

This book will tell you about these real-world lasers. To borrow
Schawlow’s line, “For credible lasers, see inside.” It will tell you
how lasers work, what they do, and how they are used. It is arranged
somewhat like a textbook, but you can read it on your own to learn
about the field. Each chapter starts by stating what it will cover,
ends by reviewing key points, and is followed by a short multiple-
choice quiz.

We start with a broad overview of lasers. Chapter 2 reviews
key concepts of physics and optics that are essential to understand
lasers. You should review this even if you have a background
in physics, especially to check basic optical concepts and terms.
Chapters 3 and 4 describe what makes a laser work and how lasers
operate. Chapter 5 describes the optical accessories used with
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lasers. Try to master each of these chapters before going on to
the next.

Chapters 6 to 11 describe various types of lasers. Chapter 6
gives an overview of laser types and configurations and explains
such critical concepts as the difference between laser oscillation
and amplification, the importance of laser gain, and tunable lasers.
Chapter 7 describes the workings of gas lasers and important types
such as the helium-neon and carbon dioxide lasers. Chapter 8
covers solid-state lasers, from tiny green laser pointers to giant lab-
oratory systems. Chapter 9 covers fiber lasers, the fastest-growing
solid-state laser, now widely used in the industry because of its
power and high efficiency, along with fiber amplifiers used in
telecommunications. Chapter 10 covers the hot area of semicon-
ductor diode lasers, ranging from tiny chips to powerful pumps for
other lasers. Chapter 11 describes other types of lasers, including
tunable dye lasers, extreme ultraviolet sources, and free-electron
lasers.

The final three chapters cover laser applications, divided
into three groups. Chapter 12 describes low-power applications,
including communications, measurement, and optical data stor-
age. Chapter 13 covers high-power applications, including surgery,
industrial materials processing, and laser weapons. Chapter 14
focuses on research and emerging developments in areas including
spectroscopy, slow light, laser cooling, and extremely precise
measurements. The appendices, glossary, and index are included
to help make this book a useful reference.

To keep this book to a reasonable length, we concentrate on
lasers and their workings. We cover optics and laser applications
only in brief, but after reading this book, you may want to study
them in more detail.

I met my first laser in college and have been writing about laser
technology since 1974. I have found it fascinating, and I hope you
will, too.

JEFF HECHT

Auburndale, Massachusetts





CHAPTER 1
INTRODUCTION AND
OVERVIEW

ABOUT THIS CHAPTER

This chapter will introduce you to lasers. It will give you a basic
idea of their use, their operation, and their important properties.
This basic understanding will serve as a foundation for the more
detailed descriptions of lasers and their operation in later chap-
ters. After a brief introduction to lasers, this chapter will introduce
important laser properties and applications.

1.1 LASERS, OPTICS, AND PHOTONICS

To understand lasers, you should first understand where lasers fit
into the broader science and technology of light. That field was
long called optics, but now part of it is sometimes called photon-
ics. The differences in the meanings of the two words reflect how
the field has changed since the mid-20th century, and understand-
ing those differences will help you understand both lasers and the
larger world of light, optics and photonics.

Optics dates back to the origin of lenses in ancient times. It
is the science of telescopes, spectacles, microscopes, binoculars,
and other optical instruments that manipulate light using lenses,
mirrors, prisms, and other transparent and reflective objects. Isaac

Understanding Lasers: An Entry-Level Guide, Fourth Edition. Jeff Hecht.
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2 INTRODUCTION AND OVERVIEW

Newton famously described the fundamentals of optics in his 1704
book Opticks. He thought light was made of tiny particles, but a
century later an experiment by Thomas Young indicated light was
made of waves, and opinion shifted for a while.

In the late 19th century, physicists discovered that light was
a type of electromagnetic radiation, along with radio, infrared,
ultraviolet, X-rays, and gamma rays. They differ in the lengths
of the waves and in how fast they oscillate. The wavelength and
frequency depend on each other because electromagnetic waves
always travel at the speed of light. In the early 20th century, Albert
Einstein showed that electromagnetic radiation could behave both
as particles—called photons—and as waves, depending on how you
looked at them. The only fundamental difference among electro-
magnetic waves was their wavelength, which could also be mea-
sured as frequency or (photon) energy.

The science and technology of light have also grown increas-
ingly connected with electronics in the past century. Electronic
devices can measure light by converting it into electronic sig-
nals and measuring them. Television cameras and displays include
both optics and electronics. The first electronic circuits used vac-
uum tubes, but semiconductor devices began replacing tubes in
the mid-20th century. That brought a new generation of electro-
optic devices, including semiconductor electronics that emitted
and detected light, converting signals and energy back and forth
between photons and electrons.

In the late 20th century, the word photonics was coined to
describe devices that manipulate photons, like electronics manip-
ulate electrons. The use of the new term became controversial
because many people who worked in optics in the field saw it as
an attempt to “rebrand” their profession. Photonics has come to
refer to things that manipulate light when it acts more like a particle
(a photon) than a wave. By that definition, a laser or a sensor that
converts light (a series of photons) into an electronic signal is con-
sidered photonics, but a lens that refracts and focuses light waves
is considered optics. However, that definition remains somewhat
hazy. Today, both terms are used, but at this writing, Google tells us
that optics remains far ahead, indexed on 622 million web pages,
compared to a mere 17.6 million for photonics.

Whatever you want to call the field, you should learn the phys-
ical basics of light, optics and photonics, to understand how lasers
work. Chapter 2 will go into more detail.
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1.2 UNDERSTANDING THE LASER

The laser was born in 1960, long before the word “photonics” came
into use. Lasers retain a youthful image, thanks largely to continu-
ing advances in the technology. They vary widely. Some lasers are
tremendously sophisticated and incredibly precise scientific instru-
ments costing tens or hundreds of thousands of dollars. Others are
tiny semiconductor chips hidden inside optical disk players or pen-
shaped red pointers used as cat toys. The world’s biggest laser, the
National Ignition Facility at the Lawrence Livermore National Lab-
oratory, cost over a billion dollars and fills an entire building. The
tiny lasers inside CD or DVD players are the size of grains of sand
and cost pennies apiece. Red laser pointers sell for only a few dol-
lars and are often given away.

We now take many laser applications for granted. For decades,
laser scanners at store checkouts have read bar codes printed
on packages to tally prices and manage their inventory. Laser
pulses carried through optical fibers are the backbone of the global
telecommunications network. Builders use laser beams to make
sure walls and ceilings are flat and smooth. Offices use laser print-
ers to produce documents. Medical and scientific instruments use
lasers to make precise measurements. Lasers cut sheets of metals,
plastics, and other materials to desired shapes, so some parts of your
car are likely made with a laser. Chapters 12–14 describe many more
examples.

Laser light has special properties that make it useful in many
ways. You can think of a laser as a very well-behaved light bulb,
emitting a narrow beam of a single color rather than spreading white
light all around a room. You would not use a laser to illuminate a
room, but you can use a tightly focused single-color laser beam to
make precise measurements, to transport information around the
world at the speed of light, or to cut sheets of metal. Lasers have
become tools in industry, medicine, engineering, and science, as
well as components in optical systems.

Lasers come in many forms. The most common lasers are tiny
semiconductor chips that look like tiny pieces of metallic confetti;
untold millions of them are hidden inside electronic devices, mea-
suring devices, and communication systems. Others are glassy or
crystalline solids in the form of rods, slabs, or fibers. Some are tubes
filled with gases that emit laser light. Some emit light so feeble that
the eye can barely detect it; others are blindingly bright; and many
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emit infrared or ultraviolet light outside the human visible spec-
trum. Some perform delicate surgery; others weld sheets of metal.
Lasers are used by construction workers installing ceilings and by
scientists detecting gravitational waves.

What makes them all lasers is that they generate light in the
same way, by a process called “light amplification by the stimulated
emission of radiation” that gave us the word “LASER.” We will start
by explaining what makes laser light differ from that from the sun,
light bulbs, flames, and other light sources.

1.3 WHAT IS A LASER?

Each part of the phrase “light amplification by the stimulated emis-
sion of radiation” has a special meaning, so we will look at it piece
by piece, starting from the final word.

Radiation means electromagnetic radiation, a massless form
of energy that travels at the speed of light. It comes in various
forms, including visible light, infrared, ultraviolet, radio waves,
microwaves, and X-rays. Light and other forms of electromagnetic
radiation behave like both waves and particles (called photons).
You will learn more details in Chapter 2.

Stimulated emission tells us that lasers produce light in a spe-
cial way. The sun, flames, and light bulbs all emit light sponta-
neously, on their own, in order to release extra internal energy.
Lasers contain atoms or molecules that release their extra energy
when other light stimulates them. You will learn more about that
process, called stimulated emission, in Chapter 3.

Amplification means increasing the amount of light. In stimu-
lated emission, an input light wave stimulates an atom or molecule
to release its energy as a second wave, which is perfectly matched to
the input wave. The stimulated wave, in turn, can stimulate other
atoms or molecules to emit duplicate waves, amplifying the light
signal more. It may be easier to think of stimulated emission as
one light photon tickling or stimulating an atom or molecule so it
releases an identical photon, which in turn can stimulate the emis-
sion of another identical photon, producing a cascade of photons
that amplifies the light.

Light describes the type of electromagnetic radiation produced.
In practice, that means not just light visible to the human eye, but
also adjacent parts of the electromagnetic spectrum that our eyes
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cannot see because it is either longer in wavelength (infrared) or
shorter in wavelength (ultraviolet.)

It took decades to put the pieces together. Albert Einstein sug-
gested the possibility of stimulated emission in a paper published
in 1917. Stimulated emission was first observed in the 1920s, but
physicists long expected it to be much weaker than spontaneous
emission. The first hints that stimulated emission could be stronger
came in radio-frequency experiments shortly after World War II. In
1951, Charles H. Townes, then at Columbia University, thought of a
way to stimulate the emission of microwaves. His idea was to direct
ammonia molecules carrying extra energy into a cavity that would
reflect the microwaves back and forth through the gas. He called
his device a maser, an acronym for “microwave amplification by
the stimulated emission of radiation.”

It took until 1954 for Townes and his graduate student James
Gordon to make the maser work. Some ammonia molecules spon-
taneously emitted microwaves at a frequency of 24 gigahertz, and
that spontaneous emission could stimulate other excited ammonia
molecules to emit at the same frequency, building up a signal that
oscillated on its own. Alternatively, an external 24-GHz signal could
stimulate emission at that frequency from ammonia molecules, to
amplify the signal.

In principle, the maser process could be extended to other types
of electromagnetic waves, and in 1957, Townes started looking into
prospects for an optical version of the maser. Early in his research,
he talked with Gordon Gould, a Columbia graduate student who
was using light to energize material he was studying for his doctoral
research, a then-new idea called optical pumping. Townes soon
enlisted the help of his brother-in-law, Arthur Schawlow, to work
on the optical maser project. Gould, who dreamed of becoming an
inventor, quietly tackled the same idea. They essentially solved the
same physics problem independently, by placing mirrors at each
end of a cylinder so the laser light could oscillate between them.
Gould set out to patent his ideas; Townes and Schawlow published
their proposal in a scientific journal, Physical Review Letters. Their
work launched a race to build a laser, which I chronicled in Beam:
The Race to Make the Laser (Oxford University Press, 2005).

Townes shared in the 1964 Nobel Prize in physics for his pio-
neering work on “the maser/laser principle.” After a long series
of legal battles, Gould earned tens of millions of dollars from his
patent claims. However, a third physicist won the race to make the
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Figure 1-1. Theodore Maiman and Irnee J. D’Haenens with a replica of the
world’s first laser, which they made at Hughes Research Laboratories in 1960.
(Reprinted from Hughes Research Laboratories, courtesy of AIP Neils Bohr
Library.)

first laser. On May 16, 1960, Theodore Maiman used a photographic
flashlamp to excite a fingertip-sized crystal of synthetic ruby to emit
pulses of red light from the world’s first laser at Hughes Research
Laboratories in Malibu, California. Figure  1-1 shows Maiman and
his assistant Irnee D’Haenens holding a replica of his elegant little
device.

The ruby laser illustrates how a laser works. Energy from an
external source, the lamp, was absorbed by chromium atoms in
the ruby cylinder. A few chromium atoms spontaneously emitted
photons of red light, which traveled through the ruby. Silver film
coated on the ends of the cylinder reflected the red photons back
into the ruby, where they stimulated other excited chromium atoms
to emit identical photons in the same direction, amplifying the
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light. Those photons bounced back and forth between the end mir-
rors, oscillating (as explained in Box 1.1) within the cavity formed
by the two mirrors, with some light emerging through a hole in
one coating to form the laser beam. The light was all at the same
wavelength, 694 nanometers (1 nm = 10–9 meter) at the red end
of the visible spectrum. It was also coherent, with all the waves
aligned with each other and marching along in step like soldiers
on parade.

Maiman’s laser emitted a pulse of laser light every time the
flashlamp fired, and pulsed operation proved attractive for some
uses. Other lasers generated a continuous beam, which was attrac-
tive for other purposes. New laser materials followed, including
crystals and glasses containing various light-emitting elements,
tubes filled with mixtures of light-emitting gases, and tiny chips
of semiconductor compounds such as gallium arsenide or gallium
nitride, which today are the world’s most common lasers.

BOX 1.1 LASER OSCILLATION

Stimulated emission amplifies light in a laser, but the laser itself
is called an oscillator because it generates a beam on its own
rather than amplifying light from an outside source. So you may
wonder why the word “laser” comes from “light amplification by
the stimulated emission of radiation”? There’s an interesting bit
of history behind that.

Charles Townes created the word “maser” as an acronym for
microwave amplification by the stimulated emission of radiation.
When he began thinking of a version of the maser that used light,
he called it an optical maser. When Gordon Gould sat down to
tackle the same problem, he wrote “laser” at the top of his notes,
coining the acronym for light amplification by the stimulated
emission of radiation. As the competition between Townes and
Gould became intense, each side pushed its own term.

Arthur Schawlow was a jovial soul, and at one conference
pointed out that because the laser was actually an oscillator, it
should be described as “light oscillation by the stimulated emis-
sion of radiation,” making the laser a “loser.” Everybody laughed,
but the word laser proved to be a winner.
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Lasers operate at wavelengths from the far infrared all the way
to X-rays. They can generate modest powers far below one watt,
steady powers of thousands of watts, or concentrate light into pulses
lasting less than a trillionth of a second. Chapters 2 through 5
will describe the basics of laser physics in more detail. Chapters
6 through 11 will describe various types of lasers, and Chapters  12
through 14 will explain important and important uses of lasers.
But first let’s take a quick look at various types of lasers and their
properties.

1.4 LASER MATERIALS AND TYPES

Laser performance depends strongly on the materials from which
they are made. Maiman won the laser race because he knew the
optical properties of ruby and designed his laser to take advantage
of them.

The ruby laser worked because Maiman used a flash lamp to
produce a bright pulse of visible light that excited chromium atoms
in the ruby rod to a higher energy level. The chromium atoms
remained in that high energy level until they released their energy
as red light and dropped to a lower energy level. Some of those pho-
tons then stimulated emission from other chromium atom, which
also emitted red light, producing a cascade of red light that became
a laser pulse. Figure  1-2 shows the basic idea.

Ruby is an example of a solid-state laser, in which light-
emitting atoms are distributed in a transparent solid. In ruby, the
transparent material is sapphire (aluminum oxide or Al2O3) and
the light-emitting atoms are chromium. Such transparent solids do
not conduct electric current, so the light-emitting atoms must be
excited by light from an external source, such as a flash lamp or
another laser, a process called optical pumping. Typically small
quantities of light-emitting elements such as neodymium, erbium,
and ytterbium are added to transparent crystals, glasses, and ceram-
ics, which are shaped into rods, thin disks, slabs, or optical fibers
for use in lasers.

Some solid-state lasers are excited with flash lamps or
with bright lamps that emit continuously. Others are excited by
light from other lasers, usually semiconductor diodes. Chapter 8
describes solid-state lasers in more detail. Chapter 9 describes fiber
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Initial spontaneous emission

Stimulates emission of another photon

Which continues
to produce the
cascade of photons
in a laser beam

Figure 1-2. A single spontaneously emitted photon triggers stimulated emission
from excited atoms, building up a cascade of stimulated emission. In ruby, the
excited atoms are chromium.

lasers, a type of solid-state laser distinct and important enough to
deserve their own chapter.

A second broad class of lasers are gas lasers, covered in Chap-
ter 7, in which a light-emitting gas or vapor is confined inside a
hollow tube with mirrors on the ends. Passing an electric discharge
through the gas excites the atoms to states in which they can gener-
ate stimulated emission. Important examples are the helium–neon,
rare-gas-halide and carbon dioxide lasers, described in more detail
in Chapter 7. Gas lasers have been replaced by solid-state lasers for
many applications but remain in use for others.

A third broad class are semiconductor lasers, which, in the
laser world, are considered distinct from solid-state lasers. Most
semiconductor lasers are called diode lasers or laser diodes because
they have two electrical terminals, and current flows in only one
direction between the terminals to generate stimulated emission
inside the semiconductor, as you will learn in Chapter 10. Semicon-
ductor lasers are versatile devices that can play many roles in laser
technology. Some are tiny, cheap, and low-power devices used in
CD, DVD, and Blu-Ray players, and laser pointers. Others are larger
devices that emit hundreds of watts and can convert more than half
of the electrical energy passing through them into light, for use in
pumping solid-state lasers or in some industrial applications.
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Chapter 11 describes a few lasers that have found important
applications but do not fall into the broad categories of gas, solid-
state, fiber, or semiconductor lasers. It also covers a number of light
sources that generate laser-like light but do not exactly fall under
the definition of lasers. Many are nonlinear devices that shift laser
light to other wavelengths in various ways.

1.5 OPTICAL PROPERTIES OF LASER LIGHT

The practical importance of lasers comes from the unusual proper-
ties of light in a laser beam. These properties are crucial for appli-
cations of lasers ranging from cutting sheets of plastic or metal to
making extremely precise and sensitive measurements in scientific
research. The most important of these optical properties are:

� Wavelength(s)
� Beam power and energy
� Variation of beam power with time (e.g., pulse duration)
� Beam divergence and size
� Coherence
� Efficiency

1.5.1 Wavelength(s)

Most lasers are called monochromatic, meaning single-colored, but
that single wavelength generally can be adjusted a little or a lot,
depending on the light-emitting material in the laser and on the
optics used in the laser. The laser material determines the range
of possible wavelengths; the optics select which of those the laser
emits. The details can become complicated and are covered in
Chapters 3 and 4.

Lasers typically operate in the ultraviolet, visible, and infrared
parts of the spectrum. Table 1-1 lists some important lasers emit-
ting in that range, their primary wavelengths, and the chapters that
describe them. In addition, it is possible to generate additional
wavelengths from these lasers, some of which can be quite impor-
tant, such as the 532-nanometer green line produced by generat-
ing the second harmonic of the 1064-nm line of neodymium, as
described in Section 5.6. Thousands of other laser lines have been
demonstrated in the laboratory, but most are not used regularly.
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Table 1-1. Some important lasers and their wavelengths

Laser name and type Wavelengths Chapter

Argon fluoride (ArF) gas, excimer 193 nm 7
Krypton fluoride (KrF) gas, excimer 248 nm 7
Organic dye, liquid 320–1000 nm 11
Nitride diode (InGaN), semiconductor 375–525 nm 10
Argon ion, gas 488, 514.5 nm 7
Helium–neon, gas 632.8 nm 7
InGaAlP, semiconductor 635–660 nm 10
GaAsP, semiconductor 670 nm 10
Titanium–sapphire, solid-state 700–1000 nm 8
GaAs/GaAlAs, semiconductor 780–905 nm 10
InGaAs, semiconductor 915–980 nm 10
Ytterbium, fiber, solid-state 1030–1080 nm 9
Neodymium, solid-state 1060, 1064 nm 8
InGaAsP, semiconductor 1150–1650 nm 10
Erbium, fiber, solid-state 1530–1600 nm 8, 9
Quantum cascade, semiconductor 4–12 μm 10
Carbon dioxide (CO2) 9–11 μm 7

1.5.2 Beam Power, Energy, and Intensity

Power is a critical quantity for laser beams, and it can be measured
in three different ways that give distinctly different information.

Power measures the rate of energy delivery by a laser beam. It
is important to remember that power is the amount of energy deliv-
ered per unit time. It is defined by the formula:

Power =
Δ energy
Δ time

(1-1)

One watt of power equals one joule (of energy) per second.
Strictly speaking, power measures how fast energy is being deliv-
ered at any given instant, so it varies with time for pulsed lasers, but
is nominally constant for continuous lasers. If a laser emits a series
of pulses, it can also be measured by its average power, the sum of
the pulse energies divided by the time covered. The powers of con-
tinuous laser beams range from less than a milliwatt (0.001 watt)
to over a hundred kilowatts (100,000 W), and the average powers
of repetitively pulsed lasers are similar. Peak power measures the
maximum rate of power delivery during a laser pulse and can reach
much higher levels.
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Energy in joules measures the total amount of energy delivered
during an interval. Typically, it measures the energy delivered by a
single laser pulse. The shorter the time the laser takes to deliver a
given energy, the higher the peak power.

Intensity measures the power deposited per unit area. The
smaller the laser spot, the higher the intensity and the more it affects
what it illuminates. Think of how bright sunlight may warm a piece
of paper, but focusing sunlight through a magnifier can heat the
paper so it burns in a small spot.

All of these quantities are important and will be discussed in
more detail later.

1.5.3 Laser Variations in Time

Some lasers can emit continuous beams, but others are limited to
emitting pulses because of their internal physics. Continuous lasers
can be turned on and off by modulating their output in some way.
The details differ among laser types, and we will explain them when
we cover the individual laser types. Inherently pulsed lasers typi-
cally fire a series of pulses at regular intervals, but some fire only a
single laser shot at a time.

The length of laser pulses can vary widely, ranging from mil-
liseconds (10–3 second) to femtoseconds (10–15 second). The pulse
timing and spacing may depend on the physics of the laser, but
these can also be controlled by the operator. One approach is to
modulate the input power so the laser switches on and off, as when
you turn a laser pointer on and off. Another way to control output
is by using optical accessories described in Chapter 5. Modulating
laser output can be very important and will be explained later in
this book.

1.5.4 Beam Appearance, Divergence, and Size

You cannot see a laser beam in the air unless something reflects the
light toward you, such as smoke or fog in the air or the beam hitting
a wall or your hand. When the beam emerges from the laser, it has
a diameter that depends on the size of the output optics. For small
lasers such as red laser pointers, this typically is a millimeter or two
and looks as thin as a string or a pencil line.

Although a laser beam looks straight to your eyes, it actually
spreads at a very small angle, called the divergence, which is shown
in Figure  1-3. The divergence depends both on the type of the laser


