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Preface

This college textbook describes the theory, operating characteristics, and design
features of solid-state lasers. The book is intended for students who want to famil-
iarize themselves with solid-state lasers beyond the level of a general textbook.

Although the book is aimed at students who are thinking of entering this fas-
cinating field, it might also be used by practicing scientists and engineers who
are changing their technical direction and want to learn more about this particu-
lar class of lasers. After studying the material presented in this book, the reader
should be able to follow the scientific and technical literature and have an under-
standing of the basic principles and engineering issues of solid-state lasers, as well
as an appreciation of the subtleties, richness of design, and operating possibilities
afforded by these systems.

Solid-state lasers and systems represent a one-billion dollar industry, and they
are the dominant class of lasers for research, industrial, medical, and military
applications. Given the importance of solid-state lasers, a graduate text is required
that deals explicitly with these devices.

Following the demonstration of the first laser over 40 years ago, an extraordi-
nary number of different types of lasers have been invented using a wide variety
of active media and pump techniques to create an inversion. As a sign of a matur-
ing industry, laser research and engineering has developed into many specialized
disciplines depending on the laser medium (solid-state, semiconductor, neutral or
ionized gas, liquid) and excitation mechanism (optical pumping, electric current,
gas discharge, chemical reaction, electron beam).

The development of solid-state systems represents a multidisciplinary effort
and is the result of the interaction of professionals from many branches of science
and engineering, such as spectroscopy, solid-state and laser physics, optical de-
sign, and electronic and mechanical engineering. Today, solid-state laser systems
are very sophisticated devices, and the field has developed so far that it is difficult
for a professional to enter it without prior familiarization with the basic concepts
and technology of this class of lasers.

For historical reasons, solid-state lasers describe a class of lasers in which ac-
tive ions in crystal or glass host materials are optically pumped to create a pop-
ulation inversion. Other types of lasers that employ solid-state gain media are
semiconductor lasers and optical fiber lasers and amplifiers. However, since these
lasers employ very specialized technologies and design principles, they are usu-
ally treated separately from conventional bulk solid-state lasers.

The design and performance characteristics of laser diode arrays are discussed
in this book because these devices are employed as pump sources for solid-state
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vi Preface

lasers. Fiber lasers are very similar to conventional solid-state lases as far as the
active material and pump source is concerned. However, they are radically dif-
ferent with respect to beam confinement, mode structure, coupling of pump and
laser beams, and the design of optical components.

The content and structure of this textbook follow closely the book by Wal-
ter Koechner entitled Solid-State Laser Engineering which is currently in its Sth
edition. In this college text the material has been streamlined by deleting cer-
tain engineering and hardware-related details, and more emphasis is placed on
a tutorial presentation of the material. Also, each chapter includes tutorial exer-
cises prepared by Professor Michael Bass to help the student reinforce the dis-
cussions in the text. A complete solutions manual for instructors is available from
textbook @springer-ny.com.

After a historical overview, the books starts with a review of the basic concepts
of laser physics (chapter 1), followed by an overview of the different classes and
properties of solid-state laser materials (chapter 2). Analytical expressions of the
threshold condition, and gain and output of laser oscillators are derived in chap-
ter 3. An oscillator followed by one or more amplifiers is a common architecture
in pulsed solid-state laser systems to boost output energy. Energy storage and gain
of amplifiers is discussed in chapter 4. Beam divergence and line width of an os-
cillator are strongly dependent on the spatial and longitudinal mode structure of
the resonator. Resonator configuration and characteristics are presented in chap-
ter 5. Different pump source configurations for transferring pump radiation to the
active medium are discussed in chapter 6. Thermal gradients set up as a result of
heat removal from the active medium have a profound impact on beam quality
and output power limitations. Thermal effects and cooling techniques are treated
in chapter 7. The output from a laser can be changed temporally or spectrally by
Q-switching, mode-locking, and frequency conversion via nonlinear phenomena.
These techniques are discussed in the last three chapters.

We would like to thank Judy Eure and Renate Koechner for typing the new
material and the editor, Dr. Hans Koelsch, for suggesting a college text on the
subject of solid-state lasers. We also thank Prof. D. Hagan for suggestions related
to the nonlinear optics exercises and Drs. Bin Chen and Jun Dong and Mrs. Hong
Shun and Teyuan Chung for testing the exercises.

Special thanks are due to our wives Renate Koechner and Judith Bass, who
have been very patient and supportive throughout this project.

Herndon, Virginia Walter Koechner
Orlando, Florida Michael Bass
September 2002
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Introduction

Overview of the History, Performance
Characteristics, and Applications of
Solid-State Lasers

Major Milestones in the Development of Solid-State Lasers
Typical Performance Parameters and Applications

In this Introduction we will provide a short overview of the important milestones
in the development of solid-state lasers, discuss the range of performance pa-
rameters possible with these lasers, and mention major applications. Besides the
compactness and benign operating features, it was the enormous flexibility in de-
sign and output characteristics which led to the success of solid-state lasers over
the last 40 years.

Major Milestones in the Development of Solid-State Lasers

Historically, the search for lasers began as an extension of stimulated ampli-
fication techniques employed in the microwave region. Masers, coined from
Microwave Amplification by Stimulated Emission of Radiation, served as sen-
sitive preamplifiers in microwave receivers. In 1954 the first maser was built by
C. Townes and utilized the inversion population between two molecular levels of
ammonia to amplify radiation at a wavelength around 1.25 cm.

In 1955 an optical excitation scheme for masers was simultaneously proposed
by N. Bloembergen, A.M. Prokorov, and N.G. Basov. A few years later, masers
were mostly built using optically pumped ruby crystals. In 1958 A. Schawlow and
C. Townes proposed extending the maser principle to optical frequencies and the
use of a Fabry—Perot resonator for feedback. However, they did not find a suitable
material or the means of exciting it to the required degree of population inversion.

This was accomplished by T. Maiman who built the first laser in 1960. It was a
pink ruby crystal (sapphire with trivalent chromium impurities), optically pumped
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2 Introduction

by a helical flashlamp that surrounded the cylindrical laser crystal. The parallel
ends of the ruby crystal were silvered, with a small hole at one end for observing
the radiation. The reflective surfaces comprised the optical resonator. The output
wavelength was 694 nm. It was T. Maiman who coined the name “laser,” in anal-
ogy to maser, as an abbreviation of Light Amplification by Stimulated Emission
of Radiation.

In early ruby laser systems the output consisted of a series of irregular spikes,
stretching over the duration of the pump pulse. A key discovery made by R.W.
Hellwarth in 1961 was a method called Q-switching for concentrating the out-
put from the ruby laser into a single pulse. The Q-switch is an optical shutter
which prevents laser action during the flashlamp pulse, therefore the population
inversion can reach large values. If the shutter is suddenly opened, stored energy
will be released in a time characterized by a few round trips between the res-
onator mirrors. Hellwarth initially proposed a Kerr cell, a device which rotates
the plane of polarization when voltage is applied. This Q-switch, which consisted
of a cell filled with nitrobenzene, required very high voltages for Q-switching;
it was soon replaced by spinning one of the resonator mirrors. A further refine-
ment was the insertion of a spinning prism between the fixed mirrors of the res-
onator.

The earliest application of the laser was in active range-finding by measuring
the time of flight of a laser pulse reflected from a target. Investigations in this
direction started immediately after the discovery of the ruby laser. Four years
later, fully militarized rangefinders containing a flashlamp-pulsed ruby laser with
a spinning prism Q-switch went into production. For about 10 years ruby-based
rangefinders were manufactured; afterward the ruby laser was replaced by the
more efficient neodymium doped yttrium aluminum garnet (Nd : YAG) laser.

Beside the use in range finders, the ruby laser was basically a research tool
and, for the next 15 years, ruby lasers became the standard high-power radiation
source in the visible region for research at university, government, and industrial
laboratories. Applications in an industrial environment were rare, in large part
due to the low-pulse repetition rate of the ruby laser (a pulse every few seconds),
high cost of the equipment, and the unfamiliarity of the industry with this new
radiation source. Some of the specialized applications included drilling holes in
diamonds that are used as dies for drawing wires, or spot welding in vacuum
through the glass envelope of vacuum tubes. Another application was stress anal-
ysis by means of double pulse holography, in which surface deformation due to
stress or temperature is measured interferometrically between two pulses.

The discovery of the ruby laser triggered an intensive search for other ma-
terials, and in rapid succession laser action in other solids, gases, semiconduc-
tors, and liquids was demonstrated. Following the discovery of the ruby laser, the
next solid-state material was uranium-doped calcium fluoride which was lased
in late 1960. The first solid-state neodymium laser was calcium tungstate doped
with neodymium ions. This laser, discovered in 1961, was used in research facil-
ities for a number of years until yttrium aluminate garnet, as a host material for
neodymium, was discovered.
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In 1961, E. Snitzer demonstrated the first neodymium glass laser. Since
Nd: glass could be made in much larger dimensions and with better quality
than ruby, it promised to deliver much higher energies. It was quickly realized
that high energy, short pulses produced from large Nd : glass lasers possessed the
potential to heat matter to thermonuclear temperatures, thus generating energy in
small controlled explosions. Large budgets have been devoted to the development
and installation of huge Nd: glass laser systems which became the world-wide
systems of choice for laser fusion research and weapons simulation. The most
powerful of these systems, the NOVA laser, completed in 1985, produced 100 kJ
of energy in a 2.5 ns pulse. Systems with energies ten times larger are currently
under construction.

Using a ruby laser, P.A. Franken demonstrated second harmonic generation in
crystal quartz in 1961. Generation of harmonics is caused by the nonlinear behav-
ior of the refractive index in the presence of a very high electric field strength. The
conversion of the fundamental wavelength to the second harmonics was extremely
small because the interaction length of the beams was only a few wavelengths and
the nonlinearity of quartz is very low.

Soon after these first nonlinear optics experiments were conducted it was re-
alized that efficient nonlinear interactions require a means of achieving phase-
velocity matching of the interacting waves over a distance of many wavelengths.
Within a year, two basic approaches to achieve efficient harmonic generation were
published in the literature. One approach, namely the use of birefringence to off-
set dispersion, is still the preferred method for most nonlinear processes in use
today. Efficient harmonic generation was soon achieved in birefringence com-
pensated potassium dihydrogen phosphate (KDP) crystals, a crystal which is still
employed today for the generation of the third harmonic of large Nd : glass lasers.
The other method, namely the use of a periodic modulation of the sign of the
nonlinear coefficient to restore the optical phase, could only be realized 30 years
later. In the early 1990s, lithographic processing techniques enabled the fabrica-
tion of quasi-phase-matched small crystals using electric field poling of lithium
niobate.

In 1962 the idea of parametric amplification and generation of tunable light was
conceived, and a few years later the first experiment demonstrating parametric
gain was achieved. Commercial parametric oscillators based on lithium niobate
were introduced in 1971. Damage of the nonlinear material and the appearance
of tunable dye lasers led to a decline in interest in Optical parametric Oscillators
(OPOs) for almost 20 years. The discovery of damage-resistant nonlinear crystals
with large nonlinear coefficients in the early 1990s revived interest in OPOs, and
today tunable solid-state lasers covering the wavelength range from the visible
to the near-infrared have found widespread applications in spectroscopy, remote
sensing, and wherever a tunable radiation source is required.

The possibility of laser action in a semiconductor was explored rather early.
Initially, intrinsic semiconductors pumped by an electron beam or by optical ra-
diation were considered. However, at the end of 1962, several groups succeeded
in producing pulsed output from gallium—arsenide p—n junctions cooled to cryo-
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genic temperatures. About 10 years later, continuous operation at room tempera-
ture was achieved.

The first optical fiber amplifier was demonstrated in 1963 using a 1 m long
neodymium-doped glass fiber wrapped around a flashlamp. However, the con-
cept received little attention until the 1980s when low-loss optical fibers became
available and the fiber-optic communications industry explored these devices for
amplification of signals.

In 1964 the best choice of a host for neodymium ions, namely yttrium alu-
minum garnet (YAG), was discovered by J. Geusic. Since that time, Nd: YAG
remains the most versatile and widely used active material for solid-state lasers.
Nd: YAG has a low threshold which permits continuous operation, and the host
crystal has good thermal, mechanical, and optical properties and can be grown
with relative ease.

An immediate application was the replacement of ruby with Nd : YAG in mili-
tary rangefinders. Since the system efficiency was about a factor of 10 higher with
Nd: YAG as compared to ruby, the weight of storage capacitors and batteries was
drastically reduced. This allowed the transition from a tripod-mounted unit, the
size of a briefcase, to a hand-held device only slightly larger than a binocular.

Continuously pumped, repetitively Q-switched Nd: YAG lasers were the first
solid-state lasers which found applications in a production environment, mainly in
the semiconductor industry for resistor trimming, silicon scribing, and marking.
The early systems were pumped with tungsten filament lamps and Q-switched
with a rotating polygon prism. Reliability was a big issue because lamp-life was
short—on the order of 40 hours—and the bearings of the high-speed motors
employed in the rotating Q-switches did wear out frequently. The mechanical
Q-switches were eventually replaced by acousto-optic Q-switches, and krypton
arc lamps replaced tungsten filament lamps.

Up to this point, solid-state lasers were capable of generating very impressive
peak powers, but average power was still limited to a few watts or at most a few
tens of watts. However, at the end of the 1960s, continuously pumped Nd : YAG
lasers with multihundred watts output power became commercially available.

During the first years of laser research, a particular effort was directed toward
generation of short pulses from Nd : glass and ruby lasers. With Q-switching, sev-
eral round trips are required for radiation to build up. Given the length of the res-
onator and available gain of these early systems, the pulses were on the order of 10
to 20 ns. The next step toward shorter pulses was a technique called cavity dump-
ing, whereby the radiation in the resonator, as it reached its peak, was quickly
dumped by a fast Q-switch. Pulses with a duration on the order of one round
trip (a few nanoseconds) in the resonator could be generated with this method. In
1965, a technique termed “mode-locking” was invented. Mode-locking is a tech-
nique whereby passive loss modulation, with a fast response saturable absorber,
or by active loss of frequency modulation, a fixed relationship among the phases
of the longitudinal modes is enforced. With either passive or active mode-locking,
pulses much shorter than a resonator round trip time can be generated; typically,
pulses are on the order of 20 to 100 ps.
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By the end of the 1960s, most of the important inventions with regard to solid-
state laser technology had been made. Nd: YAG and Nd: glass proved clearly
superior over many other solid-state laser materials; short-pulse generation by
means of Q-switching and mode-locking, as well as frequency conversion with
harmonic generators and parametric oscillators, was well understood. Xenon-
filled flashlamps and krypton arc lamps had been developed as pump sources and
laser diodes were recognized as an ideal pump source, but due to a lack of suitable
devices the technology could not be implemented.

To gain wider acceptance in manufacturing processes, the reliability of the laser
systems needed improvement and the operation of the lasers had to be simplified.
During the 1970s, efforts concentrated on engineering improvements, such as an
increase in component and system lifetime and reliability. The early lasers often
worked poorly and had severe reliability problems. At the component level, dam-
age resistant optical coatings and high-quality laser crystals had to be developed;
and the lifetime of flash lamps and arc lamps had to be drastically improved.
On the system side, the problems requiring solutions were associated with water
leaks, corrosion of metal parts by the cooling fluid, deterioration of seals and other
parts in the pump cavity due to the ultraviolet radiation of the flashlamps, arcing
within the high-voltage section of the laser, and contamination of optical surfaces
caused by the environment.

The application of solid-state lasers for military tactical systems proceeded
along a clear path since there is no alternative for rangefinders, target illuminators,
and designators. At the same time construction of large Nd : glass lasers began at
many research facilities. Also solid-state lasers were readily accepted as versatile
research tools in many laboratories.

Much more difficult and rather disappointing at first was the acceptance of the
solid-state lasers for industrial and medical applications. Despite improvement in
systems reliability and performance, it took more than two decades of develop-
ment and engineering improvements before solid-state lasers moved in any num-
bers out of the laboratory and onto the production floor or into instruments used
in medical procedures. Often applications that showed technical feasibility in the
laboratory were not suitable for production because of economic reasons, such
as high operating costs or limited processing speeds. Also, other laser systems
provided strong competition for a relatively small market. The CO; laser proved
to be a simpler and more robust system for many industrial and medical appli-
cations. Also, the argon ion laser was readily accepted and preferred over solid-
state lasers for retinal photocoagulation. The dye laser was the system of choice
for tunable laser sources. The entry of solid-state lasers into manufacturing pro-
cesses started with very specialized applications, either for working with difficult
materials, such as titanium, or for difficult machining operations, such as drilling
holes in slanted surfaces; for example, in jet fuel nozzles or for precision material
removal required in the semiconductor and electronics industry.

In the latter part of the 1970s, and into the 1980s, a number of tunable lasers
were discovered, such as alexandrite, titanium-doped sapphire, and chromium-
doped fluoride crystals. The most important tunable laser, Ti: sapphire, discov-



6 Introduction

ered in the mid-1980s, is tunable between 660 and 980 nm. This laser must be
pumped with another laser in the blue—green wavelength region. Alexandrite,
first operated in 1979, has a smaller tunable output but can be flashlamp-pumped.
Chromium-doped fluoride crystals such as lithium strontium aluminum fluoride
and lithium calcium aluminum fluoride are of interest because they can be pumped
with laser diodes.

In the late 1980s, the combination of broad band tunable lasers in combina-
tion with ultrafast modulation techniques, such as Kerr lens mode-locking, led to
the development of mode-locked lasers with pulse widths on the order of femto-
seconds. The pulse width limit of a mode-locked laser is inversely proportional to
the bandwidth of the laser material. For neodymium-based lasers, the lower limit
for the pulse width is a few picoseconds. Laser media with a much larger gain
bandwidth, such as Ti: sapphire, can produce much shorter pulses compared to
neodymium lasers.

Over the years, the performance of diode lasers has been constantly improved
as new laser structures and new material growth and processing techniques were
developed. This led to devices with longer lifetimes, lower threshold currents, and
higher output powers. In the 1970s, diode lasers capable of continuous operation
at room temperature were developed. In the mid-1980s, with the introduction of
epitaxial processes and a greatly increased sophistication in the junction struc-
ture of GaAs devices, laser diodes became commercially available with output
powers of several watts. These devices had sufficient power to render them useful
for the pumping of Nd : YAG lasers. The spectral match of the diode laser output
with the absorption of neodymium lasers results in a dramatic increase in system
efficiency, and a reduction of the thermal load of the solid-state laser material.
Military applications and the associated research and development funding pro-
vided the basis for exploring this new technology. Since the early laser diodes
were very expensive, their use as pump sources could only be justified where
diode pumping provided an enabling technology. Therefore the first applications
for diode-pumped Nd : YAG lasers were for space and airborne platforms, where
compactness and power consumption is of particular importance.

As diode lasers became less expensive, these pump sources were incorpo-
rated into smaller commercial solid-state lasers. At this point, laser diode-pumped
solid-state lasers began their rapid evolution that continues today. Diode pump-
ing offers significant improvements in overall systems efficiency, reliability, and
compactness. In addition, diode pumping has added considerable variety to the
design possibilities of solid-state lasers. In many cases laser diode arrays were
not just a replacement for flashlamps or arc lamps, but provided means for de-
signing completely new laser configurations.They also led to the exploration of
several new laser materials. Radiation from laser diodes can be collimated; this
provides great flexibility of designing solid-state lasers with regard to the shape
of the laser medium and orientation of the pump beam. In end-pumped lasers, the
pump beam and resonator axis are collinear which led to highly efficient lasers
with excellent beam quality. In monolithic lasers, the active crystal also provides
the resonator structure leading to lasers with high output stability and excellent
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spatial and temporal beam quality. New laser materials, such as Yb: YAG and
Nd: YVO4, that could not be pumped efficiently with flashlamps, are very much
suited to laser diode pumping.

In this historical perspective we could sketch only briefly those developments
that had a profound impact on the technology of solid-state lasers. Laser emission
has been obtained from hundreds of solid-state crystals and glasses. However,
most of these lasers are of purely academic interest. There is a big difference
between laser research and the commercial laser industry, and there are many
reasons why certain lasers did not find their way into the market or disappeared
quickly after their introduction. Most of the lasers that did not leave the labora-
tory were inefficient, low in power, difficult to operate or, simply, less practical
to use than other already established systems. Likewise, many pump schemes,
laser configurations, and resonator designs did not come into use because of their
complexity and commensurate high manufacturing and assembly costs or their
difficulty in maintaining performance.

Typical Performance Parameters and Applications

Solid-state lasers provide the most versatile radiation source in terms of output
characteristics when compared to other laser systems. A large range of output
parameters, such as average and peak power, pulse width, pulse repetition rate,
and wavelength, can be obtained with these systems.

Today we find solid-state lasers in industry as tools in many manufacturing
processes, in hospitals and in doctors’ offices as radiation sources for therapeutic,
aesthetic, and surgical procedures, in research facilities as part of the diagnostic
instrumentation, and in military systems as rangefinders, target designators, and
infrared countermeasure systems. The flexibility of solid-state lasers stems from
the fact that:

* The size and shape of the active material can be chosen to achieve a particular
performance.

* Different active materials can be selected with different gain, energy storage,
and wavelength properties.

* The output energy can be increased by adding amplifiers.

* A large number of passive and active components are available to shape the
spectral, temporal, and spatial profile of the output beam.

In this section we will illustrate the flexibility of these systems and indicate the
major applications that are based on particular performance characteristics.

Average Output Power. The majority of solid-state lasers available commer-
cially have output powers below 20 W. The systems are continuously pumped,
typically equipped with a Q-switch, and often combined with a wavelength con-
verter. Continuously pumped, repetitively Q-switched lasers generate a continu-
ous stream of short pulses at repetition rates between 5 and 100 kHz depending
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on the material. Since the peak power of each pulse is at least three orders of mag-
nitude above the average power, breakdown of reflective surfaces and subsequent
material removal by melting and vaporization is facilitated.

The electronics and electrical industry represents the largest market for applica-
tions such as soldering, wire bonding and stripping, scribing of wavers, memory
repair, resistor and integrated circuit trimming. In addition, industry-wide, these
lasers found uses for marking of parts, precision spot and seam welding, and for
general micromachining tasks. In the medical fields solid-state lasers have found
applications in ophthomology for vision correction and photocoagulation, skin
resurfacing, and as replacements for scalpels in certain surgical procedures. In
basic research, solid-state lasers are used in scientific and biomedical instrumen-
tation, Raman and laser-induced breakdown spectroscopy. Application for these
lasers are far too broad and diverse to provide a comprehensive listing here.

Higher power solid-state lasers with output powers up to 5 kW are mainly
employed in metals working, such as seam and spot welding, cutting, drilling,
and surface treatment. In particular, systems with output powers of a few hun-
dred watts have found widespread applications in the manufacturing process. The
higher power levels allow for faster processing speed and working with thicker
materials.

At the low end of the power scale are very small lasers with output powers
typically less than 1 W. These lasers are pumped by diode lasers and have in
most cases the resonator mirrors directly coated onto the crystal surfaces. The
neodymium-doped crystals are typically only a few millimeters in size. These
lasers have an extremely stable, single frequency output and are employed in in-
terferometric instruments, spectroscopic systems, and instruments used in analyt-
ical chemistry. They also serve as seed lasers for larger laser systems.

The majority of solid-state lasers with outputs up to 20 W are pumped with
diode arrays, whereas systems at the multihundred watt level are for the most part
pumped by arc lamps because of the high cost of laser diode arrays, although
diode-pumped systems with up to 5 kW of output power are on the market.

Peak Power. Pulsed systems with pulsewidths on the order of 100 us and ener-
gies of several joules are employed in manufacturing processes for hole drilling.
The peak power of these systems is on the order of several tens of kilowatts. Sub-
stantially higher peak powers are obtained with solid-state lasers that are pulse-
pumped and Q-switched. For example, military systems such as rangefinders and
target designators have output energies of 10 to 200 mJ and pulsewidths of 10
to 20 ns. Peak power for these systems is on the order of several megawatts.
Laser generated plasmas investigated in research facilities require peak powers
in the gigawatt regime. Typically, lasers for this work have output energies of
several joules and pulsewidths of a few nanoseconds. The highest peak powers
from solid-state lasers are generated in huge Nd: glass lasers employed for iner-
tial confinement fusion experiments. The largest of these systems had an energy
output around 100 kJ and pulsewidth of 1 ns which resulted in a peak power of
100 TW.
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Pulse Width. Solid-state lasers can span the range from continuous operation
to pulses as short as one cycle of the laser frequency which is on the order of
1 fs. Long pulses in the milli- and microsecond regime are generated by adjust-
ing the length of the pump pulse. Hole drilling and surface hardening of metals is
typically performed with pulses around 100 ws in duration. Continuously pumped
Q-switched Nd : YAG lasers generate pulses with pulsewidths on the order of hun-
dreds of nanoseconds.

A reduction in pulsewidth is achieved in lasers that are pulse-pumped and
Q-switched. These lasers have pulsewidths from a few nanoseconds to about
20 ns. All military rangefinders and target designators fall into this category. The
pulsewidth of pulse-pumped Q-switched lasers is shorter than their continuously
pumped counterparts because a higher gain is achieved in pulse-pumped systems.
The technique of mode-locking the longitudinal modes provides a means of gener-
ating pulses in the picosecond regime with neodymium lasers. Since pulsewidth
and gain-bandwidth are inversely related, even shorter pulses are obtained with
tunable lasers due to their broad spectrum. For example, with Ti : sapphire lasers,
pulses in the femtosecond regime are generated. These short pulses enable re-
searchers, for example, to study dynamic processes that occur during chemical
reactions.

Pulse Repetition Rate. At the low end are lasers employed in inertial fusion ex-
periments. In these systems laser pulses are single events with a few experiments
conducted each day because the heat generated during each pulse has to be dissi-
pated between shots. Also, some hand-held rangefinders for surveillance purposes
are single-shot devices. Most military rangefinders and target designators operate
at 20 pulses per second. Welders and drillers, if they are pulse-pumped, gener-
ate pulses at a repetition rate of a few hundred pulses per second. Continuously
pumped and Q-switched lasers provide a continuous train of pulses between 5
and 100 kHz. A large number of materials-processing applications fall into this
mode of operation. Mode-locking generates pulses with repetition rates of sev-
eral hundred megahertz. These systems are mainly used in photochemistry or in
specialized materials processing application. In the latter application, material is
removed by ablation that prevents heat from penetrating the surrounding area.

Linewidth. The linewidth of a laser is the result of the gain-bandwidth of the
laser material and the number of longitudinal modes oscillating within the res-
onator. The output of a typical laser is comprised of many randomly fluctuating
longitudinal modes, each mode representing a spectral line within the bandwidth
of the output beam. The typical linewidth of an Nd: YAG laser is on the order of
10 GHz or 40 pm. Compared to the wavelength, lasers are very narrow-bandwidth
radiation sources, and therefore for most applications the linewidth of the laser is
not important. Exceptions are applications of the laser in coherent radar systems
or in interferometric devices. Also, in lasers that operate at peak powers close to
the damage threshold of optical components, it is beneficial to restrict operation
to a single longitudinal mode to avoid power spikes as a result of the random
superposition of the output from several modes.
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Single mode operation of solid-state lasers is most readily achieved with small
monolithic devices, having resonators which are so short as to allow only one
longitudinal mode to oscillate. Only a few lasers, such as used in interferometers
designed for gravitational wave detection, require close to quantum noise-limited
performance. Careful temperature and vibration control combined with feedback
systems have reduced the bandwidth of these lasers to a few kilohertz.

Spectral Range. A direct approach to tunable output is the use of a tunable laser,
such as Ti: sapphire or the alexandrite laser. However, these sources are limited
to the spectral region between 600 and 900 nm.The most well-developed and ef-
ficient lasers, such as the neodymium-based systems, are essentially fixed wave-
length radiation sources with output around 1 um. Nonlinear crystals employed
in harmonic generators will produce second, third, and fourth harmonics, thus
providing output in the visible and ultraviolet spectrum. Tunable spectral cov-
erage can be obtained from optical parametric oscillators that convert a portion
of the output beam into two beams at longer wavelength. Depending on the re-
gion over which tunable output is desired, the optical parametric oscillator can
be pumped directly with the fundamental beam of the laser or with one of its
harmonics.

The limits of the spectral range for solid-state lasers in the ultraviolet region is
reached by quadrupled neodymium lasers at around 266 nm. The longest wave-
length at useful power levels is produced around 4 pm by neodymium or erbium
lasers operating at 1 or 2 pum, that are shifted to the longer wavelength with op-
tical parametric oscillators. The limits at the short and long wavelengths are de-
termined mainly by a lack of nonlinear crystals with a sufficiently high-damage
threshold or nonlinear coefficient.

Many industrial, medical, and military applications require a different wave-
length than the fundamental output available from standard lasers. For ex-
ample, most materials have higher absorption at shorter wavelengths, therefore
frequency-doubled neodymium lasers are often preferred over fundamental op-
eration. Also, the smallest spot size diameter that can be achieved from a laser
is proportional to the wavelength. The fine structures of integrated circuits and
semiconductor devices require operation of the laser at the shortest wavelength
possible. Also, by matching the wavelength of a laser to the peak absorption
of a specific material, the top layer of a multilayer structure can be removed
selectively without damage to the layers underneath.

All Nd: glass lasers employed in inertial confinement fusion experiments are
operated at the third harmonic, i.e., 352 nm, because the shorter wavelength is
more optimum for pellet compression compared to the fundamental output. Med-
ical applications require solid-state lasers operating in a specific spectral range
for control of the absorption depth of the radiation in the skin, tissue, or blood
vessels. Frequency agility is required from lasers employed in instruments used
for absorption measurements, spectroscopy, sensing devices, analytical chemistry,
etc. A fixed or tunable laser in conjunction with harmonic generators and/or an
optical parametric oscillator is usually employed to meet these requirements.
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Military rangefinders need to operate in a region that does not cause eye dam-
age because most of the time these systems are employed in training exercises.
A wavelength of 1.5 um poses the least eye hazard. This wavelength is obtained
from Q-switched erbium lasers or from neodymium lasers that are wavelength-
shifted with an optical parametric oscillator or Raman cell. Lasers designed to
defeat missile threats, so-called infrared countermeasure lasers, have to operate
in the 2 to 4 pwm region. Output in this spectral range can be obtained from
neodymium or erbium lasers, wavelength-shifted with one or two optical para-
metric amplifiers.

Spatial Beam Characteristics. Virtually all laser applications benefit from a
diffraction-limited beam. Such a beam has the lowest beam divergence and pro-
duces the smallest spot if focused by a lens. However, there is a trade-off between
output power and beam quality. Lasers in the multihundred or kilowatt output
range employed for metal cutting or welding applications have beams that are
many times diffraction-limited. On the other hand, lasers that are employed for
micromachining applications and semiconductor processing, where a minimum
spot size and kerf-width is essential, are mostly operated very close to the diffrac-
tion limit.

Future Trends. The replacements of flashlamps and arc lamps with laser diode
arrays will continue even for large solid-state lasers because the increase in sys-
tems efficiency, beam quality and reliability, is compelling. Also, the push for
solid-state lasers, with ever higher average output powers will continue. Concepts
for lasers at the 100 kW level are already being developed. Most smaller lasers
have output beams that are close to the diffraction limit. A particular challenge is
to improve the beam quality of solid-state lasers with output powers in the multi-
hundred or kilowatt regime.

The trend for smaller lasers, certainly for military lasers, is toward systems
which do not require liquid cooling. Also, the search continues for new nonlin-
ear crystals with high-damage thresholds and large nonlinear coefficients, par-
ticularly for the infrared and ultraviolet regions. Even with diode pumping, solid-
state lasers are not particularly efficient radiation sources, converting at best about
10% of electric input into useful output. Further improvements in the efficiency
of diode pump sources as a result of refinements in diode structure and process-
ing techniques, coupled with a further optimization of laser materials and designs,
could increase the efficiency of solid-state lasers to about 20 or 30%.
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In this chapter we shall outline the basic ideas underlying the operation of solid-
state lasers. In-depth treatments of laser physics can be found in [1], [2].

1.1 Optical Amplification

To understand the operation of a laser we have to know some of the principles
governing the interaction of radiation with matter.

Atomic systems such as atoms, ions, and molecules can exist only in discrete
energy states. A change from one energy state to another, called a transition, is
associated with either the emission or the absorption of a photon. The wavelength
of the absorbed or emitted radiation is given by Bohr’s frequency relation

Ey — E1 = hvyy, (L.

where E; and E; are two discrete energy levels, vo; is the frequency, and 4 is
Planck’s constant. An electromagnetic wave whose frequency v, corresponds to
an energy gap of such an atomic system can interact with it. To the approximation
required in this context, a laser medium can be considered an ensemble of very

12



1.1. Optical Amplification 13

many identical atomic systems. At thermal equilibrium, the lower energy states
in the medium are more heavily populated than the higher energy states. A wave
interacting with the laser system will raise the atoms (ions, molecules) from lower
to higher energy levels and thereby experience absorption.

The operation of a laser requires that the energy equilibrium of a laser material
be changed such that more atoms (ions, molecules) populate higher rather than
lower energy states. This is achieved by an external pump source that supplies the
energy required to transfer atoms (ions, molecules) from a lower energy level to a
higher one. The pump energy thereby causes a “population inversion.” An electro-
magnetic wave of appropriate frequency, incident on the “inverted” laser material,
will be amplified because the incident photons cause the atoms (ions, molecules)
in the higher level to drop to a lower level and thereby emit additional photons.
As a result, energy is extracted from the atomic system and supplied to the radia-
tion field. The release of the stored energy by interaction with an electromagnetic
wave is based on stimulated or induced emission.

Stated very briefly, when a material is excited in such a way as to provide
more atoms (or molecules) in a higher energy level than in some lower level, the
material will be capable of amplifying radiation at the frequency corresponding
to the energy level difference. The acronym “laser” derives its name from this
process: “Light Amplification by Stimulated Emission of Radiation.”

A quantum mechanical treatment of the interaction between radiation and mat-
ter demonstrates that the stimulated emission is, in fact, completely indistinguish-
able from the stimulating radiation field. This means that the stimulated radia-
tion has the same directional properties, same polarization, same phase, and same
spectral characteristics as the stimulating emission. These facts are responsible
for the extremely high degree of coherence which characterizes the emission from
lasers. The fundamental nature of the induced or stimulated emission process was
already described by Albert Einstein and Max Planck.

Common to all laser amplifiers are at least two elements: a laser medium in
which a population inversion among atoms, ions, or molecules can be achieved,
and a pump process to supply energy to the system in order to maintain a nonequi-
librium state. For a laser oscillator, additionally a feedback mechanism is required
for radiation to build up. Typically, two mirrors facing each other provide this
feedback.

Whether a population inversion occurs within atoms, ions, or molecules, and
whether the pump energy supplied to the medium is in the form of optical radia-
tion, electrical current, kinetic energy due to electron impact in a gas discharge,
or an exothermic reaction, depends on the type of laser and the type of active
medium, i.e., solid-state, liquid, semiconductor, or gas.

Given below are a few examples of different laser media and excitation
methods.

In solid-state lasers, the subject treated in this book, the active medium is a
crystal or glass host doped with a relatively small percentage of ions from the rare
earth, actinide, or iron groups of the periodic table. The energy levels and asso-
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ciated transition frequencies result from the different quantum energy levels of
allowed states of the electrons orbiting the nuclei of atoms. Population inversion
occurs within inner, incomplete electron shells of ions embedded in the crystalline
or glass host. Excitation is by means of pump radiation from a light source such
as a flashlamp, continuous-wave (cw) arc lamp, or diode laser. Pump radiation
absorbed by the active ions raises the electrons to higher energy levels.

In a liquid or dye laser, the active medium is an organic dye in a liquid sol-
vent. Intense optical pumping creates a population inversion of electron transi-
tions within the dye molecule.

In semiconductor lasers, also referred to as injection lasers, radiation is emit-
ted as a consequence of carrier injection in a forward-biased semiconductor p—n
junction. Since the junction defines a diode, the laser is commonly called a diode
laser. Energy levels in a semiconductor are defined by the conduction band and
the valence band separated by a band gap. The p—n junction is made of p-type
semiconductor material which accepts electrons (or produces holes or positive
carriers) and n-type material which is a donor of excess electrons (or negative
carriers). The n-type material with a large electron density in the conduction band
is brought into intimate contact with the p-type material with a large hole density
in the valence band. In a forward biased p—n junction, current will flow, electrons
in the n-type material are injected into the p-type region, while positive holes
from the p-region are injected into the n-type region. When an electron meets a
positive hole, they recombine, the electron transitions from the conduction band
to the valence band, emitting a photon equal to the band gap energy. From a laser
point of view, injected electrons in the p-type region (so-called minority carri-
ers) and holes injected into the n-region represent a population inversion. Diode
lasers are used as pump sources for solid-state lasers; therefore their design and
performance characteristics will be discussed later in this book.

In gases, the various particles have the mobility to excite higher energy levels
by collision. In most common gas lasers, inversion is achieved by passing current
through the gas to create a discharge. The active species can be a neutral atom
such as in the helium—neon laser or an ion such as in the argon ion laser. The most
typical of the neutral atomic gas lasers is the He—Ne laser. When an He atom,
excited to a higher state by electric discharge, collides with an Ne atom in the
ground state, the excitation energy of the He is transferred to Ne, and as a result
the distribution of Ne atoms at the higher energy state increases. Lasing action is
the result of electron transitions in the neutral atom Ne.

In molecular gas lasers the transition between the energy levels of a molecule
is exploited for laser action. For example, in a CO» laser, the multiatom molecule
CO, exhibits energy levels that arise from the vibrational and rotational motions
of the molecule as a whole. Since CO;, is a triatomic linear molecule, it has a sym-
metrical stretching and two bending vibration modes. In the vibrational-rotational
molecular lasers, such as CO,, the motion of the molecule rather than electronic
transitions are responsible for laser action. Pump energy to raise the molecules to
higher energy levels is provided by the electrical energy of a gas discharge.
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In some molecular lasers, a population inversion is achieved on electronic tran-
sitions within the molecule, rather than on vibrational-rotational energy levels.
An example is the excimer laser. An excimer, which is a contraction of an excited
dimer, is a molecule consisting of two atoms that can exist only in the excited
state. Population inversion involves transitions between different electronic states
of the diatomic molecule. An example of this family of lasers is the xenon fluoride
laser.

In the lasers discussed so far, electrical energy is used to drive the pump mech-
anism which creates a population inversion. In chemical lasers a population inver-
sion is directly produced by an exothermic reaction of two gases. In the helium
fluoride and deuterium fluoride laser, the gases enter a chamber through a set
of nozzles. As soon as they are mixed together they react and a fraction of the
chemical energy released in the exothermic reaction goes into excitation of the
molecules to form vibrationally excited HF or DF.

1.2 Interaction of Radiation with Matter

Many of the properties of a laser may be readily discussed in terms of the absorp-
tion and emission processes which take place when an atomic system interacts
with a radiation field. In the first decade of the last century Planck described the
spectral distribution of thermal radiation, and in the second decade Einstein, by
combining Planck’s law and Boltzmann statistics, formulated the concept of stim-
ulated emission. Einstein’s discovery of stimulated emission provided essentially
all of the theory necessary to describe the physical principle of the laser.

1.2.1 Blackbody Radiation

When electromagnetic radiation in an isothermal enclosure, or cavity, is in ther-
mal equilibrium at temperature 7', the distribution of radiation density o(v) dv,
contained in a bandwidth dv, is given by Planck’s law

8rv2dy hv
3 /KT _ 17

o(v)dv = (1.2)

where o(v) is the radiation density per unit frequency [J s/cm’], k is Boltzmann’s
constant, and c is the velocity of light. The spectral distribution of thermal ra-
diation vanishes at v = 0 and v — o0, and has a peak which depends on the
temperature.

The factor

8 v?
3 T (1.3)

in (1.2) gives the density of radiation modes per unit volume and unit frequency
interval. The factor p, can also be interpreted as the number of degrees of freedom
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associated with a radiation field, per unit volume, per unit frequency interval. The
expression for the mode density p, [modes s/cm’] plays an important role in
connecting the spontaneous and the induced transition probabilities.

For a uniform, isotropic radiation field, the following relationship is valid

_ o(v)c

W El
4

(1.4)

where W is the blackbody radiation [W/cm?] which will be emitted from an open-

ing in the cavity of the blackbody. Many solids radiate like a blackbody. There-

fore, the radiation emitted from the surface of a solid can be calculated from (1.4).
According to the Stefan—Boltzmann equation, the total blackbody radiation is

W =0T, (1.5)

where ¢ = 5.68 x 10712 W/cm? K*. The emitted radiation W has a maximum
which is obtained from Wien’s displacement law

Ao 2893
um  T/K’

(1.6)

For example, a blackbody at a temperature of 5200 K has its radiation peak at
5564 A, which is about the center of the visible spectrum.

1.2.2 Boltzmann’s Statistics

According to a basic principle of statistical mechanics, when a large collection of
similar atoms is in thermal equilibrium at temperature 7, the relative populations
of any two energy levels E1 and E3, such as the ones shown in Fig. 1.1, must be
related by the Boltzmann ratio

Ny =exp<_(E2_El)>, 1.7
Ny kT

£, Ny, g2
Aoy 8., B,,

E, Ny, g1

FIGURE 1.1. Two energy levels with population N1, N, and degeneracies g1, g2, respec-
tively.
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where N1 and N; are the number of atoms in the energy levels E| and E», re-
spectively. For energy gaps large enough that E2 — E1 = hvyy > kT, the ratio
is close to zero, and there will be very few atoms in the upper energy level at
thermal equilibrium. The thermal energy kT at room temperature (7 &~ 300 K)
corresponds to an energy gap hv with v &~ 6 x 10'? Hz, which is equivalent in
wavelength to A &~ 50 um. Therefore, for any energy gap whose transition fre-
quency v lies in the near-infrared or visible regions, the Boltzmann exponent
will be very small at normal temperatures. The number of atoms in any upper
level will then be very small compared to the lower levels. For example, in ruby
the ground level E; and the upper laser level E, are separated by an energy gap
corresponding to a wavelength of A ~ 0.69 um. Since & = 6.6 x 1073* W s,
then E; — Ey = hv = 2.86 x 1071 Ws. With k = 1.38 x 1072 Ws K and
T = 300K, it follows that N2/N; =~ exp(—69). Therefore at thermal equilibrium
virtually all the ions will be in the ground level.

Equation (1.7) is valid for atomic systems having only nondegenerate levels. If
there are g; different states of the atom corresponding to the energy E;, then g; is
defined as the degeneracy of the ith energy level.

We recall that atomic systems, such as atoms, ions, and molecules, can exist
only in certain stationary states, each of which corresponds to a definite value
of energy and thus specifies an energy level. When two or more states have the
same energy, the respective level is called degenerate, and the number of states
with the same energy is the multiplicity of the level. All states of the same energy
level will be equally populated, therefore the number of atoms in levels 1 and 2
is Ni = g1 Nj and N, = g N}, where N| and N} refer to the population of any
of the states in levels 1 and 2, respectively. It follows then from (1.7) that the
populations of the energy levels 1 and 2 are related by the formula

Nl & exp<7_(E2 — El)) (1.8)

N giN| g kT

At absolute zero temperature, Boltzmann’s statistics predict that all atoms will be
in the ground state. Thermal equilibrium at any temperature requires that a state
with a lower energy be more densely populated than a state with a higher energy.
Therefore N/ Nj is always less than unity for £ > Ej and T > 0. This means
that optical amplification is not possible in thermal equilibrium.

1.2.3  Einstein’s Coefficients

We can most conveniently introduce the concept of Einstein’s A and B coeffi-
cients by loosely following Einstein’s original derivation. To simplify the discus-
sion, let us consider an idealized material with just two nondegenerate energy
levels, 1 and 2, having populations of N1 and N, respectively. The total number
of atoms in these two levels is assumed to be constant

N1 + N2 = Nigt. (1.9)
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Radiative transfer between the two energy levels, which differ by E» — E| = hvy,
is allowed. The atom can transfer from state E» to the ground state £ by emitting
energy; conversely, transition from state £ to E» is possible by absorbing energy.
The energy removed or added to the atom appears as quanta of hvy;. We can
identify three types of interaction between electromagnetic radiation and a simple
two-level atomic system.

Absorption. If a quasi-monochromatic electromagnetic wave of frequency vy
passes through an atomic system with energy gap hv;1, then the population of the
lower level will be depleted at a rate proportional both to the radiation density
o(v) and to the population N of that level

IN|
= = —Bi20(v)N1, (1.10)

where By, is a constant of proportionality with dimensions cm>/s? J.

The product B1>0(v) can be interpreted as the probability per unit frequency
that transitions are induced by the effect of the field.

Spontaneous Emission. After an atom has been raised to the upper level by ab-
sorption, the population of the upper level 2 decays spontaneously to the lower
level 1 at a rate proportional to the upper level population

dN>
5 = —Ay1 Ny, (L.11)

where A»; is a constant of proportionality with dimension s~!. The quantity Ay,
being a characteristic of the pair of energy levels in question, is called the sponta-
neous transition probability because this coefficient gives the probability that an
atom in level 2 will spontaneously change to a lower level 1 within a unit of time.

Spontaneous emission is a statistical function of space and time. With a large
number of spontaneously emitting atoms there is no phase relationship between
the individual emission processes; the quanta emitted are incoherent. Spontaneous
emission is characterized by the lifetime of the electron in the excited state, after
which it will spontaneously return to the lower state and radiate away the energy.
This can occur without the presence of an electromagnetic field.

Equation (1.11) has a solution

Na(t) = N>(0) exp( t) , (1.12)

21
where 177 is the lifetime for spontaneous radiation of level 2. This radiation life-
time is equal to the reciprocal of the Einstein coefficient,

T = Ay} (1.13)

In general, the reciprocal of the transition probability of a process is called its
lifetime.
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Stimulated Emission. Emission takes place not only spontaneously but also un-
der stimulation by electromagnetic radiation of the appropriate frequency. In this
case, the atom gives up a quantum to the radiation field by “induced emission”
according to

oN>
—— = —Ba10(n21) V2, (1.14)
ot
where B;| again is a constant of proportionality.

Radiation emitted from an atomic system in the presence of external radia-
tion consists of two parts. That part whose intensity is proportional to Aj; is the
spontaneous radiation; its phase is independent of that of the external radiation.
The part whose intensity is proportional to o(v) By is the stimulated radiation;
its phase is the same as that of the stimulating external radiation. The probability
of induced transition is proportional to the energy density of external radiation in
contrast to spontaneous emission.

The quantum that is emitted to the field by the induced emission is coherent
with it. The useful parameter for laser action is the By; coefficient; the Ay coef-
ficient represents a loss term and introduces into the system photons that are not
phase-related to the incident photon flux of the electric field. Thus the spontaneous
process represents a noise source in a laser.

If we combine absorption, spontaneous, and stimulated emission, as expressed
by (1.10), (1.11), and (1.14) we can write, for the change of the upper- and lower-
level populations in our two-level model,

0N dN>
= = B10(v)Ny — B1po(V)N1 + Az Na. (1.15)
The relation
oN IN
L (1.16)
ot ot

follows from (1.9).

In thermal equilibrium, the number of transitions per unit time from E; to E;
must be equal to the number of transitions from E; to E;. Certainly, in thermal
equilibrium

oN}| INy
T2 . (1.17)
at at
Therefore we can write
N2Az) + Nao(v)Ba1 = Nio(v) Bz . (1.18)
Spqntgneous Stimulated Absorption
emission emission

Using the Boltzmann equation (1.8) for the ratio N>/Nj, we then write the above
expression as
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(A21/B21)
(g1/82)(B12/B21) exp(hva1/kT) — 1

o(vy) = (1.19)

Comparing this expression with the blackbody radiation law (1.2), we see that

A 8 v2h B
AP and By =222 (1.20)
By c 82

The relations between the A’s and B’s are known as Einstein’s relations. The
factor 87 v? / c3in (1.20) is the mode density py, given by (1.3).

In solids the speed of light is ¢ = co/n, where n is the index of refraction and
co is the speed of light in vacuum.

For a simple system with no degeneracy, that is, one in which g; = g2, we
see that By; = Bjz. Thus, the Einstein coefficients for stimulated emission and
absorption are equal. If the two levels have unequal degeneracy, the probability
for stimulated absorption is no longer the same as that for stimulated emission.

1.2.4 Phase Coherence of Stimulated Emission

The stimulated emission provides a phase-coherent amplification mechanism for
an applied signal. The signal extracts from the atoms a response that is directly
proportional to, and phase-coherent with, the electric field of the stimulating sig-
nal. Thus the amplification process is phase-preserving. The stimulated emission
is, in fact, completely indistinguishable from the stimulating radiation field. This
means that the stimulated emission has the same directional properties, same po-
larization, same phase, and same spectral characteristics as the stimulating emis-
sion. These facts are responsible for the extremely high degree of coherence
that characterizes the emission from lasers. The proof of this fact is beyond the
scope of this elementary introduction, and requires a quantum mechanical treat-
ment of the interaction between radiation and matter. However, the concept of in-
duced transition, or the interaction between a signal and an atomic system, can be
demonstrated, qualitatively, with the aid of the classical electron-oscillator model.

Electromagnetic radiation interacts with matter through the electric charges in
the substance. Consider an electron that is elastically bound to a nucleus. One can
think of electrons and ions held together by spring-type bonds which are capable
of vibrating around equilibrium positions. An applied electric field will cause
a relative displacement between the electron and nucleus from their equilibrium
position. They will execute an oscillatory motion about their equilibrium position.
Therefore, the model exhibits an oscillatory or resonant behavior and a response
to an applied field. Since the nucleus is so much heavier than the electron, we
assume that only the electron moves. The most important model for understanding
the interaction of light and matter is that of the harmonic oscillator. We take as
our model a single electron, assumed to be bound to its equilibrium position by a
linear restoring force. We may visualize the electron as a point of mass suspended
by springs. Classical electromagnetic theory asserts that any oscillating electric
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charge will act as a miniature antenna or dipole and will continuously radiate
away electromagnetic energy to its surroundings.

1.3 Absorption and Optical Gain

In this section we will develop the quantitative relations that govern the absorption
and amplification processes in substances. This requires that we increase the real-
ism of our mathematical model by introducing the concept of atomic lineshapes.
Therefore, the important features and the physical processes that lead to different
atomic lineshapes will be considered first.

1.3.1 Atomic Lineshapes

In deriving Einstein’s coefficients we have assumed a monochromatic wave with
frequency vy acting on a two-level system with an infinitely sharp energy gap
hvy1. We will now consider the interaction between an atomic system having a
finite transition linewidth Av and a signal with a bandwidth dv.

Before we can obtain an expression for the transition rate for this case, it is
necessary to introduce the concept of the atomic lineshape function g(v, vg). The
distribution g(v, vg), centered at v, is the equilibrium shape of the linewidth-
broadened transitions. Suppose that N> is the total number of ions in the upper
energy level considered previously. The spectral distribution of ions per unit fre-
quency is then

N(v) = g(v, vo) Na. (1.21)

If we integrate both sides over all frequencies we have, to obtain N, as a result,

/OON(v)d\):Nz/OOg(v, vg) dv = Nj. (1.22)
0 0

Therefore, the lineshape function must be normalized to unity

/oog(v, vo) dv = 1. (1.23)
0

If we know the function g (v, vp), we can calculate the number of atoms N (v) dv

in level 1 which are capable of absorbing in the frequency range v to v + dv, or

the number of atoms in level 2 which are capable of emitting in the same range.
From (1.21) we have

N@)dv = g(v, vg)dv N;. (1.24)

From the foregoing it follows that g(v, vp) can be defined as the probability of
emission or absorption per unit frequency. Therefore g(v) dv is the probability
that a given transition will result in an emission (or absorption) of a photon with
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energy between hv and h(v + dv). The probability that a transition will occur
between v = 0 and v = oo has to be 1.

It is clear from the definition of g(v, vp) that we can, for example, rewrite (1.11)

in the form

—% = A21Nag(v, vo) dv, (1.25)
where N; is the total number of atoms in level 2 and dN,/0d¢ is the number of
photons spontaneously emitted per second between v and v 4 dv.

The linewidth and lineshape of an atomic transition depends on the cause of line
broadening. Optical frequency transitions in gases can be broadened by lifetime,
collision, or Doppler broadening, whereas transitions in solids can be broadened
by lifetime, dipolar or thermal broadening, or by random inhomogeneities. All
these linewidth-broadening mechanisms lead to two distinctly different atomic
lineshapes, the homogeneously and the inhomogeneously broadened line.

The Homogeneously Broadened Line

The essential feature of a homogeneously broadened atomic transition is that ev-
ery atom has the same atomic lineshape and frequency response, so that a signal
applied to the transition has exactly the same effect on all atoms in the collection.
This means that within the linewidth of the energy level each atom has the same
probability function for a transition.

Differences between homogeneously and inhomogeneously broadened transi-
tions show up in the saturation behavior of these transitions. This has a major
effect on the laser operation. The important point about a homogeneous lineshape
is that the transition will saturate uniformly under the influence of a sufficiently
strong signal applied anywhere within the atomic linewidth.

Mechanisms which result in a homogeneously broadened line are lifetime
broadening, collision broadening, dipolar broadening, and thermal broadening.

Lifetime Broadening. This type of broadening is caused by the decay mecha-
nisms of the atomic system. Spontaneous emission or fluorescence has a radiative
lifetime. Broadening of the atomic transition due to this process is related to the
fluorescence lifetime 721 by Aw,121 = 1, where w, is the bandwidth.

Actually, physical situations in which the lineshape and linewidth are deter-
mined by the spontaneous emission process itself are vanishingly rare. Since
the natural or intrinsic linewidth of an atomic line is extremely small, it is the
linewidth that would be observed from atoms at rest without interaction with one
another.

Collision Broadening. Collision of radiating particles (atoms or molecules) with
one another and the consequent interruption of the radiative process in a random
manner leads to broadening. Since an atomic collision interrupts either the emis-
sion or the absorption of radiation, the long wave train that otherwise would be
present becomes truncated. The atom restarts its motion after the collision with
a completely random initial phase. After the collision, the process is restarted
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without memory of the phase of the radiation prior to the collision. The result
of frequent collisions is the presence of many truncated radiative or absorptive
processes.

Since the spectrum of a wave train is inversely proportional to the length of the
train, the linewidth of the radiation in the presence of collision is greater than that
of an individual uninterrupted process.

Collision broadening is observed in gas lasers operated at higher pressures,
hence the name pressure broadening. At higher pressures, collisions between gas
atoms limit their radiative lifetime. Collision broadening, therefore, is quite sim-
ilar to lifetime broadening, in that the collisions interrupt the initial state of the
atoms.

Dipolar Broadening. Dipolar broadening arises from interactions between the
magnetic or electric dipolar fields of neighboring atoms. This interaction leads to
results very similar to collision broadening, including a linewidth that increases
with increasing density of atoms. Since dipolar broadening represents a kind of
coupling between atoms, so that excitation applied to one atom is distributed or
shared with other atoms, dipolar broadening is a homogeneous broadening mech-
anism.

Thermal Broadening. Thermal broadening is brought about by the effect of the
thermal lattice vibrations on the atomic transition. The thermal vibrations of the
lattice surrounding the active ions modulate the resonance frequency of each ion
at a very high frequency. This frequency modulation represents a coupling mech-
anism between the ions, therefore a homogeneous linewidth is obtained. Thermal
broadening is the mechanism responsible for the linewidth of the ruby laser and
Nd: YAG laser.

The lineshape of homogeneous broadening mechanisms lead to a Lorentzian
lineshape for atomic response. For the normalized Lorentz distribution, the equa-

tion
Av 5 Av\?2 -
g) = (Z) (v =)+ (7) (1.26)

is valid. Here, v is the center frequency and Av is the width between the half-
power points of the curve. The factor Av/2m assures normalization of the area
under the curve according to (1.23). The peak value for the Lorentz curve is

g(v) = (1.27)

TAvV’

The Inhomogeneously Broadened Line

Mechanisms which cause inhomogeneous broadening tend to displace the cen-
ter frequencies of individual atoms, thereby broadening the overall response of a
collection without broadening the response of individual atoms. Different atoms
have slightly different resonance frequencies on the same transition, for example,



24 1. Energy Transfer Between Radiation and Atomic Transitions

owing to Doppler shifts. As a result, the overall response of the collection is broad-
ened. An applied signal at a given frequency within the overall linewidth interacts
strongly only with those atoms whose shifted resonance frequencies lie close to
the signal frequency. The applied signal does not have the same effect on all the
atoms in an inhomogeneously broadened collection.

Since, in an inhomogeneously broadened line, interaction occurs only with
those atoms whose resonance frequencies lie close to the applied signal frequency,
a strong signal will eventually deplete the upper-laser level in a very narrow fre-
quency interval. The signal will eventually “burn a hole” in the atomic absorp-
tion curve. Examples of inhomogeneous frequency-shifting mechanisms include
Doppler broadening and broadening due to crystal inhomogeneities.

Doppler Broadening. The apparent resonance frequencies of atoms undergoing
random motions in a gas are shifted randomly so that the overall frequency re-
sponse of the collection of atoms is broadened. A particular atom moving with
a velocity component v relative to an observer in the z-direction will radiate at
a frequency measured by the observer as vo(1 4+ v/c). When these velocities are
averaged, the resulting lineshape is Gaussian. Doppler broadening is one form
of inhomogeneous broadening since each atom emits a different frequency rather
than one atom having a probability distribution for emitting any frequency within
the linewidth. In the actual physical situation, the Doppler line is best visualized
as a packet of homogeneous lines of width Av,, which superimpose to give the
observed Doppler shape. The He—Ne laser has a Doppler-broadened linewidth.
Most visible and near-infrared gas laser transitions are inhomogeneously broad-
ened by Doppler effects.

Line Broadening Due to Crystal Inhomogeneities. Solid-state lasers may be
inhomogeneously broadened by crystalline defects. This happens only at low tem-
peratures where the lattice vibrations are small. Random variations of disloca-
tions, lattice strains, and so forth, may cause small shifts in the exact energy level
spacings and transition frequencies from ion to ion. Like Doppler broadening,
these variations do not broaden the response on an individual atom, but they do
cause the exact resonance frequencies of different atoms to be slightly different.
Thus random crystal imperfection can be a source of inhomogeneous broadening
in a solid-state laser crystal.

A good example of an inhomogeneously broadened line occurs in the fluores-
cence of neodymium-doped glass. As a result of the so-called glassy state, there
are variations, from rare earth site to rare earth site, in the relative atomic positions
occupied by the surrounding lattice ions. This gives rise to a random distribution
of static crystalline fields acting on the rare earth ions. Since the line shifts cor-
responding to such crystal-field variations are larger, generally speaking, than the
width contributed by other factors associated with the transition, an inhomoge-
neous line results.

The inhomogeneous-broadened linewidth can be represented by a Gaussian fre-
quency distribution. For the normalized distribution, the equation
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FIGURE 1.2. Gaussian and Lorentz lines of common linewidth (Gp and Lp are the peak
intensities).

o) 2 /In2\/? v—v021 ) (1.28)
V) =—|— exp| — n .

§ A\ Pl7\av2

is valid, where vy is the frequency at the center of the line and Av is the linewidth
at which the amplitude falls to one-half. The peak value of the normalized Gaus-

sian curve is
2 (In2\/?
g(vo) = ~\) (1.29)

In Fig. 1.2 the normalized Gaussian and Lorentz lines are plotted for a common
linewidth.

1.3.2 Absorption by Stimulated Transitions

We assume a quasi-collimated beam of energy density o(v) incident on a thin
absorbing sample of thickness dx; as before, we consider the case of an optical
system that operates between only two energy levels as illustrated schematically
in Fig. 1.1. The populations of the two levels are N1 and N>, respectively. Level
1 is the ground level and level 2 is the excited level. We consider absorption of
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radiation in the material and emission from the stimulated processes but neglect
the spontaneous emission. From (1.15) and (1.20) we obtain

Ny (gz )
———=0W)Byy | =N — N2 . (1.30)
at 81

As we recall, this relation was obtained by considering infinitely sharp energy
levels separated by hvy and a monochromatic wave of frequency vy1.

We will now consider the interaction between two linewidth-broadened energy
levels with an energy separation centered at vy, and a half-width of Av charac-
terized by g(v, vo) and a signal with center frequency vy and bandwidth dv. The
situation is shown schematically in Fig. 1.3. The spectral width of the signal is
narrow, as compared to the linewidth-broadened transition. If N1 and N, are the
total number of atoms in levels 1 and 2, then the number of atoms capable of
interacting with a radiation of frequency vy and bandwidth dv are

<&N1 - N2> g(vs, vo) dv. (1.31)
81

The net change of atoms in energy level 1 can be expressed in terms of energy
density o(v) dv by multiplying both sides of (1.30) with photon energy Av and
dividing by the volume V. We will further express the populations N1 and N, as
population densities n1 and n,.

Equation (1.30) now becomes

ot

0
——lo(vs) dv] = o(vs) dv Ba1hvg(vg, vo) (%n] — nz) . (1.32)

Atomic line shape
glv, vg)

FIGURE 1.3. Linewidth-broadened atomic transition line centered at vy and narrow-band
signal centered at vs.
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This equation gives the net rate of absorbed energy in the frequency interval dv
centered around vg. In an actual laser system the wavelength of the emitted radi-
ation, corresponding to the signal bandwidth dv in our model, is very narrow as
compared to the natural linewidth of the material. Ruby, for example, has a flu-
orescence linewidth of 5 A, whereas the linewidth of the laser output is typically
0.1to 0.01 A. The operation of a laser, therefore, can be fairly accurately charac-
terized as the interaction of linewidth-broadened energy levels with a monochro-
matic wave. The photon density of a monochromatic radiation of frequency vy
can then be represented by a delta function §(v — vg). After integrating (1.32)
in the interval dv, we obtain, for a monochromatic signal of frequency vg and a
linewidth-broadened transition,

_aQ(Vs)

2
= 0(vs) Ba1hvsg (vs, vo) <g—n1 - nz) . (1.33)
ot g1

The signal will travel through the material of thickness dx in time dt = dx/c =
(ng/co) dx. Then, as the wave advances from x to x + dx, the decrease of energy
in the beam is

00(vs) 1
e hvso(vs)g(vs, vo) Bai (gnl - n2> - (1.34)
ax 81 ¢
Integration of (1.34) gives
olvy) =exp[—hvsg<vs, v0) Bai (&nl —n2> f]. (1.35)
00(vs) 81 c

If we introduce an absorption coefficient oo (vg),

ao(vy) = (%m - n2> 021 (%), (1.36)
where
021(vs) = W—%wzl (1.37)
Then we can write (1.35) as
0(vs) = o(vs) exp[—ap(vs)x]. (1.38)

Equation (1.38) is the well-known exponential absorption equation for the ther-
mal equilibrium condition n1g2/g1 > ny. The energy of the radiation decreases
exponentially with the depth of penetration into the substance. The maximum
possible absorption occurs when all atoms exist in the ground state 7. For equal
population of the energy states n1 = (g1/g2)n2, the absorption is eliminated and
the material is transparent. The parameter o7 is the cross section for the radiative
transition 2 — 1. The cross section for stimulated emission o is related to the
absorption cross section o2 by the ratio of the level degeneracies,
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T _&

012 82

(1.39)

The cross section is a very useful parameter to which we will refer in the following
chapters. If we replace B3| by the Einstein relation (1.20), we obtain 0% in a form
which we will find most useful:

2

o) = T21h 1.40
s) = 28(1)3, Vo). (1.40)
87m0

As we will see later, the gain for the radiation building up in a laser resonator
will be highest at the center of the atomic transitions. Therefore, in lasers we
are mostly dealing with stimulated transitions which occur at the center of the
linewidth.

If we assume v = vy =& vy, we obtain, for the spectral stimulated emission
cross section at the center of the atomic transition for a Lorentzian lineshape,

Az])\%
4n2n%Av (14D
and for a Gaussian lineshape,
A2 [In2\/?
o= 220 (n—> . (1.42)
4nn%Av b4

Here we have introduced into (1.40) the peak values of the lineshape function, as
given in (1.27) and (1.29) for the Lorentzian and Gaussian curves, respectively.
For example, in the case of the R; line of ruby, where Ay = 6.94 x 1075 cm,
ng = 1.76, 1 = (1/A2;1) = 3ms, and Av = I1cm™! one finds, according
to (1.41), 0 = 4.0 x 1072 cm?. In comparing this value with the data provided
in Table 2.2 (page 58), we have to distinguish between the spectroscopic cross
section and the effective stimulated emission cross section. (This will be discussed
in Section 2.3.1 for the case of Nd : YAG.) The effective stimulated emission cross
section is the spectroscopic cross section times the occupancy of the upper laser
level relative to the entire manifold population. In ruby, the upper laser level is
split into two sublevels, therefore the effective stimulated emission cross section
is about half of the value calculated from (1.41).

1.3.3  Population Inversion

According to the Boltzmann distribution (1.7), in a collection of atoms at thermal
equilibrium there are always fewer atoms in a higher-lying level E; than in a
lower level E;. Therefore the population difference N; — N, is always positive,
which means that the absorption coefficient «g(vs) in (1.36) is positive and the
incident radiation is absorbed (Fig. 1.4).
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FIGURE 1.4. Relative populations in two energy levels as given by the Boltzmann relation
for thermal equilibrium.

Suppose that it were possible to achieve a temporary situation such that there
are more atoms in an upper energy level than in a lower energy level. The normally
positive population difference on that transition then becomes negative, and the
normal stimulated absorption, as seen from an applied signal on that transition, is
correspondingly changed to stimulated emission or amplification of the applied
signal. That is, the applied signal gains energy as it interacts with the atoms and
hence is amplified. The energy for this signal amplification is supplied by the
atoms involved in the interaction process. This situation is characterized by a
negative absorption coefficient «(vs) according to (1.36). From (1.34) it follows
that do(v)/dx > 0.

The essential condition for amplification is that there are more atoms in an
upper energy level than in a lower energy level; i.e., for amplification,

N, > N, if E, > Ej, (1.43)

as illustrated in Fig. 1.5. The resulting negative sign of the population difference
(N2> — g2N1/g1) on that transition is called a population inversion. Population
inversion is clearly an abnormal situation; it is never observed at thermal equi-
librium. The point at which the population of both states is equal is called the
“inversion threshold.”

Stimulated absorption and emission processes always occur side by side inde-
pendently of the population distribution among the levels. So long as the popula-
tion of the higher energy level is smaller than that of the lower energy level, the
number of absorption transitions is larger than that of the emission transitions, so
that there is an overall attenuation of the radiation. When the numbers of atoms
in both states are equal, the number of emissions becomes equal to the number
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FIGURE 1.5. Inverted population difference required for optical amplification.

of absorptions; the material is then transparent to the incident radiation. As soon
as the population of the higher level becomes larger than that of the lower level,
emission processes predominate and the radiation is enhanced collectively during
passage through the material. To produce an inversion requires a source of energy
to populate a specified energy level; we call this energy the pump energy.

In Section 1.4 we will discuss the type of energy level structure an atomic sys-
tem must possess in order to make it possible to generate an inversion. Techniques
by which the ions of a solid-state laser can be raised or pumped into upper energy
levels are discussed in Section 6.1. Depending on the atomic system involved, an
inverted population condition may be obtainable only on a transient basis, yield-
ing pulsed laser action; or it may be possible to maintain the population inversion
on a steady-state basis, yielding cw laser action.

The total amount of energy which is supplied by the atoms to the light wave is

E = ANhv, (1.44)

where AN is the total number of atoms which are caused to drop from the upper
to the lower energy level during the time the signal is applied. If laser action is
to be maintained, the pumping process must continually replenish the supply of
upper-state atoms. The size of the inverted population difference is reduced not
only by the amplification process but also by spontaneous emission that always
tends to return the energy level populations to their thermal equilibrium values.

1.4 Creation of a Population Inversion

We are concerned in this section with how the necessary population inversion
for laser action is obtained in solid-state lasers. We can gain considerable under-
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standing on how laser devices are pumped and how their population densities are
inverted by studying some simplified but fairly realistic models.

The discussion up to this point has been based on a hypothetical 2 <> 1 tran-
sition and has not been concerned with how the levels 2 and 1 fit into the energy
level scheme of the atom. This detached point of view must be abandoned when
one tries to understand how laser action takes place in a solid-state medium. As
already noted, the operation of the laser depends on a material with narrow en-
ergy levels between which electrons can make transitions. Usually these levels
are due to impurity ions in a host crystal. The pumping and laser processes in
real laser systems typically involve a very large number of energy levels, with
complex excitation processes and cascaded relaxation processes among all these
levels. Operation of an actual laser material is properly described only by a many-
level energy diagram. The main features can be understood, however, through the
familiar three- or four-level idealizations of Figs. 1.6 and 1.7. More detailed en-
ergy level diagrams of some of the most important solid-state laser materials are
presented in Chapter 2.

1.4.1 The Three-Level System

Figure 1.6 shows a diagram that can be used to explain the operation of an op-
tically pumped three-level laser, such as ruby. Initially, all ions of the laser ma-
terial are in the lowest level 1. Excitation is supplied to the solid by radiation of
frequencies that produce absorption into the broad band 3. Thus, the pump light
raises ions from the ground state to the pump band, level 3. In general, the “pump-
ing” band, level 3, is actually made up of a number of bands, so that the optical
pumping can be accomplished over a broad spectral range. Most of the excited
ions are transferred by fast radiationless transitions into the intermediate sharp
level 2. In this process the energy lost by the electron is transferred to the lattice.
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FIGURE 1.6. Simplified energy level diagram of a three-level laser.
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Finally, the electron returns to the ground level by the emission of a photon. It is
this last transition that is responsible for the laser action. If pumping intensity is
below laser threshold, atoms in level 2 predominantly return to the ground state
by spontaneous emission. Ordinary fluorescence acts as a drain on the population
of level 2. After the pump radiation is extinguished, level 2 is emptied by fluores-
cence at a rate that varies from material to material. In ruby, at room temperature,
the lifetime of level 2 is 3 ms. When the pump intensity is above laser threshold,
the decay from the fluorescent level consists of stimulated as well as spontaneous
radiation; the stimulated radiation produces the laser output beam. Since the ter-
minal level of the laser transition is the highly populated ground state, a very
high population must be reached in the E, level before the 2 — 1 transition is
inverted.

It is necessary, in general, that the rate of radiationless transfer from the upper-
most level to the level at which the laser action begins is fast compared with the
other spontaneous transition rates in a three-level laser. Therefore, the lifetime of
the E> state should be large in comparison with the relaxation time of the 3 — 2
transition, that is,

1 > 132. (1.45)

The number of ions N3 in level E3 is then negligible compared with the number
of ions in the other two states, i.e., N3 < N1, Nj. Therefore,

N1 + N2 ~ Nt0t~ (]46)

A vital aspect of the three-level system is that the ions are in effect pumped di-
rectly from level 1 into the metastable level 2 with only a momentary pause as
they pass through level 3. With these conditions, we can calculate as if only two
levels were present. In order that an equal population is achieved between the E;
and E levels, one-half of all ions must be excited to the E, level:

N,
Ny = Ny = ;”. (1.47)

In order to maintain a specified amplification, the population of the second level
must be larger than that of the first level. In most cases that are of practical im-
portance, however, the necessary inversion (N — Ny) is small compared with the
total number of all ions. The pump power necessary for maintaining this inversion
is also small compared with the power necessary for achieving equal population
of the levels.

The disadvantage of a three-level system is that more than half of the ions in
the ground state must be raised to the metastable level E;. There are thus many
ions present to contribute to the spontaneous emission. Moreover, each of the
ions which participate in the pump cycle transfer energy into the lattice from the
E3 — E, transition. This transition is normally radiationless, the energy being
carried into the lattice by phonons.
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1.4.2  The Four-Level System

The four-level laser system, which is characteristic of the rare earth ions in glass
or crystalline host materials, is illustrated in Fig. 1.7. Note that a characteristic of
the three-level laser material is that the laser transition takes place between the
excited laser level 2 and the final ground state 1, the lowest energy level of the
system. This leads to low efficiency. The four-level system avoids this disadvan-
tage. The pump transition extends again from the ground state (now level Ep) to
a wide absorption band E3. As in the case of the three-level system, the ions so
excited will proceed rapidly to the sharply defined level E>. The laser transition,
however, proceeds now to a fourth, terminal level E;, which is situated above the
ground state Eg. From here the ion undergoes a rapid nonradiative transition to
the ground level. In a true four-level system, the terminal laser level E1 will be
empty. To qualify as a four-level system a material must possess a relaxation time
between the terminal laser level and the ground level which is fast compared to
the fluorescence lifetime, that is, 719 < 721. In addition, the terminal laser level
must be far above the ground state so that its thermal population is small. The
equilibrium population of the terminal laser level 1 is determined by the relation

Ni —AE
— = — ), 1.48
exp( T ) (1.48)

where AE is the energy separation between level 1 and the ground state, and T is
the operating temperature of the laser material. If AE > kT, then N;/Ny < 1,
and the intermediate level will always be relatively empty. In some laser materials
the energy gap between the lower laser level and the ground state is relatively
small and, therefore, they must be cooled to function as four-level lasers. In a four-
level system an inversion of the 2 — 1 transition can occur even with vanishingly
small pump power, and the high pump rate, necessary to maintain equilibrium
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FIGURE 1.7. Simplified energy level diagram of a four-level laser.
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population in the aforementioned three-level system, is no longer needed. In the
most favorable case, the relaxation times of the 3 — 2 and 1 — O transitions in
the four-level system are short compared with the spontaneous emission lifetime
of the laser transition t1. Hence we can also carry out the calculations as if only
the E1 and E; states were populated.

1.4.3 The Metastable Level

After this brief introduction to the energy level structure of solid-state lasers we
can ask the question, “What energy level scheme must a solid possess to make
it a useful laser?” As we have seen in the previous discussion, the existence
of a metastable level is of paramount importance for laser action to occur. The
relatively long lifetime of the metastable level provides a mechanism by which
inverted population can be achieved. Most transitions of ions show rapid non-
radiative decay, because the coupling of the internal atomic oscillations to the
surrounding lattice is strong. Radiative decay processes can occur readily, but
most have short lifetimes and broad linewidths. Only a few transitions of selected
ions in solids turn out to be decoupled from the lattice vibrations. These transi-
tions have a radiative decay that leads to relatively long lifetimes.

In typical laser systems with energy levels, such as illustrated by Figs. 1.6 and
1.7, the 3 — 2 transition frequencies, as well as the 1 — 0 transition frequen-
cies, all fall within the frequency range of the vibration spectrum of the host
crystal lattice. Therefore, all these transitions can relax extremely rapidly by di-
rect nonradiative decay, that is, by emitting a phonon to the lattice vibrations,
with 137, 710 & 1078 to 107! s. However, the larger 3—0, 3 — 1,2 — 0,
and 2 — 1 energy gaps in these ions often correspond to transition frequencies
that are higher than the highest possible vibration frequency of the crystal lat-
tice. Such transitions cannot relax via simple single-phonon spontaneous emission
since the lattice simply cannot accept phonons at those high frequencies. These
transitions must then relax either by radiative (photon) emission or by multiple-
phonon processes. Since both these processes are relatively weak compared to
direct single-phonon relaxation, the high-frequency transitions will have much
slower relaxation rates (21 &~ 107> to 10~ s in many cases). Therefore, the vari-
ous levels lumped into level 3 will all relax mostly into level 2 while level 2 itself
is metastable and long-lived because there are no other levels located close below
it into which it can decay directly.

The existence of metastable levels follows from quantum mechanical consid-
erations that will not be discussed here. However, for completeness we will at
least explain the term “forbidden transition.” As we have seen in Section 1.2.4,
the mechanism by which energy exchange takes place between an atom and the
electromagnetic fields is the dipole radiation. As a consequence of quantum-
mechanical considerations and the ensuing selection rules, transfer between cer-
tain states cannot occur due to forbidden transitions. The term “forbidden” means
that a transition among the states concerned does not take place as a result of the
interaction of the electric dipole moment of the atom with the radiation field. As
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a result of the selection rules, an atom may get into an excited state from which
it will have difficulty returning to the ground state. A state from which all dipole
transitions to lower energy states are forbidden is metastable; an atom entering
such a state will generally remain in that state much longer than it would in an
ordinary excited state from which escape is comparatively easy.

In the absence of a metastable level, the ions which become excited by pump
radiation and are transferred to a higher energy level will return either directly
to the ground state by spontaneous radiation or by cascading down on interme-
diate levels, or they may release energy by phonon interaction with the lattice.
In order for the population to increase at the metastable laser level, several other
conditions have to be met. Let us consider the more general case of a four-level
system illustrated in Fig. 1.7. (Note that a three-level system can be thought of
as a special case of a four-level scheme where levels 1 and O coincide.) Pumping
takes place between two levels and laser action takes place between two other
levels. Energy from the pump band is transferred to the upper laser level by fast
radiative transitions. Energy is removed from the lower laser level again by fast
radiationless transitions.

For electrons in the pump band at level 3 to transfer to level 2 rather than re-
turn directly to the ground state, it is required that 739 >> 13,. For population to
build up, relaxation out of the lower level 1 has to be fast, to1 > t19. Thus, as a
first conclusion, we may say that if the right relaxation time ratio exists between
any two levels (such as 3 and 2) in an energy level system, a population inversion
should be possible. If so, then obtaining a large enough inversion for successful
laser operation becomes primarily a matter of the right pumping method. The op-
tical pumping method is generally feasible only in laser materials that combine a
narrow laser emission line with a broad absorption transition, so that a broadband
intense light source can be used as the pump source. An exception is a solid-
state laser that is pumped by another laser, such as a diode laser for example. In
this case the requirement for a broad absorption range for the pump band can be
relaxed.

Having achieved population inversion in a material by correct combination of
relaxation times and the existence of broad pump bands, the linewidth of the laser
transition becomes very important. In Chapter 2 we will see that the optical gain
for a given population inversion is inversely proportional to linewidth. Therefore,
the metastable level should have a sufficiently narrow linewidth.

1.5 Laser Rate Equations

The dynamic behavior of a laser can be described with reasonable precision by
a set of coupled rate equations. In their simplest forms, a pair of simultaneous
differential equations describe the population inversion and the radiation density
within a spatially uniform laser medium. We will describe the system in terms
of the energy-level diagrams shown in Figs. 1.6 and 1.7. As we have seen in the
preceding discussions, two energy levels are of prime importance in laser action:
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the excited upper laser level E, and the lower laser level Eq. Thus, for many
analyses of laser action, an approximation of the three- and four-level systems by
a two-level representation is very useful.

The rate-equation approach used in this section involves a number of simpli-
fying assumptions; in using a single set of rate equations we are ignoring lon-
gitudinal and radial variations of the radiation within the laser medium. In spite
of these limitations, the simple rate-equation approach remains a useful tool and,
properly used, provides a great deal of insight into the behavior of real solid-state
laser devices. We will derive from the rate equations the threshold condition for
laser actions, and obtain a first-order approximation of the relaxation oscillations
in a solid-state laser. Furthermore, in Chapter 4 we will use the rate equations to
calculate the gain in a laser amplifier.

In general, the rate equations are useful in predicting the gross features of the
laser output, such as average and peak power, Q-switched pulse-envelope shape,
threshold condition, and so forth. On the other hand, many details of the nature of
the laser emission are inaccessible from the point of view of a simple rate equa-
tion. These include detailed descriptions of the spectral, temporal, and spatial dis-
tributions of the laser emission. Fortunately, these details can often be accounted
for independently.

In applying the rate equations to the various aspects of laser operation, we will
find it more convenient to express the probability for stimulated emission o(v) By
by the photon density ¢ and the stimulated emission cross section o

With (1.37) we can express the Einstein coefficient for stimulated emission By
in terms of the stimulated emission cross section o (v),

C
By = hvg(v)a(l)), (1.49)

where ¢ = cp/ng is the speed of light in the medium. The energy density per unit
frequency o(v) is expressed in terms of the lineshape factor g(v), the energy hv,
and the photon density ¢ [photons/cm’] by

o(v) = hvg(v)¢. (1.50)

From (1.49) and (1.50) we obtain

Byio(v) = co(v)é. (1.51)

1.5.1 Three-Level System

In order to approximate the three-level system with a two-level scheme, we as-
sume that the transition from the pump band to the upper laser level is so fast that
N3 = 0. Therefore pumping does not affect the other processes at all, except to al-
low a mechanism of populating the upper level and thereby obtaining population
inversion (Ny > Nj).
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Looking at Fig. 1.6, this assumption requires that the relaxation time ratio
732/121 be very small. In solid-state lasers t3;/721 & 0 is a good approximation.
Spontaneous losses from the pump band to the ground state can be expressed by
the quantum efficiency nq. This parameter, defined as

—1
no = (1 n 2) <1, (1.52)
73

specifies what fraction of the total atoms excited to level 3 drop from there to
level 2, thus becoming potentially useful for laser action. A small 7g obviously
requires a correspondingly larger pump power.

The changes in the electron population densities in a three-level system, based
on the assumption that essentially all of the laser ions are in either levels 1 or 2,
are

d
om _ (n2 - &nl)apo— + 22 W, (1.53)
at g1 1
and
0 d
g _ o (1.54)
at at
since
Ryt = N1 + N2, (1.55)

where W, is the pumping rate [s~11.

The terms of the right-hand side of (1.53) express the net stimulated emission,
the spontaneous emission, and the optical pumping.

The time variation of the population in both levels due to absorption, sponta-
neous, and stimulated emission is obtained from (1.15). Note that the populations
Njp and N; are now expressed in terms of population densities n1 and n;. To take
into account the effect of pumping, we have added the term W,n, which can be
thought of as the rate of supply of ions to the metastable level 2. More precisely,
Wpny is the number of ions transferred from the ground level to the upper laser
level per unit time per unit volume. The pump rate W, is related to the pump
parameter W3 in Fig. 1.6 by

Wp = nqoWis. (1.56)

The negative sign in front of Wpn; in (1.53) indicates that the pump mechanism
removes atoms from the ground level 1 and increases the population of level 2.
If we now define the inversion population density by

n=n,— 52 (1.57)

81
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we can combine (1.53), (1.54), and (1.57) to obtain

on n+no)(y — 1
— = —yn¢poc — ————=

at < + Wy (nior — 1), (1.58)

where

y=1+§ and ;=1 (1.59)

In obtaining (1.58) we have used the relations

Rt — N and Hy = n+ (gZ/gl)ntot. (1.60)

n=———
1+ g2/81 I+ g2/81

Another equation, usually regarded together with (1.58), describes the rate of

change of the photon density within the laser resonator,

%zcdmn—g—i—& (1.61)
ot Tc

where 7. is the decay time for photons in the optical resonator and S is the rate at

which spontaneous emission is added to the laser emission.

If we consider for the moment only the first term on the right, which is the
increase of the photon density by stimulated emission, then (1.61) is identical to
(1.33). However, for the time variation of the photon density in the laser resonator
we must also take into account the decrease of radiation due to losses in the system
and the increase of radiation due to a small amount of spontaneous emission that
is added to the laser emission. Although very small, this term must be included
because it provides the source of radiation which initiates laser emission.

An important consideration for initiation of laser oscillation is the total number
p of resonant modes possible in the laser resonator volume V since in general
only a few of these modes are initiated into oscillations. This number is given by
the familiar expression (1.3),

s AVV
3

p = 8mv (1.62)
where v is the laser optical frequency and Av is the bandwidth of spontaneous
emission. Let p;, be the number of modes of the laser output. Then S can be
expressed as the rate at which spontaneous emission contributes to stimulated
emission, namely,

_pum

S .
P21

(1.63)

The reader is referred to Chapter 3 for a more detailed description of the factor
7. which appears in (1.61). For now we only need to know that . represents all
the losses in an optical resonator of a laser oscillator. Since 7. has the dimension
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of time, the losses are expressed in terms of a relaxation time. The decay of the
photon population in the cavity results from transmission and absorption at the
end mirrors, “spillover” diffraction loss due to the finite apertures of the mirrors,
scattering and absorptive losses in the laser material itself, etc. In the absence of
the amplifying mechanism, (1.61) becomes
% = _f’ (1.64)
ot Tc
the solution of which is ¢ (t) = ¢o exp(—t/7c).
The importance of (1.61) should be emphasized by noting that the right-hand
side of this equation describes the net gain per transit of an electromagnetic wave
passing through a laser material.

1.5.2  Four-Level System

We will assume again that the transition from the pump band into the upper laser
level occurs very rapidly. Therefore the population of the pump band is negligible,
that is, n3 ~ 0. With this assumption the rate of change of the two laser levels in
a four-level system is

— =Wyng — | n2 — =ny Jopc— | —+ — |, (1.65)
dt Pre g1 ¢ ™ T

d

ﬂ = <n2 — &m)aqﬁc—i- 2 — n_l, (1.66)
dt 81 1 T10

Nt = Ng +n1 +n2 (1.67)

where ng is the population density of the ground level 0. From (1.65) it follows
that the upper laser level population in a four-level system increases because of
pumping and decreases because of stimulated emission and spontaneous emis-
sions into levels 1 and 0. The lower level population increases because of stimu-
lated and spontaneous emission and decreases by a radiationless relaxation pro-
cess into the ground level. This process is characterized by the time constant 7y¢.
In an ideal four-level system the terminal level empties infinitely fast to the ground
level. If we let 719 &~ 0, then it follows from (1.66) that n; = 0. In this case the
entire population is divided between the ground level O and the upper level of the
laser transition. The system appears to be pumping from a large source that is
independent of the lower laser level. With 719 = 0 and n; = 0, we obtain the
following rate equation for the ideal four-level system

n=np (1.68)
and

Rot = Ng + N X ng since npy K ng. (1.69)
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Therefore, instead of (1.58), we have

ony na

— = —nmyo¢pc — — + Wy(ng — na). (1.70)
Jat TF

The fluorescence decay time t¢ of the upper laser level is given by

—=—+—. (1.71)

In the equation for the rate of change of the upper laser level we have again taken
into account the fact that not all ions pumped to level 3 will end up at the upper
laser level. It is

Wp = nqWos, (1.72)

where the quantum efficiency ng depends on the branching ratios that are the
relative relaxation rates for the ions along the various possible downward paths,

-
no = (1+r3—2+@> <1 (1.73)
731 730

Strictly speaking the definition of nq given in (1.73) is the pump quantum effi-
ciency that addresses the fact that some of the absorbed pump photons will decay
to levels other than the upper laser level. The general definition of 7q as given in
Chapters 3 and 7 also includes losses from the upper laser level as a result of non-
radiative decay. These losses caused by quenching processes reduce the inversion
available for laser action.

Summary

In thermal equilibrium lower energy states of ions or atoms are more heavily
populated than higher energy states according to Boltzmann’s statistics. In order
for stimulated emission rather than absorption to occur, the population between
two energy states has to be inverted, such that the higher energy level is more
heavily populated compared to the lower level. Energy to achieve this population
inversion is supplied by a pump source.

In a three-level laser the ground state of the electronic transition is also the
lower laser level. At thermal equilibrium the majority of ions are in this level.
Thus, at least half of the ions at the ground level must be transferred to the upper
laser level before laser action is possible.

In a four-level laser, the lower laser level lies at an energy level that is above the
ground state. Since the number of thermally excited ions in the lower laser level is
small, the population can be easily inverted by pumping a relatively small number
of ions into the upper laser level. Therefore it requires less energy to generate a
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population inversion in a four-level laser and the threshold will be lower compared
to a three-level system.

For both systems there must be a fast process that transfers excited ions from
the pump level to the upper laser level. Futhermore in a four-level system, the
lower laser level has to drain rapidly to the ground state to prevent laser action to
cease.

The rate equation applicable to three- and four-level systems can be expressed
by a single pair of equations, namely, (1.58) and (1.61), where y = 1+4-g>/g; fora
three-level system and y = 1 for a four-level system. The factor y can be thought
of as an “inversion reduction factor” since it corresponds to the net reduction
in the population inversion after the emission of a single photon. In a four-level
system, see (1.70), we have y = 1 since the population inversion density is only
reduced by one for each photon emitted. For a three-level system (see (1.58)), we
have y = 2 if we assume no degeneracy, that is, go/g1 = 1. This reflects the fact
that in this case the population inversion is reduced by two for each stimulated
emission of a photon because the emitting photon is not only lost to the upper
laser level, but also increases the lower laser level by one.
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Exercises

1. A pretty good classical model of matter results when you think of an atom as
having an electron attached to a massive nucleus by a spring so that it can un-
dergo damped harmonic motion. Electrons, being charged particles, are driven
to move under these constraints by applied electric fields. Since light is an
electromagnetic wave phenomenon having an electric field transverse to the
direction of propagation, we can try to understand light—matter interactions by
asking how such a field causes the matter to react.

Solve for the motion of the driven, damped harmonic oscillator shown be-
low, where the driving electric field propagating in the z-direction and polar-
ized in the y-directionis E = E exp(i (wt —kz))a, where w is the frequency of
the driving field, k is its wave vector, and a, is a unit vector in the y-direction.

(a) Find the resonant frequency for the electron by solving for the motion of
the electron when it is not driven. When there is no damping, the resonant
frequency is called the natural frequency of the oscillator.

(b) What is the effect of damping on the motion (mathematically and in
words)?

(c) A material interacts with an electromagnetic wave by becoming polarized
and that polarization then radiates an electromagnetic wave. The polar-
ization of a material is proportional to the sum of the dipole moments of
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An electron of charge —e and mass m
attached to a massive nucleus fixed at
the origin and constrained to move
along the Yy axis. Its motion is damped
with a damping constant y.

the atoms in the material. Recall that the dipole moment is just the charge
on the electron times its displacement from equilibrium. From the gen-
eral solution to the driven, damped harmonic oscillator we are discussing,
identify the terms related to Einstein’s A and B coefficients and explain
why you made each identification. In other words, show that Einstein’s
model is actually a classical model of light—matter interactions.

(Hint: The equation for a damped harmonic oscillator is

You solve the first homogeneous equation and find the natural motion of
the oscillator. Then you solve the driven oscillator by assuming a solution
at the frequency of the driving field. The general solution is the sum of the
solutions.)

2. Equation (1.20) gives a relation between the stimulated and spontaneous emis-
sion coefficients. Recall the implication of spontaneous emission on the ex-
cited state population and explain how this relation affects the possibility of
making short wavelength lasers.

3. Consider two different materials each having an emission line centered at fre-
quency vg with the same line width, Av (full width at half-maximum). You
know that one is homogeneously broadened and the other is inhomogeneously
broadened. A friend suggests that to tell which is which you measure the line
strengths at say, three times Av. Which will be stronger and by how much?
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4. Is it possible to achieve an inverted population in a purely two-level system
(assume equal degeneracy)? If so, then find the threshold for lasing in such a
system. If not, describe the interaction of a beam of light having a frequency
corresponding to the energy difference between the two levels when its photon
density gets very high? When this happens, what is the population of each
level?

5. Under what circumstances and at what temperature will the rate of transition
due to thermal background radiation (proportional to the photon density times
the Einstein B coefficient) be equal to the rate of spontaneous transition (pro-
portional to the Einstein A coefficient) for a two-level system?
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Exercises

Materials for laser operation must possess sharp fluorescent lines, strong absorp-
tion bands, and a reasonably high quantum efficiency for the fluorescent transition
of interest. These characteristics are generally shown by solids (crystals or glass)
that incorporate in small amounts elements in which optical transitions can occur
between states of inner, incomplete electron shells. Thus the transition metals, the
rare earth (lanthanide) series, and the actinide series are of interest in this con-
nection. The sharp fluorescence lines in the spectra of crystals doped with these
elements result from the fact that the electrons involved in transitions in the op-
tical regime are shielded by the outer shells from the surrounding crystal lattice.
The corresponding transitions are similar to those of the free ions. In addition to
a sharp fluorescence emission line, a laser material should possess pump bands

44
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within the emission spectrum of readily available pump sources such as arc lamps
and laser diode arrays.
The three principal elements leading to gain in a solid-state laser are:

* The host material with its macroscopic mechanical, thermal and optical prop-
erties, and its unique microscopic lattice properties.

* The activator/sensitizer ions with their distinctive charge states and free-ion
electronic configurations.

* The optical pump source with its particular geometry, spectral irradiance, and
temporal characteristic.

These elements are interactive and must be selected self-consistently to achieve a
given system performance.

In this chapter we consider the properties of various host materials and activa-
tor/sensitizer combinations.

2.1 Overview

The conditions for laser action at optical frequencies were first described by
Schawlow and Townes [1] in 1958. The first demonstration of laser action by
Maiman [2] was achieved in 1960 using ruby (Cr’* : Al,03), a crystalline solid
system. The next step in the development of solid-state lasers was the operation
of trivalent uranium in CaF, and divalent samarium in CaF,.

Laser action in neodymium-doped glass and the first continuously operating
crystal laser using Nd>T : CaWO, were reported in 1961. Since then laser action
has been achieved from trivalent rare earths (Nd*t, Er*t, Ho’t, Ce?t, Tm3T,
Pr3t, Gd*t, Eut, Yb3t), divalent rare earths (Sm?*, Dy?>*, Tm?*), transition
metals (Cr2t, Ni2t, Co?t, Ti*t, V21), and the actinide ion Ut embedded in
various host materials. Optically pumped laser action has been demonstrated in
hundreds of ion-host crystal combinations covering a spectral range from the vis-
ible to the mid-infrared.

The exceptionally favorable characteristics of the trivalent neodymium ion for
laser action were recognized at a relatively early stage in the search for solid-state
laser materials. Thus, Nd3* was known to exhibit a satisfactorily long fluores-
cence lifetime and narrow fluorescence linewidths in crystals with ordered struc-
tures, and to possess a terminal state for the laser transition sufficiently high above
the ground state so that cw operation at room temperature was readily feasible.
Therefore, this ion was incorporated as a dopant in a variety of host materials, that
is, glass, CaWQy4, CaMoQ4, CaF;, LaF3, and so forth, in an effort to make use
of its great potential. However, most of these early hosts displayed undesirable
shortcomings, either from the standpoint of their intrinsic physical properties or
because of the way in which they interacted with the Nd** ions. Finally, yttrium
aluminum garnet (YAG) was explored by Geusic et al. [3] as a host for Nd**, and
its superiority to other host materials was quickly demonstrated.
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2.1.1 Host Materials

Solid-state host materials may be broadly grouped into crystalline solids and
glasses. The host must have good optical, mechanical, and thermal properties to
withstand the severe operating conditions of practical lasers. Desirable proper-
ties include hardness, chemical inertness, absence of internal strain and refractive
index variations, resistance to radiation-induced color centers, and ease of fabri-
cation.

Several interactions between the host crystal and the additive ion restrict the
number of useful material combinations. These include size disparity, valence,
and spectroscopic properties. Ideally, the size and valence of the additive ion
should match that of the host ion it replaces.

In selecting a crystal suitable for a laser ion host one must consider the follow-
ing key criteria:

(a) The crystal must possess favorable optical properties. Variations in the index
of refraction lead to inhomogeneous propagation of light through the crystal
which results in poor beam quality.

(b) The crystal must possess mechanical and thermal properties that will permit
high-average-power operation. The most important parameters are thermal
conductivity, hardness, and fracture strength.

(c) The crystal must have lattice sites that can accept the dopant ions and that
have local crystal fields of symmetry and strength needed to induce the de-
sired spectroscopic properties. In general, ions placed in a crystal host should

have long radiative lifetimes with emission cross sections near 10~20 cm?.

(d) It must be possible to scale the growth of the impurity-doped crystal, while
maintaining high optical quality and high yield.

Glasses

Glasses form an important class of host materials for some of the rare earths,
particularly Nd**. The outstanding practical advantage compared to crystalline
materials is the tremendous size capability for high-energy applications. Rods
up to 1 m in length and over 10 cm in diameter, and disks up to 90 cm in diameter
and several centimeters thick have been produced. The optical quality is excellent,
and glass, of course, is easily fabricated and takes a good optical finish. Laser ions
placed in glass generally show a larger fluorescent linewidth than in crystals as a
result of the lack of a unique and well-defined crystalline field surrounding the
individual active atoms. Therefore, the laser thresholds for glass lasers have been
found to run higher than their crystalline counterparts. Also, glass has a much
lower thermal conductivity than most crystalline hosts. The latter factor leads to
a large thermally induced birefringence and optical distortion in glass laser rods
when they are operated at high average powers.

For bulk solid-state lasers, glass doped with Nd3* or Er3T is important and will
be discussed in Sections 2.4 and 2.7. In fiber oscillators and amplifiers, Er3t- and
Yb3+-doped glass provides the active medium.
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Oxides

Sapphire. The first laser material to be discovered (ruby laser) employed sap-
phire as a host. The Al,O3 (sapphire) host is hard, with high thermal conductivity,
and transition metals can readily be incorporated substitutionally for the Al. The
Al site is too small for rare earths, and it is not possible to incorporate appreciable
concentrations of these impurities into sapphire. Besides ruby which is still used
today, Ti-doped sapphire has gained significance as a tunable-laser material. The
properties of ruby and Ti-sapphire will be discussed in Sections 2.2 and 2.10.

Garnets. Some of the most useful laser hosts are the synthetic garnets: yttrium
aluminum garnet, Y3AlsO12 (YAG); gadolinium gallium garnet, Gd3GasO1;
(GGG), and gadolinium scandium aluminum garnet Gd3ScyAl3012 (GSGG).
These garnets have many properties that are desirable in a laser host material.
They are stable, hard, optically isotropic, and have good thermal conductivities,
which permits laser operation at high average power levels.

In particular, yttrium aluminum garnet doped with neodymium (Nd : YAG) has
achieved a position of dominance among solid-state laser materials. YAG is a
very hard, isotropic crystal, which can be grown and fabricated in a manner that
yields rods of high optical quality. At the present time, it is the best commercially
available crystalline laser host for Nd3*, offering low threshold and high gain. The
properties of Nd : YAG are discussed in more detail in Section 2.3. Besides Nd+,
the host crystal YAG has been doped with Tm3*, Er*T, Ho*t, and Yb>*. The
YDb : YAG laser material will be discussed in Section 2.8 and Er: YAG, Tm : YAG,
and Ho : YAG crystals are briefly covered under the appropriate active ion.

In recent years, Nd : GSGG co-doped with Cr3* has been employed in a num-
ber of laser systems. Cr>* considerably increases the absorption of flashlamp radi-
ation and transfers the energy very efficiently to Nd. A comparison with Nd : YAG
reveals a lower thermal conductivity and a lower heat capacity for GSGG but, in
general, the materials parameters are fairly close. The stimulated emission cross
section, and therefore the gain of Cr:Nd:GSGG is about half of that in YAG.
This can be an advantage for Q-switch operation since more energy can be stored
before amplified spontaneous emission (ASE) starts to deplete the metastable
level.

Vanadates

Nd3*-doped yttrium orthovanadate (YVOy4) has shown a relatively low threshold
at pulsed operation. However, early studies of this crystal were hampered by se-
vere crystal growth problems, and as a result YVO4 was discarded as a host. With
the emergence of diode pumping, Nd: YVO4 has become an important solid-state
laser material (Section 2.6), because it has very attractive features, such as a large
stimulated emission cross section and a high absorption of the pump wavelength,
and the growth problem has been overcome for the small crystals required with
this pump source.
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Fluorides

Doping of fluorides with trivalent rare earth ions requires charge compensation
which complicates the crystal growth process. The important representative of
this crystal family is yttrium fluoride (YLiF4), a uniaxial crystal. YLiFy is trans-
parent to 150 nm. Therefore, high-current-density xenon flashlamps which emit
strongly in the blue and near-ultraviolet can be used as pump sources without
damage to the material. The most common dopant of YLF is Nd**. Nd: YLF of-
fers a reduction in thermal lensing and birefringence combined with improved en-
ergy storage relative to Nd : YAG. The thermomechanical properties of Nd: YLF,
however, are not as good as those of Nd : YAG. Details of Nd : YLF are discussed
in Section 2.5.

2.1.2 Activelons

Before proceeding to a discussion of the active laser ions, we will review briefly
the nomenclature of atomic energy levels.

Different energy states of electrons are expressed by different quantum num-
bers. The electrons in an atom are characterized by a principal quantum number n,
an orbital angular momentum I, the orientation of the angular momentum vector
m, and a spin quantum number S. A tradition from the early days of line-series al-
location has established the following method of designating individual electronic
orbits: a number followed by a letter symbolizes the principal quantum number n
and the angular momentum number |, respectively. The letters S, p, d, f stand for
| =0,1,2, 3, respectively. For example, a 3d electron is in an orbit withn = 3
and| = 2.

To designate an atomic energy term one uses by convention capital letters with
a system of subscripts and superscripts. The symbol characterizing the term is
of the form 25t 1LJ, where the orbital quantum numbers L = 0, 1, 2, 3, 4, 5,
are expressed by the capital letters S, P, D, F, G, H, |. A superscript to the
left of the letter indicates the value (2S + 1), that is, the multiplicity of the term
due to possible orientation of the resultant spin S. Thus a one-electron system
(S= %) has a multiplicity 2. L and S can combine to a total angular momentum
J, indicated by a subscript to the right of the letter. Thus the symbol 2P; /2 shows
an energy level with an orbital quantum number L = 1, a spin of S = %, and a
total angular momentum of J = % The complete term description must include
the configuration of the excited electron, which precedes the letter symbol. Thus
the ground state of lithium has the symbol 252, /5.

When an atom contains many electrons, the electrons that form a closed shell
may be disregarded and the energy differences associated with transitions in the
atom may be calculated by considering only the electrons outside the closed shell.

In describing the state of a multielectron atom, the orbital angular momenta
and the spin angular momenta are added separately. The sum of the orbital an-
gular momenta are designated by the letter L, and the total spin is characterized
by S. The total angular momentum J of the atom may then be obtained by vector
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addition of L and S. The collection of energy states with common values of J, L,
and Sis called a term.

In the following section, a qualitative description is given of some of the promi-
nent features of the most important rare earth, actinide, and transition metal ions.

Rare Earth lons

The rare earth ions are natural candidates to serve as active ions in solid-state laser
materials because they exhibit a wealth of sharp fluorescent transitions represent-
ing almost every region of the visible and near-infrared portions of the electro-
magnetic spectrum. It is a characteristic of these lines that they are very sharp,
even in the presence of the strong local fields of crystals, as a result of the shield-
ing effect of the outer electrons.

The ground state electronic configuration of the rare earth atom consists of a
core that is identical to xenon, plus additional electrons in higher orbits. In xenon,
the shells with quantum numbers N = 1, 2,3 are completely filled. The shell
N = 4 has its S, p, and d subshells filled, whereas the 4 f subshell capable of
accommodating 14 electrons is completely empty. However, the n = 5 shell has
acquired its first eight electrons which fill the 5s and 5p orbits. The electronic
configuration for xenon is

15?2522 p%3s%3 p®3d 04524 p®4d 105575 p° .

Elements beyond xenon, which has the atomic number 54, have this electronic
structure and, in addition, have electrons in the 4 f, 5d, 6s, etc. orbits. Cesium,
barium, and lanthanum are the elements between xenon and the rare earths. Ce-
sium has one, and barium has two 6S electrons, and lanthanum has in addition
one electron in the 5d orbit. Rare earth elements begin with the filling of the inner
vacant 4 f orbits. For example, the first rare earth element cerium has only one
electron in the f-orbit:

Ce: ...4f55°5p%5d6s?
and the important rare earth neodymium has four electrons in the f orbit
Nd: ...4f*5s?5p%s.

Since the first nine shells and subshells up to 4d'? are completely filled, only the
outer electron configuration is indicated.

In crystals, rare earth ions are normally trivalent, but under appropriate condi-
tions the valence state can also be divalent. When a trivalent ion is formed the
atom gives up its outermost 6S electrons, the atom loses also its 5d electron if it
has one, otherwise one of the 4 f electrons is lost. For example, trivalent cesium
has the electronic configuration

Cce*t: .. .4f58%5p°
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and trivalent neodymium has the configuration
Nd*t: ... 4f35825p°.

As one can see, the trivalent ions of rare earths have a simpler configuration than
the corresponding atoms. Ions from the rare earths differ in electronic structure
only by the number of electrons in the 4 f shell as illustrated in Table 2.1. When
a divalent rare earth ion is formed, the atom gives up its outermost 6S electrons.

The fluorescence spectra of rare earth ions arise from electronic transitions be-
tween levels of the partially filled 4 f shell. Electrons present in the 4 f shell can
be raised by light absorption into unoccupied 4 f levels. The 4 f states are well-
shielded by the filled 5S and 5p outer shells. As a result, emission lines are rela-
tively narrow and the energy level structure varies only slightly from one host to
another. The effect of the crystal field is normally treated as a perturbation on the
free-ion levels. The perturbation is small compared to spin-orbit and electrostatic
interactions among the 4 f electrons. The primary change in the energy levels is a
splitting of each of the free-ion levels in many closely spaced levels caused by the
Stark effect of the crystal field. In crystals the free-ion levels are then referred to
as manifolds. For example, Figure 2.2 provides a nice illustration of the splitting
of the Nd3* manifolds into sublevels as a result of the YAG crystal field.

Neodymium. Nd3* was the first of the trivalent rare earth ions to be used in a
laser, and it remains by far the most important element in this group. Stimulated
emission has been obtained with this ion incorporated in at least 100 different host
materials, and a higher power level has been obtained from neodymium lasers
than from any other four-level material. The principal host materials are YAG and
glass. In these hosts stimulated emission is obtained at a number of frequencies

TABLE 2.1. Electronic configuration of trivalent rare earths.

Element Trivalent Number of Ground
number rare earth 4f electrons state
58 Cerium, Ce3t 1 2Fs)
59 Praseodymium, Pr3t 2 3H,
60 Neodymium, Nd3+ 3 *lo)2
61 Promethium, Pm3+ 4 5 I4

62 Samarium, Sm3+ 5 6 Hs, 2
63 Europium, Eu’t 6 7 Fo

64 Gadolinium, Gd3+ 7 )
65 Terbium, Tb3+ 8 TF

66 Dysprosium, Dy3Jr 9 6 Hisp
67 Holmium, Ho3* 10 Sig

68 Erbium, Er3+ 11 *ysp
69 Thulium, Tm3+ 12 3He
70 Ytterbium, Yb3+ 13 2k
71 Lutetium, Lu’+ 14 '
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within three different groups of transitions centered at 0.9, 1.06, and 1.35 um.
Radiation at these wavelengths results from *Fs32 — 4192, #1112, and 1132
transitions, respectively.

The nomenclature of the energy levels may be illustrated by a discussion of the
Nd3* jon. This ion has three electrons in the 4 f subshell. In the ground state their
orbits are so aligned that the orbital angular momentum addsupto3+2+1=16
atomic units. The total angular momentum L = 6 is expressed by the letter |.
The spins of the three electrons are aligned parallel to each other, providing an
additional % units of angular momentum, which, when added antiparallel to the
orbital angular momentum, gives a total angular momentum of 6 — % = % units.
According to the quantum rules for the addition of angular momenta, the vector

sum of an orbital angular momentum of 6 and a spin angular momentum of % may

result in the following four values of the total angular momentum: %, %, %, and

%. The levels corresponding to these values are 4I9/2, 4I11/2, 4 13/2, and 4 15/2-
The first of these, which has the lowest energy, is the ground state; the others are
among the first few excited levels of Nd>*. These levels are distinguished by the
orientation of the spins with respect to the resultant orbital angular momentum.
Other excited levels are obtained when another combination of the orbital angu-
lar momenta is chosen. The most important neodymium laser materials, namely
Nd: YAG, Nd: glass, Nd : YLF, and Nd: YVOy are described later in this chapter.

Erbium. Laser action in erbium has been demonstrated in a variety of garnets,
fluorides, and glasses. Erbium-laser performance is not very impressive in terms
of efficiency or energy output. However, erbium has attracted attention because of
two particular wavelengths of interest. A crystal, such as YAG, highly doped with
erbium produces an output around 2.9 um, and erbium-doped phosphate glass
generates an output at 1.54 um. Both of these wavelengths are absorbed by water,
which leads to interesting medical applications in the case of the 2.9 um lasers,
and to eye safe military rangefinders in the case of the shorter wavelength.

The wavelength at 1.54 pum arises from a transition between the 4 13/2 state
and the 415 /2 ground state of Er’t. Atroom temperature all levels of the terminal
H1s /2 manifold are populated to some degree; thus this transition forms a three-
level laser scheme with a correspondingly high threshold. Er : glass is discussed
in Section 2.7. The wavelength at 2.9 um stems from a laser transition from the
N1 /2 to the 4 13/2 state. The lower laser level of this transition is considerably
above the ground state, similar to the 1.06 um transition in Nd3*. Therefore this
transition is four-level in nature. However, complicated energy transfer mech-
anisms between the levels and a lower laser level which has a longer lifetime
compared to the upper laser level has prevented cw operation at this transition.
But with highly concentrated pump beams at 963 nm from quasi-cw laser diodes
average output powers of several watts have been obtained from 50% Er: YAG.

Holmium. Laser action in Ho** has been reported in many different host mate-
rials. Because the terminal level is only about 250 cm™! above ground level, the
lower laser level has a relatively high thermal population at room temperature.
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While Ho: YAG and Ho: YLF have proven to be efficient lasers, operation has
been limited in most cases to cryogenic temperatures, which will depopulate the
lower laser level. Previous efforts in flashlamp-pumped 2 pm lasers have concen-
trated on Er: Tm : Ho-doped YAG and YLFE.

It was discovered that chromium-sensitized Tm : Ho : YAG offers several ad-
vantages over the erbium-sensitized materials. In a Cr: Tm:Ho: YAG laser, a
very efficient energy transfer process between the co-dopants takes place. Cr3+
acts to efficiently absorb flashlamp energy, which is then transferred to thulium
with a transfer quantum efficiency approaching 2 (two photons in the infrared
for each pump photon). From thulium the energy is efficiently transferred to
holmium. Lasing occurs at the 317—|g holmium transition at a wavelength of 2080
nm. Laser diode pumping of a Tm : Ho : YAG laser via an absorption line in Tm3*
at 780 nm is also possible. Chromium doping is not necessary in this case.

Thulium. Efficient flashlamp and laser diode-pumped laser operation has been
achieved in Tm3* : YAG and Tm>* : YLF co-doped either with Cr3* or Ho>*.
The output wavelength for the 3F4—Hg transition is 2.01 zzm. The thulium ion has
an absorption at 785 nm which is useful for diode pumping. With diode pump-
ing Tm: YAG lasers have been designed with output powers in excess of 100 W.
Cr-doping provides for efficient absorption of the flashlamp radiation. Flashlamp-
pumped Cr: Tm: YAG can achieve tunable output between 1.945 and 1.965 pum.

Thulium and thulium-sensitized holmium lasers have outputs in the 2 um re-
gion, a wavelength of interest for coherent radar systems, remote sensing, and
medical applications. The possibility of pumping thulium-doped crystals, with
readily available powerful GaAlAs laser diodes at 785 nm, has stimulated interest
in these materials.

Praseodymium, Gadolinium, Europium, Ytterbium, and Cerium. Laser ac-
tion in these triply ionized rare earths has been reported; however, only marginal
performance was obtained in hosts containing these ions with the exception of yt-
terbium. Diode-pumped Yb : YAG has become an important laser and is described
in Section 2.8.

Samarium, Dysprosium, and Thulium. The divalent rare earths Sm>*, Dy>*,
and Tm>* have an additional electron in the 4 f shell, which lowers the energy
of the 5d configuration. Consequently, the allowed 4 f —5d absorption bands fall
in the visible region of the spectrum. These bands are particularly suitable for
pumping the laser systems. Tm2T, Dy?>*, and Sm?* have been operated as lasers,
all in a CaF; host. For laser operation, these crystals must be refrigerated to at
least 77 K.

Actinidelons

The actinides are similar to the rare earths in having the 5 f electrons partially
shielded by 6s and 6p electrons. Most of the actinide elements are radioactive,
and only uranium in CaF; has been successfully used in a laser. The host was
doped with 0.05% uranium. Laser action occurred at 2.6 um between a metastable
level and a terminal level some 515 cm™! above the ground state.
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Transition Metals

Important members of the transition metal group include chromium and titanium.
The chromium atom has 18 electrons in orbitals which make up the filled core.
The outer configuration includes six electrons in the d and S orbitals:

Cr: ...3d4s.

The trivalent chromium ion has given up three electrons from these outer two sets
of orbitals

crt: L. 3d3,

leaving three electrons in the 3d orbitals. These electrons determine the optical
properties of the ion. Since they are unshielded by outer shells of electrons, in con-
trast to rare earth ions, the optical properties of transition metal ions are strongly
influenced by the host crystal field.

The titanium atom has the same electronic configuration as chromium but only
four electrons in the d and s orbitals

Ti: ...3d%s%.
The trivalent titanium has only a single electron in the d orbital
Tt ... 3d.

Transition metal-host crystal combinations which have resulted in important
lasers include ruby (Cr>* : Al,03), alexandrite (Cr>* : BeAl,Oy), and Ti : sapphire
(Ti3+ : Al,03) lasers, which are discussed in separate sections.

In addition, two other lasers based on chromium-doped crystals, Cr: LiSAF
(Cr3* : LiSrAIFg) and Cr: forsterite (Cr**:Mg»SiO4) need to be mentioned.
Cr: LiSAF has found applications as a flashlamp or diode-pumped laser source
with tunable output from 780 to 920 nm. The broadband emissions of Cr: LiSAF
makes this crystal attractive for the generation and amplification of femtosec-
ond mode-locked pulses. Of particular interest is a diode-pumped, all solid-state
tunable source for femtosecond pulse generation.

Systems have been developed which range from small diode-pumped Cr : LiSAF
mode-locked oscillators to very large flashlamp-pumped amplifier stages. Both
pulsed and cw laser operation has been achieved in Cr** : Mg, SiO4 with Nd : YAG
lasers at 1.06 um and 532 nm as pump sources. The tuning range covers the spec-
tral region from 1167 to 1345 nm. A distinguishing feature of laser actions in
Cr: Mg, SiOy is that the lasing ion is not trivalent chromium (Cr’*) as in the case
with other chromium-based lasers, but the active ion in this crystal is tetravalent
chromium (Cr**) which substitutes for silicon (Si*") in a tetradedral site.

In the following section we will describe some of the features of the most
prominent laser materials. The ruby laser, still in use today, provides a good il-
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lustration of a three-level system. Nd: YAG, because of its high gain and good
thermal and mechanical properties, is by far the most important solid-state laser
for scientific, medical, industrial, and military applications. Nd : glass is impor-
tant for laser fusion drivers because it can be produced in large sizes. Nd : YLF is
a good material for a number of applications; the crystal exhibits lower thermal
birefringence and has a higher energy storage capability (due to its lower gain
coefficient) compared to Nd: YAG. Nd: YVOy4 has become a very attractive ma-
terial for small diode-pumped lasers because of its large emission cross section
and strong absorption at 809 nm. Er: glass is of special importance because the
laser output at 1.55 um is in the eye-safe region of the spectrum. The Yb: YAG
laser has been developed for high-power applications requiring output in the kW
range.

The last two lasers described in this chapter, alexandrite and Ti : sapphire, are
both broadly tunable lasers. Tunability of the emission in solid-state lasers is
achieved when the stimulated emission of photons is intimately coupled to the
emission of vibrational quanta (phonons) in a crystal lattice. In these “vibronic”
lasers, the total energy of the lasing transition is fixed but can be partitioned be-
tween photons and phonons in a continuous fashion. The result is broad wave-
length tunability of the laser output. In other words, the existence of tunable solid-
state lasers is due to the subtle interplay between the Coulomb field of the lasing
ion, the crystal field of the host lattice, and electron—phonon coupling permitting
broadband absorption and emission. Therefore, the gain in vibronic lasers depends
on transitions between coupled vibrational and electronic states; that is, a phonon
is either emitted or absorbed with each electronic transition. In alexandrite and
Ti : sapphire tunability is achieved by the 3d electron of the transition metal ions
Cr’t and Ti*T.

Overviews of laser host materials and active ions, as well as compilations of
useful laser and materials parameters, can be found in a number of handbooks
and summary articles [4]-[10].

2.2 Ruby

The ruby laser, Cr>* : Al O3, is a three-level system, which makes it necessary to
pump the crystal at high intensity to achieve at least inversion. Consequently, the
overall system efficiency is very low, which is the main reason for its limited use
today. Ruby chemically consists of sapphire (Al;O3) in which a small percentage
of the A>T has been replaced by Cr>T. This is done by adding small amounts of
Cry03 to the melt of highly purified Al,O3. Sapphire has the best thermomechan-
ical properties of all solid-state laser materials. The crystal is very hard, has high
thermal conductivity, and can be grown to very high quality by the Czochralski
method. The Cr3F ion has three d electrons in its unfilled shell; the ground state
of the free ion is described by the spectroscopic symbol “A. The amount of doping
is nominally 0.05 wt.% Cr,03.

A simplified energy level diagram of ruby is given in Fig. 2.1. In ruby lasers,
population inversion with respect to the so-called >E level is obtained by opti-
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FIGURE 2.1. Important energy levels of cr3tin ruby (separation of 2 E levels not to scale).

cally pumping Cr** ions from the %A, ground state to the broad pump bands *F,
and *F}. The lifetime at the pump bands, which are each about 100 nm wide, lo-
cated in the green (18,000 cm~!) and in the violet (25,000cm™}), is extremely
short, with the ions returning to a metastable state 2E that has a fluorescent life-
time of 3 ms. This metastable level is split into two sublevels with a separation of
AE =29cm™!. The upper sublevel is the 2A and the lower one the E sublevel.
The two transitions (E — %A; and 2A — %A;) are referred to as the Ry and Ry
lines, which are located at the end of the visible region at 694.3 and 692.9 nm,
respectively. The width of these fluorescent lines is Av = 11 cm™! at room tem-
perature and they are homogeneously broadened because of the interaction of the
Cr** ions with lattice vibrations. The two R lines are connected to each other by
a very fast nonradiative decay, thermalization of the population occurs, and this
results in the lower-lying E level being the more heavily populated.

At thermal equilibrium the difference in population between the E and 2A level
is determined by the Boltzmann factor x = exp(AE/KT). At room temperature
the Boltzmann factor is k = 0.87. The R; line attains laser threshold before
the Ry line because of the higher inversion. Once laser action commences in the
R) line, the E level becomes depleted and population transfer from the nearby
2A level proceeds at such a fast rate that the threshold level is never reached
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for the R, line. Therefore the entire initial population of the two states decays
through R; emission. If we compare the energy-level diagram of ruby with our
simplified scheme of a three-level system in Figure 1.6, the levels *F; and *F,
jointly constitute level 3, whereas 2E and *A, states represent levels 2 and 1,
respectively. We can write

Ny = N (Ry) + M (R) 2.1

for the metastable level and n; for the ground level. Threshold and gain in ruby
depends only on the population of level n>(R;). However, in relating gain and
threshold to the population of the ground level ny or to the total number of Cr3*
ions Ny, one has to take the population of Ny (Ry) into account. In ruby all levels
are degenerate, that is,

g(n) =4, 9(R) = g(Ry) =2. 2.2)

Because of the higher degeneracy of the ground state, amplification occurs
when the R; level is at least one-half as densely populated as the ground state.
Since

N2(Ry) + N2(Rp) + Ny = Ny (2.3)

we have the following population at threshold (300 K)

Ntot

N (Ry) = 31k = 0.26N0,
n
M(Ry) = =% = 0.2, (2.4)
2Niot
n = = 0.52Nt.
1 3+« tot

Thus we must have just under one-half of the atoms in the two upper levels in
order to reach threshold. With a Cr>t concentration of Nt = 1.58 x 10! cm?3
and a photon energy of hv = 2.86 x 107! W's, we obtain for the energy den-
sity at the metastable level required to achieve transparency in ruby according to
(2.4),

1
‘]th = (i> ntothv =2.18 J/Cm3 (25)
k+3

The small-signal gain coefficient in ruby is

(2.6)

R
Q=0 |:n2(R1) - M}

a(ny)

where o is the stimulated emission cross section of the R; line and ny(R;) is the
population density of the E level.
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Since o = 01209(N1)/9(R1), the gain coefficient can be expressed as

2Ny
go = o (— - 1) : 2.7

Ntot

where og = 012Ny 1S the absorption coefficient of ruby. Ruby has an absorption
cross section of o1 = 1.22 x 1072% cm? and an absorption coefficient of ag =
0.2cm™!. With all the chromium ions in the ground state (N, = O) the gain of
the unpumped ruby crystal is gy = —ap. With all the ions in the upper levels
(N2 = Nnyo) the maximum gain coefficent is gy = «p.

The example of ruby illustrates very clearly the drawbacks of a three-level sys-
tem.

(a) Compared to a four-level laser, three-level lasers such as ruby and Er : glass,
and quasi-three-level lasers such as Yb: YAG require high-pump intensities
because a certain amount of pump power is required just to achieve trans-
parency in the material.

(b) Since three- and quasi-three-level lasers absorb at the laser wavelength unless
pumped to inversion, any portion of the laser crystal which is shielded from
the pump light, for example, by the rod holder, will present a high absorption
loss.

Despite these obvious drawbacks, three-level lasers have other redeeming fea-
tures, such as desirable wavelength or a particular efficient pump method, which
makes these lasers attractive. For example, ruby lases in the visible region, it has
broad absorption bands at a wavelength region particularly well-suited for flash-
lamp pumping, and it has a long fluorescent lifetime and a reasonably large stim-
ulated emission cross section.

2.3 Nd:YAG

The Nd: YAG laser is by far the most commonly used type of solid-state laser.
Neodymium-doped yttrium aluminum garnet (Nd : YAG) possesses a combination
of properties uniquely favorable for laser operation. The YAG host is hard, of
good optical quality, and has a high thermal conductivity. Furthermore, the cubic
structure of YAG favors a narrow fluorescent linewidth, which results in high
gain and low threshold for laser operation. In Nd: YAG, trivalent neodymium
substitutes for trivalent yttrium, so charge compensation is not required.

Physical Properties

Pure Y3Al501; is a colorless, optically isotropic crystal that possesses a cubic
structure characteristic of garnets. In Nd : YAG about 1% of Y37 is substituted by
Nd3*. The radii of the two rare earth ions differ by about 3%. Therefore, with
the addition of large amounts of neodymium, strained crystals are obtained—
indicating that either the solubility limit of neodymium is exceeded or that the
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TABLE 2.2. Physical and optical properties of Nd : YAG.

Chemical formula Nd:Y3Al5012

Weight % Nd 0.725

Atomic % Nd 1.0

Nd atoms/cm? 1.38 x 1020

Melting point 1970° C

Knoop hardness 1215

Density 4.56 g/cm3

Rupture stress 1.3-2.6 x 100 kg/cm2

Modulus of elasticity 3 x 10° kg/cm2

Thermal expansion coefficient
[100] orientation 8.2 x 1076 °Cc~1,0-250° C
[110] orientation 7.7 x 1076 °C~1,10-250° C
[111] orientation 7.8 x 1076 °C~1 0-250° C

Linewidth 120 GHz

Stimulated emission cross section
Ry — Y3 6 =65x10"19cm?
4F3/2—4|]]/2 o =28x10"19cm?

Fluorescence lifetime 230 us

Photon energy at 1.06 um hv =1.86 x 10719J

Index of refraction 1.82 (at 1.0 um)

lattice of YAG is seriously distorted by the inclusion of neodymium. Some of the
important physical properties of YAG are listed in Table 2.2 together with optical
and laser parameters.

Laser Properties

The Nd : YAG laser is a four-level system as depicted by a simplified energy level
diagram in Fig. 2.2. The laser transition, having a wavelength of 1064.1 nm, orig-
inates from the Ry component of the = /2 level and terminates at the Y3 com-
ponent of the *l; s2 level. At room temperature only 40% of the 45 /2 popula-
tion is at level Ry; the remaining 60% are at the lower sublevel R; according
to Boltzmann’s law. Lasing takes place only by R, ions whereby the R, level
population is replenished from R; by thermal transitions. The ground level of
Nd: YAG is the 4lg /2 level. There are a number of relatively broad energy levels,
which together may be viewed as comprising pump level 3. Of the main pump
bands shown, the 0.81 and 0.75 um bands are the strongest. The terminal laser
level is 2111 cm™! above the ground state, and thus the population is a factor of
exp(AE/KT) ~ exp(—10) of the ground-state density. Since the terminal level is
not populated thermally, the threshold condition is easy to obtain.

The upper laser level, *F3 /2, has a fluorescence efficiency greater than 99.5%
and a fluorescence lifetime of 230 us. The branching ratio of emission from = 2
is as follows: 4F3/2 — 4|9/2 = 0.25, 4F3/2 — 4|11/2 = 0.60, 4F3/2 — 4|13/2 =
0.14, and *F3 2= Y5 ,2 < 0.01. This means that almost all the ions transferred
from the ground level to the pump bands end up at the upper laser level, and 60%
of the ions at the upper laser level cause fluorescence output at the 4l 1 /2 manifold.
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FIGURE 2.2. Energy level diagram of Nd: YAG.

At room temperature the main 1.06 um line in Nd: YAG is homogeneously
broadened by thermally activated lattice vibrations. The spectroscopic cross sec-
tion for the individual transition between Stark sublevels has been measured to
be o(Ry — Y3) = 6.5 x 10712 cm?. At a temperature of 295K, the Maxwell—
Boltzmann fraction in the upper Stark sublevel is 0.427, implying an effective
cross section for Nd : YAG of o*(4F3/2 -9 112) = 2.8 x 10~19 cm?. The effec-
tive stimulated-emission cross section is the spectroscopic cross section times the
occupancy of the upper laser level relative to the entire *F3 4,2 manifold population.

Figure 2.3 shows the fluorescence spectrum of Nd** in YAG near the region of
the laser output with the corresponding energy levels for the various transitions.
The absorption of Nd: YAG in the range 0.3 to 0.9 um is given in Fig. 2.4(a). In
Fig. 2.4(b) the absorption spectrum is expanded around the wavelength of 808 nm,
which is important for laser diode pumping. Thermal properties of Nd: YAG
are summarized in Table 2.3. Under normal operating conditions the Nd: YAG
laser oscillates at room temperature on the strongest = 2 = N1 /2 transition
at 1.0641 um. It is possible, however, to obtain oscillation at other wavelengths
by inserting etalons or dispersive prisms in the resonator, by utilizing a specially
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FIGURE 2.3. Fluorescence spectrum of Nd3t in YAG at 300K in the region of 1.06 um
(10, [11].

designed resonant reflector as an output mirror, or by employing highly selec-
tive dielectrically coated mirrors. These elements suppress laser oscillation at
the 1.06 um wavelength and provide optimum conditions at the wavelength de-
sired. With this technique laser systems have been built which utilize the 946 and
1330 nm transitions.

2.4 Nd:Glass

There are a number of characteristics that distinguish glass from other solid-state
laser host materials. Its properties are isotropic. It can be doped at very high
concentrations with excellent uniformity, and it can be made in large pieces of
diffraction-limited optical quality. In addition, glass lasers have been made, in a
variety of shapes and sizes, from fibers a few micrometers in diameter to rods 2 m
long and 7.5 cm in diameter and disks up to 90 cm in diameter and 5 cm thick.
The most common commercial optical glasses are oxide glasses, principally sil-
icates and phosphates, that is, SiO; and P,Os5 based. Table 2.4 summarizes some
important physical and optical properties of commercially available silicate and
phosphate glasses. The gain cross sections at 1053 nm of available phosphates
range from 3.0 x 10720 to 4.2 x 1072 cm? and are generally larger than the
1064 nm cross sections of silicate glasses. Silicate and phosphate glasses have flu-
orescent decay times of around 300 us at doping levels of 2 x 1020 Nd atoms/cm?.

24.1 Laser Properties

There are two important differences between glass and crystal lasers. First, the
thermal conductivity of glass is considerably lower than that of most crystal hosts.
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FIGURE 2.4. (a) Absorption spectrum of Nd: YAG from 0.3 to 0.9 um and (b) expanded
scale around 808 nm.

TABLE 2.3. Thermal properties of Nd : YAG.

Property Units 300K 200K 100K
Thermal conductivity Wem K1 0.14 0.21 0.58
Specific heat Ws g7l K-! 0.59 0.43 0.13
Thermal diffusivity em?s~! 0.046 010 092
Thermal expansion K1 x 1070 7.5 5.8 4.25

on/oT K~! 73x1070  — —
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TABLE 2.4. Physical and optical properties of Nd-doped glasses.

Glass Type Q-246 Q-88 LHG-5 LHG-8 LG-670 LG-760
Silicate  Phosphate Phosphate Phosphate Silicate Phosphate

Spectroscopic properties (Kigre) (Kigre) (Hoya) (Hoya)  (Schott) (Schott)
Peak wavelength [nm] 1062 1054 1054 1054 1061 1054
Cross section [x 10720 cm?] 2.9 4.0 4.1 4.2 2.7 4.3
Fluorescence lifetime [us] 340 330 290 315 330 330
Linewidth FWHM [nm] 27.7 21.9 18.6 20.1 27.8 19.5
Density [gm/cmS] 2.55 271 2.68 2.83 2.54 2.60
Index of refraction [Nd] 1.568 1.545 1.539 1.528 1.561 1.503
Nonlinear coefficient

[10710 cm? /W] 3.74 2.98 3.48 3.10 378 2.90
dn/dt (20°—40° C [10~6/° C] 2.9 —0.5 8.6 —5.3 2.9 —6.8
Thermal coefficient of optical

path (20°-40° C) [1076/°C]  +8.0 +2.7 +4.6 +0.6 8.0 —
Transformation point [° C] 518 367 455 485 468 —
Thermal expansion coefficient

(20°-40° [10~7/° C] 90 104 86 127 92.6 138
Thermal conductivity

[W/m°C] 1.30 0.84 1.19 — 1.35 0.67
Specific heat [J/g° C] 0.93 0.81 0.71 0.75 0.92 0.57
Knoop hardness 600 418 497 321 497 —
Young’s modulus [kg/mmz] 8570 7123 6910 5109 6249 —
Poisson’s ratio 0.24 0.24 0.237 0258 0.24 0.27

Second, the emission lines of ions in glasses are inherently broader than in crys-
tals. A wider line increases the laser threshold value of amplification. Neverthe-
less, this broadening has an advantage. A broader line offers the possibility of
obtaining and amplifying shorter light pulses and, in addition, it permits the stor-
age of larger amounts of energy in the amplifying medium for the same linear am-
plification coefficient. Thus, glass and crystalline lasers complement each other.
For continuous or very high repetition-rate operation, crystalline materials pro-
vide higher gain and greater thermal conductivity. Glasses are more suitable for
high-energy pulsed operation because of their large size, flexibility in their phys-
ical parameters, and the broadened fluorescent line.

Unlike many crystals, the concentration of the active ions can be very high in
glass. The practical limit is determined by the fact that the fluorescence lifetime,
and therefore the efficiency of stimulated emission, decreases with higher con-
centrations. In silicate glass, this decrease becomes noticeable at a concentration
of 5% Nd,Os3.

Figure 2.5 shows a simplified energy level diagram of Nd : glass. The Nd> ion
in glass represents a four-level system. The upper laser level indicated in Fig. 2.5
is the lower-lying component of the *F3 /2 pair with a several hundred microsecond
spontaneous emission lifetime. The terminal laser level is the lower-lying level
of the pair in the *I; ;2 multiplet. The I /2 group empties spontaneously by a
radiationless phonon transition to the 4I9 /2 ground state about 1950 cm~! below.
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FIGURE 2.5. Partial energy level diagram of Nd3* in glass.

Owing to the large separation of the terminal laser level from the ground state,
even at elevated temperatures there is no significant terminal-state population
and, therefore, no degradation of laser performance. In addition, the fluorescent
linewidth of the neodymium ion in glass is quite insensitive to temperature varia-
tion; only a 10% reduction is observed in going from room temperature to liquid
nitrogen temperature. As a result of these two characteristics, it is possible to op-
erate a neodymium-doped glass laser with little change in performance over a
temperature range of —100° to +100° C.

Figure 2.6 shows the pump bands of Nd: glass. In comparing Fig. 2.6 with
Fig. 2.4, one notes that the locations of the absorption peaks in Nd: YAG and
Nd: glass are about the same; however, in Nd: glass the peaks are much wider
and have less fine a structure compared to Nd : YAG.

2.5 Nd:YLF

During the last 10 years, the crystal quality of the scheelite-structured host lithium
yttrium fluoride (YLF) has been dramatically improved, and the material has
gained a firm foothold for a number of applications.

The material has advantages for diode laser pumping since the fluorescence
lifetime in Nd: YLF is twice as long as in Nd: YAG. Laser diodes are power
limited; therefore, a larger pump time afforded by the longer fluorescence time
provides for twice the energy storage from the same number of diode lasers.
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FIGURE 2.6. Absorption spectra for two phosphate glasses [12].

Figure 2.7 shows a simplified energy level diagram of Nd: YLF. Depending
on the polarization, two lines each are obtained around 1.05 and 1.3 um. For ex-
ample, with an intracavity polarizer one can select either the 1047 nm (extraordi-
nary) or 1053 nm (ordinary) transition. The same can be done for the two 1.3 um
transitions; however, in addition lasing at the 1.05 pwm lines has to be suppressed.
All lines originate on the same Stark split *F3 /2 upper level.

“Fap

1053 nm (o) 1313 nm (o)
or or
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FIGURE 2.7. Simplified energy level diagram of Nd: YLF.
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TABLE 2.5. Properties of Nd-doped lithium

yttrium fluoride (YLF).

Lasing wavelength [nm]

Index of refraction

A =106um
Fluorescent lifetime
Stimulated emission
Cross section [cm?]
Density [g/cm®]
Hardness [Mohs]
Elastic modulus [N/m?]
Strength [N/m?]
Poisson’s ratio
Thermal conductivity

[Wiem-K]
Thermal expansion

coefficient [° C™1]

1053 (o)

1047 ()

np = 1.4481

ne = 1.4704
480 us

1.8 x 10719 ()
1.2 x 10719 (¢)
3.99 (undoped)
45

7.5 x 1010

3.3 x 107

0.33

0.06

a-axis: 13 x 1076
c-axis; 8 x 1076

Meélting point [° C] 825

Material properties of Nd: YLF are listed in Table 2.5. The relatively large
thermal conductivity allows efficient heat extraction, and its natural birefringence
overwhelms thermally induced birefringence eliminating the thermal depolariza-
tion problems of optically isotropic hosts like YAG. The cross section for YLF
is about a factor of 2 lower than YAG. For certain lasers requiring moderate
Q-switch energies, the lower gain offers advantages in system architecture com-
pared to the higher gain material Nd: YAG.

The energy storage in Q-switched operation of neodymium oscillators and
amplifiersis constrained by the onset of parasitic oscillations. To first order, the
energy storage limit of two materials isinversely proportional to the ratio of the
stimulated emission cross section. Therefore, higher storage densities are obtained
in the lower cross section material Nd: YLF as compared to Nd: YAG.

26 Nd:YVOq4

Neodymium-doped yttrium vanadate has several spectroscopic propertiesthat are
particularly relevant to laser diode pumping. The two outstanding features are a
large stimulated emission cross section that is five times higher than Nd: YAG,
and a strong broadband absorption at 809 nm.

The vanadate crystal is naturally birefringent and laser output is linearly polar-
ized aong the extraordinary -direction. The polarized output has the advantage
that it avoids undesirable thermally induced birefringence.
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FIGURE 2.8. Output from a Nd: YVO4 and Nd: YAG laser as a function of diode pump
temperature and wavelength [13].

Pump absorption in this uniaxial crystal is also polarization dependent. The
strongest absorption occurs for pump light polarized in the same direction as the
laser radiation. The absorption coefficient is about four times higher compared
to Nd: YAG in the w-direction. The sublevels at the 4F5/2 pump band are more
resolved in Nd: YAG, whereas in Nd: YVO,4 Stark splitting is smaller and the
multiple transitions are more compacted. The result is a broader and less spiky
absorption profile of Nd: YVO4 compared to Nd: YAG around the pump wave-
length of 809 nm. Figure 2.8 gives an indication of the broader and smoother
absorption profile of this material ascomparedto Nd: YAG. From thisdatait also
follows that Nd: YVOy laser performance is more tolerant to diode temperature
variations because of the large pump bandwidth. If one defines this bandwidth
as the wavelength range where at least 75% of the pump radiation is absorbed
in a5 mm thick crystal, then one obtains for Nd: YVO, a value of 15.7 nm, and
25nmfor Nd: YAG.

Table 2.6 summarizes important material parameters for Nd: YVO4. The ma-
terial does have several drawbacks, the principal one being a shorter excited state
lifetime than Nd: YAG. As expressed in (3.65) the pump input power to reach

TABLE 2.6. Material parametersfor Nd: YVOyg.

Laser cross section 15.6 x 10719 cm?
Laser wavelength 1064.3 nm
Linewidth 0.8nm
Fluorescence lifetime 100 us

Peak pump wavelength 808.5 nm

Peak absorption coefficient 37 (7 polarization)
at 808 nm [cm™1] 10 (o polarization)

Nd doping 1% (atomic Nd)
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threshold for cw operation depends on the product of o 7. Therefore, the large
crosssection o of Nd: YVOg ispartialy offset by its shorter fluorescencelifetime
71. Fluorescence lifetime is also a measure of the energy storage capability in Q-
switched operation. Large energy storage requires a long fluorescence lifetime.
As far as thermal conductivity is concerned, it is only half as high as Nd: YAG
and somewhat lower than Nd: YLF.

The properties of Nd: YVO, can best be exploited in an end-pumped config-
uration, and a number of commercial laser systems are based on fiber-coupled
diode arrays pumping a small vanadate crystal. Actually, Nd: YVOy is the mate-
rial of choice for cw end-pumped lasers in the 5W output region. These systems
are often also internally frequency doubled to provide output at 532 nm. In end-
pumped systems the pump beam is usually highly focused, and it is difficult to
maintain a small beam waist over a distance of more than a few millimeters. In
this case a material such as Nd: YVQg4, which has a high absorption coefficient
combined with high gain, is very advantageous.

2.7 Er:Glass

Erbium has been made to lase at 1.54 um in both silicate and phosphate glasses.
Owing to the three-level behavior of erbium, and the weak absorption of pump
radiation, codoping with other rare earth ions is necessary to obtain satisfactory
system efficiency. In fact, erbium must be sensitized with ytterbium if the mate-
ria isto lase at all at room temperature. Pump radiation is absorbed by ytterbium,
which has an absorption band between 0.9 and 1 ..m, and transferred to the erbium
ions. Thistransfer isillustrated in Fig. 2.9. In the co-doped erbium, Yb: glassra
diation from a flashlamp or laser diode pumps the strong 2F7/2 - 2F5/2 transition
in' Yb®+. Because of the good overlap between the upper states of Yb>t and Er3,
the excited Y b3+ ionstransfer energy to the #l11/, level of Er3*. The erbiumions
then relax to the upper laser level 4 13/2 and lasing occurs down to the 4 15/2 Man-

4
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Energy Transfer
2
Fso —x I:> ”
11/2
N 4|
13/2
Pump
940 nm Lasing
1540 nm
N A\ 4
2 B L 4
F7/2 I15/2
Yb3+ Er3+

FIGURE 2.9. Energy level diagram in codoped Er, Yb: glass.
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ifold. For flashlamp pumping, the efficiency of Er : glass can be further improved
by adding Cr3t in addition to Yb3*. The Cr3* ions absorb flashlamp radiation
in two broad bands centered at 450 and 640 ..m, and emit radiation in a broad
band centered at 760 nm. This allows energy to be transferred from Cr3+ to Yb3+
and Er®*. With the development of strained layer InGaAs laser diodes, which
have emission between 0.9 and 1 m, it is now possible to pump the strong Y b3+
transition 2F7,, — 2Fs,2. Diode pumping at 940 nm has dramatically improved the
efficiency and average power achievable from Er : glass lasers.

28 YDb:YAG

Although Yb: YAG has been known for decades, interest was not very highinthis
material since it lacks any pump bands in the visible spectrum. The crystal has
only a single absorption feature around 942 nm. With conventional pump sources
such as flashlamps, the threshold is very high, which eliminated this material from
any serious consideration. With the emergence of powerful InGaAs laser diodes
that emit at 942 nm, the picture has changed completely and Yb : YAG hasbecome
an important laser material [15]. Therelevant energy level diagram of Yb: YAGis
very simple and consists of the 2F7,, lower level and 2Fs,, excited state manifolds
separated by about 10,000 cm~1. The laser wavelength is at 1.03 um, arepresen-
tative emission spectrum for a 5.5 at.% doped sampleis shown in Fig. 2.10.

The laser transition 2Fs)2 to 2F7/, has a terminal level 612cm~1 above the
ground state (see Fig. 2.11). Thethermal energy at room temperatureis200cm—1;
therefore the terminal state is thermally populated making Yb: YAG a quasi-
three-level system. By comparison, the termina laser level in Nd: YAG is about
2000cm~1 above the ground state. Being a quasi-three-level laser, Yb: YAG ab-
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FIGURE 2.10. Emission spectraof Yb: YAG with 5.5at.% doping [14].
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FIGURE 2.11. Relevant energy levelsin Yb: YAG.

sorbs at 1.03 um unlessit is pumped to inversion. At room temperature the ther-
mal population of the lower laser level is about 5.5%. The absorbed pump power
per volume needed to achieve and maintain transparency at the laser wavelength
is| = fanthvp/t5, where f5 isthe fraction of the total ion density ny occupying
the lower laser level, hvp is the energy per pump photon, and 7 is the lifetime
of the upper level. With f, = 0.055, ny = 1.38 x 100 cm~3 at 1% doping,
hvp = 2.11 x 107197, and % = 0.95ms, the absorbed pump power needed to
reach inversion is 1.7 kW/cm?3. Of course, a higher power density is required to
overcome optical losses and reach laser threshold, and for an efficient operation
the laser has to be pumped about five to six times above threshold. Typicaly, in
this laser, small volumes of material are pumped on the order of 10 kW/cm?3.

Yb: YAG performance is strongly dependent on temperature and can be im-
proved by cooling the crystal, which reduces the thermal population and increases
the stimulated emission cross section from 2.1 x 10~2° cm? at room temperature
to twice thisvalue at 220 K.

In most of the large systems built to date the temperature of the crystal ismain-
tained between —10° C and 20° C depending on the particular design and mode
of operation. To maintain the laser crystal at such a temperature under intensive
pump radiation requires, as a minimum, some kind of refrigeration.

Despite these obvious drawbacks, Yb: YAG has a number of redeeming fea-
tures that motivated the development of very powerful systems.

Pumping of Yb:YAG with an InGaAs pump source produces the smallest
amount of crystal heating compared to any other mgjor laser system. Actualy
the pump radiation in this material generates only about one-third of the heat
compared to Nd: YAG. The fractional thermal loading, that is, the ratio of heat
generated to absorbed energy, is around 11% for Yb: YAG pumped at 943 nm
and 32% for Nd : YAG pumped at 808 nm. This substantially reduced thermal dis-
sipation isthe result of avery small energy difference between the photons of the
pump and laser radiation. This quantum defect or Stokes shiftis9% in Yb: YAG
versus 24% in Nd: YAG. The thermal load generated in a laser medium is of
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TABLE 2.7. Pertinent material parametersfor Yb: YAG.

L aser wavelength 1030 nm
Radiative lifetime at room temperature 951 us

Peak emision cross section 2.1x 1000 cm?
Peak absorption wavelength 942 nm

Pump bandwidth at 942 nm 18 nm

Doping density (1% at.) 1.38 x 1020 cmd

primary concern for high-power applications. The reduced thermal heat load can
potentially lead to higher-average-power systems with better beam quality than
possible with Nd: YAG. Other unique advantages of Yb: YAG are an absorption
bandwidth of 18 nm for diode pumping, which is about 10 times broader than
the 808 nm absorption in Nd: YAG. This significantly relaxes temperature con-
trol needed for the diode pump source. Yb: YAG has along lifetime of 951 us,
which reduces the number of quasi-cw pump diodes required for a given energy
per pulse output. As will be discussed in Chapter 6, since laser diodes are power
limited, a long fluorescence time permits the application of a long pump pulse
that, in turn, generates a high-energy output. |mportant materials parameters of
Yb:YAGarelisted in Table 2.7.

The presence of only one excited-state manifold eliminates problems associ-
ated with excited-state absorption and up-conversion processes. Despite the quasi-
three-level behavior of Yb: YAG, the obvious advantages of very low fractional
heating, broad absorption at the InGaAswavelength, long lifetime combined with
high conductivity, and tensile strength of the host crystal have raised the prospect
of high-power generation with good beam quality.

The major interest lies in large systems at the kilowatt level for industrial ap-
plications.

2.9 Alexandrite

Alexandrite (BeAl,04 : Cr3t) is the common name for chromium-doped chryso-
beryl. The crystal is grown in large boules by the Czochralski method much like
ruby and YAG. Alexandritewasthe first tunable laser considered for practical use.
Alexandrite, and Ti : sapphire, discussed in the next section, belong to the family
of vibronic lasers. These lasers derive their name from the fact that laser transi-
tions take place between coupled vibrational and electronic states. In this case,
the emission of a photon is accompanied by emission of a phonon. Tunability in
alexandrite is achieved by the band of vibrational levels indicated in Fig. 2.12,
which are the result of a strong coupling between the Cr3*t ion and the lattic vi-
brations.

Alexandrite lases at room temperature with flashlamp pumping throughout the
range 701 to 818 nm. The alexandrite absorption bands are very similar to those
of ruby and span the region from about 380 to 630 nm with peaks occurring at
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FIGURE 2.12. Simplified energy level diagram for chromium ionsin alexandrite.

410 and 590 nm. Figure 2.13 shows the absorption bands of alexandrite. The laser
gain cross section increases from 7 x 1022 cm? at 300K to 2 x 10-2cm? at
475K, which results in improved laser performance at elevated temperature.

The basic physics of the four-level alexandrite laser can be discussed with ref-
erence to the energy level diagram (Fig. 2.12). The “A; level is the ground state,
and *T;, is the absorption state continuum. Vibronic lasing is due to emission from
the 4T, state to excited vibronic states within *A,. Subsequent phonon emission
returns the system to equilibrium. The laser wavelength depends on which vi-
brationally excited terminal level acts as the transition terminus; any energy not
released by the laser photon will then be carried off by avibrational phonon, leav-
ing the chromium ion at its ground state.
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FIGURE 2.13. Absorption spectrum of alexandrite [Allied Corp. Data Sheet].
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Alexandrite can lase both as afour-level vibronic laser and as athree-level sys-
tem analogous to ruby. In the latter mode of operation the laser transition is from
the 2E state, which is coupled to 4T,, down to the ground state %A,. As a three-
level laser, alexandrite has a high threshold, fixed output wavelength (680.4 nm at
room temperature), and relatively low efficiency. Obvioudly, the primary interest
of alexandrite liesin its vibronic nature.

2.10 Ti: Sapphire

Since laser action was first reported, the Ti : AloO3 laser has been the subject of
extensive investigations and today it is the most widely used tunable solid-state
laser. The Ti : sapphire laser combines a broad tuning range of about 400 nm with
arelatively large gain cross section that ishalf of Nd: YAG at the peak of itstuning
range. The energy level structure of the Ti3* ion is unique among transition-metal
laser ions in that there are no d state energy levels above the upper laser level.
The simple energy-level structure (3d* configuration) eliminates the possibility
of excited-state absorption of the laser radiation, an effect which has limited the
tuning range and reduced the efficiency of other transition-metal-doped lasers.

In this material, a Ti®+ ion is substituted for an AI3+ ionin Al,Os. Laser crys-
tals, grown by the Czochral ski method, consist of sapphire doped with 0.1% Ti3*
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FIGURE 2.14. Absorption and fluorescence spectra of the Ti3t ion in Al,O3 (sapphire)
[16].
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TABLE 2.8. Laser parameters of Ti: Al,O3.

Index of refraction 1.76
Fluorescent lifetime 3.2us
Fluorescent linewidth (FWHM) 180nm
Peak emission wavelength 790 nm
Peak stimulated emission cross section
parallel to c-axis o ~ 4.1 x 10719 cm?
perpendicular to c-axis o) ~20x1019cm?
Stimulated emission cross section
at 0.795 um (parallel to c-axis) o = 2.8 x 10719 cm?

Quantum efficiency of

converting a0.53 wm pump photon

into an inverted site no~1
Saturation fluence at 0.795 m Es = 0.9J/cm?

by weight. Crystals of Ti : AloO3 exhibit a broad absorption band, located in the
blue-green region of the visible spectrum with a peak around 490 nm. The great
interest in this materia arises from the broad vibronic fluorescence band that al-
lows tunable laser output between 670-1070 nm, with the peak of the gain curve
around 800 nm.

The absorption and fluorescence spectrafor Ti: AloO3 are shown in Fig. 2.14.
The broad, widely separated absorption and fluorescence bands are caused by the
strong coupling between theion and host lattice and are the key to broadly tunable
laser operation. The laser parameters of Ti : Al,O3 are listed in Table 2.8.

Besides having favorabl e spectroscopic and lasing properties, one other advan-
tageof Ti : Al,O3 isthe material properties of the sapphire host itself, namely very
high thermal conductivity, exceptional chemical inertness, and mechanical rigid-
ity. Ti : sapphire lasers have been pumped with a number of sources such asargon
and copper vapor lasers, frequency doubled Nd: YAG and Nd: YLF lasers, as
well as flashlamps. Flashlamp pumping is very difficult to achieve in Ti : sapphire
because avery high pump flux is required. The reason for that is the short fluores-
cence lifetime of 3.2 um, which resultsin asmall product of stimulated emission
cross section times fluorescence lifetime (o t¢). The population inversion in a
laser required to achieve threshold is inversely proportional to o7, as will be
shown in Section 3.1.

Commercial Ti: sapphire lasers are pumped by argon lasers or frequency-
doubled Nd:YAG or Nd:YLF lasers. Figure 2.15 displays the output of a
Ti : sapphire laser pumped a 1kHz by a frequency-doubled Nd:YLF laser
which had an average output of 1.7W at 527nm. A very important applica
tion of Ti: sapphire lasers is the generation and amplification of femtosecond
mode-locked pulses. Kerr lens mode-locking and chirped pulse amplification
with Ti : sapphire lasersis discussed in Chapter 9.
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FIGURE 2.15. Tuning range of a Ti : sapphire laser pumped by aNd: YLF laser at 1kHz
[17].

Summary

In this chapter an overview is given of the laser-related properties of rare earth,
transition metal, and actinide ions embedded in solid hosts. The characteristics of
the most important and highly developed laser materials are discussed in detail.
The active element of a solid-state laser is a crystalline or glass host doped with
a relatively small percentage of ions either from the rare earth, transition met-
als, or actinide group of the periodic table. In terms of the density of active ions,
solid-state laser materials are intermediate to gaseous and semiconductor lasers.
Laser action has been produced in many hundreds of active ion-host combina-
tions. However, only a small fraction of laser materials have been found to be
useful in actual laser systems.

Besides having pump bands that overlap the output spectra of flash lamps or
diode lasers, desirable features of laser ions are alarge stimulated emission cross
section, long lifetime, and high quantum efficiency. A large stimulated emission
cross section leads to high gain and low threshold operation, along lifetime deter-
mines whether the laser can be operated cw or must be pulsed, and the quantum
efficiency is ameasure of the competition between radiative and nonradiative de-
cay. The host material must possess favorable optical, thermal, and mechanical
properties and lend itself to an economical growth process.

Important active ionsincludetrivalent Nd, Er, and Y b from the rare earth group
and Cr and Ti from the transition metals. Since the 4F3/> — 411> transition of
Nd®+ hasthelargest cross section of all activeions, it has exhibited |aser operation
in the largest number of host crystals and glasses. Optical pumping of the 4F3/2
level is efficient because of the large number of closely spaced levels at higher
energy levelsthat creates absorption in the visible and near infrared.
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Asahost, YAG has particular favorable optical, thermal, and mechanical prop-
erties; this makes Nd:YAG the most widely used ion-host combination for solid
state lasers. The principa advantages offered by a glass over a crystalline host
are the flexibility in size and shape and the excellent optical quality. The major
disadvantage of glassisalow thermal conductivity.

Erbium-doped glass is attractive because the output wavelength of this mate-
ria is of interest for fiberoptic amplifiers and oscillators and for military applica
tionsof lasers. Compared to other materials, ytterbium-doped YAG crystalshavea
much smaller energy difference between pump and laser wavelength.This results
in reduced heating of the crystals and makes Yb: YAG attractive for high power
applications. Ti : sapphire and alexandrite are important tunable lasersin the near
infrared. Nd: YVO4 has alarge stimulated emission cross section which makes it
alow-threshold and high-gain laser. The longer lifetime of Nd: Y LF as compared
to Nd: YAG is beneficial for diode pumping since diode lasers are power limited
and the longer pump pulse duration afforded by the larger upper state lifetime
increases the energy storage capability of the material.
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Exercises

1. Rubyisathree-level laser. Thismeansthat it can absorb its own laser emission.
When designing a ruby laser you must be careful to minimize the unpumped
parts of the gain medium to minimize this type of loss. Using the data given
in the text, calculate the peak absorption coefficient of unpumped ruby at its
room temperature lasing frequency. (See (1.36) and (1.37) and the datain Sec-
tion 2.2.)

2. Why were some early ruby lasers cooled to liquid nitrogen temperature
(~77K)?

3. The absorption spectrum of most Nd®+-doped materialsis made up of narrow
line features. To better utilize the light produced by flashlamp pump sources
some materials are co-doped with Cr3* that has broad and strong visible ab-
sorption features. When the transfer of energy isefficient, asitisin gadolinium
scandium gallium garnet (Nd, Cr : GSGG) such co-doping can be very useful.
The energy level diagrams of a system with two co-dopants such that energy
absorbed by Species A (the donor species) is transferred to Species B (the ac-
ceptor species) so that Species B can lase as indicated is shown in the figure.
Energy transfer depends on the populationsin both the donor and the acceptor
levels involved. Write the rate equations for this process. Explain your terms
and be sure you do not violate any laws of physics.

3a )
. Enert
Pump light — 2 trans?gr 4
is absor_bed from A Lasing
by species 0B takes place
A excitesB in species B
Oa A aarae
WaB
A B

4. The Ry laser transition of ruby has a good approximation to a L orentzian shape
with full width at half-maximum (FWHM) of 330 GHz at room temperature.
The measured peak transition cross section is oe = 2.5 x 10~ cm?. If the
refractiveindex of ruby is 1.76, what is he radiative lifetime of thistransition?
Since the observed lifetime is 3ms, what is the nonradiative lifetime? What is
the fluorescence quantum efficiency?
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5. TheNd: YAG laser transition at 1.064 «m has a L orentzian shape with FWHM
of 195GHz at room temperature. The upper state lifetime is 237 us, the flu-
orescence quantum efficiency is 0.42, and the refractive index of Nd: YAG is
1.83. What is the peak laser transition cross section?

6. Given that the five lowest levels of alaser system have relative energies of 0,
134, 197, 311, and 848cm~1, what percentage of the population lies in each
of these levels at room temperature (300K)? (These levels actually define the
Stark splitting of the ground state of the Nd: YAG laser.)
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In Chapter 1 we studied the processes which lead to optical amplification in laser
materials. The regenerative laser oscillator is essentially a combination of two
basic components: an optical amplifier and an optical resonator. The optical res-
onator, comprised of two opposing plane-parallel or curved mirrors at right angles
to the axis of the active material, performs the function of a highly selective feed-
back element by coupling back in phase a portion of the signal emerging from the
amplifying medium.

Figure 3.1 shows the basic elements of a laser oscillator. The pump lamp in-
verts the electron population in the laser material, leading to energy storage in
the upper laser level. If this energy is released to the optical beam by stimulated
emission, amplification takes place. Having been triggered by some spontaneous
radiation emitted along the axis of the laser, the system starts to oscillate if the
feedback is sufficiently large to compensate for the internal losses of the system.
The amount of feedback is determined by the reflectivity of the mirrors. Lowering
the reflectivity of the mirrors is equivalent to decreasing the feedback factor. The
mirror at the output end of the laser must be partially transparent for a fraction of
the radiation to “leak out” or emerge from the oscillator.

An optical structure composed of two plane-parallel mirrors is called a Fabry—
Pérot resonator. In Chapter 5 we will discuss the temporal and spatial mode
structures which can exist in such a resonator. For the purpose of this discus-
sion it is sufficient to know that the role of the resonator is to maintain an elec-
tromagnetic field configuration whose losses are replenished by the amplifying

78
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Pump lamp

Mirror

Pump cavity

Laser rod

Mirror

FIGURE 3.1. Major components of an optically pumped solid-state laser oscillator.

medium through induced emission. Thus, the resonator defines the spectral, di-
rectional, and spatial characteristics of the laser radiation, and the amplifying
medium serves as the energy source.

In this chapter we will develop an analytical model of a laser oscillator that is
based mainly on laser system parameters. A number of technical terms, which are
briefly explained here, will be used. The arrangement of flashlamp and laser rod
shown in Fig. 3.1 is referred to as side-pumped or transverse-pumped because the
pump radiation strikes the laser rod from the side with respect to the direction of
propagation of the laser radiation. The flashlamp is often water-cooled by insert-
ing it into a flowtube or cooling jacket. Water or other suitable coolant is pumped
through the annulus between the lamp envelope and the flowtube inner diameter.
The pump cavity can be elliptical in cross section or closely wrapped around the
lamp and laser rod. The latter design of a pump cavity is called close-coupled.

Instead of a flashlamp as shown in Fig. 3.1, laser diode arrays can be placed
along the length of the laser rod. A reflective pump cavity of the type employed
for flashlamps is not necessary since the radiation output from laser diodes is di-
rectional. However, in some cases focusing optics is inserted between the laser
diodes and the laser crystal to shape and/or concentrate the pump beam. Since the
output from laser diodes can be collimated and focused, contrary to flashlamp ra-
diation, the pump radiation can also be introduced through the back mirror shown
in Fig. 3.1. In this so-called end-pumped or longitudinal pump scheme, pump
radiation and laser radiation propagate in the same direction.

The structure of the two mirrors reflecting the laser radiation is generally de-
scribed as the laser resonator. However, in the literature, as well as in this book, the
term cavity or laser cavity is also used. This is in contrast to the pump cavity which
is the enclosure employed to contain the flashlamp radiation. The pump head is the
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structure and mechanical assembly that contains the laser crystal, pump source,
cooling channels, and electrical connections.

3.1 Operation at Threshold

We will calculate the threshold condition of a laser oscillator composed of two
mirrors having the reflectivities R; and R, and an active material of length |. We
assume a gain coefficient per unit length of g in the inverted laser material. In
each passage through the material the intensity gains by a factor of exp(gl). At
each reflection a fraction 1 — R; or 1 — Ry of the energy is lost. Starting at one
point, the radiation will suffer two reflections before it can pass the same point in
the original direction. The threshold condition is established by requiring that the
photon density—after the radiation has traversed the laser material, been reflected
by mirror with Rj, and returned through the material to be reflected by mirror
with Ry—be equal to the initial photon density. Then on every complete two-way
passage of the radiation through the laser the loss will just equal the gain. We can
express the threshold condition by

R R, exp(2gl) = 1. 3.1)

The regenerative amplifier becomes unstable when the amplification per transit
exceeds the losses. In this case oscillations will build up, starting from a small
disturbance. Clearly, if the round-trip gain

G = RiRyexp(24gl) (3.2)

is larger than 1, radiation of the proper frequency will build up rapidly until it
becomes so large that the stimulated transitions will deplete the upper level and
reduce the value of g. The condition of steady state is reached if the gain per
pass exactly balances the internal and external losses. This process, called gain
saturation, will be discussed in Section 3.2. In an oscillator a number of loss
mechanisms are responsible for attenuating the beam; the most important ones
are reflection, scattering, and absorption losses caused by the various optical com-
ponents. It is convenient to lump all losses which are proportional to the length
of the gain medium, such as absorption and bulk scattering, into an absorption
coefficient «. The condition for oscillation is then

R Ry exp(g — )2l = 1. (3.3)
Rearranging (3.3) yields
Zg| =—-—InR R + 2al. 34

Losses such as scattering at interfaces and Fresnel reflections which are not de-
pendent on the length of the gain medium can be thought of as leakage from the
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rear mirror. Hence the reduced reflectivity R, of the rear mirror Ry = 1 —
takes into account the miscellaneous losses. In practice, 1 does not exceed a few
percent. With the approximation

In(1 — &m) &~ —8m, 3.5
one can combine the optical losses in the resonator with the losses in the crystal
8 = 2al + 8um, (3.6)

where § is the two-way loss in the resonator. With the aid of (3.5), (3.6) we can
express the threshold condition (3.3) in the following form:

29l =85 —InR ~ T +38. 3.7)

where T = 1 — R is the transmission of the output mirror.

In (1.61), (1.64) the decay time 7. of the photon flux in the resonator was in-
troduced. This time constant, determined by photons either scattered, absorbed,
or emitted, can be related to the loss term of (3.7) and the quality factor Q of the
resonator. Since 7, represents the average lifetime of the photons in the resonator,
it can be expressed by the round trip time of a photon in the resonator t; = 2L /c
divided by the fractional loss € per round trip

2L

=1t = ——,
w=t/e =T )

(3.8)
where € = T + § is the loss term in (3.7) and L is the length of the resonator.
Resonators are characterized by the quality factor Q, which is defined as 277 times
the ratio of stored energy Eg; to dissipated energy Eq4 per period Ty. The resonator
Q defined in this way is Q = 2w Eg/Egq where Eg = Eg (1 — exp(—Toy/7.)) from
which we obtain

~To\1™" _2
Q=27 |:1 — exp ( 0)i| ~ Tt = 2mvyTe, (3.9)
Tc To

where wg = 2mvy = 2/ Tp. In a typical cw Nd: YAG laser, the transmission of
the output mirror is around 10% and the combined losses about 5%. If we assume
a resonator length of 50 cm, we obtain a photon lifetime of 7. = 22ns and a
Q factor for the resonator of Q = 39 x 10°. Compared to electronic resonance
circuits, optical resonators have very high values of Q.

As will be further discussed in Section 5.2.3 the finite lifetime of the photons
also determine the minimum bandwidth of the passive resonator according to the
Fourier transform Aw = 1/1.. With this relationship the quality factor in (3.9)
can also be defined as Q = vy/Av. The laser parameters and conditions that lead
to a low threshold will be examined next.

We turn to the rate equation (1.61), which gives the photon density in the am-
plifying medium. It is clear from this equation that for onset of laser emission the
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rate of change of the photon density must be equal to or greater than zero. Thus
at laser threshold for sustained oscillation the condition

%>O

o > (3.10)

must be fulfilled, which enables us to obtain from (1.61) the required inversion
density at threshold,

1
n> . 3.11
Z ot (3.1D

In deriving this expression we have ignored the factor S, which denotes the small
contribution from spontaneous emission to the induced emission.
According to (1.36) the gain coefficient g can be expressed by

g = no, 3.12)

where N is the population inversion and o is the stimulated emission cross section.
The expression for threshold (3.11) is identical to (3.7) if we introduce t. from
(3.8) and g from (3.12) into (3.11) and assume that the resonator mirrors are
coated onto the ends of the laser rod, i.e., L = £. If we replace o with (1.40) we
may write the threshold condition (3.11) in terms of fundamental laser parameters

8 vé

-0 1
- 7.Cg(vs, Vo) 13

The lineshape factor g(vs, vg) and therefore the stimulated emission cross sec-
tion o are largest at the center of the atomic line. Thus from (3.13) we can see
qualitatively how the linewidth of the laser output is related to the linewidth of
the atomic system. Self-sustained oscillation that develops from noise will occur
in the neighborhood of the resonant frequency because only at a narrow spectral
range at the peak will the amplification be large enough to offset losses. Conse-
quently, the output of the laser will be sharply peaked, and its linewidth will be
much narrower than the atomic linewidth.

It is also obvious from this equation that an increase of the inversion by stronger
pumping will increase the laser linewidth because the threshold condition can
now be met for values of g(vs, vg) farther away from the center. As we will see
in Chapter 5 the linewidth of an actual laser system is related to the linewidth
of the active material, the level of pump power, and the properties of the optical
resonator. The threshold condition at the center of the atomic line is obtained by
introducing the peak values of the amplification curve into (3.13). If g(vs, vp) has
a Lorentzian shape with full width at half-maximum of Av centered about v, then
g(vp) =2/m Av and

rf4n2Avv(2)
n> IV (3.14)
7.C
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For a Gaussian lineshape, the right-hand expression of (3.14) has to be divided
by (7 In2)!/2. Again, we have assumed that the laser threshold will be reached
first by a resonator mode whose resonant frequency lies closest to the center of
the atomic line.

From (3.14) we can infer those factors favoring high gain and low threshold
for a laser oscillator. In order to achieve a low-threshold inversion, the atomic
linewidth Av of the laser material should be narrow. Furthermore, the incidental
losses in the laser cavity and crystal should be minimized to increase the photon
lifetime 7. It is to be noted that the critical inversion density for threshold depends
only on a single resonator parameter, namely t.. A high reflectivity of the output
mirror will increase 7. and therefore decrease the laser threshold. However, this
will also decrease the useful radiation coupled out from the laser. We will address
the question of optimum output coupling in Section 3.4.

We will now calculate the pumping rate W, which is required to maintain the
oscillator at threshold. For operation at or near threshold the photon density ¢
is very small and can be ignored. Setting ¢ = 0 in the rate equation (1.58) and
assuming a steady-state condition of the inversion, dn/dt = 0, as is the case in a
conventional operation of the laser oscillator, we obtain for a three-level system

n Wty — /01

—_— = 3.15
Ntot Wp'l,'f +1 ( )
and for a four-level system from (1.70)
n W,
2o P AW (3.16)

Other factors being equal, four-level laser systems have lower pump-power
thresholds than three-level systems. In a four-level system an inversion is achieved
for any finite pumping rate W,. In a three-level system we have the requirement
that the pumping rate W, exceeds a minimum or threshold value given by

(]

—_ 3.17
7t01 ( :

Won) =
before any inversion at all can be obtained. Whereas for a four-level material the
spontaneous lifetime has no effect on obtaining threshold inversion, in a three-
level material the pump rate required to reach threshold is inversely proportional
to tr. Thus, for three-level oscillators only materials with long fluorescence life-
times are of interest.

The reader is reminded again that (3.15), (3.16) are valid only for a negligible
photon flux ¢. This situation occurs at operation near threshold; it will later be
characterized as the regime of small-signal amplification. We will now calculate
the minimum pump power which has to be absorbed in the pump bands of the
crystal to maintain the threshold inversion. This will be accomplished by first cal-
culating the fluorescence power at threshold, since near above threshold almost
all the pump power supplied to the active material goes into spontaneous emis-
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sion. The fluorescence power per unit volume of the laser transition in a four-level
system is

P hvn
ot H7 (3.18)
Vv Tf
where Ny = Ny, is the inversion at threshold.
In a three-level system at threshold, Ny & Ny & Ny, /2 and
P:  hvun
AEPRLALUY (3.19)

Vv 2t

In order that the critical inversion is maintained, the loss by fluorescence from
the upper laser level must be supplied by the pump energy. As a result we obtain,
for the absorbed pump power P, needed to compensate for population loss of the
laser level by spontaneous emission for a four-level laser

Pa _ hl)pnth

, (3.20)
\ nQTe

where hv, is the photon energy at the pump wavelength and 5q is the quantum
efficiency as defined in (1.56). In a three-level system, one requires N, &~ N; =
Niot/2 to reach transparency, therefore

E _ h\}pntot (3 21)
v ZUQTf. '

3.2 Gain Saturation

In the previous section we considered the conditions for laser threshold. Threshold
was characterized by a steady-state population inversion, that is, an/dt = 0 in
the rate equations. In doing this we neglected the effect of stimulated emission
by setting ¢ = 0. This is a good assumption at threshold, where the induced
transitions are small compared with the number of spontaneous processes.

As the threshold is exceeded, however, stimulated emission and photon den-
sity in the resonator build up. Far above threshold we have to consider a large
photon density in the resonator. From (1.58) we can see that an/dt decreases for
increasing photon density. Steady state is reached when the population inversion
stabilizes at a point where the upward transitions supplied by the pump source
equal the downward transitions caused by stimulated and spontaneous emission.
With an/adt = 0 one obtains, for the steady-state inversion population in the pres-
ence of a strong photon density ¢,

—1 1\"!
N = N (Wp _ Vr—f) <y00¢ +W, + t—f) : (3.22)
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The photon density ¢ is given by the sum of two beams traveling in opposite
directions through the laser material.

We will now express (3.22) in terms of operating parameters. From Section 1.3
we recall that the gain coefficient g = —« is defined by the product of stimulated
emission, cross section, and inversion population. Furthermore, we will define a
gain coefficient that the system would have at a certain pump level in the absence
of stimulated emission. Setting ¢ = 0 in (3.22) we obtain the small-signal gain
coefficient

9o = oMWyt — (¥ — DIWprr + D71, (3.23)

which an active material has when pumped at a level above threshold and when
lasing action is inhibited by blocking the optical beam or by removing one or
both of the resonator mirrors. If feedback is restored, the photon density in the
resonator will increase exponentially at the onset with gy. As soon as the photon
density becomes appreciable, the gain of the system is reduced according to

yCo¢ )_1

_ 3.24
W, + (1)) (.29

9=go<1+

where g is the saturated gain coefficient. Equation (3.24) was obtained by intro-
ducing (3.23) into (3.22) and using g = on.

We can express ¢ by the power density | in the system. With | = cphv we
obtain
9o
=— 3.25
=T, (3.25)
where
1\ h
I, = (Wp + —) Sy (3.26)
) yo

The parameter | defines a flux in the active material at which the small-signal
gain coefficient gy is reduced by one-half.
In a four-level system W, <« 1/7f and y = 1, so (3.26) reduces to

hv
lg = —. (3.27)
oTf
For a three-level system the saturation flux is
hv[W, 1/t
= v[Wp + (1/721)] (3.28)

o[l 4 (%/9D)]

As we can see from (3.23) the small-signal gain depends only on the material
parameters and the amount of pumping power delivered to the active material.
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The large-signal or saturated gain depends in addition on the power density in the
resonator.

Gain saturation as a function of steady-state radiation intensity must be ana-
lyzed for lasers with homogeneous and inhomogeneous line broadening. Equation
(3.25) is valid only for the former case, in which the gain decreases proportion-
ately over the entire transition line. As we have seen in Chapter 2, a ruby laser
has a homogeneously broadened bandwidth, whereas in Nd : glass the interaction
of the active ion with the electrostatic field of the host leads to an inhomogeneous
line. However, in solid-state materials such as Nd : glass, the cross-relaxation rate
is very fast. The latter is associated with any process characteristic of the laser
medium that affects the transfer of excitation within the atomic spectral line so as
to prevent or minimize the departure of this line from the equilibrium distribution.
It has been shown that in the case of a very fast cross-relaxation within the inho-
mogeneous line, the saturated gain is in agreement with that of a homogeneously
broadened bandwidth.

3.3 Circulating Power

In a laser resonator the power density in the active medium increases up to the
point where the saturated gain equals the total losses. This power density | is
obtained from the threshold conditions (3.7) and the expression for saturated gain

(3.25),
I =1 [ﬂ — 1i| . (3.29)

The first expression in brackets is a measure of by how much the laser is pumped
above threshold. From (3.29) it follows as one would expect | = 0 at threshold. If
the gain medium is pumped above threshold, gp and | will increase, whereas the
saturated gain coefficient g will stay constant according to (3.7). As | increases,
so will the output power which is coupled out through mirror R;.

We will now relate the laser output to the power density in the resonator. The
power density | in the laser resonator comprises the power densities of two oppo-
sitely traveling waves. One can think of a circulating power density ¢, which is
reflected back and forth between the two resonator mirrors. Figure 3.2 illustrates
a standing wave laser resonator, where I (X) and Ir(X) are the intracavity one-
way intensities of the left and right traveling resonator beams as a function of the
intracavity location X. The rear reflector and output coupler are located at X = 0
and X = L, respectively. The rod faces are located at X = a and X = b. Hence,
the length of the active medium is £ = b — a.

The beam moving in the (+X) direction in Fig. 3.2 will experience an increase
according to

diL(x)
dx

=g IL(X). (3.30)
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FIGURE 3.2. Circulating power traveling from left to right (1) and right to left (IR) ina
laser oscillator.

If the gain coefficient g(x) is replaced by the expression given in (3.25) we obtain

diL(x) QolL(X)
dx 141X+ IrRX)]/1s

An identical equation, but with the sign reversed and I (x) replaced by Ir(x)
is obtained for the wave traveling in the (—x) direction. From (3.31) and the
corresponding equation for Ir(x) it follows that the product of the intensities of
the two counterpropagation beams is constant, that is,

(3.31)

IL(X) Ir(X) = const. (3.32

In most solid-state lasers, the internal losses are small and the reflectivity of the
output mirror is high, in this case variations of 1 (x) and Ir(x) as a function of
x arerelatively small. If we treat these changes as a perturbation 1 (x) + Al and
IR(X) + Al in (3.32) we obtain, as an approximation,

| =1L + Ir = congt, (3.33)

where | isthetotal power density in the resonator which is to a first-order inde-
pendent of position along the resonator (see aso Fig. 3.2).
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The circulating power | iSto agood approximation equal to the average of
the power densities of the counterpropagating beams

leire = (IL + 1R) /2. (3.34)
From Fig. 3.2 follows
lout = (1 — Ryl (3.359)
and
IR =RylL. (3.35h)
Introducing (3.35) into (3.33) yields
Pout = Al (i;—i) , (3.36)

where R is now the reflectivity of the output mirror and A is the cross section of
the gain medium. For values of R closeto 1, (3.36) reducesto

Pout = AIT/2, (3.37)

where T isthe transmission of the output mirror.

3.4 Oscillator Performance Model

In this section we will develop a model for the laser oscillator. First we will dis-
cussthe various stepsinvolved in the conversion process of electrical input to laser
output. After that, we will relate these energy transfer mechanisms to parameters
which are accessible to external measurements of the laser oscillator. The pur-
pose of this section isto gain insight into the energy conversion mechanisms and
therefore provide an understanding of the dependency and interrelationship of
the various design parameters which may help in the optimization of the overall
laser efficiency. In amost all applications of lasers, it is amajor goal of the laser
designer to achieve the desired output performance with the maximum system
efficiency.

3.4.1 Conversion of Input to Output Energy

The flow of energy from electrical input to laser output radiation is illustrated
schematically in Fig. 3.3. Also listed are the principal factors and design issues
that influence the energy conversion process. There are different ways of parti-
tioning this chain of transfer processes. This approach was chosen from an en-
gineering point of view which divides the conversion process into steps related
to individual system components. As shown in Fig. 3.3, the energy transfer from
electrical input to laser output can conveniently be expressed as a four-step pro-
cess.
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FIGURE 3.3. Energy flow in a solid-state laser system.

Conversion of Electrical Input Delivered to the Pump Source
to Useful Pump Radiation

We define as useful radiation the emission from the pump source that fallsinto the
absorption bands of the laser medium. The pump source efficiency np istherefore
the fraction of electrical input power that is emitted as optical radiation within the
absorption region of the gain medium. The output of alaser diode or adiode array
represents all useful pump radiation, provided the spectral output is matched to
the absorption band of the gain medium. Typical values of np for commercialy
available cw and quasi-cw diode arrays are 0.3t0 0.5.

For flashlamp or cw arc lamp-pumped systems, the pump source efficiency may
be defined as
A2

A

where P, is the spectral output power of the lamp within the absorption bands
of the gain material, P, is the electrical power input, and P; is the radiative
power per unit wavelength emitted by the lamp, and the integral is taken over the
wavelength range 1.1 to A2, which is useful for pumping the upper laser level. The
output characteristics of arc lamps and their dependency on operating parameters
will be discussed in Section 6.1. The measurement of n,, for broadband sourcesis
somewhat involved and requires either a calorimetric measurement of the power
absorbed in a sample of the laser material or integration over the source emission
spectrum and the absorption spectrum of the gain material. Typical values are
np = 0.04-0.08. These numbers are typical for a5 to 10 mm thick laser material.
The magnitude of np is dependent on the thickness of the active material because
as the thickness increases, radiation at the wings of the absorption band will start
to contribute more to the pumping action.

Transfer of the Useful Pump Radiation Emitted by the Pump Source
to the Gain Medium

The transfer of flashlamp pump radiation to the laser medium is accomplished by
means of a completely enclosed reflective chamber or pump cavity. The radiation
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transfer efficiency n; can be defined as
Pe = ntPy, (3.39)

where P, isthe useful pump radiation emitted by the source and Pe isthefraction
of thisradiation transferred into the laser material. The factor #; isacombination
of the capture efficiency, defined by the fraction of rays leaving the source and
intersecting the laser rod, and the transmission efficiency. The former is based on
the geometrical shape of the pump cavity, diameter and separation of the pump
source, and laser rod. The latter is a function of the reflectivity of the walls of
the pump cavity, refiection losses at the rod surface and coolant jacket, absorption
losses in the coolant fluid, and radiation losses through the clearance holes at
the side walls of the pump cavity. For close-coupled cavities, typical values are
nt = 0.3-0.6.

In diode-pumped lasers the radiation transfer is much simpler. In so-called end-
pumped lasers, thetransfer system usually consists of lensesfor the collection and
focusing of diode radiation into the laser crystal. Furthermore, in side-pumped
systems, the laser diodes are mounted in close proximity to the laser crystal with-
out the use of any intervening optics. If we express reflection losses and spill-over
losses at the optics or active medium by the parameter R, we can write

n = (1— R). (3.40)

Since the laser crystal and optical components are al antireflection coated, the
radiation transfer losses are very small in these systems. Values for the radiation
transfer efficiency are typically n; = 0.85-0.98.

Absorption of Pump Radiation by the Gain Medium and Transfer of
Energy tothe Upper Laser Level

This energy transfer can be divided into two processes. The first is the absorption
of pump radiation into the pump bands of the gain medium expressed by 75, and
the second is the transfer of energy from the pump band to the upper laser level
expressed by nqns.

The absorption efficiency istheratio of power P, absorbed to power Pe entering
the laser medium

Na = Pa/ Pe. (341)

The quantity 54 is a function of the path length and the spectral absorption co-
efficient of the laser medium integrated over the emission spectrum of the pump
source. If the pump radiation is totally diffuse inside the laser rod, as is the case
when the lateral surfaceis rough ground, agood approximation can be derived by
expressing (3.41) in adifferent form

_ (dPy/dV)V

3.428
e (3.429

Na



3.4. Oscillator Performance Model 91

where dP,/dV isthe power absorbed per volume, 1y is the power density at the
cylindrical surface of therod, and F, V arethe cylindrical rod surface and volume
of the rod, respectively.

The power absorbed per volume can also be expressed by dPa/dV = aplay,
where o isthe absorption coefficient of the laser material averaged over the spec-
tral emission range of thelamp and |, isthe average power density inside therod.
Radiation with an energy density W, propagating at avelocity ¢ hasapower den-
sity of 1y = cWay, where c = ¢/ ng isthe speed of light in the medium and ng is
the refractive index. The energy density in the laser rod has aradial dependence
due to absorption. The average value Wx, can be closely approximated by taking
the energy density Ws at the surface weighted by the factor exp(—agR), where
R is the rod radius and « is the absorption coefficient. From [3] it follows that
thisis avalid approximation over alarge range of «g. From these considerations
follows

dPy/dV = agcWsexp(—agR). (3.42b)

Owing to grinding the lateral surface of the rod, the pump radiation upon enter-
ing the rod will be diffused. For an enclosure with diffusely reflecting walls, we
obtain from blackbody radiation theory a relationship between energy Ws inside
the enclosure and the intensity |, emitted by the walls

lw = CWs/4. (3.42c)
Introducing (3.42b, c) into (3.42a) yields our final result
na = 20oRexXp(—agR). (3.43)
For diode pumped lasers, the absorption efficiency can be approximated by
na=1—exp(—aql), (3.44)

where ag isthe absorption coefficient of thelaser crystal at the wavel ength emitted
by the laser diode and | is the path length in the crystal. Detailed data on n4 for
both flashlamp and laser diode radiation can be found in Chapter 6.

The upper state efficiency may be defined astheratio of the power emitted at the
laser transition to the power absorbed into the pump bands. This efficiency isthe
product of two contributing factors, the quantum efficiency nq, which is defined
as the number of photons contributing to laser emission divided by the number
of pump photons, and s, the quantum defect efficiency. The latter is sometimes
referred to as the Stokes factor, which represents the ratio of the photon energy
emitted at the laser transition hy to the energy of a pump photon huy, thet is,

hvp Ap
=l—])=—, 3.45
o= (f) = 22 (349
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where Ap and A is the wavelength of the pump transition and the laser wave-
length, respectively. For Nd: YAG emitting at 1064 nm that is pumped by alaser
diode array at 808 nm, we obtain ns = 0.76, and g = 0.90.

In aflashlamp-pumped system, the value of 5s isan average value derived from
considering the whole absorption spectrum of the laser.

Conversion of the Upper State Energy to Laser Output

The efficiency of this process can be divided into the fractional spatial overlap of
the resonator modes with the pumped region of the laser medium and the fraction
of the energy stored in the upper laser level which can be extracted as output.

The beam overlap efficiency ng is defined as the resonator mode volume di-
vided by the pumped volume of the active material. A value of ng less than 1
indicates that part of the inversion will decay by spontaneous, rather than stimu-
lated, emission. In an oscillator ng expresses the mode-matching efficiency, that
is, the spatial overlap between the resonator modes and the gain distribution. In
an amplifier ng is a measure of the spatial overlap between the input beam and
the gain distribution in the laser material.

This subject usually does not receive a lot of attention in laser literature, but a
poor overlap of the gain region of the laser with the laser-beam profile is often
the main reason that a particular laser performs below expectations. For example,
the generally disappointing performance of slab lasers can often be traced to an
insufficient utilization of the rectangular gain cross-section by the laser beam.
Likewise, the low overall efficiency of lasers with a TEMgg mode output is the
result of a mode volume that occupies only a small fraction of the gain region of
the laser rod. On the other hand, so-called end-pumped lasers, where the output
from a laser diode pump is focused into the gain medium, achieve near perfect
overlap.

Instead of comparing the pump with the mode volume, it is often sufficient to
compare the cross-sections, if we assume that the radial distribution of the res-
onator mode does not change appreciably along the length of the active medium.
For example, in a 50 cm long resonator, with two curved mirrors of 5m radius at
each end, the TEMgg mode changes only by 5% over the length of the resonator
(Section 5.1.3).

The overlap between the resonator modeintensity distribution | (r) and thegain
distribution g(r) is given by an overlap integral

B =fg(r)| (r)2zr dr// 12(r)27r dr. (3.46)

For two practical cases (3.46) can be easily evaluated. Thefirst caseisauniformly
pumped gain medium operated in a highly multimode resonator. If we assume a
top hat distribtution for both the gain region and resonator beam (i.e., independent
of r), then ng issimply the ratio of the overlapping cross sections, g = w3,/w3,
where 7 w#, and w3 is the cross section of the resonator mode and pump region,
respectively. The efficiency ng can at best equal unity.
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Another simple case is found in end-pumped lasers. In this case a Gaussian
pump beam and a Gaussian (TEMqg) resonator mode propagate coaxially inside
the active medium. Introducing in (3.46) a normalized Gaussian resonator mode

L(r) = (2/mwh) expl—2(r /wm)?], (3.47)
and a similar expression for the pump beam yields

2
2wg,

g = for wp>wm, and ng=1 for wp=<wm, (3.48)

wj + w,
where wp and wm are the spot sizes for the pump beam and resonator mode pro-
files. For wm = wp, the TEMgo mode and pump beam occupy the same volume
and ns = L.

Valuesfor ng can rangefrom aslow as 0.1, for example, for alaser rod of 5mm
diameter operated inside alarge radius mirror resonator containing a 1.5 mm aper-
ture for fundamental mode control, to 0.95 for an end-pumped laser operating
at TEMqp. Innovative resonator designs, employing unstable resonators, internal
lenses, variablereflectivity mirrors, and so forth, can achieve TEM g mode opera-
tion typicaly at ng = 0.3-0.5. Multimode lasers typically achieve ng = 0.8-0.9.
If alaser oscillator is followed by an amplifier, atelescope is usualy inserted be-
tween these two stages in order to match the oscillator beam to the diameter of
the amplifier and thereby optimize ng.

The circulating power in an optical resonator is diminished by internal losses
described by the round trip loss § (Section 3.2) and by radiation coupled out of
the resonator. For reasons that will become apparent in the next section, we will
define an extraction efficiency ng which describes the fraction of total available
upper state energy or power which appears at the output of the laser

ne = Pout/ Pavail - (3.49)

Expressions for ng will be given in Section 3.4.2 and in Chapters 4 and 8 for the
cw oscillator, laser amplifier, and Q-switch oscillator, respectively.

An indication of the reduction of available output power due to losses in res-
onator can be obtained from the coupling efficiency

ne=T/(T +46). (3.50)

As will be explained in the next section, the slope of the output versus input
curve of alaser isdirectly proportional to this factor, whereas the overall system
efficiency of alaser is directly proportional to ne.

The conversion processes described so far are equally applicable to cw and
pulsed lasers, provided that the power terms are replaced with energy and inte-
gration over the pulse length is carried out where appropriate. The energy flow
depicted in Fig. 3.3 can also be extended to laser amplifiers and Q-switched sys-
tems because the discussion of pump source efficiency, radiation transfer, and so
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forth, is equally applicable to these systems. Even the definition for the extrac-
tion efficiency remains the same, however, the analytical expressions for ng are
different aswill be discussed in Chapter 4 for the laser amplifier.

If the laser oscillator is Q-switched, additional 1oss mechanisms comeinto play
which are associated with energy storage at the upper laser level and with thetran-
sient behavior of the system during the switching process. The Q-switch process
will be described in detail in Chapter 8. However, for completeness of the discus-
sion on energy transfer mechanismsin a laser oscillator, we will briefly discuss
the loss mechanisms associated with Q-switch operations.

In a Q-switched laser, a large upper state population is created in the laser
medium, and stimulated emission is prevented during the pump cycle by the in-
troduction of ahigh loss in the resonator. At the end of the pump pulse, thelossis
removed (the resonator is switched to a high Q) and the stored energy in the gain
medium is converted to optical radiation in the resonator from which it is coupled
out by the output mirror.

There are losses prior to opening of the Q-switch, such as fluorescence losses
and Amplified Spontaneous Emission (ASE) losses that will depopulate the up-
per state stored energy. Also, not all of the stored energy available at the time of
Q-switching is converted to optical radiation. For a Q-switched laser, the extrac-
tion efficiency ng in Fig. 3.3 can be expressed as

NE = NSNASENEQ, (3.51)

where st and nasg account for the fluorescence and A SE losses prior to the open-
ing of the Q-switch and neq is the extraction efficiency of the Q-switch process.

Assuming a square pump pulse of duration tp, the maximum upper state popu-
lation reached at the end of the pump cycleis given by

N2(tp) = NgWpts [1 — exp(—tp/11)] - (3.52)

Since the total number of ions raised to the upper level during the pump pulseis
NgWptp, the fraction available at the time of Q-switching (t = tp) is

_ [~ exp(=tp/m)]
tp/ '

(353)

The storage efficiency ng; is therefore the ratio of the energy stored in the upper
laser level at the time of Q-switching to the total energy deposited in the upper
laser level. From the expression for ng it follows that for a pump pulse equal
to the fluorescence lifetime (t, = t7) the storage efficiency is 0.63. Clearly, a
short pump pulse increases the overall efficiency of a Q-switched laser. However,
a shorter pump pulse puts an extra burden on the pump source because the pump
has to operate at a higher peak power to deliver the same energy to the laser
medium.

If the inversion reaches a critical value, the gain can be so high such that spon-
taneous emission after amplification across the gain medium may be large enough
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to deplete the laser inversion. Furthermore, reflections from internal surfaces can
increase the path length or allow multiple passes inside the gain section which
will make it easier for this unwanted radiation to build up. In high-gain oscilla-
tors, multistage lasers, or in laser systems having large-gain regions, ASE coupled
with parasitic oscillations present the limiting factor for energy storage.

We can define nase as the fractional 1oss of the stored energy density to ASE
and parasitic oscillations

nase = 1 — Ease/Est. (3.54)

Minimizing reflectionsinternal to the laser medium by AR coatings and providing
a highly scattering, absorbing, or low-reflection (index matching) surface of the
laser rod, coupled with good isolation between amplifier stages, will minimize
ASE and parasitic losses. The occurrence of ASE can often be recognized in a
laser oscillator or amplifier as a saturation in the laser output as the lamp input is
increased (see also Section 4.4.1).

Thefraction of the stored energy Eg; available at the time of Q-switching to en-
ergy Egx extracted by the Q-switch, can be expressed as the Q-switch extraction
efficiency

nEQ = Eex/Est. (3.55)

The fraction of initial inversion remaining in the gain medium after emission of
a Q-switched pulse is a function of the initial threshold and final population in-
version densities. These parameters are related via a transcendental equation, as
shown in Chapter 8.

3.4.2 Laser Output

In this subsection, we will describe the basic relationships between externally
measurable quantities, such as laser output, threshold, and slope efficiency, and
internal systems and materials parameters.

After the pump sourcein alaser oscillator isturned on, the radiation flux in the
resonator that builds up from noisewill increaserapidly. Asaresult of theincreas-
ing flux, the gain coefficient decreases according to (3.25) and finally stabilizes at
avalue determined by (3.7). A fraction of the intracavity power is coupled out of
theresonator and appears as useful laser output according to (3.36). If we combine
(3.29), (3.36), the laser output takes the form

1-R Zgo|
Pout_A<1+R>Is<8_|nR—1>. (3.56)

In this equation, |s is a materials parameter, A and | are the cross-section and
length of the laser rod, respectively, and R isthe reflectivity of the output coupler.
These quantities are usually known, whereas the unsaturated gain coefficient go
and the resonator losses § are not known. We will now relate go to system pa-
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rameters and describe methods for the measurement of gg and the losses § in an
oscillator.

The Four-Level System

The population inversion in afour-level system asafunction of pump rateisgiven
by (3.16). Making the assumption that Wpts <« 1 and multiplying both sides of
this equation by the stimulated emission cross section yields

Jo = o NgWpts. (3.57)

Now we recall from Chapter 1 that Wpng gives the number of atoms transferred
from the ground level to the upper laser level per unit time and volume, i.e., pump
power density divided by photon energy. This can be expressed as

Weng = nonsne Pa/hu LV, (3.58)

where P; is the total absorbed pump power and V is the volume of the gain
medium. Not all of the atoms transferred from the ground level to the upper laser
level contribute to gain, this is accounted for by nq. The Stokes factor s enters
in (3.58) because the photon energy is expressed in emitted laser photons rather
than pump photons, and the overlap efficiency ng defined in (3.46) accounts for
the fact that not all of the population inversion interacts with the photon density
of the resonator modes.

If we introduce (3.58) into (3.57), we can express the small signal gain coeffi-
cient in terms of absorbed pump power

do = o tinQnsne Pap/hvL V. (3.59)

The absorbed pump power in the laser material isrelated to the electrical input to
the pump source by

Pab = npntnaPin. (3.60)

With (3.59), (3.60) we can establish a simple relationship between the small sig-
nal, single pass gain and lamp input power

go=otinPn/hu V, (3.61)
where, for convenience, we have combined all the efficiency factorsinto

N = NpNtNanQMNSnB- (3.62)

If wereplacethe small signal coefficient gg in (3.56) with the system and materials
parameters given in (3.61) we obtain our final result

Pout = 0s(Pin — Prh), (3-63)
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FIGURE 3.4. Laser output versus pump input characterized by athreshold input power Py,
and aslope efficiency os.

where os is the dope efficiency of the output versus input curve, as shown in

Fig. 3.4,
—InR T

= ~ ) 3.64
s (5—|nR>” T+o! (364

The electrical input at threshold is

5 —InRY\ Ah T+468\ Ah
P = oo (A . (3.65)
2 no T 2 no Tt

In deriving (3.64), (3.65) we have made use of the approximation 2(1 — R)/(1+
R) = —InR. Also for reflectivities of the output coupler of R = 0.9 or higher,
the term (—InR) can be replaced in most cases by the mirror transmission T
with sufficient accuracy. In the laser literature, (3.65) is sometimes expressed in
terms of pump photon energy, in this case nons have to be excluded from 5 since
hvL = nonshvp.

From (3.65) it follows that a laser material with a large product of the stimu-
lated emission cross section and fluorescence lifetime (o ;) will have alow laser
threshold. The slope efficiency os is simply the product of al the efficiency fac-
tors discussed in Section 3.4.1. The input power Py, required to achieve laser
threshold isinversely proportional to the same efficiency factors. Therefore, a de-
crease of any of the » terms will decrease the slope efficiency and increase the
threshold, as shown in Fig. 3.4. In the expressions for s and Py, we have left T
and § in explicit form, because these parameters are subject to optimization in a
laser resonator. As expected, higher optical losses §, caused by reflection, scat-
tering, or absorption, increase the threshold input power and decrease the slope
efficiency.
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FIGURE 3.5. Laser output power and total flux inside the resonator as a function of mirror
reflectivity. Parameters: 15 = 2.9 kW/cm?, 2go¢ = 1,8 = 0.1, A = 0.4 cm?.

From (3.29) and (3.36) we can calculate the power density inside the resonator
and the laser output as a function of output coupling. The general shape of | and
Pout as afunction of T isshown in Fig. 3.5. The power density | is maximum if
all the radiation is contained in the resonator, that is, R = 1. At 2gof = § — InR
the flux inside the resonator is zero. This occurs if the reflectivity of the output
mirror isso low, namely Ry = exp(8 — 2gof), that the laser just reaches threshold
at the given input. The laser output Py is zero for R = 1 and Ryy. Asshownin
Fig. 3.5, the output reaches a maximum for a specific value of R.

Differentiation of (3.56) determines the output coupling Ropt which maximizes
Pout, i.e.,

—InRopt = (+/290t/8 — 1)s. (3.66)

From this expression it can be seen that low-gain systems require a high reflectiv-
ity and vice versa. For cw-pumped Nd : YAG lasersthe gain coefficient istypically
on the order of gg = (0.05 — 0.1) cm~1 and the optimum output coupling ranges
from 0.80 to 0.98. The lower number istypical for multi-hundred watt Nd : YAG
lasers pumped with up to 10kW of input power. The very high reflectivity is for
very small systems. Pulsed-pumped systems operate at much higher pump powers
and, correspondingly, have ahigher gain coefficient. For example, atypical indus-
trial Nd: YAG laser for cutting sheet metal has a pulse length of 100 us and an
output energy of 2J per pulse. Assuming a 2% system efficiency, the pump pulse
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has a peak power of 1 MW. Gain coefficients for pulsed systems are on the order
of (0.3-0.5) cm~1, and the output mirror reflectivity ranges from 0.6 to 0.8. Pulsed
systems that are also Q-switched have the highest gain coefficients, typicaly 1.5
to 2.5cm~1, and the output coupler reflectivity is between 0.4 and 0.6.

Introducing the expression for Rgpt into (3.56) gives the laser output at the
optimum output coupling

Popt = gol IsA(L — v/8/2g0l)?. (3.67)

If we use the definition for go and Is as given before, we can readily see that
Ools = nzhv/ 5, which represents the total excited state power per unit volume.
(A similar expression will be derived in Chapter 4 for the available energy in a
laser amplifier.) Therefore, the maximum available power from the oscillator is

Pavail = Qol IsA. (3.68)
The optimum power output can be expressed as
Popt = nE Pavail » (3.69)

where

ne = (1 —/8/29ol )2 (3.70)

is the extraction efficiency already mentioned in Section 3.4.1. The behavior of
ne asafunction of the loss-to-gain ratio §/2gol is depicted in Fig. 3.6. The detri-
mental effect of even avery small internal |oss on the extraction efficiency is quite
apparent. For example, in order to extract at least 50% of the power available in
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FIGURE 3.6. Extraction efficiency ng as afunction of loss-to-gain ratios §/2ggl .
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FIGURE 3.7. Extraction efficiency for the optimized resonator as a function of the single-
pass logarithmic gain. Parameter is the one-way resonator |oss.

the laser material, the internal loss hasto be less than 10% of the unsaturated gain.
Achievement of ahigh extraction efficiency is particularly difficult in cw systems
because the gain is relatively small, and unavoidable resonator |osses can repre-
sent a significant fraction of the gain. In Fig. 3.7 the extraction efficiency for the
optimized resonator is plotted for different values of § and gol .

The overall system efficiency of a solid-state laser is directly proportional to
the extraction efficiency

Nsys = Pout/ Pin = neN. (3.71)

If one compares (3.71) with the expression for the slope efficiency of alaser given
by (3.65), then the first term, namely the coupling efficiency, is replaced by the
extraction efficiency ng.

The sensitivity of the laser output to values of T that are either above or be-
low Topt isillustrated in Fig. 3.8. For resonators which are either over- or under-
coupled, the reduction of power compared to that available at Topt depends on how
far the system is operated above threshold. For oscillators far above threshold, the
curve has a broad maximum and excursions of £20% from Tgpt do not reduce the
output by more than afew percent.

Aswe have seen, the resonator losses and the gain in the laser materia play an
important part in the optimization process of alaser system. Following a method
first proposed by Findlay and Clay [4], the resonator [osses can be determined by
using output mirrors with different reflectivities and determining threshold power
for lasing for each mirror. According to (3.7) we can write

—InR =2got —$. (3.72)
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FIGURE 3.8. Sensitivity of laser output for nonoptimal output coupling.

Extrapolation of the straight-line plot of — In R versus Py, a Py, = 0, yields the
round-trip resonator loss § as shown in Fig. 3.9. With § determined, the small
signal gain gp as afunction of input power can be plotted. From the slope of the
straight line we can also calculate the efficiency factor n. With (3.61) and (3.27)

-InR

2n/lsA

/ Pin, threshoid

FIGURE 3.9. Measurement of the resonator losses as well as the product of al the effi-
ciency factorsinvolved in the energy transfer mechanism of alaser.
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we obtain 2gol = 2nPin/IsA, and (3.72) can be written
—InR=(2n/1sA)Pin — 4. (3.73)

The Three-Level System

The population inversion in a three-level system as a function of the pump rate
is given by (3.15). If we multiply both sides of this equation by the stimulated
emission cross section o1, we obtain

Wpt21 — 1

e 3.74
OWPT21 +1 (3.74)

do

where ag = o21yqt IS the absorption coefficient of the material when all atoms
exist in the ground state. In the absence of pumping, (3.74) simply becomes go =
—ap. In order to simplify our analysis, we assumed g> = Q3.

We assume now that the pump rate Wp is alinear function of lamp input By,

Wett = (n/Als) Pin. (3.79)
Introducing (3.75) into (3.74) yields

(n/Alg)Pin — 1
OG/Alg P+ 1’

In afour-level system, the small signal gain is directly proportional to the pump
rate and therefore to the input power of the pump source. From (3.61) we obtain

go = (n/Als)(Pin/0). (3.77)

Equation (3.76) and (3.77) are plotted in Fig. 3.10. Since both lasers are assumed
to be pulsed, the input power P, has been replaced by the flashlamp input energy
Ein = Pintp, wheretp = 1 msis the pump pulse width. The other parameters are
(n/1sA) = 10°5W-1 oo = 0.2cm™1, and ¢ = 15cm.

(3.76)

3.5 Relaxation Oscillations

So far in this chapter we have considered only the steady-state behavior of the
laser oscillator. Let us now consider some aspects of transient or dynamic behav-
ior. Relaxation oscillations are by far the most predominant mechanisms causing
fluctuations in the output of a solid-state laser. Instead of being a smooth pulse,
the output of a pumped laser is comprised of characteristic spikes. In cw-pumped
solid-state lasersthe relaxation oscillations, rather than causing spiking of the out-
put, manifest themselves as damped, sinusoidal oscillations with a well-defined
decay time.

In many solid-state lasers the output is a highly irregular function of time. The
output consists of individual bursts with random amplitude, duration, and sep-
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FIGURE 3.10. Gain versus lamp input for afour-level and athree-level system.

aration. These lasers typically exhibit what is termed “spiking” in their output.
We will explain the phenomena of the spike formation with the aid of Fig. 3.11.
When the laser pump source is first turned on, there are a negligible number of
photons in the cavity at the appropriate frequency. The pump radiation causes a
linear buildup of excited ions and the population isinverted.

Although under steady-state oscillation conditions N2 can never exceed N2 tn,
under transient conditions the pump can raise Ny above the threshold level be-
cause no laser oscillation has yet been built up and no radiation yet exists in the
cavity to pull N2 back down by means of stimulated emission.

The laser oscillation does not begin to build up, in fact, until after N, passes
N2.th, SO that the net round-trip gain in the laser exceeds unity. Then, however,
because Ny is considerably in excess of N, the oscillation level will actually
build up very rapidly to avalue of the photon flux ¢ substantially in excess of the
steady-state value for the particular pumping level.

But, when ¢ (t) becomes very large, the rate of depletion of the upper-level ions
due to stimulated emission becomes correspondingly large, in fact, considerably
larger than the pumping rate Wy. As a result, the upper-level population Na(t)
passes through a maximum and begins to decrease rapidly, driven downward by
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FIGURE 3.11. Spiking behavior of alaser oscillator.

the large radiation density. The population N(t) is driven back below the thresh-
old level N2 tn; the net gain in the laser cavity becomes less than unity, and so the
existing oscillation in the laser cavity beginsto die out.

To completethe cycle of thisrelaxation process, oncethe radiation level has de-
creased below the proper steady-state level, the stimulated emission rate again be-
comes small. At this point the pumping process can begin to build the population
level N2 back up toward and through the threshold value again. This causes the
generation of another burst of laser action, and the system can again go through a
repeat performance of the same or avery similar cycle.

Turning now to the rate equation, we can interpret these curves as follows:
At the beginning of the pump pulse we can assume that the induced emission is
negligible because of the low-photon density. During this time we may neglect
the term containing ¢ in (1.53) and write

% = antot~ (3.78)
The population inversion therefore increases linearly with time before the devel -
opment of alarge spiking pulse. As the photon density builds up, the stimulated
emission terms become important and for the short duration of one pulse the effect
of the pumping can be neglected. Therefore, during the actual spiking pulse the
rate equations can be written by neglecting both the pumping rate for the excess
population and the cavity loss ratein (1.58), (1.61):
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(:j—rt] = —yCohg, ?j—(f = +Cong. (3.79)

The photon density thus grows with time and the population inversion de-
creases with time. The photon density reaches a peak when the decreasing in-
version reaches the threshold value ny,. The inversion reaches a minimum at
ynco¢p ~ Wpnyt. The cycle repeats itself, forming another spike. The inver-
sion fluctuates in a zigzag fashion around the threshold value ny,. Astime passes,
the peaks become smaller and the curve becomes damped sinusoidal.

Solutions of the laser rate equations predict atrain of regular and damped spikes
at the output of the laser. Most lasers, however, show completely irregular, un-
damped spikes. This discrepancy between theory and experiment is due to the
fact that the spiking behavior dies out very slowly in most solid-state lasers and
therefore persists over the complete pump cycle. Furthermore, mechanical and
thermal shocks and disturbances present in real lasers act to continually reexcite
the spiking behavior and keep it from damping out. Hence many lasers, especially
the ruby laser, spike continuously without ever damping down to the steady state.
Depending on the system parameters such as mode structure, resonator design,
pump level, and so forth, the spiking may be highly irregular in appearance or it
may be regular.

In cw-pumped lasers, such as Nd: YAG, the relaxation oscillations are much
weaker and usually consist of damped sinusoidal oscillations around the steady-
state value. These oscillations may be treated as perturbations of the steady-state
population inversion and photon density given in the rate equations (1.58), (1.61).
Compared to the fluorescence time 5, the relaxation oscillations have a much
shorter period; therefore the term including 7 in the rate equations can be ignored
(i.e., it —> 00).

We now introduce a small perturbation An into the steady-state value of the
population inversion n; similarly, a perturbation A¢ isintroduced into the steady
state of the photon density ¢. Thus we may write

n=n+ An and ¢ =¢+ Ag. (3.80)

We now proceed to eliminate the population inversion n from (1.61). Thisis
done by first differentiating the equation and then substituting an/at from (1.58).
The differential equation is then linearized by introducing n and ¢ from (3.80).
Neglecting products of (AnAg), we finally obtain

d?(Ag) d(A¢)
e T

+ (6C)%¢n(Ap) = 0. (3.81)

The solution of this equation gives the time variation of the photon density

Ap ~ exp [(-%)] tsinfoc(pn)¥/?t]. (3.82)
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The frequency ws = oc(¢n)¥/? and the decay time constant 1r = 2/oc¢ of
this oscillation can be expressed in terms of laser parameters by noting that | =
cphv and n = 1/cotc. The latter expression follows from (1.61) for the steady-
state condition, i.e., 3¢/t = 0, and ignoring the initial noise level S. With the
introduction of the intracavity power density | and the photon decay time t. we
obtain

| 2h
d and =22 (3.83)
tchy lo

wg =

These expressions can be further simplified for the case of afour-level system by
introducing the saturation power density |, leading to

IstTc

s =

and =2y (%) : (3.84)

Note, that the greater the power density | and therefore the output power from
thelaser, the higher the oscillation frequency. The decay time tr will decrease for
higher output power.

From these equations it follows that the damping time is proportional to the
spontaneous lifetime. This is the reason that relaxation oscillations are observed
mainly in solid-state lasers where the upper-state lifetime is relatively long. Os-
cilloscope traces of the relaxation oscillations of acw-pumped Nd : YAG laser are
presented in Fig. 3.12.

Like most solid-state lasers, Nd: YAG exhibits relaxation oscillation. Fig-
ure 3.12 exhibits oscilloscope traces of the relaxation oscillations of a small
cw-pumped Nd: YAG laser. The oscillation is a damped sine wave with only a
small content of harmonics. Figure 3.12(b) displays the spectrum of the relaxation
oscillations, as obtained by a spectrum analyzer. From (3.84) it follows that the
resonant frequency is proportional to (Pollftz) of thelaser. Figure 3.12(b) illustrates
this dependence. With (3.84) we can calculate the center frequency vs and the
time constant tr of the relaxation oscillations. With the laser operated at 1W
output, a mirror transmission of T = 0.05, and beam diameter of 0.12cm, one
obtains | = 4.0 x 103W/cm?; | = 35cmisthe length of the cavity and § = 0.03
are the combined cavity losses. With these values, and Is = 2900W/cm? and
¢ = 230 us, it followsthat tr = 333 usand vs = 72kHz. The measured center
frequency of the relaxation oscillation is, according to Fig. 3.12(b), about 68 kHz.

3.6 Examplesof Laser Oscillators

The Nd: YAG laser is by far the most widely used and most versetile solid-state
laser. Pumping can be accomplished by means of flashlamps, cw arc lamps, or
laser diodes, and the laser can be operated cw or pulsed thereby achieving pulse
repetition rates from single shot to several hundred megahertz. In this section
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FIGURE 3.12. Relaxation oscillation of a cw-pumped Nd: YAG laser. () Oscilloscope
trace showing the tempora behavior of a relaxation oscillation: time scale, 20 ug/div.
(b) Frequency spectrum of relaxation oscillations at different output power levels: (A)
1.3W, (B) 1.0W, (C) 0.25W.

we will relate the performance characteristics of several of these systems to the
oscillator model described in this chapter.

3.6.1 Lamp-Pumped cw Nd: YAG Laser

A type of laser which is widely used for materials processing consists of an
Nd: YAG crystal 7.5cm or 10cm long and with a diameter of 6.2 mm pumped
by two krypton filled arc lamps. Electrical input to the lamps can be up to 12 kW.
The optical resonator is typically comprised of two dielectrically coated mirrors
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FIGURE 3.13. Continuous output versus lamp input of a powerful Nd: YAG laser.

with a separation of 30 to 40cm. Curvature of the mirrors and transmission of
the output coupler is selected for optimum performance, that is, output power and
beam quality. In Fig. 3.13 the output versusinput is plotted for anumber of differ-
ent laser crystals and mirror combinations. Curve A shows the output curve of a
system that has a dope efficiency of os = 3.1% and an extrapolated threshold of
Pih = 2.5kW. The nonlinear portion of the curve close to threshold is due to the
focusing action of the elliptical reflection. At first, only the center of therod lases.
The nonlinear behavior of the output curve at the high input end is due to thermal
lensing within the laser rod. This lensing effect, caused by the thermal gradients
in the laser crystal, increases the resonator losses (see Chapter 7).

In Fig. 3.14 the lamp input power required to achieve laser threshold was mea-
sured for different mirror reflectivities for the laser system mentioned above. If
one plots In(1/R) versus Py, one obtains a linear function according to (3.72).
From this measurement follows a combined loss of § = 0.075 in the resonator.
With this value and the slope efficiency measured for curve A in Fig. 3.13 one
can calculate the efficiency factor n = 4.6%. The same value can also be obtained
from the slope of the curvein Fig. 3.14. Best agreement is obtained if one assumes
a saturation power density of Is = 2.2kW/cm?. Thisimplies an effective emis-
sion cross section somewhere between the two values listed in Table 2.2. From
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FIGURE 3.14. Threshold power input as afunction of mirror reflectivity.

the data of Fig. 3.14 one can plot the small-signal, single-pass gain and the gain
coefficient as afunction of lamp input power as shown in Fig. 3.15.

It is instructive to calculate the inversion density in the Nd: YAG crystal that
has to be sustained to achieve the maximum small-signal gain coefficient of go =
0.11cm™1. Assuming a neodymium concentration of 1.38 x 10°°cm=2 and a
stimulated emission cross section of 2.8 x 10~%° cm?, it follows from (3.12) that
at maximum pump input only 0.28% of the total neodymium atoms are inverted.
The small percentage of atoms at the upper laser level is due to the four-level
nature of the transition and the large cross section of Nd: YAG.

For a mirror transmission of T = 0.15 the small-signal gain coefficient at
threshold is about g = 0.02cm~1, which results in an upper-state population
density of n; = 101® cm=3. From this value and using (3.18) we can calculate
the total fluorescence output of the laser at threshold. With V = 2.3cm®, 15 =
23045, hv = 1.86 x 10719W's, one obtains Pr = 130W.

If § and n have been determined for a particular laser crystal and resonator
combination, the laser output at different input levels and mirror reflectivities can
be calculated from (3.63)—(3.65). An example of such a calculation is shown in
Fig. 3.16. The mirror reflectivity which gives the highest output power for the
different input powers is located along the dashed curve. This curve has been
obtained from (3.66) with (3.61), (3.27). Figure 3.17 shows the intracavity power
density asafunction of laser output power for afixed lamp input power of 12 kW.
The parameter is the reflectivity of the front mirror. This curve is obtained from
Fig. 3.16 (uppermost curve) and using (3.36). As we can see from this figure, the
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circulating power density in the resonator increased for the higher reflectivities
despite the reduction of output power.

Figure 3.18 shows a photograph of a typical, commercialy available, cw-
pumped Nd: YAG laser. The laser head contains a single arc lamp. The mechan-
ical shutter is used to stop laser oscillations for short periods of time without
having to turn off the arc lamp. The purpose of the mode selector and Q-switch
will be discussed in Chapters 5 and 8. Bellows are employed between each opti-
cal element in the laser head in order to seal out dust and dirt particles from the
optical surfaces. The laser head cover is sealed with a gasket in order to further
reduce environmental contamination.

3.6.2 Diode Sde-Pumped Nd: YAG Laser

The system illustrated here produces an energy per pulse of about 0.5J at a rep-
etition rate of 40Hz. Critical design issues for this laser include heat removal
from the diode arrays and laser rod and the overlapping of the pump and res-
onator mode volumes. In side-pumped configurations, laser-diode arrays are not
required to be coherent, and pump power can be easily scaled with multiple arrays
around the circumference of the rod or along its axis. Instead of one diode array
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FIGURE 3.18. Photograph of a commercial cw-pumped Nd: YAG laser (Quantronix, Se-
ries 100).

pumping the laser crystal, this particular laser employs 16 diode arrays located
symmetrically around the rod. As shown in Fig. 3.19 the diode pumps are ar-
ranged in four rings, each consisting of four arrays. Since each array is1 cm long,
the total pumped length of the 6.6cm x 0.63cm Nd: YAG crystal is 4cm. This
arrangement permits the incorporation of large water-cooled heat sinks required
for heat dissipation, and it also providesfor avery symmetrical pump profile. An
eight-fold symmetry is produced by rotating adjacent rings of diodes by 45°. A
photograph of the extremely compact designisalso shownin Fig. 3.19. The sym-
metrical arrangement of the pump sources around the rod produces a very uni-
form pump distribution, as illustrated in Fig. 3.20. The intensity profile displays
the fluorescence output of the rod taken with a CCD camera. In Fig. 3.21, the
output versus optical pump input is plotted for long pulse multimode and TEMqg

ELECTRICAL DIODE LASER
LEADS ROD
~

COCLING
SLEEVE

END WIEW

FIGURE 3.19. Cross section (left) and photograph (right) of diode-pumped Nd: YAG laser
head.
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FIGURE 3.20. Pump distribution of a 16-diode array side-pumped Nd: YAG crystal (each
line represents a 10% change in intensity).

mode operation. Also shown is the output for Q-switch TEMgg mode operation.
The resonator configuration for the long pulse, multimode operation is depicted
in Fig. 3.22. The TEMgy mode performance was achieved with a variable reflec-
tivity mirror and a concave-convex resonator structure which will be described in
Chapter 5.

The multimode laser output can be expressed by

Eout = 05( Eop’[ - 180 m\]),

500

400 -

E =05{(E —180) mJ
300 - out in
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200 + E = 021E. -375) mJ
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TEMgo
100 -
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= 0.15(E,, - 395) mJ

Output energy at 1.06 um [mJ]

E out
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FIGURE 3.21. Output versusinput energy for diode-pumped Nd: YAG oscillator.
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FIGURE 3.22. Resonator configuration for multimode operation.

where Eqp is the optical pump energy from the 16 diode arrays. The electrical
input energy Ein required to achieve Eqpt is

Combining these two output—input curves relates the laser output with the electri-
cal input energy

Eout = 0.25(Ej — 1000mJ).

The slope efficiency of the laser is 25%, and the overall electrical efficiency at
the maximum output of 460 mJ per pulse is 16%. The optimum output coupling
was experimentally determined. Figure 3.23 shows a plot of the laser output for
different values of the reflectivity. The different efficiency factors of the system
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FIGURE 3.23. Oscillator output vs. mirror reflectivity (calculated curve based on Topt =
0.2, gol =1.4,5 =0.03)
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TABLE 3.1. Energy transfer efficiencies of alarge
diode-pumped Nd: YAG oscillator.

Transfer process Multimode  Single mode
Diode slope efficiency np 0.50 0.50
Transfer efficiency Nt 0.95 0.95
Absorption efficiency Na 0.90 0.90
Stokes shift ns 0.76 0.76
Quantum efficiency nQ 0.95 0.95
Coupling efficiency nc 0.90 0.90
Beam overlap efficiency nB 0.90 0.38
Electrical slope efficiency  og 0.25 0.10

arelisted in Table 3.1. The slope efficiency of the diode array was measured with
a power meter. The absorbed pump radiation in the 6.3 mm diameter crystal was
calculated from a computer code.

The coupling efficiency nc follows from Top: = 0.20 and the measured round-
trip loss of § = 2.2%. The gain/mode overlap efficiency ng was estimated by
comparing the beam profile with the pump distribution in the laser rod. The final
value was adjusted for the product of the  termsto agree with the measured slope
efficiency of 25%. For TEM g mode operation, the mgjor differenceis a substan-
tially reduced value for ng as aresult of a smaller beam. All other parameters
remain unchanged.

3.6.3 End-Pumped Systems

In this so-called end-pumped configuration, the radiation from asinglelaser diode
or diode bar is focused to a small spot on the end of a laser rod. With a suitable
choice of focusing optics, the diode pump radiation can be adjusted to coincide
with the diameter of the TEMg resonator mode. The end pumping configuration
thus allows the maximum use of the energy from the laser diodes.

Using thislongitudinal pumping scheme, the fraction of the active laser volume
excited by the diode laser can be matched quite well to the TEM g lasing volume.
A solid-state laser pumped in this manner operates naturaly in the fundamental
spatial mode without intracavity apertures.

Many excellent systems with extremely compact packaging and high effi-
ciency that utilize the mode matching pump profile are commercialy available.
By way of illustrating the concept, we will consider the configuration illustrated
in Fig. 3.24 which was originally proposed by Sipes [5]. The output from a
diode array with 200mw output at 808 nm is collimated and focused into a
1cmlong x 0.5cm diameter 1% Nd: YAG sample. The resonator configuration
is plano-concave, with the pumped end of the Nd: YAG rod being coated for
high reflection at 1.06 wm, and with an output coupler having a 5cm radius of
curvature and areflectivity at 1.06 pm of 95%.



116 3. Laser Oscillator

T.E. Cooler

/.

/

Heat Sink Lascr
et S Array

Focusing

Optics
Nd:YAG Rod
Pump Rear Mirror

Radiation HR at 1.06 pm
0.81 um AR at 0.81 um

-

Ouput
Mirror

RC:S5cm

TEMgq
Output
1.06 um

HR: 0.95 at 1.06 um

FIGURE 3.24. End-pumped laser oscillator.

Figure 3.25 displays electrical input power versus 1.06 «m output power for
the configuration illustrated in Fig. 3.24. We see that for approximately 1 W of

electrical input power, 80 mW of Nd: YAG output is measured.

The electrical slope efficiency of the laser is 13%, and the overall efficiency at
80 mW output is 8%. Also shown in Fig. 3.25 is the performance of the diode ar-
ray that has a dlope efficiency of 34% and an overall efficiency of 22% at 220 mwW
output. The energy transfer steps of the laser arelisted in Table 3.2. The slope effi-
ciency np of the diode laser output is a measured quantity. The transfer efficiency
nt includes the collection of diode radiation by the lens system and reflection
losses at the surfaces. The pump radiation is completely absorbed in the 1-cm
long crystdl, i.e., na = 1. The coupling efficiency nc follows from the measured
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FIGURE 3.25. Nd: YAG laser and diode output versus electrical input power.
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TABLE 3.2. Energy transfer efficiencies of
an end-pumped Nd : YAG oscillator.

Transfer process

Diode slope efficiency p 0.34
Transfer efficiency nt 0.90
Absorption efficiency Na 1.00
Stokes shift ns 0.76
Quantum efficiency le) 0.95
Coupling efficiency nc 0.71
Beam overlap efficiency 7B 0.85
Electrical slope efficiency os 0.13

1% one-way loss and an output coupling of 5%. As stated by the authors, the
large ellipticity of the diode array beams made it difficult to focusthe entire pump
beam into the laser resonator mode. The value of ng is therefore lower than can
be achieved with an optimized system. The measured slope efficiency of the laser
isthe product of the n-termslisted in Table 3.2.

This example of an end-pumped laser demonstrates the high overal perfor-
mance at TEMgg mode which can be achieved with this type of system. The at-
tractive features of end-pumped lasers are a very compact design combined with
high beam quality and efficiency, as a result of the good overlap between the
pumped region and the TEM g laser mode.

Figure 3.26 displays a photograph of atypical end-pumped laser. The optical
components shown separately are the laser diode array, two cylindrical and two

(a)

(b)

FIGURE 3.26. Photograph of (a) assembled end-pumped laser and (b) disassembled optical
components. [Fibertek, Inc.].
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FIGURE 3.27. Laser output as a function of pump energy at the laser crystal.

spherical lenses, an Nd: YAG crystal, polarizer, Q-switch, and output coupler.
The end mirror of the resonator is coated onto the laser crystal. The diode array
comprises three quasi-cw 1 cm bars. The three-bar stack had a maximum output
energy of 27 mJina200 uspulse. At that pul se energy, the laser output was 6.7 mJ
in the TEMgo mode and 8.4 mJ multimode (Fig. 3.27). The pulse repetition was
50 pps. The resonator loss was determined by measuring the pump threshold as a
function of the reflectivities of the output coupler, as described in Section 3.4.2.
The measurement yielded a value of 2.4% for the resonator round-trip loss. The
maximum output was obtained for an output coupler reflectivity of 95%. The
optical design of thislaser is depicted in Figs. 6.39.

Summary

Basically alaser oscillator consists of a medium with optical gain inside a res-
onator formed by two mirrors. The two mirrors perform the function of opti-
cal feedback by reflecting the optical radiation back and forth through the gain
medium.

The oscillator starts to lase after having been triggered by some spontaneous
radiation emitted along the axis of the resonator. Thisradiation is amplified and a
fraction leaks out of the output mirror. Most of the radiation is reflected and am-
plified again as it passes through the active material. To continue oscillating, the
gain per double pass must exceed the losses. As the intensity builds up inside the
resonator, the gain is reduced because of gain saturation. A stable operating point
is reached when the round trip gain and the losses are equal . Dynamic interactions
between the gain of the active medium and the photon flux in the resonator causes
damped oscillations around the steady state value.
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In order to achieve maximum output from an oscillator under given operating
conditions the reflectivity of the output mirror has to be optimized. Increasing the
output coupling (T = 1 — R) is equivalent to decreasing the feedback factor and
increasing the loss in the resonator. The limiting condition is that feedback must
be sufficiently large to compensate for the internal and output coupling losses in
the system. The transmission of the output mirror will have an optimum value that
maximizes the output power from the oscillator. This value is between zero and a
transmission at which the losses exceed the gain and the oscillator will cease to
lase.

Threshold and laser output as a function of materials and systems parameters
are discussed in this chapter. The conversion of electrical input energy to laser
output proceeds through a number of stepsthat can be related to the pump source,
pump radiation transfer system, laser medium, and optical resonator. The effi-
ciency of the energy conversion or transfer process associated with each step
contributes to the overall efficiency of the laser. The energy flow within a laser
oscillator is analyzed in detail, and an illustration of the practical realization of
different oscillators concludes the chapter.
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Exercises

1. Prove that when the gain length is equal to the resonator length, the condition
giving therequired inversion density at lasing threshold, n = 1/co 1¢, isidenti-
cal to thethreshold condition 2gl = § —In(Ry) ~ T + 6. Indicate any equation
you use from the text and define all the quantities that you use.

2. For the system described in Fig. 3.2 show that the quantity Iyms = +/IRIL IS
constant throughout the resonator.

3. Derive equations (3.64) and (3.65). (Hint: Use the approximations given in the
text.)

4. Thebeam overlap efficiency isavery important parameter for evaluating many
lasers. Derive equations (3.47) and (3.48). Do this again assuming the beam
and gain distributions to be uniform.

5. Derive the expression for the output mirror reflectivity (the commensurate
transmission, eg.,, T = 1 — R, is called the output coupling) that results in
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optimum output from a laser (e.g., equation (3.66)). Then insert your result
into equation (3.56) and find the output obtained when using this reflectivity
(e.g., equation (3.67)).

6. Derive the expressions in equation (3.84). Describe the relaxation oscillations
of alaser pumped just atiny bit above oscillation threshold when it is perturbed
a small amount for a brief instant and then returned to its original condition.
Sketch the output as a function of time and explain your resullt.

7. Describe the relaxation oscillations of a laser pumped with a 100 ns duration
pump pulse that achieves an intensity twice the saturation power density. The
resonator mirrors are 100% and 75% reflecting, and the cavity lengthis 30 cm.
Thelength of the gain medium is 1 cm, and the nonproductive losses are equiv-
aent to having distributed losses throughout the resonator with a loss coeffi-
cient of 0.05cm 1. The fluorescent lifetime of the gain medium is 8 ns. Sketch
the output as a function of time and explain your result.

8. Starting from the rate equation, for the photon density in a resonator having
an average photon lifetime of . and the definition of cavity Q, derive equa-
tion (3.9).
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4.1 Pulse Amplification

4.2 Nd: YAG Amplifiers

4.3 Nd:Glass Amplifiers

4.4 Depopulation Losses

4.5 Self-Focusing
References
Exercises

The use of lasers as pulse amplifiers is of great interest in the design of high-
energy, high-brightness radiation sources. In the pulse amplifiers described in this
chapter the input Q-switched or mode-locked pulse is considerably shorter than
the fluorescent lifetime of the active medium. Hence the effect of spontaneous
emission and pumping rate on the population inversion during the amplification
process can be neglected. Furthermore, energy is extracted from the amplifier,
which was stored in the amplifying medium prior to the arrival of the pulse.

Because of the energy storage, pulse amplifiers have high-gain and high-energy
extraction. In contrast, the small gain and energy storage of a cw amplifier requires
many passes through the medium to achieve useful amplification. This can best
be achieved in an oscillator. Therefore, in order to increase the output from a cw
oscillator, several laser pump modules are operated in series between the resonant
mirrors.

Although cw amplifiers are seldom employed in the traditional bulk solid-state
lasers considered in this text, the situation is different for rare-earth-doped fiber
lasers. In a fiber laser the pump and signal beam are confined by the fiber core
along the entire length of the fiber, which is typically several meters. The long
gain path combined with the high pump beam density achievable in the fiber
core make high-gain amplification possible. Fiber-optic cw amplifiers represent a
rapidly expanding branch of optics and the erbium-doped fiber amplifier (EDFA)
is a critical component for telecommunication applications.

121
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Laser oscillator Laser amplifier

Mirror Mirror

N 7

g > Output lr Laser rod ]:>Outpu‘[
N

\

FIGURE 4.1. Schematic diagram of a laser oscillator—amplifier configuration.

AN

The generation of high-energy pulses is based on the combination of a master
oscillator and a power amplifier. For the purpose of illustrating the amplifier con-
cept and principles we assume a straightforward system, as shown in Fig. 4.1. In
this scheme an amplifier is driven by an oscillator which generates an initial laser
pulse of moderate power and energy. In the power amplifier with a large volume
of active material, stored energy is extracted during the passage of the oscillator
pulse.

In an oscillator—amplifier system, pulse width, beam divergence, and spectral
width are primarily determined by the oscillator, whereas pulse energy and power
are determined by the amplifier. Operating an oscillator at relatively low-energy
levels reduces beam divergence and spectral width. Therefore, from an oscillator—
amplifier combination one can obtain either a higher energy than is achievable
from an oscillator alone, or the same energy in a beam that has a smaller beam
divergence and narrower linewidth. Generally speaking, the purpose of adding an
amplifier to a laser oscillator is to increase the brightness B[W cm™2 sr~!] of the
output beam

POUI

TR “.1

By =

where Py is the power of the output beam emitted from the area A and 2 is the
solid-angle divergence of the beam. Multiple-stage amplifier systems can be built
if higher amplifications are required.

In the design of laser amplifiers the following aspects must be considered:

* Gain and energy extraction.
* Wavefront distortions.
* Feedback which may lead to parasitic oscillations.

In the following section we will address these design considerations.

4.1 Pulse Amplification

Of primary interest in the design of amplifiers is the gain which can be achieved
and the energy which can be extracted from the amplifier. The rod length in an
amplifier is determined primarily by the desired gain, while the rod diameter, set
by damage threshold considerations, is dependent on the output energy.



4.1. Pulse Amplification 123

To a first approximation we can assume the growth of input energy to be ex-
ponential, for the amount of stimulated emission is proportional to the exciting
photon flux. It will be seen, however, that exponential amplification will occur
only at low photon-flux levels. A deviation from the exponential gain regime in
an amplifier occurs when an optical pulse traveling in the inverted medium be-
comes strong enough to change the population of the laser levels appreciably. The
optical amplifier will exhibit saturation effects as a result of depletion of the in-
version density by the driving signal. Taking an extreme case, we can see that if a
high-intensity light pulse is incident on an amplifier, the stimulated emission can
completely deplete the stored energy as it progresses. Then the gain can be ex-
pected to be linear with the length of the active medium rather than exponential.
The events during the amplifier action are assumed to be fast compared with the
pumping rate Wp, and the spontaneous emission time t¢. Therefore 7p < 7r, W l
tp being the width of the pulse which passes through the amplifying medium.

Thus the amplification process is based on the energy stored in the upper laser
level prior to the arrival of the input signal. As the input pulse passes through the
amplifier, the ions are stimulated to release the stored energy. The amplification
process can be described by the rate equations (1.58), (1.61). If we ignore the
effect of fluorescence and pumping during the pulse duration, we obtain for the
population inversion

on

5 = yncog. “4.2)
The growth of a pulse traversing a medium with an inverted population is de-
scribed by the nonlinear, time-dependent photon-transport equation, which ac-
counts for the effect of the radiation on the active medium and vice versa,

_t =cno¢p — —c. 4.3)

The rate at which the photon density changes in a small volume of material is
equal to the net difference between the generation of photons by the stimulated
emission process and the flux of photons which flows out from that region. The
latter process is described by the second term on the right of (4.3). This term that
characterizes a traveling-wave process is absent in (1.61).

Consider the one-dimensional case of a beam of monochromatic radiation in-
cident on the front surface of an amplifier rod of length L. The point at which the
beam enters the gain medium is designated the reference point, x = 0. The two
differential equations (4.2), (4.3) must be solved for the inverted electron pop-
ulation n and the photon flux ¢. Frantz and Nodvik [1] solved these nonlinear
equations for various types of input pulse shapes.

If we take, for the input to the amplifier, a square pulse of duration #, and initial
photon density ¢y, the solution for the photon density is

¢((J;(; 1) = {1 —[1- exp(—anx)]exp[_yad)oc (t _ ;)]}71 ’ 44
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where 7 is the inverted population density, assumed to be uniform throughout the
laser material at ¢+ = 0. The energy gain for a light beam passing through a laser
amplifier of length x = [ is given by

1 +00
G = —[ ¢, t)dt. 4.5
¢0tp —00
After introducing (4.4) into (4.5) and integrating, we obtain
= ——— In{l + [exp(yadotpc) — 11e"7}. (4.6)
cyodolp

We shall cast this equation in a different form such that it contains directly mea-
surable laser parameters. The input energy per unit area can be expressed as

E; = cootphv. .7
A saturation fluence E can be defined by
N hv Js[

- 4.8)

ES - - ’
yo Y80

where Ji = hvn is the stored energy per volume and go = no is the small-signal
gain coefficient.

In a four-level system y = 1 and the total stored energy per unit volume in the
amplifier is

Jst = goEs. 4.9)

The extraction efficiency ng is the energy extracted from the amplifier divided by
the stored energy in the upper-laser level at the time of pulse arrival. With this
definition, we can write
Eout — Ein
NE SolE. (4.10)
In this expression Eqy, Eiy is the amplifier signal output and input fluence, respec-
tively. In a four-level system, all the stored energy can theoretically be extracted
by a signal. In a three-level system y = 1 + g2/g1, and only a fraction of the
stored energy will be released because as the upper laser level is depleted, the
lower-level density is building up.
Introducing (4.7), (4.8) into (4.6), one obtains

=L mhig En) _1]g (4.11)
= —1n (.¢ — — . .
Ein P Es 0

This expression represents a unique relationship between the gain G, the in-
put pulse energy density Ej,, the saturation parameter Es, and the small-signal,
single-pass gain Go = exp(gol).
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Equation (4.11), which is valid for rectangular input pulses, encompasses the
regime from small-signal gain to complete saturation of the amplifier. The equa-
tion can be simplified for these extreme cases. Consider a low-input signal Ejj,
such that Ej,/Es < 1 and, furthermore, GoEjy/Es < 1; then (4.11) can be
approximated to

G ~ Gy = exp(gol). (4.12)

In this case, the “low-level gain” is exponential with amplifier length and no satu-
ration effects occur. This, of course, holds only for rod lengths up to a value where
the output energy density GoEj, is small compared to E.

For high-level energy densities such that Ej,/Es > 1, (4.11) becomes

()
G>~14+—)gol (4.13)
Ein
Thus, the energy gain is linear with the length of the gain medium, implying that
every excited state contributes its stimulated emission to the beam. Such a condi-
tion obviously represents the most efficient conversion of stored energy to beam
energy, and for this reason amplifier designs that operate in saturation are used
wherever practical, with the major limitation being the laser damage threshold.
We will now recast (4.11) into a form that makes it convenient to model the
energy output and extraction efficiency for single- and multiple-amplifier stages
operated either in a single- or double-pass configuration. With the notation in-
dicated in Fig. 4.2, Ej, is now the input to the amplifier and E,; is the output
fluence which are related by

E.
Eou = Es ln{l + |:exp<E—m> - 1} exp(gol)} . (4.14)
S
The extraction efficiency is, according to (4.10),

nE = (Eout — Ein)/g0l Es. (4.15)

In a laser system which has multiple stages, these equations can be applied suc-
cessively, whereby the output of one stage becomes the input for the next stage.

Amplifier
Ep ——t — — g, — — — +——E,,
EcIJut i gé - - = _<—Eout

FIGURE 4.2. Notation for the calculation of energy output fluence and extraction efficiency
for one- and two-pass single or multiple amplifier stages.



126 4. Laser Amplifier

As already mentioned, efficient energy extraction from an amplifier requires
that the input-fluence is comparable to the saturation-fluence of the laser transi-
tion. For this reason, amplifiers are often operated in a double-pass configuration;
a mirror at the output returns the radiation a second time through the amplifier.
A X\/4 waveplate is usually inserted between the amplifier and the mirror; this
causes a 90° rotation of the polarization of the return beam. A polarizer in front
of the amplifier separates the input from the output signal. In some situations, as
shall be discussed in Section 10.4, the simple reflective mirror may be replaced by
a phase conjugate mirror, in which case optical distortions in the amplifier chain
will be reduced.

The output fluence E

/

out from a two-pass amplifier can be calculated as follows:

Egy = EsIn{1 + [exp(Eow/Es) — 1] exp(goD)} - (4.16)

The input for the return pass is now Eqy, which is obtained from (4.14) as the
output of the first pass. The gain for the return pass is now lower because energy
has been extracted from the gain medium on the first pass

8o = (1 = 1B)go- (4.17)
The extraction efficiency of the double-pass amplifier is
g = (Eoy — Ein)/ 0l Es. (4.18)

The extraction efficiency calculated from (4.14)—(4.18) for one- and two-pass am-
plifiers, for different values of go/ and normalized input fluences, are plotted in
Fig. 4.3. The results show the increase in extraction efficiency with higher input
energies, and the considerable improvement one can achieve with double-pass
amplifiers. Equations (4.14)—(4.18) can be readily applied to multistage systems
by writing a simple computer program which sequentially applies these equations
to the different amplifier stages. In Section 4.2, we will illustrate the results of
such a modeling effort for a four-stage double-pass amplifier chain.

It should be noted that the above equations assume a uniform gain coefficient
and beam intensity profile. In most systems, both quantities will have a radially
dependent profile. In this case, an effective gain coefficient can be calculated ac-
cording to

geff=/g0(r)IB(r)2nrdr //IB(r)andr, 4.19)

where go(r) is the radial gain distribution and /g (r) is the radial intensity profile
of the beam. In laser amplifier technology the small-signal gain coefficient go =
no is sometimes expressed as

8o = BJst (4.20)
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FIGURE 4.3. Extraction efficiency for a one- and two-pass amplifier as a function of in-
put intensity Ej, and small signal logarithmic gain gg/. Input is normalized to saturation
fluence Eg.

where Jg is the previously discussed stored energy per unit volume and

o

F=m

421

is a parameter relating the gain to the stored energy.

4.2 Nd:YAG Amplifiers

Amplified spontaneous emission (ASE) and parasitic oscillations due to the high
gain of Nd: YAG effectively limit the energy storage density and therefore the
useful energy that can be extracted from a given crystal. The small-signal gain
coefficient go and stored energy are related according to go = BJs. With the
materials parameters listed in Table 2.2 we obtain for Nd : YAG, 8 = 4.73 cm? /1,
a value 30 times higher than that for Nd : glass. If we want to extract 500 mJ from
an Nd : YAG rod 6.3 mm in diameter and 7.5 cm long, the minimum stored energy
density has to be Jy = 0.21J/cm>. The small-signal single-pass gain in the rod
will be Gog = exp(BJs/) = 1720. An Nd: glass rod of the same dimensions
would have a gain of 1.3.

As a result of the high gain in Nd: YAG, only small inversion levels can be
achieved. Once the gain reaches a certain level, amplification of spontaneous
emission effectively depletes the upper level. Furthermore, small reflections from
the end of the rod or other components in the optical path can lead to oscillations.
These loss mechanisms, which will be discussed in more detail in Section 4.4, lead
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FIGURE 4.4. Energy extraction from Nd : YAG amplifiers with different rod sizes [2].

to a leveling off of the output energy versus the pump input energy curve in an
Nd: YAG amplifier. Figure 4.4 shows plots of energy extracted from an Nd: YAG
amplifier versus lamp input energy. As can be seen from these curves, the max-
imum energy that can be extracted from the different rods reaches a saturation
level.

The data show that a long rod will provide a long path and therefore high gain
for the spontaneous emission to build up, whereas in a relatively short rod of large
diameter more total energy can be stored for the same total gain. Increasing the
temperature of an Nd: YAG rod will reduce its gain, and therefore more energy
can be stored. For example, the extracted energy from an amplifier was increased
from 770 to 926 mJ/cm? by raising the temperature from 26° to 96° C.

The relative performances of a laser rod when used as a normal-mode oscillator,
as a Q-switched oscillator, and as a single-pass amplifier are displayed in Fig. 4.5.
A 0.63 by 6.6 cm Nd: YAG laser rod in a silver-plated, single-ellipse, single-lamp
pump cavity was used in all modes of operation. Normal-mode performance was
achieved with two plane-parallel dielectric-coated mirrors. The pump pulse had a
duration of approximately 100 us at the half-power points. The Q-switched per-
formance was obtained with a rotating prism switch. The single-pass amplifier
performance represents the energy extracted from the rod with a 300-mJ input
from an oscillator. These data show that all modes of operation are approximately
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FIGURE 4.5. Energy extraction from Nd : YAG operated as a normal mode and Q-switched
oscillator, and amplifier of Q-switched pulses [2].

equivalent until the 320 mJ output level is reached. Above this level depopulation
losses decrease the extractable energy.

If the Nd: YAG crystal is pumped with an input of 14 ], a total of 300 mJ can
be extracted from the amplifier (top curve in Fig. 4.4). Since the signal input is
300 mJ, the amplifier has a saturated gain of G = 2 and a total output of 600 mJ.
In order to extract 300 mJ from this rod, at least 0.15J /cm3 must be stored in
the upper level. This corresponds to a small-signal gain of Gy = 108. Using
(4.13) we can compare the measured saturated gain with the theoretical gain. For
an amplifier operated in the saturation regime Ej, > Ej, the theoretical gain is
G =1+ (Eg/Ein)gol, where the saturation energy for Nd: YAGis Es = 1/8 =
0.2J/cm?. With Ej, = 1J/cm? based on a cross-section area of 0.3 cm?, gy =
0.71cm™!, and I = 6.6 cm for this amplifier, we obtain G = 2, in agreement with
the measurement.

As was mentioned at the beginning of this chapter, the fraction of stored energy
that can be extracted from a signal depends on the energy density of the incoming
signal. In this particular case the amplifier is completely saturated since Ej, =
5Ejs. According to our previous discussion, this should result in a high extraction
efficiency. If we introduce Ey = 2 Jiem?, Eiy = 1 J/em?, and g0, £, and Eg from
above into (4.10) we obtain an extraction efficiency of ng & 1. Figure 4.6 shows
the measured extraction efficiency of this amplifier as a function of signal input.

The transition region in which the amplifier output as a function of signal in-
put changes from an exponential (small-signal) relationship to a linear (saturated)
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FIGURE 4.6. Amplifier energy extraction as a function of oscillator energy density [2].

relationship occurs for input energy densities of approximately 0.2 J/cm?, in ac-
cordance with the theoretical value. The pulse width for the data presented in
Fig. 4.6 ranged from 15 to 22 ns. The curve in this figure shows that for efficient
energy extraction an Nd : YAG amplifier should be operated with an input signal
of around 1J/cm?.

In our next example, we will describe a modern, multistage Nd : YAG master-
oscillator power-amplifier (MOPA) design, as depicted in Fig. 4.7. The laser pro-
duces an output in the TEMp mode of 750 mJ at 1.064 m at a repetition rate of
40 Hz. A harmonic generator converts this output to 532 nm with 65% conversion
efficiency.

The system features an oscillator and four amplifiers in a double-pass configu-
ration. The linearly polarized output from the oscillator is expanded by a telescope
to match the amplifier rods. A Faraday rotator and a /2 wave plate act as a one-
way valve for the radiation, thereby isolating the oscillator from laser radiation
and amplified spontaneous emission reflected back by the amplifier chain. The
output from the oscillator passes through the four amplifiers and, after reflection
by a mirror, the radiation passes through the amplifiers a second time. A quarter-
wave plate introduces a 90° rotation of the polarized beam after reflection by the
rear mirror; this allows the radiation to be coupled out by the polarizer located
at the input of the amplifier chain. After a slight expansion, the output beam is
passed through a KTP crystal for second-harmonic generation. Located between
the two pairs of amplifiers is a 90° rotator which serves the purpose of minimizing



4.2.Nd: YAG Amplifiers 131

Master
Oscillator

Input= Telescope N2 Plate
68 ms, R __(M=1.5) \

.
! Faraday
{ Isolator

=

Amp | | Amp | [T]| Amp | |
Head Head | [_] | Head
\ t
\\ |‘ KTP Output=
\ | —+0.5 J
\‘ 90° ; SHG at 532 nm
4 Plate Rotator Polarizer Telescope

(M=1.2)

FIGURE 4.7. Optical schematic of a high-power multistage Nd : YAG laser [3].

thermally induced birefringence losses, as will be explained in Section 7.1.1. The
changes in the polarization of the beam as it travels back and forth through the
amplifier chain is illustrated in Fig. 4.8.

Each amplifier contains 16 linear diode arrays for side pumping of the Nd : YAG
crystal. The optical pump energy for each amplifier is 900 mJ at 808 nm, or 4.5 kW
at the pump pulse width of 200 us. In each amplifier, the arrays are arranged in an
eightfold symmetrical pattern around the 7.6 mm diameter and 6.5 cm long laser
rod in order to produce a uniform excitation. The active length of the rod pumped
by the arrays is 4 cm. The small-signal, single-pass gain of one amplifier as a
function of pump energy is plotted in Fig. 4.9.

For low input signals, the gain increases exponentially with go/ according to
(4.12). The logarithmic gain go! is proportional to the pump energy, as derived

A [ (]
e —H— ——
Amp 4 Amp 3 Amp 2 Anmp 1 pol From

7 O -T- .?. & & Oscillator
Mirror N 90°

A ®

4

/
Output

FIGURE 4.8. Two-pass amplifier chain with polarization output coupling and birefringence
compensation.
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FIGURE 4.9. Small signal, single pass gain as a function of optical pump energy.

in (3.61),
gol = n'Ep, (4.22)

where E}, is the optical pump energy from the diode arrays and the , terms for an
amplifier operated in the energy storage mode are

n" = nmansnQnensimase/AEs. (4.23)

For this particular amplifier design, the numerical values are n; = 0.88 for the
transfer efficiency, n, = 0.85 for the absorption of pump radiation in the 7.6 mm
diameter Nd: YAG crystal, ns = 0.76 and ng = 0.90 for the Stokes shift and
quantum efficiency, ng = 0.62 for the overlap between the beam and gain region
of the rod, and nasg = 0.90 and ns; = 0.68 for the storage efficiency. The latter is
calculated from (3.53) for a pump pulse length of #, = 200 s and a fluorescence
lifetime of 7¢ = 230 s for Nd: YAG. With A = 0.25cm? and Es = 0.44]/cm?,
one obtains n” = 1.85. The curve in Fig. 4.9 is based on this value of 77/, i.e.,

Eout/ Ein = exp[1.85Eqp (J)]. (4.24)

The energy output as a function of the signal input of one amplifier stage single
pass and two amplifiers in a double-pass configuration is plotted in Fig. 4.10. The
amplifiers are operated at a fixed pump energy of 900 mJ each. Also plotted in this
figure is the gain for the two-amplifier double-pass configuration. The amplifiers
are highly saturated as can be seen from the nonlinear shape of the Eqy versus
E;, curve and the drop in gain at the higher input levels.

The increase in energy as the signal pulse travels forward and backward through
the amplifier chain is plotted in Fig. 4.11. Shown are the measured data points and
a curve representing the values calculated from (4.14)—(4.18) with Ej, = 50m]J,
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FIGURE 4.10. Energy output as a function of signal input for a single-amplifier stage and
a two-amplifier, double pass configuration. Also shown is the gain for the latter configura-

tion.
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FIGURE 4.11. Energy levels at successive stages in the amplifier chain. Points are mea-
sured values and the curve is obtained from a computer model.
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FIGURE 4.12. Total energy extraction from each amplifier stage

A = 0.25cm?, Gg = 4.8, and Es = 0.44J/cm?. Energy extraction from each
stage for both passes is depicted in Fig. 4.12. The data indicate that the amplifiers
are totally saturated and all the stored energy within the beam is extracted. As the
input beam travels the first time through the amplifiers, successively more energy
is extracted from each stage since the ratio of Ej,/Es increases. On the return
pass, very little energy is removed from the last two stages because stored energy
has already been depleted.

The logarithmic gain for the four stages having a 16 cm active length is gol =
6.0. The double-pass configuration increases the extraction efficiency from 0.8 to
1.0. It should be noted that the small-signal gain obtained from Fig. 4.9 is mea-
sured over the cross section of the beam. The gain and beam profile are both
centrally peaked in this design. Both the beam profile and the gain profile have
a Gaussian shape with spot sizes of 2.85 and 4.25 mm, respectively. In order to
avoid diffraction effects, provide for adequate beam alignment tolerance, and ac-
commodate a slightly expanding beam, the beam cross section at the 1/¢? inten-
sity points is A = 0.25 cm?, whereas the rod cross section is 0.45 cm?.

Although the extraction is complete within the beam, stored energy is left at the
outer regions of the rod. The beam fill factor takes into account this fact. Since
both gain and beam profiles are radially dependent, the beam fill factor cannot
be calculated from the ratio of the areas, as would be the case with a uniform
gain and beam profile. The beam overlap efficiency can be calculated provided
the gain and beam profiles are known. These distributions were obtained from
images taken with a CCD camera which recorded the profiles of the fluorescence
and laser beam output. With the radial spot sizes of the Gaussian approximations



4.3. Nd : Glass Amplifiers 135

TABLE 4.1. Energy conversion efficiency of the two-pass
multistage Nd : YAG amplifier.

Laser diode array electrical efficiency np 0.35

Conversion of optical pump energy to upper state energy

transfer efficiency nt = 0.88
absorption efficiency na = 0.85 0.51
Stokes efficiency ns = 0.75
quantum efficiency ng = 0.90
Conversion of upper state energy to laser output
beam overlap efficiency ng = 0.62
storage efficiency nst = 0.68 0.38
fractional loss nasg = 0.90
extraction efficiency ngqQ = 1.00
Amplifier efficiency ngys 0.068

given above, one obtains from (3.47) a value of ng = 0.62 for the beam overlap
efficiency.

According to (4.9) the total stored energy at the upper laser level is Eg =
gol EsA. With gol = 1.55, Es = O.44J/cm2, and A = 0.25cm?, one obtains
Esi = 170ml] of stored energy within the volume addressed by the beam. The
stored energy in the full cross section of the rod is Eg, = Es¢/ng = 260mJ. The
values for Es; and E/St are indicated in Fig. 4.12.

The electrical system efficiency 7sys of the amplifier chain is the product of the
laser diode efficiency n,, the conversion efficiency of optical pump power to the
upper laser level at the time of energy extraction, and the extraction efficiency of
the stored energy into laser output, i.e.,

Eout — Ej
Nsys = % = NPT NaNSNQNBIE, (4.25)
EL
where
NE = 7StNASEVEQ- (4.26)

Table 4.1 lists the individual efficiencies of the amplifier system.

4.3 Nd:Glass Amplifiers

An enormous database regarding the design of Nd: Glass amplifiers exists since
these systems have become the lasers of choice for inertial confinement fusion
research. Motivated by requirements to drive inertial confinement fusion targets
at ever higher powers and energies, very large Nd: glass laser systems have been
designed, built, and operated at a number of laboratories throughout the world
over the past 30 years.
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The architectural design of these master oscillator-pulse amplifier (MOPA) sys-
tems is based on an oscillator where a single pulse is produced and shaped, then
amplified and multiplexed to feed a number of amplifier chains. The preampli-
fier stages consist of flashlamp-pumped Nd : glass rods, while at the higher power
levels amplifier stages employ Nd : glass slabs pumped by flash lamps. The rect-
angular slabs are mounted at Brewster’s angle to minimize Fresnel losses at the
surfaces. The clear apertures of the power amplifiers increase stepwise down the
chain to avoid optical damage as the beam energy grows. Located between the
amplifier stages are spatial filters and Faraday isolators.

Spatial filters are important elements in a high-peak-power laser system and are
required to serve three purposes: removal of small-scale spatial irregularities from
the beam before they grow exponentially to significant power levels; reduction
of the self-induced phase front distortion in the spatial envelope of the beam;
and expansion of the beam to match the beam profile to amplifiers of different
apertures. Laser oscillation in the chain is prevented by the appropriate placement
along the chain of Faraday rotators and polarizer plates. These devices prevent
radiation from traveling upstream in the amplifier chain.

The system shown in Fig. 4.13 is an example of such a design. Shown is one
10kJ beam line of the NOVA glass laser system built at Lawrence Livermore Lab-
oratory. The complete system has 10 such identical beam lines producing a total
output energy in excess of 100kJ in a 2.5 ns pulse. The National Ignition Facil-
ity currently under development at Livermore National Laboratory will have 192
beamlines with about 10 kJ output from each aperture in a pulse of 20 ns duration.
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FIGURE 4.13. Component layout of one beam line of the N