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PREFACE TO
SECOND EDITION

It’s often difficult to predict which areas of a field will become rejuvenated and grow rapidly
or spin off to fit with another to form something new. The field of electro-optics is also
unpredictable, but currently it has numerous forces acting on it. First is the development of
new optical sources such as ultrafast lasers and fiber lasers to compete with semiconductor
devices for pumping and lasing. The vast riches that can be obtained by work outside the
visible seem to be opening up. Sources and fibers for telecommunications are moving ahead
rapidly and new display devices may eventually bring an end to the vacuum tube cathode
ray tubes. We believe that the material in this book will find an interested audience for many
years.

This second edition of the Electro-Optics Handbook both updates individual chapters
where needed and adds additional chapters where new fields have emerged. Electro-optics
remains a dynamic area and that will continue and broaden into many new areas. Our thanks
to Steve Chapman for his help getting this edition in progress and to Marcia Patchan and
Petra Captein for much of the work to move it toward composition.

Ronald W. Waynant
Marwood N. Ediger
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PREFACE TO
FIRST EDITION

Our concept for a new handbook on electro-optics integrates sources, materials, detectors
and ongoing applications. The field of electro-optics now encompasses both incoherent op-
tical sources and lasers that operate from the millimeter wavelength region to the x-ray
region. In this handbook we provide coverage of the most important laser sources in this
wavelength range. Having chosen a broad range of wavelengths from our sources, we then
define the properties of the materials through which these sources might travel. From there
we consider the detectors that might be used to observe them. When all the components
have been covered, we consider the applications for which electro-optical systems can be
used.

The applications for electro-optics systems is growing at a phenomenal rate and will most
likely do so for the next fifty years or more. Applications range from the astronomical to
the microscopic. Laser systems can track the moon and detect small quantities of atmospheric
pollution. Laser beams can trap and suspend tiny bacteria and help measure their mechanical
properties. They can be used to clip sections of DNA. The applications that we have included
in this handbook are only the beginning of applications for this field.

This handbook is intended as a reference book. It can be used as a starting place to learn
more about sources, materials, detectors and their use and applications. Most chapters have
a considerable list of references to original research articles, or else refer to books that contain
such lists of references. Liberal use is made of tables of data and illustrations that clarify
the text. The authors are all experts in their fields.

We make no statement that this handbook is complete although it was our goal to work
toward complete coverage of this field. It is a dynamic field continually advancing and
changing. We hope to follow these changes and to strive for further completeness in future
editions. We believe electro-optics will be part of a new field with new ways of transferring
knowledge. We hope to use these new fields to find additional ways to present data and
knowledge that will be even more comprehensive.

We are indebted to Daniel Gonneau of McGraw-Hill for suggesting this project and then
providing the encouragement and motivation to see it through. As editors we are grateful to
the authors who made great sacrifices to complete their contributions and who made our job
quite pleasant. We hope that references are made to the authors and their sections because
it is with these authors that the knowledge presented here really resides. We would be remiss
not to mention Paul Sobel for his help and encouragement during the finishing stages of this
book and to thank Eve Protic for her help during the many stages of production.

Ronald W. Waynant
Marwood N. Ediger
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CHAPTER 1

INTRODUCTION TO
ELECTRO-OPTICS

Ronald W. Waynant and Marwood N. Ediger

1.1 INTRODUCTION

The field of electro-optics has become increasingly more important in the last 20 years as
its prodigies and applications have found their way into most facets of science, industry, and
domestic use. This near-revolution, which essentially started with the advent of the laser, has
been the result of extensive parallel and often symbiotic development of sources, materials,
and microelectronics. The combination of these technologies has enabled a great variety of
compact devices with ever greater intelligence and performance. If source development was
instrumental in initiating the field, materials and detectors were the binding elements. Vast
improvements in optical materials have made fiber optics feasible and the availability of
high-quality, affordable fibers has, in turn, made optical circuits and a variety of optical
sensors possible. Refinement and development of new materials have resulted in an aston-
ishing variety of devices to modulate, polarize, frequency-shift, and otherwise control co-
herent radiation. In turn, detectors have achieved greater performance and smaller size and
cost.

The second edition of this handbook attempts to cover a broad spectral bandwidth—from
x-rays to far infrared. A primary motivation in extending the short-wavelength limit of the
source spectrum, and the handbook’s coverage of it, is the demand for higher resolving
powers in materials and device fabrication applications as well as medical and biological
imaging. Figure 1.1 depicts the size of objects of interest in the biological, materials science,
and electronics worlds, and the wavelength necessary to resolve them as prescribed by the
Rayleigh criterion. The infrared boundaries of the spectrum are also continually being
strained by sources, materials, and detectors in the development of a variety of applications
such as imaging, optical diagnostics, and spectroscopy.

Each chapter of this handbook falls into one of four categories: sources, materials, and
their properties (e.g., nonlinear optics), detectors, and applications. In the remainder of this
chapter we present some simple overlying principles of each category and a topical map to
aid the reader in finding the desired information.

1.2 TYPES OF LIGHT SOURCES

Chapter 2 takes a detailed look at incoherent sources, and Chaps. 3 through 8§ are devoted
to the numerous laser sources grouped in part by media and in part by wavelength. Ultrashort

1.1
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FIGURE 1.1 Relation of object size and resolving wavelength.

pulse lasers and techniques are covered in Chap. 9. Chapter 28 picks up the new field of
fiber lasers and amplifiers—an important new direction.

Although the activity in the field of electro-optics has often been mirrored by events in
laser development, incoherent sources still have an important role. Lasers are much newer
and more space is devoted to them in the chapters to follow; however, the inescapable fact
is that lamps currently have a much greater effect on our everyday lives than do lasers. With
hundreds of millions of plasma discharge lamps and billions of incandescent light bulbs in
constant use on a worldwide basis, power expenditure on lighting alone approaches the
Terawatt level. Even the 22 percent or lower efficiency of most lamps still exceeds that of
most lasers.

Arc lamps are characterized by high currents (several amperes) and high pressures (at-
mospheres) with ballast resistors used to prevent complete runaway. The lamps can be ex-
ceedingly bright. Examples include high-pressure (3 to 10 atmosphere) mercury vapor arc
lamps, high-pressure metal halide lamps, high-pressure xenon arc lamps, high-pressure so-
dium arc lamps, as well as xenon flash lamps and rf excited lamps. They are used where
high brightness is required for such purposes as movie projection, solar simulation, large-
area illumination, and other special-purpose illumination.

Lower-pressure discharges (a few Torr) are used to excite atomic gases such as mercury
vapor, hydrogen, cesium, the rare gases, and other elements. The best-known example of
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these low-pressure lamps is the fluorescent lamp. The low-pressure discharge gives rise to
emissions characteristic of the gas in the tube. Mercury is especially valuable, since a mer-
cury discharge gives about 90 percent of its emission in the mid-ultraviolet at 253.7 nm.
This mid-ultraviolet emission is capable of exciting a thin phosphor coating on the inside of
the glass tube. The phosphor subsequently fluoresces rather uniformly over the visible spec-
trum, thereby giving off “white” light. The entire process is quite efficient compared with
incandescent bulbs. An essentially similar energy transfer process produces compact fluo-
rescent tubes, germicidal ultraviolet lamps, low-pressure sodium lamps, neon signs, glow
lamps, and hollow-cathode lamps.

There is still work to do to understand and improve lamps. Because of the great usage
for fundamental necessities of life, improvements such as greater efficiency, lower emission
of ultraviolet (uv) and infrared (ir), and longer life can be of great benefit. The current
understanding of nonequilibrium plasmas, near local thermal equilibrium (LTE), and LTE
plasmas can be found in several references.!> An improved understanding of the mechanisms
of these plasmas is the key to producing better light sources.

Lasers are of such importance to modern electro-optics that six chapters have been de-
voted to them. They are categorized both according to the spectral region in which they emit
and according to the type of material used to obtain lasing. This categorization seems to suit
the majority of lasers rather well. In Chap. 3 x-ray, vacuum-ultraviolet (vuv), and uv lasers
are covered. Most of the lasers in this spectral region are gaseous (atom, ion, or plasma),
but occasionally a solid medium is available and more are expected in the future. Chapter
4 considers visible lasers including dye lasers, except solid-state lasers, which have become
important enough to warrant both Chap. 5 on conventional solid-state lasers and Chap. 6 on
solid state semiconductor lasers. The lasers in these two chapters fall over parts of the visible
and infrared. The remainder of the infrared belongs largely to gas lasers and is covered in
Chap. 7. Figure 1.2 gives an overview of where the various generic types of lasers fall on
the wavelength scale. Specific lasers, most of which have been commercialized or otherwise
have noteworthy characteristics, are denoted in detail in Fig. 1.3. Further information on
specific lasers can be found in several places in the open literature.>*

Chapter 8 covers free electron lasers (FELs) which operate by magnetically perturbing
an accelerated electron beam and which have vast tunability. To date these lasers have op-
erated primarily in the infrared, but they are anticipated to operate tunably in the visible in
the near future and eventually may provide ultraviolet and x-ray beams.

T T T T T T T T T T T
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FIGURE 1.2 Location of generic lasers on the wavelength scale.
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FIGURE 1.3 Detailed location of specific lasers.

Many lasers have yielded to a variety of techniques that produced incredibly short
pulsewidths—some only a few femtoseconds wide—and these lasers will be used in a wide
variety of electro-optics, physics, chemistry, and biology experiments which will yield new
information, new insight, and further progress and products. The techniques for producing
ultrashort pulses are given in Chap. 9. Applications of these lasers will grow rapidly as soon
as the production of the ultrashort lasers themselves becomes solidly commercialized. Chap-
ter 29—new—points to high-speed semiconductor lasers and photodetectors which may
branch into better communications devices and span other new applications.

It is interesting to reflect on the reasons that so many lasers occur in the visible and near
infrared. It is primarily a matter of materials, pumping sources, and the basic physics of
lasers themselves. Because the human eye responds to radiation in the 400 to 700-nm region,
considerable development of materials which transmit in the visible has taken place. Infrared
instruments, especially military instruments, have also encouraged development of infrared
materials. Most optical sources, lamps, arcs, and flashlamps (and now diode lasers) emit
most easily in the infrared as well. In addition, the small signal gain of a laser is directly
proportional to the square of the wavelength. Related factors increase the dependence of
gain on wavelength to the third or fourth power. For all these reasons, it is much harder to
make uv, vuv, or x-ray lasers than it is to make infrared lasers.

1.3 MATERIALS

Materials that are nonabsorbing over a broad bandwidth are critical to source (and detector)
development. We first consider the linear optical properties of materials—the responses that
are proportional to the incident electric field. Optical materials are covered in two chapters
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FIGURE 1.4 Transmission windows of some common optical materials.

that are roughly divided by wavelength. Material properties in the ultraviolet and shorter
wavelengths are dealt with in Chap. 10, while Chap. 11 contains information about visible
and infrared optical materials. The special material properties and techniques of optical fibers
are covered in Chap. 12. Perhaps the most crucial linear optical specification of a material
is its transmission bandwidth, since this determines its suitability for use as a window, filter
substrate, or fiber. Figure 1.4 gives a quick survey of the transmission bandwidth of some
common optical materials.

Optical fields can also induce polarizations in materials that depend upon second- and
higher-order powers of the field intensity. These nonlinear material responses lead to a variety
of elastic and inelastic interactions between the media and the optical field. Nonlinear inter-
actions of both categories including harmonic generation, four-wave mixing, and stimulated
scattering are described in Chap. 13 while phase conjugation is treated in Chap. 14.

1.4 DETECTORS

Detection of optical radiation is often a crucial aspect of many applications in the field of
electro-optics. Like lasers and materials, the selection and performance of detectors continue
to grow at a remarkable rate. While spectral sensitivity is far from the only meaningful
specification regarding detectors, it does provide a convenient reference point for assessing
a detector’s suitability for use with a source or in an application. Consequently, excepting
imaging detectors, the succeeding three chapters describe detectors grouped by spectral re-
sponse. Detectors for use with wavelengths in the ultraviolet and shorter are presented in
Chap. 15. Chapters 16 and 17 undertake the discussion of the myriad of detectors available
in the visible and infrared region. Figure 1.5 surveys the spectral coverage of numerous
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FIGURE 1.5 Spectral response windows of numerous detector types.

detector types, subgrouped by operational mode including photoemissive, quantum, and ther-
mal devices. Some data, e.g. for thermophiles, could work over the entire range of wave-
lengths, but are given here for the most common region. Finally, imaging detectors are
described in Chap. 18.

1.5 CURRENT APPLICATIONS

Two-thirds of our space has been devoted to the principles of generation of light, transmission
of light through optical materials, and detection of light. The remainder of the handbook is
devoted to specific applications which extend the techniques and devices to broad areas
capable of generating new knowledge.

Holography is the subject of Chap. 19. Holography has a tremendous number of appli-
cations, primarily in the area of nondestructive testing. Holographic interferometric and
double-exposure techniques can determine small movements in surfaces and thereby detect
faults in materials or structures. These techniques are extremely valuable, but holography
also has value in creating unique art forms. This chapter sets forth basic principles while
also giving new techniques for practical implementation of holography.

Laser spectroscopy is presented in Chap. 20. This topic has many direct and ongoing uses
in basic research in physics, chemistry, and biology and in applications such as remote
sensing, combustion diagnostics, and medical diagnostics and imaging.

Fiber-optic sensors, covered in Chap. 21, is an emerging field that shows great potential.
The ability to position these sensors discretely in perhaps hazardous or inaccessible locations
is but a part of their allure. Already fiber sensors are used in numerous applications including
surveillance, temperature, pressure, and displacement measurements, and a variety of medical
probes.
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The principles of lithography for optoelectronics are presented in Chap. 22. Lithography
involves many of the topics covered in this handbook including vuv and x-ray sources and
optics, holography, material properties, and laser chemistry of resists.

The important subject of laser safety is covered in Chap. 23. While laser safety in the
research lab will continue to be an essential concern, as more lasers continue to appear in
industrial and consumer settings laser safety issues will become even more diverse and acute.

Chapter 24 presents a broad view of lasers in medicine. Medical applications both in
practice and in development include a range of uses such as diagnostics, surgery, laser-
induced activation of pharmaceuticals (photodynamic therapy), and imaging. This chapter
discusses the current usage of lasers in medicine and surgery, the underlying physics pertinent
to those applications, and an array of information regarding tissue optics.

Applications of lasers in material processing are described in Chap. 25. Processes such
as hardening, alloying, and cladding where the laser has unique attributes are presented. The
advantages and disadvantages of the use of lasers in lieu of traditional tools for welding,
cutting, drilling, and marking are detailed. Also, the use of lasers for microelectronic appli-
cations is surveyed.

The principles of optical integrated circuits and optoelectronic integrated circuits are cov-
ered in Chaps. 26 and 27. Combining an array of electro-optic devices in miniature form
involves integrating diode lasers, detectors, materials, and fiber optics. The topics and devices
described in these last two chapters are undoubtedly critical to the future of computing,
communication, and a continuing development of smaller but smarter devices that will further
improve our quality of life.

Finally, the two new chapters have been added to cover the newly emerged fields of
optical amplifiers (Chap. 28) and fast lasers and detectors (Chap. 29). We believe these
devices will have a large impact.
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CHAPTER 2
NONCOHERENT SOURCES

Sharon Miller

2.1 INTRODUCTION

In this chapter, the fundamentals of noncoherent or “‘nonlaser” optical radiation are dis-
cussed. Noncoherent radiation consists of electromagnetic waves whose amplitude and phase
fluctuate randomly in space and time. The most familiar source of noncoherent optical ra-
diation, and the first to be studied by experimental scientists, is the sun. The concepts and
terms necessary for the characterization of both the sun and artificial sources are provided.
In addition, the practical aspects of proper measurements and the problems associated with
this task are discussed.

2.2 DEFINITION OF TERMS

The wavelength region for optical radiation spans from approximately 100 nanometers (nm)
to 1000 micrometers (m). The optical radiation spectrum can be broken up into three basic
regions:

Ultraviolet (uv) 100 nm—400 nm
Visible 400 nm-760 nm
Infrared (ir) 760 nm-1000 pm

There is some controversy over the exact cutoff between the uv and visible region (380 to
400) and also between the visible and ir region (760 to 800). In the field of physics, the uv
and ir regions are further divided into the “near” (300 to 400 nm), “mid” (200 to 300 nm),
and ““far”” (30 to 200 nm) categories in the uv, and the “near” (760 to 4000 nm), “mid” (4
to 14 pm), and ““far” (14 to 1000 pm) categories in the ir. In photobiology or photomedicine,
it is more common to use biologically meaningful divisions, or the A,B, and C categories
as defined by the CIE.! They are: UVC (100 to 280 nm), UVB (280 to 315 nm), and UVA
(315 to 400 nm) for the uv region, and IRA (760 to 1400 nm), IRB (1400 to 3000 nm), and
IRC (3 pm to 1 mm) for the ir region.

In order to discuss the characteristics of noncoherent optical radiation, it is first necessary
to define certain terms and quantities. Tables 2.1 and 2.2 list several of the commonly used

2.1
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TABLE 2.1 Radiometric Units

Quantity Symbol Units Definition*
Radiant energy (0] J (joule)
Radiant exposure H J/m? dQ/dA
(dose) T
Radiant fluence F J/m? dQ/dA
Radiant energy density w J/m? dQ/dv
Radiant power, or flux ) W (watt) dQ/dt
Radiant intensity 1 W/sr dd/dQ
Radiant flux density, or E W/m? dd/dA
irradiance (dose rate)
Radiant exitance M W/m? dd/dA
Radiance L W/m?*sr d*®/dQ da

*dA = element of directed surface area, da = dA cos 6 = element of
spherical surface area, and 6 = angle between normal to element of the
source and the direction of observation.

¥ Common terminology in photobiology.

ST units? of optical radiation for radiometry and photometry. Although most of the quantities
in Tables 2.1 and 2.2 are listed in terms of the square meter (m?), the preferred unit of area
for optical radiation is cm?because this more closely approximates the sensitive area of most
detectors. The nm is the preferred unit of wavelength in the ultraviolet to mid-infrared portion
of the electromagnetic spectrum. Thus, when discussing ‘“‘spectral”” quantities, i.e., “‘per unit
wavelength,” all terms in Tables 2.1 and 2.2 would be modified by the suffix “per nm” and
subscript N. The spectral quantity may then be integrated over the wavelength region of
interest to obtain total flux, intensity, etc., in a specified wavelength band. If one is talking

TABLE 2.2 Photometric Units

Quantity Symbol Units Definition
Luminous flux D, Im(lumen)
Luminous exitance M, Im/m? dd,/dA
(lux)
[luminance or (luninous density) E, Im/m? dod,/dA
Luminous intensity or 1, Im/sr dao,/dr
(candlepower) or cd (candela)
Luminance L, Im/(m>*sr) d*®,/dr da
CGS units:*
Illuminance E, Im/ft?
(footcandle)
Luminance L, (1/m)cd/ft?

*These units still appear in some texts, although the SI units are now the preferred system.
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about wavelengths in the infrared region greater than 1000 nm, the convention is to use pm
or microns, instead of nm.

Solid Angle

Shown in Fig. 2.1, the solid angle () is defined as the area of some ‘“‘irradiated” surface da,,
divided by the distance from the source r squared.

g0 = % Q.1

r2

This distance r equals the radius of a sphere which is centered at the vertex of the solid
angle. Thus the area da, is the area of the intercepted spherical surface. In spherical coor-
dinates,

dQ = sin 6 d6 do 2.2)

Note that this surface need not be regular. As a basic example, a “free-standing’ point source
would irradiate an entire spherical surface subtending a solid angle of 4w steradians (sr):

2w ™
Q=J:) dd)Josinﬁd6=4'n' (2.3)

A steradian can be envisioned as the three-dimensional equivalent of the unit for linear angle,
the radian. The linear angular subtense of a source « is defined as the maximum linear
dimension of the source D divided by the distance of observation:

FIGURE 2.1 Pictorial demonstration of ““solid angle”
in a spherical coordinate system. The solid angle is de-
fined by the area intercepted by the irregular cone on a
sphere of radius r.
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2.2.2 Radiant Intensity and Radiance

In the previous section, the concept of solid angle was introduced. This quantity is an im-
portant geometrical concept for the discussion of radiant intensity / and radiance L. The
formal definition of intensity in the field of radiometry is different from the definition in the
field of physical optics (W/m?). In the field of radiometry, radiant intensity is defined as the
flux of radiation in a given angular direction (W/sr). The radiant intensity in any solid angle
is the flux, or power, emitted within that angle divided by the size of that solid angle, in sr.
The radiance can be thought of as the radiant intensity of a source divided by the projected
image area of this source, where the projected area lies in the plane normal to the direction
of propagation.

The significant characteristic of radiance is its property of invariance through a lossless
optical system. It can be shown® that, within an isotropic medium, the value of L in the
direction of any ray has the same value at all points along that ray, neglecting losses by
absorption, scattering, or reflections. This is known as the radiance theorem.* Knowledge of
the radiance of a source enables one to determine the radiant power flowing through any
surface if the cross-sectional area of the surface and its solid angle are known. This is
especially useful in complex optical systems that may contain multiple aperture and field
stops. An aperture stop is defined as any element, be it the edge of a lens or an open
diaphragm, that forms a boundary which limits the amount of light that passes through the
optical system. The amount of light is limited by the reduction in the number of rays (from
an object) reaching the final image plane. The field stop governs the size of the final image
and thus determines the FOV (field of view) of the optical system.

The invariance of radiance can be easily visualized with the aid of Fig. 2.2. This config-
uration could be used as a simple radiometer with a detector of sensitive surface area A, and
input aperture of area A,;. Assuming X is significantly larger than the diameter of the detector,
the detector will subtend the same solid angle at all points of the input aperture. If we place
an “‘extended” (i.e., of finite dimension) source in front of this instrument, such that the
radiation field overfills the input aperture, then
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FIGURE 2.2 Schematic diagram of a simple radiometer demonstrating invariance of radiance.
As long as the optical radiation from the source overfills the input aperture of area A,, the power
per unit area at the detector surface A, will not change.
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LA, A
P =LAQ = Xlz 2 (2.5)

where P = total radiant power incident on the detector. (This neglects losses due to absorp-
tion, reflection, or scattering.) This equation will hold regardless of the distance between the
source and the input aperture, as long as the beam overfills the input aperture. If the distance
from the source is increased further, the beam no longer overfills the input aperture. This
results in a reduction of the crosssectional area on the detector and, therefore, a reduction
in the power measured by the detector. The quantity A() is solely dependent upon the ge-
ometry of the optical system and is known as the throughput, or the “entendue” of the
system.

2.2.3 Photometric Units vs. Radiometric Units

Radiometric quantities are applicable across the entire electromagnetic spectrum. There is
another analogous system of units that is applicable only in the visible portion of the spec-
trum (from 380 to 780 nm) as defined by the CIE. These are used in the field of photometry
(the measurement of visible light) and are listed in Table 2.2. In radiometry, the primary unit
of radiation transfer, or radiant flux, is the watt (W). In photometry, the corresponding unit
is the lumen (Im), which signifies the visual response produced by a light source with a
given output power (W).

There is no direct method of converting from luminous flux (lumens) to radiant flux,
unless the exact spectral distribution is known and is limited to the visible portion of the
spectrum. Ordinarily, one would apply the following equations:

®, = KD, T (2.6)

K () is defined as the spectral luminous efficacy, which is the ratio of any photometric unit
to its radiometric equivalent and has units of lumens per watt. If normalized to its peak value
K., it is referred to as spectral luminous efficiency V(\). The term “‘efficiency” as used
here refers to the relative ability of the light to stimulate the visual response in the eye.
Thus,

K
K,

max

V(N = (2.7)

V(M) is defined as the photopic (daylight-adapted sensitivity of the human eye) spectral
luminous efficiency and V’'(\) is the scotopic (night-adapted) spectral luminous efficiency.
Plots of both V(\) and V'(\) are shown in Fig. 2.3.

For photopic weighting,

K o = 673 Im/W

and for scotopic,
K. .x = 1725 Im/W

Therefore, Eqs. (2.6) and (2.7) and the appropriate above constants can be applied to cal-
culate the equivalent photometric quantities from their radiometric counterparts.

"The subscripts v and e are used to differentiate between photometric and radiometric quantities.
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FIGURE 2.3 Spectral plot of the photopic V(\) and scotopic V'(\)
functions. The photopic function defines the spectral daylight-adapted
sensitivity of the eye, while the scotopic function defines the spectral
night-adapted sensitivity of the eye.

The current standard unit in photometry is defined as the candela, the luminous intensity
of monochromatic radiation at 555 nm whose radiant flux is equal to 1/683 W. The human
eye is most sensitive at this wavelength. Between 1948 and 1979, the unit of luminous
intensity was defined as one-sixtieth of the luminous intensity of 1 cm? from a blackbody at
the freezing point of platinum. This is consistent with the current definition, which lies within
the error limits that resulted from the uncertainty in the freezing point of platinum.’ Previous
to 1948, the standard was based on the output of a group of carbon-filament vacuum lamps.
The predictability of this standard was limited by the fact that the lamp intensities were
highly dependent on their physical construction or manufacture.

2.3 CHARACTERISTICS

2.3.1

Point Sources

A frequently encountered concept in radiometry is that of a point source. A point source
radiates uniformly in all directions (i.e., it is isotropic); the waves emanating from it can be
considered to be spatially coherent, and its radiative transfer obeys the inverse square law.
The inverse square law simply states that either the irradiance or the intensity of a source
falls off in a manner proportional to the square of the distance from the source. Although
the ideal point source does not exist, it is acceptable to talk about sources whose dimensions
are very small in relation to their distance of observation. A star is a good example, its
distance being so great that it subtends an extremely small angle as seen from the earth. In
general, if the maximum source dimension D is less than one-tenth of the distance r from
the source, then assuming inverse square law behavior will result in an error of less than 1
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percent. If D is less than one-twentieth of the distance r, the error will be less than 0.1
percent. However, if one is dealing with a highly collimated light source, the distance nec-
essary to achieve inverse square law behavior will be much greater, owing to the effects of
the collimating optics.®

2.3.2 Lambertian Sources

Lambertain sources are defined as sources which have a constant radiance L for all viewing
angles. A blackbody is, by definition, Lambertian. A good approximation to a Lambertian
surface is a white piece of paper. The radiance, or apparent brightness, does not change as
a function of viewing angle. An example of an extremely non-Lambertian source would be
a bank of fluorescent lamps. When viewed normal to their surface, the dark areas between
the bulbs would be clearly visible. However, if one were to view them at grazing incidence,
they would appear to be a solid sheet of light. Therefore, the brightness, or radiance, would
be different depending on the viewing angle. If we look at the relationships between radiance,
intensity, and solid angle from Table 2.1:

d2®
" da dQ 28)
dd
1= (2.9)

As indicated in Fig. 2.4, da = dA cos 8, which is the projected area. Thus, from Eq. (2.1):

_dAcos 0

dQ p (2.10)
Substituting into Eq. (2.9),
IdA 0
AP = % @.11)
Therefore, the irradiance E at dA is given by
dd Icos6
E = A= 2 (2.12)
z This equation demonstrates Lambert’s cosine
A law, which states that the irradiance de-

creases as the observation angle increases.
Integrating both sides of Eq. (2.8) and sub-
stituting for dd, we obtain

I = fL cos 6 dA (2.13)

Since the radiance of a Lambertian source is
independent of angle 6, Eq. (2.13) can be
easily integrated to yield

X

FIGURE 2.4 Spherical coordinate system demon- I=LAcos® (2.14)
strating projected area, where da = dA cos 6.
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The product LA will be a fixed quantity; therefore, I is solely dependent on the viewing
angle of the source. This decrease in intensity as the viewing angle increases from 0° (or
from the normal to the surface) is entirely due to the decreased projected area of the source.

2.3.3 Extended Sources

The term “‘extended source” is commonly used to describe most real sources, i.e., sources
of a finite size (as opposed to the ideal point source) that are not necessarily Lambertian.
When evaluating the irradiance, or illuminance, from general extended sources, it is often
useful to speak of the radiant or luminous exitance M of the source. In lighting engineering,
the exitance is the starting point for determining the illuminance of numerous different
geometrical configurations. In fact, illumination engineers use tables of “‘configuration fac-
tors” to calculate light levels based on the geometry of their task. Referring to Fig. 2.5, the
exitance M can be calculated from a knowledge of the radiance L of the source by the
following series of equations:

_ L(8,$)dA, cos 8,dA, cos 6,

do B (2.15)
where
dA, = Rdd R sin 6 db (2.16)
d® = L(6,0)dA, sin 6 cos 6 db (2.17)
From our definition of exitance in Tables 2.1 and 2.2,
am = <2 (2.18)

Therefore, with dA, = dA

dA,=Rd ¢ Rsingdo

X

FIGURE 2.5 Spherical coordinate system as an aid to
the calculation of the exitance M of a source of area dA,
at a distance of R from the source.
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2 /2
M = fo do fo L(6,d)sin 6 cos 6 db (2.19)

If L is Lambertian, it will be independent of viewing angle 6 and

w2

112,
ELLULY (2.20)

M = 2L
™

0

Once the exitance M is known, the illuminance or irradiance can be determined for any
source configuration. The general expression is

E, = M*C, , (221

where E, = the illuminance or irradiance at a point P,, M, is the exitance of A,, and C,_,
is the configuration factor from surface 1 to point 2. The configuration factor is determined
by an area integral which describes the relationship between the area of the source and the
point P,. Assume we want to determine the irradiance at the point P, of the disk Lambertian
source in Fig. 2.6. The formal derivation can be found in Boyd.” The final solution is

_de _ -
E = A L sin® 6 (2.22)

where sin’0 = r2/(r> + D?), leading to

wLr?
E = R (2.23)

So, the configuration factor in this instance is

},.2

G = r> + D?

(2.24)

It is instructional to examine Eq. (2.23) for four cases corresponding to different values for
D.

wLr?

1.D>r E = 2

This case obeys the inverse square law since the irradiance is dependent on the fixed quantity
wLr? and falls off as a function of the square of the distance from the source.

0 .

D

FIGURE 2.6 Figure demonstrating the calculation of irradiance at a point P, from a disk Lam-
bertian source.
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2
L
3.D=2r E="2
5
These last two cases illustrate that, at fewer than 10 source diameters from a finite, extended
source, the irradiance falls off more slowly than would be predicted by the inverse square

law. In fact, within the distance of one source diameter (2 * radius), the falloff displays an
almost linear behavior. Also, consider the case where

4.r>D E ==L

This results because r* + D? ~ r? as long as D is sufficiently smaller than r as to be
insignificant. This demonstrates that the irradiance remains almost constant for a large, planar
sheet of light until one is at least half a radius away from it. An excellent reference for
configuration factors is the “Catalog of Selected Configuration Factors.”?

2.4 MEASUREMENTS AND CALIBRATION

241

Accurate measurements of noncoherent optical radiation are very difficult and can only be
accomplished by accounting for all the potential sources of error. For instance, reflectors and
apertures will affect the spatial distribution and therefore the intensity variation with distance.
Most sources do not produce uniform illumination over an irradiated surface, and this must
be considered when choosing the location of the detector. It is important to know the source
characteristics and geometry before attempting to perform high-accuracy measurements.

Instrumentation

The power (or flux) from a noncoherent light source can be measured with a variety of
instruments, depending on the application or the desired degree of precision. To determine
total light output, one could use a photometer or radiometer. Photometers measure visible
light in lumens, while radiometers are capable of measuring the entire spectrum of optical
radiation, in watts. These instruments measure total light incident upon a detector (either a
solid-state or photomultiplier tube) and are therefore highly dependent on the spectral sen-
sitivity of the particular detector. Filters placed in front of the detector can significantly alter
the instrument’s spectral response, as is demonstrated by Fig. 2.7.

A photometer’s detector is filtered so that its response closely matches that of the human
eye. A typical portable photometer uses a photovoltaic or photoconductive cell, connected
to a meter which is calibrated directly in lux (lumens/m?), or footcandles. Photovoltaic
detectors operate by generating a voltage as the result of the absorption of a photon. These
types of detectors have poor linearity of response at high levels of incident illumination,
which must be compensated for by external circuitry. Photoconductive detectors are con-
structed of materials whose resistance changes with photon absorption. (For a detailed dis-
cussion of solid-state detector characteristics, see Chaps. 15-18.)

For laboratory, or low-light-level applications, a photomultiplier tube (PMT) is more likely
to be used. The photomultiplier tube is a photoemissive detector as opposed to a photovoltaic
or photoconductive detector. The PMT operates via the photoelectric effect. These detectors
produce current when light is absorbed by a photoemissive surface which is then amplified
in sequential stages. Photomultipliers (PMTs) are extremely sensitive and are capable of
rapid response times but require a high voltage (500 to 5000 V) for operation. The disad-
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FIGURE 2.7 The spectral response of a bare silicon detector, and of a
silicon detector modified by a radiometric filter. (Adapted from Ref 14
with permission.)

vantages of these detectors are their fragility—they are extremely sensitive to mechanical
shock, interference from electromagnetic fields, moisture, and temperature. Some are rec-
ommended for use at temperatures down to 45°C below ambient (=—20°C). Thus, in addition
to the high-voltage supply, the PMT may require an external cooling device. For these
reasons, a PMT-based instrument is not well suited to field use. PMTs also tend to produce
high dark currents (signal when no light is incident on the tube) which must be subtracted
from the intended signal. Figure 2.8 shows the spectral response characteristics of several
commercially available PMTs.

The spectral sensitivity of a radiometer will depend on what type of semiconductor (for
non-PMT instruments) and filters are used in the detector. Currently, most of these types of
detectors are classified generically as “photodiodes” which produce current in proportion to
the incident illuminance. Ideally, a radiometer will have a detector that is ‘““spectrally flat”
over the wavelength region of interest. Silicon detectors (most sensitive in the visible and
near-ir region) can be doped to increase the sensitivity in the ultraviolet region. Another
technique which is sometimes employed in broadband uv meters is to place fluorescent
phosphors in front of the photodetector. The uv radiation impinges on the phosphor surface
and is then transformed into visible radiation to which the semiconductor is more sensitive.
The most pervasive obstacle in making accurate measurements of uv radiation with unso-
phisticated instrumentation is the fact that most sources which emit uv also emit visible, and
even ir, radiation in much greater intensities. A uv-transmitting, but visible-blocking filter is
normally inserted above the phosphor to limit the transmission of the undesired visible
wavelengths from the source to the detector. The spectral transmittance of a commercially
available filter which exhibits this type of behavior is shown in Fig. 2.9. Unfortunately, these
filters’ transmittance usually starts to increase again in the near-ir. When it is desired to
measure the ir radiation from a source, detectors made of materials other than silicon [e.g.,
germanium (Ge) and lead sulfide (PbS)1 are often chosen. The spectral sensitivity of several
commercially available detectors is shown in Fig. 2.10.
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FIGURE 2.8 The spectral response characteristics of several commercially available photo-
multiplier tubes (PMTSs). (Modified with permission from Hamamatsu Corp. Jan/89 (Rev),
1-7000, p. 77.)
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FIGURE 2.9 The spectral transmittance of a commercially available
(Hoya Optics U-330) uv-passing, visible blocking glass filter.
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FIGURE 2.10 The spectral response characteristics of several commer-
cially available solid-state detectors. (Modified with permission from Ha-
mamatsu Corp. Jan/89, CR-4000, p. 1.)

The broadband radiometers and photometers are fairly inexpensive, rugged, and easy to
use. The drawback of these instruments is that they are generally calibrated to a particular
type of light source and therefore will have limited accuracy when measuring light sources
that have a different spectral output. For example, a detector calibrated to measure the visible
light from an incandescent lamp will produce misleading results if used to measure the visible
light output from a fluorescent lamp. This is because, as will be discussed in Sec. 2.5.2, the
incandescent lamp produces more output in the infrared region, and less in the ultraviolet
region, than does the fluorescent lamp. This “out-of-band” radiation will interfere with the
detection of the intended signal. An additional, obvious drawback of the broadband instru-
ments is that they cannot provide information about the spectral content of a light source
unless they are used with narrow bandpass filters. The use of such filters is accompanied by
an additional set of problems like high signal attenuation (typical transmittance is 15 to 25
percent), high sensitivity to incident angle, and changing transmittance characteristics upon
exposure. High levels of uv and ir radiation are especially damaging to both plastic and
glass filters.*!°

Spectroradiometers. A more accurate method of making power measurements of a light
source is to use a spectroradiometer. The major component of the spectroradiometer is the
monochromator. Many different configurations have been used over the years. A schematic
of a single-grating monochromator with Ebert-Fastie geometry is shown in Fig. 2.11a and
one with Czerny-Turner geometry is shown in Fig. 2.11b. Through use of a prism, or grating,
the monochromator separates the broadband light source into its different spectral compo-
nents and the power per unit wavelength band can be determined. When “white,” or broad-
spectrum, light is incident on a prism, the shorter wavelengths (uv) are refracted at larger
angles than the longer wavelengths (ir). This is because the index of refraction of the glass
or quartz is higher at shorter wavelengths and, therefore, these rays travel more slowly
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FIGURE 2.11 Optical schematic of two monochromators of different ge-
ometries: (a) the Ebert-Fastie geometry monochromator, and (b) the Czerny-
Turner geometry monochromator.

through the prism. A narrow slit placed in the path of the refracted light can select a narrow
band of wavelengths and thus will produce approximately monochromatic radiation from the
previously broadband incident radiation. A mechanism is usually incorporated in the mon-
ochromator to automate the rotation of the prism, or grating.

A grating serves the same purpose as a prism but works by the mechanism of diffraction,
instead of refraction. Most monochromators contain reflection gratings, as opposed to trans-
mission gratings. Conventionally ruled reflection gratings are usually constructed of thin films
of aluminum which have parallel grooves ruled onto them (Fig. 2.12). These master gratings
are used to make numerous replica gratings by pressing the masters onto aluminum coated
glass substrates. Holographic gratings are manufactured by illuminating a photosensitive
layer with a pattern of interference fringes. When light is incident on the grating, its angle
of reflection will depend on the spacing of the grooves, the angle of incidence, and the
wavelength of the light. This behavior is illustrated through use of the grating equation:

m\ = d(sin « = sin B) (2.25)

where a is the angle between the incident light and the normal to the grating, d is the grating
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FIGURE 2.12 Diagram showing how collimated light is
refracted from a diffraction grating.

spacing, and B is the angle of diffraction. The integer m specifies the order of the interference
maxima. When m = 0, « = B and the grating acts as a mirror. The variation of angle with
\ produces the desired result of separating the spectral components. The light rays reflected
from each groove will recombine at a given point in space with different phases owing to
the difference in optical path length. Incident light of a given wavelength will be reflected
from all the grooves but will be in phase only at certain angles. Concave gratings are often
used in monochromators instead of plane gratings as they avoid the need for additional
focusing optics.

The efficiency with which a grating reflects a particular wavelength is determined by the
“blazing,” or changing the angle of the groove face. At the blaze wavelength, the angle of
reflection from the groove face will equal the angle of diffraction. This results in a higher
percentage of the incident light at a particular wavelength being available for detection. The
angular dispersion of a prism, or grating, is defined as

m
e d cos 9, (2:26)

where d is the grating separation and 0 corresponds to the angle of diffraction of the mth
order. Thus the angular separation between different wavelengths will increase as the order
m increases. The resolving power of a grating is defined as

A
R = W 2.27)

where A\ is the minimum resolvable wavelength difference. This is a function of total grating
width dN (where N = number of grooves), the angle of incidence, and wavelength X\.
Most gratings today are ruled by a holographic process, as opposed to diamond tool
ruling. This approach can reduce stray light to 1 to 10 percent of that observed with con-
ventionally ruled gratings. The grating specifications and the monochromator focal length,
along with the width of the slits installed in the monochromator, will determine the bandpass
of the system. A range of bandpasses can be found in commercially available units; usually
from 20 nm down to 1 nm. Some instruments have variable slit widths, while others are
fixed. Resolution also can be increased by lengthening the monochromator. Lengths from
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1-10 meters are common in laboratories doing spectral identification where accuracy to 0.001
A and beyond are needed.

The reduction of stray light is highly desirable in a spectroradiometer system. Stray light
includes radiation from sources other than that which is being measured but also includes
radiation from the source itself at unwanted wavelengths. It can arise from light leaks in the
monochromator housing or from reflections or fluorescence from components inside the
monochromator. Stray light can be a significant source of error, especially when performing
measurements in the uv region. The potential “swamping” of the detector with visible light
(to which it is usually more sensitive) may require the use of a double monochromator.
These suffer from loss of throughput but have excellent stray-light rejection. Example spec-
ifications for a single monochromator from manufacturer A vs. a double monochromator
from manufacturer B are listed in Table 2.3.

An additional consideration is the elimination of harmonic frequencies (also a form of
stray light) from interfering with the fundamental signal. The way this is handled is through
the use of order-sorting filters. These are “low-pass” filters (with respect to frequency) which
are specified by their “cutoff”” wavelength, or wavelength below which their spectral trans-
mittance is close to zero. For example, one manufacturer inserts cutoff filters near the en-
trance aperture at wavelengths of 400, 600, 1100, and 2000 nm. Most uv-visible spectrora-
diometers will have only one order-sorting filter installed with a cutoff wavelength in the
region between 500 and 600 nm.

Spectrophotometers. Spectrophotometers differ from spectroradiometers in several ways.
First, instead of being used to measure the output of an unknown light source, they usually
contain their own light source which is used as a ‘“probe.” Their applications range from
precise chemical analysis of compounds to evaluation of the physical properties of materials.
An important application for these instruments is color analysis and standardization. They
are also used to measure the spectral transmittance or reflectance of materials. A schematic
diagram of a dual-beam spectrophotometer is shown in Fig. 2.13. This configuration allows
for fast measurements which are not susceptible to errors from time-varying fluctuations in
the intensity or wavelength distribution of the excitation source.

The main component of the spectrophotometer is the monochromator, just as it was for
the spectroradiometer. Depending on the detector and other optics selected, currently avail-
able spectrophotometers have the capability to scan from 180 nm up to 10 pm, though
different gratings will be necessary for different wavelength regions. One limitation in the
use of spectrophotometers is their susceptibility to alterations in the optical path of the sample
vs. the reference beam. This can arise from the incorrect use of vessels, like cuvettes, which
may exhibit significant absorption at particular wavelengths. There can also be problems
from focusing effects of nonplanar samples. A curved sample, or vessel, can cause the light
beam to either converge or diverge, and thus the measured power per unit area will be
different from that of the reference beam. If it is desired to measure the transmittance of a

TABLE 2.3 Specifications for a Single-Grating
Monochromator vs. a Double-Grating

Monochromator

Single Double
Effective aperture f13.5 f13.5
Line density. 1/mm 1200 1200
Linear dispersion, nm/mm 8 4
Resolution, nm 1.0 0.5

Stray light 103 2 % 10°°
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FIGURE 2.13 Schematic diagram of a dual-beam spectrophotometer.

curved sample, it would be preferable to use a spectroradiometer.'’ Then, one can measure
the energy from the light source that gets through the sample at a particular wavelength and
divide by the inherent energy of the light source at that wavelength. In this way, both the
material absorption effects and the refraction effects of the sample are evaluated.

2.4.2 Calibrations

The most common source of error in performing measurements of noncoherent sources is
due to calibration of an instrument with a source that is very different spectrally or geo-
metrically from the source being measured. Ideally, one should calibrate with a source of
similar intensity level to that being measured or at least at levels within the dynamic range
of the instrument. However, if the instrument is fairly linear over several decades of intensity,
this is not so critical. It is very important to calibrate the radiometer in the exact same
configuration in which it will be used. If this is not possible, the differences should be
accounted for with appropriate correction factors. Broadband detectors can be calibrated so
that they will yield accurate results for a particular type of light source but they will give
meaningless results when used to measure a light source with a different output spectrum.
For example, broadband detectors are available from various manufacturers which have been
calibrated with a line source in the uv. If this detector is used to measure a source which
emits a continuous spectrum, especially if it is shifted from the wavelength of the line source,
the results may exhibit more than 50 percent error. The beauty of spectroradiometers is that
once they are calibrated, they can be used on light sources with virtually any spectral dis-
tribution. The accepted method of calibration is to use a standard of spectral irradiance, or
standard lamp, which is calibrated by the National Institute of Standards and Technology
(NIST)."? The standard lamps in use currently are incandescent. They are made with a tung-
sten filament and are filled with halogen gas. To increase the proportion of ultraviolet radi-
ation they emit, and because of its ability to withstand higher temperatures, they have a
quartz envelope instead of glass. They should be operated from a precision-regulated direct-
current power supply. The FEL type lamps (the designation of the latest NIST generation of
lamp) require a drive current of approximately 8 A, which should be attained gradually via
“ramp”’ circuitry provided by the power supply. These lamps have sufficient output to be
used as calibration sources from 250 to 2400 nm. NIST quotes an accuracy of about S
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percent in the uv and 2 percent in the visible and ir. For the wavelength region below 250
nm, the deuterium arc lamp is recommended, as it has significantly higher output in the 200-
to 350-nm region than does the tungsten-halogen, with quoted accuracies in this region of
5 to 7.5 percent.

The system response of the spectroradiometer is determined by measuring the output of
the standard lamp and comparing that to the known values for spectral irradiance provided
by NIST. These are usually given at 5-nm intervals in the uv region and at selected wave-
lengths (usually mercury lines) in the visible and ir regions. They can be interpolated by the
user to obtain values at intermediate wavelengths. A logarithmic interpolation algorithm is
preferred over trapezoidal since the output spectrum of the standard lamp is parabolic in
shape, similar to a typical blackbody curve. The standard lamp must be measured as closely
as possible to the way in which it was calibrated at NIST. It must be aligned properly to
the input optics of the spectroradiometer and measured at exactly the same distance (typically
50 cm). Any deviation from this geometry can introduce significant errors to the final result.

The system response is normally stored in the spectroradiometer’s computer so that it can
be applied to all future measurements. A typical plot of the system response (or calibration
curve) for a double-grating monochromator system with PMT detector is shown in Fig. 2.14.
Note that it increases dramatically in the uv and near-ir. This is mostly due to the decreased
sensitivity of the PMT in these regions but is also affected by the blaze wavelength of the
gratings. The system response can fluctuate daily, especially when the detector is a PMT, as
they are highly sensitive to temperature and humidity changes. Therefore, if high-precision
measurements are required, a system of this sort should be calibrated at least once on the
day it is being used. In fact, those who are in the business of making outdoor solar mea-
surements may have to calibrate approximately every 30 min, yielding one calibration run
for every solar measurement. This will minimize errors which are due to the temperature
sensitivity of the detector.
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FIGURE 2.14 Spectral plot of a typical system response (or calibration factors curve) from
a double-grating spectroradiometer system equipped with a PMT detector.
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Spectroradiometers are very delicate instruments and should be carefully maintained. To
ensure that the calibrations of the NIST standard lamps are meaningful, several factors have
to be taken into consideration. The spectroradiometer should be periodically checked for
linearity of response and wavelength accuracy. Linearity can be verified through use of a
light source which has small enough dimensions to approximate a point source. By increasing
the distance from the input aperture of the spectroradiometer, one can verify whether the
signal output decreases by the expected 1/r?factor, i.e., obeys the inverse square law. If not,
adjustments to the amplification circuitry may be required. Wavelength alignment accuracy
is normally checked by using a low-pressure mercury-arc source, such as the Penray lamp.'?
This lamp emits many narrowband distinct peaks at the characteristic mercury lines. A plot
of the spectral output of such a lamp is shown in Fig. 2.15. Depending on the characteristics
of the spectroradiometer system, the wavelength alignment accuracy can be adjusted to well
below 0.1 nm. Unfortunately, this accuracy is not maintained across a wide spectral region,
so it is best to maximize the alignment accuracy in the region where precision measurements
are most important.

2.4.3 Input Optics

The choice of input optics for the spectroradiometer, or radiometer, will have a great influ-
ence on the degree of difficulty of making measurements. Noncoherent sources are notorious
for being spatially nonuniform in their output. It is mainly for this reason that input optics
such as cosine diffusers and integrating spheres are used. Both will present a uniform, non-
polarized beam of light to the detector. Unfortunately, they will also reduce the intensity of
the signal by as much as a factor of 100. The cosine diffuser has a curved surface to intercept
more light at large angles of incidence. This design produces a flux at the detector that
closely follows the cosine response. The integrating sphere is known as the standard diffuser.
A schematic diagram of how the light rays are reflected by the integrating sphere is shown
in Fig. 2.16. It basically consists of a hollow metal sphere that is coated with either a pressed
powder or a machined reflective material. Two common coatings are barium sulfate (BaSO,)
and a form of Teflon called Halon. These materials have fairly flat reflectance characteristics
over a broad spectral range. A plot of the reflectance of the two materials is shown in Fig.
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FIGURE 2.15 A logarithmic-scale plot of the spectral output of a Pen-ray® (Ultra-violet Products,
Inc.) low-pressure Hg vapor lamp.
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2.17. Halon is currently the material of choice (in the 200- to 2400-nm region) as it can be
machined, instead of packed, and is less prone to degradation by moisture absorption.

2.5 SOURCES OF NONCOHERENT OPTICAL RADIATION

2.5.1 Solar Emission

Human beings have been fascinated with the sun and the behavior of its electromagnetic
radiation output for ages. It has proved to be one of the most interesting sources of light
because its output is so dynamic. In actuality, its inherent output may not be highly variable
but may only appear so to an earth observer. The changes in the amount of radiant intensity
that we receive on earth are largely due to the changes in orientation between the sun and
the earth. The zenith angle is the angle between the sun’s present position and its position
at noon on a given day. The larger the zenith angle, the longer the path length through which
the solar radiation must travel. This longer path through the earth’s atmosphere produces
much more scattering of the shorter wavelengths, and the ultraviolet radiation is therefore
reduced by a larger proportion at large zenith angles than is the visible and ir radiation. For
example, the ultraviolet spectral irradiance at 300 nm decreases by a factor of 10 from noon
to 4:00 pm, while total solar irradiance may only decrease by 20 percent."* An additional
consequence of this phenomenon is the spectral shift in the sun’s irradiance with time of
day. In the evening, when the sun is at a lower elevation, the ultraviolet and blue wavelengths
have been mostly scattered out, leaving only the orange and red wavelengths to penetrate
the longer path through the atmosphere.

Wavelengths less than 290 nm are highly absorbed by the atmosphere so, fortunately, a
negligible amount of this highly carcinogenic radiation reaches the earth. The ozone layer
in the upper atmosphere is primarily responsible for this absorption, and its apparent recent
depletion is the cause of a renewed interest in accurate spectral measurements of the solar
output. The atmospheric spectral transmittance curves for varying optical air masses are
shown in Fig. 2.18 for wavelengths between 300 and 1300 nm. Other factors which affect
the solar spectral irradiance are amount and location of cloud cover, geographical location
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FIGURE 2.18 Plots of the spectral transmittance of solar radiation through the atmosphere at
three different optical air masses.
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(including altitude), and latitude. In the winter, the earth is closer to the sun than in the
summer, so, for the same zenith angle, the earth actually receives more radiation. However,
the sun achieves larger zenith angles in the winter, i.e., it appears to be at a lower elevation
in the sky, so the daily uv dose is far less than in the summer. Figure 2.19 shows how the
solar irradiance varies with location and time of day. Notice how rapidly the spectrum
changes in the 290-350-nm region. This is the region with which scientists who are evalu-
ating the ozone layer depletion are most concerned. The fact that the irradiance changes so
dramatically here makes accurate spectral measurements extremely difficult. Stray-light re-
jection becomes even more important. Therefore, almost all of the international laboratories
that are monitoring the solar UVB levels use a double-grating spectroradiometer. This re-
quires the use of a highly sensitive detector, owing to the low throughput of a double-grating
monochromator.

The amount of radiation received from the sun can be separated into a direct and a diffuse
component. The direct component is the energy within a narrow solid angle which radiates
from the solar disk itself. The diffuse component is a result of the scattering of the atmo-
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FIGURE 2.19 Logarithmic-scale plot demonstrating the variation of measured
solar output (radiance) for different locations and times of day. (Reprinted with
permission from Ref 14.)
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sphere and can be modeled by a hemispherical, uniform source of radiation. On a clear day,
about one-fifth of the total irradiance received at the earth’s surface is due to this diffuse
component. The diffuse term also contains radiation resulting from ground reflectance. A
surface covered with fresh snow has the highest reflectance—89 percent, as compared to a
grassy surface which may reflect only 17 percent of the total solar energy. Several references
on characterizing solar ultraviolet radiation can be found in the work of Green et al.'?

2.5.2 Atrtificial Sources of Noncoherent Radiation

There are basically two types of man-made sources of noncoherent optical radiation: the
incandescent and the gas discharge lamp. The two most common gas discharge lamps are
the glow discharge (e.g., neon and fluorescent lights) and the arc lamp. The incandescent
lamp has a continuous-shaped output spectrum that can be modeled fairly accurately as a
blackbody, whereas the gas discharge lamp spectrum may have narrow peaks superimposed
on an underlying continuum that does not follow the characteristic form of a blackbody
spectrum. Figure 2.20 compares the spectrum of a 100-W incandescent lamp and a 40-W
fluorescent lamp.

Ballast or Input Power Requirements. The ballast provides the proper current and voltage
to start and operate the lamp. For arc lamps, the most important function of the ballast is
its current-limiting capability. All arc lamps (except high-intensity carbon arcs) have negative
resistance characteristics, which means that the arc discharge will draw an unlimited amount
of current almost instantaneously if operated from a nonregulated power supply. Therefore,
a ballast must be used to prevent the lamp from “‘self-destructing.” This can be achieved
through the use of an inductive or capacitive reactance in series with the lamp. For mercury
and metal halide lamp ballasts, the net reactance is capacitive, while for high-pressure sodium
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ballasts, it is inductive. An autotransformer can limit the effects of line voltage fluctuation
and provide any necessary high voltages. The manufacturer’s specifications should be con-
sulted to determine the proper ballast specifications for a given lamp. In most cases, ballasts
are not interchangeable between the different high-intensity discharge lamps.

Ballasts are also required for fluorescent lamps and are available in three basic types:
rapid-start, instant-start, and preheat. This refers to the cathode heating circuitry and can
affect warmup time and efficiency. Attempting to operate a rapid-start lamp from an instant-
start ballast, and vice versa, will result in a marked reduction of lamp life. In the case of
preheat vs. instant-start ballasts, the different start-up circuitry requirements will prevent the
lamp from lighting. Therefore, it is best to operate each lamp from the prescribed ballast.

Incandescent Sources. Although the light from both incandescent and fluorescent lamps
is produced by the same mechanism, i.e., the transition of electrons from a higher, excited
state to a lower, or ground, state, the method of excitation is different. The incandescent
lamp produces light because its metal filament is heated as electric current flows through it.
As it reaches temperatures near 600°C, visible radiation and heat are produced. At much
higher filament temperatures, 2000°C and above, ultraviolet radiation is produced, as well.

For high-illuminance applications, especially where compact size is desirable, tungsten-
halogen lamps are used. Tungsten is the material of choice for the filaments of these lamps
because it has a high melting point and can therefore be operated at high temperatures for
relatively long periods of time. Tungsten-halogen lamps operate via the regenerative ‘‘hal-
ogen cycle.” As the tungsten filament is heated to sufficient temperatures, some of the tung-
sten begins to evaporate. In an ordinary tungsten lamp, the evaporated tungsten would be
deposited on the inner surface of the lamp envelope, causing bulb blackening and conse-
quently a reduction in light output. The function of the halogen (either iodine or bromine)
is to chemically combine with the evaporated tungsten so that it can be redeposited on the
filament and thus maintain a longer lifetime. However, if the lamp is not operated long
enough for the halogen to reach the required temperature, black deposits of tungsten will
adhere to the inside of the quartz or silica envelope as they would in an ordinary tungsten
lamp. Tungsten may be used at temperatures up to 3500°C, but rated lifetime decreases as
the filament temperature increases.

The total output power of an incandescent lamp is proportional to the filament surface
area and goes up as the fourth power of the filament temperature (from the Stefan-Boltzmann
law). Tungsten filaments at high temperatures emit significant amounts of uv radiation near
300 nm. This radiation would be absorbed by the glass envelope in conventional incandescent
lamps but is transmitted through quartz (Fig. 2.21).

Gas Discharge Lamps Fluorescent Lamps. By far the most commonly used gas discharge
lamp is the fluorescent lamp. The light is generated by a low-pressure (near vacuum con-
dition) mercury arc. This arc strikes when a sufficient voltage potential is established between
the cathodes of the lamp. When the inert gas (usually argon, krypton, or neon) inside the
tube is ionized, the mercury atoms become excited by collisions with ions and free electrons
emitted from the heated cathode, and ultraviolet radiation is produced. The majority of the
uv radiation produced is at the characteristic 253.7-nm line of mercury.

The fluorescent lamp tube is coated with a phosphor which converts the uv radiation to
visible light. One exception to this is a special-purpose gas discharge lamp, the “‘germicidal”
lamp which has no phosphor and therefore emits the 253.7-nm line almost exclusively. A
linear plot of this lamp’s output spectrum is shown in Fig. 2.22a. Although the majority of
this lamp’s output is at the highly bactericidal and mutagenic 253.7-nm wavelength, other
uv and visible mercury lines are produced as well.

The phosphors used in fluorescent lamps have been chosen for their maximum sensitivity
near the 253.7-nm mercury line. Depending on the chemical composition of the phosphate,
different colors of light are produced. For instance, “black light”” (actually near-uv radiation)
is produced from a mixture of barium silicate. The output of this type of fluorescent lamp
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is shown in Fig. 2.22b. Notice that this output spectrum contains a significant amount of uv.
Many “tints” of white light are available, as well as colored light such as pink, blue, orange,
red, or green. The output of several commonly used ‘““‘white” fluorescent lamps is plotted in
Fig. 2.22¢ to e. The majority of the output arises from the continuum of visible light.
however, some uv light produced by the excited mercury atoms still gets through the glass
envelope, and these characteristic mercury lines are present in all fluorescent lamp spectra.

Fluorescent lamps have high luminous efficacy, compared with incandescent lamps, with
values ranging from 75 to 80 lumens per watt. They are available in wattage designations
ranging from as low as 4 W for special-purpose black lights to 96 W for special-purpose
white lights and sunlamps. The most common is the 40-W general-purpose fluorescent lamp,
available in several designations shown in Fig. 2.22. The wattage designation indicates input
power, not the amount of output optical radiation. Even though fluorescent lamps are con-
sidered relatively efficient, in general, less than a third of the input power is emitted as
visible radiation. Slightly more than 50 percent of the input wattage delivered to the lamp
is spent on conversion to the 253.7-nm wavelength. About half of this energy is converted
to visible radiation by the phosphor. The color rendition of the phosphor, i.e., whether its
output is higher in blue or red content, will further determine the lumens per watt that the
lamp produces, since the human eye is most sensitive at 550 nm, or green light. The re-
mainder of the input wattage is converted into heat, which is either absorbed through the
walls of the glass tube or the electrodes, or transmitted to the surrounding air.

High-Intensity Discharge Lamps. The second most common arc lamp is the high-
intensity discharge (HID) lamp. These lamps operate at much higher pressures and temper-
atures than fluorescent lamps and thus can produce higher output. Actually, the term “high
pressure” is relative here as the internal pressure of these lamps is only about two to four
times normal atmospheric pressure. The effect of this higher pressure is to shift a larger
portion of the output into the longer-wavelength region. At extremely high pressures, more
of the output shows up in the continuum, which lessens the appearance of line spectra. There
are basically three types of HID lamps: the mercury vapor, the metal halide, and the high-
pressure sodium. All three of these lamps are constructed with an inner envelope which
contains the discharge. The outer envelope protects the inner tube from drafts and temper-
ature fluctuations and filters out the UVC and UVB radiation. These lamps are available
with or without phosphor coatings on the outer envelope. The function of the phosphor is
to increase visible light output, affect color rendition, and diffuse the light from the glowing
arc.

The mercury vapor lamp operates on a principle similar to that of the low-pressure flu-
orescent lamps. They are available in 40-W to 1000-W powers, with the 400-W model being
the most commonly used (Fig. 2.23). Argon is used as the starting gas which facilitates the
vaporization of the liquid mercury. The electrodes are larger and constructed to withstand
much greater temperatures than their fluorescent lamp counterparts. The typical output from
a mercury vapor lamp has a blue-green appearance, which is why phosphors are normally
used to shift the output toward the red end of the spectrum.

The metal halide lamp (sometimes referred to as a multivapor lamp) differs from the
mercury vapor lamp only in the inner tube constituents (Fig. 2.24). In addition to mercury
and argon, these lamps contain metals such as thallium, indium, scandium, and dysprosium'®
in the form of halide salts. They are available in 400 W, 1000 W, and 1500 W. Most metal
halide lamps require a higher open-circuit voltage to start than do their mercury vapor coun-
terparts. After the main arc is struck, the temperature rises to the point where the iodides
vaporize and separate into elementary iodine and the three additive metals. The metals form
a multilayer vapor sheath around the mercury arc; in the order of blue (indium), green
(thallium), and yellow (sodium).

High-pressure sodium lamps are well known for their slightly yellow color (Fig. 2.25)
and high efficiency. For comparison, Fig. 2.26 shows the relative luminous efficacy (lumens
per watt) of incandescent, fluorescent, and high-intensity discharge lamps, with the high-
pressure sodium lamp having the highest luminous efficacy. The construction of these lamps
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is quite different from other high-intensity arc lamps, the main difference being that the inner
tube is made of an aluminum oxide ceramic, which can withstand temperatures up to 1300°C.
This ceramic material was chosen for its ability to transmit a high percentage of visible light
and its translucence. It is also resistant to the corrosive effects of hot sodium.

Other less common sources include compact xenon or mercury-xenon arcs, low-pressure
sodium, and microwave-driven lamps. Figure 2.27 shows the spectra of a 1000-W mercury-
xenon arc lamp. These lamps can incorporate mercury, mercury-xenon, or xenon gas and
have an arc length ranging from 0.3 to 12 mm. The compact arc sources operate at much
higher pressures than the original HID lamps. These lamps have the highest radiance of any
continuously operating noncoherent source. For example, a 100-W compact arc mercury
lamp emits five times the radiance of a 1000-W xenon arc lamp. The primary applications
for these lamps are in the motion picture industry, theatrical lighting, and graphic arts. A
relatively new uv curing source used in the graphic arts industry is a slender, electrodeless
lamp which is excited with microwave radiation. These lamps, from Fusion Systems Corp.
(Rockville, Md.), are available with several different types of spectral output (Fig. 2.28a
to ¢).

Infrared Sources. Infrared radiation is produced very effectively by almost any incandes-
cent filament lamp. More than 50 percent of the input wattage is radiated as infrared energy
in the 770- to 5000-nm region. In general-purpose lighting, it is an undesirable by-product
of the total radiant output. As the color temperature of a blackbody increases, the peak of
its spectral output shifts away from the longer wavelength near-infrared region toward the
visible region. Heat lamps which emit radiation in the mid- and far-infrared regions are
available in powers up to 5000 W. The power distributions of various infrared lamps and
heaters are shown in Fig. 2.29.

A highly versatile and reproducible source of infrared radiation is a blackbody cavity.
Virtually any shape of cavity can be used, but the most popular are the cones and cylinders.
A cross-sectional diagram of a blackbody with cone-shaped cavity is shown in Fig. 2.30.
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FIGURE 2.28 (Continued) Histogram representation of the spectral
irradiance of three microwave-driven lamps available from Fusion Sys-
tems, Inc. (Rockville, MD). (a) D bulb, () H bulb, and (c¢) V bulb.

Blackbodies can be obtained for temperatures which range from that of liquid nitrogen to
approximately 3000°C. For a list of the different types of blackbodies and their character-
istics, refer to The Infrared Handbook, Table 2.5."7

Other nondischarge sources include the Nernst Glower, the Globar, and the gas mantle.
The Nernst Glower and the Globar consist of slender, cylindrical rods, which are heated
through metallic electrodes at the rod ends. Water cooling is required for the electrodes of
the Globar, making it less convenient to use than the Nernst Glower. The gas mantle is found
in high-intensity gasoline lamps. It has high visible and far-infrared output, but low near-
infrared output. The relative output for the Nernst Glower, Globar, and the gas mantle com-
pared with that of a blackbody is shown in Fig. 2.31.

The first commercially practical electric light source was the carbon arc, developed near
the close of the nineteenth century. There are three types of carbon arcs: low-intensity, flame,
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FIGURE 2.32 Spectral plot showing relative output of the low-intensity,
flame, and high-intensity carbon arcs. (Reprinted from 1IES Lighting Hand-
book with permission.)

and high-intensity. The low- and high-intensity arcs are usually operated on direct current.
The flame type adapts to either direct or alternating current. The carbon arc is an open arc
which increases in brightness along its length as the distance from the core center increases.
The choice of material for the core determines the output spectra. Typical materials are iron
for the ultraviolet, rare earths of the cerium group for white light, calcium compounds for
yellow, and strontium for red.'® The spectral output of three different carbon arcs in Fig.
2.32 demonstrates the high intensity available from these sources, and the variability of
output for the low-intensity, flame, and high-intensity carbon arc.
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CHAPTER 3

ULTRAVIOLET, VACUUM-
ULTRAVIOLET, AND
X-RAY LASERS

Roland Sauerbrey

3.1 LASERS IN THE ELECTROMAGNETIC SPECTRUM

The term laser is an acronym for a radiation source based on light amplification by stimu-
lated emission of radiation. The foundation for lasers was established with the first formu-
lation of a quantum theory of light by Planck and Einstein.! Later, the technological devel-
opment of lasers was stimulated by the invention of various microwave devices, which led
in the 1950s to microwave amplifiers based on stimulated emission of radiation (masers).
The quest for the development of devices based on this principle but operating at higher
frequencies or shorter wavelengths started then and continues up to the present time. It led
in 1960 to the construction and operation of the first laser that emitted visible radiation by
Maiman.? Today, lasers deliver radiation over large portions of the electromagnetic spectrum,
ranging from the far infrared to the soft x-ray region (Fig. 3.1).

In principle, most lasers consist of three parts® (Fig. 3.2): (1) a pump source, (2) an active
medium, and (3) a resonator. Almost every source of energy can, in some ways, be used to
pump lasers. Those currently employed for lasers range from a small current in a submicro-
meter-sized semiconductor heterojunction to nuclear reactors. Of particular importance for
short-wavelength lasers are gas discharges and plasma sources. It is the purpose of the
pumping process to establish population inversion in the active medium. Population inversion
describes a condition of the active medium where the density of states at a higher energy is
larger than the density of states at a lower energy.

Three scattering processes characterize the interaction of light and matter: (1) absorption,
(2) stimulated emission, and (3) spontaneous emission (Fig. 3.3). In the case of spontaneous
emission, a higher excited state decays spontaneously to a state of lower energy, and a photon
is emitted. In an absorption event a photon (light quantum) promotes the active medium
from a state of lower energy to a higher-energy state. Stimulated emission is the inverse
process where photons stimulate an excited state to decay to a state of lower energy, emitting
an additional photon. It is important that in all these three processes energy and momentum
are conserved. In a stimulated-emission process the energy and the momentum of the newly
generated photons equals that of the stimulating photons. In other words, stimulated light is
emitted in the same direction and with the same wavelength as the stimulating light.

The number of transitions per volume and time, called the transition rate is, for all three
processes, proportional to the density of initial states (for example, state 1 for absorption).

3.1
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FIGURE 3.1 The left-hand side shows an approxi-
mate energy and wavelength scale for the radiation.
(The exact energy wavelength conversion is 1 eV =
1.2316 pm.) The second column gives the most fre-
quently used name for the respective part of the elec-
tromagnetic spectrum. The third column denotes the
most common mechanism that produces radiation in
any part of the spectrum, and the right-hand column
gives some examples of typical lasers.
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FIGURE 3.2 Typical parts of a laser. The resonator
mirrors have the reflectivities R, and R, and the trans-
mittivities 7, and T,. For most dielectric mirrors in the
uv and near-vuv in T,, = 1 — R,,. For shorter wave-
lengths mirror absorption is often important. The length
of the active medium is /, and the separation of the res-
onator mirrors is d.
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FIGURE 3.3 Fundamental processes for the interac-
tion of radiation and matter. E, and E, are the energies
of levels 1 and 2, which can be in principle any pair of
levels in an atom, molecule, or solid. For laser appli-
cations mostly level pairs with allowed radiative tran-
sitions between them are important.

In a medium with population inversion, more stimulated (and spontaneous) emission events
than absorption events will occur in any given time interval. Consequently, more photons
are generated per time than annihilated and the inverted active medium can amplify either
the spontaneously generated photons or light inserted in the medium from the outside. In
the first case we speak of an amplified spontaneous emission (ASE) device. The second form
is called an optical amplifier.

If the amplification in one pass through the active medium is too small to be useful, the
active medium can be artificially lengthened by an optical resonator. In its simplest form it
consists of two highly reflecting mirrors with a small transmission that enclose the active
medium (Fig. 3.2). Spontaneously emitted photons in the direction of the resonator axis are
amplified in the active medium, and most of the light is directed back into the active medium
by the mirrors, where it is further amplified. When the losses for the light per round trip are
smaller than the gain per round trip, the light intensity inside the resonator will grow. The
laser has reached threshold when this condition is fulfilled. The light intensity grows until
the density of upper laser states (energy E,, Fig. 3.3) that are produced per time by the
pumping process approximately equals the density of photons generated per time by stim-
ulated emission. The laser intensity will then stabilize at this level which is dictated by the
pumping process. The laser output has reached saturation.

Figure 3.1 shows the electromagnetic spectrum from the far-infrared (fir) to the gamma-
ray region. The middle part indicates the physical process dominating the production of
radiation in any particular part of the spectrum. These processes dictate the choice of the
active medium for any laser. For example, ultraviolet (uv) radiation is predominantly pro-
duced by electronic transitions. Consequently, all ultraviolet lasers utilize electronic transi-
tions in gases, solids, or liquids, as an active medium. The column on the right (Fig. 3.1)
shows examples of particular lasers. Today only the visible part of the spectrum and adjacent
parts of the near infrared (nir) and the near-ultraviolet can be continuously covered by laser
radiation. These regions can be expanded when nonlinear optical devices such as frequency
multipliers or parametric oscillators are coupled with lasers. In the mid- and far-infrared only
isolated laser lines are available. The same holds for most of the ultraviolet and the vacuum
ultraviolet (vuv). In the extreme ultraviolet and soft x-ray region, amplification of radiation
has been observed for many examples, but saturated lasers are only at the beginning of their
development.

This chapter summarizes the present status of short-wavelength laser development. The
cutoff toward longer wavelengths is placed somewhat arbitrarily at 400 nm, the approximate
short-wavelength boundary of the visible spectrum. The emphasis of this article will be on
presently available, practical laser sources that emit at wavelengths shorter than 400 nm. The
development of short-wavelength lasers, particularly from the vuv to the soft x-ray region,
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is a field of active research, and the main ideas to develop new shorter-wavelength lasers
will be summarized.

3.2 PRINCIPLES OF SHORT-WAVELENGTH LASER OPERATION

In order to discuss the issues important for short-wavelength laser action, we consider the
three essential parts of a laser: the active medium, the optical resonator, and the pumping
process.

Numerous media are capable of producing uv, vuv, and x-ray photons. For laser action,
suitable transitions in these media have to be inverted by an appropriate pumping mecha-
nism.* The requirements these media have to fulfill include: (1) transparency or sufficiently
small absorption for the laser radiation; (2) the capability of producing sufficiently high gain,
which means, in most cases, an allowed optical transition, as well as a relatively narrow
linewidth, yielding a high cross section for stimulated emission; and (3) the active medium
has to be invertible, at least in the transient regime, meaning that it has to have a suitable
energy-level structure and favorable radiative and nonradiative transition rates.

These requirements restrict the available gain media largely to gases and plasmas with
few exceptions of uv/vuv lasers in liquids and solids. This may, however, change for poten-
tial hard x-ray or gamma-ray lasers, which are discussed at the end of this article.

Optical materials, as well as reflective coatings having reflectivities exceeding 99 percent,
are now widely available in the wavelength range between 400 and 200 nm. In the vuv
range between 120 and 200 nm, most optical elements such as mirrors of varying reflectivity
and transmission, interference filters, prisms, lenses, etc., are available commercially from a
few specialized suppliers. The quality approaches that of longer-wavelength optics and is
improving continuously, as materials purification and thin film technologies progress. In
particular, for high-power uv and vuv lasers, the lifetime of laser optics is, however, still
well below optics lifetimes for visible or infrared lasers.

Optics in the xuv and soft x-ray region have for a long time been limited by the non-
availability of highly reflective or highly transparent materials for this wavelength region.
Although this is still to some extent the case, there have been some important advancements
in recent years. No solid window materials exist below the cutoff wavelength of LiF at 105
nm. Normal incidence reflectivities of metal films are limited to values =40 percent below
about 100 nm. These materials problems impose severe restrictions on the possibilities of
constructing optical cavities for xuv and soft x-ray lasers. There has, however, been some
recent progress in the production of highly reflecting mirrors. Using alternating layers of
tungsten and carbon matched to the wavelength, several groups were able to generate nar-
rowband, highly reflective (>40 percent) interference mirrors in the 0.5- to 20-nm range.’
Sophisticated molecular beam epitaxy (MBE) techniques were employed for their production.
Although the damage thresholds for these mirrors are still very low, they are beginning to
play a major role in the further development of soft x-ray lasers.

The requirements on the pumping process become increasingly demanding for shorter
and shorter laser wavelengths. This trend can be observed with existing and relatively mature
gas laser systems. For the CO, laser at 10 wm, a conventional glow discharge is sufficient
to produce strong cw laser output. However, for excimer lasers in the near- or mid-uv around
0.3 pwm, only pulsed laser operation is possible, even though the active medium would allow
for cw operation. This is due to the high pumping requirements which are characteristic for
short-wavelength lasers and which are briefly discussed.

The small-signal gain coefficient g, for a homogeneously broadened transition is given
by the product of the population inversion n and the cross section for stimulated emission:
go = n - o. The stimulated-emission cross section depends on the radiative transition prob-
ability between the upper and lower levels A,,, the transition wavelength, and the lineshape
function g(v).
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For atoms and ions in gaseous media, the lineshape function is, in general, a Voigt profile:

1/2
! - Av, /27 Mv?
- X exp (5= 2
g) (zﬁkT> Lc [V — vy + v/ OF + (Avyl2)? exp <2kT> dv, (3.2

Here M is the mass of the radiating species, Av,, the homogeneous linewidth, T the absolute
temperature, v, the center frequency of the homogeneous transition, v, the velocity of the
radiating species in the direction of the observer (in a laser usually along the resonator or
amplifier axis). Obviously, this lineshape function constitutes the statistical average over the
Boltzmann distributed ensemble of homogeneous emitters with linewidth Av,,, each radiating
at the Doppler shifted frequency v = v,(1 + v./c). Fortunately, in many cases either the
velocity distribution or the homogeneous linewidth dominates in width. If the homogeneous
linewidth is much larger than the Doppler shift due to the thermal velocity

Avy, > v, % (3.3)

where v, = V3kT/M, the lineshape function is approximated by a Lorentzian of width Av,,
(FWHM).

_ Av, /2w
s0) = T a2 34
If Av,, < vy(v,/C) the lineshape function is a Gaussian with the full width.
8kT In 2\'"*
Ay, = (W) v, 3.5)

Av,, is called the Doppler linewidth. For electronic transitions in molecular gases, the
lineshape may be determined by the internal structure of the molecule, as will be discussed
in connection with nitrogen and excimer lasers. Extensive discussions on lineshapes in gases
and plasmas can be found in the literature.®’

In weakly ionized plasmas, the most common medium for uv and vuv lasers, the ho-
mogeneous linewidth is frequently determined by foreign gas broadening. Since the natural
linewidth can usually be safety neglected, the homogeneous linewidth is given by

Avy =~ No,vy, 3.6)

where N is the gas density and vy, the thermal velocity of the atoms. o, is the optical cross
section which can be obtained from a Weisskopf theory.” The optical cross section is usually
about one order of magnitude larger than the gas kinetic cross sections.

In order to estimate the gain in a laser, it is sufficient to consider the cross section for
stimulated emission at the line center. For a homogeneously broadened line, we obtain

_NA,
g7 4mAv 3.7

For a laser to be above threshold, the small signal gain has to exceed the losses. This
classical threshold condition, however, is strictly valid only for quasi-cw lasers in sufficiently
good resonators and with relatively low gain.>® For many short-wavelength lasers, at least
one of these conditions is not fulfilled. High-gain systems show amplified spontaneous emis-
sion (ASE). The threshold behavior of an ASE laser is characterized by a gradual transition
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from a lamplike behavior to a saturated laser, and no sharp threshold is observed.>!° An
approximate threshold criterion is given by g - [ > 1, where g is the small signal gain and
[ is the length of the amplifying medium. If the laser is not quasi-cw—i.e., the gain duration
is on the order of or shorter than the photon lifetime in the resonator—again no sharp
threshold is observed. The approximate threshold criterion is now that the temporally inte-
grated gain has to exceed a constant value:

¢ f st > K (3.8)

where K is a constant on the order of 1.'"" The losses may be characterized by a “loss time”
Tz, Which might be the photon lifetime 7, in a resonator for conventional laser systems, the
transit time through the medium for an amplified spontaneous emission (ASE) device, or the
gain lifetime 7, if 7, < 7. With ¢ being the speed of light, we have as a laser threshold
criterion:

1
goanZ;‘i‘O( (3.9
R

where o is the medium absorption coefficient. This yields a minimum or critical inversion
density n. and threshold:

1
n, = +
OCTg

(3.10)

SHE=]

For a four-level laser scheme given in Fig. 3.4, the minimum pumping power density P
can be estimated. For each laser photon, the pump mechanism has to produce an atom or
molecule of the active medium in state 2. The pumping energy per atom E, has to exceed
the laser transition energy hv, yielding E, = khv, with k > 1 and h being Planck’s constant.

Assuming that the upper laser level is only

3 depopulated by radiative processes to the
lower laser level (branching ratio equal to 1),
the minimum pumping power density is
given by
Ep
P=nEA, (3.11)
With the expression for n_, assuming no me-
dium absorption (@ = 0), the minimum
o— pumping power density is
FIGURE 3.4 Four-level laser scheme. The active
medium is pumped from its ground state O to a highly EPA21
excited state 3 which requires the pump energy E,. Pow=—" (3.12)
From there it relaxes to the upper laser state 2, with- OCTg

out populating state 1. Consequently, a population in-
version between states 2 and 1 is built up that leads
to optical gain on the 2 — 1 transition. Photons of
energy bv are guaranteed. The lower laser state 1 re-
laxes to the ground state.

When we insert the expressions for o (3.7)
and E, in Eq. (3.12), the minimum power
density scales like

1 VvAv
Pmin -~
Mo Tr

(3.13)
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Besides requiring a good quantum efficiency v, = k7' and low losses (1, small), pumping
power considerations strongly favor low transition energies and narrow linewidth. Depending
on the line broadening mechanism, the increase of P with transition frequency can become
even more severe, i.e., for Doppler broadening Av ~ v which leads to

P~ (3.14)

In general, the minimum pumping power density scales with a high power of the transition
frequency:

P~v  (a=3) (3.15)

In the light of these simple estimates, it appears unavoidable to invest large power densities
in order to achieve lasing in the vacuum ultraviolet (vuv) or soft x-ray region. Assuming as
typical values for a uv/vuv laser E, = 25 eV, A,, = 10° s, ¢ = 107"* cm? ¢ = 3 - 10"°
cm/s, and 7, = 107® s, we obtain P, = 100 kW/cm? from Eq. (3.12). Since the volumes
of the active media of most short-wavelength lasers exceed 1 cm?, pumping powers well in
excess of 100 kW are usually required. Therefore, most short-wavelength lasers are pulsed
lasers because these pumping powers are difficult to sustain for a variety of technical reasons.
An exception are the uv atomic transitions, i.e., in the rare gases where the cross sections
for stimulated emission are considerably larger (o = 1073 to 10~'* cm?) and, consequently,
cw laser action can be achieved.

Numerous pump sources are available for short-wavelength lasers. The most common
ones are either continuous or pulsed gas discharges for uv/vuv lasers or laser produced
plasmas for soft x-ray lasers. The pumping processes will be discussed in detail with each
specific short-wavelength laser system.

Of general importance for many short-wavelength systems are questions concerning power
extraction and efficiency. First, consider a laser medium of length / with time-independent
small-signal gain g,in a stable cavity with total output coupling 7 (Fig. 3.2). If both mirrors
have transmissions 7, and T, the total output coupling is T = T, + T,. Other losses in the
cavity that may be due to absorption or dielectric reflection on optical components are
characterized by a loss coefficient a. The total gain or loss per round trip are characterized
by G = 2g.,d or L = 2ad, respectively. The continuous-wave (cw) output intensity is then

given by
I
I, = T; < G__ 1) (3.16)

L+T

where I, = hv/oT, is the saturation intensity. Here hv is the photon energy and 7. is the
effective lifetime of the upper state that is determined by including both radiative and non-
radiative decay of the upper laser state. The saturation intensity characterized the saturated
gain g which for an intracavity intensity / is given by

8o

=T+ L (3.17)

8

For many laser systems the small-signal gain is proportional to the pumping density P. This
can be obtained from our analysis of the four-level laser system shown in Fig. 3.4. If, for
example, 75, and T, are fast compared with all other time constants in the system, the
population in state 2 n, is equal to the inversion density n. The temporal development of
n = n,is given by
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n
L _R-oni -2 18
0 onl =~ (3.18)

where T, is the total lifetime of level 2. In the absence of stimulated emission (o < 1/7,),
we obtain in equilibrium (dn/dt = 0):

n=Rr,= % (3.19)
v

If stimulated emission is important (¢ = 1/7,), the stimulated emission rate o/ will depop-
ulate the upper laser state,

R,

n=_———
1 + gcr,

(3.20)

and the inversion density is reduced. Since g = on, Eq. (3.19) is equivalent to Eq. (3.17)
for I, = 1/oct, and it shows that g is proportional to the pumping rate R. Consequently, we
obtain a linear increase of laser output power with increasing pumping density once the laser
has reached the threshold determined by

G=L+T (3.21)

Eq. (3.20) is, of course, equivalent to (3.9). The optimum mirror transmission for a cw laser
is given by

T,. = VGVG — VL) (3.22)

Most short-wavelength lasers are pulsed lasers. If the gain lifetime exceeds the photon life-
time in the resonator, the conditions for output intensity /,, and the optimum transmission
I, given in Egs. (3.16) and (3.21) are good approximations. In the opposite case, however,
the behavior of pulsed lasers can be quite different from that of cw lasers, which is discussed
in Ref. 11. As an example, the optimum transmission for a cw and a pulsed laser with

identical resonator parameters as a function of the net gain g, — « is shown in Fig. 3.5.

)
] -Threshold
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FIGURE 3.5 Optimum transmission as a function of net
gain for a pulsed and a cw laser. The solid curve for a pulsed
laser was calculated for a gain lifetime of 10 ns, a resonator
length of 15 cm, and a constant loss coefficicnt of oy = 5 -
1073 cm™"'. The resonator parameters for the cw laser are iden-
tical.!!
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TABLE 3.1 Laser Efficiencies

Efficiency Definition
Quantum efficiency 7, laser photon energy
e = energy to populate one upper laser state
Extraction efficiency: m.,, number of extracted laser photons (per time)
Ml ™ Humber of excited states produced (per time)
Intrinsic efficiency: m;,, - laser energy (power) extracted
int —

pump energy (power) deposited

Laser efficiency: m laser energyy (power) extracted

7 ot energy (power) inserted in laser system

Numerous definitions for laser efficiencies can be found in the laser literature. Of partic-
ular importance for short-wavelength lasers are those given in Table 3.1.

The quantum efficiency m, gives the maximum total efficiency m that can be obtained for
a given laser system, when all other processes have an efficiency of 1. The extraction effi-
ciency m,,, describes the efficiency a laser system can obtain for a given pumping process.
Mex Can be maximized by optimizing the resonator parameters. It gives the fraction of excited
states that can not be extracted in the form of laser photons from the laser medium (1 —
M.x) because they are lost to other processes such as absorption in the medium. The intrinsic
efficiency m,, characterizes the overall efficiency of the active medium but disregards the
efficiency for the production of the pump energy. Of ultimate importance for a well-
engineered laser system is its total efficiency m. There are very few laser systems for which
m exceeds 10 percent, none of them operating in the uv or at shorter wavelengths. Excimer
lasers are the most efficient short-wavelength laser sources with n = 0.02 for commercial
systems.

In order to optimize the extraction efficiency of a laser system, we consider again the
four-level laser system (Fig. 3.4). The total number of decays from the upper level per time
is n,/7, and the stimulated-emission rate is oln, = gl. If there is absorption in the system,
the absorption rate o has to be subtracted from the stimulated-emission rate in order to
obtain extracted photon density per time. Consequently, the extraction efficiency is'?

I —
oy = 18— (3.23)
n,/ T,
Inserting (3.17) yields
1 1 o
e =, (1 + 111, 5) G2

This shows that the extraction efficiency is maximized by adjusting the laser flux to the
absorption coefficient « and its bleaching behavior. If the absorption is not bleachable—i.e.,
a is independent of /—the maximum extraction efficiency is obtained easily from Eq. (3.23):

1/2
Nextmae = 1 = 2 (?) + g3 (3.25)
0 0

It can be seen from this formula that the maximum extraction efficiency is a very sensitive
function of g,/a. For M, ... = 0.5 we require g,/o > 12. Consequently, even small residual
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nonsaturable absorptions in a laser medium severely restrict the efficiency for the extraction
of excited states in the form of laser photons.
It is not difficult to see the physical origin

PUMP SOURCE of this behavior of the extraction efficiency.
J { # { & Consider an amplifier with a nonsaturable
absorption (Fig. 3.6). The effective net gain
OPTICAL AMPLIFIER is
Iin Gain : g4, Loss: a Lout
8o
L =g Q= — — 3.26
1 Seit =8 — @ 1+ /1 a ( )

T max When the small signal gain saturates to a

level where g = «, the net gain of the am-
plifier vanishes and no further amplification
takes place. The maximum intensity from an
amplifier is therefore given for g, = 0 which

[
gain = loss

= -gA-
Tmax = Isf a 1

~saturated gain: I~Ig5g,x

yields
Iin T Nexponential gain: I~ I;,e%"
t 8
0 Lo %SLG—Q (3.27)
FIGURE 3.6 Saturation behaior of a homogene-
ously broadened amplifier with nonsaturable loss. When [ approaches [, in an amplifier, the

net amplification equals the nonsaturable ab-
sorption and the photons gained are all lost inside the medium to absorption. These excited
states, therefore, do not contribute to the output intensity, and the extraction efficiency de-
creases dramatically. Using Egs. (3.25) and (3.26), we can easily estimate the maximum
useful length of an amplifier. If we integrate the radiation transport equation for an amplifier:

dl

o = Sl (3.28)

in the range I, < I < [, —i.e., for the saturated amplifier case—we obtain approximately

I(x) = 1,gox (3.29)
Setting I(L,,,.) = I, yields
1
Loy = — <@ - 1) (3.30)
8o \ &

As an example, consider a discharge pumped excimer amplifier (i.e., KrF) with g,/a = 10,
g = 0.1 cm™!, and a saturation intensity of I, =~ 1 MW cm™2 Using (3.26) we obtain
1. =9 MW cm2, which corresponds to a pulse duration of 20 ns, a beam area of 3 cm?,
and an output energy of E,,, = 540 mJ. The maximum useful length is L, = 90 cm. These
are typical values for commercial excimer laser amplifiers.

Finally, we note that the cross section for stimulated emission o, which is the fundamental
atomic constant for each laser system, enters the basic laser parameters in two different
complementary ways. First, the small-signal gain is proportional to the cross section for
stimulated emission. In order to achieve the critical threshold inversion density with mini-
mum pumping requirements, it is desirable to have a system with a large o. Second, in the
presence of losses the maximum output power is proportional to the saturation intensity
which decreases with increasing o and consequently limits the laser output. Laser systems
based on atomic transitions have typically narrower linewidth and atomic systems, but mo-
lecular lasers are, in most cases, scalable to higher output powers than atomic transition
lasers.

‘max
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3.3 ULTRAVIOLET AND VACUUM ULTRAVIOLET LASERS

3.3.1

Ultraviolet (uv) and vacuum ultraviolet (vuv) lasers are distinct from shorter- wavelength
lasers mainly through different techniques for spectroscopy in the respective wavelength
ranges. For ultraviolet lasers good optical materials are available and the radiation can be
transported in air at least as long as the laser power is not too high. For radiation with
wavelengths shorter than 185 nm, the air becomes absorbing mainly owing to absorption in
the Schumann-Runge bands of oxygen, and laser radiation in this wavelength range has to
be propagated in vacuum. Optical window materials with good transmission are available
down to 105 nm, the cutoff wavelength of LiF. Transmission curves for various optical
window materials are shown in Fig. 3.7. UV lasers in this chapter are those where wavelength
is between 400 and ~ 185 nm. VUV lasers are in the wavelength range between 185 and
105 nm. Lasers with wavelength somewhat shorter than 105 nm are also sometimes called
extreme ultraviolet or xuv lasers. There is no clear wavelength distinction between x-ray and
xuv lasers. In this chapter existing uv and vuv lasers are briefly reviewed. The emphasis is
on the underlying physics, in particular the spectroscopy and the pumping techniques for
these lasers. Commercial systems, if available, will be mentioned briefly.

Ioo T T T T T
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FIGURE 3.7 Transmission of window materials
frequently used for uv and vuv lasers. Dielectric
losses are included in the transmission.

Gas Lasers

The pumping mechanisms for most gas lasers are electrical gas discharges. We do not treat
this important subfield of lasers physics in great detail, but rather quote the essential results.
An excellent short review can be found in Verdeyen’s textbook on Laser Electronics.® A
more complete text on discharge physics is Ref. 13, and the gas kinetic processes relevant
for gas lasers are summarized in Ref. 14.

Ion Lasers. Spectroscopy. Consider an atom or ion with a ground state that consists of a
filled or partially filled electron shell. When one electron is excited to a higher energy level,
its binding energy depends strongly on its angular momentum. S-electrons have the lowest
energy from the ground state (i.e., the highest binding energy) because they have a high
probability to be close to the nucleus. Therefore, these s-electrons are attracted by a less
shielded nuclear potential than electrons with angular momentum that are on an average
farther away from the nucleus and move in a potential that is more effectively shielded by
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the remaining electrons in the lower-lying shells. The energy separation between atomic
states that have the same principal quantum number but different angular momentum is
expressed by the quantum defect A(l).

E.
E —_ on . 1
SO 33D

E, , is the binding energy of a singly excited electronic state of an atom or ion with ionization
energy E, , with principal quantum number n. The quantum defect A(/) is a function of the
angular momentum / of the electron and decreases with increasing [. Since the ionization
energy of an ion increases strongly with increasing ionization stage, the energy separation
between states of the same principal quantum number and different / values can vary widely
depending on the ionization stage. For example, for neonlike systems the energy difference
between the 3s and 3p states is on the order of about 2 eV for neutral neon but about 60
eV for neonlike Se®**. This neonlike family of atomic states plays an important role in laser
physics. The He-Ne laser uses these states in neutral neon. The rare gas ion lasers make
extensive use of these states, and even x-ray lasers are based on these schemes. In this
section we describe ultraviolet transitions in rare gas ion lasers. Laser transitions in the
ultraviolet can also be seen in metal vapors, but not many metal uv laser lines are commer-
cially available. In order to have sufficiently large energy separations in the uv, at least doubly
ionized rare gas ions are used in uv rare gas ion lasers. An energy-level diagram of ArlIl is
shown in Fig. 3.8. Most of the laser transitions take place between the 4p and 4s levels, as
discussed before. Some 4p — 3d transitions are also lasing.

Laser Pumping. The quantum efficiency of the 288.5-nm Arlll laser line is given by
(Fig. 3.9)

~ E(4,3P, — 45"*DY)
e ™ E(AM) + E(AMI) + E4,°P)

(3.32)

with E(dp"3P, — 4s3D3) = 4.27 eV, E(Arl) = 15.75 eV, E(Arll) = 27.6 eV, E(4p'*P)) =
28.7 eV, yielding m, = 0.059. These low quantum efficiencies are characteristic of rare gas
ion lasers. Since the lower laser level depopulates sufficiently rapidly by radiation, rare gas
ion lasers can be operated as cw lasers.

Rare gas ion lasers are pumped by electrical discharges. A schematic diagram of an ion-
laser tube is shown in Fig. 3.9. In case of an Arlll laser an argon atom is first doubly ionized
by two subsequent electron impact ionization collisions. A third collision with an electron
promotes the Arlll ion into the 4p state. Since the cross section for electron impact excitation
in these systems is typically larger for the 3p — 4p transitions than for the 3p — 4 transitions,
population inversion between the 4p and 4s states is achieved. The uv ion lasers are pumped
by a process that involves at least three consecutive electron collisions. In order to have a
sufficient rate for such a sequence of collisions, the gas discharges to pump such lasers are
operated at high current densities. Typical for uv ion lasers are currents on the order of 50
to 100 A and a voltage of 300 V across the discharge, corresponding to a total power
dissipation on the order of 15 to 30 kW. Ion-laser plasma tubes are usually enclosed in a
longitudinal magnetic field in order to avoid frequent collisions of ions and electrons with
the wall. This measure reduces the adverse effects of the plasma on the tube wall and
enhances the pumping density. The high pumping power causes considerable stress on the
plasma tube and requires efficient cooling of such systems. Because of the multistep exci-
tation process, the laser output power is usually very sensitive to the discharge current.
Typical single-line laser powers from a Xe-ion uv laser are shown in Fig. 3.10.

Laser Parameters. Today commercial systems are available with single-line cw output
in the uv well in excess of 1 W (Ref. 15). Some of the shortest wavelengths available are a
line at 219 nm in krypton and the Xe 232-nm line (Fig. 3.10). These direct laser lines now
have shorter wavelengths than the output that can be obtained from frequency doubling
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FIGURE 3.9 Schematic diagram of a high-power water-cooled ion-laser tube.

visible ion-laser lines. A total of several hundred uv laser lines have been observed in the
rare gases.'® Some of the more important ones are summarized in Table 3.2.

The Nitrogen Laser. Spectroscopy. Contrary to the ion lasers treated in the previous section
which operate on atomic transitions, the nitrogen (N,) laser is a molecular gas laser. The N,
laser was realized first in 1963.17 More than 440 laser emission lines are known in neutral
N,. Additional laser lines can be found in atomic nitrogen and N;.'®

The most important laser transitions in this molecule are the vibronic transitions in the
ultraviolet between the electronic C°II, and B°II, states of neutral N,. Besides the C — B
transitions, laser emission is observed from the B — A transition in the near infrared. The
transitions important for uv laser action in N, are shown in the partial energy diagram given
in Fig. 3.11. The potential parameters and radiative lifetimes of the relevant transitions are
given in Table 3.3.

The best known, and for discharge pumping the most intense, emission of the N,-laser is
at 337.1 nm, corresponding to the CCII,, v’ = 0) — B(II,, v" = 0) transition. Here v’ and
1" denote the vibrational levels of the upper C and lower B states, respectively. A more
detailed spectral analysis shows that the laser transition takes place on many rotational tran-
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FIGURE 3.10 Output power of uv Xelll and
XelV lines as a function of discharge current in
a modern high-power ion laser.
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TABLE 3.2 Output Power of Selected UV Rare Gas Ion-Laser Lines

Gas A\, nm Discharge current, A Output power, mW
Neon 322-338 65 2300
Argon 275 80 94

288 80 94

300-308 60 475

300-308 80 1020

333-364 80 4300

438 60 345

Krypton 337-356 60 1080
337-356 75 1230

Xenon 282 55 230
308 55 420

sitions which leads to a relatively large linewidth of AN ~ 0.1 nm for this transition. The
Franck-Condon factors to v” for the C(v' = 0) — B(v") transitions are given in Table 3.4."°

The cross section for stimulated emission
estimated according to (3.7)
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FIGURE 3.11 Partial energy diagram of N,. Dis-
charge electrons preferentially pump the C state and
inversion to the B state is created. This leads to lasing
on several vibronic lines of the C — B transition. In
discharge pumped N, lasers the transition at 337 nm
in the most intense laser line.

on the 0-0 transition at 337.1 nm can now be

~ 2107 cm? (3.33)

In order to have a small-signal gain of g, ~
1 cm™!, a population inversion of n = N(C,
vV =0) - NB,vV=0)of n=5-10"cm™?
is required. Since the radiative lifetime in the
B state is considerably longer than in the C
state, the N, laser bottlenecks. This means
that in pure N, gas gain exists only until the
lower laser state, which is populated mainly
by stimulated emission from the upper laser
state, has reached the same population den-
sity as the upper laser state. This effect rep-
resents the main limitation for efficient en-
ergy extraction from the molecular nitrogen
laser.

Pumping. Pulsed gas discharges are the
most frequently used pumping method for uv
nitrogen lasers. Their success is rooted in the
relative magnitude of the cross sections for
electron impact excitation of the B state and
the C state from the nitrogen ground state
N,(X'S7, v = 0) (Fig. 3.11). Since the elec-
tron impact excitation cross section for the
process N,(X) + e~ — N,(B) + e~ is smaller
than for Ny(X) + e~ N,(C) + e in the vi-
cinity of their energy thresholds the high-
energy tail of the electron energy distribution
in a glow discharge will preferentially pump
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TABLE 3.3 Data on N,

State T, cm™! o,, cm™! ®,X,, cm™! r, A T
X'z? 0 2359.61 14.456 1.094 ©
AZ) 50,206.0 1460.37 13.891 1.293 seconds
B, 59,626.3 1734.11 14.47 1.2123 10 ps
I, 89,147.3 2035.1 17.08 1.148 40 ns

the N,(C) state and population inversion between the C and the B state can be achieved.
Since the C state decays into the B state within about 40 ns while the B state lives for ~10
ws (Table 3.3) the N, laser operates only as a pulsed laser in the transient regime and the
discharge has to be faster than the 40-ns lifetime of the upper state.

The major challenge for pumping N, lasers is therefore the development of fast discharges.
For high-power lasers usually striplines with low impedance, often in connection with Blum-
lein pulse formers, are used.?® A typical setup is shown in Fig. 3.12. The discharge between
the metal electrodes excites the laser medium transverse to the laser axis. A typical voltage
between the metal plates is 20 kV. When the switch, typically a hydrogen thyratron, fires
and connects the two metal plates, the left electrode is pulled to zero voltage, the high voltage
is suddenly applied across the electrodes, and a fast discharge between the electrodes com-
mences. More detailed analysis of this circuit actually reveals that the voltage pulse propa-
gation times are dependent on the geometry of the striplines and the dielectric constant of
the medium between the metal plates. For optimum energy delivery to the discharge, the
wave impedance of the stripline should be on the order of the discharge resistance of typically
0.1 Q. The wave impedance of a stripline is given by Z = 377 X (s/w)(e,)"'/?Q), where s
represents the gap and w the width. Since the gap and the width are determined by the
voltage and the laser length, a high dielectric constant is necessary to lower the stripline
impedance. Solid dielectrics are used frequently, but it was demonstrated recently that water
gives good results and has the additional advantage of being self-healing in event of a high-
voltage breakdown.?! This work also demonstrates that pseudo-spark switches can be used
successfully for fast pulsed power laser pumping.

Typical gas pressures in a N, laser range from several 10 torr to more than 1 atm. The
laser pulse duration tends to become shorter with increasing gas pressure. While most com-
mercial systems have typical pulse durations between 3 and 10 ns recently also N, lasers
operating above atmospheric pressure with subnanosecond pulsewidth became available.

Laser Parameters. Nitrogen lasers are capable of very large gains in excess of g, = 1
cm™!. Despite respectable output powers in the range of 100 kW to 10 MW, the energy
output is rarely above 10 mJ, which is due to the short pulse duration caused by bottlenecking
in the lower state. Because of its high gain, the nitrogen laser operates superradiant. One
mirror is used simply to direct the output in one direction and reduces the beam divergence
somewhat, which is usually between 5 and 10 mrad. Typical data for a commercial N, laser

TABLE 3.4 Selected Wavelengths and Franck-
Condon Factors for the N, (C — B) Transitions

Transition 0-0 0-1 0-2 0-3
Wavelength/nm 337 358 380 406
fo” 0.45 0.33 0.15 0.05
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FIGURE 3.12 Schematic of a nitrogen laser with a Blumlein pulse-forming

line.

are given in Table 3.5%2 Other pumping methods have also been used to operate the N, laser.
High-power relativistic electron-beam pumping of Ar/N, mixtures gives higher intrinsic laser
efficiencies. Using this method, N, lasers can be operated on all four vibronic transitions
listed in Table 3.4 Transitions in NJ that give laser emission at 391 and 428 nm can also
be excited by electron-beam or discharge pumping of He/N, mixtures.

Commercial nitrogen lasers are frequently used to pump dye lasers. Although excimer
lasers give higher output powers and shorter wavelength, nitrogen lasers are still used owing
to their cost-effectiveness. The short pulse duration of the N, laser is sometimes of advantage
for studies requiring temporal resolution of ~1 ns or below in laser plasma interaction or
laser-induced fluorescence.

Excimer Lasers. Rare gas halide excimer lasers are the most widely used uv lasers today.
Their active medium constitutes a subclass of a wider class of molecules called excimer or
exciplex molecules. Their common characteristic is an unbound or repulsive electronic
ground state while an electronically excited state forms the lowest bound state of the mol-
ecule. A generic potential scheme of such molecules that also includes major formation
pathways is shown in Fig. 3.13. After formation of the lowest bound state, this state can
decay radiatively into the repulsive ground state. Since the lower laser state decays on the
time scale of the vibrational period of a molecule (1, = 107'3 s), the stimulated-emission

TABLE 3.5 Typical Nitrogen Laser

Parameters

Wavelength 337 nm
Pulse duration 0.5-10 ns
Pulse energy =10 mJ
Repetition frequency =100 Hz
Beam dimensions 20 X 5 mm
Beam divergence ~10 mrad
Bandwidth 0.1 nm

Efficiency 0.1%
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mixture, most of the initial ion population is converted
into excimer molecules. Since the lowest potential
curve is repulsive, population inversion between the ex-
cimer state and the lower state is achieved and intense
laser radiation can be generated.
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rate is limited by of =~ 7;!, which yields / = 10?® cm 2s~! corresponding to about 10'® W
cm~2in the deep uv. For smaller intensities the lower state lifetime and the lower state can
always be considered unpopulated. In this sense excimer lasers are ideal lasers because any
population in the upper state corresponds to an inversion and the inversion density always
equals the upper laser state population density. Figure 3.14 gives an overview of most known
excimer emissions of small, neutral molecules that are suitable for laser applications. These
molecules cover the visible, uv, and vuv range of the spectrum. Several good review articles
on excimers and excimer lasers have been published in the 1980s.4¢In this brief summary
we focus on the rare gas and rare gas halide excimers.

Rare Gas Excimers

1. Spectroscopy. The atomic ground state of Ne, Ar, Kr, and Xe has the electronic config-
uration s?p®('S,), and the first excited configuration s*p’s describes four states. Russel-
Saunders notation is often used to describe these states (‘P, and 3P, ), although the
terms singlet and triplet are not very meaningful for the heavier gases. The structure of
the excited noble gas atoms is very similar to that of the ground-state alkali metals. A
single s electron orbits a core of unit positive charge. Ionic bonds may be formed between
an excited noble gas atom and electronegative atoms or groups to form excimers. How-
ever, in the case of two neutral noble gas atoms, ionic or covalent bonding is not possible,
but the positive molecular ion is strongly bound (~1 eV) and gives rise to a set of bound
Rydberg states for the excimer. Calculations of the potential curves for Xe;, Kr;, and
Ar;, have been made. The curves for Ar, are shown in Fig. 3.15 and are typical of the
heavier noble gases. These indicate the existence of strongly bound (e, ~ 1 eV) 'S}

L +2
S} Ar*R2 32

ENERGY (eV)

FIGURE 3.15 Partial potential-energy diagram of the ar-
gon excimer.
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(0;) and 3=} (O, 1u) states which correlate with the atomic 3P, and 3P, states, respec-
tively, and rather weakly bound 'S} (O;) and *X} (O, 1g) states which also correlate
with 3P, and 3P,. At relatively low pressures, two-body collision processes populate vi-
brational excimer levels close to the dissociation limit and give rise to broadening to the
long-wavelength side of the P, atomic resonance line. This is referred to as the “first
continuum.” At higher pressures (=100 torr), excimers are formed by three-body colli-
sions (*-indicates excited molecule)

Ar*CP,,) + Ar + Ar — Ary(,52;)) + Ar (3.34)

By absorbing energy, the third body enables lower vibrational levels to be populated and
emission occurs over a broad continuum (second continuum) centered at 126 nm for
Ar,. At even larger wavelengths a third continuum is observed (for argon centered at
~190 nm) that has recently been assigned to the ionic excimer transition Ar>* + 2Ar —
Ar*"Ar + Ar; Ar*" + A — Art + Art + .7

2. Laser Pumping. Rare gas excimer lasers
TRANSVERSE EXCITATION are almost exclusively pumped by high-
. current (1 to 10 kA), high- voltage (0.25
: INTRA CELL to 2.5 MeV) electron beams. Typical ar-
_OPTICAL rangements are shown in Fig. 3.16. The
g RESONATOR electron- beam source consists of a high-
voltage generator such as a Marx bank or
pulse transformer, a pulse-forming line to
produce ideally square pulses of 10 to
100-ns duration, and a vacuum diode.
Electron emission is from a cold cathode
which is constructed from graphite, car-
bon felt, or sharp blades to enhance the
COAXIAL EXCITATION local electric fields and produce more ef-
ficient and uniform emission. The anode
consists of a foil, usually of titanium, alu-
& minum, stainless steel, or aluminized di-
R — (¥ electric, which is sufficiently thin (=50
Ti-ANODE-TUBE . .
pm) so as to allow efficient penetration
by electrons with energies of 200 keV or
greater. The maximum current density (J)
supplied by a diode is limited by space-
charge effects and is given by the Child-
Langmuir law

CATHODE .

Ti-ANODE-FOIL

FIGURE 3.16 Transverse and coaxial excitation ge-
ometries used in electron-beam pumped excimer la-
sers.

23 x10°

J 7

V,,,A cm_, (3.35)

where d is the anode cathode separation (cm) and V is the applied voltage (MV). The
pulse duration which may be obtained from a cold-cathode diode is limited by diode
closure which is produced by expansion of a plasma from the cathode with a velocity of
~2 X 10° cm s™! and effectively decreases the anode-cathode separation and therefore
the impedance of the diode. However, high-current pulses of up to 1 s duration may be
generated in this way.

When a transverse diode geometry is used, the gas is contained in a cell and is pumped
in a direction transverse to the optical axis of the laser. Scattering of electrons by the
metallic foil which separates the diode vacuum from the laser gas causes the energy to
be deposited nonuniformly in the gas, the greatest excitation density occurring close to
the entrance foil. More uniform deposition and therefore more efficient use of the pumping
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energy may be obtained using a coaxial geometry where the gas is contained in a thin-
walled metal tube which acts as the anode and is concentric with a cylindrical cathode.
The electrons are accelerated radially inward and excite the gas contained within the
anode. Formation of the upper laser state in electron-beam pumped rare gases is quite
involved.?*2® The main kinetic steps are briefly summarized for the example of the Ar,
excimer. The electron beam (e;,,) generates primarily argon ions and secondary electrons:

Ar + e, — AT + e, T o€ (3.36)

The secondary electrons are cooled rapidly by collisions, and an electron temperature of
a few electronvolts is reached (typically kT, = 1 to 3 eV). Thus, at high pressures (several
atmospheres) the atomic ions undergo rapid three-body collision processes to form mo-
lecular ions:

Art + 2Ar — Ar; + Ar (3.37)

The molecular ions recombine rapidly with secondary electrons to form Ar* (4p) states
that relax rapidly to Ar*(4s) states

Arf + e — Ar* + Ar (3.38)

This dissociative recombination process is most efficient for slow electrons and therefore
constitutes the main heating process for the electrons to stabilize the electron temperature.
Excited argon atoms undergo rapid three-body quenching to the argon excimer molecule:

Ar* + 2Ar — AG(PS,) + Ar (3.39)

Both the singlet and the triplet states are formed in this process. The triplet state has a
radiative lifetime of 3 ws, while the somewhat higher-lying (AE = 1000 cm™") singlet
state has a lifetime of 4 ns. The lasing state is consequently the Ar;('X,) state. In order
to obtain sufficient population in this state, the gas pressure has to be high enough to
ensure rapid vibrational relaxation and efficient triplet-singlet mixing in the atomic and
molecular states. Therefore, the Ar, laser at 126 nm operates typically above 30 atm,
while for the Xe; laser at least 10 atm is required. Early work on rare gas excimers is
summarized in Refs. 24 and 25.

More recently the Ar, excimer laser, which is particularly attractive owing to its short
wavelength of 126 nm, has been operated as a tunable, electron- beam-pumped vuv laser.?®
Wavelength tuning over a 3-nm width from 124.5 to 127.5 nm with a linewidth of 0.3
nm was reported from a coaxially pumped Ar; laser. Frequency tuning was obtained using
a MgF, prism in the cavity. The output pulses had typically a 10-ns pulse duration and a
peak power of 2 MW, corresponding to a pulse energy of 20 mJ. Because of their sub-
stantial output powers and short wavelength, the rare gas excimers are very interesting
vuv lasers. Electron-beam excitation is, however, at the present time the only workable
pumping technique, which limits repetition rate and reliability of such lasers. Efforts to
pump the Kr; transition in a discharge® or the Ar, excimer in a nozzle discharge® have
not yet led to laser emission.

Rare Gas Halide Excimers. The spectra of rare gas halide excimers were first observed
by Golde and Thrush®' and Velazco and Setser,*? in 1974. The first rare gas-halide (RGH)
excimer laser (XeBr) was reported by Searles and Hart* in 1975. Shortly thereafter, lasing
from XeF was obtained by Brau and Ewing.** Initially, these lasers were pumped by intense
electron beams. Subsequently, other rare gas halide lasers were reported. Today, commercial
systems employ volume-uniform avalanche discharges with x-ray, uv, or corona preioniza-
tion. Besides electron-beam excitation, electron-beam-controlled discharges and proton
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beams have been used in experimental devices. The main transitions of the rare gas halides
are shown in Fig. 3.14. They cover the spectrum from the near uv to the vuv. In addition to
the diatomic rare gas halides, triatomic rare gas halide excimers®® can provide tunable co-
herent photon sources in the visible to the uv region of the spectrum (Fig. 3.14). Furthermore
a four-atomic rare gas halide excimer, Ar,F at (430 = 50) nm, was reported in 1986.%¢ Rare
gas halide lasers have been reviewed frequently. This summary follows the treatments by
Brau,'? Hutchinson,? and Obara.?®

1. Spectroscopy. The electronic configuration of an excited rare gas atom is very similar to
that of an alkali metal, i.e., a single S electron orbiting a core of unit positive charge,
and results in a strong similarity between the ionization potentials and polarizabilities of
the metastable states (*P,,) of Ne, Ar, Kr, and Xe and the ground states of Na, K, Rb,
and Cs, respectively. In particular, the excited noble gases form very strong ionic bonds
by charge transfer to electronegative atoms such as the halogens forming excimers which
radiate in the ultraviolet and vacuum ultraviolet. By taking advantage of the similarity
between noble gas halides and alkali halides, the emission wavelengths of many molecules
can be predicted.

Some understanding of why some excimers are formed and radiate with high efficien-
cies while others radiate less strongly or not at all can be gained by considering the
mechanisms by which noble gas halides are formed. Excited noble gas atoms (A*) have
relatively low ionization potentials (4 to 5 eV) and can interact with electronegative
molecules (RX) acting as halogen donors by a charge transfer or ‘“harpooning” mecha-
nism, e.g.,

A* + RX — A* + RX™ (3.40)

where X is a halogen atom. As shown in Fig. 3.17 for the example of KrF, this charge
transfer may take place at relatively large atom-molecule separations (0.5 to 1 nm) where
the covalent (A*, RX) and ionic (A*, RX") potentials curves cross. The donor ion RX-
may then dissociate in the field of the noble gas ion to form the ionic excimer (A*X™)*
in a vibrationally excited state, e.g.,
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FIGURE 3.17 Potential-energy diagram of KrF.
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A"+ RX > (A+RX)—> A+ X)*+R (3.41)

For the reaction of the excited noble gas atom and the donor molecule to lead to the
formation of an excimer, the dissociation energy D(A — X)* of the excimer of A* and X
must be greater than the dissociation energy D(R — X) of the donor molecule; i.e., the
reaction A* + RX — AX* + R must be exothermic. The excimer is therefore formed in
a range of vibrationally excited states. The potential diagram of ArBr is shown in Fig.
3.18. If, as in the case of ArBr, the covalent potentials A + X* cross the ionic excimer
potentials close to their minima, the probability of predissociation (A*X’s-)* — A + X*
is very high, and for this reason no ArBr excimer emission is observed. In ArCl, potential
crossings occur at much higher energies, and although predissociation leading to emission
from atomic chlorine does occur when the excimer is formed from Ar and Cl,, excimer
emission is observed. The relation between ArCl formation and CI; formation is shown
schematically in Fig. 3.19. The ionic B states correlate with the separated ion pair A*(*P)
+ X (1S). The smaller the halogen ion, the smaller will be the equilibrium length of the
ionic A — X bond and so the greater will be the ionic dissociation energy. Since all the
halogen atoms have similar electron affinities (~3 eV), the smallest ions, the fluorides,
will have the lowest B states. Hence the B — X emission wavelengths of the halides of
a given noble gas decrease monotonically with increasing atomic number of the halogen.
The ionization potentials of the noble gases increase with decreasing atomic number, and
therefore B — X emission wavelengths of a given halide of different noble gases decrease
monotonically with decreasing atomic number of the noble gas. The lighter noble gases,
He and Ne, would form excimers with ionic potential minima well above the covalent
potentials correlating with A + X*. Under these circumstances the formation of stable
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FIGURE 3.18 Potential-energy diagram of ArBr.
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of the ArCl* excimer in high vibrational levels leads to the formation of Cli*(*P) which

forms CI¥. (**-indicates doubly excited)

excimers is unlikely, and the only neon-halide excimer emission to be observed is from
NeF. Figure 3.20 shows the emission wavelengths of rare gas halides which corroborate

this simple picture.

Ne | Ar Kr Xe

08 | 193 | 248 351 | ¢
Flolugjt

p | 175|222\ 308
p | 161|206 282
p| P |85 253

FIGURE 3.20 Emission wavelength of rare gas hal-
ide molecules. L: Lasing has been observed. F: Only
fluorescence but no lasing. P: Excimer predissociates
and no fluorescence is observed.

The interaction of a noble gas atom and
a halogen atom gives rise to two states des-
ignated by 122" and 1°II depending on the
orientation of the singly occupied 2p halogen
orbital. However, owing to spin-orbit split-
ting in the ground state of the halogen atoms,
the 2II state is split, giving rise to X(1/2),
A(1/2), and A(3/2) states. Similarly, the
charge transfer interaction between the ex-
cited noble gas atom and halogen atom gives
rise to two ionic states, 2221 and 22II, which
in the absence of spin-orbit coupling would
be almost degenerate. However, spin-orbit
effects are very pronounced in the noble gas
ions where, for example, the Kr*(*P) ground
state is split (?P,,,, >P;,,) by 0.666 eV. Thus
the ionic ZII state which correlates with the
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2P jon ground state is also split into 0 = 1/2 and ) = 3/2 components. The higher-lying
Q) = 1/2 state is referred to as the D(1/2) state and the lower ) = 3/2 state, which is
referred to as the C(3/2) state, is almost degenerate with the B(1/2) state which is derived
from the 237 state. The normal designation of the spin-orbit corrected potentials is, to label
them, A, B, C, etc., in order of increasing energy. Since the B and C states are nearly
degenerate, their designation in terms of the axial angular momentum () may be reversed.

Radiative transitions may occur on the D(1/2) — X(1/2), B(1/2) — X(1/2), and
C(3/2) — A(3/2) transitions. The typical excimer emissions are shown for XeF in Fig. 3.21.
In all the noble gas halides, the A states are strongly repulsive, whereas the X(1/2) state is
at most only weakly repulsive at the internuclear separations at which transitions from the
upper manifolds take place. The B — X bands all show pronounced structure which is
expected for the fairly flat potentials of the lower states. However, the X(1/2) states of XeF
and XeCl are bound by 1065 and 255 cm™', respectively, so that for these molecules, tran-
sitions terminating in these states show normal bound-bound vibrational structure. At high
pressures, the emission bandwidths for B — X transitions are typically 2 nm. Weaker bands
due to C — A emission are observed at longer wavelengths in each molecule. Because they
terminate on the purely repulsive A state, these C — A transitions have much greater band-
width (~70 nm for XeF) than the B — X emission. D — X emission has been observed for
most of the noble gas halides. Since the D and B potentials are approximately parallel and
separated by the atomic 2P'/2 — 2P, ,, splitting, the D — X bands are similar to the B — X
bands, but blue-shifted by an energy comparable to the ionic spin-orbit splitting. However,
there is evidence that the D state is strongly quenched, and at high pressures the emission
is very weak.

The B — X and C — A transitions are of most importance as laser transitions, and an
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FIGURE 3.21 Emission from an electron-beam-excited Ar, Xe, NF; mixture. In addition to the
XeF(D — X), (B— X), and (C — A) transitions, the emission of the triatomic species Xe, is shown.
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accurate determination of radiative lifetimes is therefore important. The experimentally
measured lifetimes of the B — X transition in KrF and XeF are 9 ns and 16 ns, respec-
tively, and compare reasonably well with the calculated values of 6.5 and 12 ns. The
calculated lifetimes for the C — A transitions are much longer (~120 ns) and in the case
of XeF agree reasonably well with the measured lifetime of 100 ns.

The stimulated-emission cross sections can be calculated from a knowledge of the
emission wavelength, bandwidth, and radiative decay times. The cross sections can be
calculated from a knowledge of the emission wavelength, bandwidth, and radiative decay
times. The cross sections for the B — X bands mostly lie within the range 2 to 5 X 107'°
cm?, whereas the C — A transitions with longer lifetimes and broader bandwidths have
much smaller cross sections, e.g., o[XeF(C — A)] = 9 X 10718 cm?.

. Laser Kinetics. The kinetic processes leading to the formation of the upper laser state in

a rare gas halide laser are very complicated because a multitude of neutral and ionic
reactions, such as two-body and three-body collisions, superelastic processes, and ab-
sorption, all take place simultaneously. The kinetic processes for the different rare gas
halide lasers are, in principle, quite similar. The kinetic processes for the discharge-
pumped XeCl laser are discussed here as an example.

A typical gas mixture for a self-sustained discharge-pumped XeCl laser is a 3-atm
mixture of Xe/HCl/Ne. In the discharge ionization and electron attachment lead to
the formation of Xe* and Cl~. The dominant production reactions for XeCl(B) are
Xet + CI- + M — XeCI(B) + M (ion recombination reaction) and NeXe* + ClI- —
XeCI(B) + Ne. A small contribution comes from Xe* + HCI(v) — XeCl(B) + H and
Xes + CI” — XeCl(B) + Xe. Over 23 percent of the electrical energy deposited into the
discharge can be utilized to form XeCl(B).

About 65 percent of the formed XeCIl(B) contributes via stimulated emission to the
intracavity laser flux, but 30 percent of the XeCIl(B) is collisionally quenched. At high
excitation rates of ~3 MW/cm?, collisions of the XeCI(B) with the discharge electrons,
called superelastic collisions, are important. Spontaneous emission is negligible under
typical laser conditions.

Only a fraction of the excited states produced can be extracted because the RGH laser
mixture contains many absorbers at the laser wavelength and consequently has an ex-
traction efficiency of less than 1. The main absorbers appear to be C1~ and Xe;. The
photon extraction efficiency, defined as the ratio of the extracted laser energy to the
intracavity laser energy, is typically in excess of m.,, = 70 percent [Table 3.1, Eq. (3.24)].

If the mixing ratio of Xe/HCI/Ne is varied, the electron energy distribution in the
discharge plasma changes. As a result, formation of precursors Xe*, Xe*, Ne*, and Ne*
is affected. If helium is used as a diluent gas in place of Ne, the electron temperature
changes, resulting in less effective pathways for the XeCl(B) formation.

. Laser Pumping. Discharge technology is well suited to pump high-repetition-rate rare gas

halide lasers. They can operate at laser output energies ranging from several millijoules
per pulse to more than 1 joule at repetition rates up to several kilohertz. A pumping rate
on the order of 1 GW per liter of discharge volume is necessary to produce rare gas
halide laser radiation efficiently [Eq. (3.12)1. The discharge resistance in a rare gas halide
laser is typically around 0.2 Q. Therefore, a typical voltage of 20 kV gives a discharge
current as high as 100 kA. It is difficult to switch such high currents directly, i.e., by
thyratron switches. Consequently, in a typical laser a primary low power and long pulse
is produced in a primary circuit, and subsequently this pulse is compressed in the sec-
ondary circuit into the secondary high power and short pulse, which can efficiently pump
the rare gas halide laser. Discharge pumping circuits developed so far are mainly classified
into capacitor transfer circuit, pulse-forming-line (PFL) circuit, magnetic pulse compressor
circuit, and spiker sustainer circuit, which are shown schematically in Fig. 3.22.

a. Capacitor Transfer Circuit. The capacitor transfer circuit is widely used in relatively
small-scale high-repetition-rate commercial rare gas halide lasers. Resonant charge
transfer (C, = C, in Fig. 3.22) is frequently employed, because the charge transfer
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FIGURE 3.22 Schemes of rare gas halide excimer
laser excitation circuits. (a) Capacitor transfer cir-
cuit; (b) pulse-forming line; (¢) magnetic pulse com-
pression; (d) spiker sustainer circuit.

efficiency from C, to C, is maximized. Figure 3.23 shows a set of typical values for
this type of excitation circuit used to pump rare gas halide lasers. If a 4-atm mixture
of Xe/HCI/Ne = 1.3/0.1/98.6 (percent) is assumed, then the peak value of the pri-
mary current /, is less than 5 kA, which is within the current ratings of thyratrons.
The peak value of the secondary current 7, increases up to about 18 kA. This increase
is due to the fact that L, is much smaller than L,, as shown in Fig. 3.22. The corre-
sponding excitation rate is ~1.6 MW/cm?®, which gives a specific laser energy of
3 J/liter.

Using this type of excitation circuit, a maximum laser efficiency of nearly 3 percent
for both XeCl and KrF lasers can be obtained with output energies of around 300 mJ.
For ArF lasers the efficiencies are typically between 1 and 2 percent.

. Pulse-Forming-Line (PFL) Circuit. The PFL circuit uses a low-impedance (typically
less than 1 Q) PFL consisting of solid or liquid dielectric materials in place of capacitor
C, in the capacitor transfer circuit in Fig. 3.22. Coaxial, parallel-plate, and Blumlein
pulse-forming lines were used for RGH laser excitation.

The advantage of this circuit is that it makes it possible to inject a quasi-rectangular
waveform pulse into a discharge load. The pulse duration and output impedance are
simply selected by changing the length and geometry of the PFL, respectively. This
pumping system is well suited for high-energy XeCl or KrF lasers with output energies
in excess of several joules per pulse.

. Magnetic Pulse Compressor (MPC) Circuit. A magnetic switch consists of a magnetic
core made of ferromagnetic material and is fundamentally different from a gas-



3.28

CHAPTER THREE

HV - ENERGY

|_— SPARK GAPS

()
RS

-y S
PEAKING
- CAPACITORS

a¥aVaVa Vo
SRR

(X Electrode
% ]
% 2 |

$9502020202020202¢

%% 9

' (% Electrode X4
73

J

Y/

HV - ENERGY

Electrode SPARK GAPS
o
n

7

PEAKING
L~ CAPACITORS

0

¢ ,...,.,»,. \
[ )
(K Electrode XX
O O0.0.9.5%

FIGURE 3.23 Preionization techniques. UV and corona
preionization are used in small high-repetition-rate lasers,
while x-ray preionization is employed for large-volume
high-energy excimer amplifiers.

discharge switch such as a thyratron. A three-stage magnetic pulse compressor is sche-
matically shown in Fig. 3.22. The capacitor C, is charged through the transformer from
the storage capacitor. Initially, the current through the first magnetic switch is small
owing to its large inductance, and charge builds up on the capacitor C,. When the
current through the magnetic switch increases, the inductor saturates and the current
rise accelerates, leading to a faster charging of capacitor C,. If these magnetic switches
are connected in series, the primary pulse is successively compressed only by decreas-
ing the saturated inductance of the magnetic coils. The magnetic switch can be used
as a long-life or solid-state switch, because it experiences no erosion and can act
reliably at a high repetition frequency. It is also used in connection with thyratrons to
limit the currents through the thyratrons and thus increase their lifetime.

. Spiker Sustainer Circuit. The spiker sustainer circuit is an advanced excitation circuit

for rare gas halide lasers. The low-impedance pulse-forming line sees initially the
discharge load being an open load so that the voltage pulse is reflected owing to the
impedance mismatch. To eliminate this unfavorable voltage reflection, a high-voltage
high-impedance pulser initially breaks down the laser gas mixture and then a second
power supply maintains the discharge plasma, for efficient pumping of the excimer
laser. The former is called a spiker, the latter a sustainer. This scheme is more com-
plicated than the PFL circuit alone, but higher overall electrical efficiency is achieved,
because of better impedance matching.
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e. Commercial Systems. To initiate a volumetrically uniform avalanche discharge in the
2- to 4-atm rare gas-halogen mixture, preionization of the high-pressure mixture prior
to the initiation of the main discharge is indispensable. Spatial uniformity of the preion-
ization in the rare gas-halogen mixture, especially perpendicular to the discharge elec-
tric field, is the most important issue. Typically, preionization electron densities are on
the order 10° to 10'*/cm?.

A variety of preionization technologies developed so far are shown in Fig. 3.23. The
simplest and most convenient preionization technology is uv photopreionization using a
photoelectron emission process. The uv photons are generated by the use of a pin-arc
discharge or a dielectric surface discharge, both of which are induced in the laser gas
mixture, and uv excimer laser beams. UV preionization via pin-spark discharge is widely
used in commercially available excimer lasers. X-ray preionization technology was suc-
cessfully applied to high-pressure excimer lasers, and has been used preferably in large-
scale excimer laser devices. The effect of the preionization electron density is significant,
and it has been shown experimentally that the excimer laser energy and laser pulsewidth
increase with increasing initial electron density.

High-repetition-rate operation of rare gas halide excimer lasers is desirable for high
average-power generation. Thyratrons have been commonly used as a switching element.
The performance of the switch is one of the repetition-rate-limiting issues. The allowable
rise rate of the current for a thyratron is less than 10'! A/s, while that of a gas-insulated
spark gap reaches 10'* A/s.

Because of rapid progress in both the pulsed power technology involved in the mod-
ulator and laser gas purification, operations at repetition rates of up to 2 kHz and an
average laser power of up to 0.5 kW have been demonstrated separately.

For attaining the nearly endless lifetime of a RGH laser exciter, an all-solid-state circuit
is the state of the art and appears to be promising. At present, commercially available
high-power semiconductor switches have been developed, but their specifications in terms
of hold-off voltage, peak current, and current-rise rate do not yet fulfill the switching
requirements for efficient rare gas halide laser excitation.

In addition to the high-repetition-rate exciter, gas purification and aerodynamic tech-
nologies such as a fast gas-circulation system and an acoustic damper at repetition rates
exceeding the multikilohertz range are required to realize long-life high-repetition-rate
operation of the RGH lasers. Lifetimes in excess of 10 shots have been demonstrated to
date.

A typical commercial excimer laser system using a capacitor transfer system is shown
in Fig. 3.24. The thyratron switches the energy stored in the storage capacitor to the
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FIGURE 3.24 Excimer laser system using capacitor transfer circuit. The energy is switched by a thy-
ratron from the storage capacitors to the peaking capacitor. A low-inductance connection with the discharge
electrodes initiates a glow discharge in the laser chamber. The back mirror of the resonator is usually
highly reflecting, while the output coupler is often left out.
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peaking capacitor which are connected by a low-inductance connection to the discharge

electrodes. A glow discharge in the excimer laser gas mixture is initiated, and high gain

on the B — X transition is obtained. The rear mirror is highly reflecting. Because of the
high gain, the laser operates in the ASE mode and an output coupler is often not necessary.

Commercial excimer lasers are capable of operating on all B — X transitions that have

been demonstrated (Fig. 3.25). Most commonly used are the transitions of ArF (193 nm),

KrF (248 nm), XeF (351 nm), and XeCl (308 nm). Table 3.6 summarizes the typical

parameters for an advanced industrial excimer system. Similar parameters are obtained

for research lasers. Since the beam divergence and the linewidth are relatively large in
excimer lasers, oscillator amplifier versions are available that reduce the beam divergence
to less than 50 prad, while the other laser parameters remain about the same as in Table

3.6.

Excimer lasers are the most widely used ultraviolet lasers today. Their main scientific
application is the pumping of dye lasers. In industry, excimer lasers are beginning to be
employed for materials processing (mainly laser ablation), and advanced line narrowed
systems are being developed for applications in submicrometer lithography.

The Halogens and Interhalogens. Although the known laser transitions in the homo-
nuclear halogens and heteronuclear halogens (interhalogens) are, in fact, bound-bound elec-
tronic molecular transitions, they behave in many respects so similar to the rare gas halide
excimers that they are frequently classified as excimer lasers (Fig. 3.14).

Lasing in the ultraviolet and the visible has been observed in all homonuclear and inter-
halogen molecules. The laser wavelengths are summarized in Table 3.7. The interhalogen
laser transitions are discussed in Ref. 37. These lasers are capable of emitting energies in
the millijoule range in conventional excimer laser discharges. Owing to the complicated
chemistry in providing the halogen donors, this class of lasers has not found many practical
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FIGURE 3.25 Partial energy diagram of the F, molecule.
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TABLE 3.6 Typical Parameters of Industrial Excimer Laser Systems

Laser medium KrF XeCl
Wavelength, nm 248 308
Max. stab. pulse energy, mJ 500 500
Max. repetition rate, Hz 250 300
Max. stab. average power, W 125 150
Pulse duration, ns FWHM 26 30
Pulse-to-pulse fluctuations, (+ %) typ. 6 6
Beam dimensions, mm?, typ. (v X h) (28.0 = 2) X (8.0 =
1.0)

Divergence, mrad, typ. (v X h) <45 X 1.5
Angular pointing stability, mrad, typ. (v X h) 0.45 X 0.15
Scheduled gas-exchange interval, h (10° pulses), typ. 8 (7.2) 20 (21.6)

Dynamic operation

Static operation, days, typ. 2 5
Scheduled window-cleaning interval, gas fills (10° pulses) typ. 1(7.2) 1 (21.6)

applications. Of particular interest among the homonuclear halogen lasers is the fluorine (F,)
laser which emits at 158 nm. This vuv wavelength is the shortest laser wavelength available
in a commercial laser system. We therefore briefly discuss the spectroscopy and kinetics of
the F, laser which is in many ways similar to that of the other homonuclear halogen lasers.

A partial potential energy diagram of F, is shown in Fig. 3.25. The upper laser state, the
D'('X}) state, correlates to the ion states F* and F~. As in a rare gas halide molecule the
electronic transition to the covalent A,('S)") state is a charge transfer transition which leads
to a sizable transition moment. The fluorescence spectrum of the F,-laser transition is shown
in Fig. 3.26. It reflects the complicated vibrational-rotational structure of a bound-bound
transition. The observed laser transitions are marked by arrows.

It was first theoretically predicted that unusually high buffer gas pressures of about 8 atm
would lead to an efficient operation of the discharge pumped F, laser in a helium-fluorine
mixture.*® The main kinetic steps for the formation of the upper state proceed as follows:
He*(1s52sS,) is formed efficiently by the discharge electrons through electron impact exci-
tation or recombination of helium ions. Collisions with F, molecules lead to the formation
of excited atomic fluorine F*(*P):

He* + F— He + F* + F (3.42)

Collisions of the excited fluorine atom with F, molecules form the upper laser state:

TABLE 3.7 Laser Wavelength of the
Halogen and Interhalogen Molecules

F Cl Br 1
F 158 284 354 490
Cl — 258 314 431
Br — — 292 386

I — — — 342
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FIGURE 3.26 Fluorescence spectrum of the F,(D' — A’) transition. The lasing transitions
are marked by arrows.

F*+F,— FWD') +F (3.43)

Since the lower laser state is weakly bound, collisions with neutral helium help to depopulate
this state, leading to more efficient laser operation. There are therefore two major reasons
for the unusually high pressure regimes for efficient F, laser operations. High excitation rates
in the discharge are required for sufficient population inversion which is favored by high
pressure, and high pressures give sufficient collision rates for effective depopulation of the
lower level. F, lasers can be operated in pulsed discharges such as those used for rare gas
halide lasers (Fig. 3.24). For efficient operation, several modifications are, however, neces-
sary.* The high-pressure operation requires a gas container that is capable of withstanding
pressures on the order of 10 atm. Also, the electrodes need to be modified for F, lasers. The
vuv wavelength in combination with high pressures makes the laser output very sensitive to
impurities. Cryogenic gas purification is therefore necessary for reasonable gas lifetimes. In
Table 3.8 the typical operation conditions for a commercial F,/ArF laser are given. The main
applications for F, lasers are still being developed. They are beginning to be used for the
pumping of other gas and solid-state lasers (see Other UV and VUV Gas Lasers and Sect.
3.2), vuv photo-chemistry, and materials processing.

Other UV and VUV Gas Lasers. 1t is evident from Fig. 3.1 and the previous chapters that
there are still only very few deep uv and vuv lasers available for application, and the available
wavelengths are severely restricted. Even when frequency shifting by nonlinear optical tech-
niques is employed, it is difficult to generate tunable coherent radiation below 200 nm, and
the spectral power of the available tunable sources in the vuv is considerably smaller than
for longer wavelengths. This establishes a need for direct laser sources at wavelengths below
about 200 nm for a variety of initially scientific applications in spectroscopy, photochemistry,
imaging, or materials processing. In this discussion several new ideas to develop useful deep
uv and vuv lasers are summarized.
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TABLE 3.8 Typical Parameters for a
Commercial F, (ArF) Laser System

Laser medium F, ArF
Wavelength, nm 158 193
Max. pulse energy, mJ 60 100
Max. repetition rate, Hz 50 50
Max. average power, W 3 5
Pulse-to-pulse stability, + % 8 10
Pulse duration, ns 18 10
Gas lifetime, 10° shots 5 8
Beam dimensions, mm? 8 X 13
Beam divergence, mrad 1 X3
Timing jitter, ns 2

The Fluorine Laser Pumped Nitrogen Oxide Laser. The fluorine laser is a fixed- wave-
length laser in the vuv at 158 nm. It is appealing to use this laser to pump other possibly
tunable sources in the deep uv and vuv. One such system was recently realized by Hooker
and Webb.*® The X?II ground state of NO is excited by an F, laser at 158 nm to the B’ A
excited state. Since the rotational-vibrational transitions of the NO molecule are not in exact
resonance with the F, laser line, a magnetic field is employed to Zeeman-shift the NO
transitions into resonance with the F, laser. This measure provides a strong enough excitation
of the B'?A upper laser level to generate gain on transitions to higher-lying vibrational levels
of the NO electronic ground state. Strong laser oscillation on a single rotational line of the
B'—X(3—10) transition of NO at 218.11 nm was observed. Many more lines between 160
and 250 nm in NO can be excited by the same scheme.

VUV Atomic Laser Transitions Pumped by Laser-Produced Plasmas. Optical pumping
was the method employed for realizing the first laser and is still today one of the most
frequently used techniques for laser pumping. If a laser is used in a one-photon optical
pumping process, only longer-wavelength transitions can be excited. Incoherent, bright op-
tical pump sources are therefore desirable to push deeper into the vuv. It was realized in the
1970s that laser-produced plasmas provide a bright source of soft x-rays, and schemes were
developed to use such sources for the pumping of atoms or ions. Most of these schemes rely
on the fact that the photoionization cross section for inner-shell ionization is large. In this
way core-excited atoms can be generated that then undergo further Auger- and Super
KosterKronig decays that lead to the population of the upper laser level.

As an example the Xelll laser at 109 nm, first demonstrated in 1986,*' is discussed. A
simplified energy-level scheme is shown in Fig. 3.27. Soft x-rays from a laser-produced
plasma generate a hole in the Xe 4d shell. The resulting ion state undergoes rapid Auger
decay into both the upper and the lower laser state with a comparable branching ratio.
Inversion results from the higher degeneracy of the lower level. An advanced traveling-wave
excitation scheme for this laser is shown in Fig. 3.28.4> A 500-mJ, 0.5-ns pulse of a Nd:
glass laser (1064 nm) is focused by a cylindrical lens under oblique incidence onto a threaded
target. The laser has an intensity of 5 - 10’ W c¢cm™2 on target and generates numerous
microplasmas along the threaded rod. The soft x-ray spectrum emitted from those plasmas
can be approximated by a blackbody spectrum with a temperature on the order of 10 to 20
eV. The soft x-rays pump the Xe gas surrounding the target, leading to inversion in Xelll
and emission of 109-nm laser radiation along the target. Owing to the short pulse duration
(0.5 ns) of the pump laser, a traveling-wave effect is realized, and the xenon laser emits
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FIGURE 3.27 Partial energy-level diagram of Xe showing the levels rel-
evant to photoionization and to Auger pumping of Xelll.

preferentially in the direction of the traveling excitation pulse. Laser lengths of up to 25 cm
have been realized, and the Xe laser output was saturated. Total energies of up to 10 nJ at
109 nm were extracted. The laser shows good spatial coherence and is focusable to intensities
in excess of 10° W cm™2. Since this laser has short vuv wavelength and is relatively easy
to operate at repetition rates of up to 10 Hz, it is presently being developed as a source for
vuv imaging applications. Other similar atomic transition lasers have also been demonstrated
in ZnlII at 130 nm* and neutral Cs at 97 nm.** While the ZnlII laser is quite similar to the
XellI laser, the neutral Cs laser is excited by the electrons emitted from the laser-produced
plasma.

The Molecular Hydrogen Laser. The molecular hydrogen laser has two emission bands
in the vuv: the Lyman band in the vicinity of 160 nm and the Werner band at about 115
nm. Numerous rotational and vibrational lines in both bands have been observed as laser
lines with a variety of different pumping techniques. Since the radiative lifetime of the upper

1064 nm
PUMp beam /g5 5 109 nm
[

iL laser beam

cylindrical ——
25¢cm

FIGURE 3.28 Pumping geometry for a saturated 109-
nm XellI laser.
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laser states are in the 1-ns range (i.e., 0.6 ns for C'II, v' = 1 state the upper laser state for
a Werner band laser), the pump sources have to be sufficiently fast to compete against
spontaneous decay. In the 1970s fast discharges and relativistic electron beams were used to
pump this laser.*>*¢ Recently, intense lasers and photoelectrons generated by the soft x-rays
from a laser-produced plasma were employed.*” With an experimental setup similar to the
one shown in Fig. 3.28, saturated output on the 116-nm Werner band line was obtained. As
in the case of the Xelll laser, the requirements for pumping this laser are relatively modest.
A 580-mJ, 200-ps Nd: glass laser can be used to produce saturated output from the H, laser.
The H, laser usually emits on several lines simultaneously. Since the lower laser states are
the higher vibrational states of the electronic ground state of H,, this laser bottlenecks and
the output energy on each individual line rarely exceeds 1 wJ.

Ionic Excimers. At this time excimer lasers, in particular the rare gas halide lasers,
clearly are the most useful lasers in the ultraviolet. Therefore, it appears interesting to extend
the excimer concept to shorter wavelengths. As outlined in this chapter, rare gas halides are
ionically bound states of a rare gas atom Rg* and a halogen ion X~. Similar electronic states
should occur in a molecule that is formed by a doubly charged alkali atom A%" and a halogen
ion X~. Such molecules were first postulated in 1985.*® This idea of isoelectronic scaling of
ionically bound states can be extended to other systems. For example, the rare gas alkali
ions of the form Rg*A can be considered isoelectronic to the rare gas excimers (see pages
3.19-3.21). In recent years many of such new molecular states were observed spectroscop-
ically. These alkali halide ionic excimer transitions in Cs**F~ (185 nm), Rb**F~ (130 nm),
and Cs?*Cl~ (208 nm) can be efficiently excited by photoionization pumping with soft
x-rays from laser-produced plasmas.*® Transitions from the rare gas alkali ions ranging from
60 to 200 nm have been observed by ion- beam excitation of rare gas alkali mixtures.>
Although the fluorescence efficiencies of ionic excimer molecules appear to be high enough
and their cross sections for stimulated emission are comparable with those of the rare gas
halide and rare gas excimers, no ionic excimer lasers have been demonstrated to date. Further
development of laser pumping techniques is, however, expected to lead to a successful ex-
citation of ionic excimer lasers at many vuv wavelengths.

3.3.2 Ultraviolet Lasers in Solids and Liquids

Solid-state lasers and lasers in liquids (in particular dye lasers) are discussed in Chaps. 4
and 5. Here we concentrate on the few aspects that are important for operation of these
lasers at wavelengths below 400 nm.

Dye Lasers in the Ultraviolet. With the development of rare gas halide excimer laser pump
sources, the short-wavelength limit for dye lasers could be extended to ~320 nm. Now
tunable sources in the ultraviolet between 400 and ~320 nm are commercially available.
Dyes are organic molecules diluted in liquids (solvent) that are excited from their electronic
ground state (S,) to the first singlet state S, by the pump source, which is for ultraviolet dyes
usually a XeCl excimer laser (308 nm) or a nitrogen laser (337 nm). The electronic states
formed by the 11-electrons of these molecules consist of so many rotational-vibrational
substates that they are broadened over an energy range of typically 0.2 to 0.5 eV. In practice,
these states behave similar to bands in a solid in the sense that light emission can occur
from any substate of the excited S, state to any substate of the S, ground state. Since the
energy bandwidth of these states is considerably larger than thermal energies at room tem-
perature, and since the relaxation within each electronic state proceeds on a subpicosecond
time scale, any pump source that populates a set of sublevels in the upper S, state will cause
rapid population of the lowest sublevels of the S, state. Owing to rapid relaxation within the
S, ground state, the higher-lying sub-levels of S, will have population densities well below
the lowest S, levels, and a population inversion between the upper and lower state which



3.36

CHAPTER THREE

will be obtained. The broad excitation bands S, and S, lead to a wide tuning range for dye
lasers. The physics and technology of dye lasers have been reviewed frequently.>’> In Table
3.9 the properties of the most frequently used uv-laser dyes are summarized.>

Since the emission band of dyes is always Stokes-shifted with respect to their absorption
band, the pump wavelength has to be shorter than the wavelength of the dye laser radiation.
Since efficient shorter-wavelength sources than XeCl at 308 nm are available (for example,
KrF at 248 nm or ArF at 193 nm), the short-wavelength end of dye lasers is obviously not
limited by the pump source. Also, energy solvents are transmissive to wavelengths of about
200 mm which would allow for dye laser action below ~320 nm. The main reasons for the
present short-wavelength limit of dye lasers are the increasing tendency for dyes to decom-
pose and form chemically active radicals with decreasing pump wavelength,>? as well as a
generally decreasing transition probability from the lowest S, states to the S, states with
increasing transition energy.

All uv dye lasers discussed so far are pulsed lasers. CW dye lasers in the ultraviolet are
limited by the availability of strong cw pump sources in the uv, as well as dye lifetime
problems. The shortest wavelength available for commercial cw dye lasers is just below 400
nm, with polyphenyl pumped by the uv lines of Ar+ and Kr* ion lasers. Ultraviolet dye
lasers find primarily research applications, for example, for laser-induced fluorescence or
nonlinear optics.

Ultraviolet and Vacuum Ultraviolet Solid-State Lasers. Although solid-state lasers are very
important for the generation of uv-vuv coherent light by the methods of nonlinear optics,
there are few solid-state lasers that emit directly in this spectral region. The problems that
are associated with uv operation of solid-state lasers are similar to those for dye lasers. Solid
laser materials with favorable optical and mechanical properties® for uv laser operation and
uv-vuv pump wavelength are rare, and their long-term stability under typical operating con-
ditions for solid-state lasers decreases with decreasing pump and operating wavelength. Ow-
ing to the availability of new, convenient short-wavelength pump sources such as the F, laser
at 158 nm, however, there has recently been substantial progress toward new uv-vuv solid-
state lasers. In the 1970s a class of host materials based on rare earth fluorides in combination
with Nd**, Er**, and Tu®*" ions was identified as promising uv-vuv solid-state laser candi-
dates.>® One of these materials, Nd** doped LaF,, was successfully pumped by fluorescence
from electron-beam-excited Kr¥ at 146 nm and showed laser emission at 172 nm.>® With an
F,-laser pump source at 158 nm, output energies in excess of 3 mJ were obtained from Nd**:
LaF; at 172 nm.”’

3.4 X-RAY LASERS AND GAMMA-RAY LASERS

3.4.1 X-Ray Lasers

Fundamentals of X-Ray Lasers. The physical concepts leading to soft x-ray laser action
in laser-produced plasmas have been known for many years but detailed solutions to the
practical and theoretical problems of demonstrating soft x-ray or xuv lasers have been found
only recently with the use of multiterawatt laser systems. This chapter summarizes the most
important aspect of soft x-ray lasers, following recent reviews of the field.**-°° Shown in Fig.
3.29 is the absolute spectral brightness of xuv and x-ray sources. Even spontaneous x-ray
emission from laser-produced plasmas exceeds that of synchrotron sources considerably.
XUV and x-ray lasers offer unsurpassed spectral brightness, which could alter new appli-
cations in areas such as materials processing or medical imaging.

The only difference between an xuv laser and a more usual visible light laser is that the
laser transition is an xuv frequency. Such transitions occur in high-temperature plasmas of
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TABLE 3.9 Properties of UV Laser Dyes

Dye Tuning range, nm Efficiency, % Pump laser
BM-terphenyl 312-352 4 KrF
P-terphenyl 332-350 8 XeCl
DMQ 346-377 8 XeCl
QUI 368-402 11 XeCl, N,
BiBuQ 367-404 10 XeCl, N,
rBBQ 386—420 7 XeCl, N,

highly charged ions and electrons. The reason can be seen in Bohr’s elementary model of a
hydrogenlike ion illustrated in Fig. 3.30. The positive nucleus, with one orbiting electron,
has a system of energy levels in which the transition energies are

hv = Z%hv, (3.44)

where Z is the charge number of the nucleus and hv,, is the transition energy of the corre-
sponding transition in a hydrogen atom (Z = 1).

For example, the Balmer « transition illustrated in Fig. 3.30 emits xuv photons (hv — 68
eV) when Z = 6. The hydrogenlike ion is produced by removing five electrons from a carbon
atom, leaving a positive nucleus with a single electron, which is isoelectronic to a hydrogen
atom. Such isoelectronic scaling to higher Z shifts the emitted frequency toward the x-ray
region.
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limit when population inversion is obtained between
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Production of highly charged ions in plasmas is described by an equation due to Saha
and requires high temperatures such that the energy k7 in collisions between electrons and
ions is an approximately constant fraction f of the ionization energy Z°E,,

kT = fZ°E, (3.45)

Here E,, = 13.6 eV is the ionization energy of hydrogen.

A major problem to implement xuv lasers is to find methods of creating a population
inversion when nature tends to create thermal equilibrium in which the well-known Boltzman
relations apply, giving no amplification at any temperature. Thermal equilibrium is a con-
sequence of thermodynamic detailed balance in which each transition-inducing process is
balanced by its inverse process. For example,

A+e = A" + 2¢ (3.46)

Here collisional ionizations are balanced with three-body recombination. Collisional pro-
cesses are always balanced by their inverse, and therefore in the limit of high plasma density
where collisions are dominant, thermal-equilibrium-level populations prevail. Spontaneous
radiative transitions are most rapid across large energy gaps (A « v? * Z*), whereas for
collision-induced transitions (of rate K,,nn,, where n, and n; are the number densities of

i'tes

electrons and ions) the opposite is true, with the rate coefficient K,, scaling as
K, o« v'kT "2 ™32 c Z73 (3.47)

The result is that we can identify in a plasma of lower density a ““‘thermal limit,” as illustrated
in Fig. 3.30. Above the limit where energy levels are closely spaced collisions dominate,
and below the limit radiative rates are greater than collisional rates. Radiative processes are
not in detailed balance unless spontaneously emitted photons are reabsorbed by the plasma.
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This will not occur unless the plasma volume is large. Thus levels below the thermal limit
need not be in thermal equilibrium, and with suitable tricks, population inversion can be
created—for example, between levels of principal quantum number » = 3 and n = 2 in Fig.
3.30.

In isoelectronic scaling of laser mechanisms to shorter wavelengths, it is generally nec-
essary to preserve the balance between radiative and collisional processes, so that the thermal
limit remains at the same principal quantum number. From the preceding discussion, it
follows that the temperature kT o Z? and the particle number density N « Z7 require plasmas
of progressively higher temperature and density for lasers of higher frequency.

A basic characteristic of any plasma laser is the scaling with frequency v of fluorescent
intensity and therefore of pumping intensity per unit of gain coefficient. The emission from
laser-produced plasmas under conditions ideal for soft x-ray laser production is Doppler-
broadened. Consequently, the linewidth scales as Av ~ v\/i%w when T is the plasma tem-
perature. Higher x-ray laser transition energies require higher plasma temperatures, and
plasma temperature has to scale as k7' ~ v. This gives Av ~ v¥/? and with Eq. (3.13) for
the necessary pumping power:

P o p*5 (3.48)

With laser-produced plasmas giving the most intense laboratory xuv brightness, as shown in
Fig. 3.29, it is not surprising to find them as the first xuv laser media.

Experiments have mostly involved laser beams concentrated into line foci to create elon-
gated cylindrical plasmas of small diameter from fibers, thin foils, and solid targets as shown
in Fig. 3.31. The amplification of spontaneous emission in a single transit along the plasma
column gives an exponentially increasing intensity with increasing length which can be
detected for small exponents g/, in the axial-transverse intensity ratio [exp(gl/) — 1]/gl and
for large values of g/ in obvious exponentiation with length. For g/ = 8 the ASE has a
narrow beam angle and for gl > 15 saturation of the ASE laser occurs with stimulated
emission becoming more probable than spontaneous emission.

Laser beam W Laser beam
/ t
b L.aser medium
Mirror \ ,
\ ? ] W _Laser beam
N Lo } -
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FIGURE 3.31 Schematic single-pass (a) and double-
pass (b) ASE lasers. (¢) Schematic model of plasma
production by a laser beam focused onto a line.
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The characteristics of saturated single-transit ASE in a laser include high power density
and narrow bandwidth. The spectral brightness is extreme and, as indicated in Fig. 3.29,
exceeds by many orders of magnitude that of any other source.

Collisional Excitation. A major breakthrough in xuv lasers was achieved in 1985 using
the world’s most powerful laser (NOVA in the United States) with an ingenious design of
target to obtain laser gain on 3p — 3s transitions of Ne-like Se?**.®! The mechanism is
illustrated in Fig. 3.32 and relies on strong 3s — 2p resonance emission to depopulate the
3s level. The 3p levels are populated both by collisional excitation from 2p to 3p, by die-
lectronic recombination, and by cascading from higher levels, and have no allowed radiative
decay to 2p. The temperature is as high as possible without ionization of the Ne-like ions
to maximize collisional excitation, and the density as high as possible without collisional
thermalization of the 3s and 3p levels (that is, the local thermal equilibrium (LTE) limit is
between n = 3 and n = 4).

The best conditions are therefore k7 = 1000 eV and n, ~ 10*° cm™3, and the plasma
must be small enough in lateral dimension for resonance emission to escape without reab-
sorption. Both requirements have been achieved with a thin film target (750 A of Se on 1500
A of polymer) irradiated in a 200-pm-wide line focus with 10> W cm™! in a 500-ps pulse
of wavelength 0.53 wm. A gain coefficient of 4 cm™ on J = 2 to 1 transitions at 206 and
209 A has been observed with a maximum gain x length g/ ~ 14, giving a factor of 10°
single-transit amplification! The output power is 10° W in a 200-ps pulse and the beam
divergence 200 mrad. Refraction in the plasma begins to be a problem at the long (5 cm)
length, with the beam being deflected out of the region of gain.

Isoelectronic scaling to Mo** has been demonstrated irradiating a similar thin-foil target
with 2 X 10" W cm—1, and laser amplification with g/ up to 7 has been observed on
transitions in the range 106 to 140 A.

Further progress to shorter wavelength has been achieved with an analogous scheme using
4d-4p transitions in Ni-like ions. The 3d '’ closed shell of the Ni-like ion is very stable, and
the excitation energy of the 4d level is significantly smaller relative to the 4d-4p transition
energy than in the analogous Ne-like scheme. Successful isoelectronic extrapolation to Yb***
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at 51 A has been achieved. The scheme has some prospects for laser action in the water
window below 44 A. Using very high pump power, gain has been observed in W#¢™,

Recombination X-Ray Lasers. A quite different class of xuv lasers is based on transient
production of population inversion in a rapidly recombining laser-produced plasma. The
initial state is a fully ionized plasma of bare nuclei and free electrons at high density pro-
duced by laser irradiation of a solid target. The hot surface layer of plasma explodes and
cools adiabatically, as illustrated in Fig. 3.33. When it reaches the density at which the LTE
limit is at about n = 3 and the levels above n = 3 are in Saha-Boltzmann equilibrium with
the cool free electrons, population inversion is produced. The equilibrium above n = 2 is
very rapid, and there is no time lag relative to the cooling process. The n = 2 level has a
lower LTE population because of depopulation by the Lyman-a transition in inner and outer
regions of the plasma and enhances the escape of resonance radiation. The plasma radius
must still be small for this to occur. The ground state n = 1 is populated well below the
equilibrium level because of the rather slow processes of recombination to it. Population
inversion and gain is thus established for the 3-2 Balmer-a transition.

This scheme has been studied in detail for C>" by numerical and analytical modeling,
leading to the conclusion that optimum conditions can be obtained with a laser-irradiated
carbon fiber target in which the initial plasma is at 10*! cm™3 and 200 eV, obtained by 70-
ps 0.53-pm pulse irradiation of a 7-pwm-diameter fiber at 0.3 TW cm™!, with 10 percent
absorption of the incident power. The plasma expands to a density of 2 X 10" cm™ at 30
eV temperature in less than 1 ns when significant gain (~10 cm™") is predicted.

Gain of 4 cm™' for length up to 1 cm giving 50 X single-transit amplification has been
recorded for hydrogen like C>"Ha at 182 A with a carbon fiber irradiated as specified earlier.
Isoelectronic scaling of the fiber scheme has also been investigated, and modeling has shown
a pump-power requirement scaling as Z* with gain produced at higher final density scaling
as Z7.

A dramatically higher gain has been seen for C° "Ha laser action in a magnetically
confined laser-produced plasma with g/ ~ 6. The cylindrical plasma is produced by a CO,
laser pulse of 4 X 10° W and 75-ns duration of 10.6-pm wavelength, focused to a spot on
a solid carbon target. An axial field of 9 tesla confines the plasma flow to a narrow cylinder
almost 1 cm long in which gain is produced in a cool boundary layer. The mechanism is
not well understood and not readily scaled to shorter wavelengths, but the gl/P is almost
1000 times better than the other schemes illustrated in Fig. 3.34, and the long pulse duration
favors the future use of a resonator.

The efficiency advantage of H-like recombination arises from the more favorable ratio of
laser transition energy to ionization energy of the laser ion, and the situation is slightly more
favorable again for recombination from the next lower stable ion configuration (He-like) to
Li-like, as shown in Fig. 3.34.

This fact has been exploited in experiments with Al'°* in which gain was initially ob-
served on the 103/106 A 5f-3d transitions using a 6 X 10° W, 1-pm, 20-ns pump laser
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FIGURE 3.33 Schematic diagram of the fiber-target H-like recombination laser.
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FIGURE 3.34 Comparison of the laser transition en-
ergy and excitation energy of the laser upper state for
different xuv laser schemes discussed in the text.

to irradiate a solid Al target. The g/ values were low (~2) and the gain coefficient was
=2 cm™', but the gl/P was very high.

Recently, interesting proposals have been discussed to use ultrashort-pulse, ultrahigh-
brightness laser sources to pump x-ray lasers.®* Such lasers could produce initially very cold
plasmas by field ionization which would lead to rapid recombination and substantial gain
on recombination laser transitions.

Future prospects for xuv laser research are exciting, with expectation of laser action in
the “water window”” soon, which will open up biological applications. Resonators have been
developed using new xuv multilayer optics, and the first demonstration of laser-produced
xuv holograms has recently been made.*?

3.4.2 Gamma-Ray Lasers

X-ray lasers can probably not be scaled to photon energies above about 10 keV. Already,
shortly after the invention of the visible laser, proposals were made to use gamma-ray-
emitting electromagnetic transitions in nuclei for shortest-wavelength lenses. This field has
been summarized recently.%” In the more than 30 years since, these proposed gamma-ray
lasers (sometimes also called grasers) have not developed significantly beyond the proposal
stage. Many very challenging problems have to be overcome to construct gamma-ray lasers.
It is generally accepted, for example, that a gamma-ray laser would utilize a Mossbauer line
to minimize recoil broadening. At the same time using relations similar to Eqgs. (3.11) to
(3.15), the specific pump power can be estimated to be on the order of 10'® W/cm?. The
solid would rapidly disintegrate at such powers, and the Mossbauer effect would become
ineffective. Although proposals have been discussed to overcome this problem, the orders
of magnitude for typical gamma-ray laser parameters such as pumping power, photon energy,
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laser output power are so unusual that rapid progress toward the construction of gamma-

ray lasers appears unlikely at this time.
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CHAPTER 4
VISIBLE LASERS

William T. Silfvast

4.1 INTRODUCTION

This chapter is a summary of visible lasers, with the primary emphasis upon lasers that are
commercially available. Although the first laser ever discovered was a visible solid-state
laser, operating in a ruby crystal at 694 nm (just barely in the visible spectral region), most
visible lasers that have been discovered have occurred in gaseous media (including metal
vapors and high-density gaseous plasmas) or in liquid media (organic dyes). For the visible
lasers that occur in gaseous media, the output beam generally consists of one or more discrete
wavelengths, each having a relatively narrow spectral bandwidth (AN/N < 0.0001) corre-
sponding to the width of the atomic or molecular transition associated with that wavelength.
For organic dye lasers, the spectral distribution or bandwidth of the gain occurs over a broad
wavelength range (of the order of up to 60 to 70 nm with AN/N = 0.05 to 0.1). Consequently,
the narrow tunable spectral output that is available from such a laser has to be generated by
frequency-selective components associated with the laser cavity.

The other two types of visible lasers are solid-state and semiconductor lasers, which are
more commonly identified with infrared laser output. However, there are several specific
laser materials in these two laser categories that provide laser output that extends into the
visible spectral region. These lasers include specially doped solid-state crystal and glass
lasers, and “‘bandgap engineered” semiconductor lasers.

This chapter first reviews visible gaseous lasers, including atomic, ionic, and molecular
(excimer) lasers. Second, it deals with dye lasers and summarizes the range of gain media
and optical properties of those lasers. Third, it addresses the few solid-state lasers that operate
in the visible spectrum. Finally, it concludes with two new types of visible semiconductor
lasers. One has been extended from the infrared into the 60 to 70 nm wavelength region of
the visible spectrum. The other involves semiconductor laser output in the blue-green spectral
region.

Before describing specific laser systems, it is appropriate to define the spectral range of
“visible” lasers and to summarize the organization of each of the topics. The visible region
of the electromagnetic spectrum is generally accepted as ranging from 400 nm (4000 A or
0.4 pm) to 700 nm (7000 A or 0.7 wm). The peak of the visual response of the human eye
at normal light levels occurs approximately halfway between these values (550 nm), whereas
the peak of the eye’s low-light-level response occurs at 500 nm. While the human eye
sensitivity drops approximately equally toward either end of the visible range, the imaging
quality of the eye is not as great in the blue as in the red (because of chromatic aberrations
of the various optical elements of the eye). Thus, when working with blue lasers, one gen-
erally finds it difficult to visually determine the image quality, the beam mode quality, or
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the exact focal position when the beam is focused, without viewing through a supplemental
optical element.

The first part of each laser section summarizes some of the significant historical aspects
of the laser. Second, a summary of the macroscopic properties is given, including wave-
lengths, power output, gain media dimensions, gain media composition, excitation power
requirements, and other external parameters such as cooling and magnetic field requirements.
The third section includes a summary of microscopic properties including spectroscopic
notations of energy levels, gain or stimulated emission cross sections, gain linewidth, gain,
excitation, and decay mechanisms. The fourth section summarizes some of the commercial
lasers of that category and their properties, and the fifth section mentions applications.

4.2 VISIBLE LASERS IN GASEOUS MEDIA

4.2.1

Lasers

Visible lasers in gaseous media occur primarily in atomic gaseous species. These include
atoms and ions of materials that are normally in a gaseous state at room temperature, such
as the noble gases of neon, argon, krypton, and xenon, as well as vapors of atomic species
that are normally in a liquid or solid state at room temperature. Historically, lasers in ionic
species of noble gases have been known as ‘“‘ion lasers,” whereas lasers that have been
developed in vaporized species, even though they might occur in ionized atomic species of
those vapors, have been referred to as “‘metal vapor lasers.” This is probably not the most
logical categorization, but it is one that has evolved and is still used.

Well over 100 visible laser transitions have been discovered over the years in gaseous
media. Laser output on these transitions has occurred in over 30 different elements and
molecules. Most of these lasers have been observed in ionic species of various gases and
vapors using pulsed excitation. Most are not very efficient and therefore not amenable to
commercial development and are therefore not well known. Also, considerably more effort
has been put into the commercial development of normally gaseous laser media as opposed
to vaporized laser media, partially because gaseous media are easier to use than vapors, and
partially because many of the early gas lasers had more useful properties than some of the
earlier vapor lasers. The factors that drive commercial development include suitability of the
laser wavelengths, laser efficiency, power output capabilities, continuous or cw operation,
and high repetition rate for pulsed lasers.

in Atomic Gases

Helium-Neon Laser. Laser action in a mixture of helium and neon gases led to the first
gas laser; however, the visible laser transitions in that gas mixture were not among those
first discovered. The well-known red He-Ne transition at 632.8 nm was discovered in 1962,!
nearly two years after the first laser. This laser has probably been used more than any other
laser over the years, primarily because of its relatively low cost and compactness, high beam
quality, low operating power requirements, and, perhaps most importantly, long operating
life. More recently, a green He-Ne laser transition at 543.5 nm has been developed that has
found a market niche because of its relatively low cost and its lower power consumption
than other visible green lasers.

The He-Ne lasers mentioned above operate with a continuous output by applying a voltage
across a narrow-bore glass tube containing a mixture of helium and neon gases with elec-
trodes (anode and cathode) mounted inside the tube as shown in Fig. 4.1. The optimum
discharge current is of the order of 10 to 20 mA. The gas mixture is typically optimized at
a total pressure of 1 Torr with neon comprising approximately 15 percent of that total. Typical
dimensions of the gain medium include a bore size of 1 to 2 mm, and a bore length of 10
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to 20 cm, although much longer bore lengths have been successfully constructed. The voltage
drop across the gain region is of the order of 60 V/cm, and the tube has a small pin-type
anode and a large canister-type aluminum cathode enclosed within a gas reservoir that is
either surrounding the bore region or attached adjacent to the bore region. The large alu-
minum cathode serves to reduce the current density on the cathode, thereby reducing the
possibility of gaseous contamination due to cathode sputtering. The large gas reservoir as-
sociated with the cathode serves to minimize the effect of helium diffusion through the glass,
which would gradually change the pressure ratio of helium to neon in the tube owing to the
higher leakage rate of helium. Cleanliness of the He and Ne gases and of the tube during
assembly and processing is essential for efficient laser output, because of the sensitivity of
the laser excitation process to the presence of impurities in the discharge.

Both the helium and neon gases play an important role in the operation of the He-Ne
laser. The laser transitions occur between energy levels in neutral atomic Ne as shown in
Fig. 4.2. The visible transitions occur from the 3s spectroscopically defined levels to the 2p
levels. Both the red (632.8 nm) and green (543.5 nm) transitions have the same upper laser
level and thus both transitions compete for available gain. The red transition has the highest
gain with a stimulated-emission cross section of approximately 3.0 X 10~ '*cm? while the
green transition cross section is only 1.6 X 10~ '#*cm?. Thus the only way the green transition
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FIGURE 4.2 Energy-level diagram of the helium-neon laster system.
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can be made to lase is to suppress the gain at 632.8 nm by using laser mirrors that have
low reflectivity in the red and very high reflectivity at 543.5 nm. This has been successfully
achieved in recent years, making the green He-Ne laser a useful addition to the list of
available visible lasers. Other properties of the 632.8-nm transition include an emission
linewidth of 2 GHz and a gain coefficient of 0.001 to 0.002/cm. The steady-state (cw)
population inversion is provided by the rapid decay of the lower laser level (2p) to the ground
state. In addition to these two transitions, 10 other visible laser transitions, ranging in wave-
length from 540.0 to 640.2 nm, have been reported to occur in neutral neon gas under a
variety of excitation conditions but are not generally available commercially.

Helium plays the role of the excitation species for the He-Ne laser as indicated in Fig.
4.2. Energetic electrons within the gas discharge, accelerated by the electric field (produced
by the applied voltage), populate the neutral helium metastable levels. These levels then
transfer most of their energy to neon via atom-atom collisions, rather than losing it by direct
radiative or collisional decay to the He ground state. The 2!S He metastable level is the
pumping source for the two wellknown neon transitions. The upper laser levels of those Ne
transitions are energetically aligned with the 2'S level of helium, which leads to a high
probability of direct transfer of energy.

Commercial He-Ne lasers range in size from 10 to 100 cm in length, with the average
being approximately 25 to 30 cm. The 25 to 30-cm-length lasers typically have power outputs
of 0.5 to 5 mW in a TEM,,, mode. The lasers require input powers of the order of 10 W to
operate and therefore need no special cooling requirements. The laser noise is less than 0.5
percent rms. He-Ne lasers operate for lifetimes of up to 50,000 h and have become the
“workhorse” of the laser industry over the years (when high power is not required). These
lasers are used for a variety of applications, including surveying, construction, supermarket
checkout scanners, printers, and alignment tools or reference beams.

Noble Gas Ion Lasers. Noble gas ion la-
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was the second ion laser to be discovered.?
It was first observed as a pulsed laser and
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408.9 to 686.1 nm, have produced laser output in plasma discharges at various laboratories.
It is not uncommon to have a 30 to 100-W laser with the output divided among several
visible transitions. The argon laser linewidth in a typical resonator configuration containing
several longitudinal modes, is of the order of 2.5 GHz.

Argon ion lasers are generally produced in a high-temperature plasma tube having a bore
diameter of the order of 1 mm and lengths up to 50 cm. A diagram of a commercial argon
ion laser tube is shown in Fig. 4.3. Because the required discharge current is of the order
of 30 to 40 A with a voltage drop of 300 V, the power consumption is extremely high (9 to
12 kW).

The two most efficient and high-powered transitions in argon are the 488.0-nm and 514.5-
nm transitions. They tend to produce nearly equal power outputs when broadband mirrors
are used to obtain maximum total power output. Other transitions, when operating simulta-
neously with those two transitions, produce powers that are at most one-third of the power
at those wavelengths. The visible lasers occurring in Ar* involve transitions from the many
levels of the electronic configuration 3p*3p to levels of the configuration 3p*3s as shown in
Fig. 4.4. A large number of transitions occur between these two levels, all of which have
gain when the Ar" gain medium is operated under the conditions for optimum laser action.
The stimulated-emission cross sections for the 488.0- and 514.5-nm transitions are 5 X
107 2cm? and 4 X 10~ '2cm?, respectively, and the gain is of the order of 0.5 percent/cm for
both transitions.

The excitation mechanism for the argon laser has been shown to be different for pulsed
laser operation than for cw operation. For pulsed operation, excitation occurs primarily via
electron collisions with ground-state neutral argon atoms directly producing Ar* ions in the
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FIGURE 4.4 Energy-level diagram of the Ar* laser transitions.
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upper laser level (a single-step process). The cw laser is excited by a two-step process in
which first the Ar* groundstate ions are produced by electron collisions with ground-state
Ar atoms and then the laser levels are populated in a second electron excitation process
involving collisions with the ion ground state. This two-step process leads to a laser power
output that is proportional to the square of the discharge current. It is therefore highly
desirable to operate this laser at high currents. However, there is a maximum discharge
current above which the electrons begin to detrimentally deplete the upper laser level pop-
ulation before stimulated emission can extract the energy. In either pulsed or cw operation,
under the conditions required for optimum laser output, the lower laser level has a very rapid
decay rate to the Ar* ground state which provides the necessary depletion of the lower laser
level required for a population inversion.

The upper laser levels of the Ar* laser transitions are approximately 40 eV above the
Ar* ground state and therefore require extremely high electron energies to provide the nec-
essary excitation. Such electron energies can only be provided by operating at very low Ar
gas pressures, of the order of 0.1 Torr. As mentioned previously, such low pressures and
high electron temperatures lead to very high plasma tube temperatures and hence the need
for supplemental external water cooling of the bore. In addition, a magnetic field is generally
provided to prevent the electrons from prematurely escaping from the gain region and col-
liding with the discharge walls, thereby producing additional unwanted heat.

Commercial Ar" lasers are generally produced in three sizes. These include (1) high-
power, large-frame and (2) medium-power, small-frame water-cooled lasers, as well as (3)
low-power air-cooled lasers.

The large-frame lasers provide output powers of up to 30 W or more multiline and a
single-line power at 514.5 nm of nearly 10 W or more. Such lasers require input powers of
the order of 60 kW and cooling-water flow rates in the range of 5 gal/min at a pressure of
60 Ib/in? gauge. The lasers are approximately 2 m long and have a separate power supply.
One commercial version of this laser produces powers of up to 100 W cw.

The small-frame lasers provide cw output powers of approximately 5 W multiline and
single-line powers up to 2 W at 514.5 nm. They require input powers of approximately 8
kW and water cooling rates of 2 gal/mm at 25 Ib/in? gauge. The lasers are approximately
1 m long with a separate power supply.

The third category is the small air-cooled Ar* laser producing 10 mW TEM,,, mode at
488.0 nm. The beam amplitude noise is less than 2 percent peak to peak and less than 0.1
percent rms at lower frequencies. The laser typically stabilizes in less than 15 mm after turn-
on. Input powers are of the order of 1 kW. The lasers are compact, with the laser head
dimensions of the order of 35 cm long by 15 cm square.

Visible argon lasers are used primarily for phototherapy of the eye, pumping dye lasers,
laser printing and cell cytometry, etc.

Krypton Ion Laser. Krypton ion lasers are closely related to argon ion lasers in that the
laser transitions are spectroscopically similar and consequently the means of producing laser
output is similar. In fact, krypton ion lasers are generally made by just replacing the argon
gas with krypton gas in the same discharge tube. The optimum operating gas pressure is
slightly different, and since the wavelengths are different, the laser mirrors have different
reflectivity values. Other than that, the lasers are nearly identical.

The principal reason for offering krypton ion lasers commercially is that they provide
different laser wavelengths from those of the argon ion laser. In krypton, the laser wave-
lengths range from 406.7 to 676.4 nm, with the dominant outputs occurring at 406.7, 413.1,
530.9, 568.2, 647.1, and 676.4 nm, and the strongest transition occurring at 647.1 nm.
Krypton lasers offer a much broader range of laser wavelengths in the visible spectrum with
transitions over most of the color spectrum with the exception of orange.

Some manufacturers provide a laser with a mixture of argon and krypton gases which
essentially provides both the strong blue and green transitions of the argon ion laser and the
strong red transitions of the krypton ion laser to provide three primary color components.
Such lasers are used for color display.
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Since krypton lasers can be interchanged with argon ion lasers, the dimensions of the
laser head and power supply are similar to those described for argon lasers, with the excep-
tion that krypton ion lasers are not available in the compact, air-cooled version of the argon
ion laser. This is because the gains are lower for the krypton lasers, making it more difficult
to extract useful power in a smaller version of the laser.

4.2.2 Metal Vapor Lasers

Approximately 75 to 80 visible laser transitions have been reported in vapors of over 30
elements. These range from the first ion laser discovered, which was in mercury vapor where
oscillation occurs in the red portion of the spectrum at 615.0 nm, to the helium-cadmium
laser which oscillates at 441.6 nm at the blue end of the visible spectrum. Other well-known
metal vapor lasers include the pulsed copper laser at 510.5 and 578.2 nm and the gold vapor
laser at 627.8 nm. Pulsed visible lasers in strontium ions at 407.7, 416.2, and 430.5 nm have
also been developed. A laser with perhaps one of the broadest spectral output ranges is the
helium-selenium laser producing over 35 laser transitions in the visible spectrum ranging
from 446.7 to 653.4 nm.

Helium-Cadmium Laser. The cw He-Cd laser, operating at 441.6 and 325.0 nm, is prob-
ably the best known and most widely used metal vapor laser. The blue transition® is the
shortest-wavelength visible laser available commercially, and the 325.0-nm uv laser was the
shortest-wavelength cw uv laser for many years (until a number of transitions in the 200 to
300-nm region were developed in Ar** and Ar’* by operating those lasers at very high
currents and by improving the quality of the cavity mirrors). A number of other laser tran-
sitions have also been developed in the helium-cadmium discharge. The most significant of
these are the transitions at 537.8 and 533.7 nm in the green and at 636.0 nm in the red.
These transitions operate most effectively under different plasma conditions than the blue
and uv lasers and generally are optimized with a different type of discharge tube, known as
a hollow cathode tube. When all of these blue, green, and red transitions are made to lase
simultaneously, the resultant output is a white light laser which for many years was inves-
tigated for use in color copying systems.

The blue and uv lasers are operated primarily in a positive column type of dc discharge
at currents in the range of 60 to 70 mA in a 1 to 2-mm-bore glass discharge tube. The
operation of these lasers is more like that of the He-Ne laser than the noble gas ion lasers.
A relatively low current and relatively high gas pressure are required and, therefore, in most
lasers no supplemental cooling requirements are necessary. Some models do, however, use
a small cooling fan. Typical bore lengths are of the order of 25 to 30 cm with a voltage
drop from anode to cathode of over 1000 V. The laser tube is filled with helium gas at a
pressure of approximately 5 to 7 Torr and the Cd is fed into the discharge from a side
reservoir by a process known as cataphoresis. In this process Cd is vaporized at the anode
end of the tube and migrates toward the cathode, where it recondenses in an unheated region
of the glass tube. The cataphoresis effect results from the relatively high degree of ionization
of Cd in the discharge (primarily Cd*) and the force the electric field within the plasma
exerts upon those ions, thereby pulling them toward the cathode. A few grams of Cd are
sufficient to provide up to 5000 h of continuous operation of the laser.

The single-mode blue laser power is typically 15 to 20 mW for the 25 to 30-cm-long
discharge. Each laser tube is fitted with a He reservoir in order to replace the helium that is
gradually lost, both by diffusion through the tube walls and also by being captured as the
Cd condenses in the unheated cathode regions. The He pressure is electronically monitored
and adjusted for optimum laser output.

Higher-power versions of this laser are developed by connecting two of the smaller tubes
together to share a common cathode, effectively doubling the gain length and thereby sig-
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nificantly increasing the available power. Such tubes offer cw powers of the order of 75 to
100 mW at 441.6 nm.

The blue and uv transitions in Cd are somewhat unique spectroscopically, when compared
with other laser transitions, because they involve an inner shell electronic configuration. The
upper laser level configuration is 4d°5s®> whereas the lower laser level is 4d'°5p. Consequently
when electronic transitions occur between these levels, two electrons must change their
momentum state, with one Ss electron jumping to fill the 4d shell and the other changing to
5p. Such a transition is therefore less likely to occur than a more typical visible electronic
transition that requires only one electron change. These specific Cd™" transitions have a rel-
atively long radiative lifetime (~700 ns) and a relatively low stimulated-emission cross sec-
tion of 4 X 10~ "cm? The gain coefficient at 441.6 nm is typically 0.0003 cm, which is
significantly higher than that of the He-Ne laser.

The unique electronic configuration for these transitions also leads to a large isotope
spectral shift at 441.6 nm for different Cd isotopes. Naturally occurring metallic Cd is com-
posed of several isotopes, and the isotope shift between adjacent even isotopes is of the
order of the Doppler width (1.1 GHz). The most abundant isotopes are Cd 110 (12 percent),
Cd 111(13 percent), Cd 112 (24 percent), Cd 113 (12 percent), Cd 114 (29 percent), and
Cd 116 (8 percent). Consequently, since most lasers typically use naturally occurring Cd,
the spectral output of the laser is significantly broader than just the Doppler width of a single
isotope. Often only the two strongest isotopes, Cd 112 and Cd 114, are involved in the laser
output, which provides a combined bandwidth of 2.6 GHz for the gain medium.

The unique electronic configuration also leads to unique excitation mechanisms, as in-
dicated in Fig. 4.5. Several have been identified for these laser transitions. The first mech-
anism identified is a process known as Penning ionization in which highly excited (usually
metastable) helium atoms transfer their energy to Cd, in a way similar to the operation of
the He-Ne laser. However, in the case of Cd, ions are produced by the process, instead of
excited neutral atoms as in the case of neon, owing to the much lower ionization potential
of Cd than of Ne. In Cd, the ejected electron in the ionization process takes up the excess
energy mismatch between the initially excited He atom and the resulting Cd* ionized level.
This collisional transfer process is particularly enhanced in Cd since only a single d electron
has to be removed from the Cd neutral ground state (4d'°5s?) during the collision to result
in the population of the Cd* upper laser level (4d°5s?).

The second mechanism is a two-step electron collisional excitation where the first electron
collision produces Cd™ ion ground states and the second electron collision produces the Cd*
upper laser level (similar to the Ar* excitation). The two-step electron ionization and the
Penning process are the major excitation mechanisms for the conventional He-Cd laser. There
is still some question as to which process dominates under various conditions of operation.

The third mechanism, more recently identified, is the photoionization of the Cd atom
using very-short-wavelength photons (soft x-rays). For example, when Cd vapor at a pressure
of the order of 1 Torr is irradiated with photons of wavelengths ranging from 10 to 70 nm,
those photons will directly excite only Cd" ions in the upper laser level (4d°5s?). This process
was first shown to occur by pumping Cd vapor with short-wavelength laser-produced plasma
sources, but it also operates in the He-Cd discharge plasma tube because of the presence of
significant He emission in the 30 to 60-nm spectral region during operation of the He-Cd
laser. The mechanism is believed to play only a minor role in the operation of the positive
column He-Cd laser owing to the relatively low density of Cd for optimum laser output,
which allows most of the soft-x-ray emission to escape from the discharge before being
absorbed by Cd atoms.

The other transitions in Cd*, primarily at 537.8, 533.7, and 636.0 nm, are more effectively
excited by charge transfer from He* ions than by the other processes described for the blue
laser. They operate more effectively in a hollow-cathode type of discharge in which a larger
number of He™ ions are produced and are available for excitation of Cd. Several versions of
the hollow-cathode type of discharge have been investigated over the years, but there is
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FIGURE 4.5 Energy-level diagram for the helium-cadmium and helium-
selenium lasers.

currently only one design available commercially that produces a ‘“white light”” output of 15
to 30 mW and low-noise operation (<1/2 percent rms).

Commercial blue lasers are available at power levels ranging from 20 to 100 mW and in
sizes ranging from 50 to 200 cm in length with a separate, relatively compact power supply.
The lasers operate with noise levels of less than 2 percent rms and typically operate for
lifetimes of the order of 3000 to 6000 h. Warmup time to full power is typically 15 min.

Applications for these lasers include printing, microchip inspection, flow cytometry,
lithography, and fluorescence analysis.

Helium-Selenium Laser. The helium-selenium laser* operates in a configuration similar to
that of the helium-cadmium laser. Cataphoresis is used to distribute the selenium vapor in
the laser bore region, and helium at a pressure of a few torr provides excitation via charge
transfer from the He* ion. This laser has operated on 25 wavelengths simultaneously in the
visible spectral region at discharge currents of several hundred mA. The upper laser levels
are energetically closely aligned with the He™ ion ground-state energy and allow the laser
to operate via the charge transfer mechanism, where the He* ground-state energy is trans-
ferred directly to the upper laser levels of Se* as indicated in Fig. 4.5. This laser was
available commercially for a short time but is no longer on the market. Problems associated
with the control of the Se vapor within the laser tube significantly restricted the useful
lifetime of the laser.

Mercury Ion Laser. One of the earliest visible lasers was the mercury ion laser operating
with a pulsed output at 635.0 nm in the red and 567.7 nm in the green.’ It was available
commercially in the early days of lasers but has not been available recently. The red transition
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has exceptionally high gain when operated in a hollow-cathode type of discharge. There was
never a significant market for a pulsed red laser with peak powers of the order of hundreds
of watts since the average power was quite low. The red He-Ne laser satisfied most of the
low-power red laser needs, and the much higher power ruby laser was more effective in
producing pulsed red laser output. The green Hg laser transition is not as efficient as the red
laser and the demand for it in the early days was low since it was competing with the more
reliable pulsed and cw Ar ion lasers.

Other Visible Ion Lasers. As discussed earlier, a large number of laser transitions in a
variety of vapors have been discovered over the years but have been of no practical signif-
icance. Further development of these transitions will probably not take place owing to the
rapid advances of more reliable and efficient solid-state lasers in the visible spectral region.

High-Gain Pulsed Metal Vapor Lasers. A separate category of metal vapor lasers, first
discovered in 1965, is the high-gain pulsed self-terminating lasers. They require rapid ex-
citation of the heated metal vapors contained within a discharge tube filled with a low-
pressure buffer gas, producing pulsed laser output typically lasting 10 to 50 ns. The high
gain (as much as 6 dB/cm) can produce an observable laser beam emerging from the gain
medium in only a single pass through the amplifier (no mirrors required for feedback). The
first laser of this type occurred in lead vapor with the laser oscillating at 722.9 and 406.2
nm. Subsequent to this a number of other lasers in this category were discovered in neutral
manganese at 5 wavelengths in the green (from 542.0 to 553.7 nm) and 7 wavelengths in
the 1.3-pm range, copper at 510.5 and 578.2 nm, gold at 627.8 nm, and in singly ionized
calcium at 370.6 and 373.7 nm, and strontium at 416.2 and 430.5 nm. All the lasers have
similar energy-level arrangements that provide the appropriate conditions necessary for the
production of high gain.

The general energy-level arrangement for these lasers includes the ground state of the
atom or ion, the resonance state (first excited state), and an intermediate level or a set of
levels that lie between the resonance level and the ground state but have the same parity as
the ground state. The radiative coupling from the resonance state to the lower-lying inter-
mediate states is reasonably high since they are of opposite parity. This energy-level arrange-
ment provides a strong electron collisional excitation from the ground state to the first excited
state, but a much lower electron excitation from the ground state to the intermediate states.
Thus, when an electric current is rapidly pulsed through the discharge containing the metal
vapor and a buffer gas, the resonance levels (upper laser levels) are more efficiently populated
than the intermediate levels. This leads to a high-gain inversion between the resonance level
and the intermediate levels and a large laser output on transitions between those levels.
Careful studies of these lasers have indicated that, while the above description is approxi-
mately correct, the lower laser levels (intermediate levels) are not as empty during the laser
pulse as first believed. In fact they increase significantly beyond the population of the upper
laser level very shortly after the laser pulse terminates. These lasers are relatively efficient
and can be operated at very high repetition rates (up to 20 kHz). Consequently they produce
very high average power outputs (up to hundreds of watts for some laser systems).

The best-known laser of this category is the copper vapor laser operating in the green at
510.5 nm and yellow (578.2 nm). The other significant visible laser, developed primarily for
medical applications, is the gold laser at 627.8 nm.

Copper Vapor Laser. The copper vapor laser® has become a useful laser because of its
wavelengths, its efficiency, and its high average power output. It has produced average pow-
ers as high as 350 W at an efficiency of nearly 1 percent in large noncommercial laser
systems designed for laser-assisted isotope enrichment processes. The enclosure for these
large lasers is of the order of 3 m long by 120 cm wide by 60 cm high including the power
supply. The discharge tube diameter is approximately 8 cm and the laser operates at a partial
pressure of neon gas of 40 torr and a partial pressure of Cu vapor of approximately 1 torr.
These large laser tubes require a pulsed voltage of 20,000 V and a peak current of 1000 A
to produce a pulsed energy of 100 mJ. However, these lasers are not the normal laboratory
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type of laser. Smaller commercial versions, of the order of 2 to 3 m in length and 20 cm?
in cross section with up to a 6 cm beam diameter, produce energies of the order of 10 mJ/
pulse, average powers of up to 100 W, and repetition rates up to 30 kHz. The lasers have
to be operated at temperatures near 1500°C to provide the necessary Cu vapor pressure. Thus
the discharge tubes must be made of high-temperature ceramic materials. The Cu is loaded
into the bore region in chunks or braided strands of pure Cu metal, and the laser typically
operates for 300 to 500 h or more before the Cu must be replaced. Impurities are not as
much of a problem in this class of lasers as in the case of ion or He-Ne lasers and, therefore,
vacuum requirements are not as stringent while processing the discharge tube. The typical
output of the laser is highly multimode owing to the high gain and the large bore diameter.

The relevant Cu levels are the 3d'°4s ground state, the 3d'°4p upper laser levels (resonance
levels), and the 3d°4s? intermediate levels which are metastable to radiative decay to the
ground state since they are of the same parity (see Fig. 4.6). Calculations indicate that the
electron excitation cross sections are significantly higher (factor of 5) from the ground state
to the upper laser levels than to the lower laser levels. The gain on the copper transitions is
of the order of 0.05 to 0.1/cm. The laser linewidth is approximately 2.3 GHz and the
stimulated-emission cross section is 8 X 10~'#%cm? for the green transition. The lower laser
level decays very slowly, especially for larger-bore-diameter tubes that limit depopulation of
the levels by wall collisions. Consequently at high repetition rates the residual lower laser
level population reduces the inversion and must be taken into account when considering the
high repetition rate mode of operation.

These lasers are available commercially in industrial versions that require only periodic
servicing and are designed for reliable performance over extended periods of time (500
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FIGURE 4.6 Energy-level diagrams of the copper vapor and gold vapor visible lasers.
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operating hours before Cu is reloaded). With an unstable resonator cavity, the laser beam
has a divergence of less than 0.6 mrad with a top hat beam profile. In addition to isotope
enrichment (pumping of high-power tunable dye lasers), these lasers are used for pumping
of Ti:sapphire lasers, ultrashort pulse amplification, micromachining and materials process-
ing, uv light generation (frequency doubling), high-speed photography, holography, and pro-
jection television.

Gold Vapor Laser. Just as in the case of the similarity of the argon and krypton ion
lasers, the gold vapor laser®is also very similar to the copper vapor laser (see Fig. 4.6). The
two primary differences are the wavelength (gold lases at 627.8 nm in the orange) and the
operating temperature (gold operates at a temperature approximately 150°C higher). Other-
wise the operation of the lasers is similar. The higher operating temperature for gold requires
more power to keep the gold vapor at the appropriate temperature, but the discharge tubes
designed for copper generally also operate at the required higher temperatures for gold. The
power output for a gold laser is typically one-fourth that of a copper laser since the gain for
gold is lower than that for copper.

The gold laser is used primarily for photodynamic therapy (PDT) involved in cancer
treatment. This treatment involves the ingestion of a photosensitive material that accumulates
primarily at a cancerous tumor site in the body. The photosensitive material absorbs light
primarily in the orange part of the spectrum. Thus when the tumor region is irradiated with
the gold laser, or another laser with a wavelength in the orange spectral region, the energy
from the laser is primarily absorbed by the tumor, thereby destroying it without damaging
surrounding tissue. The copper vapor laser is also used for this treatment by using the copper
vapor laser to pump a dye, which is then tuned to the appropriate wavelength for PDT.

4.2.3 Excimer Lasers

Commercially available excimer lasers operate primarily in the ultraviolet and vacuum
ultraviolet spectral regions. A few lasers, however, operate in various parts of the visible
spectrum on transitions in several diatomic and triatomic excimer molecules.” The shortest-
wavelength visible system occurs in the Kr,F excimer molecule and is centered at 436 nm
with a bandwidth ranging from 400 to 470 nm. The XeF laser peaks at 486 nm with a
bandwidth from 450 to 510 nm, the Xe,Cl laser peaks at 518 nm and ranges from 480 to
550 nm, and the Xe,F laser peaks at 620 nm with a bandwidth from 590 to 670 nm. These
lasers yield high-power pulses because the stimulated-emission cross sections of the laser
transitions are relatively low, thereby allowing large population densities (leading to large
energy densities) to accumulate in the upper laser levels before stimulated emission occurs.
In addition, the wide spectral widths of many of these laser transitions offer tunability and
also the prospect of mode locking for the production of ultrashort laser pulses.

There are also a few rare-gas oxide excimer lasers in the green region of the spectrum
and several metal halide lasers in the blue, green, and orange parts of the spectrum. All these
lasers have much narrower spectral outputs than the rare-gas halogen excimer lasers (of the
order of 10 nm). The only laser of this group that has been extensively investigated is the
mercury-bromide laser with a maximum laser output occurring at 505 nm.

Excimer molecules are particularly effective as laser species because their lower laser
levels are generally unstable (dissociative) and therefore provide no significant lower laser
level population to reduce or quench the gain, as indicated in Fig. 4.7. The upper level is a
strongly bound molecular level that is typically formed by a noble gas ion combining with
a halogen atom in an electron-excited discharge. This produces a state known as an excimer
excited state. The term “‘excimer” is coined from the term “‘excited state dimer’” meaning a
molecule that is in existence only in its excited state form and is therefore inherently short-
lived because of rapid radiative decay (1 to 10 ns) of the excited state to the unstable ground
state. Owing to the short radiative lifetime of the upper laser level, extremely high excitation
rates are required. Typical excitation occurs in either a fast electron-beam-pumped discharge
or a very fast low-inductance transverse-excited pulsed dc discharge.
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FIGURE 4.7 Energy-level diagram of the
xenon-fluoride excimer laser.

The use of the reactive halogen species requires specially designed discharge chambers
primarily made from glass or quartz, and stainless-steel materials which are resistive to
halogen corrosion. The lasers operate most effectively at high pressures (up to 6 atm). They
require special safety features in the design that are associated with structural requirements
of high-pressure chambers and the toxic nature of halogen gases.

The XeF laser is one of the most important lasers in this category. This laser was first
discovered in Ar-Xe-NF; mixtures excited by short (2 ns) electron-beam pulses with laser
output occurring over the wavelength range of 450 to 510 nm. It was also later observed to
lase by photolytic excitation of XeF, using 172-nm pump radiation from the fluorescence of
Xe,. The optimum pressure for electron-beam excitation is approximately 8 torr NF;, 16
Torr Xe, and 6 atm Ar. Electron-beam pulses of the order of 15 kA at an energy of 1 MeV
and 8 ns duration have also been used for excitation. With this arrangement, a current density
of the order of 100 A/cm?is achieved with an energy density of 2 J/cm? A 50-um-thick
foil is used as a window to allow the high-energy electrons to enter the high-pressure gain
region of the laser. With this arrangement, an output energy in excess of 6 J per pulse was
achieved.

This laser transition occurs on the C-A transition of the XeF molecule and has a highly
repulsive lower state. The stimulated-emission cross section is of the order of 1 X 10~ !"cm?
and the saturation energy density is approximately 50 mJ/cm?, which is significantly larger
than that of most excimer laser transitions. The small signal gain is of the order of 0.05
cm™ .

This laser is not available commercially. It has been investigated primarily as a possible
laser for undersea communications and also as a laser for ultrashort pulse generation, owing
to its exceptionally wide gain bandwidth. A mode-locked version of this laser has produced
275-m] pulses of 250 fs duration in a 2.5 times diffraction limited beam.

4.3 VISIBLE LASERS IN LIQUID MEDIA—ORGANIC DYE LASERS

Lasers in liquid gain media were first demonstrated in liquid solutions of organic dye mol-
ecules approximately 6 years after the discovery of the first laser. Dye lasers were developed
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to take advantage of the broad emission spectrum (radiating over a large wavelength range)
typically available from such organic dyes. Such broad emission spectra had the potential to
produce gain over a wide range of wavelengths, and thus to make possible very broadly
tunable lasers. These laser gain materials evolved as mixtures of highly absorbing and ra-
diating organic dyes, diluted with solvents such as water or alcohol. The dyes are organic
compounds that strongly absorb in specific wavelength regions in the visible and ultraviolet.
Such dyes had originally been developed for coloring various materials including paints,
fabrics, etc., but were thought to be good laser prospects owing to their efficient absorption
and emission characteristics. The dyes are mixed with solvents to dilute them to the proper
concentration, determined by the desired absorption depth of the pumping radiation as it
penetrates the gain medium. Such an arrangement efficiently uses the pump energy to excite
the laser levels.

Dye lasers cover the wavelength range from 320 nm to 1.5 pm, but most dye lasers occur
in the visible spectrum.® They typically lase over a wavelength range or bandwidth that is 5
to 10 percent of their maximum emission wavelength. Therefore, to cover the entire wave-
length range mentioned above requires 10 to 20 different dyes inserted consecutively into
the laser cavity [they could not be used simultaneously owing to the strong absorption
characteristics of each dye at a wavelength range just shorter than its emission (gain) wave-
length range].

The highly absorbing, wavelength-sensitive dyes are mixed with water, alcohol, or other
solvents that are transparent to both the pumping radiation and the emitted radiation, at a
dye concentration that is typically a 10~* molar solution. The concentration is largely deter-
mined by both the size of the gain medium and the distance over which the pump radiation
must be absorbed.

Dye lasers are produced by pumping the liquid medium with an external light source,
either a flashlamp or another laser. Originally, most dye lasers were excited by flashlamps
because the high optical absorption and broad spectral pumping band of the dye strongly
overlaps the spectral output of flashlamps. In recent years laser pumping has also become a
very useful pumping technique. Short-pulse, narrow-emission-spectrum lasers are used to
pump very-high-gain, small-diameter dye gain media. Laser pumping is most effective for
providing short-duration pump pulses, which allow extraction of the energy before undesir-
able absorbing species (triplet states and other unwanted impurities) develop in the gain
media after pumping begins. Rapid flowing of the dye through the gain medium can also
help overcome the detrimental effects of triplet absorption.

The energy levels associated with dye lasers are shown in Fig. 4.8. The singlet manifold
(S) consists of a ground state S, and an excited state S;, both of which have a broad spread
of energies as shown in Fig. 4.8. Also shown is the triplet manifold (7) with triplet levels
T, and T, which lie well above S,. T, also lies below S, and thus energy can be transferred
from S, to T, after S, is excited by pump radiation from S,. Population excited to the high-
lying portion of the S, band rapidly decays (10~ '* s) to the lowest-lying levels of S,, where
it remains temporarily until it is extracted by stimulated emission. Absorption from S, to S,
and from 7, to T, is highly efficient as are emissions from S, to S, and from 7, to 7,. When
S, is excited by pump radiation from S, it can decay by radiating back to S, in a time of
the order of 107 s, or it can be converted to T, by slower (107¢ s) nonradiative processes.
Radiative decay from S, to S, initiates laser action, whereas nonradiative conversion from S,
to T,, with subsequent absorption to 7,, leads to loss in the gain medium. The emission and
absorption spectra in the S manifold are shown in Fig. 4.9 along with the profile of the gain
for a typical dye (Rhodamine 6G). A decrease in gain at the shorter-wavelength side of the
emission spectrum is due to the absorption overlap (involving transitions from S to §) with
the emission spectrum from S, to S,. The pumping process can be seen in Fig. 4.8 to
encompass a range of wavelengths due to the broad nature of the energy levels.

The above-described energy-level arrangement is typical for most dye lasers except for
variations in the separations between levels, which affects the wavelength and bandwidth of
the emission and absorption, and also for variations of the emission and absorption cross
sections. A typical stimulated-emission cross section is of the order of 10~ '%cm?. Dye lasers
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FIGURE 4.8 Energy levels of a typical dye laser molecule.
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FIGURE 4.10 Tuning arrangement for a narrow-frequency tunable dye laser.

can operate with efficiencies of several percent and are some of the most efficient lasers
available. Their principal drawback is the deterioration of the dye solution which requires
rapid circulation through the gain medium and frequent replacement.

Because of the broad spectral output and high gain, dye lasers typically operate multimode
unless frequency-selective cavity elements are used to restrict the high-order modes. The
simplest frequency-selective tuning element is either a prism and mirror combination or a
diffraction grating, located at one end of the laser cavity, with a broadband mirror at the
other end as shown in Fig. 4.10. Rotation of the prism or grating provides the wavelength
selectivity. Other frequency-selective elements can also be added to the cavity to provide
additional frequency narrowing of the laser output for high-resolution spectroscopic appli-
cations.

A number of pumping configurations have evolved for organic dye lasers. Early dye lasers
used elliptical pumping cavity geometries in which the pumping lamp was at one focus of
an elongated reflecting cavity having an elliptical cross section, and the dye medium was at
the other focus. Rapidly flowing the dye through the gain medium provided effective cooling
of the medium and also rapid removal of the unwanted absorbing species and excess heat.
Eventually it was discovered that intense pumping in a very thin, rapidly flowing dye solution
(jet stream) produced sufficient gain that gain lengths of the order of less than a millimeter
could provide high-power dye laser output. Such pumping arrangements led to complex
multimirror laser cavities (Fig. 4.11) that are particularly effective for mode locking and the
production of ultrashort laser pulses. Synchronous pumping of such modelocked lasers was
obtained by first mode locking a cw visible laser, such as an Ar™ laser, and then pumping
a dye with the short Ar" pulses, in exact synchronization with the dye laser pulses. Such
synchronization requires precise timing and therefore exact matching of the arrival time of
the Ar* pump laser pulses with the roundtrip transit time of the dye laser pulses in their
separate laser cavity.
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FIGURE 4.11 Multiple-mirror folded laser cavity for a dye laser.
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Commercial dye lasers are available that produce cw output of up to 1 Watt over a
wavelength range from 0.22 to 1.0 wm, pumped by a 5 to 7-W argon ion laser. Pulsed dye
lasers are available that can produce tunable laser output of up to 100 J per pulse in a
duration of several s (flashlamp-pumped), as well as laser pulses with a duration of 100 fs
and shorter and energies up to many millijoules (powers up to 10 GW and higher).

Dye lasers have been used primarily for a wide range of spectroscopic investigations
where wavelength tunability and narrow linewidth are required. They have also been used
to generate the shortest light pulses ever produced (6 fs) because of the broad spectral gain
bandwidth that is used in conjunction with mode-locking techniques. A more recent appli-
cation in the medical field involves a high-energy flashlamp-pumped dye laser which is used
to irradiate the skin and underlying tissues to remove unwanted tissue ranging from wave-
length-sensitive cancerous tissue (PDT) to birthmarks and other undesirable skin blemishes.

4.4 VISIBLE LASERS IN SOLID MATERIALS

The category of lasers in which the gain medium is produced in a solid material has evolved
in two directions over the years. The first is the area of crystalline and glass lasers. These
lasers involve the use of dielectric materials (hosts) in which specific laser ions (various
atoms in their ionic form) are embedded within the hosts at various concentrations that
depend upon the desired properties of the amplifier. The second is the area of semiconductor
materials in which a semiconductor is produced with special properties that enhance its
radiative characteristics and thus lead to laser output. Although both of these types of lasers
are produced in solid materials, the trend in the laser community has been to refer to the
first type as solid-state lasers and the second type as semiconductor lasers. Presently, there
are very few visible lasers in either category. The few that exist will be summarized below.

4.41 Visible Solid-State Lasers in Crystalline Hosts

Although the primary spectral region where solid-state lasers emit is in the near infrared,
there are a few solid-state lasers that lase in the visible spectral region.® The best known of
these is the ruby laser, the very first laser. The ruby laser will be described in some detail
below. Other visible solid-state lasers have existed only as labratory systems, since they have
not had the necessary properties that would make them commercially attractive.

Ruby Laser. The ruby laser consists of a synthetic aluminum oxide (sapphire) host material
in which chromium ions are doped at a relative concentration of the order of 5 percent. The
aluminum oxide serves as a matrix which holds the chromium ions (Cr**). When the chro-
mium ions are located within the aluminum oxide ‘““‘cages,” they are isolated from the fields
associated with the sapphire crystal, and the ions behave more atomic-like (narrow emission
spectra) than solid-like (broad spectra). In that sense, the Cr** ions have very long radiative
lifetimes (3 ms) and relatively narrow emission linewidths (5 A) when compared with the
typical radiating properties of most solids. Such a long lifetime allows for energy storage
by allowing the upper laser level to accumulate population over long periods of time. The
narrow linewidth produces high gain by concentrating the emission from the upper laser
level population within a narrow frequency range or gain bandwidth.

In ruby, the laser output occurs just barely in the visible spectrum on two transitions at
694.3 and 692.9 nm, with the longer wavelength transition being significantly stronger. Ruby
typically operates in a pulsed mode in which flashlamps are used to pump the ions into the
upper laser level. The ruby laser is known as a three-level laser as shown in Fig. 4.12. In
such an arrangement, the lower laser level is the ground-state level or source, from which
ions are pumped into the upper laser level through a higher-lying intermediate level. There-
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fore, in order to obtain a population inversion (taking into account the degeneracies of the
upper and lower laser levels), nearly one-half of the ions in the ground state must be pumped
out of that state before an inversion occurs. This rather difficult task is possible owing to
the long lifetime of the upper laser level.

The ruby laser is excited by optical pumping with flashlamps. The wavelength regions
over which effective pumping can occur are two 100 nm-wide bands in the blue and green
spectral regions. Thus a typical visible-output flashlamp with a blackbody spectral output
temperature of the order of 8000 K conveniently matches the absorption spectrum required
to excite the upper laser level. The light is absorbed into a band of levels located above the
upper laser level, from which rapid decay (~1 ns) occurs to the upper laser level where it
is stored for laser output. The absorption cross section at the peak wavelengths is of the
order of 107?°cm? whereas the stimulated-emission cross section is 2.5 X 1072°cm?.

Ruby lasers are typically produced using polished cylindrical ruby laser rods, of the order
of 5 to 10 mm in diameter and 10 cm in length. The rods are mounted within a highly
reflecting cylindrical laser cavity having either a single or double elliptical cross section. The
laser rod is located at one focus of the ellipse and the flashlamp at the other focus (or foci
in the case of the double lamps and a double ellipse).

Laser output can be as high as 100 J in a duration of a few milliseconds for a peak power
of nearly 100 kW at a repetition rate of a pulse every several seconds. The low repetition
rate is limited by the cooling time required for the crystal. Other ruby lasers operate at pulse
repetition rates of up to 5 Hz. The ruby laser, having been the first laser discovered, has had
the advantage of extensive development efforts, and yet other solid-state lasers such as the
Nd:YAG laser have produced more desirable properties that have reduced the demand for
ruby lasers in recent years.

Other Solid-State Lasers. A number of other solid-state laser materials have been made to
lase in the visible spectral region; however, only one of these has been developed to the
point of being commercially available. That laser is the Ti:Al,O, laser which has its primary
output in the near infrared with a tuning range of from 660 to 1100 nm (1.1 pm). Commercial
lasers operating both cw and pulsed are available at wavelengths as short as 680 nm. This
laser crystal consists of titanium ions doped in a sapphire (Al,O5) host. It is a relatively
recent addition to the commercial laser market and offers both wide tunability and short
pulse operation under conditions of mode locking. The reader should see the discussions in
Chap. 5 for a more detailed description of this laser.

The other solid-state lasers that have been made to lase in the visible spectral region are
only laboratory devices that have not shown sufficient efficiency or ease of fabrication to be
of commercial significance. Many of them operate only at low temperatures. Nevertheless,
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ions of tamarium, praseodymium, thulium, erbium, holmium, samarium, and europium have
all exhibited visible laser output when grown in host crystals such as YLF. The reader is
referred to Ref. 9 for a further discussion of these materials.

4.4.2 Visible Semiconductor Diode Lasers

Semiconductor diode lasers have many characteristics that make them one of the most at-
tractive types of laser. They are extremely small and efficient, have long operating lifetimes,
and in many cases are extremely inexpensive. They are also capable of high powers of up
to several watts cw from a very small laser. Unfortunately most semiconductor lasers operate
in the near-infrared spectral region owing to the inherent nature of their energy levels. How-
ever, in recent years significant progress has been made in engineering special semiconductor
materials that have provided energy levels in the visible spectral region that can lead to
population inversions and gain.

Semiconductor laser materials are produced by doping semiconductors with other mate-
rials having either an excess (n-type) or deficiency (p-type) of electrons when compared
with the pure semiconductor materials. Such doping involves implanting a small amount of
the p and n materials (107* concentration) in the semiconductor in narrow spatial regions
located adjacent to each other. Such a spatial region is referred to as a junction. When an
electric field is applied across this junction, the excess electrons in the n-type material are
pulled into the p-type material, creating an overpopulation of electrons or a population in-
version in the medium. These electrons then recombine with vacancies (holes) of that ma-
terial and produce recombination radiation. This radiation leads to the generation of laser
output if the geometry of the semiconductor is suitably designed. Because the threshold
currents are thousands of amperes per square centimeter or higher, only very small gain
regions can be excited within the semiconductor volume to avoid excessive heat which would
destroy the population inversion.

The approach to making visible semiconductor lasers has been to use special mixtures of
materials that lead to large energy gaps consistent with visible emission. Since orderly arrays
of atoms (crystals) are required for semiconductor laser operation, obtaining “lattice match-
ing” of these new materials with existing semi-conductor substrates has been a difficult
problem, owing to the physical size differences of the various atoms associated with different
materials. A procedure known as bandgap engineering has evolved relatively recently to
produce special crystals using these new materials. Another problem in producing visible
diode emission has been in obtaining the proper doping concentration of some materials.

In spite of these difficulties, a significant amount of progress has been made in the last
few years in producing visible semiconductor lasers. For example, red and orange diode
lasers have been made in InGaP/InGaAlP strained layer quantum well materials at wave-
lengths as short as 0.6 wm when cooled to very low temperatures. Also, lasers have been
made in AlGaAs lattice matched materials at wavelengths as short as 0.68 pm. Another
recent breakthrough is the production of blue-green lasers in ZnCdSe quantum well materials
embedded in ZnSe, using a ZnSeS waveguide. These blue-green lasers operate at 0.46 pm
at liquid nitrogen temperatures and shift to 0.49 um at 0°C and are projected to lase at 0.52
pm at room temperature.

Only the AlGaAs lasers operating near 0.7 pm are commercially available at this time.
High-volume applications of these lasers include inexpensive pen-style laser pointers, bar
code scanners, interrupt sensing devices, and gunsights. Reliable performance, small size,
and low cost (a few dollars) make these lasers viable alternatives to other visible lasers such
as the He-Ne lasers.

The use of such lasers in optically demanding systems is much more limited because of
the relatively low beam quality and unstable temporal behavior. The poor beam quality,
including an astigmatic output, leads to larger than diffraction-limited beam wavefronts and
non-diffraction-limited spot size at focus. Thus applications in such areas as information
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storage and retrieval, optical probing, atomic spectroscopy, and metrology will have to await
further development of these lasers.
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CHAPTER 5
SOLID-STATE LASERS

Georg F. Albrecht and Stephen A. Payne

5.1 INTRODUCTION

A solid-state laser is a device in which the active medium is based on a solid material. This
material can either be an insulator or a semiconductor; semiconductor lasers are covered in
Chap. 7, and will be discussed again here, but as pump sources for solid-state lasers. Solid-
state lasers based on insulators include materials which are lightly doped with or, in some
cases, are stoichiometric in, the lasing ions, and materials which contain a crystalline defect
as the lasing species, known as F-center lasers.

Even though the physics and engineering of solid-state lasers are both mature fields, they
are burgeoning with new activity. Whilst many concepts and laser designs and applications
have been established and form the basis for a B$/year level industry, each year continues
to bring remarkable new discoveries that open new avenues of research, or provide the basis
for new engineering configurations. This chapter is intended to provide a brief, and mainly
tutorial, account of the physics basis of solid-state lasers, and also convey a sense of the
breadth of the field.

The principle of laser action was first experimentally demonstrated in 1960 by T. Mai-
man.! This first system was a solid-state laser. A ruby crystal served as the active element,
and it was pumped with a flashlamp. With his report, the main principles of laser action
were established (see Fig. 5.1). The idea of optically pumping a laser rod was realized, as
was the use of an impurity (the Cr** ion) doped solid as the laser medium. Also, the concept
of the laser resonator, as adopted from the work by Towns and Schawlow? was experimen-
tally demonstrated. Much of the following chapter is an attempt to briefly teach about the
extensive technical progress which has occurred in these three areas. Optical pumping has
evolved from the optimization of flashlamps to diode pump arrays, and a variety of pumping
architectures. The number of impurity-doped solids in which laser action has been demon-
strated stands at over two hundred. And optical resonators have become remarkably sophis-
ticated in the manipulation of the spatial, temporal and spectral properties of the output
beam. Today, solid-state laser energies of over 100,000 Joules are a daily routine.

This book chapter is separated into two parts: (1) on solid-state laser devices, and (2)
solid-state laser materials. The section on device technology provides an understanding of
issues that are important to laser design and, through a “rule of thumb” approach, provides
measures through which the performance of systems can be assessed in a back-of-the-
envelope fashion. The section on materials describes the types of laser materials that are
available, what goes into their creation, and discusses the parameters that are utilized to
characterize them. In addition, two tabular listings contain the chemical, mechanical, and
lasing properties of the most significant and useful solid-state lasing materials.

5.1
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FIGURE 5.1 Schematic depiction of the ruby laser for which
laser action was first reported, and the fundamental concepts it
introduced.

5.2 SOLID-STATE LASER DEVICES

There are three essential ingredients which comprise a laser: the active medium in which
the inversion is created (the lasing material), the installation and mechanism through which
this active medium is activated (““pumping” the laser), and the configuration of mirrors and
optical switches which surrounds the active medium to enable useful extraction of energy
in a specified manner, to produce the desired laser output at minimum cost and complexity.
There exist many different laser materials and a similarly large variety of oscillator and
amplifier configurations which combine to provide an enormous variety of pulse and energy
formats.>* In the following section, we shall first give an overview of pumping mechanisms,
useful arrangements of mirrors and switches and the different possible modes of operation.
After that, we will briefly describe simple scaling rules for solid state laser oscillators. Then,
some issues surrounding average power operation, beam quality and some simple amplifier
designs will be considered. The frequency conversion of the laser output is described in
Chap. 13.

Solid-state lasers come in a wide variety of types and sizes, and the following examples
provide only an introduction to the systems that are possible. At one end of the power scale
are semiconductor diode lasers which have scales from microns to millimeters and are,
despite their microscopic size, capable of Watts of output power (see Chap. 6). Next come
mini-lasers, which can be about the size of a sugar cube and deliver from milliwatts to a
fraction of a watt of power. Small lasers are used for memory repair in integrated circuits
and for a multitude of alignment tasks. As the power of the laser increases, applications such
as ranging and wind velocity measurements become accessible. Somewhat larger lasers en-
able activities like marking, medical, and military applications. Those lasers typically have
Watts to tens of Watts of output power. Some of the most powerful systems are designed
for cutting, drilling and welding at high rates of material throughput. A modern automotive
production line now includes many computer-controlled solid state lasers which reach up to
the kW level of output. Their output is delivered through glass fibers to the work piece. The
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very largest lasers are quite unique and serve special research purposes. At the top end of
the list are the fusion drivers which, as the name suggests, generate enough energy and
power to initiate, albeit on a tiny scale, the same process of thermonuclear fusion which
powers the stars. In a similar size category are weapon lasers which today have shed much
of their “sci-fi” image, and are recognized as potentially playing a significant role in wars
of the foreseeable future. Various other chapters in this book are devoted to the description
of industrial, medical and scientific applications, which will therefore be omitted in this
chapter entirely.

Regardless of the size of the laser, one always has to start out with an active medium
which is pumped by either flashlamps or another laser. This creates an inversion which is
then extracted by amplification of an external signal or by spontaneous emission which is
generated by the medium itself. This process takes place in a resonator cavity which consists
of two or more mirrors, and which may contain optical switches as well. Such as assembly
is referred to as an oscillator. One significant difference between solid-state lasers and other
types of lasers is that their active medium has the capability to store energy. This storage
arises from the fact that the typical fluorescent lifetime of an inversion in a solid is very
much longer (several microseconds to milliseconds) than the time it takes for the lasing
process to extract the inversion (microseconds to nanoseconds). Hence, as the active medium
is excited by the pump, the inversion can be accumulated over time (it can be stored) and,
by use of an optical switch, can be extracted at a chosen instant. To get increased amounts
of power or energy one can, up to a point, make larger oscillators. Eventually, however, one
has to build external amplifiers to further increase the output of a system.

5.2.1 Methods of Pumping

Flashlamp Pumping. There are three methods with which an inversion can be created in
a solid state laser. The cheapest and most common method utilizes flashlamps (Fig. 5.2). A
flashlamp essentially consists of a fused silica tube of suitable diameter and length with an
electrode at each end. Once triggered with a short high voltage spike, a plasma discharge
occurs between the electrodes which converts the supplied electrical power with high effi-
ciency to power radiated as light in the infrared, visible, and ultraviolet. Some of this light
is absorbed by the active ion with which the host medium is doped and, by virtue of its
energy levels and decay dynamics, an inversion is created.

Pulsed lasers operated in a storage-type mode use different kinds of flashlamps than
continuous-wave (cw) or quasi-cw systems, where the pulse duration is of order of, or long
compared to the fluorescent lifetime of the laser ion. The flashlamp used for a cw Nd:YAG
laser is filled with several atmospheres of Kr gas. In this case, the plasma mostly radiates
in several pronounced lines around 800 nm, which is a wavelength readily absorbed by the
neodymium ion. Lifetimes of cw arc lamps are typically measured in hundreds of hours and
are limited by sputter deposition of electrode material on the inside of the lamp envelope,

(®  Fused silica envelope ®

Cathode Anode

FIGURE 5.2 The basic elements of a
flashlamp. The envelope is typically made
from fused silica, the electrodes from a
tungsten alloy. The shape of the cathode
helps to increase lamp life by offering an
inclined area to incident ions. (See left-
hand side of Fig. 5.7 also.)
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which prevents plasma radiation from leaving the lamp and shortens its effective arc length.
If one wants to pump a pulsed laser, the gas of choice tends to be Xe. In that case, the
electrical pulse applied to the lamp is of order or shorter than the lifetime of the upper laser
level. The energy delivered to the lamp electrodes is typically a hundred times the energy
in a single output pulse, depending on the efficiency of the laser. The plasma radiation
pumping the laser is approximately described with a black body spectrum which extends
from the ultraviolet to the infrared spectral regions, whereas the active ion tends to absorb
only over a few narrow spectral regions. As a result, only a small fraction of the lamp light
is actually absorbed by the active medium (around 10 percent). Part of this absorbed fraction
will end up as inversion in the upper lasing level from where it will either be removed by
stimulated emission (lasing), or decay by spontaneous emission or non-radiative transitions.
The rest eventually has to be removed as heat which has important consequences for average
power operation. Nevertheless, the peak power densities possible with such pulsed Xe flash-
lamps are sufficiently intense that high-power pulsed lasers can be constructed in this way.

The capabilities of pulsed flashlamps are broadly characterized by an explosion fraction
which is the ratio of energy delivered to the lamp electrodes, to the maximum possible
deliverable energy at which the lamp literally explodes. Critically damped current pulses at
low explosion fractions of a few percent generally means lower efficiency but exponentially
longer life. Operation at high explosion fraction (>20 percent) conversely means a dense
plasma, good grey-body-like radiative efficiencies, but a short lifetime. Well designed sys-
tems operate somewhere in between and make explicit use of this parameter to optimize the
overall characteristics of the system. Sales brochures by flashlamp manufacturers or Ref. 3
provide good tutorials on this subject.

A good part of the overall laser efficiency is given by how well flashlamp light is trans-
ported to and absorbed by the active medium. Additional constraints are given by the desire
to achieve adequate uniformity of energy deposition across the lasing aperture. It is generally
observed that the fewer reflections a ray has to make on its way from the flashlamp plasma
to the active medium, the better the efficiency of the pump cavity will be. This leads to
“close-coupled” designs where the lamp is brought as close as possible to the laser rod.
Additional improvements come from surrounding the lamp and rod with a medium of high
refractive index so that a larger solid angle of rays leaving the plasma is refracted towards
the rod. Finally, to get some uniformity, the highly reflecting surfaces are made from a
diffusing material, often barium sulfate. Such close-coupled pump cavities are employed in
many commercial systems and are generally more efficient than those with elaborately de-
signed reflective surfaces. The latter type is a better choice if the precise spatial deposition
of pump light in the active medium is of overriding importance. Experience shows that one
obtains either good efficiency or a well controlled energy deposition, but not both.

Flashlamp pumped solid-state lasers are clearly the mainstay of the industry and, with
the exception of CO, welding lasers, make up all of the higher power systems. Figure 5.3
shows a typical cw lamp pumped system with applications in the semiconductor processing
industry.

Diode and Laser Pumping. The pumping of small solid-state lasers (<1 W) with laser
diodes has matured into a large offering of commercial devices, especially in the 100 mW
to several Watt class (Fig. 5.4). Diode pumping allows for more efficient solid-state lasers,
because the diode lasers themselves (see Chap. 6) efficiently convert electrical power to
radiated power which is matched to a specific absorption line of the active medium of the
solid-state laser. Diode pumped solid-state lasers are truly “all solid state,” in that flashlamp
plasma discharges are now eliminated as well. Although at present still more expensive than
flashlamp pumping, diode-laser pumping is the method of choice where efficiency is at a
premium, as is the case for most military applications, and when small size and ruggedness
is a necessity. This is not only true for the laser itself, but also for the power supply: diode
pumping occurs at low voltage and is far more amenable to battery powered operation. Diode
pumped lasers are likely to become cheaper in the future through increased volume of pro-
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FIGURE 5.3 A 250 Watt Nd:YAG laser used in the semiconductor industry (Courtesy of Quan-
tronix Corp.) The complete unit includes a beam delivery system, and the means to observe the
work piece through a microscope.

duction and continued innovation, as their size, weight and ruggedness advantages are in-
creasingly recognized.

Since laser diodes are limited by the peak power they can generate, the total energy
output necessarily decreases with a shorter pump pulse duration. The single shot exitance of
a two-dimensional diode array is on the order of one kW/cm?. As a consequence, laser ions
with a long fluorescent lifetime are easier to diode pump efficiently than ions with a short
fluorescent lifetime. Presently, the most common device involves the use of GaAlAs diode
lasers to pump the Nd** absorption band near 810 nm in various hosts. Current efforts are
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FIGURE 5.4 A typical diode pumped all solid state laser in the few watt range.
The complete housing is approximately 11 X 14 X 46 cm® and contains the res-
onator sketched in the insert. (Courtesy of Coherent Inc.)
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aiming for diode pumped solid state lasers in the kW range, which requires diode pump
arrays capable of producing several hundred Watt/cm? of average optical power and a cool-
ing scheme capable of removing about the same power flux as waste heat from the back
plane of the diode array (see Fig. 5.5). After 1 kW average power from a diode pumped
Nd3**:YAG solid state laser was achieved at LLNL in 1992, a DARPA led effort achieved
about 600 W average power in a repetitively pulsed laser system, and aims to achieve up to
6 kW CW for laser machining applications at TRW. Both systems are also based on Nd3*:
YAG.

Other interesting developments utilize diode lasers based on InGaAs to efficiently pump
other ions such as Yb**, and we will discuss some lasing features of Yb briefly in section
5.2.6. and some of its spectroscopy in Sec. 5.3. The present direction of this development
is to build higher power versions using diode arrays and architectures which are best suited
to the characteristics of a particular ion/host combination. This work is much in flux at the
present time, but a suitable introduction to the subject is presented in Refs. 3 and 5.

It is also possible (and the diode pumping mentioned above is a case in point), to pump
a laser with another laser. With the exception of diode pumping, this is mostly done for

FIGURE 5.5 A diode pump array developed at LLNL. It is capable of 24 kW peak power at a
duty cycle of 25 percent. The diode bars in the array are 1.5 cm long and operate at a pump
wavelength of ~900 nm to pump an Yb** S-FAP solid state laser. The white elads are the cooling
hoses, the black leads carry the current. Pump arrays this large are not routine. A pump array of
about this size, operating at 808 nm, was used to pump Nd**:YAG slab laser which produced 1 kW
of average output power at 1.06 wm.??
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scientific applications. Since more than one laser is involved, the individual efficiencies
multiply to a fairly low overall system efficiency. On the other hand, laser pumping enables
pump fluences and pump pulse formats entirely out of the reach of flashlamps. Often it is
the high pump fluence which makes laser pumped lasers such a useful research tool, as is
often the case when lasing newly discovered materials, which can at first have rather high
loss levels.

A more sophisticated example of one laser pumping another would be “‘synchronously
pumped mode-locking.” In this case, the pump laser emits a stream of modelocked pulses,
which in turn pump an active medium in a resonator cavity which has the same round trip
time as the interpulse spacing of the pump laser [see Chap. 9 on Ultrashort Pulse Generation].
The pumped laser can have a dye or Ti:sapphire as its active medium and can, additionally,
incorporate pulse shortening and wavelength tuning components of its own. The described
technique is a well established method of producing ultrashort, stable pulses from the laser
which is being pumped.

Yet another, but less complex example would be the pumping of Ti:sapphire with fre-
quency doubled, Q-switched Nd:YAG lasers. This technique is employed because the upper
level lifetime of Ti:sapphire (3.2 ws) is too short to easily apply conventional flashlamp
pumping techniques without approaching the lamp explosion limit discussed above, whereas
the wavelength of frequency doubled Nd:YAG ideally matches the absorption band of Ti:
sapphire and has a suitably short pulse width. Other reasons for laser pumping are that an
upper-state laser level can be addressed directly by the laser which does the pumping, thereby
minimizing the deposited waste heat. This sometimes allows operation of lasers at room
temperature which have to be operated cryogenically when flashlamp pumped.

The ultimate utilization of the high pump fluence available with laser pumping is a tech-
nique which goes by the name of “bleach pumping.”®’ A quantity known as the saturation
fluence, F,, is given by

Fsal = hv/aabs (51)
and is an important characteristic parameter for various aspects of laser behavior. In Eq.
(5.1), his Planck’s constant, v is the frequency of the pump light, and o, is, in this example,
the absorption cross section of the active ion. As a specific example, an Alexandrite laser
pulse may be used to pump the 745-nm absorption line of Nd** in a Y,SiOs host crystal
with a sufficient fluence to put nearly all of the Nd** ions present in the crystal into the
upper laser level. With essentially no Nd** ions left in the ground state, the active medium
becomes transparent to further pump radiation (hence the name bleach-pumping). This
method of pumping makes it possible to achieve efficient laser action on transitions for which
the active ion would otherwise not lase due to ground state absorption. This last item is the
enabling factor in bleach-pumped solid state lasers. The number of possible wavelengths for
solid-state lasers is greatly extended by this method, and outputs of .5 joules at several Hertz
repetition rates have been demonstrated on transitions which could not be lased at such
output levels with conventional flashlamp pumping methods.

Laser pumping has also led to the development of two entirely new classes of lasers:
fiber lasers, and high power end-pumped lasers.

In a fiberlaser, the dopant ions are incorporated directly into a fiber, which is a very thin
(about 10 micometers diameter) and long (several meters) thread of glass, with a protective
cladding on the outside. This fiber is then end-pumped by a lasers source and aligned be-
tween two resonator mirrors. For more about fibers in general, see Chap. 12 on “Optical
Fibers,” and Chap. 28 on “Fiber Amplifiers.” Many new lasing ions have been evaluated
using this technique since much lower doping levels are needed by virtue of the long path
lengths which are possible and the very low passive loss levels. A particularly useful recent
development is the Erbium fiber amplifier, pumped by an InGaAs diode. This device serves
as an optical repeater in fiber optic communications technology. Recently, a new method of
pumping fiber lasers has greatly increased the power potential of these devices. In the past,
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FIGURE 5.6 A diode pumped solid state laser in end pumped configuration. A short diode pump
array operating at 803 nm is located in the white housing to the left. The pump light emitted by
these diodes is funneled through the tapered glass piece at the center into the end of a small Tm3*:
YAG rod located in the metal housing to the right. This laser produces 115 W of CW average power
at a wavelength of 2.02 mm. The laser is described in Ref. 23.

getting the pump power into the tiny end face of a fiber of a few tens of microns diameter,
required careful alignment, and only one diode could pump one fiber. The new approach®
imbeds the lasing fiber which is doped with a suitable ion, within a much larger diameter
fiber which confines the pump light. As the pump light travels down this outer annular
cladding fiber, it gets gradually absorbed by the centrally imbedded lasing fiber. Tens of
watts of output from one single fiber have been achieved this way. With the new double clad
fibers, much higher pump powers can be brought to bear, since the pump power density on
the lasing fiber is much lower than with the previous approach which coupled the pump
light directly into the tiny end surface of the lasing fiber itself.

Conceptually, if one greatly shortens the length of the fiber and increases its diameter,
one arrives the architecture of end pumped lasers, and Fig. 5.6 shows such a device. Light
from a diode pump array is funneled into the end of a laser rod, along whose length the
pump light is absorbed. This “‘end pumping” approach® concentrates the entire pump power
for the laser rod into its crossectional area, and is therefore of advantage, if the saturation
fluence or saturation irradiance* (see Eqs. (5.11) and (5.12)) of the lasing material is high.
Note also the similarities of this approach with bleach pumping. It is for this reason, that
Tm-, Er-, and Ho-based lasers, as well as Yb lasers are well suited to this pump geometry.
Its limitation is reached if the pump fluence is high enough to cause difficult thermo-
mechanical effects where the concentrator attaches to the laser rod.

*“Irradiance” is the correct nomenclature for incident power per unit area. “Intensity” is defined as the power per
solid angle, not power per unit area, regardless of the fact that this malapropism is widespread.
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If one attempts to model the pumping of a laser, the case of bleach-pumping a laser is
one of the easiest to describe, since for that case the pump laser generally has a linewidth
much narrower than the absorption profile. For diode pumping, the linewidths of pump laser
and absorption line are comparable in crystals and one readily observes how the diode line
center is quickly burned out, whereas the wings propagate into the medium for an appreciable
distance, leading to a substantially non-exponential absorption with depth. Modeling flash-
lamp pumping is a very difficult and complex task which is best undertaken by Monte Carlo
type ray tracing. There appears to be no shortcut to modeling all wavelengths and all direc-
tions of emission from the lamp, and follow the ray as it encounters all the different surfaces
in the pump cavity several times, each time splitting in a refracted and a reflected ray
according to Fresnel’s laws. This procedure very rapidly requires a good computer and a lot
of time. Models trying to “lump” some of the effects into some global parameter mostly
end up disagreeing with the measurements in some major way.

5.2.2 Architectures and the Use of Optical Switches

The aligned mirrors that surround the active medium and permit repeated passes of laser
light through the inversion, form the resonator cavity. Solid-state lasers would have a rather
limited temporal output format were it not for optical switches which can be placed inside
the cavity (between the resonator mirrors), to greatly change the way in which the laser
emits its light. Therefore, before we proceed further, the operation of at least one of these
switches, the Pockels cell, shall very briefly be explained with the aid of Fig. 5.7. (See also
Ref. 10.) Key to this device is an optical crystal, like KDP (short for Potassium Dihydrogen
Phosphate), which changes the principal axes of its birefringence under the influence of an
electric field. The resulting effect is as follows.

With the electric field off, the KDP crystal has no influence on the plane of polarization
of the transmitted light. Therefore, the transmitted light will pass through the Pockels cell/
polarizer combination, i.e. it will remain between the mirrors of the laser resonator cavity.
With the electric field on, the KDP crystal effectively rotates the plane of polarization of the
light by 90 degrees as it travels through the crystal. Therefore, the light will now be deflected
by the polarizer, i.e. deflected out of the laser resonator in which the Pockels cell/polarizer
switch has been placed.

Pockels cell
crystal with
Polarizer I s electrodes
O\
< \\ incident beam
>

beam is transmitted I no HV applied
through polarizer to Pockels cell

incident beam

beam is reflected

by polarizer I with HV applied
™ to Pockels cell

FIGURE 5.7 The basics of how a Pockels cell switch
works. Upon applying a HV pulse, the Pockels cell effec-
tively switches the plane of polarization of the light passing
through it by 90 degrees. For details see text.




5.10

CHAPTER FIVE

There are many different embodiments of Pockels cells, depending on how the electric
field is switched, and what the Pockels cell crystal is, and its intended function within the
resonator. Pockels cells can be switched extremely fast (nanoseconds) and also have appli-
cations outside of a laser resonator for shaping and carving pulses. A more extensive treat-
ment of optical switches can be found in any number of books® on the subject, but is well
outside the scope of this chapter.

There is one more optical switch which is commonly in use, namely the saturable ab-
sorber.? In this method of switching, the optical beam enters a cell which contains a material
that absorbs at the wavelength of the incident light pulse. If the beam enters above several
saturation fluences for the absorption transition as described in Eq. (5.1), the beginning of
the pulse will bleach through the cell, making it transparent for the rest of the pulse. Hence
such a saturable absorber essentially serves as an irradiance threshold filter. The cell can
contain a solution of an appropriate dye, or it can be a crystal containing suitable F-centers.
Switching light by this method provides a simple and inexpensive means of Q-switching
and mode-locking in the laboratory. Compared to Pockels cells and acousto-optic devices,
the statistics of the bleaching process results in a lack of precise timing control. Furthermore,
the poor chemical stability of the dyes render saturable absorbers unsuitable for lasers which
need to be maintenance free.

Depending on the arrangement of the resonator and the optical switches, many different
laser architectures become possible. Figure 5.8 shows four different fundamental architec-
tures which have a wide range of utility. Figure 5.8a is the simplest possible stable resonator
cavity with the output being emitted through a partially transparent mirror at one end. Simple
high power welding lasers often work in this “free running” mode, and its temporal behav-
iour is described in Fig. 5.10a. The second form, shown in Fig. 5.8, is a variant of case a
where the output emerges from a polarizer, and the output coupling is varied by rotating a
waveplate. Both mirrors are 100 percent reflective in this case, and this is a way to vary
output without changing the amount of pumping on the laser rod. Figure 5.8c shows a
traveling wave, rather than a standing wave version where the light is not reflected back and
forth between the resonator mirrors, but by using a device called a Faraday rotator, a properly
oriented 1/2 waveplate and a polarizer (together these components form a sort of optical
rectifier) one direction of travel can be suppressed in favor of the other direction. Such
unidirectional ring lasers largely eliminate the phenomenon called spatial hole burning which
is why this architecture is often used to obtain a single longitudinal mode operation, it is
key to obtaining an extremely narrow spectral width from a laser oscillator. Ring lasers can
couple out power via scheme a and b, and can be Q-switched or free running, or steady
state cw. Figure 5.8d shows the incorporation of a Pockels cell. By applying a voltage to
the cell during pumping, the lasing is suppressed until, due to a sudden drop in the applied
voltage, the transmission between the resonator mirrors opens up, and lasing is permitted.
We will describe this effect in more detail when we treat Q-switching, its timing diagram is
given in Fig. 5.10b. Other types of laser resonator architectures are obtained by incorporating
an interferometer, or a diffraction grating (for precise wavelength control) in place of one of
the mirrors, or in addition to the mirrors. Such architectures also play important roles in
ultra short pulse generation, and wavelength tunability of lasers.

In addition to these laser oscillators we have discussed so far, laser amplifiers play a very
important role in amplifying the output of a carefully timed, shaped and wavelength selected
laser pulse from an oscillator. We will treat amplification of laser light in more detail in Sec.
5.2.7, but as far as laser architectures go, laser amplification has its very own architectural
sophistications. There is the obviously simple single pass amplifier where the light pulse to
be amplified enters one end, and emerges amplified in energy from the other. Multi-pass
amplifiers use an arrangement of external mirrors, waveplates and switches to pass the in-
jected light pulse through the amplification medium several times. The ultimate limit of this
approach is the “regenerative amplifier,” where a laser pulse is injected into an oscillator
cavity and ejected by an optical switch after maximum amplification has been reached after
many passes. This mode of operation is described below under “cavity dumping.” Finally,
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a single laser pulse can be split by partially transparent mirrors into several “arms,” each of
which can then be amplified separately. Modern “fusion” lasers (see Fig. 5.14) are an ex-
treme example of this.

Given this brief introduction it becomes clear that, when used in conjunction with am-
plifiers, optical switches timed in various ways, frequency converters and other non linear
elements, the multitude of possible solid-state laser architectures is enormous. Since each
approach, however, has its own merits and drawbacks with respect to the envisioned appli-
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FIGURE 5.9 Three different shapes of active media in solid state lasers.
The round rod is found in almost all commercial lasers, and is typically 1/4
in in diameter and 2 to 3 in long. Small zigzag-path slabs (about 2 X 15 X
.5 cm?) entered the commercial market in Europe about five years ago. The
Brewster angle disk amplifier configuration is a very common amplifier com-
ponent in large scientific laser systems and has been constructed in sizes
approaching one meter.
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cation and such constraints as cost, weight, size and so on, a judicious, well thought-out
choice of the overall laser system architecture remains one of the keys of successful laser
design. The resulting availability of different pulse formats, in conjunction with variable
output energies and wavelengths from different materials, are the cause of the great versatility
of solid-state lasers.

Aside from the architecture surrounding the active medium in the form of a specially
configured resonator, the notion of ‘““architecture” in solid-state lasers also can be applied to
the shape of the active medium itself. Several examples of shapes used for active media are
depicted in Fig. 5.9. The most familiar shape, determined by tradition more than anything
else, is that of a rod. For some average power systems, however, it is advantageous to use
a rectangular slab instead. We will discuss this case in more detail below. Large amplifiers
(like in fusion class lasers) use the active medium in the shape of disks. These are face-
pumped by arrays of flashlamps and oriented at alternate Brewster’s angles with respect to
the extracting beam. The widest variety, however, is found in diode pumped miniature lasers
and one of the most interesting variants is the monolithic ring resonator.!? Here, the mirrors
of a ring resonator are directly fabricated on the laser material itself. Moreover, by taking
the light path out of the two-dimensional plane into three dimensions, the mirror reflections
can be made to serve as half-wave plates. Applying a magnetic field through the active
medium then ensures unidirectional operation of the ring. Hence the wave plate and the
Faraday rotator are all embodied in the architecture of the active medium itself. This highly
integrated architecture contributes to the remarkable stability of the output characteristics of
this laser. Extremely narrow linewidths have been achieved using carefully studied derivatives
of this design (of order tens of Hz for short periods).

5.2.3 Modes of Operation

Some of the different resonator architectures described in the previous section are most
advantageously used in modes of operation which correspond to different pulse formats in
the output. In this way, pulse durations from picoseconds to cw can be created, although
some regimes are more easily accessed than others. Of equal importance is the difference
between three-level and four-level laser systems, as they will be described in more detail in
the section on materials. There are also several solid state laser transitions (See Sec. 5.3
below) which are part way between these two cases, and Yb*' is one case which will be
discussed in more detail in Sec. 5.2.6. There, the lower laser level is so close to the ground
state that the ion only behaves like a true four-level laser at very low temperatures, whereas
at higher temperatures (around room temperature) it starts to take on certain three-level
characteristics. Since a three-level system must have at least one-half of all ions inverted
before any net gain exists, these systems require correspondingly more pumping power. The
following discussion is kept general enough to apply to both cases.>*

CW and Free-Running Operation. The simplest mode of operating a laser is with no
switches in the cavity, so that the resonator only contains the active medium. For a continuous
pump, the laser operates in a CW mode. Since this problem does not depend on time, the
basic equations describing parameters like output power, extraction efficiency, intra-cavity
irradiance and so forth do have well developed approximate analytical solutions (see Egs.
(5.8) and (5.9)) which are treated in most textbooks. If no transverse or longitudinal mode
control is implemented, the output will fluctuate due to the complex ways in which the
longitudinal and transverse modes beat and couple to each other via the active medium. It
has been found that chaotic dynamics describes these phenomena correctly. Other output
fluctuations will originate from the power supply. A laser with full mode control will operate
only on a single longitudinal and transverse mode. After stabilizing the power supply such
lasers can have output fluctuations of less than 1 percent. The most powerful industrial solid
state lasers are cw lasers, that operate without mode control and achieve output powers above
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1 kW for numerous material working applications. The characteristics of such lasers are
closely related to the control of heat flow inside the active medium, which will be discussed
in section 5.2.6 on average power lasers.

The term ““free running” is generally used to describe a cw laser which runs for times
on the order of, or longer than, the storage time of the laser medium, which is typically on
the order of hundreds of microseconds. Figure 5.10a shows the pump pulse, the gain and
loss in the active medium, and the output power. As the active medium is pumped sufficiently
to exceed threshold, lasing begins with a few output spikes, called relaxation oscillations,
after which it settles down to the cw output level. The output of such lasers can be temporally
shaped by tailoring the current pulse to the flashlamps so that the laser output has the
optimum effect on the material to be drilled or welded.

Q-switching and Cavity Dumping. This mode of operation requires the addition of an
optical switch, such as a Pockels cell and a polarizer, into the resonator. In the “off™ state
the light is prevented from circulating in the cavity by the activated Pockels cell, reject-
ing it from the polarizer surface before it can complete one round trip. Contrast ratios of
1000:1 are easily achieved in properly aligned Pockels cell switches. Since the active me-
dium is now prohibited from lasing like a cw laser, the medium builds up a far higher
inversion density, or gain, than would be possible without the switch. Because of this ac-
cumulation of inversion through storage, these devices are called “‘storage lasers.” Figure
5.10b is a plot of the timing sequence of the events, including the pump pulse from the
flashlamp, the impact of the Pockels cell voltage on the transmission of the resonator cavity,
and the laser output. After having stored up the inversion to the maximum level allowed by
the pump pulse, the Pockels cell is then turned to the transmissive state, and light is now
allowed to circulate in a cavity with very high gain. (The quality factor Q of the resonator
cavity has been switched, hence the name Q-switching.) This goes on until the inversion has
been depleted to the point where the gain in the active medium is equal to the loss in the
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FIGURE 5.10 Timing diagrams for three basic modes of operation. (a)
Free running, pulsed oscillator: Depending on how fast the pump pulse
causes the gain to rise above the loss initially, the gain and laser output
will react with overshoots which will damp out. The loss level includes
that of the active medium and the transmission of the resonator mirror,
through which the laser light exits the resonator cavity. In CW and quasi-
CW lasers, the steady-state gain equals the loss, and the excess pump
power is converted to laser output.
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FIGURE 5.10 (Continued) (b) Q-switched oscillator: Initially, the
Pockels cell causes a high loss in the cavity so that lasing is inhibited
and the pump power is integrated as inversion in the upper laser level.
When the pump pulse is over, the Pockels cell loss is switched off, low-
ering the loss in the resonator cavity to a value corresponding again to
the transmission of the mirror through which the laser light leaves the
cavity. The laser pulse will build up rapidly (note the much expanded
time scale), and reach the peak at the time where the gain is equal to the
loss.

cavity, at which instant the output pulse reaches its peak power value. From then on the loss
exceeds the amplification and the pulse decays with time, although it still continues to remove
inversion from the active medium. The duration of the output pulse depends on the resonator
round trip time, the reflectivity of the output coupler and how far the system is pumped
above threshold. Given a reasonably designed system, pulse durations equal to a few cavity
lengths are typical. The basic process is described by a set of coupled differential equations
not amenable to analytical solutions. The case of the optimized Q-switched oscillator, how-
ever, has been solved analytically in a paper by Degnan.”* Although not explicitly spelled
out in the paper, one interesting practical conclusion that can be derived from it is, that all
practical, optimized, Q-switched oscillators operate about a factor 2.5 to 3 above threshold.

There are various limits to the Q-switching process, which apply to amplifiers as well,
(as we will see in Sec. 5.2.7). Given the high contrast of the Pockels cell-polarizer combi-
nation it is impossible to “outpump’ this round trip cavity loss and exceed lasing threshold
when the Pockels cell blocks the resonator. Spontaneously emitted light from within the
inverted medium, however, can find reflective surfaces other than the resonator mirrors, such
as the surface of a mounting fixture, or surfaces of the active medium itself, through which
the path of a light ray can eventually close on itself and experience net round trip gain. In
high-performance systems, such parasitic oscillations must be judiciously controlled. Firstly,
they can actually destroy the optical elements on a laser by ablating material from some
metal surface and depositing it on optical surfaces. Damage to the laser not withstanding,
the gain ultimately available for lasing can be clamped by such parasitic oscillations at a
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FIGURE 5.10 (Continued) (c) Cavity dumped case: The storage of inver-
sion is identical to the Q-switched case. After switching the Pockels cell to
enable lasing, the cavity loss now is very small since, for a cavity dumped
architecture, the reflectivity of both resonator mirrors is 100 percent. Once
the irradiance in the cavity has reached the maximum value, the Pockels cell
is again switched and ejects the intracavity circulating energy from the laser

in a pulse whose duration is equal to the round-trip time of the resonator
cavity.

Output pulse dumped
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value well below that originally anticipated, greatly reducing the intended output character-
istics of the device. It should be clear that once such parasitic oscillations have started
(reached their own lasing threshold), no amount of extra pumping will increase the gain in
the laser further. All the extra pump power will only increase the output power of the parasitic
mode.

Finally, there is the effect of “Amplified Spontaneous Emission” (ASE) which is due to
the fact that, since spontaneously emitted photons travel some distance through a medium
with gain, they will be amplified and therefore reduce the available net gain at the time of
Q-switching. It should be mentioned that ASE and parasitics are often loosely used as de-
scribing the same phenomenon, but this is not correct. Gain reduction due to ASE is a natural
limit in a well designed laser system and is as unavoidable as fluorescence decay. Avoiding
parasitics, however, is an issue of laser design which can be controlled by proper incorpo-
ration of absorbers as edge claddings and by eliminating unwanted possibilities for feedback
through the active medium.

Typical commercial Q-switched oscillators, aside from fusion drivers, produce output
pulses with energies on the order 100 mJ and pulse durations of tens of nanoseconds. There
are, however, some specialized laboratory lasers with output energies of more than 10 J/
pulse, using Nd** doped in glass. For energy levels much above that, subsequent amplifi-
cation must be used.

A mode of operation closely related to Q-switching is cavity dumping. The essential
component arrangement is the same as that for Q-switching, although the demands on the
timing controls are more severe. Following Fig. 5.10c, the first phase of cavity dumped
operation is similar to that of Q-switching in that at first, energy is stored in the inversion.
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Next, the resonator is Q-switched, but now both of the resonator mirrors are 100 percent
reflective, so that the amplified light remains trapped within the cavity. As the peak intra-
cavity irradiance is reached, the Pockels cell rapidly switches the cavity transmission off
again. This ejects the light circulating in the cavity by reflection off the polarizer in a pulse
whose duration is equal to two cavity passes. This technique is used to produce pulses of a
few nanoseconds duration, since the pulsewidth now depends on the length of the resonator
cavity, and not on the amount of inversion stored before switching. The peak power output
is significantly limited in this method since the light irradiance circulating inside the reso-
nator can become large enough to destroy optical components of the laser. Also, the fall
time of the Pockels cell voltage should be shorter than the round trip time of the laser. For
short resonator cavities, this can be a technically challenging requirement.

An architecture very closely related to the cavity dumped oscillator is the regenerative
amplifier. The principle difference is that the laser oscillation in a regenerative amplifier does
not build up from spontaneous emission, but is instead initiated by a signal externally injected
into the resonator as the Pockels cell is switched to transmission. This injected signal is then
trapped in the cavity and amplified until it has reached maximum power, at which point it
is ejected (dumped) from the cavity. The primary practical challenge to this approach is the
degree of synchronism required between the arrival of the injected pulse and the opening of
the Pockels cell in the regenerative amplifier. It clearly has to be better than a cavity round
trip time. The special light-pulse-activated semiconductor switches developed for this purpose
represent an elegant solution at the laboratory level.

Mode-locking and Ultra-short Pulses. By inserting an acousto-optic mode-locker into the
cavity, it is possible to produce very short pulses in an oscillator by forcing the different
longitudinal modes in the resonator into a phase relationship which produces the shortest
possible laser pulse its bandwidth can provide (see Chap. 9). With a mode-locker in the
cavity and the transverse modes suitably constrained, the oscillator can be operated cw to
produce a steady stream of short pulses. It is also possible to add a Pockels cell and a
polarizer and produce an output which has the pulse envelope of a Q-switched pulse, but
which is composed of a picket fence like train of individual short pulses from the mode-
locking process. External to the cavity one can then pick out a single one of those pulses
by placing an additional Pockels cell between two polarizers and applying a short high
voltage pulse at just the instant when the desired pulse is at the Pockels cell. Such an
arrangement is commonly called a “‘single-pulse switchout.” This is a standard way to pro-
duce individual pulses with durations from 100 ps to 1 ns and energies on the order of 100
micro joules, which are sometimes injected into a regenerative amplifier for further ampli-
fication. Figure 5.11'* shows such a Q-switched mode-locked pulse train and a switched-out
individual pulse.

FIGURE 5.11 From left to right the figure shows a complete Q-switched mode-locked pulse train,
the same pulse train with the central pulse removed by a Pockels cell switch-out system, and the
single picosecond pulse which was switched out from the train. (From Ref. 14, courtesy of IEEE.)
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Other methods of mode-locking were already discussed in the context of saturable ab-
sorbers and synchronous pumping. In the last decade, several new methods of femto-second-
duration pulse generation (and characterization), some of which are specific to solid-state
lasers, were invented. Pivotal to such pulse durations finding applications beyond specialty
scientific applications was the invention of a method to amplify them without destroying the
active medium through which they travel. The invention which made this possible is chirped
pulse amplification (CPA)'> and a tutorial description of the technique is better placed in a
chapter on ultra short pulse techniques (see Chap. 9). Such ultrashort pulses, amplified in
CPA architectures, have produced peak powers of the peta watt (10'> Watts) level and thus
opened completely new arenas of laser-material interactions whose deeper understanding is
now starting to emerge, opening the doors to new commercial applications.

Operation on Secondary Transitions. As was already mentioned in the section on different
host materials, a single lasing ion generally offers more than one lasing transition. Staying
with the example of Nd**, it is, in fact, possible to lase many of the individual Stark tran-
sitions from the ,F?/? metastable level to the ,I°/2, and ,I''/?> manifolds. This gives rise to
transitions grouped around .9 pwm, 1.05 pm and 1.3 pm. If we lase into the ground state
manifold, we encounter a three- rather than four-level system. In fact, the transition between
a three-level and a four-level system is a gradual one, and depends on temperature, since
the degree of ‘“‘three-levelness”™ is determined by the thermal population in the lower laser
level. Other ions, such as Pr** offer an almost bewildering variety of transitions in the same
crystal. The Pr** system exhibits seventeen individual laser transitions, all in one ion, reach-
ing from .45 pm to 3.6 wm. The efficiency and the ease of obtaining threshold for these
different transitions in practice depends not only on the cross section of the individual tran-
sition, but also on how readily the upper level can be pumped, on the doping and on its
absorption cross section. Moreover, the laser architecture must be constructed to prefer lasing
on one transition over another. That means, all unwanted transitions have to be successfully
suppressed by inserting a wavelength sensitive element into the resonator cavity. Generally,
the most important aspects in lasing two transitions independently are their respective gain
in the pumped medium and how far they are separated in wavelength. To appreciate the
difficulty of effective gain suppression consider that, at the least, the competing transition
must be kept at threshold in the same oscillator at which the weaker transition is supposed
to lase at a certain desired output. Characterizing the weak transition with a desired small
signal gain coefficient g, the competing strong transition with g , and the ratio of cross
sections as ¢,/c,,, the threshold condition (net gain = 1 after one round trip through the
resonator) at the strong transition wavelength is given by:

gul 7+ = ~In(T)) ~ In(VR,) (5.2)

w

where T, is the single pass transmission, and R, is the reflectivity at the strong transition
wavelength. From Eq. (5.2) one gets:

1 o,
T, = W exp (—gwl 0_W> (5.3)

s

Assume one desires to pump the weak transition with a small signal gain coefficient g,, (or
store g,/ saturation parameters across the aperture). The mirror reflectivity has some opti-
mized value at the weak transition wavelength, and is measured to be R, at the strong
transition wavelength. Then 1 — T, is the least single pass cavity loss one must provide to
keep the strong transition at threshold.

As an example, consider a cross section ratio o,/o, = 4, g, [ = 1 and R, = 0.2. This
results in a single pass loss requirement of at least 96 percent to suppress the competing
high gain transition. In practice this suppression is accomplished by placing wavelength
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selective elements inside the resonator and/or tailoring the reflectivity of the outcoupler to
be extremely low at the undesired wavelength. In some anisotropic crystals, transitions can
be quite easily selected by inserting a polarizer in the resonator since different wavelength
transitions emit in different directions of polarization, as is the case for the 1.053 wm and
1.047 pm transitions in Nd:YLF. Since the number of saturation parameters stored at the
strong transition wavelength is obviously given by:

gl =gl 5.4
g

w

it is clear that the maximum gain which is achievable on the weak transition for a single
gain element will always be determined by parasitics and ASE limitations characterizing the
competing strong transition. Hence the power outputs of weaker transitions of the same active
ion are weaker not only because the transition itself has a smaller cross section, but also
because of the measures which need to be taken to suppress the stronger competing transi-
tions. The same considerations hold true for lasers with broadband transitions which are
operated well off the gain peak such as a Ti:sapphire laser operating at wavelengths larger
than .9 pm.

Heat Capacity Operation. Quite recently, another mode of operation of solid-state lasers
has been publicized which is not based on the timing and arrangement of optical switches,
but on a special way to manage thermal effects in the active medium.'® Lasing action in all
lasers produces heat, which must be removed over time. For single shot lasers, this waste
heat is not considered in the sense that the next shot will take place long after all waste heat
from the previous shot has gradually dissipated. Conversely, under steady state average power
operation, the pump power continually enters the active medium, and the waste heat is
conducted to the surfaces where it is removed by a coolant. The active medium establishes
a thermal equilibrium heat flow from the incident pump power and the removed waste heat.
This situation inevitably leads to thermal gradients which imprint their various optical effects
on the emitted beam to a greater or lesser degree, depending on how the optical beam
propagates through the active medium and therefore samples the thermal gradients.

Heat capacity avoids this thermal steady state regime by rapidly adding shots over a
limited time duration which is short compared to the time scale over which thermal gradients
start to appear (the thermal diffusion time). During this time, the waste heat generated by
the lasing process is stored in the heat capacity of the active medium, whose temperature
then rises according to:

() = ? (5.5)

C,

where c, is the heat capacity, m the mass of the active medium, and E(?) is the waste heat
energy accumulated over the burst duration z. Although thoroughly anchored in well under-
stood solid-state laser physics, heat capacity operation to produce large burst powers is a
comparatively recent concept and several practical issues remain to be addressed.

5.2.4 Oscillator Scaling Rules of Thumb

Instead of attempting a terse and necessarily very incomplete overview of the theory for
different laser systems, we shall qualitatively describe how the energy flows through a laser
from the pump (flashlamp, diodes, or otherwise) to the active medium and into the output
beam, and in the process develop some practically useful rules of thumb. The purpose of
adopting this style is to provide top-down insight for those which are technically skilled, but
whose expertise is not in solid-state lasers. We begin with the more involved case of a pulsed
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laser operating in storage mode. The transport of pump light to the active medium can be
an extremely complicated problem to model, and within the scope of this chapter there is
nothing to add beyond what was already stated in the section on flashlamp pumping. Let us
continue at the point where part of the pump light absorbed by the active medium decays
into heat (more about that in Section 5.2.6), while the other part accumulates as inversion.
The amount of inversion which will have been stored after the end of the pump pulse depends
on the ratio of pump pulse duration to fluorescent life time. While the pump produces
inversion, fluorescence decay depletes it. Hence only for pulses of short duration compared
to the fluorescent lifetime will the active medium truly integrate the inversion as accumulated
energy delivered by the pumping power. For longer pulse duration, the ‘“fluorescence loss”
experienced during pumping causes a significant reduction in actually accumulated inversion.
The fraction g remaining in the upper state for a square pump pulse of duration 7, and a
fluorescent lifetime of time 7., is given by:

1 _ e*T,,/Tsm

q_
TI’

T

(5.6)

em

For T, = 1., the fraction of inversion remaining in the upper laser level is 63 percent. It is
clear that longer pump times, although they lead to slightly higher gains, will quickly de-
teriorate the efficiency of the laser since we are then pumping into fluorescence decay rather
than stored inversion. Remember, however, that despite the fluorescent loss, it is not possible
to pump beyond a parasitic threshold, which then becomes the limiting factor, rather than
the fluorescent loss. As the pumping time goes towards infinity one obtains the inversion
attained for cw pumping, which is a steady equilibrium between the pumping rate and the
rate of fluorescence decay. Remember (see Sec. 5.2.1) that to pump a pulsed laser, one loads
a Xe-lamp to far higher power densities for a msec or less than could ever be sustained
when a cw laser needs to be pumped.

Having followed the buildup of inversion, imagine for the moment that the pumped active
medium is located outside of a laser resonator. To find out how much it is pumped we send
a signal through it and measure its amplification factor G after a single pass, taking care
that the probe signal is small enough to leave the inversion essentially unchanged. Next,
consider the intrinsic losses the light being amplified will experience as it circulates once
inside the oscillator cavity. The optical elements, including the lasing material itself, will at
least have some scattering losses, in addition to possible losses due to residual surface re-
flections. Note that reflectivities of resonator mirrors are not included in this consideration.
The total single pass transmission of all these loss elements shall be defined as 7. Using
these two quantities G and 7, we then define one of the key parameters in laser design, the
gain to loss ratio I' where

I'=-InG/InT (5.7)

Clearly, for fixed cavity losses (1 — T), additional pumping or a longer active element will
increase I'. The equations describing the extraction efficiency as a function of gain and loss
are all different for different modes of operation (cw, Q-switched, regenerative amplifier).
However, if one plots the behavior of the extraction efficiency versus I' (Fig. 5.12), the
generic behavior is described by a nearly linear rise from I' = 1 to I' = 5, a gradual decrease
in slope from I' = 5 to 10 and, for higher values of I', an asymptotically gradual approach
toward unity. For I between 5 and 10, one finds typical extraction efficiencies of approxi-
mately 50 percent. Figure 5.12 also shows that, for a given gain to loss ratio I', optimized
cw operation gives the lowest, and Q-switching gives the highest extraction efficiency. Then
again, a cw laser often has fewer components in the resonator and, as a result, a higher gain
to loss ratio is easier to achieve. Various cases for cavity dumping produce intermediate
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FIGURE 5.12 A plot of optimized extraction efficiencies for different modes of
operation (CW, Q-switched and cavity dumped). For low gain to loss ratios even an
optimised extraction efficiency is low; past gain to loss ratios of 15 or 20, the extraction
efficiency rises only slowly, regardless of the mode of operation.

results, although the ideal cavity dumped resonator approaches the extraction efficiency of
Q-switched operation. The practical implication is that for gain to loss ratios near or below
I' ~ 8 the design should strive to increase I before addressing other problems. Otherwise,
the laser will be inefficient, no matter what the output reflectivity and, moreover, the output
becomes very sensitive to variations in the input power. Conversely, once a gain to loss ratio
of about 20 has been reached, increasing it means a marginal payback in laser performance
at best and the efficiency will only be reduced marginally if the gain to loss ratio is dropped
to, say, 17. Recall that another important rule of thumb, mentioned earlier, was that an
optimized Q-switched laser will always operate about a factor 2.5 to 3 above threshold.
Recall also, that for storage mode lasers the parasitic oscillations discussed above will even-
tually limit the achievable gain. It is not possible to give a generically valid rule regarding
the gain at which parasitics become important, since their onset can depend very sensitively
on the details of the design. For single pass values of In(G) larger than 3, however, it is
always valid to question the explicit mechanism by which a design will suppress parasitics.
Note that for a typical single pass resonator transmission of 7' = .9 a In(G) value of 3 implies
a gain to loss ratio of around 30. These three rules provide a simple test any Q-switched
laser design should pass, no matter how sophisticated its layout or its intended application
may otherwise be.

In cw oscillators, in contrast to storage mode lasers (Q-switched, regenerative amplifiers
and cavity dumped systems), the gain in the active medium, when placed between two
aligned resonator mirrors, never exceeds the gain at threshold. Once the pumping is strong
enough for lasing to start, extra pump power is converted only to increased light output, not
to more gain in the active medium. For this reason, cw lasers do not have a problem with
parasitics, since the only gain which ever appears in a cw laser oscillator is the relatively
low threshold gain.

The optimum extraction efficiency ®,,, for cw lasing which is possible for given values
of gain and loss is again determined by the gain to loss ratio as it was defined by Eq. (5.7)
and given by:

O, = (- 1/VT) (5.8)

and occurs at an output coupler reflectivity:
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R, = T>VT-1 (5.9)

opt
A very simple behavior to observe is how many times above threshold the laser operates.
For the optimized cw laser currently under discussion, the threshold condition is:

InG,=~1/2-ln R, —InT (5.10)

It can be shown, that an optimized cw laser always operates a factor VG above threshold,
regardless of its intra cavity loss per pass, T. The equivalent treatment for optimized Q-
switched lasers shows that they operate a factor In(G) above threshold. Since in practice, G
typically lies in the neighborhood of 10 to 20, In(G) is typically about 2.5 to 3. This is an
experimentally extremely simple way to check the optimization of especially a Q-switched
laser.

The existence of an optimum follows from considering the case of strong and weak
feedback of the photon flux inside the cavity. If the mirror reflectivity is too high, the
intracavity flux is predominantly dissipated by intracavity losses rather than used as output.
If the reflectivity is too low, there is not enough feedback to regenerate optimum levels of
intracavity flux for inversion extraction. There are some special cases, such as intracavity
frequency conversion and modelocking applications, where it can be advantageous to ex-
plicitly increase the intracavity power by increasing the mirror reflectivities. Aside from
those, however, typical optimum reflectivities for well designed Q-switched lasers are around
or below 50 percent, those for cw lasers are around or below 85 percent. Diode pumped cw
mini lasers generally achieve large gain to loss ratios within the active volume and therefore
can have significantly lower optimized reflectivities.

Having discussed the extraction of the inversion let us now turn to the second key
parameter, which is a materials parameter and is somewhat different if the laser is run in
storage mode or cw. For pulsed lasers, it is the extraction saturation fluence E_, which is
given by:

h
E, == [J/em?] (5.11)
st
for cw lasers it is the saturation irradiance I, given by:
Ly = Eql7en  [W/em?] (5.12)

where / is Planck’s constant, v is the photon frequency, o, is the stimulated emission cross
section and 7, is the fluorescent lifetime.

The saturation fluence defined in (5.1) (but now containing the emission cross section
o,,,) and the gain to loss ratio defined in (5.7) are related by:

Ei, = In(G) * E, (5.13)

where E, are the Joules per unit area stored across the aperture of the active medium through
which lasing occurs. With the area of the lasing aperture and the small signal gain known,
the total Joules stored in the rod can now be calculated.

Conversely, for a desired amount of stored energy, the aperture of the laser can be de-
termined. For cw lasers the equivalent statements are made by replacing E, with I and
the word “energy”” with “power.” It helps to understand that it is not the gain coefficient,
or the energy density, or the total energy stored that determines the extraction efficiency or
the amplification behavior. It is the number of saturation fluences stored at a given gain to
loss ratio.

Typical values for E,, and I, are .7 J/cm? and 2.5 kW/cm? for Nd**:YAG and 5 J/cm?
and 15 kW/cm? for Nd**:Glass, respectively. Let us apply some of these numbers. Consider
a nominal 100 pm diameter Nd:Glass fiber with multi-transverse mode output. Assume we

operate it at an output of one I, at 50 percent extraction efficiency. This corresponds to an
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In(G) = 2 inside the cavity (see Eq. 5.13). The intracavity losses, of course, must be low
enough so that the resulting gain to loss ratio G supports the postulated extraction efficiency
of 50 percent. The product of the fiber end face area and I, gives an output of 7.8 X 107>
cm? X 15 kW/cm? = 1.2 Watts. In contrast, the lower I, of Nd:YAG permits the use of a
3 mm diameter rod and under the same conditions, we obtain 150 W of output. It should
be mentioned here, that it is never possible to completely fill the laser aperture with the laser
beam, and that at the minimum one Fresnel zone (see next section) has to provide for the
beam irradiance roll-off at the edges. In practice, this is accounted for through a so-called
aperture fill factor. Practical fill factors for larger apertures range around 80 percent, and can
go as low as 50 percent in small aperture rods.

If we would want an amplifier design at the 10 Joule level, YAG will not be able to store
this energy without first falling victim to parasitic depletion of the gain. Glass, however, can
easily store that energy at realistic values of In G. The purpose of the saturation parameter,
then, is to enable a selection of lasing material and aperture, which is commensurate with
the desired output characteristics of the laser. Additional material parameters come into play
once average power issues are considered. Nevertheless, before the laser can operate properly
at a high repetition rate, it must work in a single shot mode and the proper material selection
is as crucial to successful laser design as the proper pumping and extraction conditions.

5.2.5 Laser Beams, Resonator Eigenmodes and Beam Quality

This subtitle covers a broad range of subjects which are properly treated in the context of
wave optics. Wave optics describes how an electromagnetic wave of finite transverse extent
propagates in free space, through media like lenses and amplifiers, within the space between
mirrors which form a resonator, and so on. As the myriad of books on the subject attests,
even for seemingly simple problems this field can become mathematically quite demanding,
and therefore lends itself less well to a back of the envelope description that other subjects
treated in this chapter.

To keep with the “rule of thumb” approach nevertheless, we will spend a paragraph to
introduce the concept of the Fresnel number, which is probably the simplest possible way
to capture some essential scaling behaviors of wave optics. A superb introductory treatment
to this field is given by Ref. 17. The masterpiece on wave optics, as applied to laser beams,
remains, in this author’s opinion, Ref. 4. The reader is reminded that the one page treatment
here is formulated to primarily prove the pedagogic insight which is the purpose of the book.

Figure 5.13a shows an electromagnetic wave traveling from the left towards a lens. The
field oscillations are indicated by the sine waves, and as shown, the incident wave is trans-
versely coherent. This means that everywhere along the height dimension, the electric field
oscillates through its peaks and valleys at the same time. To avoid cluttering the sketch, the
lens is only indicated as a heavy line, but it will bend the rays (the centerlines for the sine
waves) toward a common focus. The dotted lines are the wavefronts, i.e. the planes where
the electric field always is a maximum. These wavefronts travel with the speed of light
toward the lens, the lens transforms this plane wave into a converging spherical wave that
contracts onto the focus. Having established this picture we now turn to Fig. 5.13b, where
we consider the right-angled triangle ABO. The length OB is equal to the radius R of the
spherical wave of the outermost ray after it leaves the lens to head towards the focus, and
AB is the height of the lens (=1/2 its diameter). The rays a, b, ¢ and d are chosen such that
once they are refracted by the lens towards the focus, their lengths from where they leave
the lens to the focal point are different from each other by 1/2 a wavelength. Then the length
AO is given by:

AO =R — N% (5.14)

and for the triangle ABO one then gets:
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FIGURE 5.13a These three figures introduce the concept of the Fresnel
number. For details see text.

)\ 2
(R - NE> +R =R (5.15)

Since (N N/2)* << R?, this is readily simplified to give:

hZ

N,. =
AR

(5.16)

where N = N, is the Fresnel number we wanted to introduce. It is well worth studying its



SOLID-STATE LASERS 5.25

meaning more deeply, but here one sees two interpretations right away: The figure shows,
that it is the path difference between the center ray along the optical axis and the outermost
ray, expressed in the number of half-wavelengths. If one imagines oneself to be an observer
at O looking at the lens, then the Fresnel number also is equal to the number of annular
sections within the lens which constructively interfere to ‘“make” the focal spot. These
annular sections are called Fresnel zones. The Fresnel zone plate, and the Fresnel lens,
function by the same principle.

Armed with this insight, we go on to Fig. 5.13c¢ to examine some characteristics of
coherent laser beams. Here, the rays are drawn more realistically in that they are not straight
lines, but have a hyperbolic shape, as a wave optic treatment readily shows. Note that in the
collimated regions, the Fresnel number is small, i.e., ~ 1, and there are two such regions:
the region to the left of the lens, and the region in the focus, where the beam collapses to
a minimum diameter before expanding again. For N, ~ 1 (and it is pivotal to not forget that
this restricts us to regions of approximately collimated beams) one gets from (5.16):

B = \R (5.17)

Applied to the focal region, & becomes the radius of the focal spot often called w,, and R
becomes the longitudinal extend of the focal region, the “depth of focus,” or also called the
“Rayleigh range,” often designated with the letter z. A strict waveoptic derivation for Gaus-
sian beams gives the same result of the focal Rayleigh range, but with an additional factor
of m:

2
T,

N (5.18)

ip =

Similarly, applied to the collimated region to the left of the lens, the Rayleigh range now
describes the length of this collimated region, which is now very much longer, and scales
as the diameter of the lens:

z, == (5.19)

For a typical 2 cm diameter lens, and 1 wm wavelength, the Rayleigh range is now ~ 1.2
km. Collimation in the sense of a strictly parallel beam which does not diverge does not
exist because of the very wave nature of light. In fact, the half-divergence angle of the beam,
after it leaves the collimated region and expands again, is given from Fig. 5.13b and Eq.
(5.17) by:

3, ~ hiR ~ N/h (5.20)

(Compare 5.20 to 5.24). For the same 2 cm diameter lens and 1 mm wavelength, ¥, = 107*
radians. Hence, from (5.19) and (5.20) one sees that the capability to collimate a transversely
coherent laser beam depends on the size of the aperture from which it emerges, and the
wavelength. The distance over which the beam can be held collimated is the Rayleigh range,
and the divergence angle of the beam after it leaves the collimated region is ¥,. In that
sense, there is no difference between the collimated region to the left of the lens and the
focal region to the right of the lens.

Finally, we consider the transverse dimension of the focal region, i.e. the ‘“spot size.”
Note, that so far we only discussed the region of N, =~ 1, and we used the lens only to
introduce the Fresnel number concept, without its focal length showing up in any results.
Begin by imagining yourself a Rayleigh range away from the lens, where a Fresnel number
of = 1 meant a near collimated beam, and that meant a very large ‘“local spot.” Looking
back at the lens, only one Fresnel zone resides in the lens, as observed from a Rayleigh
range away. A look at the left side of Fig. 5.13¢ should again help to visualize the situation.
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Now imagine moving closer to the lens, and imagine the lens adapting to this by always
having a focal length equal to your distance from the lens. As the focal spot moves closer
to the lens, more and more Fresnel zones become visible when looking from the focus back
into the lens, that means more and more Fresnel zones contribute to the definition of the
focal spot through interference effects. From this picture, it can be intuitively accepted that
therefore, the focal spot radius, p, is given by the lens radius, 4, , divided by the number of
Fresnel zones within the lens as viewed from the focus:

o=h - (5.21)

L
h,?

where h;2/\f is nothing but the Fresnel number of the lens based on its focal length, f, and
its radius. In fact, a more rigorous wave optics derivation for a focused Gaussian beam and
a lens diameter which encircles 86 percent of the beam energy, gives the same result within
a factor of two:

A
Pgauss = 2 h—{ (5.22)

For a 2 cm diameter lens, 1 mm wavelength and a focal length of 10 cm, p,,, = 20 pm.

As “hand waving” as this section was, the Fresnel number approach is eminently useful
to visualize the proper scaling of beam propagation phenomena and, within factors of 2 and
r, yields an estimate which is sufficient to judge the order of magnitude of, e.g., a spotsize,
or the length of a collimated region, or a required focal length.

All stable laser resonators, which produce a transversely coherent beam, operate with a
Fresnel number of ~1 or less. That means for a resonator which is, say, 10 cm (=10 wm)
long and operates at 1 mm wavelength, the waist size (beam diameter) within the resonator
will be of order

W = V1 pm - 10° wm ~ 300 pm. (5.23)

So far we only considered what is called the lowest order transverse mode, or the TEM,,
mode of the resonator. There are, however, many more such modes, and the basic mecha-
nisms involved in forming resonator eigenmodes are these: The slightly focusing resonator
mirrors attempt to confine the light rays bouncing back and forth between them, whereas
diffraction tries to spread them out. If one imposes the condition on the circulating light
wave that its amplitude and phase repeat itself after one round trip, one ends up with an
eigenvalue problem for the electrical field of the wave whose solutions, in rectangular trans-
verse coordinates, are the so called “Hermite Gaussian Polynomials.” In suitably operated
resonators, the transverse irradiance distribution of pure Hermite-Gaussian polynomials can
be made visible in practice. For a typical Q-switched laser operating on many transverse
modes, the output from the lasing aperture is therefore some highly random, dynamically
changing, superposition of these eigenmodes. Provided the pumping is reasonably uniform,
the time integrated energy output then appears more or less uniform across the aperture as
well, but with random, high spatial frequencies superimposed on it.

In this section, we have only treated stable, resonators with uniform reflectivity across
the aperture. There are many more effects to consider. Even for one single transverse mode
(N = 1), there are many longitudinal modes which may, or may not be temporally coherent
with respect to each other. A longitudinal mode is given by fitting an exact number of half-
wavelengths in between the resonator mirrors. The two special cases where temporal coher-
ence is present are that of modelocking (see above), and single longitudinal-mode operation,
which was briefly mentioned in the context of the ring resonator architecture.
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For transverse mode control, there also are other options. One of them is the “unstable
resonator.” This somewhat unfortunate moniker does not imply a lack of stability in the
sense of a reliability problem. It is meant to express that, instead of confining the circulating
laser beam in a resonator with slightly focusing mirrors, the beam is in fact rapidly ejected
from the resonator through de-focusing mirrors. This is only possible if the beam regener-
ation within the resonator is very strong, which is why such ‘““unstable resonators’ are often
favored in gas lasers with very high gain.

Another method of transverse mode control is the super-Gaussian reflectivity unstable
resonator.'® It is an elegant way to provide excellent output irradiance profiles in moderate
to high gain systems.

The key characteristics of the output which often determine the actual usefulness of the
entire laser system, other than the energy, efficiency, wavelength and temporal format, is
how well the output beam can be propagated, and therefore focused. Above, some basic
expressions for the simplest case, the transversely coherent beam, were derived. For an
ideally uniform active medium, it is the resonator which gives the laser beam its propagation
properties, or beam quality which is properly described by the phase and irradiance distri-
bution across the aperture at, say, the output mirror of the laser. Imperfect beams are far
more common than perfect ones, especially as the power in the beam goes up. An imperfect
beam is one which is not perfectly transversely coherent and does not have a uniform irra-
diance across its wavefront. This occurs if the wavefront is not perfectly flat, e.g. because
of an aberration in the active medium or other resonator components, or the irradiance
distribution is irregular because of the presence of higher order transverse modes, or both.
Non-perfect beams are very loosely characterized as ““n times diffraction limited.” Its basic
meaning is how many times bigger the focal spot diameter of an imperfect beam is, when
compared to a spot diameter formed by a beam with a perfectly uniform phase and irradiance
distribution across an aperture D. Imagine the full beam divergence angle ®,,,, of an imper-
fect beam, and compare it to the divergence angle of a perfect beam from a uniformly filled,
circular aperture given by:

0, = 24 \/D (5.24)

(Note that (5.24) is the same as (5.20), within a factor of 1.2.) The ratio of ©,,,/0,; is
then a measure for how many ‘“times diffraction limited” the imperfect beam is. Upon
focusing by a lens, its spot size diameter will be larger by the same factor as well.

Siegman'® has introduced an elegant and quantitative description of imperfect beams with
an arbitrary irradiance distribution, but a uniform wavefront, by introducing the quantity
M?. A beam with an M? of, say 2.3, is still called 2.3 “times diffraction limited,” but now
M? has a clearly defined meaning even if the irradiance profile is very irregular and contains
hot spots. The basis for the M? definition rests in the fact that although beam propagation
changes the irradiance distribution with distance, properties of the variance of this irradiance
distribution with distance do not change. This fact can only be derived through wave optics.
Since M? can directly be measured, this characterization of beam quality has become the
new international standard.

The closest one can typically approach a “diffraction limited” beam is to generate the
lowest order Gaussian mode (designated TEM,,,) in a stable resonator. Based on the volume
this TEM,,, mode occupies in the active medium, only a limited amount of power can be
extracted from it. To increase the power output from the laser, one then increases the beam
emitting aperture. As the aperture of the beam increases its Fresnel number increases too,
higher order modes will begin to participate and as progressively higher mode orders fill the
aperture, the beam divergence increases roughly proportionally with the aperture diameter.
In an oscillator, it is far from straightforward to maintain a uniform irradiance distribution
over an ever increasing aperture. The use of the above mentioned super-Gaussian unstable
resonator is one possible way to achieve this condition. A more conservative approach is to
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start with a small diameter Gaussian beam in an oscillator and then expand the beam through
amplifiers of increasing apertures. A great improvement on this method, which is perfectly
valid for smaller systems as well, is the technique of ‘“‘relay imaging,” which is one of the
foundations of beam propagation in lasers used for fusion studies.

In practice, the efficient creation of large aperture high power beams with uniform phase
and irradiance distribution across this aperture is one of the most difficult tasks of laser
design.

For the beginner it might be important to emphasize that the above attempt at generic
simplicity is not meant to mislead the reader into believing that there is anything intrinsically
simple about solid-state lasers once it comes to detailed and quantitative design.

5.2.6 Average Power Issues®

Heat removal from the active medium is a key design issue in optimizing cw lasers, and
pulsed lasers operating at a significant repetition rate. This heat has its ultimate origin in the
spectroscopy of the laser ion. Consider, for example, the Nd** ion whose spectroscopy and
energy levels are shown in section 5.3. The lasing is induced from the “F;,, to the “I,,,,
manifolds. If the laser under consideration is pumped with flashlamps, essentially most of
the higher lying levels are excited by flashlamp radiation, and all these higher lying states
decay towards to *F,,, manifold by phonon emission, which manifests itself as an increased
temperature of the host lattice. Similarly, after lasing, the lower level again decays by phonon
emission into the ground state, generating additional waste heat. The near white light spec-
trum used in flashlamp pumping will generate far more heat per inverted ion than pumping
a single absorption feature with diode lasers. Therefore, diode pumping allows far higher
output powers before a similar level of heat removal from the active medium is called for
again.

As was briefly indicated in the section on diode pumping, the lasing ion Yb** has received
much interest in recent years. Its lower laser level, the F,,, manifold, is much lower to the
ground state than the lower level of Nd**, which leads to commensurately less heat gener-
ation per emitted lasing photon. Diodes at 941 nm to pump the Yb ion have become readily
available in recent years as well, although the pump cross section is somewhat smaller than
is desirable for good absorption over active medium thicknesses which still allows effective
heat removal. Suitable pump architectures, like the end pumped setup presented in the above
section on Diode and Laser Pumping, can largely mitigate this problem. For these presumed
advantages, however, a price has to be paid, the nature of which becomes clear through the
following thought. Imagine a lower level which is identical with the ground state. This
situation has, no doubt, the lowest heat generation, but now we have a three-level system.
To obtain a net inversion, and therefore gain, in a three-level system, a bit more than half
of all the ions in the ground state have to be excited into the upper state; only then is the
population in the upper state larger than the population in the ground state, and an inversion
is present.

Any intermediate cases, like the lower lying ground state in Yb**, are headed part way
in this direction. As the lower laser level moves closer to the ground state, it becomes
increasingly thermally populated from the ground state according to Boltzman’s law:

N _ e Fu/kT (5.25)
NGS

where N,, is the population in the lower laser level, and N is the population in the ground

state (i.e. the doping density), E,, is the energy of the lower laser level, and T is the active

medium temperature. Typically, a fractional lower laser level population of 5 X 10~* of that

of the ground state is starting to affect lasing output. Expression (5.25) shows that for a

lower level in Nd**:YAG of 2060 cm™!, and in Yb**:YAG of 612 cm™!, this same fractional
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ground state population is reached in Nd at a temperature of 390 K, and in Yb at a tem-
perature of 150 K, respectively. This estimate varies based on assumed doping levels and
tolerable gain reduction, but the conclusion that because of its lower laser level, a Yb solid-
state laser requires significantly lower operating temperatures, is inescapable.

This example can also serve as a strong reminder of the often neglected fact that different
solid-state lasing materials cannot be compared on the basis of one single feature, be that a
cross section, the energy of a laser level, a subsystem efficiency, or some other isolated
property. Instead, such comparisons are only scientifically sound, and thus meaningful, if
they are made in the context of comparing e.g. two complete systems based on two different
materials, for the same output specification. Unfortunately, even otherwise seasoned profes-
sionals at times violate this rule in their desire to outsell a competing approach.

Having discussed the spectroscopic origins of heat in solid-state lasers, the opto-
mechanical consequences of the resulting heat flow shall be discussed next. Since heat is
deposited in the volume, but removed from the surface, thermal gradients invariably occur.
Moreover, these thermal gradients lead to locally different stresses. Of ultimate concern to
average power solid-state laser operation are tensile stresses at the cooled surfaces, since it
is these stresses which ultimately cause catastrophic failure of the material. However, even
well short of actual breakage, gradients in the refractive index across the beam profile greatly
influence laser design considerations.

If the active medium has the shape of a rod, the refractive index ends up having a roughly
parabolic distribution versus radius. The rod then acts like a thick lens which focuses the
beam passing through it, with a focal length f,_, given by:

1
Jroa = n,\VU - tan(L,, .V U)

There, L, is the rod length and f, , is the measured form the rod end to the focal spot. The
refractive index profile n(r) in the rod is given by:

(5.26)

n(r) = ny (1 - %rz> (5.27)

Hence, the parameter U describes the refractive index curvature, and n, the refractive index
at rod center. To some degree this thermal focusing can be accommodated by proper design
of the resonator cavity but, as the pump power or the rod length are increased, the focus
will eventually be located inside the rod itself. Obviously any design has to stop short of
this effect. Aside from the thermal focusing, the radially oriented stresses in the rod depo-
larize linearly polarized light to such a degree that techniques like Q-switching or cavity
dumping with Pockels cells become unacceptably inefficient. One of the chief limitations of
scaling the average power of a rod laser is that an increase in lasing aperture is necessarily
accompanied by an increase in the thickness across which the heat must be brought to the
surface in order to be removed by the coolant. Nevertheless, multi-kW welding lasers have
been built by properly spacing the focusing rods to create a sort of waveguide effect whereby
the light remains confined between the resonator mirrors.

If the active medium has the shape of a slab (Fig. 5.9), these refractive index gradients
are oriented such that their net effect on the beam passing through the active medium is
reduced to acceptable levels. Laser slabs which utilize such gradient averaging beam paths
are generally known as zigzag lasers. In this geometry, the rod-like distortions are now
confined to the top and bottom end of the slab, with a central section of the rectangular
aperture being relatively free of distortions other than gradients through the slab thickness
only. These, in turn, are sampled by the zigzagging path in such a way that beam distortions
are, to first order, canceled. This scheme indeed works in the midsection of the slab. The
beam, however, also has to enter and leave the slab and a careful analysis reveals that it is
the residual beam distortions picked up at these ends which are so difficult to minimize and
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which prevent the zigzag laser from emitting a completely distortion-free beam. Nevertheless,
zigzag lasers do have their niche since rods provide no gradient averaging beam propagation
at all and scale towards larger average powers only with increasingly cumbersome architec-
tures. The drawback of zigzag lasers is increased system complexity and, for smaller systems,
much reduced system efficiency.

In analogy to the treatment of laser performance given above, it is also possible to for-
mulate rules of thumb for the heat flow issues as they pertain to average power operation.
To retain the simplest possible picture we will treat a slab only, although the essential pa-
rameter scaling for rods is obviously the same, apart from different geometrical form factors.
The first quantity of importance is the specific heat parameter x. It is defined as the ratio of
waste heat generated per unit of stored inversion. Hence, if the laser is pumped by a short
flashlamp pulse so that 0.1 J/cm? is stored in the inversion just before extraction, and if this
pumping deposited .2 J/cm? of heat, x is equal to two. Considering the Nd ion as an example,
x in pulsed flashlamp pumped lasers is between 2 and 3.5, while in cw arc lamp pumped
systems R, is around 1. For diode pumped systems it is found to be about 0.5.

The next important parameter is the thermal shock R,, defined as:

Ry = ——«S; (5.28)

where v is Poisson’s ratio, k is the thermal conductivity, a is the coefficient of thermal
expansion, E is Young’s modulus of elasticity and S; is the thermal tensile stress at the slab
surface. R, is a useful figure of merit for thermo-mechanical stresses. The critical thermal
shock, R;., is reached when the tensile stress at the active medium surface reaches the
catastrophic fracture limit. Typical values of R, are of order 5 W/cm for crystals, and around
1 W/cm for glasses. It is important to realize that R, is a statistical quantity. The exact
value of R, at which a given sample of material actually fractures is given by the intrinsic
resistance of the material to resist crack propagation, the size of a flaw (micro-crack) which
is present somewhere on the material surface due to polishing or handling, and the likelihood
of having a given size flaw on the sample. Since the flaw size is most likely not a known
quantity for a given laser slab, it is not surprising that some slabs withstand high power
loading, whereas others break at low power loading. The likelihood of failure is generally
found to be acceptably low if one operates at a thermal shock R, at or less than 20 percent
of the R;, values measured from material samples.

Since rod barrel surfaces can be etched to remove micro cracks (the barrel surfaces of
rods do not sample the extraction beam like slabs do) and also have a comparatively smaller
surface area, rods can exhibit a higher value of R;,.

The connection between the energy stored in the laser as inversion E,,
heat flux Q [W/cm?] removed from it is given by:

Eowx-f=0"-A (5.29)

where A is the cooled area and f is the repetition rate. Furthermore, in considering how a
surface stress is created by the presence of the surface heat flux Q, and how the stress in
turn is connected to the operating thermal shock R,, one finds for a slab of thickness #:

6k,
t

[J], and the surface

0= (5.30)

Combining (5.29) and (5.30) in a slab geometry, one obtains one of the important scaling
laws for average power slab lasers:

Ry A
X f t

This expression vividly shows how a given stress, resulting from material properties (R;),

E, =6 (5.31)
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spectroscopy (x) and geometry (A/t) conspire to limit the stored energy for a given repetition
rate. The equivalent expression for a rod of diameter d is:

R, A

E, =4V2—L.~ 5.32

' (5.32)

Following this derivation the equivalent expression for a cw laser is easily obtained. Although

much more is involved in describing average power laser behavior, Egs. (5.31) and (5.32)

are important back of the envelope checks for judging the aggressiveness of a given design.

Finally, the reader is reminded that the heat capacity laser, described at the end of Sec. 5.2.3

offers a completely different outlook for generating power in the presence of waste heat in
a solid-state laser.

5.2.7 Solid-State Laser Amplifiers

We have thus far primarily described laser oscillators. To achieve higher energies, amplifi-
cation of the pulse from the oscillator is required.>*?® The regenerative amplifier was already
mentioned in the section on cavity dumping. In comparison to a single pass amplifier, the
regenerative amplifier is a far more complex setup, although it provides, simultaneously, for
efficient extraction of energy from the medium with simultaneous high amplification, and is
favored for short pulse amplification in the laboratory. One would, of course, like to make
the most efficient use of the inversion stored in such an amplifier, while avoiding the poten-
tially destructive consequences of propagating a high peak power pulse through the ampli-
fication medium. Consider a pulse making a single pass through an amplifier in which an
inversion is stored. The key parameter describing the amplification process is again the
saturation fluence (in emission) introduced in Eq. (5.1). If the input fluence to the amplifier
remains small compared to the saturation fluence of the transition (called the small signal
gain regime), the amplification G proceeds in an exponential manner according to:

G = eVow (5.33)

where N, is the inversion density, o, is the stimulated emission cross section and x is the
path length in the amplifier. In this regime the amplification factor G is high, but the ex-
traction of the inversion is consequently low, since saturation of the inversion does not occur.
The other extreme is that the input fluence is much larger than the saturation fluence. In this
case extraction of the inversion will approach 100 percent, and the energy stored in the
amplifier is simply added to the energy in the input beam. For most practical applications,
the best place to operate is in between the two extremes, where there is a desirable degree
of signal amplification at an acceptable extraction efficiency of the energy originally stored
in the amplifier. The basic equation which describes this amplification process is the Frantz-
Nodvik equation, given for a four-level system and rectangular pulses by:

—OU — In[] 4 (/B — ])eFuolBu] (5.34)

The equations here are intentionally kept in the presented form to draw attention to the role
of the saturation parameter E, as the normalization constant. Equation (5.34) is the complete
description of an amplifier without loss, valid for all ranges of saturation. Note that the
amplifier length does not enter.

The two limiting cases just discussed are easily seen. For E, /E, << 1, Eq. (5.34)
reduces to:

EulEq = In{1 + exp(Eyo/E)} (5.35)

which, for £ /E.

sat

small enough can be roughly approximated by

sto
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E

ol B = eXp(Ego/Eg) = G (5.36)

sto

where G is, as above, the small signal amplification factor. Note that one recovers simple
exponential amplification only if the injected signal as well as the amplification is small,
since the signal grows as it travels through the amplifier and starts to saturate at least the
end section of the amplifier. Similarly, if exp(E,,/E,,) is >> 1, (5.34) reduces to:

Eoul/Esat = Ein/Esal + Esto/Esal (5'37)

which simply means that for heavy saturation the entire stored energy adds to the input
signal.

We shall conclude this section with a brief description of what happens when a laser
pulse becomes intense enough to influence the medium through which it propagates, and is
therefore strong enough to influence itself. There is yet again an entire scientific field behind
these phenomena which is called ‘“‘non-linear optics” (see Chap. 13). This field describes
such very well known phenomena as frequency doubling and tripling, frequency shifting
through optical parametric amplifiers (OPO), and stimulated scattering effects, and more.

As the amplified pulse increases in irradiance, it becomes large enough that the electric
field of the amplified light wave itself locally changes the refractive index of the medium
through which it travels. The material property which describes the susceptibility to this
effect is the nonlinear refractive index n,. It is proportional to the square of the local electric
field amplitude of the light wave and adds to the regular, linear refractive index which is
observed at low irradiances:

n=mny,+ n, (E?» (5.38)

To what extent non-linear index effects become noticeable, depends on the magnitude of n,
(a materials parameter), and the length over which the interaction occurs (i.e. the number of
passes through an amplifier rod, or the length of an optical fiber). The additional optical
path length accumulated due to the non-linear refractive index after traveling through a
medium of length L with a pulse of electric field strength E, is given by:

dz = ny(E?L (5.39)

Hence, when the irradiance of the pulse is large enough to effect a retardation dz equal to
about one wavelength, i.e.

A
n, * L

(E?) = (5.40)
one can begin to expect that nonlinear index effects will affect beam propagation. Equation
(5.40) may be viewed as another simple, but useful rule of thumb to judge the proximity of
nonlinear propagation effects. As the phase retardation grows, the first nonlinear index effect
to be encountered is known as ‘‘self-phase modulation.” The phase ® of a sinusoidally
varying electromagnetic wave in a medium with refractive index n is described by:

vt —x
nA

2

(541)

The equation shows that a change in the refractive index n (like the addition of a self-
induced nonlinear part) changes the phase of a wave, and therefore also the phase relationship
between the waves which form a short, phase coherent pulse.

If the effect of the nonlinear index is allowed to proceed, the tail of the pulse, “seeing”
a lower irradiance, and therefore a lower refractive index, than the peak of the pulse, will
eventually catch up with the peak, the pulse will distort and shorten, the local peak irradiance
will increase further until it will eventually exceed the bulk damage threshold of the material.
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FIGURE 5.14 The Nova laser at LLNL is the largest laser currently in existence. Note the beau-
tiful young woman for scale.

Since, in large amplifiers, there is inevitably a transverse irradiance modulation across the
aperture as well, one observes as the consequence of an unchecked nonlinear index effect a
breakup of the beam into little filaments which leave bubble-like tracks throughout the am-
plifier. This effect has been named ‘““‘small scale self focusing” and has to be judiciously
avoided in the design of high peak power amplifiers. Note that one need not construct a
fusion class laser to encounter this effect since it is the irradiance (W/cm?) and the length
of medium traversed, not the absolute power, which causes the effect. Amplification of short
mode-locked pulses (~ps) and ultra-short pulses (~fs), particularly in short pulse regener-
ative amplifiers, was long limited by nonlinear refractive index effects. This problem was
solved by the invention of chirped pulse amplification, which was briefly described in the
section on modelocking and ultra short pulses, above.!>¢

Amplifier surfaces and other optics are coated with dielectric films to increase, or de-
crease, their reflectivities. These coatings can be destroyed by a light pulse which has too
high a peak power, often at power levels below that at which self-focusing sets in. The
resistance of such coatings to this effect is described by a ‘“damage threshold”” which char-
acterizes the fluence the coating can withstand at a given pulse duration. The architecture of
an amplifier chain is determined by the requirement to obtain at each stage a sufficient degree
of amplification at an acceptable extraction, while avoiding damage to coatings and the active
medium itself. As the ultimate example of a laser which can only be built if all of these
types of processes are well understood, Fig. 5.14 shows the Nova laser at the Lawrence
Livermore National Laboratory. It has delivered pulses with 120,000 Joules of energy in
durations of several nanoseconds. As of this writing, NOVA is starting to have fulfilled its
scientific mission, and a much larger laser system, the National Ignition Facility, NIF, will
take its place. As the name implies, it will be powerful enough to ignite the fusion reaction
which powers the sun, albeit on an extremely small scale. The authors look forward to
describing more of this most powerful of all solid-state lasers, in the next edition of this
chapter.
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5.3 SOLID-STATE LASER MATERIALS

5.3.1

Laser-Active Centers

Solid-state lasers are based on a wide variety of insulating materials. All of these materials
are conceptually similar, however, in that a laser-active center is incorporated into the solid
referred to as the host. The host is an ionic solid (e.g., MgO) and the extrinsic laser center
generally carries a positive charge (e.g., Ni*"). As a simple illustration of this situation, a
two-dimensional view of the MgO:Ni** system is pictured in Fig. 5.15. The small fraction
of Ni** ions present at the Mg?* sites gives the MgO crystal a green hue. A crystal may
also be colored by intrinsic defects, as illustrated on the right-hand side of Fig. 5.15 for
NaCl. We imagine here that a chlorine ion is first removed from the perfect NaCl lattice,
and then the electron is returned to the crystal. The electron becomes bound at the vacancy,
since the rest of the lattice creates an effective positive charge centered at the empty chlorine
site. This defect species is known as an F-center, in which the “F’’ stands for the German
word “Farbe’ or color. While the F-center itself is not laser-active, numerous related defects
composed of F-centers do comprise an important class of laser materials (e.g., two nearby
vacancies sharing an electron or F,*).

On the basis of this introduction, and a cursory glance at the periodic table of the ele-
ments, it may seem that the number of potential laser media is virtually limitless. The known
laser centers are indicated in Table 5.1, along with a very abbreviated list of host materi-
als®>*?>. Among the laser centers are 9 transition metals, 13 trivalent and 3 divalent rare
earths, the actinide U3*, and 7 types of intrinsic defect species. While 33 distinct centers are
listed in Table 5.1, it should be emphasized that they lase with varying degrees of proficiency,
and each possesses both advantages and disadvantages. For example, Ti** has a wide tuning
range but lacks the ability to effectively store energy, Pm*" is predicted to lase quite effi-
ciently but is radioactive, and color center lasers provide tunable radiation in the infrared
but usually require cryogenic cooling.

Each of the laser host materials also possesses attributes and handicaps. Only certain
impurity ions are compatible with a particular host, since the size and charge of the substi-
tutional host metal ion must be similar to that of the impurity. For example, Ni** can be
incorporated into the Mg?* sites of MgF, and MgO, and Nd** into the Y** sites of LiYF,,
Y,SiO;, YAIO;, and Y;AlLO,,. In addition to the oxide and halide crystals of Table 5.1,
several glassy media are listed, including fluoride-, silicate-, and phosphate-based systems;
fused silica primarily serves as the matrix for rare-earth doped fiber lasers. The color center
lasers are predominantly associated with alkali halide crystals that have either been irradiated
or chemically treated to generate the desired defect centers.

Ni2* ion in MgO

Mg O Mg O Mg F Na F Na F
O Mg O Mg O Na F Na F Na
Mg O Ni O Mg F Na (s?la F
O Mg O Mg O Na F Na F Na
Mg O Mg O Mg F Na F Na F
Extrinsic impurity ion Intrinsic lattice defect

FIGURE 5.15 Example of an impurity-doped host
MgO:Ni**, and the F-center in NaCl.
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TABLE 5.1 Laser Ions and Abbreviated Listing of Host Materials

5.35

Laser ions and defects

Transition metal ions: Ti**, V?*, Cr?*, Cr3*, Cr*t, Co?*, Ni?*

Travalent rare earth ions: Ce**, Pr**, Nd**, Pm**, Mn°*, Fe?*, Sm**, Eu**, Gd**, Tb**, Dy**, Ho**, Er**, Tm?**, Yb**

Divalent rare earth ions: Sm?>*, Dy>*, Tm?>*
Actinide ion: U3*
Color centers: F*, FA(IT), Fy(ID), F>*, (F,"),, (F,H)*, TIO(1)

Examples of laser hosts

Oxide crystals: MgO, Al O;, BeAl,O,, YAIO,, CaWO,, YVO,, Y,AlO,,, Gd;Sc,Ga,0,,, LiNdP,O,,, Mg,SiO,,
Sr5(PO,),F

Fluoride crystals: NaF, MgF,, CaF,, LaF,, LiYF,, LiCaAlF,, LiSrAlF,, BaY,F;

Other halide crystals: KCI, KI

Glasses: ZrF,-BaF,-LaF;-AlF;, SiO,-Li,0-Ca0-Al0;, P,05-Al,0,-K,0-Ba0O, La-Ga-S, fused SiO,

The nature of the energy levels and dynamics of the active center determine the character

and effectiveness of the laser. A generic representation of the energy levels and energy flow
appears in Fig. 5.16. The laser crystal or glass initially absorbs the light from the pump
source (step 1). The absorption of the medium is characterized by the absorption coefficient
(with units of cm™!):

a(N) = Nygpq0a (N (5.42)

where the ground state number density (cm™*) and the absorption cross section (cm?) are
noted. The fraction of light absorbed at wavelength X\ in path length [ is

f=1—exp[—a) -] (5.43)

The energy then commonly relaxes to the emitting excited state (step 2). This level is me-
tastable, in that it often possesses an emission lifetime, 7., , that is long enough to store

Excited-state
loss

A
Pump ]
levels @ !
Relax ! Upper laser
\/\/\ ! level
@ Q Non-radiative]
Pump decay
‘J\/ Lower laser
@ level
Ground Relax
state

FIGURE 5.16 Generic representation of the energy levels
and energy flow (steps 1-4) for an idealized laser center.
The dashed arrows illustrate two fundamental loss mecha-
nisms.
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energy (see Eq. (5.6)). The emission lifetime is, in part, determined by the natural radiative
lifetime of the state, T,,4, but may also be affected by nonradiative processes that lead to a
shortening of the excited state lifetime. The competition between the radiative and nonra-
diative (nr) decay rates can be expressed as

7l =gl 4+ km_ (544)
k.. can, for example, take the form of a thermally mediated process:
ky = A, exp(—E,./kT) (5.45)

where E, is the activation energy, A, is the attempt frequency, and k is Boltzman’s constant.
Nonradiative decay leads to additional heating of the laser medium, as discussed in Sec.
5.2.6.

Gain can potentially be present during step 3, as the center undergoes the transition
between the upper and lower laser levels. The stimulated emission cross section is one
of the crucial parameters involved in any laser design since it appears in the expression for
the saturation parameter (see o, in Eq. (5.11)), and may be calculated from the related
quantity:?®

o — 280 (5.46)

2,
8mniT

where g(v) is the emission lineshape function having units of seconds, and » is the refractive
index. One of the subtle aspects of determining the emission cross section involved knowing
an accurate value of the radiative lifetime, since nonradiative decay can lead to a shortening
of the emission lifetime under some circumstances such that T, is not equal to 7.

Excited state absorption (ESA) is another fundamental loss mechanism that impacts the
potential gain of the laser medium. The excited state encounters some amount of pump-
induced loss, rather than gain, due to the excitation to higher lying excited states. The
effective stimulated emission cross section of the inverted population is given by the differ-
ence of the emission and ESA cross sections:

Ost = Oem = Ogksa (5.47)
In fact, the reason that many materials luminesce efficiently but do not lase is the result of
the presence of pump-induced ESA or loss, rather than gain.

Step 4 of Fig. 5.16 shows that the lower laser level relaxes back to the ground state. The
advantage of this four-level scheme is that the lower laser level is unoccupied, and therefore
cannot absorb the laser light (thereby not introducing ground state absorption loss into the
system). In the simplest sense, for a system possessing a small amount of ground state
absorption loss, this contribution will affect the threshold of a laser oscillator in a manner
equivalent to the other losses present in the system. For example, the power threshold of a
laser-pumped laser with pump and cavity waists of w, and o, is given by:*®

'rr(oolz7 + oof‘)hvp(Twt + 2N gndOansl)

4(Oem — Ogsa)Tem

Py =

(5.48)

where the ground state absorption loss N0,/ has been added to the sum of the output
coupler transmission and passive loss, T,,, and we take T,, << 1. The lower laser level

tot? tot
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absorption can arise from either the equilibrium thermal population, or to a bottleneck effect,
in which the relaxation rate of step 4 is slow compared to the stimulated emission rate. For
the case where the lower laser level is precisely the same as the ground state, the system is
three-level in nature, and requires considerably more energy for the oscillator to reach thresh-
old and lase, since an inversion is only achieved when at least half of the ground-state
population has been pumped to the upper level (for equal degeneracy’s of the ground and
excited states). It is also apparent from Eq. 5.48 that ESA serves to increase the threshold
as well.

A technologically important class of laser materials, that has characteristics intermediate
between those of three- and four-level lasers, is referred to as quasi-three-level lasers. For
this case, the absorption cross section at the laser wavelength \; is much less than that of
the emission, o,(\,) and o_,(\,), but nevertheless tends to impact the threshold of a laser
oscillator. Specifically, the minimum fraction of ions that must be inverted to overcome the
ground-state absorption is

Tans(N1)

TemM) + TN (5.49)

Buin(\) =

We can further assert that the minimum absorbed pump intensity at N, required to reach
threshold (for an otherwise lossless oscillator) is

Liin\,) = Brin(N) + LN (3.50)

Referring back to Eq. (5.49), we see that the magnitudes of both o, (\,) and o, (\,) impact
the laser performance.

5.3.2 Host Materials

The host materials that are utilized in laser systems must exhibit adequate optical, mechan-
ical, and thermal properties. In addition, the material must be able to sustain a precise optical
polish, be cast or grown within certain economic and time constraints, and afford the laser
centers the spectroscopic properties appropriate for good laser performance. As a result of
the numerous and diverse requirements, not many materials turn out to be useful in practical
circumstances. The nature of glasses and crystals is discussed below, and the important
physical properties are outlined in detail.

Most laser glasses fall into one of several categories: silicates, phosphates, fluorides, and
sulfides. These glass systems may also be mixed, yielding fluorophosphates, silicophosphates,
etc. In all cases, the glass is considered to consist of two major components: the network
former and the modifiers.”” The network is a covalently bonded three-dimensional system,
whereas the modifiers are ionically-bonded and tend to disrupt the network structure. The
silicate glasses provide a simple description of the interplay between the network and mod-
ifiers. First, consider crystalline quartz, or SiO,, as illustrated in Fig. 5.17a. Here, every
oxygen bridges between two silicons. Fused silica in Fig. 5.17b is similar, although it is
glassy, meaning that the highly-ordered nature of the system has been eliminated. If modifiers
such as Na,O are added, some of the oxygens become ‘“‘nonbridging” (Fig. 5.17c¢). There
are several favorable features afforded to the glass by the modifier ions: the melt acquires a
much lower viscosity and may be easily poured and cast, and the glass is able to dissolve
rare earth ions much more effectively, compared to fused silica. A similar situation exists
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for the other types of glasses, as well. For
example, the P,O5 in phosphate glasses
forms the network, and alkali and alkaline
earth oxide compounds are added as modi-
fiers. For the case of fluoride glasses, ZtF,,
or ThF,, may serve as the network former.
An example of a sulfide glass is Ga-La-S.8

The growth of most crystals turns out to
be considerably more difficult than melting
and casting glassy materials. Crystals pro-
vide an important advantage, however, since
a precisely defined site is available to the la-
ser ion, rather than the broad distribution of
sites that characterize a glass. Crystals often
have more favorable thermal and mechanical
properties as well. For example, the thermal
conductivity tends to be much higher, and
oxide crystals tend to be very strong me-
chanically compared to glasses. As a result,
it is often worthwhile to generate the crys-
talline media.

Crystals may be grown many different
ways,? two examples of which are shown in
O Nar Fig. 5.18. The Bridgman method typically
) ) ) involves slowly lowering a crucible through
FIGUfRE 5.17 gwo—d}men510nal view ofl the sftruc— a zone in which the temperature abruptly
tare of Si0, tetrahedra in (a) quartz crystal, (b) fused 06 from above to below the melting point
silica, and (c) sodium silicate glass. (Adapted from . .
Ref. 27.) of the crystal. A seed crystal is sometimes

placed at the bottom of the crucible to ini-
tiate the growth. Also shown is the Czochralski method, in which a seed is dipped into the
melt, and then slowly raised as it is rotated. Most crystals are grown at the rate of 0.1-10
mm/h. It is important to emphasize that there are many other methods of crystal growth that
have not been discussed here (solution and flux growth, flame-fusion, gradient freeze, top
seeded solution, etc.). All methods are based on the concept of slowly enlarging the seed
crystal.

The mechanical, thermal, and optical properties of the hosts dramatically impact the laser
design considerations. The numerical values of the important physical quantities are listed
in Table 5.2 for representative oxide, fluoride, and chloride crystals, as well as several glasses.
The first six columns are related to an assessment of the propensity for the material to break
while under thermally induced stress, as described by the thermal shock parameter.*°

e Si* 00*

k(1 — v)K,,

R, =
T aF

(5.51)

where k is the thermal conductivity, v is Poisson’s ratio, K. is the fracture toughness, a is
the expansion coefficient, and E is Young’s modulus. If R} is divided by the square root of
half the flow size that initiates fracture, the thermal parameter utilized in the previous section
is obtained (R;), see Eq. 5.28. Since the flaw size is highly dependent on the polishing
procedure and is generally unknown in any case, R, is the most useful embodiment of a
figure-of-merit with which to compare the materials in Table 5.2, whereas R; is of practical
interest for the laser designer.

The thermophysical properties vary substantially among the host media of Table 5.2.
E is largest for oxides since their highly ionic nature renders them difficult to deform. The
K, values, which are a measure of the ability of the material to resist crack formation, tend

30-49
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FIGURE 5.18 Schematic drawing of two
common crystal growth methods.

to be highest for oxides, intermediate for the oxide-based glasses, and smallest for fluorides,
chlorides, and selenides. A similar grouping of values prevail for o, with the notable excep-
tion that fused silica (SiO,) possesses an anomalously low value. The thermal conductivities,
K, have a large distribution of magnitudes among the crystals, although they tend to be much
lower for the glasses. This effect may be understood from the mechanism of thermal con-
duction, which is inhibited by the enhanced scattering of phonons by the disordered nature
of glasses.

The R; thermal shock quantities vary by nearly two orders of magnitude in Table 5.2. It
should be noted that oxides are better than fluorides and glasses, although perhaps by not
as large a margin as many laser designers probably assume to be the case. This is in part
true because E appears in the denominator of Eq. 5.47, since the more deformable solids
are able to relieve the stresses due to nonuniform pumping and cooling in the laser-active
medium. Interestingly, we also see that the KCI crystal fares nearly as well based on the
definition of R as do the glassy media.

The change of the refractive index with temperature, dn/dT, appears in the next column,
and is seen to exhibit both positive and negative values. The dn/dT parameter appears in
the thermal lens formulation describing a cooled laser rod in a pump chamber. For simplicity,
we consider here the case of a block of material of length [ that is uniformly heated and
unstressed; the optical pathlength change is

Ap = [a(n — 1) + dn/dT] L AT (5.52)

It is apparent that the negative values of dn/dT tend to cancel the positive contribution due
to the thermal expansion. (As it turns out, the negative dn/dT usually cancels the lensing



TABLE 5.2 Summary of the Mechanical, Thermal, and Optical Properties of Laser Hosts

E® K, © Q@ K© R/ ® dn/dT® n,®

Material GPa o® MPa Vm 1077/K W/ (mK) W/Vm 10°¢/K 10713 esu Reference
ALO, (oxides) 405 0.25 22 48, 53 28 22 +11.7, +12.8 1.2 30-32
BeAlO, 446 0.3 2.6 44, 68, 69 23 14 +9.4, +8.3 1.5 30, 31, 33
Y,ALO,, 282 0.28 1.4 67 10 4.6 +8.9 2.7 30-32
Gd,Sc,Ga,0,, 210 0.28 12 75 6.0 3.3 +10.1 5.5 30-32
Y,SiO; 110 0.3 0.5 74, 74, 52 45 1.9 +9.1, +5.7, +6.7 3.7 34-36
Mg,SiO, — — — 95 8 — — — 37
YVO, — — — 114, 44 5.2 — +3, +8.5 — 38
Sry(PO,),F 109 0.3 0.51 84, 95 2.0 0.6 -5.0, 0.0 1.6 39
MgF, (fluorides) 138 0.27 0.9 131, 88 21 7.6 +0.9, +0.3 0.3 30-32
CaF, 110 0.3 0.33 260 9.7 0.8 -115 0.4 30-32
LiF 91 0.3 0.36 140 11 22 -16.7 0.3 30-32
LiYF, 75 0.33 0.27 130, 80 5.8,7.2 1.1 -2.0, —4.3 0.66 30, 40, 41
LiCaAlIF, 9 0.3 0.31 220, 36 4.6,5.1 0.53 —42, -4.6 0.2 42
LiSrAlIF, 109 0.3 0.40 100, 190 3.1 0.4 —4.0, -2.5 0.2 43
KCI (chloride) 39 0.3 0.14 400 9.2 0.58 -36.2 2.0 30-32
ZnSe 67 0.3 0.2 71 18 5.3 +70 170 44, 45
ED?2 (silicate glass) 92 0.24 0.83 80 1.36 1.2 +2.9 1.41 30, 41, 46
Fused SiO, 72 0.17 0.75 5.5 1.38 22 +11.8 0.9 30-32
LG-750 (phosphate glass) 52 0.26 0.45 114 0.62 0.35 -5.1 1.08 30, 46, 47
LG-770 47 0.25 0.48 135 0.57 0.32 —4.7 1.02 47
APG-1 71 0.24 0.62 76 0.83 0.72 +1.2 1.13 31, 47
APG-2 64 0.24 0.80 64 0.86 13 +4.0 1.03 47

(a) Young’s modulus; (b) Poisson’s ratio; (c) Fracture toughness; (d) Expansion coefficient; (e¢) Thermal conductivity; (f) Intrinsic thermal stress resistance; (g) Refractive index change
with temperature; (h) Nonlinear refractive index.

ov's
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contribution due to the stress-optic effect present in realistic laser configurations.) From Table
5.2, it is clear that most fluorides and chlorides, and a few glasses, are characterized by
negative dn/dT parameters and, as a result, tend to have substantially less thermal lensing
distortion than most other media. Actual thermal lensing measurements on flashlamp-pumped
laser rods*>*#4° have confirmed that fluoride laser materials such as LiYF, and LiCaAlF;
exhibit roughly an order-of-magnitude less thermal lensing than the typical oxides
Y,AlLO,,, BeAl,O,, and Gd,;Sc,Ga;0,,. See Egs. 5.26 and 5.27 for further discussion of
thermal lensing.

The last quantity listed in Table 5.2 is the nonlinear refractive index, n,, which is re-
sponsible for modifying the spectral and spatial character of high intensity pulses.'*° The
important observation that fluorides and light cations give the lowest n, values is readily
apparent. Oxides containing heavy cations, on the other hand, give the largest n, values.
Since n, is traditionally listed in esu, yet the beam irradiance is given in W/cm?, it is useful
to establish the equivalent of the nonlinear index with respect to irradiance in MKSA units.
From the conversion rules from esu to MKSA units, we find

n, (MKSA) = % n,(esu) (5.53)

n, (MKSA) is a more intuitive quantity than n, [esu].

5.3.3 Rare Earth and Actinide Lasers

As noted in Table 5.1, all thirteen of the trivalent rare earth (RE) ions have been demonstrated
to lase.’=%2 In passing from Ce** to Yb®" the 4f shell becomes filled with electrons, from
4f" to 4f'3. Tt is the electronic states that arise from the 4f" shell that are responsible for
nearly all of the RE laser transitions. In this section, several examples of laser ions will be
discussed.

The energy levels of Pr** are qualitatively sketched in Fig. 5.19. This discussion of the
Pr3* ion is intended to give a brief sketch of how the numerous transitions come about from
the 4f" core of RE ions.’! The 4f? orbital occupancy gives rise to seven electronic states, as
a result of the electron-electron repulsion and the exchange (spin) interactions between the
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FIGURE 5.19 Origin of the energy levels of a
Pr3*-doped solid, showing the intraionic effects of
electron repulsion, exchange, and spin-orbit splitting,
and the crystal-field splitting due to the host medium.
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4f electrons. The spin S appears as the degeneracy 28 + 1 at the upper left of the orbital L
designation, where S, P, D, F, G, H, I corresponds to L = 0, 1, 2, 3, 4, 5, 6, respectively.
Only certain spin and orbital combinations may exist in order to assure the antisymmetry of
the overall wave-function. If the interaction between the electron spin and orbital motion is
then “turned on,” the additional splitting that occurs is described by the J-state subscripts.
The overall state designation is **'L,, where J = L — S, L — S + 1, .., L + S. Up till
now, only the properties of the RE ion in free space have been considered. The host medium
that surrounds Pr** is responsible for the crystal field interactions, which lift the 2J + 1
degeneracy of the spin-orbit state, and result in a series of lines or in a narrow band of
states, as shown in Fig. 5.19. The crystalline field also serves the critical function of inducing
electric dipole-based transition strength into the forbidden 4f-4f transitions of the free-ion.

The Yb*" ion is the simplest example of a RE laser ion. The electronic configuration of
4f13 is only one electron short of being a completely filled shell, 4f'4, and by symmetry may
be described as a single 4f,' hole. This configuration produces only two electronic states:
the °F,,, ground state and the °F;,, excited state. The absorption and emission spectra®* of
Yb*" in Y;ALO,, (YAG) are displayed in Fig. 5.20. The various lines apparent in the figure
are due to the crystal field split levels of the ?F,,, and *Fs,, states. The prominent emission
line at 1.03 wm is the operating wavelength of the laser, while some of the shorter wavelength
lines are appropriate for laser pumping. The presence of ground state absorption at the 1.03
wm laser line stipulates that a minimum of B,,, = 6 percent of the Yb®* ions must be
inverted before the system may exhibit net gain.

Interestingly, Yb:YAG has recently been “rediscovered” since the advent of the InGaAs
laser diodes, which can effectively pump the medium directly in the 0.94 pum region.>® Note
that flashlamp sources provide extremely poor pumping efficiency for Yb, since the absorp-
tion spectra cover such a limited range while the lamps generate light from the UV to the
IR. Diode laser pumping, on the other hand, ideally suits this type of laser material. It is
worth mentioning that the relatively long emission lifetime of 0.95 msec is a useful storage
time for diode-pumping, since diode lasers are peak power limited devices. Diode-pumped
Yb:YAG lasers have provided power levels of hundreds of watts, with fairly good beam
quality. 55556

In contrast to Yb**, dozens of electronic states arise from the 4f> electron configuration
of Nd**, some of which are depicted in Fig. 5.21. The ground state occurs among the *I;
manifold, where the *I designation describes the S = 3/2 spin and the L = 6 orbital angular
momentum, and the J = 9/2-15/2 states are due to the spin-orbit coupling of these two
momenta. The absorption transitions occur from the #I,,, ground stated to the indicated
energy levels, and each of the transitions is manifest as a band in the data of Fig. 5.22,
which contains the absorption spectrum of LG-750 (Schott Glass Technologies), a Nd-doped
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phosphate glass. Following the absorption of light energy by one of the pump bands shown
in Fig. 5.22, the energy relaxes to the “F,,, metastable excited state. Importantly, the many
absorption bands of Nd** permit the efficient flashlamp pumping of this ion in most hosts.

The lifetimes of the various electronic states of Fig. 5.21 may be estimated with the aid
of the energy-gap law®’

knr = k()(T) . exp(iaEgap) (5'54)

where « is a parameter that is specific to each host material, and E,,, is the energy separation
between the state of interest and the next lower electronic state. The temperature dependence

Absorption strength
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FIGURE 5.22 Absorption and partial
emission spectrum of Nd** in phosphate
glass (LG-750, Schott Glass Technologies).
The final states of the absorption transitions
are noted.
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of ky(T) is relatively weak for rare earth ion impurities. Generally an E,,, of 3000 cm™" or
more is required for the k,, radiative rate to be appreciable compared to nonradiative decay
processes in simple oxides and fluoride (that is, for k,, < 10%s~'). Most of the energy gaps
for Nd** are small, resulting in rapid relaxation to the “F;,, level, which is metastable since
it has a larger gap of 5000 cm™!. The o parameter of Eq. (5.54), however, is significantly
larger for complexed oxides (PO,, SiO,), and smaller for sulfides, selenides and chlorides.
As a consequence, phosphates and silicates don’t emit efficiently beyond about 2 pm (5000
cm™! gap) while chlorides can lase beyond 7 wm,*® perhaps ultimately to 10 pm (1000 cm ™!

gap). The key difference among the materials is their highest phonon frequency, Av,,,,, since
it determines the number of phonons required to “bridge the gap”
nPh = Egap/hvmax (555)

where it is desirable for n,, > 4-5 for efficient luminescence. Typical ranges of hv,,,, are
1000-1200 cm™' for phosphates and silicates, 600-800 cm~' for simple oxides, 400-500
cm™! for fluorides, 300—-400 cm™! for sulfides, and 200-300 cm™! for chlorides.

Once the “F;,, state is populated, the Nd laser is capable of lasing at three major wave-
lengths near 1.3, 1.05, and 0.9 wm, as is depicted in Fig. 5.21. The *F;,, — “I,,,, transition
is responsible for the emission band near 1.054 wm in Fig. 5.22, and provides the highest
level of gain for Nd-doped glasses and crystals. Nd** lasers are by far the most technolog-
ically important systems, and the main host materials that are routinely employed are YAG,
YLF (LiYF,), YVO,, and phosphate glass.

Er** is an example of an ion that possesses numerous metastable levels, thereby allowing
13 different laser transitions to exist for this single center;*> see Fig. 5.23. The Er** ion is
illustrative of the disparity that may exist between demonstrated laser transitions and those
that are commonly employed, since, of all the laser lines, only the *I,;,, — “I;5,, transition
at 1.6 wm is utilized in practical systems. The 1.6 wm transition is often realized in flashlamp
pumped glass rod systems, although the metastability of numerous levels does not allow for
the quick relaxation to the desired “I,;,, state. The most significant application for Er** has
turned out to be in the telecommunications industry that employs diode-pumped Er-doped
SiO, fibers to amplify the signals present in fiber cables at 1.55 pm.* Clearly the market
impact for this type of device has been enormous. More recently, Bragg gratings have enabled
the use of wavelength division multiplexing, WDM, where 32 or more wavelengths (each
carrying independent information) can be simultaneously transmitted along a single fiber.
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FIGURE 5.24 Summary of all the wavelengths that
may be generated by RE ions. Each line represents a
particular transition for an RE ion, which may have
been lased in numerous host materials. Recently, the

infrared range has been extended to beyond 7 pm in
Pr:LaCl,.*®

There is a great gap between the number of RE ion systems that have been lased and the
relatively small number of materials that are commonly used in practical applications. A
summary of all the wavelengths span the range from 0.18 pm to 7.2 pm, and both the
divalent and trivalent ions are reported. Of all the transitions shown, only three are based on
the 5d — 4f transition (rather than the 4f — 4f), including the 0.18, 0.3, and 0.75 pm bands
of Nd**, Ce**, and Sm?*, respectively. Among the systems that have been demonstrated to
have practical utility are the IR transitions of Er**, Tm** and Ho** near 1.5-2.1 pwm; these
ions are normally lased in hosts that are sensitized with additional ions (see discussions in
sections 5.3.6 and 5.3.7). The existence of the many transitions in Fig. 5.24 may be construed
as a foreshadowing of the progress that is possible in laser materials and designs in the
coming years.

One example of an emerging solid-state laser, thought to be unworkable just a few years
ago, is the tunable ultraviolet Ce**:LiSrAlF, and Ce**:LiCaAlF, crystal lasers (0.285-0.315
pm, known as Ce:LiSAF and Ce:LiCAF).%%¢!62 The surprising result was that solid-state

media could sustain such a low level of solarization loss (coloring) in the presence of UV
light, allowing the laser to operate efficiently.

5.3.4 Transition Metal lon Lasers

The optical properties of transition metal ions are fundamentally different from rare earth
species.®*7! This is the case primarily because the 3d — 3d electronic transitions that are
responsible for the absorption and emission features of the transition metal ions interact
strongly with the host, in contrast to the relative insensitivity of the rare earth 4f — 4f
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transitions. The type of situation that arises is depicted in fig. 5.25 in terms of the “‘config-
uration coordinate”” model. The Ti** ion in AL, O, has been selected for illustrative purposes
because its valence shell contains only a single d electron, 3d'. The 3d electron is crystal
field split into two states, the 2E and >T,, by the six nearest-neighbor oxygen anions sur-
rounding the Ti*" ion. The crystal field splitting is roughly an order-of-magnitude larger than
that experienced by the 4f electrons of rare earth ions (as shown on Fig. 5.19 for the Pr**
ion). As depicted in Fig. 5.25, the average Ti-O distance is slightly larger in the %E state,
compared to the 2T, state. This enlargement is particularly important, because it produces
the wide absorption and emission features that characterize the transition metal ion lasers.

The configuration coordinate diagram of Fig. 5.25 explains how the different Ti-O dis-
tances in the ground and excited states give rise to broad spectral features. The Gaussian
curve drawn on the ground state potential energy surface indicates the probabilistic distri-
bution of Ti-O distances that occurs. Since the electronic transition to the excited state occurs
rapidly compared to the motion of the Ti-O atoms, this ground state Ti-O distance distribution
is simply “reflected” off the rising side of the upper state energy surface, thereby producing
a broad absorption feature. A similar argument applies to the emission process. The actual
absorption and emission spectra of Al,O,:Ti*" are shown in Fig. 5.26.%* This material (known
as Ti:sapphire) is extremely useful since it may be optically pumped with a doubled Nd:
YAG laser or an Ar™ laser, and because the output of the laser is widely tunable from 0.66—
1.2 pm. Ti:sapphire lasers operate efficiently and are not adversely impacted by the funda-
mental loss mechanisms shown in Fig. 5.16.
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FIGURE 5.25 (a) Splitting of the 3d electron of Ti** into the
2E and °T, states due to the interaction with the six nearest neigh-
bor oxygen anions of Al,O;. (b) Configuration coordinate model
of the Ti** impurity depicting how the displacement between the
2T, and E states results in broad absorption and emission features.
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Cr’*-lasers?2*6366 are similar to Ti**-lasers, in that these crystals exhibit broad spectral
features. Cr®*-doped crystals possess an important advantage, however, in that they have
three absorption bands, rather than one, and therefore absorb flashlamp more efficiently.
Another important distinction between Ti*" and Cr** lasers pertains to the lifetime of the
metastable state, which is typically near 1-10 wsec for Ti**, and 50-300 psec for Cr3*. As
a result, Cr lasers can be arranged to store more flashlamp energy than Ti lasers. Lastly,
because the trivalent oxidation state of Cr is very stable, it may be incorporated into a wide
variety of host media. A summary of the tuning ranges achieved by Cr**-doped materials
appear in Fig. 5.27, where it is seen that wavelengths from 0.70 pm to 1.25 pm can be
covered with different host materials. It is crucial to emphasize, however, that many of the
reported Cr3*-lasers are not useful because they are flawed in various ways, such as by
having low efficiency, or perhaps by permanently coloring under the influence of ultraviolet
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flashlamp light. The most promising lasers are Cr>"-doped BeAl,O, and the LiSrAlF, family
of hosts (known as alexandrite and Cr:LiSAF).

There are, in total, 30 transition metal ions, including the first-, second-, and third-row
ions. In spite of this diversity, only seven other ions have been lased as oscillators in addition
to Ti** and Cr*; they are V**, Cr**, Cr**, Co**, Fe**, Mn®* and Ni?>*.?> These ions exhibit
laser output in the 1-3 wm region and, of these materials, MgF,:Co?* crystals seem to have
the most promise.” The Cr*" ion has been discovered to lase in forsterite (Mg,SiO,),
Ca,GeO, and Y, Al0,,,5%%7° while Cr** has been shown to lase in ZnS and ZnSe within
the 2.1-2.9 pm range.**”" The limited number of transition metal ion lasers is related to
several factors. Firstly, the chemical properties of the ions are such that they do not have
stable oxidation states and also tend to vaporize rather than dissolve in the host material
during crystal growth. Secondly, many ions turn out to have low emission yields or to have
significant excited state absorption losses, rendering them useless as laser ions.

5.3.5 Color Center Lasers

A number of excellent reviews on color center lasers is currently available. As a consequence,
only a brief sketch of salient features of these lasers will be provided here. The reader is
directed to several articles by Mollenauer that are informative and thorough.”7#

Color center lasers involve active centers that are native defects of the host material. The
progenitor to all of these laser species is the F-center, although this defect itself is not laser-
active. Figure 5.28, adapted from Ref. 73, contains a reminder of the nature of the F-center
as well as several of the actual laser-active species (see the text associated with Fig. 5.15
for the initial discussion on this topic). The F, center of Fig. 5.28 involves the incorporation
of a foreign ion, such as Li*, into the center. The F, defect consists of two nearby F-centers;
F3 contains two vacancies with a single electron, and the (FJ), incorporates a foreign ion
as well. One of the most interesting and useful color center lasers is the TI° atom with a
nearby vacancy. This center may also be viewed as involving the sharing of an electron
between TI" and a vacancy.

One of the important optical properties of the F-center and related species is the broad
nature of the absorption and emission features. To understand the origin of these properties,
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FIGURE 5.28 Schematic illustra-
tion of the laser-active color centers
are derivable from the F-center.
(Adapted from Ref. 73.)
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the nature of the electronic structure of the defect centers must be considered. In the simplest
sense, the F, F,, and F; centers may be modeled as an H atom, H, molecule, and HJ
molecular ion, respectively, that is embedded in the dielectric continuum of the host medium.
As a result the important electronic transitions basically originate from a 1s-2p type of
electronic change. The change of the principle quantum number of the orbital occupancy
causes the electronic structure of the ground and excited states to be very different. Figure
5.29, adapted from Ref. 74, depicts the energy levels of the “normal” ground state config-
uration (left) and that of the relaxed excited state (right). The substantial structural differences
between the ground and excited states produce the large shift between the absorption and
emission frequencies. The electronic structure of the excited state is also intimately associated
with the conduction band states of the host, since the excited states are primarily composed
of linear combinations of these orbitals. A tabular listing of the color center lasers that are
commonly used in laboratory settings is reproduced in Table 5.3 from Ref. 72. It is apparent
that a good deal of the infrared spectral range is covered by the tunable laser action from
these media. The hosts predominantly involve the alkali halides because these crystals afford
the most useful properties to the defect centers. Although few other types of lasers effectively
and broadly provide tunable radiation in the infrared, the requirement of cryogenic cooling
for most of these systems limits their utility to laboratory environments. Lastly, it is worth

TABLE 5.3 Most Used Color Center Lasers (Reproduced from Ref. 72)

Host LiF NaCl:OH KCLTI KCLLi  RbCLLi
Center F,* F,+:0%" Ti’(1) F, (1) FA(II)
Pump wavelength (um)  0.647 1.064 1.064 0.61 0.66
Pump power (W) 4 6 6 2.0 1.3

Tuning range (m) 0.82-1.05 1.43-1.78 14-1.6 23-3.1 2.5-3.65
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mentioning that the strongly-allowed nature of the p-s transitions cause the radiative lifetimes
to be rather short, 7., = 100-1000 nsec, and the emission cross section to be very high, o,
= 107" — 3 X 107! cm? In a practical sense, the o, and 7, values of color center lasers
are closer to the range typical of dye lasers, rather than to the 4f-4f rare earth- and 3d-3d
transition metal-based lasers described in this chapter.

5.3.6 Energy Transfer in Laser Materials

The performance of the laser centers in a material can be enhanced by the presence of
additional impurity ions. Figure 5.30 illustrates two possible roles for these extra ions. The
sensitizer may increase the general level of white light absorption, or provide new absorption
features that match the output of a laser pump source. The sensitizer is then anticipated to
efficiently transfer the energy to the upper level of the laser ion. Another role that the
additional ions may play is that of deactivating the lower laser level, for the case of systems
where this level is kinetically bottlenecked. If the lower laser level is not rapidly drained
following laser action, the population will build up and introduce an increasing absorption
loss exactly at the laser wavelength. The deactivator serves to funnel the energy away from
the laser ion. A good example of the need for a deactivator occurs for the *I,,,, — “I;5,,
transition of Er** at 2.8 wm. Here the *I;;,, level has a lifetime that is about an order-of-
magnitude longer than the “I,,,, state, and the deactivator is required to avert self-quenching
of the laser action.” Several different rare earth ions have been employed for this purpose.*
A preferred approach has been to rely on Auger upconversion to deplete the population of
the #I,5,, lower laser level.”® At Er concentrations of >10 percent, two ions in the “,;,, state
interact to yield one in the “I,5,, ground state while the other returns to the upper laser level.
This mechanism is ideal since it serves to both depopulate the lower level and repopulate
the upper laser level.

The physics of energy-transfer is complicated, and lacks a comprehensive theory by which
to describe all phenomena. For the case of dilute dopant concentrations and for dipole-dipole
interactions, the energy-transfer rate from a single sensitizer ion to a single laser ion is given
by:”’

R

W=
ROt

(5.56)

rad

where R is the inter-ion separation, T, is the radiative lifetime of the sensitizer, and R, is
the critical radius parameter. R, is related to the overlap of the sensitizer emission band,
o5, and the laser ion absorption band, o, with the relation

em? abs?
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level v\" —
Sensitizer Laser ion Deactivator

FIGURE 5.30 Illustration showing the role of
a sensitizer to excite the upper laser level, or that
of a deactivator, to depopulate the lower laser
level.
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Of course, the statistical ensembles must be suitably averaged in order to interpret the R
distances in terms of the actual impurity concentrations.

The nonradiative transfer described in Eqgs. (5.56) and (5.57) should not be confused with
the radiative transfer process. For the case of radiative transfer, a photon is emitted by the
sensitizer, travels through the host medium, and then is absorbed by the laser ion. On the
other hand, here the sensitizer and laser ions simultaneously undergo transitions during non-
radiative transfer. One of the important differences among the effects of the two processes
is that only nonradiative transfer leads to a shortening of the sensitizer lifetime by the
presence of laser ions. It should be emphasized that nonradiative energy transfer is influenced
by many other factors, such as energy migration among the sensitizer ions, nearest neighbor
effects, back-transfer, etc. These issues have not been accounted for in the preceding dis-
cussion. There are several sensitized laser materials that have been explored. As an example,
consider the material where Cr** and Nd** are codoped into Gd;Sc,Ga;0,, (GSGG); the
Nd** is the laser ion while Cr** serves as the sensitizer.*® The absorption spectrum of GSGG:
Cr,Nd is shown in Fig. 5.31. Since the sharp features are due to the Nd** ion and the broad
bands to Cr**, it is clear that the Cr’* ion provides greatly enhanced absorption for the
flashlamp-pumped system. The Cr — Nd energy-transfer has been found to be extremely
efficient (>90 percent), in part because the Cr emission band centered at 0.8 wm overlaps
several Nd absorption bands, see Eq. (5.57), GSGG:Cr,Nd and related garnet host systems
have provided the highest flashlamp-pumped efficiencies measured to date.”*7° Since the
widespread emergence of diode pump sources, however, direct pumping of Nd-doped YAG,
YLF, YVO,, and glass has proven to be most valuable for commercial and military interests.

The energy-transfer of the Cr’*, Tm3*, Ho*":YAG crystal is a striking example of an
elegant laser system.®° The Cr** ions efficiently absorb the flashlamp light. The energy is
then transferred to the Tm>" ions, as shown in Fig. 5.32. The Tm?" ions are doped at high
enough concentration to allow for efficient cross-relaxation in which two Tm?* ions are
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FIGURE 531 Absorption spectrum of Cr** and Nd** in
Gd,Sc,Ga;0,,. The Cr** sensitizers provide for more efficient flashlamp
absorption, and then rapidly transfer their energy to the Nd3* ions.
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FIGURE 5.32 Energy-transfer dynamics of the Cr**,Tm?*,Ho**:YAG la-
ser crystal. The Cr** impurities initially absorb the light and transfer the
energy to Tm3*. The Tm>" ions then cross-relax to produce two excited
states for each ion initially excited. Lastly the energy is transferred to the
Ho®* laser ions.

generated in the °F, excited state, for each Tm** ion initially in the *H, state. Lastly, the
energy is transferred to the Ho*" ions, which exhibit gain near 2.1 pm. Each of the concen-
trations of the ions must be carefully chosen to optimize the energy-transfer steps and the
laser performance. This system may be operated in both long-pulse and Q-switched modes
(since the Ho** emission cross section is relatively large). The related Cr,Tm:YAG system
operates at the long-wavelength tail of the Tm*" emission band, although Cr,Tm:YAG is
easiest to operate in a long pulse mode, since the emission cross section is rather low.?!
Direct diode-pumping of Tm, Ho:YAG, Tm:YAG and Tm, Ho:YLF is applied to many ap-
plications; (i.e., the Cr** ions can be omitted with the replacement of the flashlamps with a
laser diode pump source).

5.3.7 Practical Laser Materials

In this section, the important optical properties that characterize the potential laser perform-
ance of the material are summarized and discussed. All of the materials summarized in Table
5.4 were previously discussed in Sec. 5.3.2 (and also appear in Table 5.2, where the optical,
thermal, and physical properties are tabulated). Included in Table 5.4 is the common name
of the material, the laser transition, and the wavelength (\), width (AD), cross section (o.,,)
and saturation fluence (F,,) of the laser transition at hand.3°3334.38-40.:46.47.52.53.60.64.66.67.71~
7476.78.80-96 The metastable state lifetime is provided (t,,,), as is the energy separation of the
lower laser level from the ground state (AE). AE must > kT = 205 cm ™! in order for the
system to operate as a four-level laser at room temperature.

The spectral width of the emission level, AD, is an important quantity for mode-locked
pulse generation, since the product of the spectral and temporal full-widths of the laser output
pulse must be®’

Ag-Ar > 0.3 (5.58)

As a consequence, the width of the laser transition must be greater than the expected width
of the laser output pulse.

Among the Nd-lasers listed in Table 5.4, Nd:YAG is the most technologically important
material. The high cross section at 1064 nm results in straightforward conversion of stored
energy density to gain, yet the emission lifetime 7., = 0.26 msec permits adequate energy
storage using flashlamps. The saturation fluence F,,, = 0.7 J/cm? allows for efficient ex-



TABLE 5.4 Summary of Laser and Spectral Properties of Materials (FL = flashlamp, D

= doubled, Q = quadrupled, ArL = argon laser)

Oem (d)
Tem (2) A (b) Av, (©) 10720 F,™(e) AE () Pump
Name Material Transition msec pm cm™! cm? J/cm? cm™! sources Ref.
Nd:YAG Nd:Y,ALO,, “Fyn— “Fy)n 0.26 0.946 14 25 9 857  FL, diode 30, 82-85
Fipn— ) 1.064 7 28 0.7 ~2000
B S P 1.31 10 9 1.7 ~4000
Nd:YOS Nd:Y,SiO; B ST 0.21 0912 50 2.1 10 356  Fl, diode 34, 86
“Fyn— T 1.074 30 10 1.9 ~2000
Nd:YLF Nd:LiYF, Fipn— Ty 0.48 1.047 15 18 1.1 ~2000  Fl, diode 40, 88
1.053 15 13 1.5 ~2000
Nd:YVO, Nd:YVO, Fipn— Ty)n 0.11 1.064 7 156 0.12 ~2000  diode 38, 87
LG-750 Nd:phosphate glass Fipn— ) 0.39 1.054 194 3.6 4.7 ~2000  FL, diode 46, 47
LG-770 Nd:phosphate glass Fypn— 1y )m 0.36 1.053 186 39 4.8 ~2000  FL, diode 47
APG-1 Nd:phosphate glass Fipn— 1y 0.38 1.055 206 35 5.4 ~2000  FL, diode 47
APG-2 Nd:phosphate glass Fyn— 1) 0.46 1.054 230 2.4 7.9 ~2000  FL, diode 47
CrNd:GSGG  Cr,Nd:Gd;Sc,Ga;0,, Fipn— Ty)n 0.28 1.061 13 13 1.4 ~2000 FL 30, 78, 85
Er:glass Er:phosphate Im2 — s, 8 1.54 200 0.8 16 200 FL, diode 89
Er-Fiber Er:Sio, Tz — Tissn 10 1.55 200 0.8 16 200  diode 89, 90
Yb:YAG Yb:Y;ALO,, ’Fs,, — %F,,, 0.95 1.03 50 2.0 10 630  diode 52,53

€9'S



TABLE 5.4 Summary of Laser and Spectral Properties of Materials (FL = flashlamp, D = doubled, Q = quadrupled, ArL = argon laser) (Continued)

Tem () A (b) Av, (¢) O (d) F,™(e) AE () Pump

Name Material Transition msec wm cm™! 1072 ¢m? J/cm? cm™! sources Ref.
Yb-Fiber Yb:SiO, ’Fs,, — °F,,, 0.8 1.03 500 0.6 32 550 diode 91
Yb:S-FAP Yb:Sry(PO,);F °F,,, — °F,,, 1.1 1.047 50 6.0 32 620  diode 39
Tm:YAG Tm:Y;ALO,, ’F, — Hg 11 2.01 50 0.2 50 590 diode 81
Tm, Ho:YAG ~ Tm, Ho:Y;ALO,, ST, — 51, 9 2.09 50 1.0 10 450  diode 92,93
Tm, Ho:YLF  Tm, Ho:LiYF, 1, — %l 16 2.05 30 2.0 4.8 280  diode 94
CTH:YAG Cr, Tm, Ho:Y;ALLO,, °I, — I 9 2.09 50 1.0 10 450 FL 80, 95
Er:YAG Er:Y;ALO,, L1, — “Is s 0.10 2.94 1.0 0.6 11 — diode 76
Ti:Sapphire Ti: ALL,O, ’E — 7T, 0.0032 0.66-1.2 3000 30 0.9 (3000) D-YAG, ArL 64
Alexandrite Cr:BeAlL,O, T, — *A, 0.26 0.70-0.82 2000 0.9 30 (1500) FL 33
Forsterite Cr:MgSio, T, — A, 0.003 1.13-137 1500 20 0.8 1500  Nd:YAG 96
Cr:LiSAF Cr:LiSrAIF, T, — *A, 0.067 0.78-1.01 2500 4.8 5 (2000)  diode, Fl 66
Co:MgF, Co:MgF, 4T, — 4T, 0.04 15-23 1500 0.15 70 (1500) Nd:YAG 67
Cr:ZnSe Cr:ZnSe E — °T, 0.008 2.1-2.9 1300 90 0.10 1000 diode 71
Ce:LiSAF Ce:LiSrAlF 5d — 4f 2.8 X 1075 0.28-0.32 1000 950 0.07 ~1000 Q-Nd:YAG 60
LiF, F,* LiF, 77K o, — O, 1074 0.82-1.05 2000 ~3 x 10* 1073 (2000) Nd:YAG 72-74
KCLTI® (I) TL:KCl, 77K ’P,,, — P, 0.0016 1.4-1.6 700 ~10° 1072 (700) Nd:YAG 72-74

(a) Emission lifetime; (b) Laser wavelength; (c) Full-width; (d) Gain cross section; (e) Saturation fluence; (f) Lower laser level energy above ground state.
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traction of energy from Nd:YAG amplifiers without approaching the damage threshold of
the optical elements (~2F,, is required). The two other transitions at 0.946 and 1.31 pm
also lase with reasonable efficiency, although the much higher gain at 1064 nm must clearly
be carefully selected against in the cavity. The ground state splitting AE of 857 cm™! is very
large in spite of the fact that the 0.946 pm “F;,, — “lI,,, transition is resonant (i.e., the
“ly,, is the ground state of Nd**). The *F,,, — *I,,, transition of Nd:YOS has also been
lased at 0.91 wm, although the smaller AE value of 356 cm™! requires that a significant level
of bleach pumping be exercised in order to achieve net gain. The fluoride medium, Nd:YLF,
is tending to be selected over Nd:YAG more and more often by laser designers, since it has
a greatly reduced level of thermal lensing, and because the greater width of the gain feature
(AD = 15 versus 7 cm™!) permits the generation of shorter pulses in a mode-locked Nd:YLF
oscillator. The main disadvantage of Nd:YLF lies in the much smaller thermal shock resis-
tance compared to Nd:YAG (R = 1.1 versus 4.6 W/\V/m; see Table 5.2). Nd:YVO, offers
the highest cross section and thus has the lowest threshold among diode-pumped lasers.®”
LG-750 and LG-770 are Nd-doped phosphate glasses that service an important niche in-
volving large fusion laser applications, where the ., must be much smaller than Nd:YAG
in order to avoid the detrimental effects of ASE, and where large size optics must be fab-
ricated at a reasonable cost. Since fusion lasers are fired only every few hours, the low R;.
= 0.35 W/Vm of LG-750 is not important. APG-1 and APG-2 glasses are similar Nd-doped
phosphate glasses that have been engineered by Schott Glass Technologies to have larger
R; values. The saturation fluences of both LG-750 and APG-1 are near 5 J/cm?, which still,
with some care, permit efficient extraction without exceeding the typical damage thresholds
of optical elements. The final Nd-laser listed in Table 5.4 is the Cr,Nd:GSGG crystal. Here
the Cr’* ions serve as the sensitizers and greatly improve the flashlamp pumping efficiency
of the laser.

The Yb:YAG material appears in Table 5.4 because the InGaAs laser diodes that have
become available are capable of efficiently pumping the single absorption feature of the Yb**
ion, while flashlamps cannot accomplish this task. The 7., of 0.95 msec of Yb:YAG is
considerably longer than is typical of Nd-doped materials, thereby allowing better energy
storage. Diode-pumped Yb:SiO, fibers have already yielded many tens of watts of power,
and the potential is only now being realized.”® Yb:S—FAP offers a different combination of
laser properties compared to the other Yb-doped media listed, particularly because of the
high gain cross section and lower laser threshold.*

The 1.6-pm laser transition of Er has been operated primarily in glassy hosts. Flashlamp-
pumped Er:glass laser rods have been available for some time, although the concept of laser
diode-pumped Er-doped fibers is very significant for the telecommunications industry. Al-
though these systems must be bleach-pumped to a substantial degree since AE ~ 200 cm™',
the long lifetime of the metastable excited state of ~10 msec provides a fairly low pump
saturation intensity.

Several IR lasers have been found to be quite useful, including Cr,Tm:YAG, where Cr
serves as the sensitizer and the Tm ions lase. The high saturation fluence renders this system
to only be operable in a long-pulse mode. The Tm,Ho: and Cr,Tm,Ho:YAG crystals lase on
the 2.09 pum transition of Ho*" and are pumpable by laser diodes or flashlamps; the Cr is
required for better flashlamp absorption. Er:YAG provides laser light at 2.94 pm.

Several of the transition metal lasers are noted next. Ti:sapphire has proved to be widely
tunable (0.66—1.2 wm) and efficient, and may be laser-pumped by either a doubled Nd:YAG
or an Ar* laser. The material is not well-suited to either flashlamp or diode laser pumping,
and the short metastable state lifetime of 3.2 wsec renders the material to be somewhat
ineffective as a storage device. The Cr-lasers, alexandrite and Cr:LiSAF, have wide tuning
ranges and can store much more energy for a given pump power than Ti:sapphire, by virtue
of the longer emission lifetimes (260 and 67 psec). Cr:LiSAF offers a much lower saturation
fluence F,, and less thermal lensing than alexandrite, but also suffers from a low thermal
shock parameter. One important application of Cr:LiSAF has turned out to be its use as an
ultrashort (<100 fsec) oscillator, which is directly diode-pumped near 0.69 um.”” The Co:
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MgF, laser is listed because it is tunable in the IR, and can be conveniently pumped by
a long-pulse Nd:YAG laser; the favorable thermomechanical attributes of the MgF, host
are also worth noting; see Table 5.2. Cr**:ZnSe is diode-pumped at 1.8 wm and provides
tunable output of at least 2.1-2.9 wm;”" the full potential of this material has not yet been
ascertained. Fosterite is most commonly pumped at 1.06 pm with a Nd:YAG laser and
is capable of tunable operation at >10 watts of output.”® The 5d—4f uv transition of Ce:
LiSAF and Ce:LiCAF lases reliably at 0.28 pm under pumping with a quadrupled Nd:YAG
laser.0-62

The two color center lasers at the end of Table 5.4 are representative examples of these
types of systems. Note that the F, values are very low at 1072 to 1073 J/cm?, and the excited
state lifetimes are on the order of a microsecond or less. These lasers generate tunable laser
output in the important IR region, although most color center lasers must be operated at
cryogenic temperature. It is noteworthy that the short lifetimes facilitate the generation of
ultrashort pulses by the synchronous pumping method.

5.4 FUTURE DIRECTIONS

Although the field of solid-state lasers represents a mature technology in many respects, the
field is as much in flux as it has ever been. The eighties, for example, have seen the devel-
opment of broadly tunable systems, new techniques of mode-locking, chirped pulse ampli-
fication, miniaturized monolithic architectures, and a resurrection and maturation of slab laser
technology and diode pumping. Despite these numerous advances, there are three clear areas
where solid-state laser architectures will advance significantly in the next few years. The first
is to take diode pumped lasers from the mini-laser scale to the tens of Watts level. This
requires development of high-average power, two-dimensional diode arrays, which is now
well underway. Since this chapter was first written, the price of diode arrays has decreased
by as much as a factor ten, and it can only be hoped that this trend will continue. Diode-
pumped solid state lasers have now reached the multi-kilowatt level. The much smaller heat
deposition of the diodes will make high average power systems more feasible, and advanced
diode cooling techniques make the diode arrays increasingly more capable. The second
prediction, that slab laser technology will further evolve, has not really occurred. Looking
back five years on this issue, not much has evolved, compared to the strides made in diode
pumping. The issue of simultaneously achieving good efficiency and beam quality at high
average power remains one of the greatest difficulties of practical system design. Finally,
even large fusion lasers are becoming increasingly cheaper on a per Joule basis and may
ultimately operate at several Hz repetition rate. This last goal requires a marriage of the
fields of laser-, heat transfer-, and flow physics. The resulting laser devices, however, have
the potential to ultimately operate at several megawatts of output power per amplifier. The
predictions that new laser materials will be deployed in systems to generate new wavelengths,
operate more efficiently, be produced at lower cost, and have optical properties that are
tailored to meet specific technical objectives, have certainly come to pass. More solid-state
lasers that operate efficiently in the ultraviolet-blue region are likely to be developed includ-
ing direct uv pumping, perhaps with nitride diodes,'® or with infrared upconversion pump-
ing. Many new transition metal lasers may be discovered in the next decade, particularly
involving the II-VI compounds. One change that may occur will involve the advent of tai-
loring some types of laser materials for a specific application. (This has already occurred in
the case of Nd-doped glasses for fusion lasers.) Ultrashort pulse lasers will continue to
generate reduced pulse widths, and they will be extended to direct uv and mid-infrared
sources. This process of designing, rather than discovering, laser materials will be enhanced
by a better understanding of the physics and chemistry of solid-state media.
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CHAPTER 6
SEMICONDUCTOR LASERS

James J. Coleman

6.1 COMPOUND SEMICONDUCTORS AND ALLOYS

The best-developed semiconductor materials are the elemental semiconductors of column IV
of the periodic chart, shown in Fig. 6.1. These include germanium, from which the first
transistor was made, and especially silicon, which is the best for most modern commercial
microelectronics and electronic integrated circuitry. These materials are perhaps most inter-
esting when formed into pn junction diodes by the addition of small, controlled amounts of
impurities. The p-type regions are formed by adding acceptors, which are column III ele-
ments (i.e., B, Al, Ga, In) and lack one electron with respect to the column IV host, and n-
type regions are formed by adding donors, which are column V elements (i.e., P, As, Sb)
and have an extra electron. The lattice structure of the semiconducting forms of the column
IV elements is a tetrahedral covalent crystal with a diamond lattice as shown in Fig. 6.2.
The lattice constant a, for these crystalline materials is defined as the size along one edge
of the unit cell. All semiconductor materials are characterized by a gap in energy E, between
the conduction and valence bands in the material. These materials are generally transparent
to light of lower energy than the energy gap. Shown at the top of Table 6.1 are these
parameters for the column IV elemental semiconductors silicon and germanium.

Binary compound semiconductors consist of two elements per unit cell forming a chem-
ical compound. The best developed of these, and the materials of interest for semiconductor
lasers, are the III-V compound semiconductors, such as GaAs, AlAs, and InP, each con-
taining one atom from column III and one from column V. As in the case of the elemental
semiconductors, the formation of pn junction diodes requires impurities including acceptors
from the column II elements (i.e., Zn, Cd) and donors from the column VI elements (i.e.,
S, Se). The column IV elements (i.e., Si, Ge) are amphoteric, meaning they can occupy
either a column III site or a column V site and thus may be either donors or acceptors. The
lattice structure of the III-V compound semiconductors is a tetrahedral mixed ionic and
covalent crystal with a zinc blende lattice, which is the same structure as the diamond lattice
but with two alternating atoms. Shown in Table 6.1 are some basic parameters for the most
common binary III-V compound semiconductors.

6.1
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FIGURE 6.1 Portion of the periodic chart showing the constituents of
elemental and compound semiconductors and their dopants.

FIGURE 6.2 Schematic of the diamond lattice. (Af-
ter James F. Gibbons, Semiconductor Electronics. Mc-
Graw-Hill, New York, 1966, p. 55.)

TABLE 6.1 Bandgap Energy and Lattice Constant for
Several Elemental and Compound Semiconductor
Materials

Material Energy gap E,, eV Lattice constant a,, A

0

Si 1.11 5.431
Ge 0.65 5.658
GaAs 1.43 5.654
AlAs 2.14 5.661
InP 1.35 5.868

GaP 2.26 5.449
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6.2 ENERGY BAND STRUCTURE

The principal difference between compound and elemental semiconductors lies in the detailed
nature of their energy band structure. Shown in Fig. 6.3 is the momentum (k) space energy
band diagram for a “direct” semiconductor material such as GaAs. In a direct semiconductor,
the conduction band minimum, labeled I" in Fig. 6.3, occurs at the same k-space position as
the valence band minimum. Note that, for electrons, energy is increasing upward in Fig. 6.3,
while the energy for holes increases downward. Since these band minima are at the same k-
space position, no momentum transfer process (phonon emission or absorption) is required
for efficient optical absorption or recombination. There are subsidiary conduction band min-
ima at slightly higher energies in other directions in k-space, labeled X and L. In indirect
semiconductors, one of these subsidiary minima at X or L is lower in energy than the con-
duction band minimum at I', and thus a phonon is required for recombination. This is an
inefficient second-order optical process. Si and Ge are both indirect semiconductors while
many of the III-V compounds are direct semiconductors and suitable for use as efficient
light emitters and lasers.

In the region of k-space near k = 0, the conduction and valence band edges can be
approximated as nearly parabolic (as shown in Fig. 6.4a) with the dispersion relation

h2k>

E®) =5

6.1)

where 7 is Planck’s constant and m* is the effective mass of the electron or hole. The density
per unit energy interval of electron or hole states p(E) at energy E is given by

1 (2m*)*
p(E) = 7 ( ) E'? (6.2)

The probability of occupation of any state is given by the Fermi-Dirac function

E
X mimima
L minima
(111) I" minimum (100)
k
heavy hole
split off band

FIGURE 6.3 Momentum space energy dispersion diagram for a direct
semiconductor.



6.4

CHAPTER SIX

I =k —t =k

(c) (d)
FIGURE 6.4 Conduction and valence band edges at k = 0 in the para-
bolic approximation for (@¢) an undoped semiconductor, (b) an n-type
semiconductor, (c) the absorption process in a direct semiconductor,
and (d) population inversion in a semiconductor.

1

fE) = SEET 1] (6.3)

where T is temperature, k is Boltzmann’s constant, and E,. is the Fermi energy and is defined
as the energy where the probability of occupancy is 1/2. The number of electrons or holes
at any energy is the product

p(E) f(E) (6.4)

and the integral over energy of this product is the total density of electrons or holes in the
volume. Since the only adjustable parameter is E., an n-type semi-conductor, for example,
with a large density of electrons has a Fermi energy in or near the conduction band, as
shown in Fig. 6.4b.

A semiconductor at equilibrium will absorb light having an energy greater than the band-
gap energy. Absorption of a photon raises an electron from the valence band to the conduc-
tion band in a direct gap semiconductor, as shown in Fig. 6.4c, leaving a hole behind. For
fully ionized donors and acceptors, the density of electrons n is given by

n=N,+dn (6.5)

where N, is the concentration of ionized donors, and the concentration of holes p is given
by
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2.2
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FIGURE 6.5 Energy vs. composition for Al,Ga,_, As
showing both direct (I') and indirect (X) band edges.

p=N,+ dp (6.6)

where N, is the concentration of ionized acceptors. In Egs. (6.5) and (6.6), dn and 8p are
the concentrations of excess electrons and holes created by optical absorption or some other
process. Of course, dn must equal dp. As larger concentrations (dn, dp > N,, N,) of electrons
and holes are created, the absorption coefficient decreases until the semiconductor becomes
transparent. At this point the population is inverted, as shown in Fig. 6.4d. The carrier
concentrations 3n and 8p define the quasi-Fermi levels Ej, and Ej,. Given sufficient popu-
lation inversion, stimulated emission and hence gain are present in the semiconductor and
laser operation is possible. The transition energy for stimulated emission is given by

E =t = E,, — Ej, (6.7)

where o is the frequency of the emitted light.

A wider range of bandgap energy and lattice constant can be obtained by using compound
semiconductor alloys. Alloys are solid solutions or mixtures of two or more compound
semiconductors such as the ternary alloy Al, Ga,_ As and the quaternary alloy In,_ Ga,
As,_ P . These are not compounds in the chemical sense, and the composition or mole
fraction x, y varies between 0.0 and 1.0. Vegard’s law says that the lattice constant of an
alloy varies linearly with composition. The energy gap of an alloy varies linearly with com-
position but has some curvature and can also change from direct to indirect. The bandgap
energy vs. composition for Al,Ga,_,As is shown in Fig. 6.5. Above a composition of x ~
0.45 the alloy changes from direct E(x) to indirect E,(x) with the functional dependence

Er(x) = 1.424 + 1.247x (x < 0.45) (6.8)

Ey(x) = 1.9 + 0.125x + 0.143x? (x > 0.45) (6.9)

These materials make up part of the optical waveguide in semiconductor lasers, and thus the
refractive index variation with composition is also of interest and is given at 2.38 eV and

room temperature by

n(x) = 3.59 — 0.71x + 0.091x? (6.10)
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metal coating _— lead wire

cleaved

solder mounted semiconductor laser diode

FIGURE 6.6 Schematic diagram for a semiconductor laser diode soldered to a
mount and showing the cleaved facets, metal coatings, and lead wire.

6.3 HETEROSTRUCTURES

The physical form of the semiconductor laser dode is similar to most other laser systems
and is shown in Fig. 6.6. There is (1) a source of power, which for the semiconductor diode
laser is current, (2) an active medium, the semiconductor material, which supports stimulated
emission, and (3) a resonant cavity, which is usually a Fabry-Perot cavity formed by cleaving
facets along the natural parallel reflecting crystal planes. The mechanism for converting
current into an inverted carrier population is injection across a forward-biased pn electrical
junction. The first semiconductor laser diodes were GaAs homostructure lasers formed by
diffusing a p-type region into an n-type GaAs substrate as shown in Fig. 6.7a. At zero bias,
there is no current flow and electrons and holes are separated by a potential step in the
conduction and valence bands. Under forward bias, electrons are injected into the p-type
GaAs and holes are injected into the n-type GaAs forming a region near the pn junction,

n-GaAs

ructur
substrate structure

p-GaAs

\a— Ec  zerobias

— E forward bias

@ (b)

FIGURE 6.7 Structure and band diagrams at zero bias and forward bias for (a) the
homostructure laser and (b) the heterostructure laser.
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defined by the minority carrier diffusion lengths of the carriers, with a large density of both
electrons and holes. If the injected carrier density becomes large enough to reach transpar-
ency and overcome the additional losses in the system, which typically is possible only at
cryogenic temperatures for homostructure lasers, then laser emission can be obtained.

The development of modern epitaxy, which is the growth of a thin layer of single-crystal
material on a similar single-crystal substrate but having different doping or composition, has
allowed design of heterostructure lasers. A single heterostructure Al Ga,_ As-GaAs laser
diode is shown schematically in Fig. 6.7b. The Al Ga, _, As has a larger bandgap energy than
GaAs with the heterostructure discontinuity distributed between the conduction and valence
bands according to

AE, = 0.35 AE, 6.11)
AE, = AE, — AE, 6.12)

Under forward bias, electrons are confined by the heterostructure discontinuity to the nar-
rower gap n-type GaAs while holes are injected into the GaAs to a distance of approximately
one diffusion length (1 wm) and recombination takes place on only one side of the junction.
This results in a smaller active volume and, correspondingly, a higher injected carrier density
for a given current.

There are design constraints associated with heterostructures. The lattice constant of thick
epitaxial layers and the substrate must be nearly the same to avoid formation of misfit
dislocations (Aa/a = 0.2 percent). An important exception is the strained layer laser structure
in which the mismatch strain can be accommodated elastically if the layers are sufficiently
thin. Variations in composition result in variations in bandgap energy, index of refraction,
and lattice constant. The best-developed semiconductor laser materials are Al Ga,_ As,
which is essentially lattice matched to GaAs for any composition, and the quaternary alloy
In, ,Ga As,_ P , which has an additional degree of freedom and can be lattice matched to
InP over a wide range of compositions.

6.4 DOUBLE HETEROSTRUCTURE LASER

The double heterostructure laser, shown in Fig. 6.8, consists of a thin GaAs active layer,
typically less than 0.1 pm, sandwiched between Al Ga, ,As layers. The Al Ga, .As con-
fining (or cladding) layers have wider bandgap energy and are transparent, and thus exhibit
low losses, at the wavelength of laser emission. Under forward bias, injected electrons and
holes are confined to a much smaller active volume and their density is much greater for a
given current than in a homostructure or single heterostructure laser. In addition, the
Al Ga,_,As has a smaller index of refraction than GaAs, as shown in Fig. 6.8, and the
resulting large index step forms a very effective waveguide with a significant portion of
optical field extending into confining layers and propagating without significant loss. The
double heterostructure laser was the first semiconductor laser to operate at room temperature
and laser operation, with threshold current densities of less than 800 A/cm? typical.

The threshold current density J,, is defined as the point where, after there is sufficient
population inversion for transparency, the gain from stimulated emission exceeds losses from
absorption and the ends of the cavity. Equating the gain and losses gives the model gain vy,I"

1
yI'=a +—1In <R1R2> (6.13)

where v, is the gain (cm™') at threshold, « is the sum of several different internal loss
mechanisms (~5 to 10 cm™'), L is the laser cavity length, and R, and R, are the reflectivities
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FIGURE 6.8 Structure, band diagrams at zero bias and forward bias, in-
jected carrier profile, index of refraction profile, and optical field profile for
the double heterostructure laser.

of the facets (~0.3). I' is the confinement factor, which is the fraction of the optical mode
in the active region d of the waveguide
d/2
j |E? dx
—d/2

r=—- (6.14)
f |EP? dx

—o

The typical form for a light-current characteristic of a semiconductor laser diode is shown
in Fig. 6.9. In the linear region above threshold, the gain vy is given by

c
S
g 5
193
& o f(E
= 2 e &)
z
o
o
5
g slope 1
e} c cavity modes
g 2 -
° 7}
3 €
93]
i
Jin Energy
Current Density (A/cm?) FIGURE 6.10  Absorption (with the Fermi function)

and emission (with cavity modes) spectra for a semi-

FIGURE 6.9 Light output power vs. current conductor laser.

for a semiconductor laser diode.
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Yy =B —Jy (6.15)

where B is the gain coefficient (cm/A) and J, is the current density necessary to reach
transparency and is a function of the band structure and effective masses in the active layer.
Combining Eqgs. (6.13) and (6.15), including the internal quantum efficiency v, in the semi-
conductor, and rearranging gives the threshold current density J,,

ﬁ " o (1/2L)In(1/R\R,)
M; M8l Bl

For AlGaAs-Ga double heterostructure lasers, the dependence of J,,, on active region thick-
ness is typically J,/d ~ 3 to 5 kA/cm?pum. The external differential quantum efficiency m
(Fig. 6.9) above threshold is given by

Jo = (6.16)

1 oP,
=—=— 6.17
n=5 ol (6.17)
where P is the optical power, I is the current, and E is the emission energy given by
h 1.239852 eV-
E = ho = ¢ _ 1239852 eV-pm 6.18)

A A

where \ is the emission wavelength. The power generated internally by stimulated emission
is

Relative Emission Intensity

9 mA

1 1 [ | 1
1.068 1.072 1.076 1.080
Wavelength (um)

FIGURE 6.11 Typical emission spectrum for a semi-
conductor laser.
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P = % 6.19)

where v, is the internal quantum efficiency. The power emitted from the facets of the laser
P,is

B (1/2L)In(1/R,R,)
Po=Pow 7 (1/2L)In(1/R,R,) (6.20)

while the external differential quantum efficiency m is given by

~ (1/2D)In(1/R,R,)
N (1720)In(1/R,R,) ©:21)

For many semiconductor lasers m,; can approach unity.

The optical spectrum of a semiconductor laser depends on the gain profile of the medium
and the nature of modes in the cavity. The spontaneous emission profile below laser threshold
depends on both the absorption spectrum and the occupancy defined by the electron and
hole Fermi-Dirac functions, as shown in Fig. 6.10. Above threshold the spontaneous emission
spectrum narrows and the laser spectrum is a convolution of the relatively broad emission
spectrum and the Fabry-Perot cavity modes as shown in Fig. 6.11. The spacing of the cavity
modes is inversely proportional to cavity length.

6.5 STRIPE GEOMETRY LASERS

Even the smallest practical broad area double heterostructure lasers require large currents to
reach laser threshold. For example, a typical cavity length is ~300 pm and the minimum
practical laser width is ~150 pm; thus I, = (800 A/cm?)(300 X 107* cm)(150 X 107
cm) = 360 mA. This is an impractical drive current level. Reasonable drive circuitry and
heat sinking require I, < 50 mA, so some method for reducing the area is necessary. The
cavity length cannot be greatly reduced without increasing the threshold current density [Eq.
(6.13)]; thus reduction of width is the only choice.

The oxide-defined stripe laser structure is formed by first depositing SiO, over the top
surface of the laser wafer and then forming patterned stripes by conventional photolithog-
raphy and etching. The structure for an oxide-defined stripe laser is shown in Fig. 6.12. The
insulating oxide precludes current flow except within the stripe, and typical stripe widths are
from 1 to 12 pm or occasionally larger. The advantages of oxide-defined stripe lasers
are that the top surface area is greatly reduced and is precisely defined by the photoprocess.
The disadvantages are that SiO, is a poor thermal conductor, affecting heat dissipation, and
that the effective width of the stripe can be much greater than the patterned width, for
narrow stripe lasers, because of current spreading in the various layers of the semiconductor
heterostructure.

The effective lateral index of refraction of the three-layer slab waveguide is slightly larger
under the stripe, as shown in Fig. 6.12, because of the contribution of gain to the complex
index in the active layer. Thus there is a net focusing of the laser optical field in the lateral
direction and the oxide-defined stripe laser is considered to be gain-guided. Unfortunately,
both the magnitude and the width of the lateral effective index step are strong functions of
drive current, and a stable emission pattern over a wide range of drive current is unobtainable.
The lateral effective index step is typically small and often greater than 10 pm in width,
while the transverse index step is usually quite large with an active layer thickness of less
than 0.1 pm. This leads to large astigmatism in the near field and its far-field transform. The
relationship between the near-field emission pattern of a semiconductor laser, defined as
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FIGURE 6.12 Schematic cross section and lateral effective index
for the oxide-defined stripe laser.
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FIGURE 6.13 Schematic diagram showing asymmetry in the
near-field and far-field patterns of a semiconductor laser diode.

output power vs. position at the laser facet, and the far-field emission pattern, defined as
output power vs. angle of radiation at a distance from the facet, is shown schematically in
Fig. 6.13. Examples of typical two-dimensional near-field patterns and corresponding lateral
far-field patterns for an oxide-defined stripe laser at two drive levels are shown in Fig. 6.14.
The optical field is often in the fundamental mode over a narrow range of currents near laser

N
YAV VAN

(@ (b)

FIGURE 6.14 Optical (a) near-field and (b) far-field patterns for a laser op-
erating in the fundamental lateral mode (upper) and on a higher-order lateral
mode (lower).
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threshold (upper figures in Fig. 6.14) and then operates in higher-order lateral modes (lower
figures in Fig. 6.14) at higher currents.

6.6 INDEX-GUIDED STRIPE GEOMETRY LASERS

For many applications, the relatively small and variable (with drive current) gain-related step
in the lateral index of refraction in gain-guided lasers and the related variable optical prop-
erties, such as pulse response, spectra, near-field patterns, and far-field patterns, may be
undesirable. Much greater stability in these optical properties can be obtained by designing
a structure with a large, built-in, lateral effective index step that is independent of the drive
current.

An important example of a common index-guided laser structure is the ridge waveguide
laser shown in Fig. 6.15. After epitaxial growth of the structure, narrow mesa stripes are
patterned by conventional lithography and etched with wet chemicals or by one of the dry
etching methods to near (<0.25 wm), but not through, the active region. The optical field
outside the stripe is distorted by the proximity of the etched surface, oxide, and metallization,
resulting in a relatively large step in the lateral effective index. Since the index step is

W
metal contact
WF S0,
-— GaAs
AlGaAs:n active layer

GaAs substrate

R R

FIGURE 6.15 Schematic cross section and lateral effective index for
the ridge waveguide laser.

effective
index

I“W __| metal contact
- Si0,
AlGaAs:n
AlGaAs:n
GaAs substrate

[

FIGURE 6.16 Schematic cross section and lateral effective in-
dex for the buried heterostructure laser.

effective
index
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structural, the lateral waveguide that is formed is independent of the drive current and, if
the strip width and index step are appropriate with respect to the wavelength, fundamental
lateral mode operation can be maintained over a wide range of drive current. In addition,
the stripe width necessary for fundamental mode operation is usually only 1 to 3 pm, re-
sulting in threshold currents of less than 20 mA for typical double heterostructure ridge
waveguide lasers.

The buried heterostructure (BH) laser shown in Fig. 6.16 is perhaps the most strongly
index-guided semiconductor heterostructure laser structure. This laser structure is formed by
patterning stripes and etching similar to the ridge waveguide laser except that the structure
is etched completely through the GaAs active layer. After the processing is completed, an

additional wide gap layer is grown outside

Buried Heterostructure Laser the stripe region so that the active layer is
Near Field Patterns surrounded by lower index, wider bandgap
length = 405 um material. The regrowth layer provides both
Ity =7 MA very strong lateral index guiding and current

confinement, since the active layer is now
discontinuous. Shown in Fig. 6.17 are the
fundamental mode near-field patterns for a
buried heterostructure laser at 1, 2, and 3
times laser threshold. A stable fundamental
mode near-field pattern is often observed to
more than thirty times laser threshold for
these structures. Although the buried hetero-
structure has very low threshold currents and

1.84 pm/div excellent stable optical properties, the com-
FIGURE 6.17 Fundamental mode nearfield pat- Pplicated processing and epitaxial regrowth

terns at 1, 2, and 3 X I, for a quantum well buried ~ requirement are limitations.
heterostructure laser.

6.7 MATERIALS GROWTH

An essential part of any heterostructure laser is the formation of high-optical-quality epitaxial
layers having the desired composition and doping. The original and simplest method for
obtaining heterostructure laser material is liquid-phase epitaxy (LPE). For this growth
method, a graphite slider boat containing a GaAs substrate in the slider and a liquid gallium
melt for each layer to be grown is inserted into a furnace at 7 > 800°C in a hydrogen gas
ambient. Each melt is saturated with As and also contains Al or dopants as appropriate, and
as the furnace is slowly cooled, the GaAs substrate is slid under each melt in turn for
sufficient time to deposit a layer of the desired thickness. The sliding action, tight tolerances,
and surface tension of the liquid gallium act to wipe off the liquid between one melt and
the next. At first contact, the melt slightly etches the previous grown layer leading to graded
heterostructure interfaces. The process is inexpensive and effective on a small scale, but the
number of possible layers is limited as a practical matter and scale-up to commercial volume
is not feasible.

A more recent epitaxial growth method suitable for the growth of a large number of thin
layers is molecular beam epitaxy (MBE). For this method, shuttered effusion cells containing
elemental GA, As, Al, and dopants are connected to an ultrahigh-vacuum chamber and
maintained at an elevated temperature suitable for evaporation. A GaAs substrate is mounted
and inserted in the chamber, through a vacuum sealed load lock, and raised to the desired
growth temperature. A molecular beam of As (or As, or As,) is used to stabilize the surface
while the Al, Ga, and dopant source shutters are opened or closed for growth of the appro-
priate layer. Growth rate, composition, and doping levels are determined by the beam fluxes
which are controlled by the effusion cell temperatures. Real-time diagnostics, such as high-
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energy electron diffraction, are available for in situ monitoring. Abrupt interfaces are possible
and very-high-quality GaAs can be grown, but refilling sources can be a problem and scaling
to production levels is difficult.

In terms of both control and extension to the production environment, vapor-phase pro-
cesses are most desirable. A vapor-phase epitaxial growth process that has proved nearly
ideal for semiconductor lasers is metalorganic chemical vapor deposition (MOCVD). For
this epitaxial growth method, the sources are refrigerated bubblers containing liquid metal
alkyls such as trimethylgallium (TMGa) and trimethylaluminum (TMAI) with flowing hy-
drogen gas for transport and gaseous hydrides, such as arsine, in cylinders. The flows are
controlled electronically and valves operated automatically, all under computer control. The
gas mixture is transported to the vicinity of a heated susceptor holding a GaAs substrate
where a pyrolysis reaction takes place:

(1 — x)(CH,),Ga + x(CH,),Al + AsH, — Al Ga, ,As + 3CH, (6.22)

Growth rate, composition, and doping level are determined by the bubbler temperatures
and gas flow rates. Abrupt interfaces are possible and very high optical quality AlGaAs can
be grown. Refilling of source materials is simple and scaling to production volume is straight-
forward. The gaseous hydrides are toxic, however, and require special handling. In addition,
real-time diagnostics are unavailable because of the relatively high operating pressure, be-
tween 0.1 and 1 atm.

A number of growth and structural parameters are common to semiconductor lasers and
independent of growth method. The ideal growth temperature depends on alloy composition
with higher Al fractions requiring higher growth temperature. In general, the higher the
confining layer composition, the lower the laser threshold current density. The lower the
background doping the better, but it is not a strong factor since intentional doping levels are
relatively large, in the high 10" cm™ to low 10'® cm™ range. Generally the active layer is
not intentionally doped and cap layers for contacts must be heavily doped for low resistance.
Abrupt interfaces are most important for quantum well heterostructure lasers. The confining
layer thickness, typically 1.0 to 2.0 wm, is determined by the extent to which the optical
field extends into confining layers.

Much of the discussion thus far has utilized the Al Ga,_ As-GaAs heterostructure system
as an example. In order to access a wavelength range greater than that available from the
Al Ga,_,As-GaAs heterostructure system, other III-V compound materials, especially In
compounds, must be considered. Indium-compound semiconductor lasers, especially
In,_ Ga As,_,P, lasers, are nearly as well developed and have, in addition, important prac-
tical applications. Most characteristics of laser operation are similar to those of the
Al Ga,_, As-GaAs heterostructure system. The lattice constant and energy gap of In,_ Ga,
As,_. P, are independently variable within limits, and a lattice match is possible to either
InP or GaAs substrates. In ,_ Ga As,_, P,-InP long-wavelength lasers are suitable for 1.3 to
1.5-um low-loss, minimum-dispersion optical fiber systems. In,_,Ga, As,_ P GaAs short-
wavelength lasers are suitable for visible emission and plastic fibers. These materials have
the advantage that aluminum and its deleterious reactions with oxygen are avoided, but
compositional control requirements are more stringent for lattice matching, and the more
sophisticated materials growth technologies (MBE, MOCVD) are not as well developed for
In compounds.

6.8 QUANTUM WELL HETEROSTRUCTURE LASERS

When the size of the active layer of a semiconductor heterostructure laser is made smaller
than an electron wavelength (~200 A), quantum size effects become important. The behavior
of electrons and holes in the active layer becomes similar to the particle-in-a-box problem
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of modern physics. Confined particle states exist at energies above the bottom of the quantum
well, determined by the energy difference between the well and the confining layers (AE,
and AE,), the effective mass of the particle, and the well width L.. The bulk parabolic density
of states function described above becomes quantized, as shown in Fig. 6.18a, into a two-
dimensional steplike constant function, independent of energy, and given by

1 2m* w
e L (6.23)

p(E) =

The single quantum well laser (SQW), which is simply a double heterostructure laser with
a much smaller active layer, has the energy band structure in Fig. 6.18b. As in the double
heterostructure laser, the discontinuity is split between the conduction band and the valence
band. A quantum state is formed in the conduction band and separate states are formed in
the valence band for the heavy and light holes. Laser transitions occur between the different
quantum states in consideration of the usual quantum-mechanical selection rules.

Quantum well heterostructure lasers were made possible by the modern-epitaxial growth
methods and require very high quality material and abrupt heterostructure interfaces. The
emission wavelength for these lasers is a complex function of size in addition to composition.

p(E)
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FIGURE 6.18 (a) Quantized density of states di-
agram and (b) energy band diagram for a quantum
well heterostructure laser.
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They have the distinct advantages, however, of very low threshold current density and high
efficiency. The transparency current [current necessary to reach population inversion, Eq.
(6.16)] scales with total active volume to the quantum limit and can be much smaller than
for a conventional double heterostructure laser. The gain coefficient y can be higher for
quantum well heterostructure lasers but the confinement factor I" is usually much lower, so
the model yI" gain depends on these offsetting effects.

Very thin single well structures are characterized by increasing threshold current density
as size is reduced below 100 A unless the cavity is made unusually long or high-reflectivity
coatings are employed. This phenomenon results from the fact that as L. — 0, the transpar-
ency current J, — minimum, but I' — 0, causing the threshold current density [Eq. 6.16)]
to blow up. The solution is to design a structure to minimize these problems. For example,
the multiple quantum well laser (MQW) is formed by inserting an increased number of
wells, each separated by thin barrier layers, as shown in Fig. 6.19a. Tunneling through the
thin barriers allows effective carrier relaxation into the quantum state. Many of the advan-
tages of the single quantum well laser are retained. The active volume is increased, increasing
the transparency current density, but the modal gain is also increased since the confinement
factor I' increases. For m wells

("/r)MQw -~ m(VF)SQw (6.24)

In a multiple quantum well structure, the quantum state energy is somewhat broadened and
the index of refraction in the active region is determined by the average composition. In
addition, multiple quantum well lasers have a larger differential gain near threshold, which
is attractive for modulation.

Another important engineered quantum well heterostructure laser is the graded index
separate confinement heterostructure laser (GRIN-SCH), shown in Fig. 6.19b. This structure
is formed by growing a compositionally graded region on either side of the well. By shaping
the index of refraction in the graded region, a much higher confinement factor can be ob-
tained while retaining the low-transparency current density of a single thin well structure.
The shape of the graded region is not critical, and low threshold lasers have been obtained
with simpler, step-graded structures as well. Al Ga,_,As GRIN-SCH structures with 50-A
GaAs wells have exhibited laser threshold current densities of less than 100 A/cm?.

Formation of a combination of low threshold quantum well heterostructure lasers in an
index-guided, lateral-waveguide structure, such as the buried heterostructure laser described
above, yields very low threshold current, high-efficiency laser diodes with excellent optical
field characteristics. Shown in Fig. 6.20 is the light-current characteristic for a quantum well
buried heterostructure laser diode. This laser, which is the same device as that in Fig. 6.17,

-
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FIGURE 6.19 Energy band diagrams for (a) the multiple quantum
well laser and (b) the graded index separate confinement heterostruc-
ture quantum well laser.
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FIGURE 6.20 Light-current characteristic for an un-
coated quantum well buried heterostructure laser.

has a very low threshold current (<10 mA), very high external quantum efficiency (>60
percent), and stable fundamental optical modes to high output power (~100 mW per un-
coated facet).

6.9 VERTICAL CAVITY SURFACE EMITTING LASERS

As described above, quantum well heterostructure lasers have so many advantages, such as
increased gain coefficient, that this form of laser is now the industry standard. The same
advances in epitaxial growth technology that allows the practical exploitation of quantum
well heterostructure lasers, have lead to the development of an entirely new class of semi-
conductor diode lasers called vertical cavity surface emitting lasers (VCSELSs). In all of the
conventional edge-emitting diode lasers described thus far, the optical wave propagates along
the length of the device between cleaved facet mirrors at the ends. A portion of this optical
wave, defined by the confinement factor, is amplified by the gain in the active layer. At
threshold, the modal gain equals the losses as described by Eq. 6.13. For a typical edge
emitting laser, the gain path is 200 pm or longer and the reflectivity from a cleaved facet
mirror is approximately 30 percent. Thus, the model gain necessary to reach threshold can
be, from Eq. 6.13, more than 60 cm™'.

Edge-emitting lasers have many advantages, and comprise the vast majority of commercial
products, but also suffer from some fundamental limitations. For example, an important
requirement of some optical system applications, such as high-bandwidth space division
multiplexed optical interconnects, is a monolithic two-dimensional array of lasers, each hav-
ing a round near-field pattern suitable for launching into an optical fiber. These requirements
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FIGURE 6.21 Schematic cross section of a vertical cavity
surface emitting laser (VCSEL) with an etched mesa or post
configuration.

are not easily met with edge-emitting lasers and have provided the incentive to develop
lasers that emit from the top surface of a wafer and can easily be fashioned into arrays. The
result is the VCSEL shown in the schematic diagram of Fig. 6.21. In the VCSEL, the optical
wave propagates normal to, rather than along, the plane of the active layers of the laser. The
resonant cavity for a VCSEL is formed, not by cleaved facets, but by a pair of stacked-
dielectric distributed Bragg reflector (DBR) mirrors, and the laser emission exits from the
surface of the structure through a ring or transparent contact.

The design requirements for the DBR reflectors are quite stringent. The optical path length
for VCSELs is only 1-2 wm which means from Eq. 6.13 that the reflectivity of the DBR
mirrors must approach 99 percent. These mirrors are usually made of alternating layers of
semiconductor alloys having different indices of refraction. Since the refractive index dif-
ference is modest, a large number (~30) of pairs of layers are necessary. High reflectivity
is also dependent on the uniformity of the layer compositions and thicknesses. In some
designs, the upper DBR stacked dielectric mirror is formed from materials other than the
III-V alloys.

The unique geometry of VCSELSs has resulted in new challenges in device development.
Current transport across the large number of heterostructure interfaces in each DBR mirror
leads to increased series resistance and forward voltage drop. Extremely low threshold current
VCSELSs are possible but the output power is limited to only a few mW, although this power
level is more than enough for many communications-based applications. Finally, current
confinement and the carrier distribution profile in VCSELSs require some attention.

6.10 LASER ARRAYS

For most of the gain-guided and index-guided laser structures described above it is possible
to form multiple element arrays with the same processing technology. Simple arrays, con-
sisting of a large number of decoupled elements distributed along a bar as shown in Fig.
6.22, can be utilized to obtain higher total output power than is available from a single
element. Electrically, the structure is simply a number of identical diodes in parallel and the
optical field pattern is a distributed array of identical single elements. If the laser elements
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FIGURE 6.22 Schematic diagram for an oxide-defined stripe simple,
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are placed sufficiently close to each other to allow some overlap and sufficient coupling of
the optical fields, as shown in Fig. 6.23, a fixed phase relationship is forced between each
emitter, and a phase-locked array can result. The extent of phase locking and the phase
relationship depend on the structure, spacing, and the resulting lateral effective index of
refraction profile.

In addition to the optical properties of the individual elements, the array itself lends optical
properties, known as array supermodes, to the overall structure. These modes arise from the
superposition of the fields for N identical weakly coupled emitters. The far-field pattern F
() for the array is the superposition of the far-field pattern for each emitter |E())|* and the
interference function G(¢) for the array and is given by

F() = cos*(d) [E(D)I G(d) (6.25)
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FIGURE 6.23 Schematic diagram for an oxide-defined stripe phase-
locked laser array.
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The cos?(¢) term in Eq. (6.25) is near unity for most semiconductor laser arrays. The solution
for the interference function allows N array modes from L = 1 (0° phase shift) to L = N
(180° phase shift). The important parameters in solving for Eq. (6.25) are the wavelength,
the center-to-center spacing S, the mode number L, the number of elements N, and the shape
of the profile for the individual emitters. The calculated multilobed intensity distributions for
a 10-element array for both modes L = 1 and L = 10 are shown in Fig. 6.24 plotted against
the envelope, which is the intensity distribution for a single emitter. The angular separation
between peaks in the far-field pattern is given by

Ad = 2 sin~! <%> (6.26)

Out-of-phase operation (L = N) generally dominates since most semiconductor diode laser
arrays are unpumped, and thus lossy, in the region between the stripes. Experimental
far-field patterns at four drive currents for a 10-element ridge wave-guide quantum well
heterostructure laser array operating in 180° out-of-phase locked mode are shown in Fig.
6.25.
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FIGURE 6.24 Calculated multilobed intensity distri-
butions for a 10-element array for both in-phase and out-
of-phase modes. The envelope function is the intensity
distribution for a single emitter.
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Ridge Waveguide
Quantum Well Heterostructure Array
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FIGURE 6.25 Far-field emission patterns at four
drive current levels for a 10-element ridge wave-
guide quantum well heterostructure laser array op-
erating in the 180° out-of-phase mode.

6.11 MODULATION OF LASER DIODES

The simplest and most direct method for modulating a semiconductor laser diode is modu-
lation of the laser drive current, as shown in Fig. 6.26. Direct-current modulation is best
described by rate equations for both carriers and photons. If N is the injected electron and
hole density and P is the photon density, then the rate equation for carriers is

dN J N
d gd AN — NP (6.27)
where d is the active region thickness, 7, is the spontaneous recombination lifetime, N, is
the transparency carrier density, and A is a constant related to the gain coefficient. The term
J/gd in Eq. (6.27) is the production of carriers, the term N/, is the carriers lost to spon-
taneous recombination, and the term A(N — N,)P accounts for recombination resulting in
stimulated emission. The rate equation for photons is
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FIGURE 6.26 Schematic light-current charac-
teristic showing direct-current modulation in a
semiconductor laser diode.

P P
ap _ TAN — NP — — (6.28)
dt )

where 7, is the photon lifetime and the term P/7, accounts for mirror and internal losses.
For small signal current modulation at frequency w, the current density J, carrier density
N, and photon density P can be approximated by

J=J, + AJe™

N = N, + ANe™"

P = P, + APe™ (6.29)
Substitution of Eq. (6.29) into Eqgs. (6.27) and (6.28) gives the modulation frequency re-

sponse
P —(1/¢d)TAP,
oJ o — iw/t, — iwAPy — APy/1,

(6.30)

which is shown for two output power levels in Fig. 6.27. The frequency response is flat to
frequencies approaching 1 GHz, rises to a peak value at some characteristic frequency, and
then quickly rolls off. The peak in the frequency response is given approximately by

1/2
Wy = <&> (631)

Tp

Since A is related to the differential gain of the laser, high-frequency operation requires
greater differential gain, greater photon density, and decreased photon lifetime.

Modulation of the laser drive current J modulates the injected carrier density N which,
in turn, results in a modulation of the quasi-Fermi levels and the carrier-dependent index of
refraction. Since the emission wavelength, and hence frequency, is related to the difference
between the quasi-Fermi levels and the index, modulation of the carrier density results in
modulation of the emission frequency. Thus amplitude modulation (AM) of the laser power
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FIGURE 6.27 Small signal frequency response of a semicon-
ductor laser diode at two power levels.

output results in a corresponding frequency modulation (FM). The change (and broadening)
of the emission frequency is called ‘“‘chirp.”

6.172 RELIABILITY

The failure mechanisms for semiconductor lasers can be separated into two relatively broad
categories. The first category is catastrophic failure associated with exceeding the maximum
safe value of some operating parameter. Perhaps the most important example is catastrophic
facet damage. When the optical power density at the laser facet reaches a certain value,
catastrophic optical damage (COD) occurs. COD for a given material system is a function
of the shape of the near-field pattern, the drive current amplitude and pulse length, and the
presence or absence of passivation on the facets. COD occurs rapidly and irreversibly at the
upper limit for power output of the laser.

If higher power output is required or if the double-ended emission characteristic of a
cleaved Fabry-Perot cavity is undesirable, facet coatings allow higher output power from one
facet of a given laser structure or array. After the semiconductor laser diode material is
completely processed, except for dividing the cleaved bars into individual laser dice, dielec-
tric facet coatings, as shown in Fig. 6.28, can be applied. Typical facet coatings consist of
a single-layer dielectric antireflection (AR) coating on one end and a multilayer stacked
dielectric, typically two periods of Al,0,-Si, for high reflection (HR) on the other end. By
adjusting the product of R, and R, to be the same as for an uncoated laser device, the
threshold current density and related properties, such as the emission wavelength, remain
the same [see Eq. (6.16)]. The power output, however, is unbalanced toward a single facet.
Shown in Fig. 6.29 is the reflectivity on the HR-coated facet as a function of the reflectivity
on the AR-coated facet, assuming a constant product R,R,. Also shown in Fig. 6.29 is
fraction of the total output from the AR-coated facet as a function of the reflectivity on the
facet.

The second general category of semiconductor laser diode failure is gradual degradation
resulting from long-term effects related to materials, such as defects or contaminants, or
processing such as handling damage. An estimation of the long-term reliability and mean
time between failure (MTBF) of a particular laser design is an important part of commercial
laser development, especially for remote or space-based laser systems. The measurement
utilized to establish reliability parameters include current constant power measurements,
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where device failure is defined as the laser output power falling to half its initial value, or
constant output power current adjustment, where device failure is defined as the laser drive

anti-reflection
coating

high-reflection
coating

current rising to twice its initial value.

As semiconductor laser lifetimes have approached those of other solid-state electronic
devices, measured in tens of thousands of hours, accelerated life testing methods have be-
come important. By measuring the failure rate or median lifetime as a function of temperature
above room temperature (typically 30 to 70°C), as shown in Fig. 6.30, an activation energy
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FIGURE 6.28 Schematic diagram showing antireflection (AR) and high-reflection
(HR) coatings on the facets of a semiconductor laser diode.
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FIGURE 6.29 The reflectivity of the HR-coated facet and
the fraction of the total power output from the AR-coated
facet as a function of the reflectivity of the AR-coated facet,
assuming a constant product R R,.
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FIGURE 6.30 An example of the laser median lifetime as

a function of operating temperature. The dashed line is an
extrapolation to room temperature.

E, can be determined from the slope of the best-fit line. This activation energy allows a
preliminary analysis of the dominant failure mechanism, since certain failure mechanisms
have characteristic activation energies, and extrapolation of a room-temperature lifetime.
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CHAPTER 7
INFRARED GAS LASERS

Michael Ivanco and Paul A. Rochefort

7.1 INTRODUCTION

This chapter deals with infrared (ir) gas lasers and their applications. These lasers were the
first ones to make significant inroads in industry, and CO, lasers, in particular, account for
about two-thirds of all industrial laser sales,! which comprise the largest share of the laser
market. IR gas lasers, which are exclusively molecular lasers, are unique in that they com-
bine high electric to photonic energy conversion efficiency with high average power. This
makes them the easiest lasers to fabricate, and because the active medium is a gas, it is also
much easier to scale them to higher power. Indeed, CO, lasers in the 2- to 5-kW range are
now commonplace in the automobile manufacturing industry.?

Recently, CO, lasers with average powers of 50 kW have been constructed,® and powers
of 100 kW appear attainable. No commercial lasers of this size have been constructed to
date, however, because a market for them does not yet exist. By contrast, Nd:YAG lasers
are not expected to exceed a few kilowatts of average power, although they have advantages
in fiber-optic beam delivery. Excimer lasers have much higher efficiencies than Nd:YAG
lasers and may some day rival CO, lasers in terms of average power; but none have been
built that exceed 1 kW.

IR gas lasers are, simply, lasers in which the active medium is a molecular gas, and which
lase on vibrational-rotational transitions within the same electronic state. The photon energy
of these lasers is therefore limited by the vibrational frequency that a molecule can attain;
hence they produce radiation in the infrared. Since the population inversion is typically
between pairs of rotational levels, in different vibrational states, the lasers are also line-
tunable. CO, lasers, for example, can lase on over 200 lines in the 9- to 18-pm range.

In the remainder of this chapter, ir laser resonator theory and design considerations are
outlined in Sec. 7.2. The operating principles, characteristics, and applications of specific
lasers are discussed in Sec. 7.3, with particular emphasis on CO,, HF/DF, and CO lasers,
which are, by far, the most important ir gas lasers.

7.2 GAS LASER THEORY

A conceptual model of a laser is that of a positive-feedback saturable light oscillator. The
standard laser design is shown in Fig. 7.1. The central section, containing the active medium,

T Strictly speaking, there are near-ir lines of several neutral and ionic lasers. HeNe lasers, for example, have lines
at 1.15, 2.40, and 3.39 pm, but HeNe lasers are most commonly used because of their red and green outputs.
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FIGURE 7.1 Standard gas laser design. The discharge is longitudinal and the flow
of the gas is axial.

which usually consists of an electric gas discharge, is the saturable amplifying section of the
laser. The mirrors at either end of the laser tube form the optical resonator and provide the
positive feedback of light to the oscillator. One of the mirrors must have some transmission
if the light is to be used extracavity.

7.2.1 Theory of Light Amplification

Light can be amplified by stimulated emission. That is, a photon will stimulate an excited
molecule to emit a photon in the same direction and in phase with the incident one. The
energy of the initial photon must equal (or nearly equal) that of the transition (see Fig. 7.2a).
However, in the inverse process, a photon will be absorbed when it interacts with a molecule

__e____
——> g M;
___e_
(a)
___e_._
—> 3
___e___._

{b)

FIGURE 7.2 Photon interaction with a molecule or atom. (a)
Stimulated emission. In this two-level, one molecule per atom sys-
tem. there is one photon ‘““in’’ and two photons “out,” on account
of the population inversion. (b) Resonant photon absorption. In this
ease, there is one photon “in” and zero photons “out,” because
there is no inversion.
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in the lower state (see Fig. 7.2b). For light to be amplified there must be more molecules in
the upper state than in the lower state, a situation referred to as population inversion.
As the number of interacting photons in-

">j crease in a molecular system, the rate of
stimulated emission will approach the ab-
> sorption rate so that the population of the
upper and lower states equalizes. As the pop-
?g::smo" LASING TRANSITION ulations equalize, the gain (or absorption)
' > strength of the system is reduced, and it be-
comes effectively transparent. This effect is

/ referred to as light-intensity saturation.
fo In a two-level system, for example, it is
FIGURE 7.3 Four-level laser system. impossible to achieve population inversion

because of intensity saturation. As the pho-
ton density increases, thus increasing the population in the upper state (due to photon ab-
sorption), the stimulated-emission rate increases proportionally, thus depopulating the upper
level. Hence population equalization can be approached, but inversion can never be created.
An inversion can be created between excited states in a multilevel system, however.

For this reason, infrared gas lasers (like most lasers) are four-level systems (see Fig. 7.3).
The molecules can be pumped by a variety of means from the ground state to some inter-
mediate upper state (transition [0> = |1>). The molecule decays rapidly to the upper lasing
level (|1> = |2>) and is stimulated to the lower level (|2> = |3>) where finally it is
deexcited to the ground state (]3> = |0>). To create the population inversion and to sustain
lasing it is necessary that #,_, > t,_, = 1,_,,* where ¢ is the lifetime of the respective states.
In other words, if the lifetime of state [2> is relatively long, then that state represents a
bottleneck to energy deactivation; hence population can build up in that state. The |1> =
|2> and |3> = |0> transitions are often part of a cascade, as in HF/DF chemical lasers or
CO lasers, and may also be lasing transitions.

7.2.2 Gain Broadening and Intensity Saturation

For a given active (laser) medium, there are several mechanisms that frequency-broaden the
gain and absorption profiles of the lasing transition. The gain and saturation characteristics
of the active medium are dependent on the type of line broadening, as are, ultimately, the
mode structure and the output power of the laser.

There are two types of broadening; homogeneous and inhomogeneous. A homogeneously
broadened line shape is produced by an ensemble of identical molecules with the same
“central” resonant frequency. The energy by levels within each molecule are broadened. An
inhomogeneously broadened line shape is produced by an ensemble of molecules, with
slightly different resonant frequencies, grouped statistically around the central frequency.
Molecules that give rise to an inhomogeneously broadened line are distinguishable, whereas
those that give rise to a homogeneously broadened line are not.

In gas lasers there are two mechanisms that give rise to homogeneously broadened line
shapes, spontaneous emission and collisions. The broadening from spontaneous emission is
uncertainty broadeningt and hence is inversely proportional to the lifetime of the transition.
Since the lifetimes of infrared transitions are very long, lifetime broadening is not very
important in ir gas lasers.

Broadening due to molecular collisions, or pressure broadening, can be visualized by
considering the classical model of an exponentially damped oscillator whose phase is peri-
odically interrupted by collisions (see Fig. 7.4). The frequency bandwidth of such an oscil-

FThat is, the linewidths are determined by the Heisenberg uncertainty principle; AE At = h.
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FIGURE 7.4 Exponentially damped oscillation with random
phase interruption.

lator is then given by its Fourier transform, which, because of the phase-interrupting colli-
sions, will have components other than the central resonant frequency v,. The frequency
bandwidth of a pressure-broadened line is proportional to the mean period between collisions
7. The gain profile in the limit of zero electric field is given by the Lorentzian profile

Av, /2w
v — v)* + (Av,/2)

8(v —vy) =C (7.1)

where C is a constant proportional to the magnitude of the dipole moment and v is the lasing
frequency. Avy is the full-width half maximum (FWHM) of the transition and is related to
the mean collision period by

Av, = — (7.2)

As the radiation intensity within the laser builds up, the gain of the active medium must
decrease until it balances optical losses, for steady-state lasing. The intensity-dependent op-
tical gain has the same form as Eq. (7.1) but with intensity broadening and correction for
population inversion:

Av, /2w >

GP(v) - CpNO((V - V())2 + (Avp/2)2(1 + I/I?) o

where C, is proportional to the dipole moment of the transition, N, is the population inver-
sion, and [ is the intensity of the laser electric field. I, is the saturation intensity and is
dependent on the line shape of the transition and the lifetimes of the different levels.® When
the internal laser intensity equals I, the gain in the active medium is reduced by half.

In gas lasers, inhomogeneous broadening is due to the random motion of the molecules.
There is a Maxwell-Boltzmann distribution of molecular velocities that is proportional to the
square root of the molecule-reduced mass divided by the temperature. The resonant frequency
of each molecule is Doppler shifted by vn_/c, such that
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v = v0<1 + 2) (7.4)
C

where v is the frequency as seen by an observer at rest with respect to the moving molecule,
v, is the velocity component along the line between the molecule and the observer, and c is
the speed of light. The line profile of the gas will have a Gaussian shape:

¢ M —4In2(v—vo/vp)?
—_ — n2(v—vo/vp 7.5
&) = 77 (7.5)

where M is the mass of the molecule and & is the Boltzmann constant. The width (FWHM)
Av,, of the Doppler broadened line is

2kT
Av, = 2v, M2 In 2 (7.6)
The gain of an inhomogeneously broadened line saturates differently than in Eq. (5.3). In
this case,
1
G (V) =C,N, ——— 6*41112(v7v0/Av,))2 (77)
0 PN T I

where C,, is proportional to the square of the transition dipole moment and to the inverse
of Av,,. I, is the same as for pressure broadening.

There are two major consequences of the type of line broadening. In the inhomogeneous
case, one resonator mode will interact only with a subset of the molecules.f If the frequency
difference between the resonator modes is small enough (see Sec. 7.2.4) then two or more
modes can be within the gain bandwidth and can easily lase simultaneously. When the active
medium is homogeneously broadened, on the other hand, each resonator mode will interact
with all the molecules within the gain bandwidth. Therefore, the resonator modes compete
for gain within the active medium. It is much easier, therefore, to produce a single-mode
laser with homogeneous rather than inhomogeneous line broadening.

The second consequence is that, for typical operating pressures of ir gas lasers, the gain
bandwidth of a homogeneously broadened laser is proportional to the total pressure of the
active medium. Therefore, to increase the bandwidth only the pressure needs to be increased.
In inhomogeneously broadened active media, the gain bandwidth can only be increased by
raising the temperature, which normally lowers the gain. Because the magnitude of the
Doppler shift is proportional to the radiation wavelength, inhomogeneous broadening is the
dominant mechanism in low-pressure visible and uv lasers. However, for most practical ir
gas lasers, inhomogeneous broadening is not a factor because of the relatively long wave-
length of ir lasers. For instance, the inhomogeneous width at 10 pm and 300 K with CO,
lasers is only 31 MHz, whereas for pressure broadening the bandwidth will be about 200
MHz at a typical operating pressure of 40 torr (5.3 kPa).

7.2.3 Gas Laser Inversion Mechanism

Infrared lasing transitions in gases are predominantly neutral, molecular, ro-vibrational tran-
sitions in the ground electronic states of molecules. There is a class of noble gas lasers (He,

T At ir frequencies, the bandwidths of the resonator modes are normally much narrower than the linewidth of the
transition.
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Ne, Ar, Kr, Xe) with infrared electronic transitions that can lase from the near infrared to
125 wm, but these are not widely used. The following section describes the five inversion
pumping mechanisms in ir gas lasers; electron impact, resonant energy transfer, chemical
reactions, gas-dynamic processes, and optical pumping. The final section discusses depop-
ulation mechanisms of the lower laser level, which are also fundamental for creating and
maintaining a population inversion.

Electron Impact. Neutral atoms and molecules can be excited by inelastic scattering of
energetic electrons. The probability (cross section) that an energy level will be excited de-
pends, in a first approximation, on the optical transition probability and the energy of the
electrons.® For a given dipole transition, the probability cross section has an electron energy
threshold with a smooth drop-off at higher energies.” The electrons, on average, lose a
fraction of their energy with each collision with a molecule but regain some energy from
the discharge electric field before the next collision. After a few collisions, the distribution
of electron energies equilibrates so that they can be characterized by a temperature. Assuming
a Gaussian energy distribution, the electron temperature can be shown to be equal to'°

e

T, =
V23 k

where e is the electron charge, E is the electric field, / is the mean-free-collision path length,
d is the average fractional energy loss for each collision, and k is the Boltzmann constant.

Since the mean free path is inversely proportional to the gas pressure p, Eq. (7.8) shows
that the electron temperature is proportional to the E/p ratio, which is a practical parameter
when trying to design or scale up a laser. Buffer gases are often added to the gas mixture,
in part to modify the electron temperature, so that there is a better match between the electron
energy and that of the molecule to be excited.

For example, in dc discharge, continuous-wave (cw) CO lasers, Xe is added to increase
laser output energy. Because Xe has a lower ionization potential than CO, for a given pres-
sure, the discharge can be sustained at a lower voltage, thus lowering the electron temper-
ature. The lower-temperature electrons excite vibrations of the CO molecule more effectively,
while reducing electronic excitation and ionization of the molecule.'

Two modes of electrical discharge are used to excite gas lasers, pulsed and dc. For dc
discharge lasers, the lifetime conditions of the lasing energy levels, described in Sec. 7.2.1,
must be met rigorously. As well, the overall input power must be limited so that the lower
lasing levels will not be thermally populated, therefore reducing or at worst destroying the
population inversion (see Sec. 7.3.1 for more detailed laser gas cooling systems).

The lasing energy lifetimes and the instantaneous (but not average) electrical input power
conditions can be relaxed with pulse excitation. Pulse-discharge durations are short, 50 ns
to a few microseconds, and create population inversion rapidly. During the lasing period, the
gas temperature does not rise appreciably and high gain can be achieved. Pulsed discharges
are used mainly for high peak-power generation and for many transitions with low optical
gain which will not lase with dc excitation. For high-pressure lasers, i.e., 0.5 to 20 atmo-
spheres, pulsed discharges must be used to create short-duration glow discharges or else
filaments will be formed.'? Filaments are highly ionized low-resistance paths through the
gas, similar to lightning, which do not excite the gas volume but can locally damage the
electrodes, promoting more filaments.

Gas lasers can also be excited with rf discharges. In most applications, the electron col-
lision frequency is greater than the rf frequency, so that, to the molecule, the rf field is slowly
varying and appears similar to a dc discharge. RF excitation is mostly used in industrial
lasers because of their compact, efficient power supplies, and their elimination of catapho-
resis. In some applications, with reactive or very pure gas systems, rf excitation is advan-
tageous because the electrodes do not have to be in contact with the gas. In waveguide lasers

(ED) (7.8)
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(see Sec. 7.2.4), the electrodes often form part of the optical waveguide and sustain transverse
continuous discharges.'?

Resonant Energy Transfer. The resonant energy process is one in which an excited mol-
ecule transfers its energy to another molecule, such that

A*¥ + B— A + B* =+ AE 1)

where * represents an excited state of A or B and AE is the energy difference between A *
and B*. In a simple picture, as the two molecules approach, the time-varying short-range
electric field of A* couples with B, forming a system of two weakly coupled harmonic
oscillators. As with two weakly coupled pendulums. energy can be exchanged from one
oscillator to the other.!* Since the interaction between the two particles is resonant, an effi-
cient energy transfer requires that AE be not much larger than 0.1 k7, which at 300 K is 20
cm™'. Generally, this means that the process usually excites just one of the vibrational modes
of the molecule.

N, is the most widely used gas for resonant energy-transfer pumping of lasing media in
ir gas lasers. It is used with CO, CO,, N,O, and CS, lasers.'>

Excitation by Chemical Reaction. 1t is possible to create population inversions between
vibrational levels in the course of exothermic chemical reactions.'® Several exothermic atom
transfer reactions are the basis of chemical lasing action. The following reaction, for example,

Cl + Hl — I + HCI )

is exothermic by 134 kJ mol™! and there are many ways that this exothermicity can be
channeled into the vibrational, rotational, and translational degrees of freedom of the HCI
product, 134 kJ mol ! not being sufficient to induce electronic excitation.

In the atom transfer reaction (2), population inversions have been observed between the
v =3 and v = 2 levels, as well as the v = 2 and v = 1 levels.!” Hence, when this reaction
is carried out inside a resonant cavity, lasing action can occur. Lasers which use inversions
that are created in this way can have very high energy efficiencies and can potentially produce
very high powers because of the large energy released in some chemical reactions. Chemical
lasers are discussed in more detail in Sec. 7.3.2.

Gas Dynamic Processes. In gas dynamic processes, population inversion is achieved by
the rapid cooling of a hot molecular gas. When a gas is heated, in the stagnation region of
an expansion, the energy distribution can be broadened considerably. The inversion is then
created downstream from the nozzle orifice, provided that the cooling rate of the gas is faster
than the relaxation time of the upper lasing level, but of the same order as that of the lower
level.

Typically, vibrations are not cooled as effectively as rotations or translations, in a super-
sonic expansion, so that the method is ideally suited for producing partial vibrational pop-
ulation inversions. The hot medium can also excite a gas used for resonant energy-transfer
processes, thus increasing the efficiency of the process. In practical lasers, the gas is heated
by either chemical reaction'® or an electric discharge.'® These types of lasers are usually used
for high-power industrial applications.

Optical Pumping. Creating a population inversion with optical pumping is commonly used
with a variety of lasing media, mostly solid-state near-ir lasers and visible dye lasers. For
infrared gas lasers, the upper lasing level of a molecule is selectively pumped by a high-
power cw or pulsed laser (transition 1 in Fig. 7.1) with the lower level left unpopulated.
Hence the output wavelength will be longer than the pump wavelength. Although lasing has
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been demonstrated with wavelengths as short as 2 wm,?® most optically pumped ir lasers are

driven with high-power CO, lasers, and lase between 12 and 2000 pm (see Sec. 7.3.4).

Lower-Level Deactivation. There are two main deactivation channels for the lower laser
level, radiative and collisional. Of the two channels, collisional deactivation is the most
important one because spontaneous emission lifetimes of infrared transitions are long. This
follows from the Einstein coefficient A for spontaneous emission:

1 8mnfuf

A= (7.9)

T,  heyy’
where 7, is the spontaneous lifetime of the transition, n is the refractive index of the medium,
|| is the magnitude of the electric dipole moment, 7 is Planck’s constant, €, is the permit-
tivity of free space, and \ is the wavelength of the emitted photon.*!

From Eq. (7.9) the spontaneous lifetime is inversely proportional to the cubic power of
the wavelength. For 10-pum transitions, 7., = 100 ps to ls. This contrasts with spontaneous
lifetimes of 10 to 1000 ns for most visible lasers. This low rate of spontaneous emission for
ir transitions is beneficial in some respects. For instance, there is little or no amplified
spontaneous emission (ASE) which is a major parasitic loss in gas uv and visible lasers and
liquid dye lasers.

Since the 7,,’s are relatively long, collisions, intermolecular or with the laser walls, are
the principal molecular energy deactivation mechanism. Buffer gases are used in most gas
laser mixes to enhance the deactivation of the lower level as well as to tailor the electron
gas temperature. Collisional deactivation rates can vary widely depending on the collision
partners. For example, the deactivation rates of the (010) level of CO, by Ar, He, and H,O
are 130 s~ !'torr!, 1.3 X 10% and 1.3 X 10°, respectively. Helium is typically used in CO,
lasers as a buffer gas for this reason. H,O, which is actually more efficient, would have a
very negative effect on the gas discharge. With He as a buffer gas, at pressures of 10 torr
(1.3 kPa), collisional deactivation lifetimes will be of the order of 10 ws.?

7.2.4 Laser Resonators

The optical resonator in a laser creates a resonating cavity that, in part, determines the lasing
frequencyt and provides feedback to the amplifying media. The resonator sets up an optical
beam that contains light within the laser cavity. There are two types of laser resonators: open
resonators, which are used in most lasers, and waveguide resonators.

Open Resonators. Conventional open resonators are formed between two concave mirrors
with no walls to contain the radiation perpendicular to the optical axis.f The problem of
finding a resonator mode between the two mirrors is equivalent to that of finding a beam
configuration that is self-consistent through an infinite series of lenses. In other words, the
problem is to derive the relative electric-field intensity and phase of the radiation, along all
three axes between the two lenses. This field configuration must reproduce itself between
each pair of lenses (see Fig. 7.5). The general solution to this problem is a Hermite-Gaussian
polynomial.>* With the optical axis along the z axis, the electric field of the mode can be
specified by

+The laser cavity can only support a set of discrete standing waves, for example. In addition, there may be frequency-
selective components. gratings, or narrowband reflective mirrors.

+This contrasts with microwave resonators where the standing electromagnetic wave is confined along all three
axes.
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FIGURE 7.5 Self-reproducing beam through an infinite lens series.
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X exp( o) ik RG) tkz + im(l +m+ 1) (7.10)

H, and H,, are the different orders of the Hermite polynomial in the x and y directions. The
TEM,, mode [ = m = 0 has a Gaussian intensity profile in the radial direction and is usually
the most desirable because it has the lowest divergence and produces the highest intensity
for a given power. The higher transverse modes [ # 0, m # 0O are spatially larger and have
a frequency offset to the TEM,, mode. By adding an aperture to the resonator, transverse-
mode lasing can be suppressed.?* For the TEM,, mode and r? = x2 + y2, Eq. (7.10) reduces
t025

Wo _r—z . r? . .
E.(r) = E, o) exp[ o) ik RQ ikz + m} (7.11)

where o(z) is the 1/e? radial spot size and is equal to

271/2
w(z) = wo[l + (f) ] (7.12)

®, i1s the minimum spot size and defines the Rayleigh length z, by

Twin

- (7.13)

=

k is equal to 2wn/\, n is the index of refraction of the lasing media, and m is the phase
factor, which is equal to

2o

m = arctan <£> (7.14)

From Eq. (7.11), the radius of curvature of the wavefront can be derived and is equal to
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R(z) = % (Z+ ) (7.15)

In many lasers one of the resonator mirrors is flat, R = o; these are hemispherical resonators.
If R = « for one of the mirrors, then, from Egs. (7.12) and (7.15), ® = w, at z = 0.
For the TEM,,, mode the resonator frequency is set by the condition

2wl c

qm = N My — M) v, = N (7.16)

q q

where ¢ is an integer, m; and m, are the phase factors at the first and second mirror, and [
is the length of the resonator. From Eq. (7.16) the longitudinal mode spacing is equal to

c

Avmode = ﬁ

(7.17)

To form an optical resonator, the radius of curvature of the mirrors is matched to the curvature
of the expanding phase fronts of the laser beam, thus reversing the front onto itself (see Fig.
7.6). There are two approaches to designing a resonator. One is to define the length of the
cavity, the minimum spot size, and its position within the cavity, and then, using Egs. (7.13)
and (7.15), set the mirror radius to match the phase fronts. Alternatively, the mirror radius
and cavity length can be defined and, again using Egs. (7.13) and (7.15), the minimum spot
size w, can be calculated. With w0 the spot size w can be calculated along the cavity length.

There are limits to the ratio of the cavity length / to mirror curvature (R, and R, in Fig.
7.6), for the optical cavity to produce a stable, self-consistent mode. The stability criteria

are
= ] = .

One difficulty with stable resonators is that they are “thin.”” That is, it is difficult for the
resonator mode to fill the active volume, with a relatively short cavity, while still maintaining
the TEM,, mode. A common parameter that is often used to characterize a mode is the
Fresnel number

N=& (7.19)

where 242 is the effective diameter of the resonator mirrors. Often, for a high-gain laser to
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FIGURE 7.6 Beam phase-fronts, inside and outside of thc optical resonator.
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achieve single-mode lasing, the Fresnel number must be close to 1, which corresponds to a
high-loss resonator.?®

There is another class of open resonators called unstable resonators that produce near
Gaussian modes with relatively large aperture to length ratio. In these lasers, the rear reflector
is convex and the front reflector either flat or convex. Unstable resonators have the same
optical layout as reflecting telescopes, with the mode separation and losses proportional to
the optical magnification. They are usually used with high-gain, large-volume, pulsed lasers,
such as TEA CO,’s, to produce single-mode output. This is necessary because, with convex
mirrors, there will not be as many round trips inside the laser cavity for building up power.
These high-gain lasers are more efficient with low-reflectivity front optics, i.e., large output
coupling.?’

Waveguide Resonators. In open resonators, the optical radiation is kept away from the
walls to avoid distortion and to minimize losses. In waveguide lasers, the walls form an
integral part of the resonator. The cross section of the cavity can have many shapes but is
usually circular or rectangular. Wall materials can be dielectrics, metals, or a combination
of both. The waveguide-laser modes are analogous to radio-frequency (rf) waveguide modes
except that the channel diameter is many times larger than the radiation wavelength.?® The
laser waveguides are referred to as hollow waveguides because, unlike fiber-optics, the index
of refraction of the guiding channel is lower than the media that surrounds it.

Because of the gas laser scaling relationship P,d, = P,d,,?® where P is gas pressure and
d is the diameter of laser bore, most waveguides are operated at much higher pressures than
open-resonator lasers. The power per unit length remains the same, but the overall size of
the laser is reduced. In addition the lasing bandwidth increases significantly with higher
pressure. Single-mode bandwidths as large as 1.2 GHz can be obtained with a CO, waveguide
laser, compared to the 50-MHz bandwidth of a low-pressure, open-resonator laser operating
at 10 torr.*® These large bandwidths are useful for laser radar, spectroscopy, and laser com-
munications. For a more complete discussion of waveguide lasers see the review article by
R. L. Abrams.”!

Wavelength Tuning. Most infrared gas lasers have many lasing transitions, often closely
spaced together. For single-line lasing in the near- to mid-infrared, dielectric-coated mirrors
can be made to have high reflectivity over a narrow wavelength range. However, with such
a configuration, the mirrors must be replaced in order to change the wavelength, which is
usually not a simple task. For the far-infrared there are no good dielectric materials for
optical coatings, and other methods must be used.

One of the most convenient and flexible means of selecting a single lasing transition is
to use a reflective grating in the Littrow configuration. In the Littrow configuration the first-
order diffraction angle is equal to the angle of incidence at a specific wavelength. From the
grating equation, the first-order Littrow angle is related to the wavelength such that

N = 2d sin 6 (7.20)

where \ is the wavelength of the incident radiation, d is grating line spacing, and 6 is the
angle of incidence, measured normal to the grating. Radiation will also diffract in zero order,
which is equivalent to specular reflection from the grating.

For laser line selection, the grating replaces one of the reflectors in the optical cavity and
acts as a frequency-selective mirror. The various lasing lines can be tuned in by simply
rotating the grating with respect to the optical axis. Because of the diffraction properties of
gratings, the output beam of the laser will be polarized with the electric vector perpendicular
to the grating lines (see Fig. 7.7).%

Most gratings used in gas lasers are echelete-type gratings. With these gratings the groove
lines are cut in the form of steps and the angle between the long part of the step and the
surface of the grating is called the blaze angle. To maximize first-order diffraction and
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FIGURE 7.7 Grating in the Littrow configuration.

minimize the losses in zero-order diffraction, the blaze angle of the grating should be equal
to the Littrow angle.

SPECIFIC GAS LASERS

7.3.1 CO,Lasers

The first lasing from CO, was reported in 1964 from pure CO, in the 10.6-pm band.** Only
1 mW of average power was obtained in cw operation with a 5-rn tube. At the time, the
search for new laser transitions was flourishing and the discovery of this one was “lost in
the noise.” Within one year, however, a 10* increase in average power was obtained® (ap-
proximately 12 W) using a CO,-N, mixture, and the road to the high-power CO, lasers of
the present was paved.

Principles of Operation. CO, is a linear triatomic molecule (in the symmetry point group
D.,) with four vibrational degrees of freedom. These vibrations are shown schematically in
Fig. 7.8. The bending vibration, v, in the nomenclature,f is doubly degenerate. In CO,,
however, the frequency of the v, vibration is almost exactly half that of the v, vibration;
hence there is a very strong Fermi resonance between these two levels.t They are split by
100 cm™!, and this separation accounts, in part, for the relatively large tuning range (9 to
11 pm) of the CO, laser.

The CO, laser is a four-level system pumped by an electrical discharge (see Sec. 7.2.1).
The energy-level diagram for this system is shown in Fig. 7.9. Typically a dc plasma is
generated in a mixture of CO,, N,, He, and in some cases, a small amount of carbon mon-

+The vibrations of a linear triatomic molecule are also routinely labeled (v,, v,°, v;), where the number in brackets
gives the number of quanta in each vibrational mode. For example. (2,0.0) = 2v,.

1 The interaction between the v, and v, modes occurs because the potential experienced by the carbon atom, during
the bending motion, depends on the separation between the carbon and oxygen atoms, and hence on the stretching
vibration. Further, because 2v, = v,, then classically, as well as quantum-mechanically, there is enhanced coupling
between the two vibrations because of the near resonance.



FIGURE 7.8 The normal modes of vibration of a linear triatomic molecule. The other v, vi-
bration has the oxygen atoms (if the molecule is CO,, for example) moving out of the page and
the carbon atom moving into the page. In the absence of any perturbations, such is Fermi reso-
nances, these two vibrations have the same energy. In CO, there is a large Fermi resonance, and
one of the two bending vibrations is highly perturbed, the (0,2°,0), which has the same symmetry
(Z)) as the (1,0,0) level, with which it is coupled. The (0,22,0)¢ level (A, symmetry) remains
unperturbed. The splitting between the two vibrations is about 50 cm™

Collisional Energy
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TABLE 7.1 Wavelength Ranges of Common Infrared
Molecular Gas Lasers*

Molecule Laser type Wavelength range, pm
12CO, Electric discharge 9.13-11.0
CcO Electric discharge 4.75-8.27
HBr Chemical 4.02-4.65
DBr Chemical 5.57-6.29
HCl Chemical 3.57-4.11
DCl Chemical 5.00-5.61
HF Chemical 2.41-3.38
DF Chemical 3.49-4.06

*For a complete list of laser lines, see Ref. 104a, pp. 323-404,
428-483.

oxide.f Although inelastic collisions between electrons and CO, will lead to some population
in the (0,0,1) upper laser level, this is a relatively minor excitation mechanism. Vibrational
to vibrational (V-V) energy transfer, between excited N, (or N¥) and CO,, is the main process
leading to population in the upper laser level. Vibrationally excited N, is produced with very
high efficiency through the process®

N, + e — Ny — N§ + ¢~ 3)

This energy is readily exchanged in collisions with CO, because of the near resonance be-
tween the Ny(v = 1) and CO,(0,0,1) energy levels, thus leading to inversion between the
(0,0,1) level and the Fermi-resonance pair, the (0,2°,0) and (1,0,0) levels. The (0,2°,0) and
(1,0,0) levels are rapidly relaxed, radiatively and through CO,-CO, collisions, to the (0,1,0)
level, which helps maintain the inversion. Helium is added to collisionally deactivate the
(0,1',0) level, which has two beneficial effects. The reduction in the temperature of the
bending modes results in a smaller population in the lower laser levels,f which increases the
gain. Indeed, if the temperature of the gas rises above 200°C, the lasing will cease.’”

Second, the collisional deactivation results in a lower temperature of CO,, which decreases
the harmful effects of quantum dilution on gain; i.e., the population is spread over fewer
quantum levels.§ The theoretical electrical to wall plug efficiency of CO, lasers is very high
(27 percent),*® and commercially available cw systems can approach this efficiency.

A list of CO, and other common laser wavelength ranges is given in Table 7.1.

Types of CO, Lasers. CO, lasers can be operated either cw or pulsed. There are a large
variety of different cw laser designs which have been developed in response to numerous
different applications. The simplest and earliest designs consisted of cylindrical plasma tubes

+CO is used primarily because it recombines with O,. which results from CO, dissociation, to reform CO,, since
O, tends to promote arcing in gas discharges. Since CO has a large cross section for electron impact excitation, larger
even than N,. it also helps promote the population inversion because its vibrational frequency is also nearly resonant
with the (0,0,1) vibration of CO,.

+Since the (1,0,0) and (0,2°,0) levels arc so strongly coupled by the Fermi resonance. any process which leads to
the depopulation of one level will also depopulate the other.

§ This is of prime importance when the laser is operating on the highest-gain 10.6-pum line [10P(20)], which most
industrial lasers do. As the temperature goes up, the population is spread among more rotational levels, thereby decreas-
ing the gain on the 10P(20) line. For some applications, where line tunable operation is desirable, then, on a weaker
line, a higher rotational temperature may be an asset. But there is a tradeoff between the enhancement of gain due to
quantum dilution, and the negative effects of the concomitant increase in vibrational temperature. A higher rotational
temperature increases the gain for weak lines [e.g., 10P(40)] at the expense of strong lines; i.e., just because its Boltz-
mann population is larger. However, the increase in vibrational temperature decrease the gain for all rotational lines.
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in which a dc discharge was sustained, with electrodes at each end, and axial flow of the
gas (see Fig. 7.1, for instance). To achieve good transverse mode quality it is necessary that
the resonator have a low Fresnel number [see Eq. (7.19)1. All early designs, therefore, had
long, narrow plasma discharge tubes, and the resonators were quite ‘“lossy.”

Many industrial applications of CO, lasers, such as drilling, cutting, and welding, require
much higher power, and these early designs were limited. In order to increase the power it
is necessary to increase the amount of gas, by raising either the pressure or the volume of
the active medium. However, when this is done, the energy that is not converted to laser
radiation heats up the gas to the point that population inversion cannot be sustained.

The gas is cooled through collisions with the walls of the plasma tube. Increasing the
pressure while keeping the volume constant simply makes cooling less efficient, as well as
making a discharge more difficult to sustain. Increasing the volume is not the correct solution,
since the surface area of the cylindrical plasma tube scales linearly with a change in radius
whereas the volume goes up as r2. In addition, the Fresnel number becomes larger unless
the length of the discharge tube is increased considerably, which can make the laser difficult
to house.

The obvious solution to this problem seems to be to increase the axial flow rate of the
gas. However, the maximum gain of the laser is near the center of the gas discharge, where
water cooling is least efficient. Fast axial flow therefore is necessary but is incompatible with
the flow resistance of a long, narrow, cylindrical discharge tube.

Some successful methods of achieving efficient gas cooling while maintaining axial flow
have nonetheless been developed to allow scaling of CO, lasers to much higher powers.
These involve novel electrode geometry, in some cases, such as toroidal gas flow* and the
use of cylindrical, coaxial, water-cooled electrodes,*® which result in a doughnut-shaped
beam, similar to that of an unstable resonator.

Transverse gas flow can overcome many of these problems, but not without sacrificing
some beam quality, since it is extremely difficult to achieve uniform transverse gas flow in
a resonator with a low Fresnel number.f However, some very high-power CO, lasers have
been developed with transverse gas flow, often employing multipass geometry to lower the
Fresnel number and obtain reasonable beam quality.*

The highest-average-power lasers commercially available employ a hybrid system in order
to generate high-power beams with good beam quality. In these systems, a relatively low-
power oscillator (=1 kW) is used to pump one or a series of amplifiers. This arrangement
is known as a master oscillator, power amplifier (MOPA) chain. It is relatively easy to achieve
good beam quality with a 1-kW oscillator, and the problems associated with overheating of
laser mirrors and windows can be avoided. The output pulse of the oscillator is then used
to pump amplifier sections, usually employing transverse gas flow and gas-dynamic win-
dows.*> The beam quality is a stronger function of the characteristics of the low-power
oscillator than the amplifier. Industrial CO, lasers in the 50-kW range have been manufac-
tured using a MOPA chain.*?

CO, lasers can also, as pointed out, be operated as pulsed systems. In some applications
high peak powers rather than high average powers are desirable. Lasers have been manu-
factured which can deliver 100 J of energy in a pulse of 500 ps duration,* hence a peak
power of 2 X 10" W, unfocused. However, this laser can only pulse about once a min-
ute;+ hence its average power is only 1.67 W.

The most common type of pulsed CO, laser is a transversely excited atmospheric (TEA)
CO, laser. This is similar in design to Fig. 7.1 except that the electrodes are parallel and run
the length of the plasma tube. Usually, these tubes are relatively short (about the length of
the electrodes), with a high Fresnel number. Because the duty cycle of these lasers is quite

F Apertures could be inserted at either end of the resonator so that the laser cavity has a high Q only in the uniform
region of the plasma, thus lowering the Fresnel number, but this would be a huge cost in efficiency, which would defeat
the purpose of using transverse flow.

#The main factor limiting the duty cycle of these lasers is the time it takes to recharge the capacitors.
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FIGURE 7.10 TEA CO, laser pulse with standard
(N,-rich) mixture (mode beating not shown).

low, and large average powers are not usually required for the desired application, there is
no need to flow the gas, at least not fast-flow. The electrodes are usually spaced a few
centimeters apart and have flat surfaces but are rounded at the edges to avoid instabilities in
the electric field. Typically, 40 kV, with a few milliamperes of current, are discharged through
a gas mixture at pressures ranging from about 0.01 to 1 atm. A typical CO, laser pulse is
shown in Fig. 7.10. The pulse has an initial spike of =200 ns duration, followed by a long
tail that is 2 to 3 s long. The unusual shape of this pulse can be accounted for in the
following way.

In the early portion of the pulse, all of the excitation mechanisms that give rise to pop-
ulation inversion are working in concert; i.e., inelastic electron-N, molecule collisions, Nd3-
CO, V-V energy transfer, and electron-CO, collisions. After the discharge is over, the plasma
will persist for several microseconds; but the temperature of the electrons goes down, since
there is no electric field remaining to accelerate them; hence their ability to contribute to
population inversion decreases.

Lasing quickly starts to equalize the level populations, thus lowering the gain. There is
a time lag of the order of a few hundred ns between the initiation of the discharge and the
time it takes for the vibrational temperature of the gas to rise, owing to V-V (N,-CO,) energy
changing collisions. Once the vibrational temperature of the gas rises, the population in the
lower laser level, (0,2°,0) or (1,0,0) is not depleted as efficiently, also lowering the gain. A
large number of N¥ molecules are left in excited vibrational levels following electron exci-
tation, however, and these continue to contribute to population in the upper laser level,
through V-V energy exchange, until their energy is dissipated. This deactivation process
typically takes 2 to 3 ws, which accounts for the long tail on the pulse.

Although the Fresnel number of TEA laser resonators is usually quite large, the laser can
be made to lase on the lowest-order transverse mode by putting apertures of the appropriate
size in the resonator. This is at the price of a decrease in efficiency; but for most research
applications, efficiency is not the prime concern.

For some applications, a temporally smooth, single-longitudinal-mode (SLM) laser pulse
is required. Without making any special modifications, the TEA CO, laser will lase on several
longitudinal modes. This will manifest itself as mode beating, or ““spiking,” in the temporal
profile of the laser which is clearly shown in Fig. 7.11. In addition, in experiments where
the CO, laser is used to induce photochemical reactions, the long tail of the pulse can
seriously complicate the interpretation of the results. The long pulse can be eliminated by
lowering the N, concentration of the gas. This change in gas composition will give the laser
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FIGURE 7.11 TEA CO, laser pulse with a N,-lean
gas mixture. CO, laser pulse with longitudinal mode
beating (spiky curve) is shown on the same scale as
the single-longitudinal-mode pulse (smooth curve),
generated by using a smoothing tube in the same res-
onator.

pulse a Gaussian temporal envelope, with mode beating, at the expense of as much as 90
percent decrease in output power.}

The mode-beating frequency [see Eq. (7. 17) is equal to the inverse of the round-trip time
in the cavity. The laser can, however, be made to lase SLM by using a low-pressure, quasi-
cw gain section, which initiates oscillation on a particular longitudinal mode and enhances
the gain of the oscillator on this mode, at the expense of adjacent ones.** By using one of
these ‘““smoothing tubes,” inserted inside the laser oscillator cavity, the laser can be made to
operate SLM about 90 percent of the time. The laser pulse shown in Fig. 7.11 (smooth
curve) is from the same laser*® as the mode-beating curve in Fig. 7.11 but with the smoothing
tube operational.

Major Industrial Applications. Since CO, lasers are high-gain, extremely efficient, and one
of the easiest lasers to build, they are the most commonly used industrial lasers for virtually
all applications. The interaction of metals in particular with laser light is qualitatively dif-
ferent from their interaction with other forms of energy, mechanical, electrical, or heat. With
lasers, it is possible to supply an extremely high energy density to a metal surface. Hence
it is possible to perform a number of different functions such as cutting, welding, joining,
drilling, and marking of semiconductors and pharmaceuticals, normally accomplished with
more traditional tools. CO, lasers are becoming commonly used for many of these functions.

Industrial applications of ir gas lasers are dealt with in more detail in Chap. 25. Further
information can be found in Ref. 47.

Surface Modification. Since the time required for laser heating of metals is very short,
compared to other time scales such as heat conduction, it is possible to perform unique
treatments to surfaces that will affect a material’s mechanical and corrosion properties. Melt-
ing rates with laser processing of metals can be very high and it is possible, by varying

fFor example, when the gas mix of a Lumonics TEA 840 CO, is changed from (16/72/8/4) percent
(N,,He,CO,,CO), to (4/80/16/0) percent, the power output drops from 3.5 J cm 2 to 0.33 J cm 2.
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power density and interaction time of the laser beam with the surface, to produce extremely
large temperature gradients in the surface layer of a metal, with low penetration depths.*®
The resultant cooling rates, into the bulk of the metal, can be extremely high.

A cooling rate of 10® °C s™! is not difficult to achieve. Although the temperature at the
surface is very high, the actual energy deposited in the bulk metal is not large. Hence it is
possible to perform radical modifications to the surface of a metal while leaving the bulk
virtually unaffected. Because of these very rapid cooling rates, it is possible to create mi-
crostructures at the surface of a metal that would not normally be found in nature. It is, for
instance, possible to create a material with a completely amorphous surface layer (laser
glazing)* but a bulk that is a structured lattice. An amorphous surface layer may make a
material more corrosion-resistant.>

With somewhat slower cooling rates, lower power densities, and greater penetration
depths, it may be possible to “freeze” metastable phases of a material onto a surface.>! This
technique, known as transformation hardening, has been used to harden an alloy of carbon
steel and thus make it more resistant to mechanical wear. The technique is used in the auto
industry,> for example, to make a relatively inexpensive material very hard, thus avoiding
the cost of using special alloys for the construction of some components.

It is possible, with a laser and a metallic powder, to do surface alloying as well.* Two-
component metals can be produced which utilize the bulk characteristics of one material for
its favorable mechanical properties while exploiting the micro-structure of another for its
favorable corrosion or wear properties. Cladding of surfaces, one metal to another, can also
be done by using a laser.>* Surface shock hardening® using pulsed lasers is another technique
that has been used with positive results.

Laser Isotope Separation. The appearance of pulsed, high-peak-power CO, lasers unex-
pectedly gave rise to an explosion of research in the field of laser photochemistry in the
mid-1970s% which continues today. In 1972, it was discovered®’ that, in many cases, mole-
cules could absorb several, perhaps as many as 40 ir photons successively, and decompose
with very high efficiency. The multiphoton excitation process is pictured schematically in
Fig. 7.12.

The IR laser energy initially goes into excitation of a specific bond in the molecule,
region I in Fig. 7.12. In region II, the molecule is further excited; but the mode of excitation
loses its “‘uniqueness’ as the energy becomes rapidly dissipated among the other vibrational
modes. This energy regime is commonly known as the quasi-continuum® because the density
of states is high enough and the vibrational coupling strong enough that photon absorption
is virtually independent of wavelength. Finally, the molecule is excited to region III, above
the dissociation limit of the ground state, where the energy levels form a true continuum,
and the molecule may dissociate.¥

Once the mechanism of photon absorption became slightly better understood, it became
clear that ir lasers, CO, lasers in particular (since they were the only high-power ones avail-
able at the time), could be used to separate isotopes. The principle behind ir laser-induced
isotope separation (LIS) relies on the fact that molecules containing different isotopes of the
same chemical element will vibrate at different frequencies. The frequency of oscillation is
dependent on the number of nuclei that the isotope contains (i.e., its mass) and, depending
on the molecule, the way in which the addition of an isotope of different mass affects its
symmetry. The ir laser can then be tuned to the same frequency as a (sympathetic) vibrational
frequency of the molecule and thus pump energy into that molecular motion.

+Small regions inside the power steering housings of General Motors cars that are subject to an unusual amount of
wear. for instance, are hardened in this way.

+1In region III the molecule has enough energy to decompose but will not do so immediately. If there is a significant
activation energy, the molecule may have a long unimolecular lifetime. Decomposition of the “‘superexcited” molecule
competes with collisional deactivation by ‘“‘color,” unexcited molecules that can accept some of the excess energy in
vibrational-vibrational energy exchanging collisions.
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FIGURE 7.12 IR multiphoton absorption in a polyatomic
molecule. Region I is sometimes called the “discrete pump-
ing” region. Region II is usually referred to as the quasi-
continuum and region III is a “true’ continuum.

Examples of both of these effects are shown in the ir spectrum in Fig. 7.13. The molecule
in Fig. 7.13 is 1,1,1-trichloroethane (CH,CCl;, or TCE, and two of its isotopic variants;
CD,CCl,; and CH,DCCI,) and is considered as a potentially suitable molecule for use in
separation of deuterium isotopes.” The absorption features in the spectrum are due to the
symmetrical C-H bending vibration. The CH,CCl, spectrum (see H; in Fig. 7.13) shows only
one feature below 1250 cm™!; at approximately 1090 cm™!.

When all three H atoms on the molecule are replaced by D atoms, the spectrum shifts
considerably to the red (see D, in Fig. 7.13), to about 930 cm™'. This illustrates the effect
of isotope mass on the spectrum. When only one of the hydrogen atoms is replaced by a
deuterium atom, however, there is both a red shift in the spectrum and a change in the
number of peaks (see D, in Fig. 7.13). The latter occurs because the symmetry of TCE
changes from C,, to C,upon monodeuteration. In C,, symmetry TCE, which has 18 different
vibrational modes, has only 6 nondegenerate ones; but in C,symmetry none of the vibrations
are exactly degenerate; hence the spectrum is much more complicated.

Isotope separation by the method of infrared multiphoton absorption and decomposition
cannot be carried out on diatomic molecules because they have no ‘“‘region II”’; i.e., there
are no other vibrational modes with which to couple. Since all molecules are not perfectly
harmonic oscillators, the spacing between vibrational energy levels is not equidistant. In
polyatomic molecules, this loss of resonance between the ir photons and the frequency of
the “‘target” vibration is compensated for by the fact that there is a pumping region (II),
where excitation is not very sensitive to laser wavelength. Such is not the case in a diatomic
molecule.

However, deuterium isotope separation cannot easily be carried out on small polyatomic
molecules, such as water. In H,O, region II occurs at too high an energy, where the effects
of loss of the initial resonance between the molecule and the incident photons are already
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FIGURE 7.13 1R absorption spectrum of 1,1,1-trichloroethane. IR absorption spec-
trum of CH,CCl, is labeled H,. The ir absorption spectrum of CD,CCl; is labeled D,.
and the ir absorption spectrum of CH,DCCl, is labeled D,.

very detrimental. In the case of water, there is the additional complication of free-radical
chemistry that occurs after the decomposition pulse,®® which scrambles the initial isotopic
selectivity.

It is clear from Fig. 7.13 that excitation of the fully deuterated form of TCE (D,), using
the 10P(32) line (932 cm™!), in a mixture with fully protonated TCE (H,;), should prefer-
entially dissociate the deuterated form.§ In this case, that is exactly what is observed.

TCE decomposes by the following mechanism, following laser irradiation:

CD,CCl, + nhv — CD,CCL, + DCI @)

(or replace D atoms with H atoms, for the fully protonated form), where n is the number of
CO, laser photons absorbed. By observing the deuterium concentration in the 1,1-
dichloroethene product (CD,CCl, or CH,CCL,), it was found that the fully deuterated form
of TCE was decomposed with an isotope selectivity of greater than 10,000:1,5°>5% where
isotope selectivity By, is defined as

D

_ in products X Din reactants

BD/H - H H

(7.21)

in products in reactants

This contrasts with typical selectivities of 1 to 4 in conventional physical, or catalytic, isotope
separation processes.’®
Research toward the application of this technique to the separation of uranium, *C and

D has been extensive. Uranium has been enriched in the ***U isotope using the following
scheme:®!

+ Similarly, excitation of the mono-deuterated form of TCE (Fig. 7.13) using either the 9P(20) line (1044 cm™') or
the 10P(20) line (944 cm™!) of the CO, laser should lead to preferential decomposition of CDH,CCl,.
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UFg,pp0r + nhv(=16 pm) — UF; ;4 + F ©)

If the target molecule is ***UF,, which has a small (0.6 cm™') spectral shift from 2**UF,
then **U can be enriched in the product. After decomposition of UF;, the isotope separation
becomes a simple physical one, i.e., the separation of a gas from a solid. The 16-pm light
can be generated by optically pumping an ammonia laser,%> using a high-power, pulsed CO,
laser. A uranium enrichment pilot plant based on this process has been built. A pilot plant
for the enrichment of '*C, using CHFCI, as a target molecule, has also been constructed.®?

Medical Applications. Because 10.6-pm light is absorbed very strongly by water, which
is present in all living cells, CO, lasers are a very useful tool in general surgery, where they
are used clinically.®* Because of the ability of the laser to ablate material, it is ideal for
cutting tissue. It also heats the tissue, which means that the laser can cauterize at the same
time that it cuts, thus greatly assisting the healing process. Medical applications of ir lasers
are dealt with in more detail in Chap. 24.

CO, LIDAR. The earliest known application of lasers was in LIDAR,* an acronym for
“light detection and ranging,” which is a generic term encompassing many different forms
of laser remote sensing.®® The basic principles for all forms are the same, however. A pulse
of light from a laser is directed toward some target and a bit of it is split off for use as a
zero-time reference. A scattered signal is then collected, collimated, and frequency-analyzed.
The scattering can be from a solid surface (laser range finding), from a liquid, an aerosol,
or a gas. The form of the scattering can be elastic (Rayleigh, resonance, reflection, or Mie)
or inelastic (Stokes, or anti-Stokes, Raman, and fluorescence). In another variation, absorp-
tion of a laser beam can be measured with remote sensing by looking at the attenuation of
a reflected beam.

Most early LIDAR applications employed visible or uv light, primarily because high-
speed sensitive detectors were readily available for these wavelengths and because the lasers
were more compact than early CO, lasers. Near ir, visible and uv lasers all suffer from one
major handicap, namely, that they are not eye-safe. Since lasers with high pulse energies are
often used in LIDAR, eye safety represents a major concern. The development of compact
rf-excited CO, lasers, as well as improvements in ir detectors, combined with the sensitivity
of heterodyne detection, has made CO, lasers much more useful tools for LIDAR applica-
tions. Further details concerning LIDAR (and CO, LIDAR) can be found elsewhere.®¢

7.3.2 Chemical Lasers

Chemical lasers are ‘“‘lasers operating on a population inversion produced directly, or indi-
rectly, in the course of an exothermic reaction.” ®’ The discovery of the chemical laser came
about because of fundamental studies in the field of molecular reaction dynamics.'” They
can be highly efficient sources of ir light but have not been exploited as fully as CO, lasers.
This is primarily because cw-chemical lasers, which would be of primary industrial interest,
are much more exotic and are difficult to design. Pulsed chemical lasers are not any more
sophisticated than pulsed CO, lasers, but the beam quality and frequency characteristics are
not usually as good. Hence unless there is a wavelength-specific application, there has not
been a large demand for them. There are such applications in the military, where DF chemical
lasers, both cw and pulsed, have been in large demand, precisely because of the wavelength
at which they lase and because they can be very efficient and scaled to high powers.

Principles of Operation. Early studies of reaction dynamics focused on the energy disposal
in exothermic atom-molecule exchange reactions. An example of one of the earliest reactions
studied®® (as mentioned in Section 7.2.3) is that of CI atoms with HI (hydrogen iodide). This
atom transfer reaction is written
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Cl + Hl — I + HCl ()

The relative energetics of the HI reactant and HCI product are shown in Fig. 7.14. Reaction
(6) is exothermic by 134 kJ mol™', but, from Fig. 7.14, it is clear that there are a large
number of ways that the reaction exothermicity can be disposed of.

The exothermicity is not large enough to result in electronic excitation of HCI; but the
energy maybe distributed in a large number of ways among the translational, vibrational,
and rotational degrees of freedom of the molecule. Eventually, molecular collisions will
thermalize the system and lead to equipartitioning of the energy with a Boltzmann statistical
distribution. However, if there is some dynamical constraint in the system, which is not
uncommon in the course of atom-molecule exchange reactions, then at short times, following
reactive collisions between Cl atoms and HI molecules, the product-state distribution may
be decidedly nonstatistical. Experimental and theoretical studies have shown that dynamical
constraints in three-atom exchange reactions, particularly the existence of a barrier in the
entrance channel of the reaction coordinate,® can lead to a great deal of vibrational excitation
among the reaction products.

The most straightforward way of measuring the vibrational energy distribution following
atom-molecule collisions, such as that in reaction (6), is to observe the ir chemiluminescence
from HCI. When this is done for reaction (6), the distribution in Fig. 7.15 is observed. It is
clear, from this figure, that there is a population inversion between the v = 3 and 2 levels
of HCI and between the v = 2 and 1 levels. If a reaction such as (6) is carried out inside a
resonant cavity, then there is a possibility that the chemiluminescence can be amplified and
a chemical laser created. Such has indeed been done for many systems, including the one
in reaction (6).%%

Dynamical effects in atom-molecule collisions can create population inversions between
vibrational levels in many processes.” In some reactions two vibrationally excited products,
with inverted population distributions, can be created. For example:

hv,,

NO, —2= NO + O )

then
CS, + O — CS* + SO* )

Other chemical lasers have been produced following unimolecular reactions. The iodine laser

 §
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FIGURE 7.14 Relative energies of HI and HCI as
well as vibrational energy spacings in the molecules.



INFRARED GAS LASERS 7.23

A

1.0
s
& o5
&
§

00

1 2 3 4 5
v

FIGURE 7.15 Nascent vibrational population distribu-
tions of HCI following HI + ClI reactive collision.

is an example of such a process. A population inversion can be created between the 2P, ,,
and 2P,,, states in the following reaction:

CH,I —— CH, + I*(P, ) )

The most powerful and most common chemical laser is the HF/DF laser. In this laser
collisions between F atoms and H,, or D,, produce HF, or DF, with inverted vibrational
population distributions. An example of such a reaction is

hv,, or

SF, PR SF; + F (10)

then
F + H,— H + HF* (11)

and
HF* — HF + hv, (12)

The energetics of the reaction are shown in Fig. 7.16. A substantial population inversion is
created between the v = 2 and v = 1 states of HF, with a ratio of (N,_,/N,_,) = 3.2. The
populations were measured by ir chemiluminescence so that no population for the v = 0
level could be determined, although experiments on pulsed HF chemical lasers imply that,
initially, there is no inversion of population between v = 1 and v = 0. In the analogous
reaction that gives rise to DF, states up to v = 4 achieve significant population, and an
inversion typically exists between the v = 3/v = 2 states and between the v = 2/v = 1
states.”

The relative populations given in Fig. 7.16 arise from experiments in which a beam of F
atoms is crossed with a beam of H, or D,, which is not the manner in which chemical lasers
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FIGURE 7.16 Energetics of F + H, reactive collisions. The
v =2 — v = 1 transition is the first one to achieve lasing in
pulsed systems. Lasing also occurs from v = 3 — v = 2 and
v=1—-v=0

are normally pumped. However, the experiments are useful in illustrating how a population
inversion can be obtained and how large the population inversion can be. In a commercial
lasert based on reactions (10) to (12), for instance, in which 80 kV is discharged through a
mixture of SF,/H,/He/O, (93/5/1.6/0.4 percent), lasing is observed fromv =3 — v = 2,
v=2—-v=1landv=1—v=0.

Lasing in chemical lasers typically takes place in such a cascade process. This cascade
is best illustrated in pulsed laser systems, where different lines achieve threshold at different
times. As might be expected, from the populations measured for HF* (see Fig. 7.16) the
first transitions to achieve threshold are the rotational transitions in the v = 2 — v = 1 band.
Provided that lasing depopulates the v = 2 level of HF faster than collisions deactivate the
v = 3 level, an inversion is created between the v = 3 and v = 2 levels and lasing between
these begins. Finally, both of the above processes eventually build up population in the v =
1 level, thus creating an inversion between v = 1 and v = 0. Lasing then occurs between
these levels as well.”®

Although population inversion is created between pairs of vibrational levels in HF, lasing
is not observed in all rotational branches; only in P branches. This is because statistical
redistribution of rotational energy is much faster than vibrational redistribution. Hence, with
a molecule such as HF, which has a very small moment of inertia, the rotational levels can
be far enough apart that energy redistribution among rotational states can reverse a population
inversion created in an exothermic reaction, for R-branch transitions, even though a vibra-
tional inversion may exist.

+The laser is a Lumonics series-210 HF/DF laser which operates with a transverse discharge at about 100 torr total
pressure.

+ The rotational constant for HF is 20.94 cm™'. Hence the rotational levels, especially for higher J, can be quite far
apart. The v = 1,_ level, for example, lies at an energy of 4841.5 cm™'. The v = 1,_, level, on the other hand, is at
5469.7 cm™!, a difference of 628.2 cm™!, which is very significant for all but extremely high temperatures. At 100°C,
for example, the population of the v = 1;_¢level is 4.1 times that of the v = 1,_, level. Hence the P(7) and R(7) lines
(where these are labeled in emission, not absorption), which both terminate on the v = 2;_, level, will clearly have very
different gains. Indeed, R lines are not generally seen with HF lasers.
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In addition to reactions (6) to (12), population inversion has also been achieved in ab-
straction,’”! elimination,”” and photoelimination’ reactions. Chemical lasers based on atom-
diatomic molecules (also called three-atom exchange) are the most common, and HF/DF
lasers are the only ones that are commercially available.¥

Three-atom exchange reactions, of the non-chain-reaction type, have limited efficiencies
because HF is collisionally deactivated fairly rapidly. One reaction, which has the potential
to have much higher efficiencies, is the H,/F, chain reaction. In addition to reaction (10),
one has

H+F,— HF* + F (13)

which is exothermic by 409 kJ mol~'. Reaction (13) then creates F atoms which can feed
back into reaction (11). Such a chain reaction has an advantage over a nonchain reaction
because the power output of the laser is not directly related to the power input (electrical,
for example), which is required to generate the F atoms that initiate the chain reaction.

In reaction (13), HF is produced with vibrational excitation up to the v = 10 level. There
is also good evidence that there is a chain branching process in these lasers’ such that

HF,_, + F,— HF,_, + 2F (14

This means that far fewer F atoms need to be supplied to initiate the chain reaction, thus
making it more efficient. On the negative side, the chemistry of a chain reaction laser is
much more difficult to control, because the mixtures of H, and F, are stable only under
certain conditions of temperature and pressure.”

Chemical lasers can be operated either pulsed or cw, but operation of cw chemical lasers
is a much more difficult engineering problem than is the case with CO, lasers. In CO, lasers,
once the stimulated emission is over, the molecules eventually (in a few ps) return to the
ground vibrational level, where they can be reexcited and contribute to population inversion.
Hence, in a CO, cw laser, there is a steady-state population of CO, molecules in the ground
state. With a chemical laser such as HF, however, once the stimulated emission has occurred,
one is left with cold HF molecules, which are no longer useful for creating a population
inversion and must be eliminated from the laser cavity.

The engineering challenge, then, is to produce an active medium with constant pressure
of the products and efficient cooling and product removal. The best method found, capable
of achieving this end, was to carry out the mixing of F atoms and H, molecules in a super-
sonic free-jet expansion.”® Using supersonic flow is a good method of maintaining constant
pressure and of removing HF molecules and waste heat from the active medium. In addition,
F atoms can be generated in the stagnation region of the nozzle, either by thermal dissoci-
ation, which is very simple and efficient, or by arc heating. One of the drawbacks is that
such lasers require quite complicated nozzle designs, either banks of nozzles or slit sources,
and enormous pumps.

Applications of Chemical Lasers. Chemical lasers have found applications in the areas of
basic research where, for instance, a particular excitation wavelength is required. They have
also found some limited applications in medicine,”” although they suffer from the fact that
they are usually quite bulky, and in LIDAR.”

The principal applications of chemical lasers have come from the military, specifically
for DF chemical lasers. There is strong infrared absorption by water vapor at most principal
ir laser wavelengths. This makes transmission of laser beams through the atmosphere quite
difficult over long distances. However, there is a transmission window in the ir, between
approximately 3.5 and 4.1 pm, which conveniently matches the lasing region of DF lasers,

F1In practice, most laser manufacturers will custom-build virtually any kind of laser system, but no chemical lasers
other than HF/DF are advertised for sale.
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3.52 to 4.05 pm. Because DF lasers can be scaled up to high power and can be very efficient,
there are a number of useful applications, military and nonmilitary.

DF lasers are a natural source of light for use with LIDAR, over large distances in the
atmosphere. They cannot be made as compact as CO, lasers and are not as widely used; but
their superior atmospheric propagation makes them the clear choice for long-distance appli-
cations. DF lasers have also been developed, extensively, for use in the Defense Initiative
Program (STAR Wars)™ for the application of disabling ICBMs. The possibility of building
a large ground-based laser system for such an application is not feasible with any other high-
efficiency laser on account of absorption due to water vapor. Because the energy required
to run the lasers can be mostly chemical, rather than electrical, they have also been consid-
ered for space-based military applications.”

7.3.3 CO Lasers

Since the first demonstration of lasing from carbon monoxide,?° the wavelength range has
been extended from 4 to 8 wm.?! Population inversion in CO has been achieved using
electrical discharges,>* chemical reactions,®, or gas-dynamic expansion.®* The inversion is
between rotational states in different vibrational levels of the ground electronic state, and
like HF lasers, only P-branch transitions lase. They can be operated both pulsed and cw,
although the most common CO laser is an electrically excited cw laser.

CO lasers have very high efficiencies, regardless of the method of excitation. In the
chemical reaction:

O+ CS — CO* + S + 313 kJ mol™! (15)

over 80 percent of the exothermicity is channeled into vibrational excitation of the CO
molecule.® In electrical-discharge-pumped lasers, an electrical-to-photon conversion effi-
ciency of 63 percent has been obtained.’® These lasers have also been scaled up to the
multikilowatt level.®

Principles of Operation. The principles of operation of CO chemical lasers are similar to
those of other chemical lasers (see previous section). Similarly the principles of gas-dynamic
excitation are not much different from other types of lasers. The inversion processes for
electrical pumping, however, are quite different from other ir gas lasers and rely on Treanor
pumping.3®

In an electrical-discharge-excited CO laser, the vibrations in CO are excited by inelastic
collisions with relatively low energy (2 eV) electrons. CO has an even larger cross section
for excitation by electrons than does N,, and thus CO lasers are even more efficient than
CO, lasers. The vibrational energy in the CO laser is quickly redistributed through V-V energy
exchange; but CO has unusually inefficient V-T transfer. Thus, for a short time after exci-
tation, but a much longer time than for other molecules, there is a disequilibrium between
the vibrational and translational temperatures in the system. It is during this interval that
Treanor pumping can generate at least partial vibrational population inversions in an ensem-
ble of anharmonic oscillators. In fact, the overpopulation of higher energy levels of an
anharmonic oscillator is simply a result of “‘detailed thermodynamic balancing,” in the spe-
cial case that there is a vibrational-translational disequilibrium.®

Treanor pumping can be visualized if one considers a pair of two-level molecules in
vibrational equilibrium (see Fig. 7.17). The rates of collisional energy transfer in the follow-
ing process:

kl
A% + B— A + B* (16)

k_y

are related such that®®
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FIGURE 7.17 Two-level system, with two vibrationally ex-
cited molecules.

ky = ke @D (7.22)

where T is the translational temperature.

Vibrational energy-exchanging collisions between molecules follow the Av = *1 pro-
pensity rule. Hence, in collisions between molecules with different vibrational frequencies,
energy will flow from the oscillator with the higher frequency to the one with the lower
frequency. In an anharmonic oscillator, molecules in the higher v quantum states have much
more energy than those in lower v’s; but the vibrational frequencies of molecules in high v
states are lower on account of the anharmonicity. Because of the Av = =1 propensity rule,
collisions involving Av = =2 or greater are relatively rare. Thus, in V-V exchanging colli-
sions, vibrational energy will tend to flow ‘“‘uphill,” since molecules in low v states have
higher vibrational frequencies.

For vibrational energy to flow ‘“downhill,” from a high v state in one molecule to a low
v state in another, requires that the more highly vibrationally excited collision partner have
some threshold amount of extrakinetic energy to make up for its lower vibrational frequency,
in order that a vibrational quantum can be exchanged. For energy transfer from low v states
to high v states, there is no threshold. This means that, on average, the vibrational energy
will tend to pool in higher v states, provided that the V-T cooling mechanism is relatively
inefficient.

For instance, if there is vibrational equilibrium, even if there is V-T disequilibrium, it
follows that”!

E, E, AE
_Lp_ AL 2
T, T, T (7.23)

where T, and T are the vibrational temperatures of the respective molecules. It follows that
if the translational temperature T < T,, then T, > T,. Hence, the energy flows into the
oscillator with the smaller energy spacing even though the molecule may be much more
highly vibrationally excited.

This is the essence of Treanor pumping, and in theory it should be possible to produce
very high vibrational population inversions. In reality, however, V-T processes and sponta-
neous emission dilute the effect and only partial inversions are created, as in HF lasers.t
Unlike HF, the CO molecule has a relatively large moment of inertia.: With HF, this made

F Partial inversion means that the population inversion exists only in a small subset of ro-vibrational transitions. P
branches in particular.
i+ The rotational constant of CO is 1.93 cm™' compared to 19.44 for HF.
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it possible to maintain a partial V-R inversion at temperatures of several hundred degrees
Celsius. With CO lasers, by contrast, it is necessary to keep the plasma tube cooled to well
below room temperature, i.e., because the rotations are usually well equilibrated with trans-
lations and it is beneficial for lasing to keep both temperatures as low as possible. A lower
temperature makes the Boltzmann distribution of rotational population narrower; hence the
difference in population between rotational levels two quanta apart is much greater, thus
permitting partial inversion. The need for CO lasers to be cooled, often to liquid nitrogen
temperature, represents a disadvantage in an industrial environment, compared to a CO, laser,
which only requires room temperature cooling, usually with water.

Applications of CO Lasers. There has been renewed interest in the industrial uses of CO
lasers even though they are more inconvenient to use than CO, lasers. This is primarily
because 5-pm radiation is coupled more efficiently into the surface of metals; hence there
are potential applications in cutting of metals and in laser surface treatment.®’ It has many
more potential industrial applications but is unlikely to supplant CO, lasers because the
systems suffer from some of the same inconveniences as chemical lasers.

7.3.4 Far-Infrared Lasers

There are a number of polyatomic molecular gases that have lasing transitions in the mid (5
pm) to far-infrared (1000 wm) with some up to 2-mm range. Most of these transitions lase
only in pulsed mode, but several will also lase cw. There are two well-characterized exci-
tation methods for far-infrared (fir) lasers, electrical discharge and optical pumping. Both
methods are compatible with either pulsed or cw operation. Usually these molecules have
very poor energy-conversion efficiencies and are hard to scale to high powers; hence they
have few industrial applications. However, fir beams can be used as probes for plasma
diagnostics,”? solid-state studies®® and spectroscopy.®*

Principles of Operation. The first lasers to operate in the far-infrared were pulsed-discharge
lasers.”> The most heavily studied molecules for use as electrical-discharge fir lasers are
triatomics. Most of these molecules such as H,O, D,O, H,S, HCN, DCN, and SO, will lase
from about 40 wm to longer wavelengths. H,O has the most lasing transitions, with over 60
known lines from 2 to 220 wm.®® Normally a grating is used for single-line lasing (see Sec.
7.2.4).

Typically, the inversion is created between two normal modes of the molecule, where one
of the modes relaxes faster than the other. The probability of radiative transition, from one
mode to another, is normally very small. However, when there is an accidental perturbation
between the two modes, at some energy level, the states mix and the probability of the ro-
vibrational transition increases greatly so that lasing can occur. Pure rotational transitions
can also lase when they are connected in cascade with the perturbed levels.”” Figure 7.18
shows the water vapor lasing transitions connected with the two perturbed levels (001)6,,
and (020)64;,.7

Water vapor is probably the most thoroughly studied discharge-fir laser medium. The first
lasers were quite large and bulky. However, recent characterization studies®® together with
the use of optical waveguides® have reduced their size considerably so that, with a single
laser, good output power can be achieved on many lasing transitions.'®

+The numbers in brackets label the normal modes of vibration, as in CO,, except that H,O is a bent triatomic
molecule; hence the bending vibration is not doubly degenerate. The numbers in the subscript are the rotational quantum
numbers. For example, (0,0,1)6;, means that the H,O molecule has one quantum in the v, mode; the total angular
momentum quantum number (J), is 6; and the angular momentum quantum numbers K, and K. are 3 and 3, respectively.
H,O, from the point of view of rotational spectroscopy, is an asymmetric-top molecule, so that the angular momenta
about the three rotation axes arc all different; hence they must be specified by separate quantum numbers.
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FIGURE 7.18 Water-vapor-laser transitions.

TABLE 7.2 Representative Samples of Far-Infrared Laser
Wavelengths

Electrical discharge Optically pumped

Molecule Wavelength, pm Molecule Wavelength, pm

H,O 220.230 D,O 386
118.591 356
89.772 116.6
78.445 79.6
67.169 NH; 281
55.088 155
47.224 152
39.695 148.5
33.029 124.0
27.972 105
26.660 91
23.365 88.5
16.932 CH,F 359.7
D,O0 112.6 320.5
107.72 288.2
84.2 250.6
17.74 230.9
HCN 336.56 221

SO, 140.8 BCH,F 1201
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The number and the range of fir lasing wavelengths was greatly expanded by the advent
of optically pumped lasers (see Sec. 7.2.3). Since the molecules have low absorption coef-
ficients for CO, laser wavelengths, the fir cavity must be designed for multipassing of the
pump radiation.

As an alternative to multipassing, hollow waveguides are often used in fir resonators to
minimize optical losses. The waveguides confine the fir mode, thus achieving better pumping
efficiencies and more effective cooling of the gas by the walls.!®® One of the impressive
features of optically pumped fir lasers is that output power can be scaled with the pumping
power. Laser pulse energies as high as 2.6 J at 385 um, with a D,O laser, have been
reported.'

CH,F was the first!®® and is still one of the best fir laser molecules to be optically pumped
with a CO, laser. Other molecules such as NH,, H,0, D,5, CH,Cl, CH;Br, and CH,OH also
have optical pumped fir lasing transitions from about 40 to 1200 wml10* and in one case
2000 wm. NH; is a particularly interesting molecule in that it will lase both pulsed and cw
very efficiently at 12 wm, when pumped with 9-um radiation from a CO, laser.'® Table 7.2
gives a list of several common fir lasers and wavelengths of their strongest lines.

7.4 CONCLUSIONS

IR gas lasers are the most widely used lasers in industrial applications, and this situation is
unlikely to change. Most of the development in the past has been concentrated on CO, lasers
because of the unique combination of high efficiency, relative compactness, and ease of
construction. Developments of CO, lasers, to improve their power per unit area, are ongoing.

Chemical lasers are of more limited use but have found niches in military applications
and LIDAR. CO lasers are the most efficient of ir gas lasers, and their shorter output wave-
length has advantages over CO, lasers in terms of materials processing; but there is a natural
resistance to supplanting a proved technology that is cost-effective in many cases. Ironically,
the conservatism that kept CO, lasers off of the shop floor for many years now helps keep
them there. Development of ir gas laser technology is still dynamic, however, and may
provide many surprises in the future.
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CHAPTER 8§
FREE-ELECTRON LASERS

John A. Pasour

8.1 INTRODUCTION

The free-electron laser (FEL) is different in many ways from other types of lasers. As the
name suggests, the radiation from the FEL is produced by a beam of free or unbound
electrons. The electrons radiate when they are forced to oscillate in a regular fashion by an
appropriate applied field. Unlike typical lasers, the FEL can be described completely by
classical mechanics, at least for the operating regimes demonstrated to date. Thus the FEL
has more in common with synchrotron light sources and microwave tubes than with con-
ventional lasers. However, like other lasers, the FEL is capable of generating highly coherent,
near-diffraction-limited radiation. Since their origins in the 1970s, great strides have been
made in both the theoretical understanding of the FEL interaction and the experimental
verification of the many promising predictions of the theory. Experimental research has
advanced from the first demonstrations of the physical mechanism to the operation of nu-
merous successful devices at laboratories around the world. These FELs operate at wave-
lengths from 1073 to 1 cm, and some have power levels in excess of any other source in
their spectral regime.

The large amount of research on FELs has been motivated primarily by the unique ca-
pabilities of the device and the many applications which require these features. One of the
most attractive features of the FEL is its tunability. The FEL output frequency is determined
by continuously variable experimental parameters, such as the kinetic energy of the electrons
and the strength of the periodic field which drives the oscillations. Consequently, the FEL
may be continuously tuned by varying these parameters. Other important features of the FEL
are its high power capabilities and its relatively high efficiency. Because there is no physical
lasing medium which must support the radiation field, problems of heating or breakdown
which plague conventional solid or gaseous lasers are absent. Enormous powers can be
deposited in relativistic electron beams propagating in vacuum. Efficiencies of transferring
this electron kinetic energy to FEL radiation have reached 40 percent at millimeter-to-
centimeter wavelengths.

These unique features are desirable for a wide range of applications. For example, there
is a need for tunable, efficient infrared to ultraviolet sources for biomedical and photochem-
ical applications, laser isotope separation, materials processing, and physics research. High-
power sources at these wavelengths have a number of military applications. There are also
a number of applications at longer wavelengths. Plasma heating at the electron cyclotron
resonance in high-field fusion devices requires efficient millimeter to submillimeter sources
at powers >10 MW. High-resolution, long-range radar also needs powerful millimeter to
submillimeter sources. FELs are also being examined for various advanced particle accel-
erator concepts, such as high-frequency, high-accelerating-gradient rf accelerators.

8.1
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To give a picture of the peak-power capabilities of FEL devices, typical operating ranges
are shown in Fig. 8.1. Here, operation is categorized by the four major types of electron
accelerators that have been employed for FELs, each with its own distinct pulse format. The
RF linac is by far the most common FEL driver, and its energy range is ideal for operation
in the IR. Both RF linacs and storage rings accelerate very short electron bunches with linac
bunch currents up to several kiloamperes, so the FEL output consists of a train of psec pulses
separated by nanoseconds or more. The electrostatic accelerators, by contrast, accelerate very
stable, ampere-level electron beams for relatively long times (many microseconds). Thus,
even though the peak power of their FEL output is lower, their average power is actually
quite high. The pulse line or induction linac FELs operate at kiloampere current levels with
pulse durations of 30 to several hundred nanoseconds. Their peak power is typically very
high, but because of the limited repetition rate (single pulse to <1 kHz), their average power
is limited.

This chapters begins with a simple theoretical overview of the FEL mechanism, including
various operating regimes and efficiency-enhancement schemes. The major components of
the FEL are then detailed, and a historical overview of FEL devices is given. A brief dis-
cussion of ongoing research and technological challenges remaining to be solved concludes
the chapter. For the reader interested in additional details, there are numerous references. In
particular, three excellent books!™ have been written on the subject. A good cross section
of early FEL work is contained in Ref. 4. Progress in FEL research has been well documented
in a number of special issues of journals, particularly in the proceedings of the annual
International Free-Electron Laser Conferences, which have been published as special issues
of Nuclear Instruments and Methods in Physics Research. An extensive list of references is
contained in the review by Roberson and Sprangle.’
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FIGURE 8.1 Peak output power vs. wavelength for a representative sample of
FELs.
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8.2 FEL THEORY

8.2.1 Physical Mechanism

The FEL is conceptually quite simple, consisting only of an electron beam, a periodic pump
field, and the radiation field. The most common pump field is a static periodic magnetic field
called a wiggler, but any field capable of producing a transverse electron oscillation could
in principle be used. A typical configuration of the FEL is illustrated in the simple schematic
diagram of Fig. 8.2. The wiggler field is perpendicular to the FEL axis, so electrons injected
into the wiggler along the axis begin to oscillate because of the v X B force. The radiation
from the oscillating electrons combines with the wiggler field to produce a beat wave (re-
ferred to as the ponderomotive potential), which tends to axially bunch the electrons. The
bunching caused by the ponderomotive potential provides the coherence that distinguishes
the FEL from ordinary synchrotron light sources.

To show explicitly how the ponderomotive force arises and to see how the radiation
frequency of the FEL is determined, we assume a particular form for the magnetic wiggler
field:

B, = B, cos(k,2)e, (8.1)

Here, the wiggler period is \,, = 2w/k,,, and é, is the unit vector in the y direction. The
radiation fields are assumed to have amplitudes E, and B, and vary as cos(kz — wt), where
the frequency and wavelength are related by the usual vacuum dispersion relation: w = ck =
2mc/\. Electrons injected into the wiggler with axial velocity v, acquire a transverse oscil-
latory velocity (or wiggle velocity) whose amplitude can easily be shown from the Lorentz
force equation to be given by

eB, . o
v, = ~— sin(k,,z)si2"e, (8.2)
'YOmkw
where —e is the charge of an electron, vy, = (1 — v3/¢*) /2 is the relativistic mass fac-

tor, ¢ is the speed of light, and m is the rest mass of the electron. The v,, X B, term in the
force equation then produces the axial ponderomotive force, which can be shown to vary as
sin[(k + k,)z — wt]. The argument of the sine function is just the relative phase between an
electron’s oscillatory motion and the radiation field, which is usually denoted by . The
phase velocity v, = w/(k + k,) of the ponderomotive potential must be approximately equal
to the electron axial velocity in order for the electrons to remain in phase with the potential
“wave” long enough to become strongly bunched. Thus we find that to synchronize the
ponderomotive wave and the electrons, the frequency must satisfy the resonance condition
o = Bk, /(1 — B,), where B, = v_./c. In terms of the wavelength, this expression is

ELECTRON
BEAM

o . OUTPUT
MIRROR

REFLECTOR

,._-—lw——"l

FIGURE 8.2 General configuration of an FEL oscillator.
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which for highly relativistic electron beams (v, = ¢) can be written as N = \,,/2vy2. Using
the relation (yo/v,)* = 1 + (y,8,)% assuming that 3, = B,,, and averaging over a wiggler
period, we obtain the well-known FEL resonance condition

N, )

A v (1 +ak) (8.4)
where a,, = e(B,)/(mck,) is the normalized wiggler field and (B, ) is the rms wiggler field
amplitude. It is obvious from Eq. (8.4) that the FEL can be continuously tuned by varying
the electron beam energy or the wiggler field amplitude.

Free-electron lasers, like other lasers, can operate either as amplifiers or as oscillators. In
the amplifier configuration, an input signal injected into the wiggler along with the electron
beam is amplified during a single pass through the wiggler. To be practical, FEL amplifiers
require high growth rates, which typically limits their operation to the infrared to millimeter
wavelength regime. In an oscillator, a portion of the spontaneously emitted radiation (that
having the resonant frequency) is amplified during repeated passes through the interaction
region. Although FEL resonators can be similar to those of conventional lasers, there must
be a provision for injecting and ejecting the electron beam. Usually this is accomplished by
bending the electron beam with an appropriate magnet. Because a high gain per pass is not
necessary (assuming the electron beam pulse is of sufficient duration), oscillators are appro-
priate for short-wavelength operation, where the gain is often relatively low. An important
advantage of FEL oscillators is that they can operate at frequencies where other sources do
not exist.

8.2.2 FEL Operating Regimes

There are three major operating regimes of FELs, depending on the electron beam and
wiggler parameters, in which relatively simple expressions for growth rates and efficiencies
can be found. These regimes are referred to as the Compton or single-particle regime, the
Raman or collective regime, and the strong-pump or high-gain Compton regime. Free-
electron lasers powered by high-energy, low-current, and high-quality beams, such as are
produced by rf linacs or storage rings, typically operate in the Compton regime. In the
Compton regime, space-charge effects can be neglected because the collective space-charge
oscillations are damped by electron thermal motions. The space-charge oscillations occur at
the beam plasma frequency w, = (ne*/eym)'’?, and space-charge effects can be neglected
when

&.YI/Z < & (85)
® Y

This is the criterion for operation in the Compton regime. The radiation growth rate is usually
low owing to the single-particle nature of the interaction, so oscillator operation is preferred.
The intrinsic efficiency in the Compton regime is also low, typically 1 percent or less, but
efficiency-enhancement techniques (which will be described below) can increase this sub-
stantially. If the beam energy and the beam quality are sufficiently high, Compton FELs can
operate at short wavelengths, i.e., in the visible or uv.

The other two FEL regimes are characterized by high-current (kA), relatively low-energy
(MeV) electron beams. These beams are generally produced by pulse line accelerators, high-
current modulators, or induction linacs. The relatively low beam energy limits operation to
long wavelengths (millimeter to submillimeter), but impressively large gains on the order of
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40 to 50 dB per pass and intrinsic efficiencies on the order of 10 percent have been dem-
onstrated in several experiments. Operation in either the amplifier or the oscillator mode is
possible. In the Raman regime, the current is sufficiently large that space-charge waves on
the beam are excited, thereby significantly altering the details of the FEL interaction.!>¢ In
the high-gain Compton or strong-pump regime, the beam current is large, but the wiggler
field is so strong that the ponderomotive force dominates the space-charge forces. The dis-
tinction between the Raman regime and the high-gain Compton regime can be expressed in
terms of a critical plasma density

3 %a2
FB YZ0,C

Werie 273/2 (86)

where F is the filling factor giving the fractional overlap between the electron beam and the
radiation field. When o, < w,,,, operation is in the high-gain Compton regime. When o, >
., the Raman reglme is indicated.

The growth rates and efficiencies in the various regimes take on relatively simple ex-
pressions, tabulated in Table 8.1, when the appropriate approximations are made. The radi-
ation field in the two high-gain regimes grows as exp(I'z). The Compton power gain is
defined as G = P(L,)/P(0) — 1, where L, is the wiggler length. Note that the scaling of
the growth rate and efficiency with various parameters is different in the various regimes.
Clearly, not all FELs can fall into one of these simple categories because transition regions
must exist. Nevertheless, the simple expressions can be quite useful for back-of-the-envelope
calculations to predict FEL performance in particular situations. The remainder of the dis-
cussion here emphasizes the Compton regime, which is most relevant to operation in the
infrared to ultraviolet regions of primary interest in this handbook. A more detailed discus-
sion of the Raman and high-gain Compton regimes and a complete derivation of the growth
rates and efficiencies in all three regimes are given by Sprangle et al.>”’
The Compton gain expression contains the gain function, defined as

(@) = _d sin*(e)
gla doa o
o=k, " (8.7)

r

Here v, is the resonant electron energy, and we assume that the laser radiation is at the
resonant frequency. The gain function is plotted in Fig. 8.3. Unlike conventional lasers, the

TABLE 8.1 Growth and Efficiency in Various FEL Regimes

Electric field growth T (cm™!)

or power gain per pass G Intrinsic power efficiency
2
(single-particle, low-gain) G =2nF %a_‘% 2;\ §() ;T
) () DOR
(collective, high-gain) 7\, Yo Yo ™. \Yo "
I 1) L A (A oanr(2) ()
(single-particle, high-gain) " \Yo Vo Yo Yo Yol

v = I/17B kA is the normalized beam current, r, is the beam radius, F is the filling factor, and g(a) is the gain function discussed
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FIGURE 8.3 Gain function for a Compton-regime FEL, as defined
by Eq. (8.7).

gain curve is antisymmetric about the resonance, with zero gain at resonance. From Eq. (8.7)
and Fig. 8.3 we see that g(a) > 0 only when vy, > v,. The width of the positive gain re-
gion is Aa = mr, corresponding to an energy width Ay/y, = \,,/2L,,, which we note from
Table 8.1 is simply the intrinsic efficiency of the Compton FEL. From the resonance con-
dition [Eq. (8.4)] the spectral width of the gain curve is then AN/N = N\, /L, = 1/N,,. The
maximum value of the gain function is 0.54, which occurs at « = 1.3. Thus, for a particular
electron energy and frequency, there is an optimum number of wiggler periods N_, = 0.21
Yol (Yo = ,)-

When the gain in an FEL oscillator exceeds the resonator losses, the FEL oscillates and
the power increases with time until saturation is reached. To understand gain saturation, it
is useful to analyze the interaction in terms of the relative phase between the electrons’
oscillatory motion and the radiation field, defined by

pt

b=(k,+kz—ot+d (8.8)

where k, o, and ¢ are the wave number, frequency, and phase of the optical field. For
electrons near resonance in a constant-amplitude radiation field (i.e., at saturation or in the
small-gain regime), the evolution of this relative phase is governed by a pendulum-like
equation®

d? .
d_zli; = —0? sin(y)
2
0 = % (8.9)

where a, = e(Eg)/(mc?) is the normalized amplitude of the radiation field. The electrons’
motion then can be described in terms of the ponderomotive potential U = —QO? cos . The
FEL interaction can therefore be depicted in a phase diagram, as shown in Fig. 8.4, in which
the abscissa is the electron position or phase and the ordinate is the momentum. The solid
curve represents the potential, whose amplitude is shown increasing unrealistically fast in
order to illustrate the concept of saturation and efficiency enhancement. The transfer of
energy between the electrons and the optical field is determined from?®
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FIGURE 8.4 Schematic diagrams showing electron trapping in the ponderomotive
potential wells and efficiency enhancement by decreasing v, (top) and the initial and
final electron distribution functions (bottom).

dy _ ¥

o= o sin) (8.10)

Thus, depending on their phase with respect to the wave, some electrons gain energy while
others lose energy. The electrons must have an initial energy above the resonant value in
order to give up net energy to the radiation field. In that case, the radiation field amplitude
grows until the ponderomotive potential becomes large enough to trap electrons. Gain sat-
uration occurs as the electrons become trapped and begin to oscillate in the potential wells.
In general, only a fraction of the electrons are trapped. Those which enter the FEL with the
wrong phase may actually be accelerated and will never become trapped. The motion of a
trapped electron is called a synchrotron oscillation, which for an electron with s < 1 has a
wavelength

L
v, = 211'5”' (8.11)

From Eq. (8.9), we see that v, varies as the square root of the laser field (fourth root of the
laser power). The synchrotron oscillations cause sideband generation, which can become
significant when a large portion of the electrons become trapped in the potential wells.”~!!

8.2.3 Efficiency Enhancement

As discussed above, the intrinsic efficiency of the FEL can be quite small, especially in the
Compton regime. Several methods have been developed to enhance the efficiency, however.
For example, a tapered wiggler can be used to continue to extract energy from the electrons
after they are trapped in the ponderomotive potential wells or “buckets.””® Also, the kinetic
energy of the electrons exiting the FEL can be recovered and recycled to the accelerator by
using a suitable collector. It turns out that both options are possible and have been demon-
strated.
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The first method of extending the FEL interaction is to decrease the phase velocity of
the ponderomotive wave after the electrons are trapped. If the phase velocity (i.e., the bucket
velocity) is decreased gradually as the wave and the trapped electrons travel through the
interaction region, the electrons will remain trapped and their velocity will decrease along
with the wave velocity. This decrease in electron kinetic energy can be many times larger
than can occur during the initial trapping process, as depicted in Fig. 8.4. The phase velocity
can be changed in a straightforward way by recalling that v, = o/(k + k) = c(1 — N/\).
Hence, by spatially decreasing the wiggler wavelength, the phase velocity of the trapping
wave can be decreased to produce the efficiency enhancement.

The second approach to efficiency enhancement is the application of an accelerating force
to the trapped electrons. Because the electrons are trapped, they will not be accelerated out
of the buckets if the accelerating force is not too large. Instead, the force produces a relative
phase shift of the electrons, effectively holding them in the tops of the buckets where they
continually lose energy to the wave. The accelerating force can be provided by an axial
electric field or by gradually decreasing the amplitude of the wiggler field, thereby decreasing
the electron wiggle velocity. By conservation of energy, if the energy corresponding to the
wiggle velocity is decreased at the same rate the radiation field energy increases, the axial
electron velocity will remain constant and in phase with the ponderomotive potential. In this
approach, the energy that would ordinarily appear as an axial acceleration is transferred to
the radiation field instead.

Each of the above forms of efficiency enhancement is appropriate only for high-power
operation, because a large radiation field amplitude is required to trap the electrons. An
alternate approach, called phase-area displacement, uses a reverse-tapered wiggler to accel-
erate an empty potential well up through the electron beam.”'? The electrons are forced to
move around the potential wells, resulting in a net negative displacement of all the electrons
in phase space. This technique may be quite useful for storage ring FELs, because little
energy spread is added to the beam on each pass through the wiggler. However, the gain is
reduced because the electrons are not resonant with the ponderomotive potential over much
of the wiggler.

Finally, the overall system efficiency can be increased by reusing the electron beam energy
which remains after the interaction. This approach is practical in both electrostatic acceler-
ators, in which depressed collectors can be used,'* and in rf accelerators, in which the spent
electrons are passed through a decelerating rf structure.'* In either case, the recovered energy
can be directly applied to the acceleration of additional electrons. A practical problem with
this approach is that the energy spread induced by the FEL interaction itself makes beam
recovery more difficult, but over 70 percent of the electron energy has been recovered by
careful design.

It is clear that in high-power applications, the highest possible overall efficiency will be
desired. Consequently, the efficiency-enhancement capability of the FEL is very important.
It represents a major advantage over conventional lasers.

8.3 FEL COMPONENTS

Any FEL consists of three major components, each of which is critical to the success of the
device: (1) The electron accelerator controls the beam energy, current, pulse duration and
repetition rate, and the beam quality. (2) The wiggler, which must be designed to be com-
patible with the electron beam, is the major contributor to the ponderomotive potential and
can provide efficiency enhancement. (3) The radiation optics determine the optical beam
quality and must be designed to tolerate the power levels desired. We will briefly address
some important issues affecting the choice and/or design of these major components.
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8.3.1 Electron Acceleration and Transport

The most important and often most difficult task in any FEL is the generation and transport
of a high-quality electron beam. A variation in axial beam energy can greatly impede the
electron bunching process, thereby lowering the growth rate and efficiency. A rule of thumb
is that the fractional energy spread must be small compared with the intrinsic interaction
efficiency, which tends to place a more stringent requirement on beam quality at short wave-
lengths. Electron energy variations can be produced by the beam emittance (the intrinsic
random perpendicular velocity components of the electrons), by gradients in the wiggler
field, by the beam’s own space charge, and by any voltage variations which occur during
acceleration.

The choice of an accelerator is largely determined by the operating energy desired, but
the design must be compatible with the other FEL requirements. For operation in the infrared
to ultraviolet, electron energies of tens to hundreds of MeV are required. Consequently,
appropriate accelerators are rf linacs and storage rings. At longer wavelengths, electrostatic
(Van de Graaff) and induction linear accelerators may also be used. Electron beam focusing
is usually provided by electromagnets, either solenoids or quadrupoles. Good beam transport
is important to maintain high beam quality.

The normalized electron beam emittance €, = Byr,0, where r, is the beam radius and 6
is the angular spread of the electron velocities, is an important quantity in the characterization
of beam quality for FELs. Even if all the electrons have identical total energies, the emittance
produces a spread in the axial energy component which is given by'> Ay, /y, = €2/2r}
Some of the most important contributors to beam emittance are cathode temperature and
surface roughness, nonlinear accelerating electric field or focusing fields, magnetic field
aberrations or misalignment, nonlinear space-charge forces, and mismatches between focus-
ing elements. Only by very careful design and fabrication can the beam emittance be kept
small enough for efficient FEL operation at short wavelengths.

Another major contributor to axial energy spread in FELS is the wiggler field gradient.
The wiggler gradient contribution arises because in any physically realizable wiggler, the
magnetic field amplitude must increase away from the axis. In simple terms, the higher off-
axis field induces higher wiggle velocities than the lower field on-axis. The higher per-
pendicular velocity results in a lower axial velocity for the off-axis particles. Quantitatively,
Av./v, = (a,k,r,/2)*. Consequently, this effect is more pronounced at higher wiggler fields
and larger beam radii. Because the FEL gain and efficiency typically increase with wiggler
field and inversely with beam radius, it is usually much better to reduce the beam radius
than to reduce the wiggler field amplitude. However, the electron beam radius should not be
substantially smaller than that of the radiation beam.

To quantify the reduction in FEL gain due to electron energy variations, it is useful to
define a detuning parameter

A
2 (8.12)
Y.

0O=o0 L = 4uN.

Av,
7 w w
Jerby and Gover'® showed that the reduction in gain due to energy spread is very closely
approximated by

Gcold

GO =T 6

(8.13)

Here, G, is the cold-beam gain shown in Table 8.1. Typically, the energy spread in short-
wavelength FELs is dominated by beam emittance and wiggler gradients. In that case, we
can calculate the effective detuning parameter from
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It is clear from Egs. (8.13) and (8.14) that there is an optimum beam radius at which the
gain is maximized. This optimum radius is readily found to be'”

1 1 1/4
[ (V1 + 48(N e a k) — 1)] (8.15)

r =
opt 2 wEn"w w,
a,k, | 6NZ

However, the optical mode radius, which has a minimum diffraction-limited value of

1/2
ro = ( AL, ) (8.16)

2mV3

imposes a lower limit on the beam radius.'”'8

The dependence of gain and optimum beam radius on team current and emittance is
shown for a particular case in Fig. 8.5. Here, we have assumed a beam energy of 25 MeV
and a 30-period-long wiggler having a period of 2 cm and an rms amplitude of 1 kG. The
resulting laser wavelength is about 4 wm. The optimum beam radius decreases with emittance
until it becomes equal to the minimum optical mode radius. The emittance range is shown
up to only 0.02 cm rad. This value corresponds to the acceptance of the FEL, which Smith
and Madey have shown to be!®

1

A [,
4N,

1+ a2\
VAN, (a—za) =g (8.17)
Y

An important measure of electron beam quality is the normalized brightness, defined as
B, = 21/(we,)* (8.18)

For r,, = ry, the gain G(r,,) varies linearly with B, . For the particular parameters used in
Fig. 8.5, the constant of proportionality is 5 X 1077 cm? rad?*/A; i.e., B, must be 105 A/
(cm rad)? in order to achieve a gain of 0.5. This required level of brightness is quite high

by conventional RF accelerator standards. An empirical figure of merit, known as the Lawson
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FIGURE 8.5 Optimized FEL gain and optimum beam radius vs. nor-
malized emittance for a particular set of wiggler parameters. Crosses denote
Lawson-Penner emittance at the particular peak current levels (assuming a
microscopic duty factor of 2 percent).
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Penner relation, states that €, =~ 0.31!/2, where I, is the average current in kA. This relation
has been found to apply to many RF accelerators. The crosses in Fig. 8.5 represent the
Lawson Penner emittance, assuming a peak bunch current 50 times higher than the average.
The gain at these points is about 0.03, so a brightness 20 times higher than the Lawson
Penner value is needed to achieve a gain of 0.5. Higher brightness requires stronger bunching
of the electrons and/or improved electron injection and transport systems that can provide
beams with decreased emittance. A further discussion of how brightness is being increased
is presented in Sec. 8.5.

It is clear that high-brightness electron beams are required for short-wavelength FEL
operation. If emittance is not the dominant contributor to energy spread, however, high
brightness is not a sufficient condition. Consequently, Roberson'® has suggested a generalized
version of beam brightness, which he called beam quality and defined as B, = I/(Ay/vy), as
a more useful figure of merit. Such a definition is particularly appropriate for longer-
wavelength FELs, in which there are often a number of important contributors to energy
spread.

8.3.2 Wiggler

Nearly all wiggler-based FEL experiments have been performed with either a helical wiggler
or a linear wiggler.!> Both permanent magnet and electromagnet wigglers of either type can
be fabricated. Helical wigglers produce a perpendicular magnetic field that rotates about the
axis. Such a wiggler provides radial focusing for the beam, so that an external focusing field
can be avoided.”® A helical wiggler is also compatible with an external axial magnetic field,
which can enhance the FEL interaction via a resonance between the periodic electron oscil-
lations in the wiggler and the gyromotion in the axial field. This effect has been exploited
in a number of microwave and millimeter wave FELs.>® The major disadvantages of the
helical wiggler are the difficulty of tapering it for efficiency enhancement and the limited
access it provides for diagnosing and aligning the electron beam. It should also be noted
that helical wigglers produce circularly polarized radiation. The linear or planar wiggler
produces a field in a single transverse direction with a sinusoidally varying amplitude. It
therefore produces linearly polarized radiation. However, the linear wiggler provides focusing
in only one plane (along the direction of the wiggler field), and it is not compatible with an
axial magnetic field, which induces as outward drift of off-axis electrons.?! Focusing can be
provided by quadrupoles, by shaping the wiggler field pole pieces to provide a small degree
of field curvature, or by using a ‘“‘square” wiggler.?’~?* The major advantages of a linear
wiggler are the improved access to the beam and the ease of tapering the amplitude or period
for efficiency enhancement. The linear wiggler field also has a number of spatial harmonics,
which can cause the generation of FEL harmonics.

Schematic diagrams of helical wigglers are shown in Fig. 8.6. The electromagnet shown
in Fig. 8.6a consists of two helical windings spaced 1/2 period apart and carrying current
in opposite directions. The amplitude of the field on axis is given by*

_ 2pd,, "T_d 1T_d T"_d
B, == [M k(%) &5 (8.19)

w

where p, is the permeability of free space, d is the diameter of the winding, I, is the current
through the winding, and K, and K, are Bessel functions. When d/\,, = 1, this expression
may be approximated by

B L[A] i 1/2 _ﬂ)
B, [G] = 5.6 —)\w[cm] (M) exp N (8.20)

w

which is valid to better than 10 percent. One of the problems with helical wigglers is the
error field associated with the termination of the windings at each end of the wiggler. A
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FIGURE 8.6 Helical magnetic wigglers. (a) Bi-
filar helix electromagnet. (b) Permanent-magnet
helical wiggler.?”

variety of methods have been used to alleviate this problem,? including flaring the winding
outward to provide an adiabatic entry into the wiggler, using a graded termination so that
the two windings are connected over a number of periods, and providing compensating
windings to cancel the error field.

Several versions of permanent-magnet helical wigglers have been built.?’-3° The particular
version shown in Fig. 8.6b uses eight pie-shaped wedges of permanent-magnet material
assembled in an annular disk with the field directions as shown. The assemblies are rotated
in eight 45° steps along the wiggler axis to produce one period of the wiggler field. The
amplitude of the field on-axis is*’

B, = 0.8B, [T <2;’r‘> -7 (2;\”2)} T() = K(x) + <§> K@ (821

Here, r, and r, are the inner and outer radii of the magnet assemblies, respectively.

Typical linear wiggler configurations are shown in Fig. 8.7. The electromagnet shown in
Fig. 8.7a uses discrete coils wound around poles in alternating directions. A similar wiggler
can be fabricated using a continuous winding which loops back and forth through the poles.
The advantage of the discrete coils is that the coil current can be varied to taper the wiggler
field amplitud