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Preface to the Third Edition 

This book, written from an industrial vantage point, provides a detailed discussion 
of solid-state lasers, their characteristics, design and construction, and practical 
problems. The title Solid-State Laser Engineering is chosen so as to convey the 
emphasis which is placed on engineering and practical considerations. 

The author has tried to enhance the description of the engineering aspects 
of laser construction and operation by including numerical and technical data, 
tables, and curves. 

The book is mainly intended for the practicing scientist or engineer who is 
interested in the design or use of solid-state lasers, but it is hoped that the com
prehensive treatment of the subject makes the work useful also to students of 
laser physics who want to supplement their theoretical knowledge with the engi
neering aspects of lasers. Although not written in the form of a college textbook, 
the book might be used in an advanced college course on laser technology. 

The aim was to present the subject as clearly as possible. Phenomenological 
descriptions using models were preferred to an abstract mathematical presenta
tion, even though many simplifications had then to be accepted. Results are given 
in most cases without proof since the author tried to stress the application of the 
results rather than the derivation of the formulas. An extensive list of references 
is cited for each chapter to permit the interested reader to learn more about a 
particular subject. 

Gratified by the wide acceptance of the previous editions of Solid-State Laser 
Engineering, I have updated and revised the second edition to include develop
ments and concepts which have emerged during the last several years. Some 
aspects of the field have reached a high level of maturity such as the opti
cal, mechanical, and electronic design of flashlamp-pumped solid-state lasers, 
Q-switching, and mode locking. Other technologies are just evolving or are in a 
process of rapid development such as diode-pumped lasers, tunable lasers, single 
frequency operation, unstable resonators employing variable reflectivity mirrors, 
phase conjugation and frequency conversion employing new nonlinear materials. 

It is impossible to describe all the new materials, laser configurations, and 
pumping schemes which have been developed over the last several years. In 
doing so, the book would merely become a literature survey with commentaries. 
Readers interested in specific devices are referred to the original literature. Very 
good sources of information are the IEEE Journal of Quantum Electronics, Op
tics Letters, and the conference proceedings of the CLEO and Solid-State Laser 
Conferences. 
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The following areas have been expanded or treated in more detail compared 
to the previous editions: 

Diode-array pumping: Significant progress has been made in recent years in 
the development of laser diode arrays which have become the building blocks for 
solid-state laser pumps. The two primary benefits derived from diode-laser pump
ing of solid-state lasers are improved efficiency and extended lifetime. Output 
power, slope efficiency, laser threshold and wavelength control of laser diodes 
have all been dramatically improved due to a combination of new structures and 
advanced growth techniques. Output power and power density of laser diode ar
rays have increased to the point where solid-state lasers with average powers in 
the kilowatt range can be built The arrays available today, and the laser perfor
mance which has been achieved, have clearly demonstrated that diode pumping 
is no longer a question of technical feasibility, but rather a question of economic 
viability. The high cost of diode arrays is the major obstacle which prevents 
broader acceptance of diode-pumped solid-state lasers at the present time. 

Wavelength diversity: Significant progress has been made in the development 
of tunable lasers, in particular the Ti: sapphire laser, which is firmly established 
as the major tunable source in the near infrared. In addition, the performance 
of harmonic generators and optical parametric oscillators (OPOs) has been dra
matically improved as a result of new nonlinear materials. Generation of tunable 
radiation in the UV, visible and IR region of the spectrum is of great interest in 
many applications. The optical parametric oscillator has long been regarded as a 
convenient means of achieving tunable output from solid-state lasers. However, 
progress in the development of OPOs has been slow owing to a lack of suitable 
nonlinear materials and pump sources of desirable beam quality. The advent of 
new nonlinear materials such as KTP, BBO and WB in combination with the 
high beam quality obtained from diode-pumped lasers has revived interest in 
OPOs for the generation of tunable laser radiation. 

Improved beam quality: Efficient heat removal and reduction of the thermal 
effects which are caused by the temperature gradients across the active area 
of the laser medium usually dominate design considerations for high average 
power systems. One of the advantages of diode laser pumping is that the waste 
heat dissipated in the laser rod is greatly reduced by the high efficiency of 
the pumping process. The reduction of thermal effects permits the design of 
resonators which maximize the mode volume at lower order modes. For example, 
the use of unstable resonators in conjunction with variable reflectivity mirrors 
has considerably increased the power extraction at low order modes compared 
to conventional resonators. 

Single-frequency operation: Excellent frequency stability and single axial 
mode operation of diode-pumped unidirectional ring lasers make it possible to 
design coherent Doppler systems in the near-infrared wavelength regime. 

Improved system efficiency: Overall system efficiency is one of the major 
attributes of diode pumping and great emphasis is placed on optimization of the 
various factors contributing to the overall performance. Therefore, the treatment 
of energy flow within a laser system as well as extraction efficiency of Q-switched 
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and non-Q-switched lasers has been considerably refined compared to previous 
editions. 

This book would not have been possible without the many contributions to 
the field of laser engineering that have appeared in the open literature and which 
have been used here as the basic source material. I apologize to any of my 
colleagues whose work has not been acknowledged or adequately represented in 
this book. 

My special thanks are due to my son, Dirk, for proofreading the typeset 
pages, and to the editor, Dr. H. Lotsch, for his support in preparing the new 
edition for printing. 

None of the editions of this book could have been written without the en
couragement, patience and support of my wife Renate. 

Herndon, VA 
January 1992 

Walter Koechner 
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1. Introduction 

In this introductory chapter we shall outline the basic ideas underlying the oper
ation of solid-state lasers. In-depth treatments of laser physics can be found in a 
number of excellent textbooks [1.1]. 

1.1 Optical Amplification 

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

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

(1.1) 

where E7_ and E1 are two discrete energy levels, l-'21 is the frequency, and h is 
Planck's constant. An electromagnetic wave whose frequency v21 corresponds to 
an energy gap of such an atomic system can interact with it. To the approximation 
required in this context, a solid-state material can be considered an ensemble of 
very many identical atomic systems. At thermal equilibrium, the lower energy 
states in the material are more heavily populated than the higher energy states. 
A wave interacting with the substance will raise the atoms or molecules from 
lower to higher energy levels and thereby experience absorption. 

The operation of a laser requires that the energy equilibrium of a laser material 
be changed such that energy is stored in the atoms, ions, or molecules of this 
material. This is achieved by an external pump source which transfers electrons 
from a lower energy level to a higher one. The pump radiation thereby causes 
a "population inversion." An electromagnetic wave of appropriate frequency, 
incident on the "inverted" laser material, will be amplified because the incident 
photons cause the atoms in the higher level to drop to a lower level and thereby 
emit additional photons. As a result, energy is extracted from the atomic system 
and supplied to the radiation field. The release of the stored energy by interaction 
with an electromagnetic wave is based on stimulated or induced emission. 

Stated very briefly, when a material is excited in such a way as to provide 
more atoms (or molecules) in a higher energy level than in some lower level, the 



material will be capable of amplifying radiation at the frequency corresponding 
to the energy level difference. The acronym "laser" derives its name from this 
process: "Light Amplification by Stimulated Emission of Radiation." 

A quantum mechanical treatment of the interaction between radiation and 
matter demonstrates that the stimulated emission is, in fact, completely indis
tinguishable from the stimulating radiation field. This means that the stimulated 
radiation has the same directional properties, same polarization, same phase, and 
same spectral characteristics as the stimulating emission. These facts are respon
sible for the extremely high degree of coherence which characterizes the emission 
from lasers. The fundamental nature of the induced or stimulated emission pro
cess was already described by A. Einstein and M. Planck. 

In solid-state lasers, the energy levels and the associated transition frequencies 
result from the different quantum energy levels or allowed quantum states of 
the electrons orbiting about the nuclei of atoms. In addition to the electronic 
transitions, multiatom molecules in gases exhibit energy levels that arise from 
the vibrational and rotational motions of the molecule as a whole. 

1.2 Interaction of Radiation with Matter 

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

1.2.1 Blackbody Radiation 

When electromagnetic radiation in an isothermal enclosure, or cavity, is in ther
mal equilibrium at temperature T, the distribution of radiation density e(v) dv, 
contained in a bandwidth dv, is given by Planck's law 

87!'"v2 dv hv 
e(v)dv= c;3 ehvfkT_J' (1.2) 

where e(v) is the radiation density per unit frequency [Js/cm3], k is Boltzmann's 
constant, and c is the velocity of light. The spectral distribution of thermal ra
diation vanishes at v = 0 and v-+ oo, and has a peak which depends on the 
temperature. 

The factor 

87!'"!12 

T=Pn (1.3) 
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in (1.2) gives the density of radiation modes per unit volume and unit frequency 
interval. The factor Pn can also be interpreted as the number of degrees of free
dom associated with a radiation field, per unit volume, per unit frequency interval. 
The expression for the mode density Pn [modes s/cm3] plays an important role 
in connecting the spontaneous and the induced transition probabilities. 

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

w = e(v)c 
. 4 ' 

(1.4) 

where W is the blackbody radiation [W/cm2] which will be emitted from an 
opening in the cavity of the blackbody. Many solids radiate like a blackbody. 
Therefore, the radiation emitted from the surface of a solid can be calculated 
from (1.4). 

According to the Stefan-Boltzmann equation, the total black body radiation 
is 

W=ar 
' 

(1.5) 

where a= 5.68 x w-12 W/cm2 K4• The emitted radiation W has a maximum 
which is obtained from Wien's displacement law 

Amax 2893 
pm = T/K. 

(1.6) 

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

A good introduction to the fundamentals of radiation and its interaction with 
matter can be found in [1.2]. 

1.2.2 Boltzmann Statistics 

According to a basic principle of statistical mechanics, when a large collection of 
similar atoms is in thermal equilibrium at temperature T, the relative populations 
of any two energy levels E 1 and Ez, such as the ones shown in Fig. 1.1, must 
be related by the Boltzmann ratio 

Nz _ exp (-(Ez- E1)) (1.?) 
N1- kT ' 

Fig. 1.1. Two energy levels with population Nt. 
N2 and degeneracies 91, 92, respectively 
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where N1 and N2 are the number of atoms in the energy levels E1 and ~. 
respectively. For energy gaps large enough that ~- Et = hv21 ~ kT, the ratio is 
close to zero, and there will be very few atoms in the upper energy level at thermal 
equilibrium. The energy kT at room temperature (T ~ 300 K) corresponds to 
an energy gap hv with v ~ 6 x 1012 Hz, which is equivalent in wavelength to 
>. ~ 50 flm. Therefore, for any energy gap whose transition frequency 1121 lies 
in the near-infrared or visible regions, the Boltzmann exponent will be ~ 1 at 
normal temperatures. The number of atoms in any upper level will then be very 
small compared to the lower levels. For example, in ruby the ground level E1 

and the upper laser level ~ are separated by an energy gap corresponding to 
a wavelength of >. ~ 0.69 flm. Let us put numbers into (1.7). Since h = 6.6 x 
10-34 Ws2, then ~- E1 = hv = 2.86 x I0-19 Ws. With k = 1.38 x 10-23 Ws K 
and T = 300 K, it follows that N2/ N1 ~ I0-32• Therefore at thermal equilibrium 
virtually all the atoms will be in the ground level. 

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

We recall that atomic systems, such as atoms, ions, molecules, can exist 
only in certain stationary states, each of which corresponds to a definite value 
of energy and thus specifies an energy level. When two or more states have the 
same energy, the respective level is called degenerate, and the number of states 
with the same energy is the multiplicity of the level. All states of the same energy 
level will be equally populated, therefore the number of atoms in levels 1 and 2 
is N1 = 91 N; and N2 = g2N~, where N; and N~ refer to the population of any 
of the states in levels 1 and 2, respectively. It follows then from (1.7) that the 
populations of the energy levels 1 and 2 are related by the formula 

( -(Ph- Et)) 
kT . (1.8) 

At absolute zero temperature, Boltzmann's statistics predicts that all atoms will be 
in the ground state. Thermal equilibrium at any temperature requires that a state 
with a lower energy be more densely populated than a state with a higher energy. 
Therefore N2/N1 is always less than unity for & > E1 and T >0. This will turn 
out to mean that optical amplification is not possible in thermal equilibrium. 

1.2.3 Einstein Coefficients 
We can most conveniently introduce the concept of Einstein's A and B co
efficients by loosely following Einstein's original derivation. To simplify the 
discussion, let us consider an idealized material with just two nondegenerate en
ergy levels, 1 and 2, having populations of Nt and N2, respectively. The total 
number of atoms in these two levels is assumed to be constant 

(1.9) 
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Radiative transfer between the two energy levels which differ by Eh. - E1 = hl/21 
is allowed. The atom can transfer from state Eh. to the ground state E1 by emitting 
energy; conversely, transition from state E1 to Eh. is possible by absorbing energy. 
The energy removed or added to the atom appears as quanta of hl/21· We can 
identify three types of interaction between electromagnetic radiation and a simple 
two-level atomic system: 

Absorption. If a quasimonochromatic electromagnetic wave of frequency 1/21 

passes through an atomic system with energy gap hl/21, then the population of 
the lower level will be depleted at a rate proportional both to the radiation density 
e(v) and to the population N1 of that level 

8N1 7ft = -B12e(v):ty1 , (1.10) 

where B 12 is a constant of proportionality with dimensions cm3/s2 J. 
The product B12e(v) can be interpreted as the probability per unit frequency 

that transitions are induced by the effect of the field. 

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

8N2 7ft= -A21N2, (1.11) 

where A21 is a constant of proportionality with the dimensions s-1• The quantity 
A21 , being a characteristic of the pair of energy levels in question, is called the 
spontaneous transition probability because this coefficient gives the probability 
that an atom in level 2 will spontaneously change to a lower level 1 within a 
unit of time. 

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

Equation (1.11) has a solution 

N2(t) = N2(0) exp ( ~:) , (1.12) 

where r21 is the lifetime for spontaneous radiation of level 2. This radiation 
lifetime is equal to the reciprocal of the Einstein's coefficient, 

A -1 
7"21 = 21 • (1.13) 

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

8N2 7ft= -B2tf!(VJ.t)N2, (1.14) 

where B21 again is a constant of proportionality. 
Radiation emitted from an atomic system in the presence of external radiation 

consists of two parts. The part whose intensity is proportional to A21 is the 
spontaneous radiation; its phase is independent of that of the external radiation. 
The part whose intensity is proportional to e(v)B2t is the stimulated radiation; 
its phase is the same as that of the stimulating external radiation. 

The probability of induced transition is proportional to the energy density of 
external radiation in contrast to spontaneous emission. In the case of induced 
transition there is a firm phase relationship between the stimulating field and 
the atom. The quantum which is emitted to the field by the induced emission is 
coherent with it. 

But we shall see later, the useful parameter for laser action is the B21 coef
ficient; the A21 coefficient represents a loss term and introduces into the system 
photons that are not phase-related to the incident photon flux of electric field. 
Thus the spontaneous process represents a noise source in a laser. 

If we combine absorption, spontaneous, and stimulated emission, as expressed 
by (1.10, 11, and 14), we can write for the change of the upper and lower level 
populations in our two-level model 

8Nt 8N2 at= -at= B2te(v)N2- Bt2f!(v)Nt +A21N2. (1.15) 

The relation 

8Nt 8N2 
7ft= -Eft (i.16) 

follows from (1.9). 
In thermal equilibrium, the number of transitions per unit time from Et to ~ 

must be equal to the number of transitions from ~ to E1• Certainly, in thermal 
equilibrium 

8Nt = 8N2 =O 
at at · 

Therefore we can write 
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N2A21 + 
Spontaneous 
emission 

N2e(v)B21 = 
Stimulated 
emission 

Nte(v)Bt2 . 
Absorption 

(1.17) 

(1.18) 



Using the Boltzmann equation (1.8) for the ratio N2/ N1, we then write the above 
expression as 

( ) (A2t/ B21) 
(! V21 = 

(9t/92)(B12/B21) exp(hv2t/kT)- 1 
(1.19) 

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

and B21 = 91 B 12 . (1.20) 
92 

The relations between the A's and B's are known as Einstein's relations. The 
factor 81rv2 /2 in (1.20) is the mode density Pn given by (1.3). 

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

For a simple system with no degeneracy, that is, one in which 91 = 92 , we 
see that B21 = B12. Thus, the Einstein coefficients for stimulated emission and 
absorption are equal. If the two levels have unequal degeneracy, the probability 
for stimulated absorption is no longer the same as that for stimulated emission. 

1.2.4 Phase Coherence of Stimulated Emission 

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

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

A detailed description of the electric dipole transition and the classical 
electron-oscillator model can be found in [1.3]. 

1.3 Absorption and Optical Gain 

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

1.3.1 Atomic Lineshapes 

In deriving Einstein's coefficients we have assumed a monochromatic wave with 
frequency V2I acting on a two-level system with an infinitely sharp energy gap 
hVJ.1• We will now consider the interaction between an atomic system having a 
finite transition linewidth .Llv and a signal with a bandwidth dv. 

Before we can obtain an expression for the transition rate for this case, it is 
necessary to introduce the concept of the atomic lineshape function g(v, v0). The 
distribution g(v, vo), centered at vo, is the equilibrium shape of the linewidth
broadened transitions. Suppose that N2 is the total number of ions in the upper 
energy level considered previously. The spectral distribution of ions per unit 
frequency is then 

N(v) = g(v, vo)N2 . (1.21) 

If we integrate both sides over all frequencies we have to obtain N 2 as a result: 

1
00 

N(v)dv = N21
00 

g(v, vo)dv = N2. (1.22) 

Therefore the lineshape function must be normalized to unity: 

loo g(v, vo)dv = 1 . (1.23) 

If we know the function g(v, vo), we can calculate the number of atoms N(v)dv 
in level 1 which are capable of absorbing in the frequency range v to v + dv, or 
the number of atoms in level 2 which are capable of emitting in the same range. 

8 



From (1.21) we have 

N(v) dv = g(v, vo) dv Nz . (1.24) 

From the foregoing it follows that g(v, v0 ) can be defined as the probability of 
emission or absorption per unit frequency. Therefore g(v) dv is the probability 
that a given transition will result in an emission (or absorption) of a photon with 
energy between hv and h(v + dv). The probability that a transition will occur 
between v = 0 and v = oo has to be 1. 

It is clear from the definition of g(v, v0 ) that we can, for example, rewrite 
( 1.11) in the form 

(1.25) 

where Nz is the total number of atoms in level 2, and 8Nzf8t is the number of 
photons spontaneously emitted per second between v and v + dv. 

The linewidth and lineshape of an atomic transition depends on the cause of 
line broadening. Optical frequency transitions in gases can be broadened by life
time, collision, or Doppler broadening, whereas transitions in solids can be broad
ened by lifetime, dipolar, thermal broadening, or by random inhomogeneities. All 
these linewidth-broadening mechanisms lead to two distinctly different atomic 
lineshapes, the homogeneously and the inhomogeneously broadened line [1.4]. 

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

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

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

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

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

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

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

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

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

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

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

(1.26) 

is valid Here, 110 is the center frequency, and Llv is the width between the half
power points of the curve. The factor Llv j27r assures normalization of the area 
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under the curve according to (1.23). The peak value for the Lorentz curve is 

2 
g(liO) =-. 

7TL\V 

The Inhomogeneously Broadened Line 

(1.27) 

Mechanisms which cause inhomogeneous broadening tend to displace the center 
frequencies of individual atoms, thereby broadening the overall response of a 
collection without broadening the response of individual atoms. Different atoms 
have slightly different resonance frequencies on the same transition, for example, 
owing to Doppler shifts. As a result, the overall response of the collection is 
broadened. An applied signal at a given frequency within the overall linewidth 
interacts strongly only with those atoms whose shifted resonance frequencies lie 
close to the signal frequency. The applied signal does not have the same effect 
on all the atoms in an inhomogeneously broadened collection. 

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

Doppler Broadening. The apparent resonance frequencies of atoms undergoing 
random motions in a gas are shifted randomly so that the overall frequency re
sponse of the collection of atoms is broadened. A particular atom moving with 
a velocity component v relative to an observer in the z direction will radiate at 
a frequency measured by the observer as v0(1 + v /c). When these velocities are 
averaged, the resulting lineshape is Gaussian. Doppler broadening is one form of 
inhomogeneous broadening, since each atom emits a different frequency rather 
than one atom having a probability distribution for emitting any frequency within 
the linewidth. In the actual physical situation, the Doppler line is best visualized 
as a packet of homogeneous lines of width L1vn, which superimpose to give the 
observed Doppler shape. The He-Ne laser has a Doppler-broadened linewidth. 
Most visible and near-infrared gas laser transitions are inhomogeneously broad
ened by Doppler effects. 

Line Broadening Due to Crystal Inhomogeneities. Solid-state lasers may be 
inhomogeneously broadened by crystalline defects. This happens only at low 
temperatures where the lattice vibrations are small. Random variations of dis
locations, lattice strains, etc., may cause small shifts in the exact energy level 
spacings and transition frequencies from ion to ion. Like Doppler broadening, 
these variations do not broaden the response on an individual atom, but they do 
cause the exact resonance frequencies of different atoms to be slightly different. 
Thus random crystal imperfection can be a source of inhomogeneous broadening 
in a solid-state laser crystal. 
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A good example of an inhomogeneously broadened line occurs in the flu
orescence of neodymium-doped glass. As a result of the so-called glassy state, 
there are variations, from rare earth site to rare earth site, in the relative atomic 
positions occupied by the surrounding lattice ions. This gives rise to a random 
distribution of static crystalline fields acting on the rare-earth ions. Since the line 
shifts corresponding to such crystal-field variations are larger, generally speak
ing, than the width contributed by other factors associated with the transition, an 
inhomogeneous line results. 

The inhomogeneous-broadened linewidth can be represented by a Gaussian 
frequency distribution. For the normalized distribution, the equation 

( )1/2 [ ( )2 l 2 ln2 v-vo 
g(v) = - - exp - -- ln 2 

Llv 1r Llv/2 
(1.28) 

is valid, where 1-tl is the frequency at the center of the line, and Llv is the 
linewidth at which the amplitude falls to one-half. The peak value of the nor
malized Gaussian curve is 

2 (ln 2)1
/
2 

g(l-tl) = Llv --;- · (1.29) 

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

l'o 
Frequency, v 

Fig.1.2. Gaussian and Lorentz lines of common linewidth (Gp and Lp are the peak intensities) 
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Fig. 1.3. Linewidth-broadened atomic transition line centered at 110 and narrow band signal centered 
at lis 

1.3.2 Absorption by Stimulated Transitions 

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

-- = e(v)Bz1 -N1- Nz . 8N1 (92 ) 
at 91 

(1.30) 

As we recall, this relation was obtained by considering infinitely sharp energy 
levels separated by hvz1 and a monochromatic wave of frequency vz1• 

We will now consider the interaction between two linewidth-broadened en
ergy levels with an energy separation centered at z-u, and a half-width of L1v 
characterized by 9(v, l-tl) and a signal with center frequency v, and bandwidth 
dv. The situation is shown schematically in Fig. 1.3. The spectral width of the 
signal is narrow, as compared to the linewidth-broadened transition. If N1· and 
Nz are the total number of atoms in level 1 and level 2, then the number of 
atoms capable of interacting with a radiation of frequency v5 and bandwidth dv 
are 

(:: N1 - Nz) 9(Vs, z,u)dv . (1.31) 

The net change of atoms in energy level 1 can be expressed in terms of energy 
density e(v)dv by multiplying both sides of (1.30) with photon energy hv and 
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dividing by the volume V. We will further express the populations Nt and N2 
as population densities nt and n2. 

Equation (1.30) now becomes 

(1.32) 

This equation gives the net rate of absorbed energy in the frequency interval 
d11 centered around 115 • In an actual laser system the wavelength of the emitted 
radiation, corresponding to the signal bandwidth d11 in our model, is very nar
row as compared to the natural line width of the material. Ruby, for example, 
has a fluorescent linewidth of 5 A, whereas the linewidth of the laser output is 
typically 0.1 to 0.01 A. The operation of a laser, therefore, can be fairly accu
rately characterized as the interaction of linewidth-broadened energy levels with 
a monochromatic wave. The photon density of a monochromatic radiation of fre
quency z,n can then be represented by a delta function 6(11- z,n). After integrating 
(1.32) in the interval d11, we obtain, for a monochromatic signal of frequency lis 
and a linewidth-broadened transition, 

(1.33) 

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

Integration of (1.34) gives 

If we introduce an absorption coefficient a(115), 

a(lls) = (:: n1 - n2) 0"21 (lis) , 

Then we can write (1.35) as 

e(lls) = U<J(IIs) exp[ -a(lls)x] . 

where 

(1.34) 

(1.35) 

(1.36) 

(1.37) 

(1.38) 

Equation (1.38) is the well-known exponential absorption equation for thermal 
equilibrium condition n 1 !J2 f g1 > n2• The energy of the radiation decreases expo-
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nentially with the depth of penetration into the substance. The maximum possible 
absorption occurs when all atoms exist in the ground state n1. For equal popu
lation of the energy states n 1 = (91 / 92)n2, the absorption is eliminated and the 
material is transparent. The parameter u21 is the cross section for the radiative 
transition 2 --+ 1. The cross section for stimulated emission u21 is related to the 
absorption cross section u12 by the ratio of the level degeneracies, 

0"21 91 
-=- (1.39) 
1112 92 

The cross section is a very useful parameter to which we will refer in the fol
lowing chapters. If we replace B21 by the Einstein relation (1.20), we obtain u21 

in a form which we will find most useful: 

A21.\~ 
0"21(Vs) = -8 2 9(Vs, VO) · 

7rn 
(1.40) 

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

If we assume v ~ v5 ~ v0 , we obtain, for the spectral stimulated emission 
cross section at the center of the atomic transition for a Lorentzian lineshape, 

A21.\~ 
0"21 = 4 2 2 A I 

1r n ,uv 

and for a Gaussian lineshape, 

A21.\~ (ln 2)1/ 2 
0"21 = -

47rn2L1v 1r 

(1.41) 

(1.42) 

Here we have introduced into (1.40) the peak values of the lineshape function, 
as given in (1.27 and 1.29) for the Lorentzian and Gaussian curves respectively. 
For example, in the case of the R1 line of ruby, where .\o = 6.94 x w-s em, 
n = 1.76,A21 = 2.5 x 1o2s-1 , and L1v = 11.2cm-1 = 3.4 x 1011 Hz at 300K, 
one finds, according to (1.41), u21 = 2.8 x w-20 cm2 . The experimental value 
u21 at the center of the R1 line equals 2.5 x w-20 cm2. 

1.3.3 Population Inversion 

According to the Boltzmann distribution (1.7), in a collection of atoms at thermal 
equilibrium there are always fewer atoms in a higher-lying level ~ than in a 
lower level E1• Therefore the population difference Nt - N2 is always positive, 
which means that the absorption coefficient a(vs) in (1.36) is positive and the 
incident radiation is absorbed (Fig.1.4). 

Suppose that it were possible to achieve a temporary situation such that 
there are more atoms in an upper energy level than in a lower energy level. The 
normally positive population difference on that transition then becomes negative, 
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Fig.l.S. Inverted population difference required 
for optical amplification 

and the normal stimulated absorption as seen from an applied signal on that 
transition is correspondingly changed to stimulated emission, or amplification of 
the applied signal. That is, the applied signal gains energy as it interacts with the 
atoms and hence is amplified. The energy for this signal amplification is supplied 
by the atoms involved in the interaction process. This situation is characterized 
by a negative absorption coefficient a(v8 ) according to (1.36). From (1.34) it 
follows that og(v)jox > 0. 

The essential condition for amplification is thus that somehow we must have, 
at a given instant, more atoms in an upper energy level than in a lower energy 
level; i.e., for amplification, 

(1.43) 

as illustrated in Fig.l.S. The resulting negative sign of the population difference 
(N2 - g2NI/ 91) on that transition is called a population inversion. Population 
inversion is clearly an abnormal situation; it is never observed at thermal equi
librium. The point at which the population of both states is equal is called the 
"inversion threshold". 

Stimulated absorption and emission processes always occur side by side inde
pendently of the population distribution among the levels. So long as the popula
tion of the higher energy level is smaller than that of the lower energy level, the 
number of absorption transitions is larger than that of the emission transitions, so 
that there is an overall attenuation of the radiation. When. the numbers of atoms 
in both states are equal, the number of emissions becomes equal to the number 
of absorptions; the material is then transparent to the incident radiation. As soon 
as the population of the higher level becomes larger than that of the lower level, 
emission processes predominate and the radiation is enhanced collectively during 
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passage through the material. In order to produce an inversion, we must have 
a source of energy to populate a specified energy level; we call this energy the 
pump energy. 

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

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

E= LlNhv, (1.44) 

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

1.4 Creation of a Population Inversion 

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

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

17 



Pump 
band 

Pump 
transition 

I 
I 
I 

T3t I 
I 
I T2t 

I 
I 
I 
I 

Laser 
transition 

Flg.1.6. Simplified energy level diagram of a three-level laser 
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Fig.1.7. Simplified energy level diagram of a four-level laser 

1.4.1 The Three-Level System 

Population density 

Population density 

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

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

(1.45) 

The number of atoms N3 in level EJ is then negligible compared with the number 
of atoms in the other two states, i.e., N3 ~ Nt, N2. Therefore, 

(1.46) 

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

Ntot 
N2=N1 =2. (1.47) 

In order to maintain a specified amplification, the population of the second level 
must be larger than that of the first level. In most cases which are of practical 
importance, however, the necessary inversion (N2- Nt) is small compared with 
the total number of all atoms. The pump power necessary for maintaining this 
inversion is also small compared with the inversion power necessary for equal 
population of the level. 

The disadvantage of a three-level system is that more than half of the atoms 
in the ground state must be raised to the metastable level Ez. There are thus 
many atoms present to contribute to the spontaneous emission. Moreover, each 
of the atoms which participate in the pump cycle transfer energy into the lattice 
from the E 3 ---+ Ez transition. This transition is normally radiationless, the energy 
being carried into the lattice by phonons. 

1.4.2 The Four-Level System 

The four-level laser system, which is characteristic of the rare earth ions in glass 
or crystalline host materials, is illustrated in Fig.1.7. Note that a characteristic 
of the three-level laser material is that the laser transition takes place between 
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the excited laser level 2 and the final ground state 1, the lowest energy level 
of the system. This leads to low efficiency. The four-level system avoids this 
disadvantage. The pump transition extends again from the ground state (now 
level Eo) to a wide absorption band~. As in the case of the three-level system, 
the atoms so excited will proceed rapidly to the sharply defined level Eh. The 
laser transition, however, proceeds now to a fourth, terminal level Et, which is 
situated above the ground state Eo. From here the atom undergoes a rapid non
radiative transition to the ground level. In a true four-level system, the terminal 
laser level E1 will be empty. To qualifiy as a four-level system a material must 
possess a relaxation time between the terminal laser level and the ground level 
which is fast compared to the fluorescent lifetime, i.e., rto ~ T2t· In addition 
the terminal laser level must be far above the ground state so that its thermal 
population is small. The equilibrium population of the terminal laser level 1 is 
determined by the relation 

(1.48) 

where LlE is the energy separation between level 1 and the ground state, and T 
is the operating temperature of the laser material. If LlE ~ kT, then Nt /No ~ 1, 
and the intermediate level will always be relatively empty. In some laser materials 
the energy gap between the lower laser level and the ground state is relatively 
small and, therefore, they must be cooled to function as four-level lasers. In 
a four-level system an inversion of the 2--+ 1 transition can occur even with 
vanishingly small pump power, and the high pump rate, necessary to maintain 
equilibrium population in the aforementioned three-level system, is no longer 
needed. In the most favorable case, the relaxation times of the 3 --+ 2 and 1 --+ 0 
transitions in the four-level system are short compared with the spontaneous 
emission lifetime of the laser transition 1"21· Here we can also carry out the 
calculations as if only the Et and Eh states were populated. 

By far the majority of laser materials operate, because of the more favorable 
population ratios, as four-level systems. The only laser of practical importance 
which operates as a three-level system is ruby. By a combination of favorable 
circumstances, it is possible in this unique case to overcome the disadvantages 
of the three-level scheme. 

1.4.3 The Metastable Level 

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

In typical laser systems with energy levels, such as illustrated by Fig. 1.6 and 
7, the 3 --+ 2 transition frequencies, as well as the 1 --+ 0 transition frequencies, all 
fall within the frequency range of the vibration spectrum of the host crystal lattice. 
Therefore, all these transitions can relax extremely rapidly by direct nonradiative 
decay, i.e., by emitting a phonon to the lattice vibrations, with 7'32, 710 :::::J w-s 
to 10-11 s. However, the larger 3--+0, 3--+1, 2--+0, and 2--+1 energy gaps 
in these atoms often correspond to transition frequencies that are higher than 
the highest possible vibration frequency of the crystal lattice. Such transitions 
cannot relax via simple single-phonon spontaneous emission, since the lattice 
simply cannot accept phonons at those high frequencies. These transitions must 
then relax either by radiative (photon) emission or by multiple-phonon processes. 
Since both these processes are relatively weak compared to direct single-phonon 
relaxation, the high-frequency transitions will have much slower relaxation rates 
('Tll :::::J w-5 to w-3 sin many cases). Therefore the various levels lumped into 
level 3 will all relax mostly into level 2 while level 2 itself is metastable and 
long-lived because there are no other levels located close below it into which it 
can decay directly. 

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

In the absence of a metastable level, the atoms which become excited by 
pump radiation and are transferred to a higher energy level will return either 
directly to the ground state by spontaneous radiation or by cascading down on 
intermediate levels, or they may release energy by phonon interaction with the 
lattice. In order for the population to increase at the metastable laser level, several 
other conditions have to be met. Let us consider the more general case of a four
level system illustrated in Fig. 1.7. (Note that a three-level system can be thought 
of as a special case of a four-level scheme where level 1 and level 0 coincide). 
Pumping takes place between two levels and laser action takes place between 
two other levels. Energy from the pump band is transferred to the upper laser 
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level by fast radiative transitions. Energy is removed from the lower laser level 
again by fast radiationless transitions. 

For electrons in the pump band at level 3 to transfer to level 2 rather than 
return directly to the ground state; it is required that 730 ~ 732• For population to 
build up, relaxation out of the lower level 1 has to be fast, 721 ~ 710· Thus, as a 
first conclusion, we may say that if the right relaxation time ratio exists between 
any two levels (such as 3 and 2) in an energy level system, a population inversion 
should be possible. If so, then obtaining a large enough inversion for successful 
laser operation becomes primarily a matter of the right pumping method. The 
optical pumping method is generally applicable only by the availability of systems 
which combine a narrow laser emission line with a broad absorption transition, 
so that a broad-band intense light source can be used as the pump source. 

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

1.5 Laser Rate Equations 

The dynamic behavior of a laser can be described with reasonable precision by a 
set of coupled rate equations [1.5]. In their simplest forms, a pair of simultaneous 
differential equations describe the population inversion and the radiation density 
within a spatially uniform laser medium. We will describe the system in terms 
of the energy-level diagrams shown in Figs. 1.6 and 1.7. As we have seen in the 
preceding discussions, two energy levels are of prime importance in laser action: 
the excited upper laser level Ez and the lower laser level E1. Thus for many 
analyses of laser action an approximation of the three- and four-level systems by 
a two-level representation is very useful. 

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

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

In applying the rate equations to the various aspects of laser operation, we 
will find it more convenient to express the probability for stimulated emission 
e(v)B21 by the photon density ¢ and the stimulated emission cross section a. 

With (1.37) we can express the Einstein coefficient for stimulated emission 
B21 in terms of the stimulated emission cross section a(v), 

c 
B21 = hvg(v) a21 (v) , (1.49) 

where c = co/n is the speed of light in the medium. The energy density per unit 
frequency e(v) is expressed in terms of the lineshape factor g(v), the energy hv, 
and the photon density ¢ [photons/cm2] by 

e(v) = hvg(v)¢. 

From (1.49 and 50) we obtain 

B21e(v) = ca21(v)¢. 

Three Level System 

(1.50) 

(1.51) 

In order to approximate the three-level system with a two-level scheme, we 
assume that the transition from the pump band to the upper laser level is so 
fast that N3 ~ 0. Therefore pumping does not affect the other processes at all 
except to allow a mechanism of populating the upper level and thereby obtaining 
population inversion (N2 > Nt). 

Looking at Fig. 1.6, this assumption requires that the relaxation time ratio 
TJ2/r21 be very small. In solid-state lasers 7"32/1"21 = 0 is a good approximation. 
Spontaneous losses from the pump band to the ground state can be expressed by 
the quantum efficiency TJQ. This parameter, defined as 

7"32 ( )
-1 

7JQ = 1 +- ~ 1' 
7"31 

(1.52) 

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

The changes in the electron population densities in a three-level system, based 
on the assumption that essentially all of the laser ions are in either level 1 or 
level2, are 

(1.53) 

and 
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(1.54) 

since 

ntot = n1 + n2 , (1.55) 

where Wp is the pumping rate [s-1]. 
The terms of the right-hand side of (1.53) express the net stimulated emission, 

the spontaneous emission, and the optical pumping. 
The time variation of the population in both levels due to absorption, sponta

neous, and stimulated emission is obtained from (1.15). Note that the populations 
N1 and N2 are now expressed in terms of population densities n1 and n2. To 
take into account the effect of pumping, we have added the term Wpn1, which 
can be thought of as the rate of supply of atoms to the metastable level 2. More 
precisely, Wpn1 is the number of atoms transferred from the ground level to the 
upper laser level per unit time per unit volume. The pump rate Wp is related to 
the pump parameter W13 in Fig.1.6 by 

(1.56) 

The negative sign in front of Wpn1 in (1.53) indicates that the pump mechanism 
removes atoms from the ground level 1 and increases the population of level 2. 

If we now define the inversion population density by 

92n1 n=n2---
91 

we can combine (1.53, 54, and 57) to obtain 

8n n + ntotb - 1) 
- = -"(n</>ac - + Wp(n10t - n), 
8t Tf 

where 

92 
"( = 1 + - and T f = T21 . 

91 

In obtaining (1.58) we have used the relations 

and 

(1.57) 

(1.58) 

(1.59) 

(1.60) 

Another equation, usually regarded together with (1.58), describes the rate of 
change of the photon density within the laser resonator, 

8¢> </> - = c<f>an - - + S 
8t Tc ' 

(1.61) 

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

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

8 2 L1vVR 
p=1rv~, (1.62) 

where vis the laser optical frequency, and L1v is the bandwidth of spontaneous 
emission. Let PL be the number of modes of the laser output. Then S can be 
expressed as the rate at which spontaneous emission contributes to stimulated 
emission, namely, 

S = PLn2. (1.63) 
PT2t 

The reader is referred to Chap. 3 for a more detailed description of the factor rc 
which appears in (1.61). For now we only need to know that rc represents all 
the losses in an optical resonator of a laser oscillator. Since rc has the dimension 
of time, the losses are expressed in terms of a relaxation time. The decay of the 
photon population in the cavity results from transmission and absorption at the 
end mirrors, "spillover" diffraction loss due to the finite apertures of the mirrors, 
scattering and absorptive losses in the laser material itself, etc. In the absence of 
the amplifying mechanism, (1.61) becomes 

8¢> ¢> 
Ot =- Tc 

(1.64) 

the solution of which is ¢>(r) = ¢>o exp(-t/rc). 
The importance of (1.61) should be emphasized by noting that the right-hand 

side of this equation describes the net gain per transit of an electromagnetic wave 
passing through a laser material. 

Four-Level System 

We will assume again that the transition from the pump band into the upper 
laser level occurs very rapidly. Therefore the population of the pump band is 
negligible, i.e., n3 ~ 0. With this assumption the rate of change of the two laser 
levels in a four-level system is 
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(1.65) 

dnt ( 92 ) n2 nt - = n2 - -nt aif>c + - - - , 
dt 91 T21 TtO 

(1.66) 

(1.67) 

From (1.65) follows that the upper laser level population in a four-level system 
increases due to pumping and decreases due to stimulated emission and sponta
neous emissions into level 1 and level 0. The lower level population increases 
due to stimulated and spontaneous emission and decreases by a radiationless re
laxation process into the ground level. This process is characterized by the time 
constant r 10. In an ideal four-level system the terminal level empties infinitely 
fast to the ground level. If we let rto ~ 0, then it follows from (1.66) that nt = 0. 
In this case the entire population is divided between the ground level 0 and the 
upper level of the laser transition. The system appears to be pumping from a large 
source that is independent of the lower laser level. With rto = 0 and nt = 0, we 
obtain the following rate equation for the ideal four-level system 

ntot = no + n2 ~ no since n2 ~ no . 

Therefore, instead of (1.58), we have 

8n2 n2 
- = -n2a!J>c - - + lVp(no - n2). 
0t Tf 

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

1 1 1 
-=-+-, 
Tf T21 T20 

(1.68) 

(1.69) 

(1.70) 

(1.71) 

where r 21 = Ait1 is the effective radiative lifetime associated with the laser line. 
In the equation for the rate of change of the upper laser level we have again 
taken into account the fact that not all atoms pumped to level 3 will end up at 
the upper laser level. It is 

Wp = 1JQWo3, (1.72) 

where the quantum efficiency 'IJQ depends on the branching ratios which are the 
relative relaxation rates for the atoms along the various possible downward paths, 

'IJQ = ( 1 + 1"32 + T32)-l ~ 1. 
T31 T30 

(1.73) 

As already indicated in the case of a three level system the quantum efficiency 
is the probability of an absorbed pump photon producing an active atom in the 
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upper laser level. Some of the absorbed pump photons will not produce an active 
atom in the upper laser level. Some, for example, may decay to manifolds other 
than the manifold containing the upper laser level while others may decay to the 
ground level by radiationless transitions. The equation which describes the rate 
of change of the photon density within the laser resonator is the same as in the 
case of the three-level system. 

Summary 

The rate equation applicable to three-and four-level systems can be expressed 
by a single pair of equations, namely, (1.58 and 61), where 1 = 1 + 92/91 for 
a three-level system and 1 = 1 for a four-level system. The factor 1 can be 
thought of as an "inversion reduction factor" since it corresponds to the net 
reduction in the population inversion after the emission of a single photon. In 
a four-level system (see 1.70), we have 1 = 1 since the population inversion 
density is only reduced by one for each photon emitted. For a three-level system 
(see 1.58), we have 1 = 2 if we assume no degeneracy, i.e., 92/91 = 1. This 
reflects the fact that in this case the population inversion is reduced by two for 
each stimulated emission of a photon because the emitting photon is not only 
lost to the upper laser level, but also increases the lower laser level by one. The 
parameters Tf and Wp are defined by (1.56, 59, 72, and 73) for the three- and 
four-level systems. The factorS in (1.61), which represents the initial noise level 
of ¢ due to spontaneous emission at the laser frequency, is small and needs to 
be considered only for initial starting of the laser action. It will be dropped from 
this point on. 

A more detailed analysis of the laser rate equations can be found in [1.1,3]. 
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2. Properties of Solid-State Laser Materials 

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

The three principal elements leading to gain in a laser are: 

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

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

- The optical pump source with its particular geometry, spectral irradiance, 
and duration. 

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

In this chapter we consider the properties of various host materials and acti
vator/sensitizer combinations. Pump sources for solid-state lasers are treated in 
Chap.6. 

2.1 Overview 

The conditions for laser action at optical frequencies were first described by 
Schawlow and Townes [2.1] in 1958. The first demonstration of laser action 
by Maiman [2.2] was achieved in 1960 using ruby (Cr3+: Ah03), a crystalline 
solid system. The next step in the development of solid-state lasers was the oper
ation of trivalent uranium in CaFz and divalent samarium in CaF2 by Sorokin and 
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Stevenson [2.3]. In 1961 Snitzer [2.4] demonstrated laser action in neodymium
doped glass. The first continuously operating crystal laser was reported in 1961 
by Johnson and Nassau [2.5] using Nd3+: CaW04• Since then laser action has 
been achieved from trivalent rare earths (Nd3+, E2+, Ho3+, Ce3+, Tm3+, PJ-3+, 
Gd3+, Eu3+, Yb3+), divalent rare earths (Sm2+, Dy2+, Tm2+), transition metals 
(C2+, Ni2+, Co2+, Ti3+, V2+), and the actinide ion u3+ embedded in various host 
materials. Optically pumped laser action has been demonstrated in hundreds of 
ion-host crystal combinations covering a spectral range from the visible to the 
mid-infrared. 

The exceptionally favorable characteristics of the trivalent neodymium ion 
for laser action were recognized at a relatively early stage of the search for 
solid-state laser materials. Thus, Nd3+ was known to exhibit a satisfactorily long 
fluorescence lifetime and narrow fluorescence linewidths in crystals with ordered 
structures, and to possess a terminal state for the laser transition sufficiently high 
above the ground state so that cw operation at room temperature was readily 
feasible. Therefore, this ion was incorporated as a dopant in a variety of host 
materials, i.e., glass, CaW04 , CaMo04, CaF2, LaF3, etc., in an effort to make use 
of its great potential. However, most of these early hosts displayed undesirable 
shortcomings, either from the standpoint of their intrinsic physical properties or 
because of the way in which they interacted with the Nd3+ ions. Finally, yttrium 
aluminum garnet ("YAG") was explored by Geusic et al. [2.6] as a host for Nd3+ 

and its superiority to other host materials was quickly demonstrated. Nd: YAG 
lasers displayed the lowest thresholds for cw operation at room temperature of 
any known host-dopant combination. 

2.1.1 Host Materials 

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

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

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

i) The crystal must possess favorable optical properties. Variations in the index 
of refraction lead to inhomogeneous propagation of light through the crystal 
with consequent poor beam quality. 

ii) The crystal must possess a set of mechanical and thermal properties that 
will permit repetitively pulsed operation without suffering excessive stress 
under the operational thermal load. 
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iii) The crystal must have lattice sites that can accept the dopant ions and that 
have local crystal fields of symmetry and strength needed to induce the 
desired spectroscopic properties. In general, ions placed in a crystal host 
must achieve high mdiative lifetime with cross sections near w-20 cm2. 

iv) It must be possible to scale the growth of the impurity-doped crystal, while 
maintaining high optical quality and high yield. It appears that the greatest 
prospect for successful growth scaling is for crystals that melt congruently at 
temperatures below 1300°C. This relatively low melting temperature permits 
the use of a wide variety of crucible materials and growth techniques. 

Glasses 

Glasses form an important class of host materials for some of the rare earths, 
particularly Nd3+. The outstanding practical advantage compared to crystalline 
materials is the tremendous size capability for high-energy applications. Rods up 
to 1 m in length and over 10 em in diameter and disks up to 90 em in diameter and 
several em thick are currently available. The optical quality can be excellent, and 
beam angles approaching the diffraction limit can be achieved. Glass, of course, 
is easily fabricated and takes a good optical finish. Laser ions placed in glass 
generally show a larger fluorescent linewidth than in crystals as a result of the 
lack of a unique and well-defined crystalline surrounding for the individual active 
atom. Therefore, the laser thresholds for glass lasers have been found to run 
higher than their crystalline counterparts. Also, glass has a much lower thermal 
conductivity than most crystalline hosts. The latter factor leads to thermally 
induced birefringence and optical distortion in glass laser rods when they are 
operated at high average powers. Ions which have been made to lase in glass 
include Nd3+, which will be discussed in detail in Sect. 2.3.2, Yb3+, Er3+, Tm3+, 
and Ho3+. Glass doped with erbium is of special importance, because its radiation 
of 1.55 J.Lm does not penetrate the lens of the human eye, and therefore cannot 
destroy the retina. Because of the three-level behavior of erbium and the small 
absorption of pump light by Er3+, multiple doping with neodymium and ytterbium 
is necessary to obtain satisfactory system efficiency. In this technique, called 
sensitization, the amplifying ion either absorbes radiation at wavelengths other 
than those of the laser ion and then radiates within the pump band of the laser 
ion or transfers its excitation energy directly to the laser ion. Because of its 
three-level operation, the Nd3+-Yb3+ -Er3+ :glass is at least an order of magnitude 
less efficient than the Nd: glass lasers [2.7]. For specific details on laser glasses, 
the reader is referred to [2.8]. 

A large number of crystalline host materials have been investigated since the 
discovery of the ruby laser. Crystalline laser hosts generally offer as advantages 
over glasses their higher thermal conductivity, narrower fluorescence linewidths, 
and, in some cases, greater hardness. However, the optical quality and doping 
homogeneity of crystalline hosts are often poorer, and the absorption lines are 
generally narrower. For an overview of crystalline lasers, see [2.9]. 
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Oxides 

Sapphire. The first laser material to be discovered (ruby laser) employed sapphire 
as a host. The Ah03 (sapphire) host is hard, with high thermal conductivity, and 
transition metals can readily be incorporated substitutionally for the Al. The Al 
site is too small for rare earths, and it is not possible to incorporate appreciable 
concentrations of these impurities into sapphire. Besides ruby which is still used 
today, Ti-doped sapphire has gained significance as a tunable-laser material. The 
properties of ruby and Ti-sapphire will be discussed in Sect. 2.2 and 2.5.2. 

Garnets. Some of the most useful laser hosts are the synthetic garnets: yttrium 
aluminum, Y3Als012 (YAG), gadolinium gallium garnet , Gd3Gas012 (GGG) 
[2.6, 10], and gadolinium scandium aluminum garnet Gd3SczAh012 (GSGG) 
[2.6, 11]. These garnets have many properties that are desirable in a laser host 
material. They are stable, hard, optically isotropic, and have good thermal con
ductivities, which permits laser operation at high average power levels. 

In particular, yttrium aluminum garnet doped with neodymium (Nd: YAG) 
has achieved a position of dominance among solid-state laser materials. YAG is a 
very hard, isotropic crystal, which can be grown and fabricated in a manner that 
yields rods of high optical quality. At the present time, it is the best commercially 
available crystalline laser host for Nd3+, offering low threshold and high gain. 
The properties of Nd: YAG are discussed in more detail in Sect. 2.3.1. Besides 
Nd3+, the host crystal YAG has been doped with Tm3+, Erl+, Ho3+, and Yb3+. 
Laser action in these materials are reported in [2.12, 13]. 

In recent years, Nd: GSGG co-doped with cTJ+ has been employed in a 
number of laser systems. cTJ+ considerably increases the absorption of flashlamp 
radiation and transfers the energy very efficiently to Nd. This important laser 
will be discussed in more detail in Sect. 2.3.3. 

Aluminate. In 1969 a crystal host derived from the same Yz03-Alz03 system 
as YAG became commercially available [2.15]. The crystal yttrium ortho alu
minate (YAl03), termed YAlO or YAP, is the only solid-state material other 
than Nd: YAG to exhibit the high conductivity and hardness combined with low 
threshold necessary to achieve high average power operation in the cw-pumped 
mode at room temperature. Measurements of the physical and spectroscopic prop
erties of YA103 reveal that they are generally comparable to those of YAG. There 
are, however, several significant differences which enhance its potential value as 
a laser host. These include a faster growth rate and near-ideal distribution co
efficients for rare earth dopants. Also, in contrast to YAG, which is cubic and 
isotropic, YAP is orthorhombic and anisotropic. The anisotropy of the spectral 
properties of YA103 enables one to select crystallographic orientations of the 
laser rod which optimize particular performance characteristics. Thus rod orien
tations can be chosen for high gain and low thresholds or, alternatively, for low 
gain and high energy storage required for Q-switching operation. 
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The fluorescence in Nd: YAl03 occurs predominantly in three strong lines 
at 1.0645, 1.0725, and 1.0795 p.m. For light propagating along the b axis of the 
crystal, the gain is maximum at 1.0795 p.m with the electric field E parallel to 
the c direction, and is comparable to that of the 1.064-p.m line in Nd: YAl03, the 
gain at 1.0645 p.m is larger than at 1.0729 and 1.0795 p.m, but it is only about 
one-half that in Nd : YAG. Laser action in YAP has been achieved with ions 
including Nd3+, E?+, Ho3+, Tm3+ [2.15-18], and }>i3+ [2.168]. 

Despite several major potential advantages of YAP over YAG, such as a 
polarized output, the capability of accepting a higher concentration of Nd, the 
possibility of varying gain by changing the rod axis, and lower costs because of 
faster crystal growth, the material disappeared from the market only two years 
after its introduction. YAP's disadvantages were a lower efficiency than expected 
and erratic performance. It was found, for example, that during the growth process 
Fe3+ impurities enter the single crystal [2.16]. YAP crystals grown or annealed in 
H2+ contain both Fe3+ and OH-, which increase the absorption loss at 1.06 p.m 
and cause fluorescence quenching. Recently, however, it has been possible to 
grow high-optical-quality YAP crystals, and there is renewed interest in this 
matenal [2.14]. 

Oxysulfide. The application of rare earth oxysulfides as laser host materials 
has also been explored. The entire oxysulfide series, from lanthanum oxysulfide 
through lutetium oxysulfide and yttrium oxysulfide, possess the same (uniaxial) 
crystal structure. Thus, solid solutions of any concentration of rare earth acti
vator in any other rare earth oxysulfide host are possible. Host materials which 
are transparent from 0.35 to 7 p.m include lanthanum, gadolinium, yttrium, and 
lutetium oxysulfide. Laser action was observed at 1.075 p.m for Nd and La2+02+S. 
The lasing transition cross section of Nd : LOS was measured to be about one
third of that of Nd: YAG [2.19]. At present the optical quality of LOS crystals 
is far below the quality of YAG crystals. 

Phosphates and Silicates 

Laser oscillations have been produced in crystals of Nd3+ -doped calcium fluo
rophosphate or Cas+(P04+hF. The host crystal has the mineral name fluorapatite, 
from which the name FAP was coined [2.20]. This material is unique in that the 
Nd3+ fluorescence spectrum is predominantly concentrated in a single narrow 
and intense line, whereas the absorption spectrum is relatively broad and intense. 
Fluorapatites have low oscillation thresholds and high slope efficiencies, but they 
are soft, are susceptible to the formation of color centers, and their low thermal 
conductivity leads to strong thermal distortions. Because of these latter proper
ties, FAP did not become a popular laser material. In 1972 another apatite became 
available: silicate oxyapatite or CaLaSOAP. In contrast to FAP, CaLaSOAP is 
considerably harder; however, its thermal conductivity is nearly equal to FAP's 
and only one-ninth the thermal conductivity of YAG. 
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The energy storage in Nd: SOAP is about five times that of YAG. In ad
dition to SOAP's high energy storage, the material has the potential that large 
crystals can be grown inexpensively. Crystals 15 em long with diameters as large 
as 1.2 em have been grown at growth rates of 2 to 3 mm/h. It was reported that 
the optical quality of SOAP rods 7.5 by 0.6 em was comparable to the quality 
of YAG rods with undetectable scattering and less than 0.5 fringe. The main 
disadvantages of SOAP are a low laser damage threshold and low thermal con
ductivity. Physical, spectroscopic, and laser characteristics of neodymium-doped 
silicate oxyapatite are reported in [2.21-23]. 

Laser action has been achieved in the neodymium pentaphosphates 
YNdPsOt4• LaNdPsOt4. and ScNdPsOt4 [2.24--28]. An outstanding property of 
these materials is the high gain which can be achieved as a result of the favorable 
position of the 411512 manifold relative to the upper laser states. As a result of the 
high gain, cw oscillation at room temperature has been obtained in ScNdPsOt4 
with a pump power of only 4mW using an argon laser as a pump source [2.28]. 

Thngstates, Molybdates, Vanadates, and Beryllates 

Ca W04 was the most popular material for Nd before YAG became commercially 
available. The rare earth substitutes for Ca, but only in the trivalent oxidation 
state, and hence charge compensation is needed. For optimum laser performance, 
substitution of Na+ for Ca2+ was found to be best [2.29]. The material is very 
prone to fracture, even when well annealed, and thus considerable care is required 
when the boules are being fabricated into laser rods. The thermal conductivity 
is three to four times greater than that of the glasses. The absorption spectra of 
Nd3+ in this material consists of a large number of rather fine lines. 

Sodium rare earth molybdates and tungstates have served as host mate
rials for active ions. In these materials, which are similar to Ca W04 and 
CaMo04, one-half of the calcium atoms are randomly replaced with sodium 
and the other half with rare earth. Laser action has been observed from Nd3+ in 
NaLa (Mo04)z and NaGd(W04)z and from NaNd(W04)z. Interest in Nd: NaLa 
(Mo04)z stems from the fact that this material has a low gain, intermediate 
to Nd: glass and Nd: YAG and thus is capable of higher efficiencies than the 
former material and greater energy storage than the latter material [2.30]. The 
thermal conductivity of Nd: NaLa(Mo04) is three times that of Nd: glass. How
ever, the lower thermal conductivity and the higher thermal expansion coefficient 
of Nd:NaLa(Mo04)z as compared to Nd:YAG results in a Nd:NaLa(Mo04)z 
laser rod having much greater thermal stress than a Nd: YAG rod when both are 
subjected to the same average input power during lasing action. 

Nd3+ -doped yttrium orthovanadate (YV04) has shown relatively low 
threshold at pulsed operation [2.31]. However, early studies of this crystal were 
hampered by severe crystal growth problems, and as a result YV04 was discarded 
as a host. Although larger and better samples became available eventually [2.10a], 
the poor thermal properties precluded any further interest. Very recently the ma
terial was pumped by a laser diode and a 12% overall conversion efficiency was 
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achieved [2.32a]. This is the highest wall-plug efficiency reported to date for any 
solid-state laser. For Nd: YV04 the laser threshold is lower and the stimulated 
emission is 2.7 times higher than that of Nd: YAG [2.32b]. 

A candidate of the beryllates is Nd3+ -doped lanthanum beryllate (Nd: La2 
Be20s) which is commercially available as a laser material [2.33]. Since La3+ is 
the largest of the rare-earth ions, La2Be20s (BEL) has large distribution coeffi
cients for other trivalent rare-earth ions. For this reason boules of BEL with high 
concentrations of rare-earth ions are much more readily grown than are YAG 
and other hosts based on the yttrium ion. Since the thermal conductivity and the 
cross section are considerably lower than those of YAG [2.32b] the material has 
not found acceptance in the market place. 

An interesting property was reported by Chin et al. [2.32c] regarding this 
material. Nd: BEL is optically bi-axial, and has positive and negative thermal 
coefficients for the refractive index. Therefore, an optical path can be selected 
which minimizes thermal lensing, thus leading to athermal behavior. 

Fluorides 

The divalent fluorides are relatively soft, isotropic crystals. Rare earth-doped 
CaF2 crystals have been studied extensively [2.3, 34], since this material was 
the host of many early solid-state lasers. The doping of trivalent rare earth into 
fluoride hosts requires charge compensation, which represents a major drawback. 
In recent years yttrium lithium fluoride (YLiF4), a uniaxial crystal, has received 
attention as a host for Ho3+, EiJ+ [2.35] and Nd3+ [2.36]. YLiF4 is transparent 
to 1500 A, therefore, high-current-density xenon flashlamps which emit strongly 
in the blue and near-ultraviolet can be used as pump sources without damage to 
the material. The linewidth of Er: YLF is only 10 em -I, indicating fairly high 
gain. In order to obtain efficient operation from a Ho : YLF laser, the material 
must be sensitized with Er-Tm. 

Nd : YLF offers a reduction in thermal lensing and birefringence combined 
with improved energy storage relative to Nd: YAG. The thermomechanical prop
erties ofNd:YLF, however, are not as good as those ofNd:YAG. Considerable 
development of Nd : YLF has taken place in the areas of crystal growth, spec
troscopy, material characterization and laser physics. The Nd: YLF laser will be 
discussed in Sect. 2.3.4 since it is one of the most important laser materials. 

Ceramics 

Laser action has also been achieved by doping optical ceramic with Nd [2.37, 38]. 
Advantages of this type of host material over glass or crystals include low cost 
and higher thermal conductivity, and better thermal shock resistance compared 
with glass. However, glass ceramics are plagued with high scattering losses. 
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2.1.2 Active Ions 

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

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

To designate an atomic energy term one uses by convention capital letters with 
a system of subscripts and superscripts. The symbol characterizing the term is of 
the form 28+1 LJ, where the resultant orbital quantum numbers L = 0, 1,2,3,4 
are expressed by the capital letters S, P, D, F, G, H. A superscript to the left of 
the letter indicates the value (2S + 1), i.e., the multiplicity of the term due to 
possible orientation of the resultant spin S .. Thus a one-electron system (S = ~) 
has a multiplicity 2. L and S can combine to various resultants J, indicated by a 
subscript to the right of the letter. Thus the symbol 2 P3; 2 shows an energy level 
with an orbital quantum number L = 1, a resultant spin of S = ~. and a total 
angular momentum of J = ~. The complete term description must include the 
configuration of the excited electron, which precedes the letter symbol. Thus the 
ground state of Li has the symbol 2s2 S1 12• 

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

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

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

Rare Earth Ions 

The rare earth ions are natural candidates to serve as active ions in solid-state 
laser materials because they exhibit a wealth of sharp fluorescent transitions 
representing almost every region of the visible and near-infrared portions of the 
electromagnetic spectrum. It is a characteristic of these lines that they may be 
very sharp, even in the presence of the strong local fields of crystals, as a result 
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of the shielding effect of the outer electrons. The outermost electrons of these 
ions form a complete rare gas shell, which is the xenon shell with two 5s and six 
5p electrons. This shell is optically inactive. Next inside the xenon shell is the 
4 f shell, which is filled successively in passing from one element to the next. 
Trivalent cerium, Ce3+, has one 4f electron, and trivalent ytterbium, Yb3+, has 
13. As long as the 4/ shell is not completely filled with 14 electrons, a number 
of 4 f levels are unoccupied, and electrons already present in the 4 f shell can be 
raised by light absorption into these empty levels. The sharp lines observed in 
rare em:th absorption and emission spectra are ascribed to these transitions, and 
the sharpness of the lines is explained by the fact that the electrons making the 
transition lie inside the xenon shell and thus interact only weakly with outside 
ions. Table 2.1 shows the population of the outermost electron shells of the rare 
earths. 

Rare earth ions usually exist in solids in either the trivalent or the divalent 
state. A divalent rare earth ion is formed when the atom gives up its outermost 
6s electrons. When a trivalent ion is formed the atom. also loses its 5d electron 
if it has one; otherwise, one of the 4 f electrons is lost. 

Neodymium. Nd3+ was the first of the trivalent rare earth ions to be used in a 
laser, and it remains by far the most important element in this group. Stimulated 
emission has been obtained with this ion incorporated in at least 40 different host 
materials, and a higher power level has been obtained from Nd lasers than from 
any other four-level material. The principal host materials are YAG and glass. 
In these hosts stimulated emission is obtained at a number of frequencies within 
three different groups of transitions centered at 0.9, 1.06, and 1.35 Jlm. Radia
tion at these wavelengths results from 4 F3/2-+ 4 19/2• 4111 /2, 4113/2 transitions, 
respectively. 

The nomenclature of the energy levels may be illustrated by a discussion 
of the Nd3+ ion. This ion has three electrons in the 4/ subshell. In the ground 

Table2.1. Electronic structure of elements 59 to 71. (For comparison, Xe has been added to the list) 

Number Element Outermost electron shell 

54 Xenon, Xe 4d10 - 5s2 5p6 - -
59 Praseodymium, Pr 4d10 4/3 5s2 5p6 - 6s2 
60 Neodymium, Nd 4d10 4r 5s2 5p6 - 6s2 
61 Promethium, Pm 4d10 4/5 5s2 5p6 - 6s2 
62 Samarium, Sm 4d10 4r 5s2 5p6 - 6s2 
63 Europium, Eu 4d10 4l 5s2 5p6 - 6s2 
64 Gadolinium, Gd 4d10 4/8 5s2 5p6 5d 6s2 
65 Thrbium, Tb 4d10 4f 5s2 5p6 - 6s2 
66 Dysprosium, Dy 4d10 4/10 5s2 5p6 - 6s2 

67 Holmium, Ho 4d10 4/11 5s2 5p6 - 6? 
68 Erbium, Er 4d10 4/12 5s2 5p6 - 6s2 
69 Thulium, Tm 4d10 4/13 5s2 5p6 - 6s2 
70 Ytterbium, Yb 4d10 4l4 5s2 5p6 - 6s2 
71 Lutetium,Lu 4d10 4/14 5? 5p6 5d 6? 
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state their orbits are so aligned that the orbital angular momentum adds up to 
3 + 2 + 1 = 6 atomic units. The total angular momentum L = 6 is expressed 
by the letter I. The spins of the three electrons are aligned parallel to each 
other, providing an additional ~ units of angular momentum, which, when added 
antiparallel to the orbital angular momentum, gives a total angular momentum 
of 6 - ~ = ~ units. According to the quantum rules for the addition of angular 
momenta, the vector sum of an orbital angular momentum of 6 and a spin angular 
momentum of ~ may result in the following four values of the total angular 
momentum: \• lf, Jf, and Jf. The levels corresponding to these values are 
4 19/2• 4 Inf2• 113/2• and 4 115/2· The first of these, which has the lowest energy, 
is the ground state; the others are among the first few excited levels of Nd3+. 
These levels are distinguished by the orientation of the spins with respect to 
the resultant orbital angular momentum. Other excited levels are obtained when 
another combination of the orbital angular momenta is chosen. 

Erbium. Numerous studies of the absorption and fluorescence properties of er
bium in various host materials have been conducted to determine its potential as 
an active laser ion. Laser oscillation was observed most frequently in the wave
length region 1.53 to 1.66 Jlm arising from transitions between the 4 ! 13;2 state 
and the 4 I1s;2 ground state Er3+. Stimulated emission in the vicinity of 1.6 JLm is 
of interest, because the eye is less subject to retinal damage by laser radiation at 
these wavelengths due to the greatly reduced transmissivity of the ocular media. 

Host materials of erbium have included YAG [2.12], YLF [2.35], YAL03 
[2.39], LaF3 [2.40], CaW04 [2.41], CaF2 [2.42], and various glasses [2.43,44]. 
The terminal level in Er3+ is between 525cm-1 for Er:YAG and 50cm-1 for 
Er: glass. At room temperature all levels of the terminal 4 ! 1512 manifold are 
populated to some degree, thus this transition forms a three-level laser scheme 
with a correspondingly high threshold. Laser action is generally achieved either 
by lowering the temperature to depopulate the higher-lying levels of the 4 I1s;2 
manifold, or by codoping the materials with trivalent ytterbium to improve the 
optical pumping efficiency via Yb3+ -+ Er3+ energy transfer. 

Since YAG possesses the largest ground-state splitting of all host materials 
doped with Er and has other properties which make it the best available host for 
many applications, emphasis is placed mainly on the optimization of sensitized 
Er: YAG. Of particular interest is YAG, highly doped with Er which produces 
an output around 2.9 JLm. 

The erbium glass lasers which have been developed have used phosphate and 
silicate glass and have been co-doped with neodymium, chromium or ytterbium. 
The Nd, Cr or Yb ions act as sensitizing agents by absorbing pump light in 
regions where the erbium is relatively transparent. Er: YAG and Er : glass lasers 
are discussed in greater detail in Sect. 2.4. 

Holmium. Laser action in Ho3+ has been reported in many different host materi
als [2.45]. Because the terminal level is only about 250cm-1 above ground level, 
the lower laser level has a relatively high thermal population at room tempera-
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ture. While Ho: YAG and Ho: YLF have proven to be efficient lasers, operation 
has been limited in most cases to cryogenic temperatures, which will depopulate 
the lower laser level. Previous efforts in flashlamp pumped 2 pm lasers have 
concentrated on Er: Tm: Ho doped YAG and YLF. 

Very recently it was discovered that Cr-sensitized Tm : Ho : YAG offers sev
eral advantages over the Er sensitized materials. In a Cr: Tm: Ho: YAG laser, a 
very efficient energy transfer process between the co-dopants takes place. c~+ 
acts to efficiently absorb flashlamp energy, which is then transferred to Tm with 
a transfer quantum efficiency approaching 2 (2 photons in the IR for each pump 
photon). From Tm the energy is efficiently transferred to Ho. Lasing occurs at the 
5I7-5I8 Ho transition at a wavelength of 2080 nm [2.46]. Laser diode pumping of 
a Tm : Ho: YAG laser via an absorption line in Tm3+ at 780 nm is also possible. 
Chromium doping is not necessary in this case [2.47]. 

Thulium. Efficient flashlamp and laser diode-pumped laser operation has been 
achieved in Tm3+: YAG and Tm3+: YLF co-doped either with ~+ or Ho3+. 

The output wavelength for the 3 F4 - 3 H6 transition is 2.014 pm. The thulium 
ion has an absorption at 785 nm which is useful for diode pumping. Diode
pumped Tm: YAG lasing at 2.01 pm and Tm: Ho: YAG lasing at 2.09 pm have 
been reported [2.52a]. Flashlamp-pumped Cr: Tm : YAG lasers have achieved 
slope efficiencies of 4.5% and pulse energies exceeding 2 J. Cr-doping provided 
for efficient absorption of the flashlamp radiation [2.52b]. Flashlamp-pumped 
Cr: Tm: YAG can achieve tunable output between 1.945 and 1.965 pm. Co
doping Tm : YLF with Ho and pumping with a Ti : sapphire laser resulted in 
laser action at the Tm3+ 3 H4 - 3 F4 transition with laser emission at 1.5 pm 
[2.52c]. Singly-doped Tm: YAG and Tm: YSGG pumped with a cw Ti: sapphire 
laser provides a tunable output from 1.85 to 2.14 pm [2.52d]. 

Praseodymium, Gadolinium, Europium, Ytterbium, Cerium. Laser action in 
all these triply ionized rare earths has been reported; however, only marginal 
performance was obtained in hosts containing these ions. 

Samarium, Dysprosium, Thulium. The divalent rare earths Sm2+, Dy2+, and 
Tm2+ have an additional electron in the 4f shell, which lowers the energy of the 
5d configuration. Consequently, the allowed 4f-5d absorption bands fall in the 
visible region of the spectrum. These bands are particularly suitable for pumping 
the laser systems. Tm2+, Dy2+, and Sm2+ have been operated as lasers, all in 
a CaF2 host. For laser operation, these crystals must be refrigerated to at least 
77K. 

Actinide Ions 

The actinides are similar to the rare earths in having the 5 f electrons partially 
shielded by 6s and 6p electrons. Most of the actinide elements are radioactive, 
and only uranium in CaF2 has been successfully used in a laser [2.3]. The host 
was doped with 0.05 % uranium. Laser action occurred at 2.6 pm between a 
metastable level and a tenninallevel some 515 cm-1 above the ground state. 
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Transition Metals 

Important members of the transition metal group include the ruby (Q-3+ : Alz 
03), alexandrite (Cf3+ : BeAh04) and Ti: sapphire (Ti3+: Alz03) laser, which are 
discussed in separate sections. Laser action has been observed in most other 
transition metals and particularly in Ni2+ and Co2+. Considerable effort has gone 
into investigations of the Co : MgF2 laser. Earlier work has been extended in 
recent years by Moulton et al. who have developed a room temperature Co: MgF2 
laser which is pumped by the 1.32 f..Lm line of a Nd: YAG laser [2.58, 59]. This 
tunable laser will be further described in Sect. 2.5. 

Summary 

Compilations of useful materials, parameters and references on laser host and 
impurity ions can be found in [2.8, 9, 48, 55, 86, 87]. 

2.2 Ruby 

The ruby laser, although a three-level system, still remains in use today forcer
tain applications. From an application point of view, ruby is attractive because 
its output lies in the visible range, in contrast to most rare earth four-level lasers, 
whose outputs are in the near-infrared region. Photodetectors and photographic 
emulsions are much more sensitive at the ruby wavelength than in the infrared. 
Spectroscopically, ruby possesses an unusually favorable combination of a rela
tively narrow linewidth, a long fluorescent lifetime, a high quantum efficiency, 
and broad and well-located pump absorption bands which make unusually effi
cient use of the pump radiation emitted by available flashlamps. 

Physical Properties 

Ruby chemically consists of sapphire (Ah03) in which a small percentage of the 
Al3+ has been replaced by Cf3+. This is done by adding small amounts of Cr20 3 
to the melt of highly purified Ah03. The pure single host crystal is uniaxial and 
possesses a rhombohedral or hexagonal unit cell, as shown in Fig. 2.1. The crystal 
has an axis of symmetry, the so-called c axis, which forms the major diagonal 
of the unit cell. Since the crystal is uniaxial, it has two indices of refraction, 
the ordinary ray having the E vector perpendicular to the c (optic) axis, and the 
extraordinary ray having the E vector parallel to the c axis. 

As a laser host crystal, sapphire has many desirable physical and chemical 
properties. The crystal is a refractory material, hard and durable. It has good 
thermal conductivity, is chemically stable, and is capable of being grown to very 
high quality. Ruby is grown by the Czochralski method. In this procedure the 
solid crystal is slowly pulled from a liquid melt by initiation of growth on high
quality seed material. Iridium crucibles and rf heating are used to contain the 
melt and control the melt temperature, respectively. The crystal boules can be 
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Fig. 2.1. Crystal structure of sapphire 

grown in the oo, 60°, or 90° configuration, where the term refers to the angle 
between the growth axis and the crystallographic c axis. For laser grade ruby the 
60° type is commonly used. 

As has already been stated, the active material in ruby is the c~+ ion. This 
ion has three d electrons in its unfilled shell; the ground state of the free ion is 
described by the spectroscopic symbol '!4.. The amount of doping is nominally 
0.05 weight percent Cr20 3 . However, in some applications it is desirable to lower 
the c~+ concentration to approximately 0.035 weight percent to obtain maximum 
beam quality in ruby oscillators. 

Laser Properties of Ruby 
A simplified energy level diagram of ruby is given in Fig. 2.2. In ruby lasers, 
population inversion with respect to the so-called 2E level is obtained by optically 
pumping c~+ ions from the '!4.2 ground state to the broad pump bands 4F2 and 
4Ft. The lifetime at the pump bands, which are each about 1000 A wide, located 
in the green (18,000cm-1) and in the violet (25,000 cm-1), is extremely short, 
with the ions returning to a metastable state 2E. This metastable level is split 
into two sublevels with a separation of LJ.E = 29 em -I. The upper one is the 2A 
and the lower one the E sublevel. The two transitions (E ~ '!4.2 and 2A ~ '!4.2) 
are referred to as the R1 and R2 lines. Each is approximately 5 A wide at room 
temperature, and the lines lie at the end of the visible, at 6943 and 6929 A. 

At thermal equilibrium the difference in population between the E and 2A 
level is 

n(2A) = exp (LJ.E) = K. 
n(E) kT 

(2.1) 

At room temperature the Boltzmann factor is K = 0.87. The fluorescence in 
ruby consists of the Rt and R2 lines. However, laser action takes place only at 
the Rt line, i.e., between theE and 4}12 level. The Rt line attains laser threshold 
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before the R2 line because of the higher inversion. Once laser action commences 
in the R1 line, the E level becomes depleted and population transfer from the 
nearby 2A level proceeds at such a fast rate that the threshold level is never 
reached for the R2 line. 

The relaxation time between the 2A and E levels is very short, on the order 
of a nanosecond or less. For laser pulses which are long compared to this time 
constant the population ratio of the two states is kept unchanged, but since E 
decays much faster, almost the entire initial population of the two states decays 
through R1 emission. If we compare the energy level diagram of ruby with our 
simplified scheme of a three-level system in Fig. 1.6, the levels 4F1 and 4F2 jointly 
constitute level 3, whereas the 2E and ~2 states represent level 2 and level 1, 
respectively. We can write 

(2.2) 

for the metastable level and N1 for the ground level. Threshold and gain in ruby 
depends only on the population of level n2(R1). However, in relating gain and 
threshold to the population of the ground level n1 or to the total number of cr3+ 
ions ntot. one has to take the population of n2(R2) into account. In ruby all levels 
are degenerate, that is, 

(2.3) 
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Because of the higher degeneracy of the ground state, amplification occurs 
when the R1 level is at least one-half as densely populated as the ground state. 

(2.4) 

The two upper levels are related by 

(2.5) 

Since 

(2.6) 

we have the following population at threshold (300 K) 

(2.7) 

2ntot 
nt = 3 +I< = 0.52ntot . 

Thus we must have just under one-half of the atoms in the two upper levels in 
order to reach threshold. At complete inversion we have 

(2.8) 

nt =0. 

For normal laser operation the population densities of the various levels are 
between those given for threshold and total inversion. The amount of energy 
per unit volume which can be extracted from the inverted ruby depends on 
the population of levels nz(Rt) and nz(Rz), provided that the pulse duration is 
long enough that these two levels remain in thermal equilibrium. With a cr3+ 
concentration of n101 = 1.58 x 1019 cm-3 and a photon energy of hv = 2.86 x 
10-19 Ws, we obtain for the maximum upper-state energy density, when all atoms 
exist in the excited energy states nz(Rt) and nz(Rz), a value of E = n1othv = 
4.52 J/cm3• The maximum energy which can be extracted, assuming complete 
inversion, is, according to (2.7, 8), 

2hvntot 3 
Eex max = 3 + K = 2.35 J/cm . 
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For pulses which are short compared to the relaxation time between levels n2(R1) 

and n 2(R2), only energy stored in the level n 2(R1) can be extracted. Again, 
assuming an initial complete inversion of the material, we can extract a maximum 
energy per unit volume of 

1 2hvntot 3 
Eexmax = 3(l + K) = 1.6J/cm . 

The upper-state energy density at the inversion level Euth = hvnto1(1 + K)/(3+ K) 
has a numerical value of Euth = 2.18J/cm3. The small-signal gain coefficient in 
ruby is 

(2.9) 

where 1721 is the stimulated emission cross section of the R1 line and n2(R1) is 
the population density of the E level. With (2.2, 5 and 6) we can write 

( 3+K ntot) 
go = 1721 2(1 + K) n2 - 2 . (2.10) 

It is customary to express the gain coefficient in terms of the absorption coeffi
cient. Since 1721 = 1712g(n1)jg(R1), the gain coefficient can be expressed as 

( (3 + K)n2 ) 
go = ao (1 + K)ntot - 1 ' (2.11) 

where a 0 = 1712nto1 is the absorption coefficient of ruby. With the approximation 
J( ~ 1 the expressions above can be simplified to 

(2.12) 

With all the chromium ions in the ground state (n2 = 0), the gain of the unexcited 
ruby crystal is go = -a0 • The maximum gain achieved at total inversion (n2 = 
n 101) is go = 2ao/(1 + K) ~ ao. Numerical values for ao and 1712 are obtained 
from the absorption data for ruby. Figure 2.3 shows the absorption coefficient 
and absorption cross section for the R lines of ruby as a function of wavelength 
[2.60]. As one can see from these curves, the absorption coefficient of the R 
lines (and, therefore, gain in the presence of inversion) for light having its E 
vector normal to the c axis is greater than that for light with E parallel to the 
c axis. This accounts for the polarization of the output from lasers employing 
ruby rods with c axis orientations away from the rod axis. The absorption cross 
section at the peak of the R 1 line is seven times higher for a beam polarized 
perpendicular to the c axis as for a beam polarized parallel to the c axis. From 
Fig. 2.3 follows an absorption cross section of 1712 = 1.22 x w-20 cm2 and an 
absorption coefficient of ao = 1712n101 = 0.2cm-1 for the peak of the R1 line 
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Fig. 2.3. Absorption coefficient and cross section of Rt and R2 lines in ruby as a function of 
wavelength, incident beam polarized parallel (E II c) and orthogonal (E ..L c) to c axis of crystal. 
Cr3+ concentration is 1.58 x 1019 cm-3 [2.60] 

(E ..L c) at a doping concentration of n101 = 1.58 x 1019 cm-3• Other published 
values are a 12 = 1.7 x 10-20 cm2 [2.56] and a0 ~ 0.28 cm-1 [2.57]. Using 
Cronemeyer's data we obtain for the stimulated emission cross section in ruby 
a value of a 21 = 2.5 x w-20 cm2• The maximum gain coefficient for complete 
inversion in a 0.05% Cr-doped rod is then 90(max) = 0.215 cm-1. The various 
parameters for maximum gain and absorption in ruby are related according to 

a21 ntot 2a12ntot 2ao 
YO(max) = K + 1 ~ [( + 1 ~ K + 1 · (2.13) 

Despite the 20% lower stimulated emission cross section and the lower popula
tion density, laser action at the R2 line can be achieved in ruby either by em
ploying dielectrically coated resonator mirrors which have a sufficiently higher 
transmission at R1 than at the R2 line, or by inserting a polarizer and a retardation 
plate inside the resonator. 

The absorbed pump energy required to obtain threshold is 

(2.14) 

where vp = 6.25 x 1014 s-1 is the average frequency of the two ~ain pump bands 
and T/1 is the quantum efficiency. Since the average quantum efficiency in ruby 
for the two main pump bands is TJQ ~ 0.70, one obtains Eab = 4.55 J/cm3• 
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Fig. 2.4. Absorption coefficient and cross section of ruby pump bands for unpolarized light as a 
function of wavelength. Cr3+ concentration is 1.88 x 1019 cm-3 [2.57] 

The absorption spectrum of ruby is given in Fig. 2.4 [2.57]. The best-quality 
ruby is grown with the crystal c axis at 60° to the boule axis. From Fig. 2.4 
follows that in this case the absorption spectrum is different for a light beam 
incident parallel or normal to the c axis of the crystal. When such a ruby is 
pumped in a diffuse reflecting pump cavity, the loci of constant inversion are 
elliptical as a result of the differences in absorption of the pump light in directions 
parallel and perpendicular to the c axis. This effect, which causes the beam pattern 
in the near and far field to be elliptical, can be observed experimentally. Important 
ruby laser parameters obtained from (2.55, 57, 61, 62) are listed in Table 2.2. 

Thermal Properties 

Variation of temperature causes a change in wavelength and linewidth of the 
fluorescent lines [2.63, 64]. At 300 K the laser line is centered at ~ 6943 A and 
has a linewidth of ~ 11 em - 1, while at 77 K the line has moved to ~ 6934 A 
and has a linewidth of only ~ 0.15 cm-1• Near room temperature the peak of 
the R1 line shifts ~ 0.05 A/C. In the temperature region from -80 to +20 C the 
wavelength of the ruby laser is given approximately by the formula 

.\(T) = 6943.25 + 0.068(T- 20) , 

where T is the temperature in degrees centigrade. The reduction of the linewidth 
at lower temperatures causes a large increase of the gain coefficient in accordance 
with (1.41). The temperature dependence of pertinent materials parameters for 
ruby is listed in Table 2.3. Note the strong temperature dependence of the thermal 
conductivity [2.65]. 
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Table 2.2. Optical and laser properties of ruby at room temperature 

Propeny 

Cr203 doping 
Cr3+ concentration 
Output wavelengths, 25 C 

Fluorescent lifetime 
Spectral linewidth 
Photon energy (hv) 
Quantum efficiency 
Separation of R 1 and R2 lines 
Absorption coefficient and cross section 

of laser line (R1 level, E .L c) 
Stimulated emission cross section 

Scatter losses 
Major pump bands 

Blue (4040A) 

Green (5540 A) 
Refractive index at 6943 A 

Brewster angle 
Maximum extractable energy 
Maximum upper-state energy density 
Upper -state energy at threshold 

Values and units 

0.05 wt.% 
1.58 x 1019 ions cm-3 

R1, 14403cm-1, 6943A 
R2, 14432cm-1, 6929A 
3.0ms at 300K 
11 cm-1, 5.3 A 
2.86 x w-19 Ws 
0.7 
29cm-1, 8700Hz, 14A 
aR1 = 0.2cm-1 

ITR1 = 1.22 X J0-20 cm2 
0"21 = 2.5 X J0-20 cm2 
asc ~ 0.001 cm-1 

au= 2.8cm-1; O!_L = 3.2cm-1 

au = 2.8 cm-1; O!_L = 1.4 cm-1 
1.763 ordinary ray E j_ c 
1.755 extraordinary ray E II c 
60°37' at 6943 A 
2.35 J/cm3 (complete inversion) 
4.52J/cm3 (complete inversion) 
2.18J/cm3 

Table 2.3. Temperature dependence of ruby parameters 

Temperature dependence of wavelength 

Temperature dependence 
of refractive index (dnf dT) 
Quantum efficiency 

Thermal population of 2A and E levels 

Fluorescent lifetime 

Line width 

Thermal conductivity 

Thermal expansion coefficient 
Specific heat 
Diffusivity 
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o.o65 A;c, 25-so c 
0.045 Ate, -180-0 c 
+12.6 x w-6 c-1 

1.0 at 77K 
0.7 at 300K 
0.1 at 500K 
N(2A)/N(E) = 0.87 at 300K 
N(2A)/N(E) = 0.58 at 77K 
3.0ms at 300K 
4.3ms at 77K 
5.3A at 300K 
0.07 A at 77K 
0.42W cm-1 K-1 at 300K 
lO.OW cm-1 K-1 at 77K 
5.8 x w-6 c-1 

0.18g cal K- 1 

0.13cm2 s-1 



The Ruby c Plane 

In ruby lasers containing optical elements which are dependent on the polarization 
of the beam, the c plane of the ruby crystal must be properly aligned. The proper 
alignment of a ruby laser rod in a system can be done as follows: View the ruby 
in a direction perpendicular to the cylinder axis, and rotate the rod about this 
axis. When the transmitted light is deepest red, you are viewing parallel to the 
c plane. The E vector of the laser radiation will be perpendicular to this plane. 
The light and dark zones, which one sees by looking at a ruby crystal from the 
side and rotating it, are easily explained with the aid of Fig. 2.4. From this figure 
follows that incident light polarized parallel to the c axis is absorbed stronger 
in the 5000 to 6000 A region than light polarized perpendicular to the c axis. 
At the laser wavelength, however, light polarized perpendicular to the c axis is 
absorbed more strongly (Fig. 2.3). 

To achieve fine adjustment of the installed and prealigned laser rod, one can 
place a polarizer in front of and behind the rod. The axes of the polarizer must be 
parallel and normal to the desired plane of polarization of the laser radiation. The 
rod can be viewed between these crossed polarizers by placing a diffuse reflector 
(such as a white piece of paper) behind the polarizer in back and illuminating 
the paper so that it may be seen from the front end of the ruby. As the ruby 
is rotated at small angles (i.e., ± 20°) about its original position, variations in 
the amount of transmitted light will occur. If the ruby is adjusted for maximum 
absorption, the ruby c plane will then be oriented parallel to one of the polarizer 
axes. 

Ruby properties have been summarized in [2.66], and useful parameters listed 
in [2.67]. 

2.3 N d : Lasers 

From the large number of Nd: doped materials the four lasers discussed in more 
detail in this chapter have gained prominence. Nd: YAG, because of its high gain 
and good thermal and mechanical properties, is by far the most important solid
state laser for scientific, medical, industrial and military applications. Nd: glass 
is important for laser fusion drivers because it can be produced in large sizes. 
Very recently, Nd: Cr: GSGG has received considerable attention because of 
the good spectral match between the flashlamp emission and the absorption of 
the Cr ions. An efficient energy transfer between the Cr and Nd ions results in 
a highly efficient Nd: laser. Nd: YLF is a good candidate for certain specialized 
application, because the output is polarized, and the crystal exhibits lower thermal 
birefringence. Nd: YLF has a higher energy storage capability (due to its lower 
gain coefficient) compared to Nd: YAG and its output wavelength matches that 
of phosphate Nd: glass, therefore modelocked and Q-switched Nd : YLF lasers 
have become the standard oscillators for large glass lasers employed in fusion 
research. 
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2.3.1 Nd: YAG 

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

Five years after Geusic et al. [2.6] reported the first successful lasing of 
Nd: YAG, rapid strides had been made in improving both the quality of the 
material and pumping technique so that available cw power outputs rose from the 
fractional watt level initially obtained to several hundred watts from a single laser 
rod [2.68]. On the other hand, in single-crystal Nd: YAG fiber lasers, threshold 
was achieved with absorbed pump powers as small as 1 mW [2.69]. Today, more 
than twenty years after its first operation, the Nd: YAG laser has emerged as the 
most versatile solid-state system in existence. 

Physical Properties 

In addition to the very favorable spectral and lasing characteristics displayed 
by Nd: YAG, the host lattice is noteworthy for its unusually attractive blend of 
physical, chemical, and mechanical properties. The YAG structure is stable from 
the lowest temperatures up to the melting point, and no transformations have 
been reported in the solid phase. The strength and hardness of YAG are lower 
than ruby but still high enough so that normal fabrication procedures do not 
produce any serious breakage problems. 

Pure Y 3Als012 is a colorless, optically isotropic crystal which possesses a 
cubic structure characteristic of garnets. In Nd: YAG about 1 % of Y3+ is substi
tuted by Nd3+. The radii of the two rare earth ions differ by about 3 %. Therefore, 
with the addition of large amounts of neodymium, strained crystals are obtained 
- indicating that either the solubility limit of neodymium is exceeded or that the 
lattice of YAG is seriously distorted by the inclusion of neodymium. Some of 
the important physical properties of YAG are listed in Table 2.4, together with 
optical and laser parameters [2.70-76]. 

Laser Properties 

The Nd: YAG laser is a four-level system as depicted by a simplified energy 
level diagram in Fig. 2.5. The laser transition, having a wavelength of 10641 A, 
originates from the R2 component of the 4F3; 2 level and terminates at the Y3 
component of the 4111 /2 level. At room temperature only 40% of the 4F3 ; 2 popu
lation is at level R2; the remaining 60% are at the lower sublevel R 1 according 
to Boltzmann's law. Lasing takes place only by R2 ions whereby the R2 level 
population is replenished from R 1 by thermal transitions. The ground level of 
Nd: YAG is the 4I 9; 2 level. There are a number of relatively broad energy levels, 
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Table 2.4. Physical and optical properties of Nd: YAG 

Chemical formula 
Weight% Nd 
Atomic% Nd 
Nd atoms/cm3 

Melting point 
Knoop hardness 
Density 
Rupture stress 
Modulus of elasticity 
Thermal expansion coefficient 

[100] orientation 
[110] orientation 
[111] orientation 

Line width 
Stimulated emission cross section 

R2- Y3 
4F3/2 - 4 h112 

Spontaneous fluorescence lifetime 
Photon energy at 1.06 ttm 
Index of refraction 
Scatter losses 
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which together may be viewed as comprising pump level 3. Of the main pump 
bands shown, the 0.81 and 0.75 p,m bands are the strongest. The terminal laser 
level is 2111 em - 1 above the ground state and thus the population is a factor of 
exp(LlE / kT) ~ exp( -10) of the ground-state density. Since the terminal level 
is not populated thermally, the threshold condition is easy to obtain. 

The upper laser level, 4F 312, has a fluorescence efficiency greater than 99.5% 
[2.70] and a fluorescence lifetime of 230 p,s. The branching ratio of emission 
from 4F3J2 is as follows [2.72]: 4F3/2 ~ 4!912 = 0.25, 4F3/2 ~ 4!1112 = 0.60, 
4F3/2 ~ In12 = 0.14, and 4F3/2 ~ 4!1512 < 0.01. This means that almost all the 
ions transferred from the ground level to the pump bands end up at the upper 
laser level, and 60% of the ions at the upper laser level cause fluorescence output 
at the 4! 11 12 manifold. 

At room temperature the main 1.06-p,m line in Nd: YAG is homogeneously 
broadened by thermally activated lattice vibrations. The spectroscopic cross sec
tion for the individual transition between Stark sublevels has been recently mea
sured [2.73] to be a(R2 - }3) = 6.5 x w-19cm2 • At a temperature of 295 I<, 
the Maxwell-Boltzmann fraction in the upper Stark sublevel is 0.427, implying 
an effective cross section for Nd: YAG of a*(4F 312 - 4 ! 1112) = 2.8 x w-19cm2• 

The effective stimulated-emission cross section is the spectroscopic cross section 
times the occupation of the upper laser level relative to the entire 4 F 312 manifold 
population. 

Figure 2.6 shows the fluorescence spectrum [2.75] of Nd3+ in YAG near the 
region of the laser output with the corresponding energy levels for the various 
transitions. The absorption of Nd: YAG in the range 0.3 to 0.9 p,m is given in 
Fig.2.7. Thermal properties of Nd:YAG [2.77] are summarized in Table 2.5. 
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4 6 

(1) (2) (4) (~~ ... 
I/ 
-

Wavelength [AI 

Fig. 2.6. Fluorescence spectrum of Nd3+ in YAG at 300 K in the region of 1.06~tm [2. 75] 
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Table 2.5. Thermal propenies of Nd: YAG 

Property Units 300K 200K lOOK 

Thennal conductivity wcm-1 K-1 0.13 0.21 0.58 
Specific heat W s g-1 K-1 0.59 0.43 0.13 
Thennal diffusivity cm2 s-1 0.046 0.10 0.92 
Thennal expansion K-1 7.5 5.8 4.25 
8n/8T K-1 7.3 x w-6 -

Nd: YAG Laser Rods 

Commercially available laser crystals are grown exclusively by the Czochralski 
method. Growth rates, dopants, annealing procedures, and final size generally 
determine the manufacturing rate of each crystal. The boule axis or growth di
rection is customarily in the [111] direction. The high manufacturing costs of 
Nd: YAG are mainly caused by the very slow growth rate of Nd: YAG, which 
is of the order of 0.5 mm/h. Typical boules of 10 to 15 em in length require a 
growth run of several weeks. 

Boules grown from Nd: YAG typically contain very few optically observ
able scattering centers, and show negligible absorption in the lasing wavelength. 
However, all Nd: YAG crystals grown by Czochralski techniques show a bright 
core running along the length of the crystal when positioned between crossed 
polarizers. Strain flares are also visible, radiating from the core toward the sur
faces of the crystal. Electron microprobe studies have revealed that in the core 
region the Nd concentration can run as much as twice as high as in the sur
rounding areas. The cores originate from the presence of facets on the growth 
interface which have a different distribution coefficient for neodymium than the 
surrounding growth surface. These compositional differences cause correspond-
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ing differences in thermal expansion coefficients which, in tum, give rise to the 
observed stress patterns during the cool down of the crystals from the growth 
temperature. Annealing does not seem to eliminate the cores and, thus far, no 
way has been found of avoiding the formation of facets on the growth interface. 
However, by choosing the growth direction carefully and by maintaining as steep 
an interface angle as is pmctical, the stresses can be confined to a very localized 
region and high-optical quality rods can be fabricated from the surrounding ma
terial. This means, of course, that in order to provide rods of a given diameter, 
the crystal must be grown with a diameter that is somewhat more than twice as 
large. The boules are processed by quartering into sections. At the present time, 
rods can be fabricated with maximum diameters of about 10 mm and lengths 
of up to 150mm. The optical quality of such rods is normally quite good and 
comparable to the best quality of Czochralski ruby or optical glass. For example, 
6mm by 100mm rods cut from the outer sections of 20mm by 150mm boules 
typically may show only 1 to 2 fringes in a Twyman-Green interferometer. 

Neodymium concentration by atom percent in YAG has been limited to 1.0 
to 1.5 %. Higher doping levels tend to shorten the fluorescent lifetime, broaden 
the linewidth, and cause strain in the crystal, resulting in poor optical quality. 
The Nd doping level in YAG is sometimes expressed in different concentration 
units: A concentration of 1.0% Nd atoms in the lattice is equivalent to 0.727% 
Nd or 0.848% Nd20 3 by weight, respectively. The concentration of Nd3+ sites 
in these cases is 1.386 x 1020 cm-3. 

In specifying Nd: YAG rods, the emphasis is on size, dimensional tolerance, 
doping level, and passive optical tests of rod quality. Cylindrical rods with flat 
ends are typically finished to the following specifications: end flat to >./10, ends 
parallel to ± 4 arc seconds, perpendicularity to rod axis to ± 5 minutes, rod 
axis parallel to within ±5° to [111] direction. Dimensional tolerances typically 
are ± 0.5 mm on length and ± 0.025 mm on diameter. Most suppliers furnish 
the laser crystals with a photograph showing the fringe pattern of the crystal 
as examined by a Twyman-Green interferometer. A double-pass Twyman-Green 
interferometer quickly reveals strained areas, small defects, or processing errors. 

In a particular application the performance of a Nd: YAG laser can be some
what improved by the choice of the optimum Nd concentration. As a general 
guideline, it can be said that a high doping concentration (approximately 1.2 %) 
is desirable for Q-switch operation because this will lead to high energy stomge. 
For cw operation, a low doping concentration (0.6 to 0.8 %) is usually chosen to 
obtain good beam quality. 

It is worth noting that in contrast to a liquid or a glass, a crystal host is not 
amenable to uniform dopant concentration. This problem arises as a result of the 
crystal-growth mechanism. In the substitution of the larger Nd3+ for a y 3+ in 
Y3AlsOt2. the neodymium is preferentially retained in the melt. The increase in 
concentration of Nd from the seed to the terminus of a 20-cm long boule is about 
20 to 25 %. For a laser rod 3 to 8 em long, this end-to-end variation may be 0.05 
to 0.10% of Nd203 by weight. 
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Different Laser Transitions in Nd: YAG 

Under normal operating conditions the Nd: YAG laser oscillates at room tem
perature on the strongest 4F3; 2 -+ 4! 11 ; 2 transition at 1.0641 p,m. It is possible, 
however, to obtain oscillation at other wavelengths by inserting etalons or dis
persive prisms in the resonator, by utilizing a specially designed resonant reflec
tor as an output mirror [2.78], or by employing highly selective dielectrically 
coated mirrors [2.79]. These elements suppress laser oscillation at the undesir
able wavelength and provide optimum conditions at the wavelength desired. With 
this technique over 20 transitions have been made to laser in Nd: YAG [2.80]. 
The relative output of those transitions at which room-temperature cw operation 
has been achieved is listed in Table 2.6 [2.80d]. The relative performance is 
compared to 1.064 p,m emission for which 71.5 W output was obtained. 

The 1.064- and 1.061-p,m transitions, 4F3; 2 -+ 4!1112 , provide the lowest 
threshold laser lines in Nd: YAG. At room temperature the 1.064-p,m line 
R2 -+ Y3 is dominant, while at low temperatures the 1.061-p,m line R1-+ Yi 
has the lower threshold [2.81]. If the laser crystal is cooled, additional laser 
transitions are obtained, most notably the 1.839-p,m line and the 0.946-p.m line 
[2.82, 83]. 

The design and operation of a high-power Nd: YAG laser operating at 1.3 p,m 
was reported in [2.84]. The laser achieved in the long-pulse mode an output in 
excess of 8 J per pulse at 5 Hz, and up to 165 W of laser output at 50 Hz. 

Table 2.6. Main room-temperature transitions in Nd: YAG 

Wavelength Relative 
([J-tm), air) Transition Performance 

1.05205 R2---+ Y1 46 
1.06152 R1---+ Y! 92 
1.06414 R2-+ l3 100 
1.0646 R1-+ Y2 ""50 
1.0738 R1-+ l3 65 
1.0780 R1---+ l4 34 
1.1054 R2-+ Ys 9 
1.1121 R2-+ l6 49 
1.1159 R1---+ Ys 46 
1.12267 R!-+ l6 40 
1.3188 R2-+ X1 34 
1.3200 R2-+ x2 9 
1.3338 R1-+ X1 13 
1.3350 R1-+ X2 15 
1.3382 R2---+ x3 24 
1.3410 R2 __. X4 9 
1.3564 R1---+ x4 14 
1.4140 R2---+ x6 
1.4440 R1---+ X1 0.2 
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2.3.2 Nd : Glass 

There are a number of characteristics which distinguish glass from other solid
state laser host materials. Its properties are isotropic. It can be doped at very high 
concentrations with excellent uniformity, and it can be made in large pieces of 
diffraction-limited optical quality. In addition, glass lasers have been made, in a 
variety· of shapes and sizes, from fibers a few micrometers wide supporting only 
a single dielectric waveguide mode, to rods 2m long and 7.5 em in diameter and 
disks up to 90cm in diameter and 5 em thick. 

There is a wide variety of Nd-doped laser glasses depending on the compo
sitions of the glass network former and the network-modifying ions. Among 
various laser glasses only silicates and phosphates are commercially avail
able at present with sufficient optical, mechanical and chemical properties. 
The Nd : phosphates are generally characterized by a large stimulated emission 
cross section (u = 3.7-4.5 x 10-20 cm2) and a relatively small nonlinear index 
(~2 = 0.91-1.15 x 10-13 ESU). Typically, the cross section of a phosphate laser 
glass is 50 % higher than a comparable silicate. The Nd : phosphate glasses have 
been adopted in large laser systems employed for fusion research [2.85-87]. 

Since the advent of lasers, thousands of glasses have been formulated to 
investigate the effects of changes in glass network and network-modifier ions 
on the spectroscopic and lasing parameters of neodymium. The host glass has 
an important influence on the ability of the lasing ion to absorb light from the 
optical pumping source, to store this energy, and to release it to amplify the laser 
beam. Energy storage by the lasing ion is governed by its absorption properties, 
excited-state lifetimes, and quantum efficiency. For rare-earth laser glasses, the 
energy-storage capability varies only slightly with the host glass. The rate of 
energy extraction, on the other hand, is governed by a product of the optical 
intensity of the extracting beam and the stimulated-emission cross section u of 
the lasing ions. Both of these factors are strongly influenced by the characteristics 
of the host glass. Hence, by appropriate choice of the host glass, one can produce 
lasers with wide varying performance. 

The most common commercial optical glasses are oxide glasses, principally 
silicates and phosphates, i.e., Si02 and P20s based. Table 2.7 summarizes some 
important physical and optical properties of commercially available silicate and 
phosphate glasses. The 1053-nm gain cross sections of available phosphates range 
from 3.0 x 10-20 to 4.2 x 10-20 cm2, and are generally larger than the 1064-nm 
cross sections of silicate glasses. Silicate and phosphate glasses have fluores
cent decay times of around 300 JlS at doping levels of 2 x 1()20 Nd atoms/cm3• 

Nonradiative processes account for 50--60% of the excited decay. 
In high-power lasers, with intense radiant fluxes such as employed in fusion 

research, nonlinear contributions to the refractive index and two-photon absorp
tion become critical. It has been shown that those two nonlinear effects are 
minimized in fluoride glasses such as fluorphosphate and fluorberyllate. 
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Table2.7. Physical and optical properties of Nd-doped glasses 

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

Spectroscopic Properties (Kigre) (Kigre) (Hoya) (Hoya) (Schott) (Schott) 

Peak Wavelength [nm] 1062 1054 1054 1054 1061 1054 
Cross Section [ x 1020 em] 2.9 4.0 4.1 4.2 2.7 4.3 
Fluorescent Lifetime [JJS] 340 330 290 315 330 330 
Linewidth FWHM [nm] 27.7 21.9 18.6 20.1 27.8 195 
Density [gm/cc 1 2.55 2.71 2.68 2.83 2.54 2.60 
Index of Refraction [Nd] 1.568 1.545 1.539 1.528 1.561 1503 
Nonlinear Index n2 [10-13 esu] 1.4 1.1 1.28 1.13 1.41 1.04 
dnf dt (20°-40°C [10-6 jO C] 2.9 -0.5 8.6 -5.3 2.9 -6.8 
Thermal Coefficient of Optical 

Path (20°-40°C)[10-6 r C] +8.0 +2.7 +4.6 +0.6 8.0 
Transformation Point [0 C] 518 367 455 485 468 
Thermal Expansion coeff. 

(20o-40o [lo-7 fCCl 90 104 86 127 92.6 138 
Thermal Conductivity 

[w/m] 1.30 0.84 1.19 1.35 0.67 
Specific Heat [J/g · K] 0.93 0.81 0.71 0.75 0.92 0.57 
Knoop Hardness 600 418 497 321 497 
Young's Modulus [kgtmm2] 8570 7123 6910 5109 6249 
Poisson's Ratio 0.24 0.24 0.237 0.258 0.24 0.27 

Laser Properties 

There are two important differences between glass and crystal lasers. First, the 
thermal conductivity of glass is considerably lower than that of most crystal 
hosts. Second, the emission lines of ions in glasses are inherently broader than in 
crystals. A wider line increases the laser threshold value of amplification. Nev
ertheless, this broadening has an advantage. A broader line offers the possibility 
of obtaining and amplifying shorter light pulses, and, in addition, it permits the 
storage of larger amounts of energy in the amplifying medium for the same lin
ear amplification coefficient. Thus, glass and crystalline lasers complement each 
other. For continuous or very high repetition-rate operation, crystalline lasers 
provide higher gain and greater thermal conductivity. Glasses are more suitable 
for high-energy pulsed operation because of their large size, flexibility in their 
physical parameters, and the broadened fluorescent line. 

Unlike many crystals, the concentration of the active ions can be very high in 
glass. The practical limit is determined by the fact that the fluorescence lifetime 
and, therefore the efficiency of stimulated emission, decreases with higher con
centrations. In silicate glass, this decrease becomes noticeable at a concentration 
of 5% Nd203. 

Figure 2.8 shows a simplified energy level diagram of Nd: glass. The Nd3+ ion 
in glass represents a four-level system. The upper laser level indicated in Fig. 2.8 
is the lower-lying component of the 4F312 pair with a several-hundred microsec
ond spontaneous emission lifetime. The terminal laser level is the lower-lying 

55 



11500 cm- 1 

11390 cm-1 

1.06 pm 

Laser 
transition 

2260 cm-1 

1950 cm- 1 

290 cm- 1 
4/ -€ 450cm- 1 

9/2 ~00 cm- 1 

Fig. 2.8. Partial energy level diagram of Nd3+ in glass 

level of the pair in the 4! 11 ; 2 multiplet. The 4! 11 ; 2 group empties spontaneously 
by a radiationless phonon transition to the 4! 9; 2 ground state about 1950cm-1 

below. Published values for the 4! 11 ; 2 level lifetime vary from 10 to lOOns [2.91-
95]. This lifetime is difficult to measure because the transition 4! 11 ; 2 ---+ 4! 912 , at 
a wavelength of 5 f.lm, is absorbed by the glass host. The degeneracy of either 
member of the 4F3 ;2 level is 1. Measurements performed by several researchers 
[2.93, 94] seem to indicate that the degeneracy of the terminal laser level is likely 
to be 1 or 2. 

Due to the large separation of the terminal laser level from the ground state, 
even at elevated temperatures there is no significant terminal-state population 
and, therefore, no degradation of laser performance. In addition, the fluorescent 
linewidth of the neodymium ion in glass is quite insensitive to temperature varia
tion; only a 10% reduction is observed in going from room temperature to liquid 
nitrogen temperature. As a result of these two characteristics, it is possible to 
operate a neodymium-doped glass laser with little change in performance over a 
temperature range of -1 ooo to + 100° C. 

Figure 2.9 shows the pump bands of Nd: glass. In comparing Fig. 2.9 with 
Fig. 2. 7, one notes that the locations of the absorption peaks in Nd: YAG and 
Nd: glass are about the same; however, in Nd: glass the peaks are much wider 
and have less fine a structure compared to Nd: YAG. 

Commercially Available Laser Rods. Glass is a mixture of oxides. Its main 
constituents are nonmetal oxides, such as Si02, B203, and P20s. Different metal 
oxides alter the structure in various ways and make it possible to obtain a large 
variety of properties. The components are mixed before melting, with the laser 
activators also added to the batch. The mixture is heated in a heat-resistant 
crucible. The principal laser glass manufacturers use either platinium or ceramic 
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Fig. 2.9. Absorption versus wavelength of Nd: glass. (Material: ED-2; thickness: 6.3 mm) 

crucibles, clay pots, or ceramic continuous tanks to contain the melt. When the 
melt has reached a high viscosity it is cast into a mold. Finally, the glass in the 
mold is placed into an annealing furnace where it is very slowly cooled down. 

A brief survey of laser glass fabrication techniques can be found in [2.96]. 
Glass laser rods are fabricated in a large variety of sizes. Typical rod sizes are 
between 10 and 50 em in length, with diameters from 1 to 3 em. However, rods 
up to 1m in length and 10 em in diameter are commercially available. Standard 
rod end configurations are the same as those mentioned for ruby and Nd : YAG 
rods. 

Data Sources on Laser Glasses. Useful reviews on glass lasers can be found 
in [2.8, 9, 97-101]. Pertinent materials parameters are listed in the data sheets of 
the major Nd: glass manufacturers [2.90]. 

2.3.3 Nd: Cr : GSGG 

Soon after the invention of the Nd: YAG laser attempts were made to increase 
the efficiency of transferring radiation from the pump source to the laser crystal 
by utilizing a second dopant called a "sensitizer". A particularly attractive sen
sitizer is cr3+ because the broad absorption bands of chromium can efficiently 
absorb light throughout the whole visible region of the spectrum. The concept of 
improving efficiency by co-doping aNd laser crystal with cr3+ ions is based on 
transferring excitation, absorbed by the broad cr3+ absorption bands, over to the 
Nd3+ ions. No improvement was achieved with the host crystal YAG because all 
cr3+ excitation was deposited in the 2E level and the spin-forbidden nature of 
the 2 E --t '}12 transition resulted in an inefficient transfer process. 
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However, researchers at the Lebedev Institute and the University of Hamburg 
[2.102-106] discovered that nearly 100% transfer efficiency could be achieved 
in the co-doped garnet crystal GSGG. Unlike YAG, a large percentage of the 
o-J+ excitation in GSGG appears in the 4T2 state, nonradiative transfer to Nd3+ 
ions can occur via the 4Tz -+ ~2 transition, which is spin-allowed and has a 
good spectral overlap with the Nd3+ levels. Experiments performed in several 
laboratories showed, with flashlamp-pumped operation, nearly a factor-of-three 
improvement in slope efficiency for the doubly doped garnet compared to a Nd: 
YAG crystal. It was found that the pumping efficiency improvement is not a 
strong function of the Cr concentration for the range 1-2 x 1020/cm3 [2.107]. 

Figure 2.10 illustrates the high efficiency which can be achieved with this 
material by comparing it to Nd: YAG and to tunable lasers such as alexandrite 
and Cr: GSGG [2.108]. The experiments were carried out in a silver plated 
single-ellipse pump cavity using a 5 x 75 mm2 flashlamp. The laser rods were 
6 x 75 mm2 in an identical laser-resonator configuration but with output coupling 
optimized for the particular laser. Another comparison between Nd: YAG and 
co-doped GSGG is shown in Fig. 2.11 [2.109]. The efficiency factors indicated 
on the curves are close to state-of-the art performance for both materials. 

The higher pump efficiency of Nd: Cr: GSGG does not automatically trans
late into better system performance because Nd : Cr: GSGG does exhibit much 
stronger thermal focusing and stress birefringence, as compared to Nd: YAG. 
The absorption efficiency and the heat-deposition rate for the Cr: Nd : GSGG 
rod is almost three times those of Nd: YAG, a consequence of the broad red and 
blue absorption bands of the o-J+ sensitizer [2.110]. As a consequence, thermal 
focusing power as a function of lamp input power has been reported to be sev
eral times larger in Cr:Nd :GSGG than in Nd:YAG [2.110, 111]. Therefore, 
if beam brightness is the criteria, rather than output energy, some of the advan
tage of GSGG is offset, particularly at high average powers. Measurements at 
the author's laboratory have shown that under single-shot and low-repetition-rate 
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Fig. 2.12. Absorption spectra of Cr: Nd: GSGG [2.109] 

operation, a factor 2 higher beam brightness is achieved in a GSGG system as 
compared to YAG. However, as the repetition rate is increased, this difference 
became smaller and beam brightness for a given input was about equal in both 
systems at 25Hz for a Q-switched system at lOOmJ output. 

The explanation for the high efficiency of co-doped GSGG follows from 
Fig. 2.12 which shows the absorption spectrum of this material. Two high
intensity cy-3+ absorption bands having maxima at 450 and 640 nm covering 
an appreciable part of the visible region, and narrow Nd lines can be observed. 
In contrast to Nd: Cr: YAG the transfer-time in the GdScGa-Garnet (Cr--+ Nd) 
= 10 ps is about 3 orders of magnitude faster. This is due to a favorable red shift 
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Table2.8. Material propenies of GSGG 

Property 

Thennal conductivity, K. 

Heat capacity, Cp 
Thennal expansion, a 
Young's modulus, E 

Poisson's ratio, v 
Index of refraction, 1060nm 
Change of index with temp. 

at 1152nm, 8n/8T 
Density 
Elasto-optic coefficients 

Pu 
pl2 
p44 

Cr:Nd:GSGG 

6.0W/m°C 
0.40J/g°C 
7.4 x w-6rc 
212MPa 

0.28 
1.942 

10.5 X 10-6 rc 
6.44 

-0.012 
0.019 

-0.0665 

of the 4T2 energy band of Cf3+ and the high radiative transition probability of 
the 4T2 --+ ~2 transition. Both the enhancement of energetic 3d-4 f overlap and 
the increased 3d-3d oscillator strength result in the observed strong multipole 
coupling of the sensitizer crl+ and acceptor Nd3+. 

Material parameters of Cr: Nd: GSGG are listed in Table 2.8. A comparison 
with Nd: YAG reveals a lower thermal conductivity and a lower heat capacity 
for GSGG but, in general, the materials parameters are fairly close. The gain 
of Cr: Nd: GSGG is slightly less than that of Nd: YAG, however, since it has a 
higher saturation fluence, its stored energy before saturation is reached is actu
ally 1.7 times that of YAG [2.107]. Current efforts are aimed at improving the 
optical quality of the material and at increasing the size of the boules suitable 
for fabrication of slabs and large rods [2.112, 113]. 

2.3.4 Nd:YLF 

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

The laser transition of Nd: LiYF4 (Nd : YLF) at 1053 nm matches well to 
the peak gain of Nd doped phosphate and fluorophosphate glasses. As a result, 
it is currently being used in master oscillators for amplifier chains using these 
glasses. Nd: YLF is also employed in medium energy Q-switched oscillator and 
oscillator-amplifiers because it requires fewer stages as compared to Nd: YAG 
lasers for the same output energy. 

The material has also advantages for diode pumping since the fluorescence 
lifetime in Nd: YLF is twice as long as in Nd: YAG. Laser diodes are power 
limited, therefore, a larger pump time afforded by the longer fluorescence time, 
provides for twice the energy storage from the same number of diodes. 

Figure 2.13 shows a simplified energy level diagram of Nd: YLF. Depend
ing on the polarization, two lines each are obtained around 1.05 and 1.3 J.Lm. For 
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--.------.-- 4F112 Fig. 2.13. Simplified energy level diagram of Nd : YLF 
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1.32111m !nl 
or 
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example, with an intracavity polarizer one can select either the 1047 nm (extraor
dinary) or 1053 (ordinary) transition. The same can be done for the two 1.3 J.Lm 
transitions, however, in addition lasing at the 1.05 f.lm lines has to be suppressed. 
All lines originate on the same Stark split 4F3; 2 upper level. 

Material properties of Nd: YLF are listed in Table 2.9. The relatively large 
thermal conductivity allows efficient heat extraction, and its natural birefringence 
overwhelms thermally induced birefringence eliminating the thermal depolariza
tion problems of optically isotropic hosts like YAG. The cross-section for YLF 
is a factor of 2 lower than YAG. For certain lasers requiring moderate Q-switch 
energies, the lower gain offers advantages in system architecture compared to 
the higher gain material Nd: YAG. 

Table2.9. Properties of Nd doped lithium yttrium fluoride (YLF) 

Lasing wavelength [run] 

Index of Refraction 
A= l.0611m 

Fluorescent lifetime 
Stimulated emission 
Cross-section [cm2] 

Density [gm/cm3] 
Hardness [Mohs] 
Elastic modulus [N/m2] 
Strength [N/m2] 
Poisson's ratio 

Thermal conductivity 
[W/cm-K] 

Thermal Expansion 
coefficient [°C-1] 

Melting point [0 C] 

1053 (u) 

1047 (11') 
no= 1.4481 
ne = 1.4704 

480 !1S 
1.8 x 10-19(11') 
1.2 x w- 19(u) 

3.99 (undoped) 
4-5 
7.5 X 1010 

3.3 X 107 

0.33 

0.06 

a axis : 13 X 10-6 
c axis : 8 X 10-6 

825 

61 



10 20 30 

INPUT (JOULES) 

Fig. 2.14. Perfonnance of a Q-switched YLF oscillator (Laser 
rod 0.25 x 2.5 inch, output coupler 30% reflectivity, wave
length 1.0531-'m) [2.114] 

The energy storage in Q-switched operation of Nd oscillators and amplifiers is 
constrained by the onset of parasitic oscillations. To first order, the energy storage 
limit of two materials is inversely proportional to the ratio of the stimulated 
emission cross-section. Therefore, higher storage densities are obtained in the 
lower cross-section material Nd: YLF as compared to Nd: YAG. Figure 2.14 
shows the performance of a Q-switched YLF oscillator, producing an output 
of 400mJ [2.114]. This output level would require the addition of an amplifier 
in the case of a Nd: YAG laser. Single oscillators with up to 0.5 J Q-switched 
output, and oscillator-amplifier configurations with several Joules output usually 
result in less complicated structures if designed with Nd: YLF rods as compared 
to Nd: YAG [2.115, 116]. The weaker thermal lensing in Nd: YLF, coupled with 
its natJJTal birefringence, provide additional advantages in certain applications 
compared to Nd:YAG [2.117, 118]. 

Figure 2.15 shows measured single-pass gain versus pump energy for the two 
transitions [2.117]. The measurements of the Nd: YLF amplifier were performed 
on a 10mm diameter x76mm YLF rod with 1% Nd doping. The crystal was 
pumped in a silver-coated double elliptical pumping head. The YAG data were 
obtained by replacing die Nd: YLF with a 10 mm diameter Nd: YAG rod in the 
same amplifier head. 

2.4 Er : Lasers 

Erbium-laser performance is not very impressive in terms of efficiency or energy 
output. However, recently erbium has attracted renewed attention because of 
two particular wavelengths of interest. A crystal, such as YAG, highly doped 
with erbium produces an output around 2.9 p.m, and Er-doped phosphate glass 
generates an output at 1.54 p.m. Both of these wavelengths are absorbed by water, 
which leads to interesting medical applications in the case of the 2.9 p.m lasers, 
and to eye safe military rangefinders in the case of the shorter wavelength. 
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Fig. 2.15. Single pass gain versus pump 
energy for YLF and YAG [2.117] 

In 1975 Soviet researchers [2.119-121] discovered laser operation at room tem
perature in highly doped Er: YAG, i.e. erbium concentrations around 50%. Laser 
emission occurs at 2940nm. In this country, interest in this material has been 
shown only very recently as a laser for medical applications and as a direct 
source of infrared light. The spectroscopy of E~+ in YAG indicated that the 
upper laser level of the 2940 nm transition is pumped by light at wavelengths 
less than 600 nm. Therefore, the pump efficiency is not very high in this ma
terial. Also, due to a very long, lower-level lifetime the Er: YAG laser cannot 
be Q-switched. The 2940 nm lasing transition is between the 4 ! 11 12 and 4 ! 13 12 
states of the E~+ ion. The lower level has a much longer lifetime than the upper 
level (2 ms as compared to 0.1 ms) and so this transition can be blocked by the 
accumulation of population in the 4 ! 13 12 state. Despite these above mentioned 
drawbacks, the laser is of particular interest due to its wavelength which coin
cides with a water absorption line. Optical absorption by the water in tissue is 
extremely large (> 3000 em -t ), making potential medical applications such as 
plastic surgery very attractive. 

Figure 2.16 shows the output vs. input energy of an oscillator containing 
a 75 mm long by 6.25 mm diameter rod. The pump pulse duration was 170 J1S 
FWHM. At a 2Hz repetition rate, an output of 820mW was generated at an 
efficiency of 0.1% [2.122]. The pump cavity was a double ellipse, silver coated 
and containing two flashlamps with 7 mm bore diameters. 

Recent improvements with co-doping the crystals have increased the effi
ciency to 1% at output energies of up to 1 J for a 200 J1S flashlamp pulse [2.123]. 
TEM00 mode performance yielded 200 mJ per pulse. The results were obtained 
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Fig. 2.16. Output versus input energy for 50% 
Er: YAG pumped in a double elliptical cavity 
by two xenon filled flashlamps [2.122] 

with a 3" x 1 f 4" laser rod, containing 50% erbium. Both output and overall 
efficiency were reduced for rods with lower erbium concentration. 

Besides Er: YAG, other erbium lasers such as Er: YAL03, Er: YLF and 
Er: Cr: YSGG are the subject of current investigations [2.124, 125]. These lasers 
provide additional laser lines between 2.71 to 2.92 flm, or at 1.7 flm or they 
have the potential for improved performance. Also laser emission from Er: YLF 
pumped by a laser diode array for both pulsed and cw modes has been reported 
recently [2.126]. 

2.4.2 Er : Glass 
Erbium has been made to lase at 1.54 flm in both silicate and phosphate glasses 
[2.127, 128]. Due to the three-level behavior of erbium, and the weak absorption 
of pump radiation, co-doping with other rare earth ions is necessary to obtain 
satisfactory system efficiency. In fact, the erbium must be sensitized with ytter
bium if the glass is to lase at all at room temperature. The Yb acts as sensitizing 
agent by absorbing pump light in regions where the erbium ion is relatively 
transparent. The principal absorption band is the Yb3+ band at 1 flm. 

The flash-lamp current density required to match this band is about 1000-
2000Ncm2. Such current densities require pulse times of the order of several 
milliseconds which are, however, compatible with the long fluorescent transition 
lifetimes of the dopant ions. Xenon flashlamps have the spectral output which 
best matches this pumping requirement of the erbium laser. Besides Yb a small 
amount of Nd is usually added to further reduce threshold for laser operation. 
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Fig. 2.17. Er3+ energy level scheme 
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The energy level scheme relevant to theE~+ is between the 4! 13; 2 multiplet in 
the region of 6500cm-1 (1.54 ttm) above the ground state, and the ground state 
4 I 1s ;2 levels (Fig. 2.17). 

The optimum erbium concentration is usually found to fall in the range of 
0.2 to 0.5 wt.% Er203 (or about 2 to 5 x 1019 E~+ ions per cubic centimeter). 
This optimum is a balance between several factors. The E~+ concentration must 
be sufficiently low to produce a reasonable threshold for lasing. The E~+ ion is 
a three-level laser and about 60% of the ions must be excited before threshold 
is reached. However, the E~+ concentration must also be sufficiently high to 
produce a high energy-transfer efficiency from the Yb3+ to the E~+. 

Yb: Er: glass has a relatively low absorption in the regime between 400-
900 nm. The only strong absorption is between 0.9-1 ttm due to a transition in 
Yb3+. As a result, the absorption of Yb : Er : glass does not match the emission 
from ftashlamps very well. The efficiency of ftashlamp pumping can be improved 
by adding c~+ as a sensitizer to the Yb: glass [2.130]. c~+ absorbs ftashlamp 
radiation in two broad bands centered at 450 and 640 nm, and emits radiation 
in a broad band centered at 760 nm. This allows energy to be transferred from 
C~+ to the 4 Ig;2 and 4 111 ; 2 states of E~+ and the 2 Fs;2 state of Yb3+. 

Material properties of Er: Glass are listed in Table 2.10. Q-switched perfor
mance from an erbium phosphate laser glass is illustrated in Fig. 2.18. The laser 
contains a 3 x 50 mm glass-rod, and a rotating prism as Q-switch. Flashlamp 
pulse length is 3 ms. This laser is typical for eye-safe range finders. 

Small, handheld rangefinders are the major application for Q-switched 
Er: glass lasers. High repetition rate, or high-average-power eye-safe military 
lasers, usually employ a Nd: YAG laser which is wavelength-shifted to 1.5 J-lffi 

by means of a Raman cell or parametric oscillator. 
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Table2.10. Material properties of an erbium doped phosphate glass 

Emission wavelength 
Fluorescent lifetime 
Index of refraction at 1.54 pm 
dn/dT 
Thermal expansion (a) 
Thermo-optic coefficient (W) 
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Fig. 2.18. Q-switched performance from an erbium phosphate glass oscillator [KIGRE, Inc.] 

Employing an athennal phosphate glass, a high repetition-rate Er: Glass laser 
has been built and operated at 30 Hz [2.129] for fiber-fault location in commu
nications fiber networks. 

2.5 Thnable Lasers 

In most lasers, all of the energy released via stimulated emission by the excited 
medium is in the fonn of photons. Tunability of the emission in solid-state 
lasers is achieved when the stimulated emission of photons is intimately coupled 
to the emission of vibrational quanta (phonons) in a crystal lattice. In these 
"vibronic" lasers, the total energy of the lasing transition is fixed, but can be 
partitioned between photons and phonons in a continuous fashion. The result is 
broad wavelength tunability of the laser output. In other words, the existence of 
tunable solid-state lasers is due to the subtle interplay between the Coulomb field 
of the lasing ion, the crystal field of the host lattice, and electron-phonon coupling 
pennitting broad-band absorption and emission. Therefore, the gain in vibronic 
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lasers depends on transitions between coupled vibrational and electronic states; 
that is, a phonon is either emitted or absorbed with each electronic transition. 

To put the current research activity in this area in perspective, we note that the 
history of tunable solid-state lasers can be traced back to work performed over 30 
years ago at Bell Laboratories. In 1963, Bell-Labs researchers reported the first vi
bronic laser, a nickel-doped magnesium fluoride (Ni: MgF2) device [2.131]. The 
same group later built a series of vibronic lasers using nickel, cobalt or vanadium 
as the dopant and MnF2, MgO, MgF2, ZnF2, or KMgF3 as the host crystal [2.132-
134]. Tunable in the 1.12 to 2.17 pm range, these flashlamp-pumped lasers had 
a serious drawback: they operated only when cooled to cryogenic temperatures. 
Despite these early results, this field lay dormant for more than a decade, proba
bly because of the need for cryogenic cooling of the laser material, the emergence 
of Nd: YAG and the concentration on dye lasers and, more recently, on color
center lasers [2.135]. The first room-temperature vibronic laser, reported by Bell 
Labs in 197 4, was a flashlamp-pumped Ho : BaY 2F8 device emitting at 2.17 pm 
[2.136]. 

In 1977, the crystal alexandrite (chromium doped BeAh04) was made to lase 
on a vibronic transition at the Allied Corporation [2.137-139]. The crystal field 
strength at the chromium site in alexandrite is sufficiently low to permit thermal 
activation of broad 4T2 fluorescence. The result is a low-gain, four-level laser 
tunable in the range of 0.7 to 0.8 pm. After an ambitious development program 
at Allied, alexandrite has become available on a commercial basis. 

During the mid-1970s, research started on a variety of divalent transition
metal doped crystals such as Ni2+, v2+ and Co2+ at MIT Lincoln Laboratory 
[2.140]. Most of the materials investigated, such as V: MgF2 for example, suf
fered from excited state absorption which reduces the net gain to an unacceptably 
low level. A notable exception is Co2+ : MgF2 which turned out to be a useful 
laser. 

If pumped by a 1.3 pm Nd laser, the cobalt laser is tunable from 1750-2500 
nm. This earlier work resulted also in the discovery of the Ti : sapphire laser 
by Moulton in 1982 [2.149]. In the sapphire host, Ti2+ exhibits no appreciable 
excited-state absorption, and therefore has a tuning range that spans virtually its 
entire fluorescence emission wavelength range. 

In the early 1980s, work carried out at the University of Hamburg and at 
the Lebedev Institute in Moscow demonstrated Cf3+ laser operation in several 
garnet structured crystals. The most promising crystal being flashlamp pumped 
Cf3+-doped Gd3Sc2Ga3012 [2.150-153]. The garnets chosen have ligand fields 
at the chromium site low enough to permit the vibronic, tunable mode of laser 
operation exhibited by alexandrite. 

Interest in tunable solid-state lasers has grown strongly in recent years and is 
best illustrated by the fact that there is now an annual meeting on Tunable Solid 
State Lasers. The proceedings of these meetings provide a wealth of information 
on material and device research in this area (see, e.g., [2.154]). The spectral 
ranges of commercially available tunable lasers are shown in Fig. 2.19. 
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Fig. 2.19. Spectral range of commercially available tunable lasers 

Chromium Laser 

Chromium has enjoyed considerable success as a tunable-laser ion due to the 
special nature of its trivalent d3 electronic configuration. Particular attributes of 
Cr over other transition metals are its chemical stability, broad pump bands, 
large energy-level splitting, and reduced excited state absorption (ESA). These 
advantages have led to at least a dozen crystals being demonstrated as good laser 
hosts for Cr. Chromium has a laser tuning range of about 100nm, with the center 
wavelength shifted by the particular crystal host. 

Alexandrite. Cr in chrysoberyl (BeAh04) occupies the 700-800 nm range and 
was the first tunable ion solid-state laser considered for practical use. Details of 
this commercially available laser material are given in Sect. 2.5.1. 

Cr : GdScGa-Garnet. c~+ -doped Ga garnets present a new class of transition 
metal ion laser which can operate pulsed as well as cw at room temperature 
[2.150-153]. Due to a low-crystal field at the Cr site, the 4A2-'T2 splitting is 
nearly equal to the 4Az-'Tz separation. Thus, in contrast to ruby or alexandrite, 
the fluorescence is totally dominated by the broadband four-level 'T2 ---t 4Az tran
sition. 

Gamet crystals are described by the formula C3A2D3012, where one chooses 
large ions A = Ga, Sc, Lu for the octahedral site, D = Ga for the tetrahedral site, 
and C= Y, Gd, La, Lu for the dodecahedral site. Broadband four-level fluores
cence has been obtained in the 700-950 nm spectral range from Cr-doped YGG, 
YScGG (YSGG), GGG, GdScGG(GSGG), and LaLuGG(LLGG) with lifetimes 
ranging from 240 to 70 ftS, respectively. The crystals are grown by the standard 
Czochralski technique at ~ 1750° C. 

One compound, c~+ -doped GdScGa-gamet, has received particular attention. 
In c~+ -doped GdScGa-gamet, the R-line fluorescence is totally absent and due 
to a large 2400cm-1 Stoke shift of the 'T2 level, the whole fluorescence is 
channelled into the broad band ( 4 level) 'Tz ---t 4Az transition. cw and pulsed laser 
action has been obtained from Cr: GSGG over a tuning range from approximately 
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700 to 900 nm. The development of the alexandrite and TI: sapphire lasers, which 
overlap the tuning range of Cr: GSGG have overshadowed this material, since 
the former can be flashlamp pumped, and the latter has a wider tuning range. 

Cr : KZF 3• This fluorine perovskite has become the second tunable solid-state 
laser material (after alexandrite) to be offered commercially [2.155a, 154a]. 
Cr: KYnF3 operates from 785 to 865 nm, with good slope efficiency when laser 
pumped between 650 to 700 nm. Similarly to Cr: GSGG, this material has been 
pushed into the background by the more versatile Ti : sapphire laser. 

Cr : Forsterite 

Both pulsed and cw laser operation has been achieved in Cr4+ : Mg2Si04 with 
Nd: YAG lasers at 1.06 J.Lm and 532 nm as pump sources [2.141-143]. This laser 
is of interest because the tuning range covers the spectral region from 1167 to 
1345 nm which is not accessible with other lasers. A distinguishing feature of 
laser actions in Cr: Mg2Si04 is that the lasing ion is not trivalent chromium (Crl+) 
as is the case with other chromium-based lasers but the active ion in this crystal 
is tetravalent chromium (Cr4+) which substitutes for silicon (Si4+) in a tetrahedral 
site. Single crystals of Cr-doped forsterite are grown by the Czochralski method. 
Forsterite has a fluorescence lifetime of 25 J.LS and therefore has to be pumped 
by another laser. Stimulated emission cross-section is 1.44 x 10-19 cm2, about 
one-fourth of Nd: YAG. 

Co:MgFz 

Interest in mid-IR lasers is stimulated by remote sensing and medical applications. 
Room temperature operation of Co, Tm, Ho and Er doped materials has made this 
spectral region accessible to practical applications. Co: MgFz has a particularly 
wide tuning range which extends from 1750 to 2500 nm [2.58, 59]. A commercial 
version of this laser employs a 1.32 J.Lm Nd: YAG laser as a pump source. The 
laser achieves an output of 70 mJ at 10Hz repetition rate [2.144]. Q-switching 
has also been achieved at about 20 mJ per pulse. Fig. 2.20 shows the tuning 
range of the Co : MgF2 laser, which requires different sets of optics to span the 
whole range. 

Titanium Laser 

The TI : sapphire laser has an exceptionally wide tuning range and a large gain 
cross-section, i.e., about 50% of Nd: YAG. Also, large, high quality crystals are 
commercially available. These attributes have led to the use of this material for 
specialized laser applications. Further details will be discussed in Sect. 2.5.2. 

Rare-Earth Tunable Lasers 

Rare earth ions doped in appropriate host crystals also exhibit vibronic lasing; 
Ce, Eu, and Sm have lased from 5f-4f transitions, with emission in the blue. The 
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Fig. 2.20. Tuning range of the Co: MgF2 laser [2.144] 
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main difference between transition metal and rare earth ions is that the former 
is crystal field sensitive and the latter is not. As distinct from transition metal 
ions, the broad-band transition for rare earth ions are quantum mechanically 
allowed and therefore have short lifetimes and high cross-sections. The Ce3+ 

laser, using a 5d-4f transition, has operated in the host crystals, LiYF4 and 
LaF3 at wavelengths around 325 and 286 nm, respectively, when pumped by an 
excimer laser [2.156, 157]. Lamp-pumped operation of the Ce3+ laser may be 
possible; such a system would be alternative to the excimer laser as a uv source, 
with the added advantage of broad tunability. 

2.5.1 Alexandrite Laser 

Alexandrite (BeAh04 : c~+) developed by Walling et al. [2.160] is the common 
name for chromium-doped chrysoberyl - one of the olivine family of crystals 
- with four units of BeAh04 forming an orthorhombic structure. The crystal is 
grown in large boules by the Czochralski method much like ruby and YAG. Laser 
rods up to 1 em in diameter and 10cm long with a nominal2-fringe total optical 
distortion are commercially available. The chromium concentration of alexandrite 
is expressed in terms of the percentage of aluminum ions in the crystal which 
have been replaced by chromium ions. The ~+ dopant concentration, occupying 
the Al3+ sites, can be as high as 0.4 atomic percent and still yield crystals of 
good optical quality. A concentration of 0.1 atomic percent represents 3.51 x 1019 

chromium ions per cubic centimeter. 
Alexandrite is optically and mechanically similar to ruby, and possesses many 

of the physical and chemical properties of a gOod laser host. Hardness, strength, 
chemical stability and high thermal conductivity (two-thirds that of ruby and 
twice that of YAG) enables alexandrite rods to be pumped at high average powers 
without thermal fracture. Alexandrite has a thermal fracture limit which is 60% 
that of ruby and five times higher than YAG. Surface damage tests using focussed 
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Table2.11. Material parameters of alexandrite 

Laser wavelength [nrn] 
Stimulated emission cross-section [cm2 ] 

Spontaneous lifetime [ps] 
Doping density [at %] 
Fluorescent linewidth [A] 
Inversion for 1% gain per em [cm-3 ] 

Stored energy for 1% gain per em [J/cm3 ] 

Gain coefficient for 1 J/cm3 stored energy [cm- 1] 

Index of refraction: (750 nrn) 

Thermal Expansion: 

Thermal conductivity: 

Melting point: 

Hardness: 

700-818 
1.0 x 10-20 

260 (T = 298 K) 
0.05-{).3 
1000 
2-10 X 1017 

0.05-{).26 
0.038-{).19 

E II a 1.7367 
E II b 1.7421 
E II c 1.7346 

II a 5.9 X 10-6 /K 
II b 6.1 
II c 6.7 

0.23Wfcm-K 

1870°C 

2000kgfmm2 

7 50 nm radiation indicate that alexandrite is at least as damage resistant as ruby. 
Table 2.11 lists the chrysoberyl material properties [2.158]. 

Due to its orthorhombic structure, alexandrite is biaxial with the principal 
axes of the index ellipsoid along the crystallographic axes. Light emitted from 
the laser is polarized with the E vector parallel to the b axis. The gain in the 
E II b polarization is 10 times that in the alternate polarizations. Alexandrite 
lases at room temperature with flashlamp pumping throughout the range 701 
to 818 nm. The alexandrite absorption bands are very similar to those of ruby, 
and span the region from about 380 to 630nm with peaks occurring at 410 
and 590nm. Figure 2.21 shows the absorption bands of alexandrite. The laser 
gain cross-section increases from 7 X w-21 cm2 at 300 K to 2 X w-20 cm2 at 
475 K which results in improved laser performance at elevated temperature. The 
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Fig. 2.21. Absorption spectrum of alexandrite [Allied Corp. Data Sheet] 
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262 JLS, room-temperature fluorescence lifetime permits effective energy storage 
and Q-switched operation. 

Laser action has also been demonstrated on the R line at 680.4 nm. This 
three-level mode is analogous to the lasing in ruby except that the stimulated 
emission cross-section in alexandrite (3 X IQ-19 cm2) is ten times larger than for 
ruby. 

Kinetics. As noted above, alexandrite can operate both as a four-level vibronic 
laser and as a three-level system analogous to ruby. As a three-level laser, it has 
a high threshold, fixed output wavelength (680.4nm at room temperature) and 
relatively low efficiency. Obviously, the primary interest of alexandrite lies in its 
vibronic nature. 

The basic physics of the 4-level alexandrite laser can be discussed with 
reference to the energy level diagram (Fig. 2.22). The 4A2 level is the ground 
state, and the 4T2 and 4Tt are the two absorption state energy continua. Vibronic 
lasing is due to emission from the 4T2 state to excited vibronic states within 4 A2 • 

Subsequent phonon emission returns the system to equilibrium. Since alexandrite 
is an intermediate crystal field material (E,...., 800 em -t) there is coupling between 
the 2 E state and the 4T2• The lifetimes of each of these states is 1.5 ms and 
6.6 JLS, respectively. The two phosphorescent R lines emitted from 2 E occur in 
the vicinity of 680 nm, as for ruby. The terminal laser level is a set of vibrational 
states well above the ground state. The initial laser level is a level 800 em -I 
above a long lived storage level and in thermal equilibrium with it. 

Due to the vibronic nature of the alexandrite laser, the emission of a photon 
is accompanied by the emission of phonons. These phonons contribute to ther
malization of the ground-state vibrational levels. The laser wavelength depends 
on which vibrationally excited terminal level acts as the transition terminus; any 
energy not released by the laser photon will then be carried off by a vibrational 
phonon, leaving the chromium ion at its ground state. 

Of fundamental importance in the kinetics of alexandrite is the cross-sectional 
probability a2a that the excited chromium ions will themselves absorb laser 
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Fig. 2.22. Energy level diagram for chromium ions in alexandrite. The variable partition in de
excitation energy between photons and phonons leads to wavelength tunability 
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photons circulating in the cavity. This probability must be small compared to 
the effective emission cross section, otherwise the excited ions will absorb a 
significant amount of the emitted laser power before it escapes into the resonator. 
The excited c~+ ions which absorb the laser emission decay immediately back 
to their original excited state distribution, so that there is no net loss of excited 
state population due to excited state absorption. The intracavity flux, of course, 
suffers a loss due to this absorption contributing to additional heating of the laser 
rod. In alexandrite the excited-ion absorption band has a deep broad minimum 
just where the laser emission gain is maximum. At the band center, (J2a is less 
than 10 % of (J. If (J2a were greater than (J then lasing could not occur at all. In 
fact, the latter is responsible for the long-wavelength tuning limit in alexandrite 
[2.159a]. 

Temperature Effects in Alexandrite. As the temperature increases, the gain 
of alexandrite increases, the gain peak shifts to a longer wavelength and the 
fluorescence lifetime decreases. The four-level model can be used to predict 
the temperature dependence of the laser performance. The 2 E state acts as a 
storage level for 4T2. Thus, as the temperature of alexandrite increases, the vi
bronic continua in 4T2 are successively populated from 2 E in accordance with 
the Boltzmann distribution, and the stimulated emission cross-section increases. 

However, raising the temperature also tends to populate the terminal levels 
- especially those which lie closest to the ground level and which therefore 
correspond to the highest-energy (shortest-wavelength) photons. Since laser per
formance is highest with a maximally populated initial level and a minimally 
populated terminal level, it can be seen that increasing the temperature has two 
conflicting effects. The result is that performance is positively affected by tem
perature increases only for wavelengths above 730 nm. 

Another adverse effect of higher temperature on laser performance is the 
reduction of the fluorescent decay time. The fluorescent lifetime is 260 p,s at 
room temperature and 130 p,s at 100° C. The total radiative quantum efficiency is 
nearly constant and equal to unity in the regime of interest. As the temperature 
is increased, the initial laser level (4T2) has an increased share of the excited 
population; since this level has a much higher decay rate than the storage level 
2 E the overall fluorescence lifetime of the upper level (the combined storage and 
initial levels) is reduced. Therefore, at some higher temperature the storage time 
becomes much shorter than the flashlamp pulse duration and much energy is lost 
in fluorescence. This situation limits the advantage derived from the increasing 
population of the initial level. 

There is ·also a shift of the peak of the gain curve to longer wavelength as 
the temperature increases. This is due to an increased optical phonon popula
tion with temperature and therefore a relatively lower population inversion at 
shorter wavelengths; and also due to a shift of the R lines with temperature with 
consequent enhancement of the long wavelength vibronics. 

From the foregoing discussion, one can draw the following conclusions: The 
laser gain is the product of the population inversion between the initial and fi-
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nal levels and the cross section. The gain for a given excited state population 
will increase with temperature, especially for the longer wavelengths where the 
thermal population of the terminal level is negligible. It seems therefore that op
eration at elevated temperatures should be advantageous. For flashlamp-pumped, 
high-energy, Q-switched laser operation, however, a long storage time in the 
upper level is desirable. With increased thermal population in the initial level, 
the fluorescent lifetime decreases. A compromise between gain and storage time 
therefore has to be made. For the shorter wavelengths the thermal population 
of the terminal level is much higher and one expects less improvement with 
increasing temperature. 

Guch [2.159b] evaluated the performance of a flashlamp pumped alexandrite 
laser at temperatures from ambient to 310° C. As illustrated in Fig. 2.23a, the 
variation in laser output over the 34°-310° C range is dramatic. The threshold 
performance indicates that laser gain rises significantly, as temperature increases. 
Figure 2.23b illustrates laser output energy as a function of temperature for a 
fixed input to the flashlamp. The ability of alexandrite lasers to sustain high gain 
and efficiency at temperatures above those normally encountered in solid-state 
lasers is particularly striking. The spectral dependence of the output wavelength 
is shown in Fig. 2.23c. The wavelength increases almost monotonically with 
temperature. The behavior of the alexandrite laser depicted in Fig. 2.23 is qual
itatively in good agreement with the predictions given above, which are based 
on the energy-level diagram. 

Alexandrite Laser Performance. The development of the alexandrite laser has 
reached maturity after over 10 years of efforts. Its current high average-power 
performance is 100W if operated at 250Hz [2.161]. Overall efficiency is close 
to 0.5 %. Tunability over the range of approximately 700 to 818 nm has been 
demonstrated with tuning accomplished in a manner similar to dye lasers: a 
combination of etalons and birefringent filters. With these standard spectral con
trol devices 0.5 em - 1 line widths and tunability over 150 nm has been achieved. 
Alexandrite has been lased in pulsed and cw modes; it has been Q-switched and 
mode locked. 

A rod 10cm long and 0.63cm in diameter, when lased in a stable resonator, 
yields over 5 J long-pulsed, and as much as 2 J with pulse duration less than 
30ns when Q-switched [2.159b]. The reason for such high output energies is 
the fact that alexandrite is a low-gain medium, g = 0.04cm-1-0.1 cm-1 at room 
temperature. Highly stable frequency locking (without loss of bandwidth control) 
was achieved with an injection power ten orders of magnitude smaller than the 
oscillator output [2.162]. 

Commercially available alexandrite lasers feature continuous, automatic tun
ing and a minimum 100 mJ of Q-switched output with 0.2 nm bandwidth over 
the wavelength range from 730-780 nm. 

Because of alexandrite's physical strength and thermal properties, cw oper
ation is possible at room temperature. The bulk of the experimentation to date 
has been with cw xenon arc lamps. cw opera,tion with a mercury arc lamp pump-
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Fig. 2.23. Temperature dependence of alexandrite (a) Alexandrite laser energy as a function of pump 
energy at temperatures from 34 to 310° C. (b) Alexandrite laser output energy as a function of 
temperature for fixed 10.8-J ftashlamp output. (c) Alexandrite laser wavelengths as a function of 
temperature [2.159b] 

ing has proved difficult to achieve, yet output powers of up to 60 W with good 
transverse-mode quality are now being generated [2.164]. cw lasers were also 
acousto-optically Q-switched at rates greater than 10kHz, with peak powers as 
high as 300W and pulsewidth of 1 Jl.S [2.163]. 
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2.5.2 Ti : Sapphire 
Since laser action was first reported [2.149], the Ti: Ah03 laser has been the 
subject of extensive investigations and today it is the most widely used tunable 
solid-state laser. The Ti: sapphire laser combines a broad tuning range of about 
400 nm with a relatively large gain cross-section which is half of Nd : YAG 
at the peak of its tuning range. The energy level structure of the 1i3+ ion is 
unique among transition-metal laser ions in that there are no d-state energy levels 
above the upper laser level. The simple energy-level structure (3d1 configuration) 
eliminates the possibility of excited-state absorption of the laser radiation, an 
effect which has limited the tuning range and reduced the efficiency of other 
transition-metal-doped lasers [2.165]. 

In this material, a Ti3+ ion is substituted for an Al3+ ion in Ah03. Laser 
crystals, grown by the Czochralski method, consist of sapphire doped with 0.1% 
Ti3+ by weight. Crystals of 1i : Ah03 exhibit a broad absorption band, located 
in the blue-green region of the visible spectrum with a peak around 490 nm. 
A relatively weak absorption band is observed in the IR region which has been 
shown to be due Ti3+- Ti4+ pairs [2.148]. This residual IR absorption interferes 
with efficient laser operation, particularly in the case of flashlamp pumping. 
Optimized crystal growth techniques and additional annealing processes have 
drastically reduced this absorption band compared to earlier crystals. The great 
interest in this material arises from the broad vibronic fluorescence band which 
allows tunable laser output between 670-1070 nm, with the peak of the gain 
curve around 800 nm. 

The absorption and fluorescence spectra for Ti : Ah03 are shown in Fig. 2.24. 
The broad, widely separated absorption and fluorescence bands are caused by 
the strong coupling between the ion and host lattice, and are the key to broadly 
tunable laser operation. The laser parameters of 1i : Ah03 are listed in Table 
2.12. 

Besides having favorable spectroscopic and lasing properties, one other ad
vantage of Ti : A1z03 are the material properties of the sapphire host itself, namely 
very high thermal conductivity, exceptional chemical inertness and mechanical 
rigidity. Titanium sapphire is presently available from commercial vendors in 
sizes of 3.5 em diameter by 15 em long and, due to the well-developed growth 
technology for sapphire, of good optical quality. 

1i: sapphire lasers have been pumped with a number of sources such as argon 
and copper vapor lasers, frequency doubled Nd: YAG and Nd: YLF lasers, as 
well as flashlamps. 

Flashlamp pumping is very difficult to achieve in 1i : sapphire because a very 
high pump flux is required. The reason for that is the short fluorescence lifetime 
of 3.2 t-tm which results in a small product of stimulated emission cross-section 
times fluorescence lifetime (ut 1 ). The population inversion in a laser required to 
achieve threshold is inversely proportional to ut 1 as will be shown in Sect. 3.1. 
However, improvements in crystal quality which lead to the removal of residual 
absorption bands, in combination with special flashlamps have resulted in output 
energies of 3 J per pulse at 2% efficiency. The flashlamps designed for high wall 
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Table2.12. Laser parameters of Ti: Al20:! 

Index of refraction 
Fluorescent lifetime 
Fluorescent Iinewidth (FWHM) 
Peak emission wavelength 

n = 1.76 
r = 3.2ps 
LlA...., 180nm 
Ap...., 790nm 

Fig. 2.24. Absorption and fluorescence 
spectra of the Ti3+ ion in Al20:! (sap
phire) [2.165] 

Peak stimulated emission cross section 
parallel to c axis 
perpendicular to c axis 

Up 11...., 4.1 X lQ-19 cm2 

Up _L...., 2.0 X 10-19 cm2 

Stimulated emission cross section 
at 0.795 J.lm <II c axis) 

Quantum efficiency of 
converting a 0.53 J.lm pump photon 
into an invened site 
Saturation fluence at 0.795 pm 

u II= 2.8 X w-!9 cm2 

'TJQ ~ 1 
Esat = 0.9 J fcm2 

loadings were spectrally enhanced by using a dye surrounding the laser rod to 
convert near-uv light from the flashlamp into blue-green fluorescence which is 
within the absorption band of Ti : sapphire. 

Commercial Ti : sapphire lasers are pumped by argon lasers for cw output, and 
by frequency-doubled Nd: YAG or Nd: YLF lasers for pulsed operation. In the 
cw mode, typical performance is close to 1 W output with a 5 W argon laser. With 
the pulsed solid-state lasers, output energies range from a few mJ at repetition 
rates of around 1 Hz, to 100 mJ per pulse at 20 pulses per second. Recently, 
all solid-state Ti : sapphire lasers have been designed which employ diode-array 
pumped, frequency-doubled Nd: YLF and Nd: YAG lasers as the pump source 
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Fig. 2.25. Tuning range of a Ti: sapphire laser pumped by a diode pumped Nd: YLF laser at 1 Hz 
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[2.146, 147]. Figure 2.25 shows the performance of one such system with the 
pump laser operated at 1 Hz. In order to span the tuning range from 670 to 1070 
nm, different sets of optics are required. 
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3. Laser Oscillator 

In Chap. 1 we studied the processes which lead to optical amplification in laser 
materials. The regenerative laser oscillator is essentially a combination of two 
basic components: an optical amplifier, and an optical resonator. The optical 
resonator, comprised of two opposing plane-parallel or curved mirrors at right 
angles to the axis of the active material, performs the function of a highly selec
tive feedback element by coupling back in phase a portion of the signal emerging 
from the amplifying medium. 

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

An optical structure composed of two plane-parallel mirrors is called a Fabry
Perot resonator. In Chap. 5 we will discuss the temporal and spatial mode struc
tures which can exist in such a resonator. For the purpose of this discussion it 
is sufficient to know that the role of the resonator is to maintain an electromag
netic field configuration whose losses are replenished by the amplifying medium 
through induced emission. Thus, the resonator defines the spectral, directional, 

Mirror 

Fig. 3.1. Major components of an optically pumped 
solid-state laser oscillator 
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and spatial characteristics of the laser radiation, and the amplifying medium 
serves as the energy source. 

In this chapter we will develop an analytical model of a laser oscillator that 
is based mainly on laser system parameters. 

3.1 Operation at Threshold 

We will calculate the threshold condition of a laser oscillator composed of two 
mirrors having the reflectivities Rt and Rz, and an active material of length l. 

We assume a gain coefficient per unit length of g in the inverted laser material. 
In each passage through the material the intensity gains by a factor of exp(gl). 
At each reflection a fraction 1 - R1 or 1 - R2 of the energy is lost. Starting at 
one point, the radiation will suffer two reflections before it can pass the same 
point in the original direction. The threshold condition is established by requiring 
that the photon density - after the radiation has traversed the laser material, been 
reflected by mirror with R1, and returned through the material to be reflected by 
mirror with R2 - be equal to the initial photon density. Then on every complete 
two-way passage of the light through the laser the loss will just equal the gain. 
We can express the threshold condition by 

(3.1) 

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

G = Rt Rz exp(2gl) (3.2) 

is larger than 1, radiation of the proper frequency will build up rapidly until 
it becomes so large that the stimulated transitions will deplete the upper level 
and reduce the value of g. The condition of steady state is reached if the gain 
per pass exactly balances the internal and external losses. This process, called 
gain saturation, will be discussed in Sect. 3.2. In an oscillator a number of loss 
mechanisms are responsible for attenuating the beam; the most important ones 
are reflection, scattering, and absorption losses in the mirrors, the amplifying 
medium, and all other elements in the resonator, and diffraction losses. 

We will find it convenient to lump all of the dissipative losses into a sin
gle parameter, the absorption coefficient per unit length a. The condition for 
oscillation is then 

(3.3) 

In Sect. 1.4 we characterized all the loss mechanisms by a single parameter rc 
which is equal to the decay time constant of the radiation in a passive resonator. 
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Resonators are characterized by a quality factor Q, which is defined as the ratio 
of energy stored in the resonator to power dissipated from the resonator per unit 
angular frequency wo. The resonator Q defined in this way is equal to 

2?rrc 
~ To = 2?rvorc , (3.4) 

where wo = 2?rvo = 2?r /To. 
The loss mechanism, besides limiting the lifetime of the oscillation, causes 

a broadening of the resonance frequency. The width Llv of the resonance curve 
at which the intensity has fallen off to half the maximum value is 

(3.5) 

If we introduce this expression into (3.4) we obtain for the Q value 

Q =~ 
Llv" 

(3.6) 

The decay time constant of the radition rc can also be defined as the average 
lifetime of the photons in the resonator. A photon in the resonator will have 
some average lifetime before being scattered or emitted or lost in other ways to 
the optical system. If we relate rc to the fractional power loss e per round trip, 
we obtain 

(3.7) 

where tR = 21' j c is the round-trip time of a photon in a resonator having an 
optical length l'. Rearranging (3.3) yields 

2gl = -lnR1R2 + 2al. (3.8) 

The expression on the right is the total fractional power loss per round trip. Since 
2gl;, e = tR/rc, we obtain 

(3.9) 

Miscellaneous losses, such as absorption and scattering at the mirrors and 
diffraction losses of the resonator, can be thought of as leakage from the rear 
mirror. Hence the reduced reflectivity R2 of the rear mirror R2 = 1 - LM takes 
into account the miscellaneous losses. In practice, LM does not exceed a few 
percent. With the approximation 

(3.10) 
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one can combine the optical losses in the resonator with the losses in the crystal: 

L = 2al+LM. (3.11) 

where L is the two-way loss in the resonator. 
With this approximation (3.9) reduces to 

21' 
'Tc = . 

c(L -lnRt) 
(3.12) 

In a typical pulsed laser, the transmission of the output mirror is around 50% 
and the combined losses are around 10 %. If we assume a typical resonator length 
of 50 em, we obtain a photon lifetime of rc = 5.5 ns. In a continuous Nd: YAG 
laser, transmission of the output mirror is typically 90 %, therefore rc ~ 17 ns, 
all other parameters being the same. 

With the aid of (3.10, 11) we can express the threshold condition (3.3) in the 
following form: 

2gl = L - In R1 ~ T + L . (3.13) 

The approximation -In R1 ~ T is valid only for values of R1 close to one. 
We tum now to the rate equation (1.61), which gives the photon density in the 

amplifying medium. It is clear from this equation that for onset of laser emission 
the rate of change of the photon density must be equal to or greater than zero. 
Thus at laser threshold for sustained oscillation the condition 

(3.14) 

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

1 n>--. 
-CUTe 

(3.15) 

In deriving this expression we have ignored the factpr S, which denotes the small 
contribution from spontaneous emission to the induced emission. The reader 
should note that by introducing g(v8 ) = -o:(v8 ) = nazt (v8 ) according to (1.36) 
and expressing rc by (3.9), this equation is identical to the threshold condition 
(3.3). 

We may write the threshold condition in terms of the fundamental laser 
parameters. Upon substitution of azt (vs) from (1.40), we obtain 

(3.16) 
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The lineshape factor g(v8 , v0 ) and therefore the stimulated emission cross section 
a are largest at the center of the atomic line. Thus from (3.16) we can see 
qualitatively how the linewidth of the laser output is related to the linewidth 
of the atomic system. Self-sustained oscillation which develops from noise will 
occur in the neighborhood of the resonant frequency, because only at a narrow 
spectral range at the peak will the amplification be large enough to offset losses. 
Consequently, the output of the laser will be sharply peaked, and its linewidth 
will be much narrower than the atomic linewidth. 

It is also obvious from this equation that an increase of the inversion by 
stronger pumping will increase the laser linewidth because the threshold condition 
can now be met for values of g(vs, vo) farther away from the center. As we will 
see in Chap. 5 the linewidth of an actual laser system is related to the linewidth 
of the active material, the level of pump power, and the properties of the optical 
resonator. The threshold condition at the center of the atomic line is obtained 
by introducing the peak values of the amplification curve into (3.16). If g(vs, vo) 
has a Lorentzian shape with full width at half-maximum of Llv centered about 
v5 , then g(vo) = 2/'rr Llv and 

(3.17) 

For a Gaussian lineshape, g(v0 ) = 2(7rln2)112 j?TLlv, and the start-oscillation 
condition is still given by (3.17) with Llv replaced by Llv j(1r ln 2)112• Again, we 
have assumed that the laser threshold will be reached first by a resonator mode 
whose resonant frequency lies closest to the center of the atomic line. 

From (3 .17) we can infer those factors favoring high gain and low threshold 
for a laser oscillator. In order to achieve a low threshold inversion, the atomic 
line width Llv of the laser material should be narrow. Furthermore, the incidental 
losses in the laser cavity and crystal should be minimized to increase the photon 
lifetime Tc. It is to be noted that the critical inversion density for threshold 
depends only on a single resonator parameter, namely Tc. A high reflectivity 
of the output mirror will increase Tc and therefore decrease the laser threshold. 
However, this will also decrease the useful radiation coupled out from the laser. 
We will address the question of optimum output coupling in Sect. 3.4. 

We will now calculate the pumping rate Wp which is required to maintain 
the oscillator at threshold. For operation at or near threshold the photon density 
cjJ is very small and can be ignored. Setting cp = 0 in the rate equation (1.58) and 
assuming a steady-state condition of the inversion, 8nf8t = 0, as is the case in a 
conventional operation of the laser oscillator, we obtain for a three-level system 

(3.18) 

and for a four-level system from (1.70) 
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(3.19) 

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

92 
Wp<lh> = -

~191 
(3.20) 

before any inversion at all can be obtained. Whereas for a four-level material the 
spontaneous lifetime has no effect on obtaining threshold inversion, in a three
level material the pump rate required to reach threshold is inversely proportional 
to 721 • Thus, for three-level oscillators only materials with long fluorescence 
lifetimes are of interest. 

The reader is reminded again that (3.18, 19) are valid only for a negligible 
photon flux ¢>. This situation occurs at operation near threshold; it will later be 
characterized as the regime of small-signal amplification. We will now calculate 
the minimum pump power which has to be absorbed in the pump bands of 
the crystal to maintain the threshold inversion. This will be accomplished by 
first calculating the fluorescence power at threshold, since near above threshold 
almost all the pump power supplied to the active material goes into spontaneous 
emission. The fluorescence power per unit volume of the laser transition in a 
four-level system is 

H = hvnth . 
7f 

where n2 = nth is the inversion at threshold. 
In a three-level system at threshold, n2 ~ n1 ~ ntot/2 and 

n hvntot 
.rf ~ --. 

2721 

(3.21) 

(3.22) 

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

Pab = vpH = Pr . (3.23) 
IIL1JQ 1Ju 

The factor vp/IIL represents the ratio of the photon energy at the pump-band 
and the laser wavelength and 1JQ is the quantum efficiency as defined in (1.56 
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and 73). The difference between the pump power and the fluorescence power 
represents the thermal power which is released to the lattice of the crystal. 

3.2 Gain Saturation 

In the previous section we considered the conditions for laser threshold. Thresh
old was characterized by a steady-state population inversion, i.e., onfot = 0 in 
the rate equations. In doing this we neglected the effect of stimulated emission 
by setting 4> = 0. This is a good assumption at threshold, where the induced 
transitions are small compared with the number of spontaneous processes. 

As the threshold is exceeded, however, stimulated emission and photon den
sity in the resonator build up. Far above threshold we have to consider a large 
photon density in the resonator. From (1.58) we can see that on jOt decreases for 
increasing photon density. Steady state is reached when the population inversion 
stabilizes at a point where the upward transitions supplied by the pump source 
equal the downward transitions caused by stimulated and spontaneous emission. 
With on I at = 0 one obtains for the steady-state inversion population in the 
presence of a strong photon density 4> 

( ('y- 1)) ( 1 )-1 
n = ntot Wp - _T_f_ "(Ca</> + Wp + Tf (3.24) 

The photon density 4> is given by the sum of two beams travelling in opposite 
directions through the laser material. 

We will now express (3.24) in terms of operating parameters. From Sect. 1.2 
we recall that the gain coefficient g = -a: is defined by the product of stimulated 
emission and inversion population. Furthermore, we will define a gain coefficient 
which the system would have at a certain pump level in the absence of stimulated 
emission. Setting 4> = 0 in (3.24), we obtain the small-signal gain coefficient 

(3.25) 

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

( 1 "(Ca21</> )-1 
g = go + -~.::.:...;,..--

Wp + (1/rt) 
(3.26) 

where g is the saturated gain coefficient. Equation (3.26) was obtained by intro
ducing (3.25) into (3.24) and using g = a 21 n. 
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We can express 4> by the power density I in the system. With I = cc/>hv we 
obtain 

(3.27) 

where 

( 1) hv 
Is= Wp+- --. 

Tf /0"21 
(3.28) 

The parameter Is defines a flux in the active material at which the small-signal 
gain coefficient g0 is reduced by one-half [3.1]. 

In a four-level system Wp ~ 1 f rr and 1 = 1, so (3.28) reduces to 

T-~ .Ls- . 
a21Tf 

For a three-level system the saturation flux is 

Is= hv[Wp + (ljr21)] . 
0"21[1 + (g2/91)] 

(3.29) 

(3.30) 

As we can see from (3.25), the small-signal gain depends only on the material 
parameters and the amount of pumping power delivered to the active material. 
The large-signal or saturated gain depends in addition on the power density in 
the resonator. 

In a four-level system, a very interesting relationship between the stimulated 
emission lifetime Tst and the saturation power density Is can be obtained. Since 
the total number of downward transitions per second depends on the power 
density, the lifetime of decay for the ex:citation of the upper level will show a 
similar dependence. We may write for the total number of downward transitions 
per second 

8n2 ( 1 1) - =n2 -+-
8t Tf Tst ' 

(3.31) 

where rr is the fluorescence decay time of the upper laser level, and Tst is the 
stimulated emission lifetime. 

From ( 1.1 0, 51) it follows 

hv 
Tst=-I, 

0"21 
(3.32) 

where I is the power density in the active material. Thus, as the excitation 
power is increased beyond the oscillation threshold, the portion of power going 
into stimulated emission increases. Comparing (3.29) and (3.32), we obtain 
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(3.33) 

For a power density in the laser material which equals the saturation power 
density, the stimulated emission lifetime equals the fluorescence decay time of 
the upper laser level. 

Gain saturation as a function of steady-state radiation intensity must be ana
lyzed for lasers with homogeneous and inhomogeneous line broadening. Equation 
(3.27) is valid only for the former case, in which the gain decreases proportion
ately over the entire transition line. As we have seen in Chap. 2, a ruby laser has 
a homogeneously broadened bandwidth, whereas in Nd: glass the interaction of 
the active ion with the electrostatic field of the host leads to an inhomogeneous 
line. However, in solid-state materials such as Nd: glass, the cross-relaxation 
rate is very fast. The latter is associated with any process characteristic of the 
laser medium that affects the transfer of excitation within the atomic spectral 
line so as to prevent or minimize the departure of this line from the equilibrium 
distribution. It has been shown that in the case of a very fast cross-relaxation 
within the inhomogeneous line, the saturated gain is in agreement with that of a 
homogeneously broadened bandwidth [3.2]. 

3.3 Circulating Power 

For a single-pass laser amplifier we can write the equation for energy density at 
each point (x) in the material: 

di(x) goi(x) 
_d_x_ = 1 + I(x)j Is - ai(x). (3.34) 

If we assume unsaturated operation, that is, I(x) ~I., the single-pass gain is 

I(l) 
G =- =exp(go- a)l 

I(O) 
(3.35) 

for a laser amplifier of length l. Due to the loss coefficient a, the gain equation 
(3.34) becomes transcendental and hence only solvable numerically. This is a 
case which we will study in Chap. 4. 

Assume that mirrors are placed at the ends of the laser rod. There are now 
two waves propagating through the amplifier in opposite directions, as shown 
in Fig. 3.2. The gain saturation is a function of the total power density in the 
medium. The calculations of the circulating power density involves the solution 
of two coupled differential equations for the two waves propagating through 
the gain medium. The result of this calculation is presented in [3.1, 3]. For the 
case where the transmission T of the output mirror is small, the results can be 
simplified. In this case 
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Gain - exp(g0 - <><) I 

0 X 

Fig. 3.2. Circulating power traveling from left to right (h) and right to left (h) in a laser oscillator 

Icir ~ Idx) ~ fR(x) , (3.36) 

where h and IR is the power density of the wave propagating to the left and 
right, respectively. 

The power density in the gain medium is therefore 

I== h(x) + IR(X) ~ 2Icir. (3.37) 

If we introduce the value for I into (3.27), we obtain for the saturated gain 
coefficient 

go g :;:: _ _:::.:~-

1 + 2Icir/ Is 
(3.38) 

The output from the oscillator is 

Pout== AieirT (3.39) 

where A is the cross-section of the laser rod. 

3.4 Oscillator Performance Model 

In this section we will develop a model for the laser oscillator. First we will 
discuss the various steps involved in the conversion process of electrical input 
to laser output. After that, we will relate these energy transfer mechanisms to 
parameters which are accessible to external measurements of the laser oscil
lator. The purpose of this section is to gain insight into the energy conversion 
mechanisms and therefore provide an understanding of the qependency and inter-
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Fig. 3.3. Energy flow in a solid state laser system 

relationship of the various design parameters which may help in the optimization 
of the overall laser efficiency. In almost all applications of lasers, it is a major 
goal of the laser designer to achieve the desired output performance with the 
maximum system efficiency. 

3.4.1 Energy-Transfer Mechanisms 
The flow of energy from electrical input to laser output radiation is illustrated 
schematically in Fig. 3.3. Also listed are the principal factors and design issues 
which influence the energy conversion process. There are different ways of par
titioning this chain of transfer processes. This approach was chosen from an 
engineering point of view which devides the conversion process into steps re
lated to individual system components. As shown in Fig. 3.3, the energy transfer 
from electrical input to laser output can conveniently be expressed as a four-step 
process: 

Conversion of Electrical Input Delivered to the Pump Source to Useful Pump 
Radiation. We define as useful radiation, the emission from the pump source 
which falls into the absorption bands of the laser medium. The pump source 
efficiency 1JP is therefore the fraction of electrical input power which is emitted 
as optical radiation within the absorption region of the gain medium. The output 
of a laser diode or a diode array represents all useful pump radiation provided 
the spectral output is matched to the absorption band of the gain medium. We 
will find it convenient to express the pump radiation of a laser diode by the slope 
efficiency 1JP and threshold input energy Emo. The electrical device efficiency 
of the laser diode will be expressed by 1JPS· Typical values for commercially 
available cw and quasi-cw diode arrays are 'fJP = 0.40-0.50 and 'fJPS = 0.30-0.40. 
For flashlamp or cw arc lamp pumped systems, the pump source efficiency may 
be defined as 

(3.40) 

where P>.. is the radiative power per unit wavelength emitted by the lamp, and the 
integral is taken over the wavelength range >.1 to >.2 which is useful for pumping 
the upper laser level. The output characteristics of arc lamps and their depen-
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dency on operating parameters will be discussed in Sect. 6.1. The measurement 
of 'TJP for broad-band sources is somewhat involved and requires either a calori
metric measurement of the power absorbed in a sample of the laser material, or 
integration over the source emission spectrum and the absorption spectrum of 
the gain material. Typical values are 'fJP = 0.04-0.08. 

Transfer of the Useful Pump Radiation Emitted by the Pump Source to the 
Gain Medium. The transfer of flashlamp pump radiation to the laser medium 
is accomplished by means of a completely enclosed reflective chamber or pump 
cavity. The radiation transfer efficiency rrr can be defined as 

(3.41) 

where FP is the useful pump radiation emitted by the source, and Pr is the 
fraction of this radiation transferred into the laser material. The factor T]T is a 
combination of the capture efficiency, defined by the fraction of rays leaving the 
source and intersecting the laser rod, and the transmission efficiency. The former 
is based on the geometrical shape of the pump cavity, diameter and separation of 
the pump source and laser rod. The latter is a function of the reflectivity of the 
walls of the pump cavity, reflection losses at the rod surface and coolant jacket, 
absorption losses in the coolant fluid, and radiation losses through the clearance 
holes at the side walls of the pump cavity. Expressions and numerical values for 
'TJT derived from ray trace analysis or Monte-Carlo techniques for a large number 
of pump cavity configurations are given in Sect. 6.3. For closed coupled cavities, 
typical values are rrr = 0.3-0.6. 

In diode-pumped lasers the radiation transfer is much simpler. In so-called 
end-pumped lasers, the transfer system usually consists of lenses for the collection 
and focusing of diode radiation into the laser crystal. Furthermore, in side-pumped 
systems, the laser diodes are mounted in close proximity to the laser crystal 
without the use of any intervening optics. If we express reflection losses and 
spill-over losses at the optics or active medium by the parameter r, we can write 

rrr = (1 - r) . (3.42) 

Since the laser crystal and optical components are all anti-reflection coated, the 
radiation transfer losses are very small in these systems. Values for the radiation 
transfer efficiency are typically rrr = 0.85--0.98. 

Absorption of Pump Radiation by the Gain Medium and Transfer of Energy 
to the Upper Laser Level. This energy transfer can be divided into two pro
cesses. The first is the absorption of useful pump radiation by the gain medium 
expressed by TJa and the second is the efficient transfer from the ground state to 
the upper laser level expressed by 'Tlu· 

The absorption efficiency is the ratio of power Pa absorbed to power Pr 
entering the laser medium. 
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(3.43) 

The quantity 17a is a function of the absorption coefficient a>. at the spectral region 
of the pump source and the path length in the gain medium. Calculation of 17a 
requires integration of the product of a>. and Pr(.X) over the spectral absorption 
region and volume of the laser medium. If the pump radiation is totally diffuse 
inside the laser rod, as is the case when the lateral surface of the rod is rough 
ground, a good approxi!Dation is 

17a = 2aav~ exp( -aavR) (3.44) 

where R is the radius of the laser rod, and aav is the average absorption coefficient 
taken over the lamp spectral distribution Pr(A) [3.4]. For diode pumped lasers, 
the absorption efficiency can be approximated by 

17a = 1 - exp( -aol) (3.45) 

where a 0 is the absorption coefficient of the laser crystal at the wavelength 
emitted by the laser diode, and l is the path length in the crystal.. Detailed data 
on 17a for both flashlamp and laser diode radiation can be found in Chap. 6. 

The upper state efficiency may be defined as the ratio of the power emitted 
at the laser transition to the power absorbed into the pump bands. This efficiency 
is the product of two contributing factors 

1]u :::: 17Q'f7S (3.46) 

where 17Q is the quantum efficiency, which is defined as the number of photons 
contributing to laser emission divided by the number of pump photons, and 17s 
is the Stokes factor which represents the ratio of the photon energy emitted at 
the laser transition hVL to the energy of a pump photon hl/p• i.e., 

(3.47) 

where Ap and AL is the wavelength of the pump transition and the laser wave
length, respectively. The quantum efficiency is close to 1 for most common laser 
materials. For example, for Nd: YAG emitting at 1064 nm which is pumped by 
a laser diode array at 808 nm, we obtain 1lQ = 0.95, 1lS = 0.16, and 17u = 0.72. 
In a flashlamp-pumped system, the value of 1lS is an average value derived from 
considering the whole absorption spectrum of the laser. 

Conversion of the Upper State Energy to Laser Output. The efficiency of this 
process can be divided into the fractional spatial overlap of the resonator modes 
with the pumped region of the laser medium and the fraction of the energy stored 
in the upper laser level which can be extracted as output. 
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The beam overlap efficiency 7JB describes the spatial overlap between the 
resonator modes and the pump power, or gain distribution of the laser medium. 
In an amplifier, 7JB is a measure of the spatial overlap of the input beam with 
the pump or gain distribution in the laser material. This subject usually does not 
receive a lot of attention in laser literature, but a poor overlap of the gain region 
of the laser with the laser-beam profile is often the main reason why a particu
lar laser performs below expectations. For example, the generally disappointing 
performance of slab lasers can often be traced to an insufficient utilization of 
the rectangular gain cross-section by the laser beam. Likewise, the low overall 
efficiency of lasers with a TEMoo mode output is the result of a mode volume 
which occupies only a small fraction of the gain region of the laser rod. On the 
other hand, so-called end-pumped lasers, where the output from a laser diode 
pump is focused into the gain medium, achieve near perfect overlap. 

Instead of comparing the pump with the mode volume, it is often sufficient 
to compare the cross-sections, if we assume that the radial distribution of the 
resonator mode does not change appreciably inside the laser rod. For example, 
in a 50 em long resonator, with two curved mirrors of 5 m radius at each end, 
the TEMoo mode changes only 5% over the length of the resonator (Sect. 5.1.3). 
In this case, it is convenient to express the beam fill factor as the spatial overlap 
of the transverse mode structure and radial pump power distribution. 

The beam overlap efficiency 7JB can be defined by an overlap integral between 
the pump and resonator mode distribution [3.5, 6]. This quantity can be calculated 
from 

T]B = J 9r(r)Is(r)27rr dr/ J I~(r)hr dr (3.48a) 

where g(r) is the gain profile and Is is beam profile. If we assume Gaussian 
profiles with spot sizes of wg and ws for the gain and beam profiles, respectively, 
we can derive a beam overlap efficiency 

and 

2w2 

1JB = w2 + : 2 for wg > ws 
g B 

?JB=l for wg:::;ws. 

(3.48b) 

(3.48c) 

For a multimode laser, the pump and cavity modes have a high spatial overlap 
and the extraction efficiency is close to unity. In the case of side-pumped lasers 
with a fundamental-mode output, the spatial overlap can be low if the pump- and 
cavity-mode distributions are not adjusted for good overlap. 

Values for "'B can range from as low as 0.1, for example, for a laser rod 
of 5 mm diameter operated inside a large radius mirror resonator containing a 
1.5 mm aperture for fundamental mode control, to 0:95 for an end-pumped laser 
operating at TEMoo. Innovative resonator designs, employing unstable resonators, 
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internal lenses, variable reflectivity mirrors, etc. can achieve TEMoo mode oper
ation typically at "lB = 0.3-0.5. Multimode lasers typically achieve "lB = 0.8-0.9. 
The overlap of a Gaussian pump and laser beam, such as can exist in an end
pumped solid-state laser, has been treated analytically in the literature [3.6]. If 
a laser oscillator is followed by an amplifier, a telescope is usually inserted be
tween these two stages in order to match the oscillator beam to the diameter of 
the amplifier and thereby optimize "IB· 

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

"7E = Pout/ Pavail · (3.49) 

Expressions for 1JE will be given in Sect. 3.4.2, Chaps. 4 and 8 for the cw oscil
lator, laser amplifier and Q-switch oscillator, respectively. 

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

17c = T/L+T. (3.50) 

As will be explained in the next section, the slope of the output vs input curve of 
a laser is directly proportional to this factor, whereas the overall system efficiency 
of a laser is directly proportional to 1JE. 

The conversion processes described so far are equally applicable to cw and 
pulsed lasers, provided that the power terms are replaced with energy and inte
gration over the pulse length is carried out where appropriate. The energy flow 
depicted in Fig. 3.3 can also be extended to laser amplifiers and Q-switched sys
tems because the discussion of pump source efficiency, radiation transfer, etc. is 
equally applicable to these systems. Even the definition for the extraction effi
ciency remains the same, however the analytical expressions for "7E are different 
as will be discussed in Chap. 4 for the laser amplifier. 

If the laser oscillator is Q-switched, additional loss mechanisms come into 
play which are associated with energy storage at the upper laser level and with 
the transient behavior of the system during the switching process. The Q-switch 
process will be described in detail in Chap. 8. However, for completeness of the 
discussion on energy transfer mechanisms in a laser oscillator, we will briefly 
discuss the loss mechanisms associated with Q-switch operations. 

In a Q-switched laser, a large upper state population is created in the laser 
medium, and stimulated emission is prevented during the pump cycle by intro
duction of a high loss in the resonator. At the end of the pump pulse, the loss 
is removed (the resonator is switched to a high Q) and the stored energy in the 
gain medium is converted to optical radiation in the resonator from which it is 
coupled out by the output mirror. 
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There are losses prior to opening of the Q-switch, such as fluorescence losses 
and Amplified Spontaneous Emission (ASE) losses which will depopulate the 
upper state stored energy. Also, not all of the stored energy available at the 
time of Q-switching is converted to optical radiation. For a Q-switched laser, the 
extraction efficiency 7JE in Fig. 3.3 can be expressed as 

1]E = 7}St7JASE1]EQ (3.51) 

where 7]s1 and 7JASE account for the fluorescence and ASE losses prior to the 
opening of the Q-switch, and 1JEQ is the extraction efficiency of the Q-switch 
process. 

Assuming a square pump pulse of duration tp. the maximum upper state 
population reached at the end of the pump cycle is given by [3.3] 

(3.52) 

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

[1- exp(-tp/rr)] 
1}St = t I . 

p Tf 
(3.53) 

The storage efficiency 7JSt is therefore the ratio of the energy stored in the upper 
laser level at the time of Q-switching to the total energy deposited in the upper 
laser level. From the expression for 7]s1 follows that for a pump pulse equal to 
the fluorescence lifetime (tp = rc) the storage efficiency is 0.63. Clearly, a short 
pump pulse increases the overall efficiency of a Q-switched laser. However, a 
shorter pump pulse puts an extra burden on the pump source because the pump 
has to operate at a higher peak power to deliver the same energy to the laser 
medium. 

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

We can define 7JASE as the fractional loss of the stored energy density to ASE 
and parasitic oscillations 

7JASE = 1 - EAsE/ EsT . (3.54) 

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

The fraction of the stored energy EsT available at the time of Q-switching to 
energy EEx extracted by the Q-switch can be expressed as the Q-switch extraction 
efficiency 

'flEQ = EEX/ EsT . (3.55) 

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

3.4.2 Laser Output 

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

After the pump source in a laser oscillator is turned on, the radiation flux in 
the resonator which builds up from noise will increase rapidly. As a result of 
the increasing flux, the gain coefficient decreases according to (3.38) and finally 
stabilizes at a value determined by (3.13). A fraction of the circulating power 
is coupled out of the resonator and appears as useful laser output according to 
(3.39). If we combine (3.13, 38, 39), the laser output takes the form 

P. t = -- Aisgol - --( T ) TAis 
ou T+L 2 . (3.56) 

In this equation, Is is a materials parameter, A and l are the cross-section and 
length of the laser rod, respectively, and Tis the transmission of the output cou
pler. These quantities are usually known, whereas the unsaturated gain coefficient 
go and the resonator losses L are not known. We will now relate go to system 
parameters, and describe methods for the measurement of g0 and the losses L in 
an oscillator. 

The Four-Level System. The population inversion in a four-level system as a 
function of pump rate is given by (3.19). Making the assumption that Wprc ~ 1 
and multiplying both sides of this equation by the stimulated emission cross 
section yields 

go = azt no Wprc . (3.57) 

Now we recall from Chap.1, that Wpno gives the number of atoms transferred 
from the ground level to the upper laser level per unit time and volume, i.e., 

(3.58) 
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where P~b/vp V are the number of atoms transferred to the pump band per unit 
time and volume, and t]Q and 1JS are the quantum efficiency and Stokes factor 
defined earlier, respectively. If we introduce (3.58) into (3.57), we can express 
the small signal gain coefficient in terms of absorbed pump power 

(3.59) 

where Is is the saturation flux defined in (3.29), and the absorbed pump power 
P~b in the gain region is related to the total absorbed pump power Pab in the 
laser rod by P~ = t]BPab· The beam overlap efficiency 1JB was defined in (3.48). 
With (3.46, 56, 59), we can express the laser output in terms of absorbed pump 
power 

( T ) !sAT 
Pout= T + L 1Ju1JBPab- - 2- · (3.60) 

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

(3.61) 

With (3.59 and 61) we can establish a simple relationship between the small 
signal, single pass gain and lamp input power 

lnGo = gol = KPm (3.62) 

where for convenience, we have combined all the terms on the right-hand side 
into a single conversion factor 

K = 1]P7]T7Ja7Ju1]B/Als . (3.63) 

With the value of K either calculated or measured, one can plot the small-signal, 
single-pass gain as a function of lamp input power. At the end of this section, we 
will describe an experimental method of determining J(. It is important to note 
that Go= exp(gol) is the one-way gain for a given pump input Pm that would be 
reached in the absence of saturation effects. In the literature, the term is referred 
to as small signal, or unsaturated, single pass gain, or one-way beam-blocked 
gain. 

If we introduce (3.62) into (3.56), the output of the laser can be expressed as 

Pout = us(Pm - Pru) (3.64) 

where as is the slope efficiency of the output vs input curve as shown in Fig. 3.4. 

as = ( T: L) 7JP7JT1Ja7Ju7JB (3.65) 

and Prn is the input power at threshold 
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Fig. 3.4. Laser output vs pump input charac
terized by a threshold input power Pm and 
a slope efficiency us 

Higher losses L 
orlowerK 

(3.66) 

The slope efficiency us is simply the product of all the efficiency factors discussed 
in Sect. 3.4.1. The input power Prn required to achieve laser threshold is inversely 
proportional to the same efficiency factors. Therefore, a decrease of any of the 
ry-terms will decrease the slope efficiency and increase the threshold, as shown 
in Fig. 3.4. In the expressions for us and Prn we have left T and L in explicit 
form, because these parameters are subject to optimization in a laser resonator. 
The factor K, on the other hand, combines system parameters which are related 
to the pump process; they are more difficult to change in a completed system. As 
expected, higher optical losses L, caused by reflection, scattering, or absorption, 
increase the threshold input power and decrease the slope efficiency. 

From (3.37, 39, and 64) we can calculate the laser output power and the total 
flux inside the resonator for a given input power as a function of output coupling. 
The general shape of Pout and I as a function of T are shown in Fig. 3.5. The 
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Fig. 3.5. Laser output power Pout and 
total flux I inside the resonator as a 
function of output coupling T 
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output is zero for T = 0, and also for a very large transmission where the laser 
just reaches threshold for the specified input power, i.e. Tm = 2gol- L. The flux 
inside the resonator is also zero forT= Tm. However, forT= 0, the flux reaches 
a high value in order to drive the gain down to a value which equals the internal 
losses, i.e., 2gl = L. Therefore, 1MAx = [(go/ g) - l]Js and the maximum flux in 
the resonator is determined by the ratio of unsaturated to saturated gain, or by 
the factor the system is operated above threshold. 

As shown in Fig. 3.5, the output reaches a maximum for a specific value of 
T. Equation (3.64) can be readily differentiated with respect to T in order to 
determine the output coupling which maximizes Pout. i.e., 

Topt = ( .j2gol/ L- 1) L . (3.67) 

As we can see from this expression, the transmission of the output mirror must 
be increased if the small signal gain (or input power) is increased In pulsed 
solid-state lasers, the optimum transmission of the output mirror is typically 50-
70%. In cw-pumped systems, the optimum output mirror transmission is usually 
between 2% and 20%. The large difference in the output mirror transmission for 
the two modes of operation is due to the fact that pulsed systems are operated at 
much higher input powers Pm. Pulsed systems therefore have a correspondingly 
higher gain. For example, flashlamp input powers for pulsed systems range typ
ically from lOOkW to lOMW. The smaller value would be realized in a typical 
military-type high-repetition-rate Nd: YAG system pumped by a flashlamp pulse 
of 20 J energy and 200 J.tS duration. A large Nd: glass oscillator would typically 
be operated at 500J input at a duration of the flashlamp pulse of approximately 
500 J.tS. In contrast to these high flashlamp peak powers, continuous lasers such 
as Nd:YAG lasers are normally driven at input powers between 1 and 12kW. 

Introducing the expression for Top1 into (3.56) gives the laser output at the 
optimum output coupling 

Popt = gollsA ( 1- JLJ2golf . (3.68) 

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

(3.69) 

where the second expression on the right hand side is obtained from (3.62). The 
optimum power output can be expressed as 

Popt = 17EPavail , (3.70) 

(3.71a) 
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is the extraction efficiency already mentioned in Sect. 3.4.1. The behavior of 1JE as 
a function of the loss-to-gain ratio L j2g01 is depicted in Fig. 3.6. The detrimental 
effect of even a very small internal loss on the extraction efficiency is quite 
apparent. For example, in order to extract at least 50% of the power available in 
the laser material, the internal loss has to be less than 10% of the unsaturated 
gain. Achievement of a high extraction efficiency is particularly difficult in cw 
systems because the gain is relatively small and unavoidable resonator losses can 
represent a significant fraction of the gain. In Fig. 3.7 the extraction efficiency 
for the optimized resonator is plotted for different values of L and gal. 

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

T/sys = 1]p 1]T1]a T/u 1JE T/B 
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Fig. 3.7. Extraction efficiency for the optimized resonator as a function of the single-pass logarithmic 
gain. Parameter is the one-way resonator loss 
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compared to the expression for the slope efficiency of a laser given by (3.65), the 
coupling efficiency 7Jc is replaced by the extraction efficiency 7JE, and in case of 
a diode pump, the diode slope efficiency 7JP has to be replaced by the electrical 
diode efficiency 7]Ps. 

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

As a final note_. we have to recall that the expressions given so far are only 
accurate for small values ofT due to the approximations we made in (3.13 and 
39). Complete expressions for as and Pm which are valid for any value of T 
are given by [3.1, 3]: 

T7JPrtrT/a 1Ju 1/B 
as = l':[ 1~+:-y""""i(T-1=-::::;T~)::;::;/ (;:1 =-~L71)]~[1~-~V;;:;(1=-:::;T;;;;):;(1=-=L;;,-)] ' 

(3.72) 

Prn = -Als ln J(l- T)(1- L) . 
(3.73) 

7JPrtTT/a 1Ju 1/B 

For small values of T and L one obtains [(1 - T)/(1 - L)]112 ~ 1, and [(1 -
T)(1 - L)]112 ~ 1 - (L + T)/2 and these equations reduce to the expressions 
given in (3.65, 66). Detailed discussions of the optimization of the laser output 
and extraction efficiency are also given in [3.3, 7]. 

As we have seen, the resonator losses and the gain in the laser material play an 
important part in the optimization process of a laser system. Following a method 
first proposed by Findlay et al. [3.8], the resonator losses can be determined by 
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using output mirrors with different reflectivities and determining threshold power 
for lasing for each mirror. According to (3.13) and with (3.62), we can write 

-lnR = 2K.Prn- L (3.74) 

where R is the reflectivity of the output mirror and Prn. is the input at threshold. 
Extrapolation of the straight-line plot of -ln R versus .Prn. at Fru = 0, yields 

the round-trip resonator loss L, as shown in Fig. 3.9. The slope of the straight 
line is 2K. With K measured, the product of all the 17-factors is known and the 
unsaturated gain as a function of lamp input can be plotted. From the knowledge 
of the product of the 17-terms, adjustments to individual terms can be made to fit 
the measured data to the calculated or estimated values: 

For example, in a diode-pumped laser 1JP and 7Ju are known very accurately 
from the beginning. The factors 1JT and 7Ja can be calculated with reasonable accu
racy. However, the value of the beam overlap efficiency 7JB is usually associated 
with the greatest uncertainty. 

The Three-Level System. The population inversion in a three-level system as a 
function of the pump rate is given by (3.18). If we multiply both sides of this 
equation by the stimulated emission cross section 1721. we obtain 

WpT2l- 1 
go = ao Wpr21 + 1 (3.75) 

where ao = 1721 ntot is the absorption coefficient of the material when all atoms 
exist in the ground state. In the absence of pumping, (3.75) simply becomes 
g0 = -a0 • In order to simplify our analysis, we assumed g2 = g1• The saturation 
flux for a three-level system is given in (3.30). If we multiply this equation with 
ntot and introduce from (3.22) the expression for the fluorescence power output 
P~ per unit volume at the population inversion we obtain 

Is= (Wpr21 + 1)PUao. (3.76) 
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From (3.75, 76) in conjunction with the expression for laser threshold (3.13) and 
the saturated gain coefficient and output coupling (3.38, 39) we can derive the 
output equation for a three-level laser 

(1 - LN)(1 - R) ( (1 + LN) ) 
Pout = (L _ In R) FF Wpr21 - (1 _ LN) (3.77) 

where 

LN =(L-In R)j2aol (3.78-) 

and FF = lAP~ is the total fluorescence power at inversion. 
We assume now that the pump rate Wp is a linear function of lamp input Pm: 

(3.79) 

In a four-level system, the unsaturated gain is directly proportional to the pump 
rate and therefore to the input power of the pump source. In a three-level system, 
we have instead 

I<Pm- 1 
go = ao J( Pm + 1 . (3.80) 

At inversion WPnt = 1, and the pump input is converted to fluorescence out
put through the energy transfer mechanism expressed by the 17-terms discussed 
before. Therefore, 

1 FF 
Pm =- = ---=---

!{ 1JPT/T1Ja 1Ju 7]B 
(3.81) 

If we introduce this expression into (3.77), we obtain for the slope efficiency 

_ (1 - LN)(1 - R) _ (1 - LN)(l - R) y FF (3.82) 
as - (L - In R) 1JPT/T1Ja1Ju'f/B - (L - In R) \. 

and for the threshold input power 

Prn = (1 + LN)FF = (1 + LN) 
(1 - LN)1JPT/T1Ja1Ju1]B) (1 - LN)J{ 

(3.83) 

In these expressions as, Prn, R and l are measurable parameters, whereas Pc 
and ao must be calculated from the basic materials parameters. For example, for 
ruby ao = 0.2cm-1 and Pc = 727W fcm3• The factor I< and, therefore, the gain 
in the system as well as the losses L, can be calculated from the threshold input 
power and slope efficiency. 

If we compare these expressions with the equations derived for a four-level 
laser, some of the basic differences between these systems can be illustrated. 
For example, in a four-level system which has no absorption losses (L = 0) and 
no coupling losses (R = 1), the threshold is Pth = 0. In the three-level system 

102 



the threshold is Pth = Prf"'PTJT'rfa'I}U'f/B, which is the input power required to 
achieve inversion. It is also quite apparent that changes in reflectivity R affect 
the threshold in a three-level system much less than in a four-level system. For 
example, if we use output mirror reflectivities of R = 0.93, 0.53, 0.29, and 0.18 
in a laser oscillator and assume a loss of L = 0.20, then according to (3.83) 
in a ruby oscillator with a 20-cm-long crystal (2lao = 8) the relative change in 
threshold is 1 : 1.1 : 1.3 : 1.5, whereas in a four-level system changes in threshold 
are 1 : 2.7: 4.8 : 6.3. 

The calculations carried out so far are valid only for a three-level system 
operated at steady state, i.e., a system which is operated either cw or pulsed 
with a pump pulse long compared to the fluorescence time 721· In practice, a 
three-level system such as ruby is normally pumped with a 1-ms-long pump 
pulse, which is short compared to the 3-ms spontaneous emission time. For this 
case we will replace the fluorescence power at inversion Pr by the energy Em 
which is stored in the upper level at inversion. Furthermore, the lamp input 
power Pm will be substituted by the input energy Em. Equation (3.80) is plotted 
in Fig. 3.10 together with the expression g0 = (Kjl)Ein which is valid for a 
four-level system. The numerical parameters were chosen to be J( = 10-3 J-1, 

1 = 15cm, a= 0.2cm-1• 

In performing these kinds of model comparisons it has to be pointed out 
that in a free running ruby oscillator the output consists of a series of random 
spikes rather than a smooth pulse. Therefore, the parameters calculated above 
are averaged values obtained by integrating over the whole pulse length. 
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3.5 Relaxation Oscillations 

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

3.5.1 Theory 

In many solid-state lasers the output is a highly irregular function of time. The 
output consists of individual bursts with random amplitude, duration, and sepa
ration (see, for example, Fig. 3.16). These lasers typically exhibit what is termed 
"spiking" in their output. We will explain the phenomena of the spike formation 
with the aid of Fig. 3.11. When the laser pump source is first turned on there are 
a negligible number of photons in the cavity at the appropriate frequency. The 
pump· radiation causes a linear buildup of excited atoms and the population is 
inverted. 

c 
0 

0 
J:: 
a_ 

Steady-state 
level 

Threshold 
level 

Fig. 3.11. Spiking behavior of a laser oscillator 
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Although under steady-state oscillation conditions N2 can never exceed N2 ,th, 

under transient conditions the pump can raise N2 above the threshold level, 
because no laser oscillation has yet been built up and no radiation yet exists in 
the cavity to pull N2 back down by means of stimulated emission. 

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

But, when </J(t) becomes very large, the rate of depletion of the upper-level 
atoms due to stimulated emission becomes correspondingly large, in fact consid
erably larger than the pumping rate Wp. As a result, the upper-level population 
N2(t) passes through a maximum and begins to decrease rapidly, driven down
ward by the large radiation density. The population N2(t) is driven back below 
the threshold level N2,th; the net gain in the laser cavity becomes less than unity, 
and so the existing oscillation in the laser cavity begins to die out. 

To complete the cycle of this relaxation process, once the radiation level 
has decreased below the proper steady-state level, the stimulated emission rate 
again becomes small. At this point the pumping process can begin to build the 
population level N2 back up toward and through the threshold value again. This 
causes the generation of another burst of laser action, and the system can again 
go through a repeat performance of the same or a very similar cycle. 

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

(3.84) 

The population inversion therefore increases linearly with time before the devel
opment of a large spiking pulse. As the photon density builds up, the stimulated 
emission terms become important and for the short duration of one pulse the ef
fect of the pumping can be neglected. Therefore, during the actual spiking pulse 
the rate equations can be written by neglecting both the pumping rate for the 
excess population and the cavity loss rate in (1.58, 61): 

dn 
dt = -"(can</J , 

d</J 
dt = +can</J. (3.85) 

The photon density thus grows with time and the population inversion de
creases with time. The photon density reaches a peak when the decreasing in
version reaches the threshold value nth. The inversion reaches a minimum for 
which we have "(nca</J ~ Wpn101, at which point the pump is able to maintain 
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the then-existing small population inversion. The cycle repeats itself, forming 
another spike. The inversion fluctuates in a zigzag fashion around the threshold 
value nth. As time passes, the peaks become smaller and the curve becomes 
damped sinusoidal. 

The computer solutions of the laser rate equations predict a train of regular 
and damped spikes at the output of the laser [3.9-11]. Most lasers, however, 
show completely irregular, undamped spikes. This discrepancy between theory 
and experiment is due to the fact that the spiking behavior dies out very slowly 
in many real solid-state lasers and therefore persists over the complete pump 
cycle. Furthermore, mechanical and thermal shocks and disturbances present in 
many real lasers act to continually reexcite the spiking behavior and keep it from 
damping out. Hence many lasers, especially the ruby laser, spike continuously 
without ever damping down to the steady state. Depending on the system param
eters such as mode structure, resonator design, pump level, etc., the spiking may 
be highly irregular in appearance or it may be regular. Conditions for regular 
spiking in pulsed ruby lasers are summarized in [3.11, 12]. 

In cw-pumped lasers, such as Nd: YAG, the relaxation oscillations are much 
weaker and usually consist of damped sinusoidal oscillations around the steady
state value. These oscillations may be treated as perturbations of the steady-state 
population inversion and photon density given in the rate equations (1.58, 61). 
Compared to the fluorescence time rr, the relaxation oscillations have a much 
shorter period, therefore the term including rr in the rate equations can be ignored 
(that is, Tf-+ oo). 

We now introduce a small perturbation L\n into the steady-state value of the 
population inversion n; similarly, a perturbation L\¢> is introduced into the steady 
state of the photon density ¢>. Thus we may write 

ii = n + L\n and J = 4> + L\<f> . (3.86) 

We now proceed to eliminate the population inversion n from (1.61). This 
is done by first differentiating the equation and then substituting an;at from 
(1.58). The differential equation is then linearized by introducing n and 4> from 
(3.86). Neglecting products of (L\nL\<f>), we finally obtain 

(3.87) 

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

L\<f> ~ exp (-a~</>) t sin[ac(<f>n)112t] . (3.88) 

The frequency w8 = ac(<f>n)112 and the decay time constant 1R = 2fac<f> of this 
oscillation can be expressed in terms of laser parameters by noting that I = c<f>hv 
and n = 1/ care. Therefore 
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(3.89) 

These expressions can be further simplified for the case of a four-level system 
by introducing the saturation power density Is. leading to 

Ws = J Is~Tc and ~ =2rc (;) . (3.90) 

Note, that the greater the power density I and therefore the output power from 
the laser, the higher the osciliation frequency. The decay time ~ will decrease 
for higher output power. 

From these equations it follows that the damping time is proportional to the 
spontaneous lifetime. This is the reason that relaxation oscillations are observed 
mainly in solid-state lasers where the upper-state lifetime is relatively long. In
vestigations of the output fluctuations of cw-pumped Nd: YAG lasers can be 
found in [3.22-29] (see also Sect. 3.6). 

3.5.2 Spike Suppression in Solid-State Lasers 

For some laser applications it is desirable to have a smooth output pulse with very 
little modulation. Nonspiking operation can be obtained by introducing active or 
passive feedback into the resonator or by use of nonresonant laser oscillators. 

An active feed back system typically consists of a beam splitter and photo
diode at the output of the laser, an intracavity modulator and an electronic drive 
circuit. The photodiode samples a fraction of 'the laser output and provides a 
feedback signal to the modulator via the electronic drive circuit. As the output of 
the laser increases above a certain value due to the onset of a spike, the loss in the 
resonator is increased by the feedback circuit. Such an electronic feedback circuit 
can convert the spiky output from a solid state laser into a fairly smooth output. 
Obtaining a smooth pulse is offset by the disadvantage of a reduced output. As 
intracavity modulators, Kerr cells, Pockels cells and acousto-optic modulators 
have been employed. In order to obtain a reasonably smooth output, the delay 
time between the signal derived from the photodiode and the change in trans
mission of the internal modulator has to be short compared to the duration of an 
individual spike. Since the individual spikes have a duration of approximately 
0.1-1 f.J.S, this requires a bandwidth of at least 20-50MHz for the feedback sys
tem. Electronic feedback loops which change the transmission of an intracavity 
modulator have been designed for a number of solid state lasers such as ruby 
and Nd: YAG, Nd: Glass and Nd: YLF [3.10, 3.13-16]. 

A reduction of the spiking behavior of a ruby laser was observed by adding 
a nonlinear absorber, such as a cell containing benzene, to the laser resonator 
[3.19]. Stimulated Rayleigh scattering, a nonlinear effect that slightly shifts the 
frequency of incident photons, occurs in benzene due to a reorientation of the 
liquid's molecules by the light's intense electric field. The result is a small 
intensity-dependent loss that is used to reduce spiking. 
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In a nonresonant system, the active medium is operated without resonator 
mirrors and therefore does not achieve laser threshold [3.17, 18]. However, the 
emitted spontaneous emission has a smooth envelope. The operation of such a 
system depends critically on elimination of the off-axis spontaneous emission 
through the use of relatively long and small diameter rods. Since the output 
energy in a given beam angle will be very small due to the poor directionality 
of the spontaneous emission, these types of oscillators are usually followed by 
amplifiers. 

3.5.3 Gain Switching 

In the previous section, we described techniques to suppress relaxation oscilla
tions; in gain switching - the subject treated here - the phenomena of spiking is 
exploited to produce a high peak power pulse. If a solid state laser is pumped by 
another laser, it is possible to pump at such a fast pump rate that the population 
inversion and gain reach a level considerably above threshold before the laser 
oscillation has time to build-up in the resonator. As the radiation increases in 
time, it will then deplete the upper state population. The response of a laser to 
a very fast pump pulse which drives the inversion far above threshold is in the 
form of the relaxation oscillation depicted in Fig. 3.11 [3.20, 21, 30]. If the pump 
pulse is not only fast but also shorter than the width of the first peak of the 
relaxation oscillation, the radiation emitted from the system will consist of only 
the first spike. The population inversion will have been driven to a value below 
laser threshold after the first spike and it will not grow because there is no pump 
energy to replenish the population. 

Both gain switching and Q-switching allow the generation of short pulses. 
Q-switched pulses are generated by storing energy in the upper state of the 
active medium by a pump pulse having a duration on the order of the upper 
state lifetime. After the inversion and gain have been established, the loss in the 
resonator is suddenly switched off. In gain switching, energy is deposited very 
quickly in the upper state, i.e., gain is switched on before the radiation in the 
resonator has time to build up from noise. 

From this discussion, it is clear why gain switching as compared to Q
switching is employed only in special cases in solid-state lasers. A Q-switch 
permits the transformation of a pump pulse of relatively low power and long du
ration into the emission of a very short pulse of high peak power. For example, in 
a Nd: YAG laser the ftashlamp pump pulse is typically 200 J.LS, and the Q-switch 
output pulse is on the order of 20 ns, which results in a time compression of 4 
orders of magnitude. In gain switching, peak power and pulse width of the pump 
pulse and laser output are on the same order. 

As an example of a gain-switched laser, we consider the pumping of 
Ti : sapphire with a frequency-doubled Q-switched Nd: YAG laser. Ti : sapphire is 
difficult to pump with a flashlamp because the short upper state lifetime of 3.2 J.LS 
requires a pump pulse of similar pulse width. Therefore, a common pump source 
for a pulsed Ti: sapphire laser is a frequency-doubled, Q-switched Nd: YAG 
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laser. In the specific example considered [3.30], the pulse width of 10 ns from the 
Nd: YAG laser pump is significantly shorter than the 3.2 J.!S upper state lifetime 
in Ti : sapphire, and the pump pulse is also significantly shorter than the power 
build-up time which may be on the order of 50-200 ns. Due to the short pump 
pulse, the inversion is initially driven far above threshold and the Ti: sapphire 
laser responds with the emission of a gain-switched pulse with a pulse width on 
the order of 10-40 ns depending on the intensity of the pump source. 

3.6 Examples of Regenerative Oscillators 

In this section we will relate the performance characteristics of typical solid state 
lasers such as ruby, Nd: glass, Nd: YAG and alexandrite to the oscillator model 
described earlier in this chapter. Some of the systems such as ruby, Nd: glass 
and alexandrite are generally pumped by flashlamps, and Nd: YAG, the most 
versatile of all lasers, is either pumped by flashlamps, cw arc lamps, or by laser 
diode-arrays. An example for each type of these lasers will be provided. 

3.6.1 Ruby 

Figure 3.12 shows a photograph of the head of a typical commercially available 
ruby laser. The primary components of the laser head are the laser rod, a helical 
flashlamp, and a reflector. The laser rod is surrounded by a close-coupled helical 
flashlamp. A cylindrical reflector around the flashlamp aids in efficiently directing 
the flashlamp pump light into the laser rod. The entire laser housing, including the 
region occupied by the flashlamp, is filled with cooling water. Readily available 
laser heads contain ruby rods ranging in size from 7.5 em by 1 em to 20 em by 
2 em. Depending on the size of the flashlamp, input energies are between 3 and 
20 kJ. In addition to the laser head, shown in Fig. 3.12, a complete laser system 
contains the following modules: an optical rail which supports the laser head, 
resonator mirrors, and other optical components; a power supply; a flashlamp 
trigger unit; an energy-storage capacitor bank; and a water cooler. 

We will now examine the performance of an oscillator composed of a ruby 
rod (0.05% doping) which is 10.4 em long and 0.95 em in diameter. The optical 
resonator consists of two flat mirrors with a separation of 71 em. The performance 
of the system around threshold as a function of output coupling is shown in 
Fig. 3.13. As one can see, a mirror reflectivity around 50% is about optimum for 
this system. A reflectivity considerably higher than this value results in an output 
versus input curve which has a very low slope efficiency. On the other hand, a 
reflectivity which is appreciably lower than 50% results in a very high threshold. 
The curvature in the curves near the threshold is caused by nonuniform pumping. 
More pump light is absorbed in the areas immediately below the surfaces than in 
the center of the rod Therefore the rod starts to lase with a ring-like structure. At 
a somewhat higher energy input the full cross section of the rod will start to lase. 
The curve for R = 0.92 is straight even at threshold, which indicates that at this 
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Fig. 3.12. Cutaway of a ruby laser head 

high reflectivity, pumping uniformity is insignificant and the whole rod starts to 
lase almost uniformly. From these curves we can calculate the parameters J{ and 
L according to (3.82, 83). Taking, for example, the curve with the 92% mirror, 
we have R1 = 0.92. The slope efficiency of this curve is as = 3.6 x w-3 and the 
rod has a length of 10 em and a volume of V = 7.8 cm3 . In Chap. 2 we calculated 
the upper-level energy density at inversion Euth = 2.18 J/cm3 , therefore the total 
stored energy is Ew = 17 J. We need also the absorption coefficient of ruby, 
which is o:o = 0.2cm-1• Introducing these values into (3.82, 83) yields L = 10% 
and K = 4.7 x 10-4 J-1• Therefore the gain in this rod as a function of input 
energy can be expressed as 

- 0 20.47 Em [kJ] - 1 [ 1 

go - · 0.47~0 [kJ] + 1 em-] · 

From the value for K it follows that inversion in this rod occurs at the ftashlamp 

input energy of E = 1/ K = 2.1 kJ. 

The performance of the same oscillator operated at higher input energies and 
with the optimum output coupler is shown in Fig. 3.14 for a large number of 
rods. The curves show energy output versus ftashlamp input for different rod 

sizes, doping levels, and pump pulse length. As the curves illustrate, rods doped 
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with 0.05% ez-3+ yield higher outputs than the lower-doped rods. Furthennore, 
the large-diameter rods provide more output energy for the same input than the 
smaller rods. This is explained by the fact that rods with a high doping concen
tration and/or larger diameter absorb more pump light in a diffusely reflecting 
cavity. As can be seen from Fig. 3.14, the rods with a diameter of 1.4cm have 
about the same threshold as the rods with 0.95 em diameter, although the rod 
volume differs by a factor of 2.2. 

The curve to the far right in Fig. 3.14 was obtained by stretching the pump 
pulse to 5 ms by adding capacitors and inductors to the pulse-fonning network. 
The higher value of the storage capacitor resulted in a lower bank voltage and 
a lower lamp peak current for the same input energy than for the shorter lamp 
pulses. Consequently, the lamp brightness was lower than in the other cases, 
which explains the relatively poor perfonnance obtained in the long pulse mode. 
Furthennore, the pump pulse was longer than the spontaneous emission time, 
which means that in this mode of operation higher fluorescence losses occur. 

The perfonnance of an average 10.4-cm by 1.4-cm rod doped with 0.03 % 
ez-3+ can be approximated by 

Eout = 0.013(-Ein[kJ] - 2.5)[kJ] . 

For the 10.4-cm by 0.95-cm rods doped with 0.05% ez-3+, a typical output versus 
input curve can be described by 

Eout = 0.0075(Eio[kJ] - 2.2)[J] . 

If we introduce the values of slope efficiency as = 7.5 x 10-3 and threshold 
energy Eo. = 2.2 x lo3 J together with the other pertinent rod parameters in 
(3.82, 83), we obtain L = 0.27 and K = 7.3 x 10-4 J-1• The most important 
factors which contribute to losses L are the scattering losses, the ruby absorption 
losses caused by the rod holders which shadow the ends of the rods from the 
pump radiation, and possible losses in the coatings. The gain as a function of 
input energy is 

0.73Eio[kJ] - 1 -1 
go = 0.2 0.73Eio[kJ] + 1 [em ] . 

At maximum input energy of 5 kJ, this rod possesses a small-signal gain coeffi
cient of go = 0.11 em - 1 aQd a single-pass gain of Go = exp(go l) = 3. 3. 

In Fig. 3.15 the beam angle at which half of the output energy is contained 
is plotted versus the total output energy for different ruby rods. The difference 
in beam divergence between rods of "standard quality" and "superior internal 
quality" is quite obvious. 

The typical time dependence of the oscillator output pulses is shown in 
Fig. 3.16. 
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Figure 3.17 shows performance data of 15-cm-long ruby rods of different 
doping and diameter. In Fig. 3.17a output versus lamp input energy is plotted 
for two rods of different size and doping level. As can be seen from Fig. 3.17b, 
the lower-doped rod produces more output energy in beam angles smaller than 
4mrad. 

Energy output versus lamp input curves for ruby oscillators employing even 
larger rods are plotted in Fig. 3.18. The various curves indicate typical variations 
of output energy due to different rod qualities. Performance data of different ruby 
systems normalized to the rod volume are summarized in Table 3.1. As one can 
see, the input energy per cm3 of rod required to achieve threshold varies from 
92 to 315J/cm3, depending on rod size and doping level. The variation for the 
slope and overall efficiencies is 0.5-1.5% and 0.3-1.0%, respectively. Generally 
speaking, the rods with the smallest diameter and the lowest doping level - being 
optically thin - require the highest lamp input for threshold and yield the lowest 
efficiencies. From the data published in this table and from our model derived 
in Sect. 3.4 we can estimate the various factors which contribute to the overall 
efficiency of the ruby laser oscillator. 

The slope efficiency listed in Table 3.1 is the product of the efficiency terms 
described in Sect. 3.4. For a typical ruby crystal pumped by a xenon lamp in a 
diffuse reflecting cavity, the following numerical values can be assumed: 7JP = 
0.10-0.12, 'f/T = 0.4-0.6, 1Ja = 0.6--0.8; "7U = 7]Q7]S = 0.5; 7]B = 0.9; T}C = 0.5-0.6. 
The Stokes efficiency for ruby is about 7]s = 0.7, if one divides the energy of a 
photon at the laser wavelength by the energy of a pump photon averaged over 
the two major absorption bands. Since the lasers considered here are all highly 
multimode, the beam fill factor, 1JB, is close to unity. The coupling efficiency 
for a three-level system is according to (3.72) 7Jc = (1 - LN)(l - R)/(L -ln R). 
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(a) 

(b) 

(c) 

(d) 

Fig. 3.16a-d. Temporal structure of the ruby laser output. Oscillator is comprised of a 10-cm by 1-cm 
ruby rod pumped at 4.75 kJ and two flat mirrors separated by 60 em. Output is 25 J. The upper trace 
(a) shows the complete laser output. The lower traces (b-d) represent portions of the output pulse 
taken at an expanded scale. The time scale is (a) 200 f.LS, (b) 5 f.LS, (c) 1 f.LS, and (d) 100 ns/div. The 
energy of the individual spike shown in (d) is 7 5 mJ 
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Table3.1. Conventional-mode ruby oscillators. Ruby rods pumped by helical fiashlamps 

Threshold At maximum input 

Rod size [em] Lamp input/ Slope Lamp input/ Energy output/ Overall Rod 
and doping Rod volume efficiency Rod volume Rod volume efficiency voli.une 
level [J/cm3] [%] [J/cm3 ] [J/cm3] [cm3 ] 

10.4 X 0.95 263 0.5 658 1.98 0.3 7.6 
O.D3% 
10.4 X 0.95 315 0.8 658 2.99 0.45 7.6 
0.05% 
10.4 X 1.4 143 1.3 300 2.03 0.7 16.7 
O.D3% 
10.4 X 1.4 143 1.5 300 2.45 0.8 16.7 
0.05% 
15 X 0.95 148 0.7 740 4.1 0.55 10.8 
O.D3% 
15 X 1.4 95 1.5 330 3.5 1.0 24.2 
0.05% 
12 X 2 92 1.1 256 1.8 0.7 39 
0.05% 
20 X 2 94 1.1 307 2.5 0.8 65 
0.05% 
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With the above numbers, one obtains as= 0.005-0.015 in accordance with the 
measured data. 

In a diffusely reflecting cavity a large-diameter rod is able to capture a larger 
fraction of the pump light than a smaller rod. Furthermore, a large-diameter rod 
provides a longer absorption path for the pump light and can therefore absorb a 
larger fraction of the pump radiation. In ruby we assume an average absorption 
coefficient in the pump bands of a = l.Scm-1 for a 0.05%-doped rod and 
a= l.Ocm-1 for a 0.03% Q-3+ concentration. The absorbed pump radiation as 
a function of rod diameter was given in (3.44). 

A rod doped with 0.03% which is 1 em in diameter will absorb 60% of the 
incident pump radiation; for a 2-cm-diameter rod doped at 0.05%, this fraction 
increases to 67%. Therefore, 'T/a will be larger for large-diameter and/or higher
doped crystals. The factor 'T/C depends mainly on the optical losses in the system. 
For example, a combined loss of L = 0.10 and an output reflector of R1 = 0.45 
for the case of a 10-cm-long ruby crystal results in a coupling efficiency of 
'T/C = 0.48. The longer rods will have higher scattering and absorption losses, 
which will decrease 'TIC· The efficiency factors can be related to the energy levels 
per cubic centimeter of ruby crystal. For a ruby crystal at population inversion 
we can write 

Stored energy in upper level: 

Minimum absorbed energy: 

Lamp input at inversion: 

Lamp input at threshold: 

3 
Eu,th = 2.18Jjcm 

3 
Eab = Eu,th/7]U = 4.4Jjcm 

Em= Eab/7JP'TJT'T/a'T/B = 70--190Jfcm3 

Efn = Ein/'T/C = 100--320Jfcm~ 

We will conclude this subsection on ruby oscillators by briefly summarizing 
the performance of a cw-pumped oscillator. Since ruby operates as a three-level 
system, about one-half of the cr3+ ions must be excited into the upper laser level 
before inversion is obtained. At population inversion the fluorescence power is, 
according to Sect. 3.4, Pr = 726 W/cm3• In order to sustain population inversion, 
at least Pab = Pc/7]U = 1.4 W/cm3 of pump power has to be absorbed by the 
crystal. Assuming the same efficiency factors 'TfP• rrr. 'T/a as we had in the pulsed 
case, the electrical input power required for the lamp is about 70 kW/cm3 of 
active material. Since it is not possible to concentrate the power of an incoherent 
light source into a column smaller than that of the source itself, the necessary 
pump radiation must be produced in a light source having an extremely high 
power density. Continuous operation can be expected, therefore, only in very 
small volumes of ruby. All ruby lasers which have been operated continuously 
used mercury arc lamps as pump sources [3.31, 32]. In a capillary mercury arc 
lamp which has typically a 1-mm bore, a wall-stabilized arc contracts toward 
the center of the tube at an internal pressure of 200 atm and forms an extremely 
brilliant filamentary light source of 0.3-0.6 mm effective diameter. 

A cw-pumped ruby laser, which used a rod 2 mm in diameter and 50 mm in 
length, generated an output of 1.3 W at an input of 2.9 kW [3.31]. Only a small 
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part of the crystal's cross section was excited by the filament arc, and lasing 
action occurred only in the small volume of 6 x 10-3 cm3• Using this value, the 
lamp input power per unit volume of active material required to obtain threshold 
is approximately 230 kW /cm3• The individual efficiency factors of the system 
were estimated to be 1JP = 0.25, 'f/a = 0.04, rrr = 0.80, fJU = 0.50, and 1JC = 0.30. 
The main reason for the poor overall efficiency was the low absorption of useful 
pump light by the small lasing volume. 

3.6.2 Nd : Glass 

We shall now examine the performance of a Nd: glass oscillator. The laser rod, 
15 em long and 1 em in diameter, is pumped by two linear flashlamps in a highly 
polished double elliptical cylinder. The flashlamps, matching the laser rod in size, 
generate a 600 JLS-long pulse with a total energy of up to 1 kJ. The oscillator starts 
to lase at a threshold input energy of 300 J and produces an output of 10 J at 
an input of 1 kJ. In order to determine the gain and the inherent losses of the 
oscillator, threshold was measured as a function of mirror reflectivity, as shown 
in Fig. 3.19. The measurement reveals a total loss in the resonator of L = 0.21 
and a value of 1.1 x w-3 J-1 for the parameter K. With K measured, we can 
express the small-signal coefficient as a function of input energy according to 
go = K .Em. For the 15-cm-long laser rod we obtain go = 7 x 10-5 Em [J]. For 
example, for a lamp input of 1 kJ, the gain coefficient is go= 0.07 cm-1 and the 
single-pass gain is Go= 2.9. 

Typical performance data obtained from water-cooled laser heads containing 
helical flashlamps and ED-2 glass rods are displayed in Fig. 3.20. The various 
curves obtained by testing eight different glass rods illustrate the spread in per
formance depending on the glass rod quality. The average rod performances can 
be characterized by a threshold .of 1.5 KJ, a slope efficiency of 2%, and a total 
efficiency at maximum input of 1.4%, that is, 

1.5 

500 600 
Lamp input energy at threshold (J) 

-0.5 
Fig. 3.19. Lamp input energy for laser threshold as a function of mirror reflectivity (15-cm 
by 1-cm ED-2 glass rod pumped by two linear ftashlamps) 
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Given the distribution of performance data shown in Fig. 3.20, the laser manu
facturer's minimum guaranteed performance is 55 J, allowing a margin for com
ponent variations and system degradation. The insert shows a measurement of 
beam divergence at maximum lamp input energy. For most rods, half of the out
put energy is emitted in a beam with a 3-4-mrad beam divergence. From larger 
Nd: glass rods pumped at higher input energies, correspondingly larger outputs 
are obtainable, as is illustrated in Fig. 3.21. For example, from an ED-2laser rod 
25 em long and 2 em in diameter pumped at 20,000 J, an output of 200 J can be 
achieved. 

Before we leave this section on glass oscillators we will consider a few 
examples of very large systems. Figure 3.22 shows the performance of a system 
composed of a 94-cm-long and 1-cm-diameter ED-2 glass rod, a single linear 
fl.ashlamp (EG&G FX-77-35), and silver foil wrapped closely around the rod and 
the lamp. 

The highest output energy from a single-element laser oscillator was obtained 
from a 95-cm-long and 3.8-cm-diameter glass rod pumped by four 1-m linear 
fl.ashlamps in a close-wrap configuration. The output from the system was 5 kJ 
at an input of 180kJ [3.33]. 
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Fig. 3.22. Output versus input of a Nd: glass rod (94 em by 1 em) pumped by a single linear ftashlamp. 
(o) 5 ms pulse width; (x) 2.2ms pulse width. Output reflection 28% 

3.6.3 Nd: YAG 

To illustrate the application of the equations which we derived in this chapter, 
let us consider a cw-pumped Nd : YAG laser. The system contains a laser rod 
75 mm in length and 6.2 mm in diameter. The laser rod is pumped by two krypton 
arc lamps capable of a maximum electrical input power of 12kW. The laser 
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Fig. 3.23. Photograph of a commercial cw-purnped Nd : YAG laser (Quantronix, Series 100, High 
power laser systems) 

rod and the pump lamps are contained in a highly polished, gold-plated, double
elliptical cylinder. The major and minor axes of a single ellipse are 38 and 33 mm, 
respectively. Cooling of the rod and lamps is accomplished by circulating water 
in flowtubes which surround the crystal and lamps. The interior of the reflector 
is also water-cooled. The optical resonator is composed of two dielectrically 
coated mirrors which have a separation of 40cm. The rear mirror has a concave 
curvature of 2m, whereas the front mirror is flat. The krypton arc lamps, having 
a cold-fill pressure of 2 atm, operate at a maximum current level of 55 A. Phase
controlled SCRs in the power supply permit operation of the lamps at any desired 
input level. 

Figure 3.23 shows a photograph of a typical, commercially available, cw 
pumped Nd: YAG laser. The laser head contains a single arc lamp. The mechan
ical shutter is used to stop laser oscillations for short periods of time without 
having to turn off the arc lamp. The purpose of the mode selector and Q-switch 
will be discussed in Chaps. 5 and 8. Bellows are employed between each optical 
element in the laser head in order to seal out dust and dirt particles from the 
optical surfaces. The laser head cover is sealed with a gasket in order to further 
reduce environmental contamination. 

In Fig. 3.24 the output power of the two lamp systems mentioned above 
is plotted against lamp input power for different Nd: YAG crystals and front
mirror reflectivities. The highest output from a 7 .5-cm-long crystal was achieved 
with a front mirror of 85% reflectivity. The output versus input curve for this 
mirror shows a slope efficiency of as = 0.026 and an extrapolated threshold of 
Pth = 2.8 kW. The nonlinear portion of the curve close to threshold is due to the 
focusing action of the mirror-finished elliptical cylinder. At first, only the center 
of the rod lases. In Fig. 3.25 the lamp input power required to achieve laser 
threshold was measured for different mirror reflectivities. If one plots ln(l/ R1) 
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Fig. 3.24. Continuous output versus lamp input of a powerful Nd: YAG laser 
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Fig. 3.25. Threshold power input as a function of 
mirror reflectivity 

rather than R1, one obtains a linear function according to (3.74). From this 
measurement follows a value of the pumping coefficient of I<= 72 x w-6 w-1 

and a combined loss of L = 0.075. With these two values known, it is possible 
to plot the small-signal, single-pass rod gain as a function of lamp input power, 
as shown in Fig. 3.26. Assuming a ground-state population density of 6.0 x 
1019 cm-3 and a stimulated emission cross section of 2.8 x w-19 cm2, it follows 
from Fig. 3.26 that at maximum lamp input only 0.6% of the total neodymium 
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Fig. 3.26. Small-signal, single-pass rod gain and gain coefficient as a function of lamp input 

ion concentration is inverted. At threshold, which occurs at around 2 kW input, 
the small-signal gain coefficient is about 0.01 em -l, which corresponds to only 
a 0.06% inversion of the total ground-state population. 

Using (3.21) we can calculate the total fluorescence output of the laser at 
threshold. With v = 2.3cm3, Tf = 230J.LS, hv = 1.86 X w-19 Ws, and 1lth = 

1.1 x 1016 cm-3, one obtains Pr = 20W. 
The numerical values forK, Is, A, and L were introduced into (3.63-65), and 

the output power as a function of the front mirror reflectivity was calculated for 
different lamp input powers. The result of the computerized calculations is shown 
in Fig. 3.27. As can be seen, relatively broad maxima of the optimum mirror 
reflectivities are obtained. The mirrors which give the highest output power for 
the different input powers are located along the dashed curve. This curve can 
also be obtained from (3.67). Also indicated in Fig. 3.27 are the experimentally 
determined reflectivities which gave the highest output. Figure 3.28 shows the 
intracavity power density as a function of laser output power for a fixed lamp 
input power of 12kW. The parameter is the reflectivity of the front mirror. This 
curve is obtained from Fig. 3.27 (uppermost curve) and using (3.39). As we can 
see from this figure, the circulating power density in the resonator increases for 
the higher reflectivities despite the reduction of output power. 

Like most solid-state lasers, Nd: YAG exhibits relaxation oscillation. Figure 
3.29 exhibits oscilloscope traces of the relaxation oscillations of a small cw
pumped Nd: YAG laser. This laser has a 3-by-63-mm crystal pumped by two 
1000-W halogen-cycle tungsten filament lamps in a double-elliptical reflector 
configuration. The maximum output which can be achieved with this system is 
about 10 W at an input of 2 kW. The optical resonator is formed by two 5-m 
concave mirrors which are 35 em apart. 
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In practice, relaxation oscillations in solid-state lasers have amplitudes and 
intervals between oscillations which appear to be almost random. Most of the 
irregularities are caused by multimode operation, mechanical instabilities of the 
resonator, and pumping nonuniformities. Under very carefully controlled condi
tions and single-mode operation, regular periodic relaxation oscillations can be 
observed. Figure 3.29a shows an oscilloscope trace of a relaxation oscillation. 
The oscillation is a damped sine wave with only a small content of harmonics. 
Figure 3.29b displays the spectrum of the relaxation oscillations, as obtained by 
a spectrum analyzer. From (3.90), it follows that the resonant frequency is pro
portional to (?001 ) 112 of the laser. Figure 3.29b illustrates this dependence. With 
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Fig. 3.29a,b. Relaxation oscillation of a cw-pumped Nd: YAG laser. (a) Oscilloscope trace showing 
the temporal behavior of a relaxation oscillation: time scale: 20 1-'s/div. (b) Frequency spectrum of 
relaxation oscillations at different output power levels: (A) 1.3W, (B) 1.0 W, (C) 0.25W 

(3.90) we can calculate the center frequency fs and the time constant 7R of the re
laxation oscillations. With the laser operated at 1 W output, a mirror transmission 
ofT= 0.05, and a beam diameter of 0.12cm, one obtains I= 4.0 x 103 W/cm2; 

l = 35 em is the length of the cavity, and L = 0.03 are the combined cavity 
losses. With these values, and Is = 2900 W/cm2 and rc = 230 f1.S, it follows that 
7R = 333 fl.S and fs =72kHz. The measured center frequency of the relaxation 
oscillation is according to Fig. 3.29b about 68kHz. In cw-pumped systems one 
can reduce the amplitude fluctuations caused by relaxation oscillations by orders 
of magnitude by proper design procedures, which we will discuss in Chap. 5. 

The largest Nd: YAG crystals which are readily available are about 10 em 
long and 1 em in diameter, although rods of up to 15 em have been fabricated. 
The output from a 10-cm-long crystal pumped by a helical ftashlamp is shown 
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Fig. 3.30. Perfonnance of a pumped pulsed Nd: YAG laser oscillator. Pulse width is 1 ms. Major 
illustration shows output versus input. Insert shows beam divergence versus output 

in Fig. 3.30. The overall efficiency of the system at maximum input is between 
0.8 and 1% depending on the particular crystal. The output energy as a function 
of beam angle is plotted in the insert of Fig. 3.30. As can be seen, for most 
crystals half of the total output energy is contained in a beam angle between 3 
and 4 mrad, and 90% of the energy is contained in a 6- to 8-mrad angle. 

3.6.4 Alexandrite 

Figure 3.31 shows the output performance of a 9.5 mm diameter by 76mm long 
alexandrite rod contained in a double-elliptical pump cavity and pumped by two 
flashlamps. The resonator length was 42 em. The figure shows the dependence of 
output pulse energy on input energy with various rod coolant temperatures and 
output mirror reflectivities. With a mirror reflectivity of 80% and a rod coolant 
temperature of 70° C, the threshold energy was 200 J and the slope efficiency 
was 2%. The system was operated at a repetition rate of 15Hz. The temper
ature dependence of the emission and excited state absorption cross-section of 
alexandrite is illustrated in Fig. 3.32. As part of an effort to compare theoretical 
predictions with experimental results, computer predictions and measured output 
vs. input data are plotted in Fig. 3.33 for a single elliptical pump cavity system. 
The experimental conditions are listed in Fig. 3.33, the predictions were modelled 
based on the equations given in Sect. 3.4. 
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3.6.5 Laser-Diode-Pumped Systems 

With the rapid advances in laser-diode technology, there are now single diodes, 
linear and two-dimensional arrays commercially available at power levels which 
make these devices very attractive as pump sources for solid-state lasers. Diodes 
fabricated from GaAlAs with different percentages of Ga and Al emit at wave
lengths in the vicinity of 800 nm ranging from approximately 700 to 900 nm. 
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Fig. 3.33. Energy output vs input energy for an alexandrite laser as function of output coupling [3.34] 

These emission wavelengths coincide very well with strong absorption bands of 
several lasing ions. In particular, high power laser diode arrays can be fabricated 
to give a 3-4 nm wide spectral output which can be temperature tuned to coincide 
with the 4F5; 2 absorption bands of neodymium in various host materials. 

Because of this excellent spectral match, the output from the diode pump is 
very efficiently utilized in producing a population inversion in the laser mate
rial. Since the output of a diode array is directional, the pump radiation can be 
transferred to the laser material with little loss, either in a close coupled config
uration, or by directing the radiation into the gain medium via optical elements. 
Moreover, because the diode pumps are partially coherent devices, their output 
beams may be tightly focused or otherwise adjusted to spatially match the res
onator modes of the solid-state laser. In the following examples, it will become 
apparent that the excellent spectral and spatial characteristics of diode pumps 
as compared to flashlamps, translate into a high pump source efficiency, a high 
pump radiation transfer efficiency and high spatial overlap between the pump 
region and resonator modes. 

As will be discussed in Chap. 6, diode pumped systems can be divided into 
side pumped and end-pumped systems. In the side-pumped geometry, the diode 
arrays are placed along the length of the laser rod or slab and pump the active 
material perpendicular to the direction of propagation of the laser resonator mode. 

In the end-pumped geometry, the pump radiation is collimated and focused 
longitudinally into the laser material collinear with the resonator mode. These 
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configurations take full advantage of the spectral as well as spatial properties of 
laser diodes. In this section, we will discuss examples of both classes of systems. 

Side-Pumped Nd: Laser Oscillators 

As an example of a side-pumped Nd : laser oscillator, we will consider first a 
simple laboratory set-up as illustrated in Fig. 3.34. A number of different laser 
materials were each side-pumped with a diode array close-coupled to the polished 
rod barrels without intervening optics. The pump array consisted of a stack of 
five 1 em pulsed GaAlAs laser bars each containing 40 laser subarrays. The diode 
array produced 50 mJ/pulse output with a 200 JJS pulse width at the maximum 
current rating of 80 A per pulse. At that current rating, the array had a linewidth 
of about 4 nm. Figure 3.35 shows the diode output as a function of electrical 
input. The diode array output wavelength was temperature tuned with a thermo
electric cooler between 805 and 812 nm. A translation stage was used to optimize 
the pump distribution in the laser rods which were mounted on a highly polished 
and silver-coated heat sink. The pump radiation emitted from the diode array has 
a divergence of 40° by 10° full width half maximum. 

Translators Fig. 3.34. Experimental set-up of a solid-state 
laser side-pumped wilh a laser diode-array 
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The polished cylindrical surface of the rod focuses the radiation towards 
the center, and radiation passing through the active material is reflected back 
also towards the center by the highly reflective back-surface. The highest output 
was achieved with the smallest separation between the laser rods and the diode 
array, i.e., the front facet of the array was almost touching the laser rod. Larger 
separations produce high Fresnel losses due to the very large angles of incidence 
at the laser-rod surface. 

The laser materials utilized in these experiments carried out in the author's 
lab, see also [3.35], were a 3.5 mm diameter by 20 mm long, 1.1% doped 
Nd: YAG rod, a 3.5 mm diameter by 20 mm long, 1% doped Nd: BeL rod, and 
a 3 mm diameter by 20 mm long, 6% doped Nd : Phosphate Glass (Kigre Q-98) 
rod. The birefringent Nd: BeL rod was cut along the "y" axis to produce laser 
output at 1.07 p,m. 

The 12cm long laser resonator consisted of a 50cm-curvature concave total 
reflector, and a flat partially reflecting output coupler. Output from the lasers was 
multimode and matched the shape of the pumped area. 

Figure 3.36 shows the calculated pump radiation distribution inside the 
Nd: YAG laser rod obtained from a ray trace analysis which takes into account 
the spectral and spatial properties of the source and the spectral absorption by 
the laser material. The laser output beam had an almost rectangular shape, filling 
the area between the diode array and the back reflector. The hot spot located 
approximately between the center of the rod and the back reflector is the result 
of the focusing action of the cylindrical front and back surface. The pumped 
area of the 3.5 mm diameter laser rod was about 70% of the total cross-section 
or A= 0.07 cm2• 

The output from the diode-array-pumped lasers is exhibited in Figs. 3.37 and 
38. The laser output followed the current input to the diode with less than 10 p,s 
build-up time and a small amount of relaxation oscillator. Therefore, for the 
purpose of analysis, the lasers were assumed to be in a steady state regime. 

Figure 3.37 shows the outp~t energy from the lasers as a function of 
diode-array pump energy at 0.8p,m. The optical slope efficiencies are 54% for 
Nd: YAG, 42% for Nd: BeL, and 48% for Nd: Glass. 

- Diode 
arrey 

Fig. 3.36. Pump Intensity Distribution inside a Nd: YAG rod 
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Figure 3.38 depicts the output energy from the lasers as a function of electrical 
energy input to the diode array. The electrical slope efficiencies for the lasers 
are 25% for Nd:YAG, 19% for Nd:BeL, and 22% for Nd:Glass. The overall 
electrical "wallplug" efficiencies at maximum output for the three lasers are 18%, 
14%, and 12%, respectively. 

The electrical slope efficiencies of these curves are obviously the product of 
the slope efficiencies of the curves in Figs. 3.35 and 37. Furthermore, the thresh
old values in Fig. 3.38 are the sum of the diode laser threshold (which occurs at 
29 mJ electrical input energy) and the solid-state laser thresholds. The optimum 
output coupling for each laser was experimentally determined and the results are 
shown in Fig. 3.39. From the three materials, Nd: YAG has the largest stimulated 
emission cross-section and therefore the highest gain coefficient. Therefore, for 
comparable resonator internal losses one would expect the highest output cou
pling for the Nd: YAG material according to (3.67). 

From the experimental data presented in these figures, we can obtain a fairly 
accurate picture of the various steps involved in the conversion of electrical 
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input power to laser output. Table 3.2 lists the numerical values for the various 
efficiencies for the three laser materials. 

The diode slope efficiency 'TfP is experimentally determined by measuring the 
output with a power meter or calorimeter as function of electrical input. The 
transfer efficiency rn: is strictly a function of Fresnel losses of the cylindrical 
surface of the rods. In the case of the Nd: YAG rod, one half of the barrel which 
is facing the diode array is anti-reflection coated. The coating has less than 
0.25% loss at 810nm for normal incidence, but reflection losses are higher at 
larger angles. The 1% reflection loss is an average value obtained by considering 
all angles. The other two materials were not coated; therefore the reflection losses 
are higher. 

The absorption efficiency 'f/a was calculated by employing a computer code 
specifically designed for diode pumping of materials ([3.36], see also Chap. 6 for 
details). In this work, the absorption of the laser diode radiation for a number 
of lasers is calculated vs. path length in the laser material. From this reference 
follows that for the Nd: YAG laser, for example, about 70% of the incident 
radiation is absorbed in a 3 mm path length. This is about the average distance 

Table 3.2. Energy transfer efficiencies of several laser oscillators 

Transfer Process Nd:YAG Nd:BeL Nd:Glass 

Diode Slope Efficiency: TfP 0.46 0.46 0.46 
Transfer Efficiency: 1JT 0.99 0.89 0.95 
Absorption Efficiency: 1'/a 0.91 0.94 0.94 
Stokes Shift: 1'/S 0.76 0.76 0.76 
Quanium Efficiency: 1'/Q 0.95 0.82 0.85 
Coupling Efficiency: 1'/C 0.87 0.77 0.86 
Beam Overlap Efficiency: '1B 0.95 0.95 0.95 

Optical Slope Efficiency: us 0.54 0.42 0.48 

Electrical Slope Efficiency: us 0.25 0.19 0.22 
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between the front surface and the back reflector of the 3.5 mm diameter crystal. 
From the radiation incident on the back reflector, 30% was estimated to be lost 
due to absorption and scattering and radiation being reflected into areas of the 
rod which are outside the gain region. 

Nd: BeL and Nd: Glass have a higher absorption coefficient for the diode 
radiation; therefore 'T/a is somewhat higher for these materials. The Stokes shift is 
simply the ratio of the pump and laser wavelength, and the quantum efficiency is a 
materials parameter. The coupling efficiency 'T/C was determined by measuring the 
resonator losses according to the method described in Sect. 3.4.2. For Nd: YAG, 
the resonator round trip loss was 1.5%, and for Nd: BeL and Nd: Glass, the loss 
was 1.8% and 1%, respectively. The output coupling for these three materials 
was 10% for Nd: YAG, and 6% for Nd: BeL and Nd: Glass. The beam overlap 
efficiency takes into account pump radiation in areas which have not reached 
lasing threshold. It is the least known of all the parameters and was adjusted 
such that the product of the TJ-terms agreed with the measured slope efficiencies. 
The optical slope efficiency a = 'T/T'T/a'T/S'T/Q'T/C'T/B is the slope of the curves in 
Fig. 3.37 representing laser output vs. optical pump power, whereas the electrical 
slope efficiency is the slope of the laser output vs. electrical input curves which 
includes 17P· 

We will now calculate a number of laser parameters from this data by using 
the Nd: YAG laser as an example. From the values in Table 3.2, one can calculate 
the gain of the laser as a function of input power. From (3.62) and with A = 
0.07 cm2, Is= 2.9 x 103 W fcm2 and Lltp = 200 f.LS follows 

gol = 15 x 10-3 En 

or if we want to express the gain in terms of electrical input power we have to 
introduce into (3.62) the diode characteristics En = 1JP(E4n - Enm). The laser 
gain vs. electrical input energy 

gol = 6.9 x 10-3(Em - 29) mJ 

is plotted in Fig. 3.40. Also indicated in this figure are the thresholds for the 
diode laser and solid-state laser. The maximum single pass gain for the laser 
is Go = exp(g0 l) = 2.1. The laser output at this gain level is Eout = 24mJ, the 
available energy at the upper level follows from (3.69), with the values above 
one obtains Eavail = 30 mJ. Therefore the extraction efficiency of the laser is 'T/E = 
0.80. This value can also be obtained from (3.71). The optimum transmission of 
the laser is according to (3.67) Topt = 0.13. Putting this value into (3.66) gives a 
threshold input energy of Ern = 11 mJ. The values agree reasonably well with 
the measured data. The reader is reminded that these performance parameters are 
based on average values of the highly non-uniform, and multimode beam profile. 

The next example illustrates the performance of a relatively large diode array 
side-pumped oscillator. The system produces an energy per pulse of about 0.5 J 
at a repetition rate of 40Hz. Critical design issues for this laser include heat 
removal from the diode arrays and laser rod, and the overlapping of the pump 
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Fig. 3.40. Single-pass logarithmic gain as a function of electrical input energy 

and resonator mode volumes. In side-pumped configurations, laser diode arrays 
are not required to be coherent, and pump power can be easily scaled with mul
tiple arrays around the outside of the rod or along its axis. Instead of one diode 
array pumping the laser crystal, this particular laser employs 16 diode-arrays 
located symmetrically around the rod. As shown in Fig. 3.41, the diode pumps 
are arranged in four rings, each consisting of four arrays. Since each array is 
one em long, the total pumped length of the 6.6 em x 0.63 em Nd: YAG crystal 
is 4 em. This arrangement permits the incorporation of large water-cooled heat 
sinks required for heat dissipation, and it also provides for a very symmetrical 
pump profile. An eight-fold symmetry is produced by rotating adjacent rings of 
diodes by 45°. A photograph of the extremely compact design is also shown in 
Fig. 3.41. The symmetrical arrangement of the pump sources around the rod pro
duces a very uniform pump distribution, as illustrated in Fig. 3.42. The intensity 
profile shows the fluorescence output of the rod taken with a CCD camera. In 
Fig. 3.43, the output vs. optical pump input is plotted for long pulse multimode 
and TEMoo mode operation. Shown also is the output for Q-switch TEM00 mode 

END VIEW 

LASER 
ROD 

COOUNG 
SLEEVE 

Fig. 3.41. Cross-section (left) and photograph (right) of diode-pumped Nd : YAG laser head 
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Fig. 3.43. Output vs. input energy for diode-pumped Nd: YAG oscillator 

operation. The resonator configuration for the long pulse, multimode operation is 
depicted in Fig. 3.44. The TEMoo mode performance was achieved with a vari
able reflectivity mirror and a concave-convex resonator structure which will be 
described in Chap. 5. 

The multimode laser output can be expressed by 

Eout = 0.5 (Eopt- 180)mJ 

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

Eopt = 0.5 (Em- 640)mJ. 

Combining these two output-input curves relates the laser output with the elec
trical input energy 

Eout = 0.25 (Em - 1000) mJ . 

135 



RC= +2m 
T = 0.2 Fig. 3.44. Resonator configuration for multimode operation 
RC= oo 

DODD I Nd:YAG I 
DODD 

Diode Arrays 

I• lllcm----i.-

300..------------------, 

• 

200 

; 
0. 
; 
0 100 

Calculated 

Measured 

0.4 

Reflectivity 

. . 

Fig. 3.45. Oscillator output vs. mirror re

flectivity (calculated curve based on Topt = 
0.2, go/= 1.4, L = 0.03) 

Table 3.3. Energy transfer efficiencies of a large diode-pumped Nd: YAG oscillator 

Transfer Process Multimode Single Mode 

Diode Slope Efficiency: '1/P 0.50 0.50 
Transfer Efficiency: I]T 0.95 0.95 
Absorption Efficiency: I] a 0.90 0.90 
Stokes Shift: I]S 0.76 0.76 
Quantum Efficiency: IJQ 0.95 0.95 
Coupling Efficiency: IJC 0.90 0.90 
Beam Overlap Efficiency: I]B 0.90 0.38 

Electrical Slope Efficiency: O"S 0.25 0.10 

The slope efficiency of the laser is 25% and the overall electrical efficiency at 
the maximum output of 460mJ per pulse is 16%. The optimum output coupling 
was experimentally determined. Figure 3.45 shows a plot of the laser output for 
different values of the reflectivity. The different efficiency factors of the system 
are listed in Table 3.3. The slope efficiency of the diode array was measured 
with a power meter. The coupling of radiation to the rod is lower than in the 
previous example because in this system a water jacket and coolant are in the 
optical path of the pump radiation. The sapphire water jacket is AR coated for 
the pump radiation. The absorbed pump radiation in the 6.3 mm diameter crystal 
was calculated as before from a computer code. 
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The output coupling follows from Top1 = 0.20 and the measured round trip 
loss of L = 2.2%. The gain/mode overlap efficiency TfB was estimated by com
paring the beam profile with the pump distribution in the laser rod. The final 
value was adjusted for the product of the 17-terms to agree with the measured 
slope efficiency of 25%. For TEM00 mode operation, the major difference is 
a substantially reduced value for 1JB as a result of a smaller beam. All other 
parameters remain unchanged. 

End-Pumped Laser Oscillators 
In this so-called end-pumped configuration, the radiation from a single laser
diode or phased array is focused to a small spot on the end of a laser rod. With a 
suitable choice of focusing optics, the diode pump radiation can be varied from 
100-200 p,m in diameter to coincide with the diameter of the TEMoo resonator 
mode. The pump radiation penetrates deeply into the rod. The end pumping 
configuration thus allows the maximum use of the energy from the laser diodes. 

Using this longitudinal pumping scheme, the fraction of the active laser vol
ume excited by the diode laser can be matched quite well to the TEMoo lasing 
volume. A solid-state laser pumped in this manner runs naturally in the fun
damental spatial mode without intracavity apertures. This end-pumping concept 
was the subject of considerable interest during the mid 1970s for use as trans
mitters for optical-fiber communications [3.38, 39]. Only recently, however, have 
laser diodes of sufficient output power been available to fully exploit this highly 
efficient regime of operation. 

Today many excellent systems with extremely compact packaging and high 
efficiency are commercially available which utilize the mode matching pump pro
file. Operating features include frequency doubling, single frequency output, and 
high amplitude and frequency stability. Average power output from these lasers is 
at present limited to about one watt. A typical configuration originally proposed 
by Sipes [3.40] is shown in Fig. 3.46. The output from a phased diode array with 
200m W output at 808 nm is collimated and focused into a 1 em long x 0.5 em 
diameter 1% Nd: YAG sample. The resonator configuration is plano-concave, 
with the pumped end of the Nd: YAG rod being coated for high reflection at 
1.06 p,m, and with an output coupler having a 5 em radius of curvature and a 
reflectivity at 1.06 p,m of 95%. 

T.E. Ox>ler 
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Heal Sink Radiation 

Array O.SI t-tm 

Fig. 3.46. End-pumped laser oscillator 
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Figure 3.47 displays electrical input power versus 1.06 pm output power for 
the configuration illustrated in Fig. 3.46. We see that for approximately 1 W of 
electrical input power, 80 m W of Nd: YAG output is measured. 

The electrical slope efficiency of the laser is 13%, and the overall efficiency 
at 80mW output is 8%. Also shown in Fig. 3.47 is the performance of the diode 
array which has a slope efficiency of 34% and an overall efficiency of 22% at 
220mW output. The energy transfer steps of the laser are listed in Table 3.4. The 
slope efficiency 17P of the diode laser output is a measured quantity. The transfer 
efficiency TJT includes the collection of diode radiation by the lens system and 
reflection losses at the surfaces. The pump radiation is completely absorbed in 
the 1-cm long crystal, i.e., TJa = 1. The coupling efficiency qc follows from the 
measured 1% one-way loss and an output coupling of 5%. As stated by the author, 
the large ellipticity of the diode array beams made it difficult to focus the entire 
pump beam into the laser resonator mode. The value of TJB is therefore lower 
than can be achieved with an optimized system. The measured slope efficiency 
of the laser is the product of the ry-terms listed in Table 3.4. 

This example of an end-pumped laser demonstrates the high overall perfor
mance at TEM00 mode which can be achieved with this type of system. 

Table 3.4. Energy transfer efficiencies of an end-pumped Nd: YAG oscillator 

Transfer Process 

Diode Slope Efficiency: '7P 0.34 
Transfer Efficiency: 7JT 0.90 
Absorption Efficiency: 77• 1.00 
Stokes Shift: 77S 0.76 
Quantum Efficiency: 77Q 0.95 
Coupling Efficiency: 77C 0.71 
Beam Overlap Efficiency: 'I]B 0.85 

Electrical Slope Efficiency: O'S 0.13 
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The attractive features of end-pumped lasers are a very compact design com
bined with high beam quality and efficiency as a result of the good overlap 
between the pumped region and the TEMoo laser mode. Details of mode match
ing of a Gaussian pump beam with a Gaussian TEMoo laser beam can be found 
in [3.41]. 

Output of the laser is limited by the pump radiation which can be coupled into 
the small cross-section of the end-pumped geometry. Scaling to output powers 
around one watt has been achieved by combining the pump radiation from several 
diode arrays in a fiber bundle. Also, the outputs of several laser diode arrays can 
be combined in the longitudinal pumping geometry by using polarization beam 
combining techniques and pumping from both ends, thus multiplying the output 
power [3.42]. 

Laser-diode end-pumped cw operation has been extended to a number of 
laser materials. Figure 3.48 compares the output from Nd: BeL, Nd: YAG and 
Nd: YV04 [3.43]. The spectral differences of the materials studied have a con
siderable impact on laser threshold and slope efficiency. The comparative power 
curves of Fig. 3.48 were compiled based on the optimized value of output cou
pler and diode-pump wavelength for each crystal. Nd: YV04 clearly exhibits the 
lowest threshold despite its larger optical losses and short fluorescence lifetime 
(95 ps). 

In recent years, laser action by means of laser-diode end-pumping has been 
demonstrated in a number of solid-state laser materials and in a number of 
configurations such as Q-switching, frequency doubling and mode-locking. For 
example, laser action was reported in Nd: Glass at 1.05 pm [3.44], Nd: YLF at 
1.05 pm [3.45], HoErTm : YAG at 2.1 pm [3.46]; in Nd: YAG at 946 nm [3.47], 
in Ho: YLF at 2.06 pm [3.48], in Tm: YLF at 2.31/tm (3.49], and in Q-switched 

(oplical slope efficiency percenl) 
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Fig. 3.48. Laser output as a function of pump laser diode electrical input. Optical slope efficiency 
percents are in parentheses. (YAG and YV04 at 97% and BeL at 99 %output couplers) [3.43] 
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Nd: YAG [3.50] and Nd: YLF [3.51], as well as in intracavity frequency doubled 
Nd:YAG [3.50], and mode-locked Nd:Glass [3.52]. 

In the diode-pumped lasers discussed so far, the active element is a thin slab 
or rod a few millimeters long. An extreme case of diode-array end-pumped laser 
is the fiber laser. The development of low-loss rare-earth-doped fibers has led to 
the construction of. a number of single-mode fiber lasers [3.53-64]. Due to the 
small volume of the active core, low threshold and efficient operation has been 
achieved. 

The pumping of solid-state laser materials with single diodes or diode arrays 
is a very rapidly emerging technology and new lasers and pumping configurations 
are reported at a rapid pace. Information regarding the latest developments can 
be found in the proceedings and technical digests of the various annual laser 
conferences [3.65, 67]. 

3. 7 Travelling-Wave Oscillator 

The oscillators which we have discussed so far are characterized by standing 
waves in the resonator. In an oscillator consisting of a ring-like resonator uti
lizing 3 or 4 mirrors and a nonreciprocal optical gate, a travelling wave can 
be generated. The optical gate provides a high loss for one of the two counter
circulating travelling waves. The wave with the high loss is suppressed, and a 
unidirectional output from the laser is obtained. A typical laser cavity configu
ration of a travelling-wave oscillator is shown in Fig. 3.49 [3.68]. The system 
consists of a four-mirror rectangular resonator, a Brewster-ended laser rod, a >J2 
plate, and a Faraday rotator. Three mirrors are coated for maximum reflectiv
ity at the laser wavelength and the fourth mirror is partially transparent The 
unidirectional optical gate is formed by a half-wave plate and a Faraday rotator, 
consisting of a glass rod located within a solenoid-generated axial magnetic field. 

The Faraday element, which should possess a high Verdet constant, rotates 
the plane of polarization (defined by the Brewster-ended rod) of the two circu
lating beams by a small angle ± f), the sign being dependent on the propagation 
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direction and polarity of the magnetic field. The half-wave plate is orientated 
with one of its axes at an angle /3/2 with respect to the polarization of the beams. 
The magnetic field is adjusted such that for the wave travelling in the clockwise 
direction, the half-wave plate rotates the plane of polarization by an angle f3 
and the Faraday cell by an angle + f) so that the total rotation is f3 + f). The 
differential loss Lla: between the counterrotating waves is then 

(3.91) 

For maximum power output, the half-wave plate and the intensity of the magnetic 
field on the Faraday rotator are adjusted so that f3 = e. Then the entire loss, 
proportional to 482, is experienced only in the clockwise direction, leaving the 
wave in the counterclockwise direction unattenuated. As a result the laser will 
oscillate in a unidirectional wave. 

Instead of the rectangular four-mirror cavity, a three-mirror cavity can be 
employed equally well. Also, the Brewster-ended rod can be replaced with a 
polarizer and a flat-ended rod. In some designs, rather than using a Faraday 
rotator, the travelling mode is produced by means of an asymmetric resonator 
incorporating a return mirror [3.69]. Travelling-wave oscillators have generated 
interest mainly as a way to eliminate "spatial hole burning" (Sect. 5.2) caused by 
the standing-wave distribution of the intensity in a conventional oscillator. Since 
travelling-wave oscillators of the type depicted in Fig. 3.49 are more complicated 
to construct and require more optical components compared to standing-wave 
oscillators, these systems have not found any real applications in the past. 

However, the interest in travelling-wave lasers has dramatically increased 
with the emergence of laser diodes as practical pumps for Nd: YAG lasers. The 
compact designs made possible with end-pumped diode-laser geometries have 
resulted in monolithic ring lasers where the functions of the elements shown in 
Fig. 3.49 are performed by a single Nd: YAG crystal. Unidirectional ring lasers 
contain three essential elements: a polarizer, a half-wave plate, and a Faraday 
rotator. The polarizer, half-wave plate equivalent, and the Faraday rotator are 
all embodied in the nonplanar ring Nd: YAG laser first proposed by Kane et 
al. [3.70], and illustrated in Fig. 3.50. With a magnetic field H present in the 
direction shown, the YAG crystal itself acts as the Faraday rotator, the out-of
plane total internal reflection bounces (labelled A and C) act as the half-wave 
plate, and the output coupler (mirror D) acts as a partial polarizer. Polarization 
selection results from non-normal incidence at the dielectrically coated output 
mirror. 

The basic idea of a monolithic diode pumped uni-directional ring laser is to 
provide the equivalent of a discrete element design of a half-wave plate with a fast 
axis rotation angle which is half of the Faraday rotation angle. Since the Faraday 
rotation is small, the equivalent wave-plate rotation angle is also made small. 
The design of non-planar ring oscillators incorporating the above concepts has 
matured considerably over the past years. A number of modified versions of the 
original monolithic ring laser have also been reported [3.71-74]. Compactness, 
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Fig. 3.51. The ring configuration for a cw Ti : sapphire laser cavity (courtesy of Schwartz Electro

Optics) 

single mode operation combined with excellent frequency and amplitude stability 

due to the monolithic structure are the main practical advantages of this design. 

As we will discuss in Sect. 5.2.3 these devices are important as seed lasers 
for injection-seeded Nd: YAG oscillators. 

The architecture of the monolithic ring laser precludes the use of intracavity 
elements such as those required for efficient second harmonic generation, Q
switching or tuning of the single-frequency output. For these cases, a laser-diode 

pumped ring laser, comprised of discrete elements can be constructed [3.75, 76]. 
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Figure 3.51 depicts a ring-configuration resonator for a cw Ti: sapphire laser. 
The pump beam generated by an argon laser provides end-pumping of the 
Ti: sapphire crystal. The Faraday rotator and A/2-waveplate combination as
sure unidirectional operation. The remaining resonator components, a birefrin
gent filter and an etalon are for wavelength selection and linewidth narrowing, 
respectively. 
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4. Laser Amplifier 

In this chapter we will discuss the gain in energy for a laser beam passing through 
an optically active material. The use of lasers as pulse amplifiers is of great in
terest in the design of high-energy, high-brightness light sources. The generation 
of high-energy pulses is based on the combination of a master oscillator and 
multistage power amplifier. For the purpose of illustrating the amplifier concept 
and principles we assume a straightforward system, as shown in Fig. 4.1. In this 
scheme an amplifier is driven by an oscillator which generates an initial light 
pulse of moderate power and energy. In the power amplifier with a large volume 
of active material the pulse power can grow, in extreme cases, up to 100 times. 

In an oscillator-amplifier system, pulse width, beam divergence, and spectral 
width are primarily determined by the oscillator, whereas pulse energy and power 
are determined by the amplifier. Operating an oscillator at relatively low energy 
levels reduces beam divergence and spectral width. Therefore, from an oscillator
amplifier combination one can obtain either a higher energy than is achievable 
from an oscillator alone or the same energy in a beam which has a smaller beam 
divergence and narrower linewidth. Generally speaking, the purpose of adding 
an amplifier to a laser oscillator is to increase the brightness B[W cm-2sc1] of 
the output beam 

p 
B =AD' (4.1) 

where P is the power of the output beam emitted from the area A, and .Q is the 
solid-angle divergence of the beam. Multiple-stage amplifier systems can be built 

Laser oscillator Laser amplifier 

Mirror Mirror 

~ I Laser rod ~::::::)o"'"' Laser rod I==::) Output 

Flashtube Flashtube 

Fig. 4.1. Schematic diagram of a laser oscillator-amplifier configuration 
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if higher amplifications are required. In extreme cases Nd: glass laser systems 
have been constructed in which a 1-mJ output from an oscillator is amplified to 
a 1-kJ beam. 

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

- Gain and energy extraction. 
Wavefront and pulse-shape distortions introduced by the amplifier. 
Energy and power densities at the optical elements of the amplifier system. 

- Feedback in the amplifier which may lead to superradiance or prelasing. 

Of primary interest in the design of amplifiers is the gain which can be achieved 
and the energy which can be extracted from the amplifier. The rod length in an 
amplifier is determined primarily by the desired gain, while the rod diameter, set 
by damage threshold considerations, is dependent on the output energy. We shall 
see in the following sections that the gain of an amplifier pumped at a certain 
inversion level depends on the intensity and duration of the input pulse. 

To a first approximation we can assume the growth of input energy to be 
exponential, for the amount of stimulated emission is proportional to the exciting 
photon flux. It will be seen, however, that exponential amplification will occur 
only at low photon-flux levels. A deviation from the exponential gain regime 
in an amplifier occurs when an optical pulse traveling in the inverted medium 
becomes strong enough to change the population of the laser levels appreciably. 
The optical amplifier will exhibit saturation effects as a result of depletion of the 
inversion density by the driving signal. Taking an extreme case, we can see that 
if a high-intensity light pulse is incident on a laser rod, the stimulated emission 
can completely deplete the stored energy as it progresses. Then the gain can be 
expected to be linear with the length of the rod rather than exponential. 

Let us assume that a low-level signal is incident on a long amplifier which 
is uniformly inverted. At the beginning the signal increases exponentially with 
distance, then after a transition region the signal amplitude grows linearly with 
length, and finally the signal no longer increases at all. This happens when the 
gain per unit length just balances the losses per unit length in the rod. 

So far we have discussed the effect of the input signal level on the gain of the 
amplifier. We will also have to consider the pulse length and its influence on the 
amplification mechanism. In an amplifier where the input pulse is considerably 
shorter than the fluorescence lifetime of the medium, such as a Q-switch pulse 
or a mode-locked pulse, energy is extracted from the amplifier which was stored 
in the amplifying medium prior to the arrival of the pulse. If the signal is long 
compared to the fluorescent time, such as the output from a free running oscillator 
or a cw laser, a steady-state gain best characterizes the amplification mechanism. 
Hence the effect of spontaneous emission and pumping rate on the population 
inversion cannot be neglected. 

The two regimes of light amplification - short pulse and steady state or 
long pulse - will be discussed in Sects. 4.1 and 4.2. The phenomenon of gain 
saturation is common to both time domains. We will see, however, that in the case 
of pulses which are short compared to the fluorescence lifetime of the material 
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the amplification depends on the energy density, whereas in the case of long 
pulses or cw mode of operation the gain depends on power density. 

Any amplification process is associated with some kind of distortion. In 
Sect. 4.3 we will summarize wavefront and pulse-shape distortions associated 
with the amplification of optical pulses. In multiple-stage amplifier systems the 
stability of the system is of prime concern to the laser designer. In Sect. 4.4 the 
conditions for stable operation of amplifiers will be discussed. 

4.1 Pulse Amplification 

The events during the amplifier action are assumed to be fast compared with the 
pumping rate Wp and the spontaneous emission time Tf. Therefore tp ~ Tf, wp-l' 
tp being the width of the pulse which passes through the laser rod. 

Thus the amplification process is based on the energy stored in the upper laser 
level prior to the arrival of the input signal. As the input pulse passes through 
the rod, the atoms are stimulated to release the stored energy. The amplification 
process can be described by the rate equations (1.58, 61). If we ignore the effect of 
fluorescence and pumping during the pulse duration, we obtain for the population 
inversion 

an 
8t = --yncarf>. (4.2) 

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

arf> a¢ 
- = cnarf> - - c . at ax (4.3) 

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

Consider the one-dimensional case of a beam of monochromatic radiation 
incident on the front surface of an amplifier rod of length L. The point at which 
the beam enters the laser rod is designated the reference point, x = 0. The two 
differential equations (4.2, 3) must be solved for the inverted electron population 
n and the photon flux ¢. Frantz and Nodvik [ 4.1] and others [ 4.2, 3] solved these 
nonlinear equations for various types of input pulse shapes. 

If we take for the input to the amplifier a square pulse of duration tp and 
initial photon density r/>o, the solution for the photon density is 
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¢>(x t) { [ ( x)] }-1 ~ = 1- [1- exp(-11nx)]exp -''W¢>o c(t--;; , (4.4) 

where n is the inverted population density, assumed to be uniform throughout 
the laser material at t = 0. The energy gain for a light beam passing through a 
laser amplifier of length x = l is given by 

1 l+oo G :;::: -;:- ¢>(1, t)dt . 
'f'Otp -oo 

(4.5) 

After introducing (4.4) into (4.5) and integrating, we obtain 

1 
G:;::: ¢> ln{1 + [exp(')'l1¢>oroc)- 1]enu1}. 

C/11 otp 
(4.6) 

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

A saturation fluence Es can be defined by 

Es:;::: hv:;::: Est 
111 /90 

(4.7) 

(4.8) 

where Est :;::: hvn is the stored energy per volume, and go :;::: n11 is the small signal 
gain coefficient. 

In a four-level system 'Y:;::: 1, and the total stored energy per unit volume in 
the amplifier is 

(4.9) 

The extraction efficiency 1JE is the energy extracted from the amplifier divided 
by the stored energy in the upper laser level at the time of pulse arrival. With 
this definition, we can write 

Eout- E;n 
1]E:;::: 

go fiE. 
(4.10) 

In this expression Eout. Ein is the amplifier signal output and input fluence, 
respectively. In a four-level system, all the stored energy can theoretically be 
extracted by a signal. In a three-level system 'Y :;::: 1 + g2f g1, and only a fraction 
of the stored energy will be released because as the upper laser level is depleted, 
the lower-level density is building up. 

Introducing (4.7, 8) into (4.6), one obtains 

(4.11) 
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This expression represents a unique relationship between the gain G, the in
put pulse energy density Em, the saturation parameter Es. and the small-signal, 
single-pass gain Go= exp(gol). 

Equation (4.11), which is valid for rectangular input pulses, encompasses 
the regime from small-signal gain to complete saturation of the amplifier. The 
equation can be simplified for these extreme cases. Consider a low-input signal 
Em such that Em/ Es ~ 1, and furthermore GoEin/ Es ~ 1; then (4.11) can be 
approximated to 

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

In this case, the "low-level gain" is exponential with rod length, and no saturation 
effects occur. This, of course, holds only for rod lengths up to a value where the 
output energy density GoEm is small compared to E5 • 

For high-level energy densities such that E..n / Es ~ 1, ( 4.11) becomes 

G~1+(~)gol. (4.13) 

Thus, the energy gain is linear with the length of the rod, implying that every 
excited state contributes its stimulated emission to the beam. Such a condition 
obviously represents the most efficient conversion of stored energy to beam 
energy, and for this reason amplifier designs which operate in saturation are used 
wherever practical, with the major limitation being laser rod damage thresholds. 

We will now recast (4.11) into a form which makes it convenient to model 
the energy output and extraction efficiency for single and multiple amplifier 
stages operated either in a single or double pass configuration. With the notation 
indicated in Fig. 4.2, Eo is now the input to the amplifier and E1 is the output 
ft,uence which are related by 

(4.14) 

The extraction efficiency is according to (4.10) 

rn = (El - Eo) I golEs . (4.15) 

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

Amplifier 

Eo "'I - - 9 o - - - I "' E1 Fig. 4.2. Notation for the calculation of energy out-
E2 ••--+- - - g~ ___ +..,..., __ E1 put fluence and extraction efficiency for one- and 

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

The output fluence Ez from a two-pass amplifier can be calculated as follows: 

& = Es In { 1 + [ exp ( ~: ) - 1] exp(gb l)} . (4.16) 

The input for the return pass is now E 1 which is obtained from (4.14) as the 
output of the first pass. The gain for the return pass is now lower because energy 
has been extracted from the gain medium on the first pass 

gb = (1 - rn)go . (4.17) 

The extraction efficiency of the double-pass amplifier is 

'T/2 = (Ez- Eo)/golEs. (4.18) 

The extraction efficiency calculated from (4.14-18) for one- and two-pass am
plifiers, for different values of g0 l and normalized input fluences, are plotted in 
Fig. 4.3. The results show the increase in extraction efficiency with higher input 
energies, and the considerable improvement one can achieve with double-pass 
amplifiers. Equations (4.14-18) can be readily applied to multistage systems, by 
writing a simple computer program which sequentially applies these equations 
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to the different amplifier stages. In Sect. 4.1.3, we will illustrate the results of 
such a modeling effort for a 4-stage double pass amplifier chain. 

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

9eff = j go(r)Ia(r)27rrdr / j Ia(r)27rrdr (4.19) 

where go(r) is the radial gain distribution, and Ia(r) is the radial intensity profile 
of the beam. 

In laser amplifier technology the small-signal gain coefficient go = na21 is 
often expressed as 

go= f3Est, (4.20) 

where E 51 is the previously discussed stored energy per unit volume and 

f3 = 0"21 

hv 
(4.21) 

is a parameter relating the gain to the stored energy. Equation (4.11) can be 
rearranged to take the form 

(4.22) 

Equations ( 4.11, 22) permit one to calculate the gain of an amplifier as a func
tion of the input energy density, provided that the small-signal gain or the energy 
stored in the amplifier is known. These parameters, which depend on the input 
energy, the volume of the active material, the efficiency of the pump structure, 
etc., normally must be estimated. Later in this section we will list typical perfor
mance data for ruby, Nd: glass, and Nd: YAG amplifiers which can be used as 
guidelines. 

One of the significant points of ( 4.11) for the design of laser amplifiers lies in 
the fact that if one data point of an existing amplifier is known, the performance 
of the amplifier under different operating conditions can be calculated. Also, 
the effect on the performance of changes in design, such as amplifier length or 
diameter or the use of multiple stages in a system, can be studied with the aid 
of this equation. Before we discuss practical examples, it should be noted that 
in deriving (4.11) two assumptions were made: 

1) It was assumed that·the pulse shape of the incident pulse was rectangular. 
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However, it should be mentioned that despite this assumption, the above 
analysis holds, to a good approximation, for a symmetrical triangular-shaped 
pulse. This approximation becomes less valid in cases where amplified pulse 



shapes differ significantly from incident pulse shapes as a result of the higher 
gain experienced by the leading edge of the pulse. In such cases, more 
accurate gain equations, given in [4.4, 5], should be used. 

2) We have assumed a lossless amplifier. In real solid-state laser amplifiers 
there inevitably exist linear losses of radiation as a result of absorption and 
scattering caused by defects and impurities in the active medium. A linear 
loss limits the energy growth in the saturation regime. There the energy tends 
to grow linearly as a result of the amplification and to decrease exponentially 
as a result of loss. 

Avizonis and Grotbeck [4.6] have derived an expression which describes the gain 
process in an amplifier without approximation. They obtained 

dE(x) [ (-E(x))] ---;{;- = Esgo 1- exp ~ - aE(x), (4.23) 

where E(x) is the pulse energy at point x, a is the loss coefficient per unit 
length, and x is the amplifier length coordinate. 

Equation (4.23) can be solved analytically only if a zero loss is assumed 
(et = 0). In this case the result is identical to (4.11). From (4.23) follows that, 
in the presence of losses, gain in the saturating regime occurs only for pulse 
energies below a limiting value Emax· For a~ go this limiting value is 

E _goEs 
max- · (4.24) 

Ct 

Modern laser materials such as ruby, Nd: glass, and Nd : YAG have sufficiently 
small losses that they can be neglected in most cases in the design of amplifiers. 
Loss coefficients for these materials are typically less than 0.001 cm-1• For val
ues of Es between 5-10J/cm2 and g0 between 0.1 and 0.5 cm-1, the theoretical 
value of the limiting energy Emax is in the range of several hundreds of joules 
per square centimeter. In practice, the realizable pulse output energy is limited to 
significantly lower values because of self-damage in the active medium. There
fore, only in optically very poor host materials, where scattering or absorption 
losses are high (such as Verneuill-grown rubies or early laser glasses containing 
platinum inclusions), need one take a into account. Additional references treating 
laser amplifiers including losses can be found in [4.7, 8]. 

The amplification efficiency (i.e., the ratio of the energy extracted by the 
signal to the energy stored in the active medium) in laser amplifiers can be in
creased by passing the signal twice through the active medium. The double-pass 
technique yields a considerable increase in the small-signal gain. This advan
tage must be weighted against the added complexity of a multiple-pass amplifier 
brought about by the addition of beam-deflecting optics. Double-pass amplifiers 
are described in [4.9, 10]. In order to illustrate the usefulness of (4.22), we will 
calculate the gain for several amplifiers and compare the calculations with mea
sured data. 
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4.1.1 Ruby Amplifiers 
As mentioned in Sect. 2.2, laser action in ruby occurs on the Rt emission line. 
However, since energy is stored in both the E and 2A levels, a transfer of 
energy from the 2A to the E level can take place during the amplification pro
cess. Whether energy transfer between the two levels actually occurs depends 
on whether the relaxation time between the E and 2A levels is short or long 
compared with the length of the amplified pulse. The relaxation time between 
the two excited levels in ruby is on the order of 1 ns or less. 

Amplification of Q-Switched Pulses 
First we will consider the amplification mechanisms for pulses which are longer 
than 1 ns. In this case, the two upper levels (i.e., E and 2A levels) remain in 
thermal equilibrium and energy can be extracted from both levels. The stored 
energy in the combined upper levels is 

The maximum energy which one may hope to extract from ruby is 

The extraction efficiency in ruby is therefore 

1JE = Eex/ Est(E) 

and from (2.12 and 4.20,25), we obtain for ruby 

go= /3E.,(E) = /3'E., with /3' = /3/2. 

(4.25) 

(4.26) 

(4.27) 

(4.28) 

The saturation fiuence defined as the ratio of extractable energy to the small
signal gain coefficient, is 

Es = hv . 
0"21 

(4.29) 

If we introduce the parameters listed in Table 2.2 into (4.28, 29), we obtain 
Es = 11.0 J Jcm2 and {3' = 0.044 cm2 jJ. The expressions which relate the upper
state population density to the gain coefficient, stored energy, extractable energy, 
and total upper-state energy density are presented in graphical form in Fig. 4.4. 

Having summarized the pertinent laser parameters for ruby, we turn now 
to (4.22). Introducing the materials parameter Es and {3' into this equation and 
assuming values for E81 and Em. one can plot the output energy density of a ruby 
amplifier as a function of amplifier len~th. The curves in Fig. 4.5 were obtained 
by assuming a value of E4n = O.lJ/cm and three different values of the stored 
energy Est = 3.0, 4.0, and 4.5 J/cm3 for total inversion. 

The practical significance of these curves lie in the fact that they can be used 
for any input energy and amplifier length. For example, assume that there is a 
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Fig.4.4. Gain coefficient and upper-state energy in optically pumped ruby. Eu is the upper-state 
energy density, Est is the stored energy, Eex is the maximum extractable energy density, ntot is the 
total cr-3+ concentration in ruby, and nz is the upper-state population density 

total of 1 J/cm2 being delivered by the oscillator to a 10-cm-long amplifier with 
a stored energy of Est= 4Jfcm3 • A line drawn through the ordinate at 1J/cm2 

intersects the curve at A, adding to that the amplifier length, we obtain point B. 
Point C, which has the same abscissa as point B, intersects the curve at 4J/cm2, 

which is the output from the amplifier. 
The only parameter that is difficult to determine is the rod energy storage 

Est per unit volume. This parameter is dependent on the flashlamp input energy 
and pulse width, the design and efficiency of the pumping geometry, and the 
laser rod geometry. From the rate equations (1.53) we can obtain a relationship 
between the pump pulse intensity and the stored energy. Since ¢> = 0 prior to the 
arrival of the signal, (1.53) has the solution 

~:1 = { 1 + Wpnexp [- ( Wp + ~) tp]} (1 + Wpn)-1 • (4.30) 

The pump rate Wp can be expressed by the lamp input energy per cubic centimeter 
of rod volume Ep, the pulse duration tp. and an adjustable parameter f which is 
essentially the pump efficiency [4.11-13]. 
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(4.31) 

From (4.30 and 31) we obtain an expression of the population inversion as a 
function of ftashlamp input energy per cubic centimeter of rod volume: 

n = ntot [1 _ 2 ( 1 + (f Eprrftp) exp(-f Ep - tp/Tf))] . 
1 + fEpTJftp 

(4.32) 

The expression go = a12n normalized to the absorption coefficient ao is plotted 
in Fig. 4.6 as a function of f Ep with tp as a parameter. As illustrated, the gain 
which can be achieved for a given lamp input energy depends on the ratio of 
pulse width to fluorescence lifetime. For a longer pump pulse, gain is reduced 
because of the depletion of the upper level by spontaneous emission. For an 
infinitely short pump pulse, tp = 0 and the gain coefficient becomes 

go= ao[1- 2exp(-JEp)]. (4.33) 

The parameter f depends only on the efficiency of the pump geometry and the 
spectral output of the lamp. In Fig. 4. 7 the stored energy Est as a function of 
lamp input energy per cubic centimeter of rod volume is plotted for a pmctical 
pulse length of tp = 1 ms. The parameter is the pumping coefficient f. 

154 



0 
!S 

' 0 
Ol 

1.0 

0.8 

0.6 

0.1. 

0.2 

0 

-0.2 

-0.1. 

-0.6 

Fig. 4.6. Ruby gain coefficient as a 
function of pump energy and pump 
pulse length [4.12] 

5 r---------------------------~ 

0.2 

4 I 
E 
~ 

M 
0.15 E .$ 

~ c 2. 3 
f=5X10- 3 " ....,• ~ 

> "' ~ 0.1 0 
0 

"' c: c: 

"' 2 ... 
"0 C> 

" ... 5 c: 
ci5 C> 

~ 0.05 ... 
E 

VJ 

1 X 10- 3 

0 
0 200 400 600 800 1000 

Lamp input energy/rod volume [J/cm 3 ] 
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Figures 4.5 and 7 completely describe the perfonnance of a ruby amplifier 
in the Q-switch regime. Starting with the total lamp input power and the rod 
volume, the parameter Ep can be calculated. For a given Ep, there follows from 
Fig. 4.7 a value for the upper-state stored energy Est· With this value known, 
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from Fig. 4.5 the output of the amplifier for any input energy density can be 
obtained. The only assumption which has to be made is the numerical value of 
the pump coefficient f. A good estimate for most helical lamp geometries is 
f = (4 - 8) X 10-3 [cm3 jJ] and f = (6- 8) X 10-3[cm3 jJ] for focusing pump 
cavities. 

Once an amplifier has been built and one data point (Em, Eo111 , Ep, tp) has 
been measured the amplifier can, in most cases, be completely described for a 
variety of different operating conditions using the equations and graphs presented 
in this section. For example, if Eout is measured for a single input power .E;.0 , 

then we can calculate the small-signal single-pass gain according to (4.11) 

Go = exp(Eout/ Es) - 1 , 
exp(Em/ Es) - 1 

(4.34) 

and with Go known, the small-signal gain coefficient go and the stored energy 
Est. If the ftashlamp input energy and pulse duration was recorded during the gain 
measurement, the pump parameter f can be determinded from (4.33). We will 
now compare the theoretical results with measurements performed on actual ruby 
amplifiers. In Fig. 4.8, the small-signal gain coefficient go is plotted as a function 
of flashlamp input per cubic centimeter of rod volume for a number of different 
ruby laser amplifiers. The systems, varying in ruby rod size, are all pumped by 
helical ftashlamps. The measured values can be approximated by (4.33) if one 
assumes a pump pulse of 0.8 ms and a pump parameter off= 8 x w-3[cm3 jJ]. 
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The ftashlamp pulse in these systems is typically 0.8-l.Oms wide at the 50% 
power points. The signal input is normally delayed by about the same time with 
respect to the triggering of the ftashlamp. In accordance with the calculated value, 
the gain curve bends over for high lamp input energies as a result of depletion 
of the ground level. Measurements on about 20 helical ftashlamp pumped ruby 
laser amplifiers have shown that energy storages of Est = 3.5 - 3.8 J jcm3 are 
typical for a ftashlamp input of 350 J/cm3 of active material. The small-signal 
gain coefficient under these conditions is, therefore, approximately g0 = 0.15 -
0.17 em -I for rods doped at 0.05 % c~+. Since the small-signal gain coefficient is 
proportional to the doping concentration, see (2.13), variations in the peformance 
of different ruby rods can often be traced to differences in doping concentration. 

Amplification of Mode-Locked Pulses 

For input pulses which are so short (tp ~ 1 ns) that no thermalization between the 
E and 2A level can take place during the amplification process, the energy which 
can be extracted from the ruby crystal depends on the population of the E level 
only. In Sect. 2.2, for the maximum energy which can be extracted from ruby 
in a subnanosecond pulse if prior to the arrival of the pulse complete inversion 
exists, we obtained 

E t ntothv 
ex, max"" - 3-. (4.35) 

Since the small-signal coefficient is the same as for the longer pulse, we obtain 
after introducing ( 4.35) and (2.13) into ( 4.8), 

Ets = 2hv . 
3azl 

(4.36) 

The numerical value for the saturation density is Es = 7.7 Jjcm2 . Gain saturation 
in connection with the amplification of mode-locked pulses is only of academic 
interest, because energy densities attainable in practice are considerably below 
Es as a result of the limitation in peak power imposed by material damage. The 
performance of ruby amplifiers employed to amplify picosecond pulses have been 
described in [4.14]. 

4.1.2 Nd: Glass Amplifiers 
An enormous data basis exists regarding the design of Nd: Glass amplifiers since 
these systems have become the lasers of choice for laser fusion research. Moti
vated by requirements to drive inertial confinement fusion targets at ever higher 
powers and energies, very large Nd: glass laser systems have been designed, 
built, and operated at a number of laboratories throughout the world over the 
past fifteen years. 

During the 1960's and into the early 1970's, large glass laser systems con
sisted of pulsed oscillators followed by rod amplifiers. The introduction of face
pumped disk amplifiers relieved the inherent aperture constraint of rod amplifiers. 
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Initially the systems employed silicate glass as the host material for neodymium. 
The lower nonlinear refractive index and higher gain coefficient of phosphate 
glasses has provided a powerful incentive to build systems based upon these 
materials. 

The architectural design of these master oscillator-pulsed amplifier systems 
is determined by the nonlinear aspects of propagation, namely self-focusing and 
gain saturation. Most large Nd: glass fusion laser systems constructed to date 
have utilized the master-oscillator power-amplifier chain (MOPA) as the basic 
building block. For example, the component layout of a laser MOPA chain is 
shown schematically in Fig. 4.9. A MOPA chain consists of a master oscillator, 
which generates a well-controlloed low-energy pulse for amplification, and a 
series of power amplifiers to increase the beam energy. The clear apertures of 
the power amplifiers increase stepwise down the chain to avoid optical damage 
as the beam energy grows. 

Spatial filters are important elements in a high-peak-power laser system and 
are required to serve three purposes: removal of small-scale spatial irregularities 
from the beam before they grow exponentially to significant power levels; re
duction of the self-induced phase front distortion in the spatial envelope of the 
beam; and expansion of the beam to match the beam profile to amplifiers of 
different apertures. 

Laser oscillation in the chain is prevented by the appropriate placement along 
the chain of Faraday rotators and polarizer plates. To construct laser systems that 
provide more energy than can be obtained from a single MOPA chain, or to 
provide for multibeam irradiation geometries, the ouptut from a small MOPA 
chain is split into the desired number of beams, and each of these beams is 
used to drive a full MOPA chain. The system shown in Fig. 4.9 is an exam
ple of such a design. Shown is one lOKJ beam line of the NOVA glass laser 

~ §1§)0\o/~~0/<>A~®JWV~J 
Rods 

[[] N-cm aperture amplifiers 
~ Spatial filters 
\C>/ Faraday isolators 
\ Mirrors 

001 Focus lens. window, debris shield 
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Fig. 4.9. Component layout of one beam line of the NOVA 
system (Lawrence Livermore National Laboratory) 



system built by Lawrence Livermore Laboratory. The complete system has 10 
such identical beam lines producing a total output energy in excess of 100 KJ. 
An alternative system concept that uses components of MOPA chains consists 
of the division of the initial beam into two beams, followed by amplification, 
splitting, amplification, etc., until the desired number of beams and total energy 
are obtained. 

It is outside the scope of this book to address the complex issues surrounding 
the design, development and operation of glass lasers employed in fusion target 
irradiation facilities. The reader interested in the design, modeling, and materials 
aspects of these lasers is referred to the extensive literature which covers the 
whole aspect of lasers for inertial confinement fusion. The monograph by Brown 
[4.15], the special issue on lasers for fusion of the IEEE Journal of Quantum 
Electronics [4.16], the annual reports issued by LLNL [4.17] as well as sev
eral overview papers on fusion glass lasers [4.18, 19] are recommended as an 
introduction to this area of laser technology. 

In this section we will proceed to provide several basic guidelines which are 
important in the design of Nd: glass oscillator-amplifier systems. 

In order to calculate gain and energy extraction from a glass amplifier for 
a given input energy we have to know the saturation density E. and the small 
signal gain Go according to (4.11). 

The saturation fluence Es of a laser glass depends inversely on the gain 
cross-section r and can be written as 

E.= (hvja)k. (4.37) 

The 1053 nm gain cross-section of phosphate glasses range from 3.0 to 4.2x 
10-20 cm2 and k is a parameter which is dependent on the output fluence and the 
duration of the amplified laser pulse. Saturation fluence can depend on the pulse 
duration if it is less than the lifetime of the lower laser level (less than 1 ns for 
most glasses). The dependence of E. on output fluence has been attributed to a 
hole-burning mechanism [ 4.20]. It is believed that the saturating pulse couples 
more strongly to one fraction of the inverted ions in the glass. 

Figure 4.10 shows representative values of saturation fluence versus out
put fluences for several phosphate glasses [4.20, 21]. The increase of saturation 
fluence for a higher output fluence is quite pronounced. Pulsewidths for these 
measurements ranged from 1 to 50 ns. 

The next step in the design of a glass amplifier is the calculation of the small 
signal gain. According to ( 4.20) we need to determine the stored energy density 
in the rod, which depends on the flashlamp operating parameters and energy 
output as well as on the pump cavity design and transfer efficiency. 

Figure 4.lla shows the axial small-signal gains of rod amplifiers with diam
eters of 25 mm (RA) and 50 mm (RB), respectively. The 380 mm long glass rods 
are pumped by six 15 mm I. D. xenon flashlamps. The glass material is Hoya 
LHG-7 with Nd203 concentration of either 1.2 (RA) or 0.6 wt%(RB), respec
tively. The rod is in contact with the cooling liquid which flows in a Pyrex jacket 
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that surrounds the laser rod. The gain of the amplifer RA depends on the cooling 
liquid which suppresses the parasitic oscillation. The axial gain at the pumping 
energy of 22.5 kJ is 59 with water as the coolant and 100 with the index-matching 
fluid (aqueous solution of ZnCh and SmCh.) The axial gain of the amplifier RB 
is 15.5 at the pumping energy of 22.5 kJ. Gain coefficient and stored energies 
are given in Table 4.1. 

For comparison, Table 4.1 and Fig. 4.11 show also data on these three types 
of disk amplifiers having clear apertures ranging from 10 to 20cm. The numbers 
given in Table 4.1 for the stored energy density, and pumping efficiency Es/ Ep 
(energy stored in laser glass divided by the pumping energy can be used as 
guidelines for the design of glass amplifiers). For a critically damped lamp pulse 
of about 300 flS, one can expect typically a 0.5 to 1.5% conversion of pump input 
energy per unit rod volume to energy stored per unit rod volume. The numerical 
value for the stored energy normally ranges from 0.2 to 0.8 J/cm3 . 

The spread in the ratio of Est/ Ep and in the numerical value of Est is due 
mainly to the following: 

1) The conversion efficiency Est/ Ep increases for large-diameter amplifiers 
because they are optically thicker. However, because of the large rod volume, 
the pump energy density and the stored energy per volume decrease for large 
amplifiers, i.e., large amplifiers have low gain but high storage. 

2) As the amplifying medium becomes large, fluorescence depumping effects 
such as amplified spontaneous emission and parasitic oscillations tend to decrease 
the pumping efficiency. 

The effect of fluorescence losses is demonstrated rather dramatically in 
Fig. 4.11a. The use of an index-matching fluid eliminates the onset of radial 

Table4.1. System and performance parameters of rod (RA, RB) and disk (DA, DB, DC) Nd: phosphate 
glass amplifiers [4.22) 

Clear Laser glass Nd203 Flash! amp Pump Small Gain Stored Efficiency• 
aperture dimension concent. arc length energy signal coefficient energy 
[em) [em) (Wt· %) [em) [KJ) gain [cm-1) [J/cm3) [%) 

ROD RA 2.5 38 X 2.5 1.2 30 22.5 59 0.136 0.66 0.5 
(6 lamps) 

RB 5.0 38 X 5.0 0.6 30 22.5 15.5 0.091 0.44 1.2 
(6 lamps) 

DISK DA 10 21.4 X 11.4 X 2.4 2.9 127 220 8.5 0.124 0.60 0.75 
(6 disks) (16 lamps) 

DB 15 32.5 X 18.4 X 3 2.0 127 330 3.4 0.085 0.41 0.70 
(4 disks) (24 lamps) 

DC 20 40 X 21.4 X 3.2 1.9 127 440 3.2 0.101 0.49 0.72 
(3 disks) (32 lamps) 

• Stored energy/pump energy 
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parasitic modes thereby allowing a much higher energy storage compared to 
a rod with a glass/water interface. Fluorescence losses are also the reason for 
the lower efficiency of the large 20cm disk compared to the small 10cm disk 
amplifier in Table 4.1. 

3) Flashlamp pulse-width and -shape is critical in glass amplifiers because 
the lamp pulse is comparable to, or larger than, the fluorescence time of the gain 
storage medium. As a result, considerable depletion of the upper level can take 
place as a result of fluorescence. 

The fluorescence time in Nd: glasses is between 200 and 300 p,s. It is very 
difficult to obtain flashlamp pulses which are shorter than 300 {tS without sacri
ficing lamp life to an intolerable value. 

4) The main absorption bands for glass are between 0.6 and 0.9,tm. If on 
increases the electrical input to a flashlamp, then the higher current density will 
cause a blue shift of the radiation. As a result, the pump source becomes less 
efficient and one observes a gain foldover in the amplifier if one plots gain as a 
function of lamp input [4.7,23,24]. 

5) Of course, in addition to the factors mentioned above, the design of the 
pump chamber, flashlamp configuration, reflectivity of the walls etc. will have a 
major influence on peak energy storage and gain uniformity. 

Equation (4.11) can be graphically represented, as shown in Fig.4.12. The 
energy output is plotted as a function of small signal gain Go, with the saturation 
density as parameter. Depending on the glass type and desired output energy 
the saturation fluence can be obtained from Fig. 4.10. The small-signal gain Go 
follows from the stored energy density and rod length. 

To obtain the gain or the output energy for a given input, the graph is used 
in the following manner. As shown in the insert, the input energy density deter
mines the point A on the curve. The value for the gain factor g0 l for the amplifier 
must then be added to obtain point B. The abscissa of B intersects the curve at 
C. Also indicated on this graph are the maximum permissible output energy den
sities in Nd: glass amplifiers for several typical operating ranges. These energy 
densities are determined by the damage threshold of Nd: glass (Chap. 11). Al
though these energy levels are not strongly defined, most commercial Nd: glass 
laser manufacturers will not recommend operation of systems beyond these lim
its. The maximum power densities for the indicated pulse widths of 30ps, 3 ns, 
and 30ns are 50GW/cm2, GW/cm2, and 0.7GW/cm2, respectively. 

The two curves of Fig. 4.12 are for two different values of Es, corresponding 
to a typical value of a phosphate glass such as Q-88 at an output fluence of 
around 3 J/cm2, whereas the high value of Es is more typical for a silicate glass 
such as 01H9 at the same output fluence. 

4.1.3 Nd: YAG Amplifiers 

Amplified spontaneous emission (ASE) and parasitic oscillations due to the high 
gain properties of Nd: YAG effectively limit the energy storage density and 
therefore the useful energy which can be extracted from a given rod [4.25, 26]. 
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The small-signal gain coefficient go and stored energy are related according to 
go = f3Est. With the materials parameters listed in Table 2.4, we obtain for 
Nd: YAG, {3=4. 73 cm2/J, a value 30 times higher than that for Nd: glass and 105 
times higher than that for ruby. If we want to extract 500 mJ from a Nd : YAG 
rod 6.3 mm in diameter and 7.5 em long, the minimum stored energy density 
has to be Est = 0.21 J Jcm3 . The small-signal single-pass gain in the rod will be 
Go = exp(f3Estl) = 1720. ANd: glass rod and a ruby rod of the same dimensions 
would have a gain of 1.3 and 1.1, respectively. 

As a result of the high gain in Nd: YAG, only small inversion levels can 
be achieved. Once the gain reaches a certain level, amplification of spontaneous 
emission effectively depletes the upper level. Furthermore, small reflections from 
the end of the rod or other components in the optical path can lead to oscillations. 
These loss mechanisms, which will be discussed in more detail in Sect. 4.4, lead to 
a leveling off of the output energy versus pump input energy curve in a Nd : YAG 
amplifier. Figure 4.13 shows plots of energy extracted from aNd: YAG amplifier 
versus lamp input energy [4.25]. As can be seen from these curves, the maximum 
energy which can be extracted from the different rods reaches a saturation level. 
The data show that the saturation limit of the energy output density from a 
Nd: YAG amplifier tends to be fairly independent of rod length for rods longer 
than 50mm. This contrasts with the strong dependence of energy storage density 
on rod diameter. In fact, rods with lengths longer than 50 mm tend to decrease the 
saturation limit, as shown in Fig. 4.13. A thin, long rod will provide a long path 
and therefore high gain for the spontaneous emission to build up, whereas in a 
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Fig. 4.14. Energy extraction from Nd: YAG operated as a normal mode and Q-switched oscillator, 
and amplifier of Q-switched pulses [4.25] 

relatively short rod of large diameter more total energy can be stored for the same 
total gain. Measurements have shown that for rods 5, 6.3, and 9mm in diameter 
the maximum extractable energy is 0.3, 0.5, and 0.9 J, respectively. Increasing the 
temperature of a Nd: YAG rod will reduce its gain, and therefore more energy can 
be stored before depletion occurs, because of amplified spontaneous emission. 
For example, the extracted energy from an amplifier was increased from 770 to 
926 mJ/cm2 by raising the temperature from 26 to 96°C. 

The relative performances of a laser rod when used as a normal-mode oscil
lator, as a Q-switched oscillator, and as a single-pass amplifier are displayed in 
Fig. 4.14 [4.25]. A 0.63- by 6.6-cm Nd : YAG laser rod in a silver-plated, single
ellipse, single-lamp pump cavity was used in all modes of operation. Normal
mode performance was achieved with two plane-parallel dielectric-coated mirrors 
optimized for performance at the 500-mJ output level. The energy input wave
form had a duration of approximately 100 f.LS at the half-power points, and was 
obtained with a single-mesh discharge circuit. The Q-switched performance was 
obtained with a rotating prism switch in which the prism speed and mirror re
ftectivi'ty had been optimized for maximum efficiency in the output range of 100 
to 400 mJ. The single-pass amplifier performance represents the energy extracted 
from the rod with a 300-mJ input from an oscillator. These data show that all 
modes of operation are approximately equivalent until the 320-mJ output level 
is reached Above this level the modes of operation which require energy stor
age become much less efficient. The Q-switched oscillator operates at a slightly 
lower efficieny than does the same rod in the amplifier mode. 
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If the Nd: YAG crystal is pumped with an input of 14 J, a total of 300 mJ can 
be extracted from the amplifier. Since the signal input is 300mJ, the amplifier 
has a saturated gain of Gs = 2 and a total output of 600 mJ. In order to extract 
300 mJ from this rod, at least 0.15 J/cm3 must be stored in the upper level. This 
corresponds to a small-signal gain of Go= 108. Using (4.13) we can compare the 
measured saturated gain with the theoretical gain. For an amplifier operated in 
the saturation regime Em~ Es. the theoretical gain is G = 1 +(Es/ Em)g0l. where 
the saturation energy for Nd: YAG is Es = 1/ (3 = 0.2J/cm2 . With Em= 1 Jfcm2, 

go= 0.71 cm-1, and l = 6.6cm for this amplifier, we obtain G = 2, in agreement 
with the measurement. 

As was mentioned in the beginning of this chapter, the fraction of stored 
energy which can be extracted from a signal depends on the energy density of 
the incoming signal. In this particular case the amplifier is completely saturated, 
since Em = 5E8 • According to our previous discussion, this should result in a 
high extraction efficiency. The expression for the saturated gain can be written 
Gs = 1 + (Es/ Em)f3Es1l. As we have seen, if we substitute the stored energy Est 
in this equation with the extracted energy Eex = 300mJ, we obtain exactly the 
measured gain of the amplifier. This suggests that the extraction efficiency of 
this amplifier, 'f/e = Eex/ Est• is close to 100%. Figure 4.15 shows the measured 
extraction efficiency of this amplifier as a function of signal input. 

The transition region in which the amplifier output as a function of signal 
input changes from an exponential (small-signal) relationship to a linear (satu
rated) relationship occurs for input energy densities of approximately 0.2 J/cm2, 

in accordance with the theoretical value. The pulse width for the data presented 
in Fig. 4.15 ranged from 15 to 22 ns. The curve in this figure shows that for ef
ficient energy extraction a Nd: YAG amplifier should be operated with an input 
signal of around 1 J/cm2• 

100% 

o~--~----~----~----~--~ 
0.2 0.4 0.6 0.8 1.0 

Input to amplifier [J/cm2] 

Fig. 4.15. Amplifier energy extraction 
as a function of oscillator energy den
sity [4.25] 
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In our last example, we will describe a modem, multi-stage Nd: YAG master
oscillator power-amplifier (MOPA) design, as depicted in Fig.4.16. The laser 
produces an output in the TEMoo mode of 750mJ at 1.064 J.tm at a repetition 
rate of 40Hz. A harmonic generator converts this output to 532 nm with 65% 
conversion efficiency [ 4.27]. 

The system features an oscillator and 4 amplifiers in a double-pass configura
tion. The linearly polarized output from the oscillator is expanded by a telescope 
to match the amplifier rods. A Faraday rotator and >..j2 wave plate act as a one
way valve for the radiation, thereby isolating the oscillator from laser radiation 
and amplified spontaneous emission reflected back by the amplifier chain. The 
output from the oscillator passes through the 4 amplifiers and after reflection by 
a mirror, the radiation passes through the amplifiers a second time. A quarter
wave plate introduces a 90° rotation of the polarized beam after reflection by the 
rear mirror; this allows the radiation to be coupled out by the polarizer located 
at the input of the amplifier chain. After a slight expansion, the output beam is 
passed through a KTP crystal for second-harmonic generation. Located between 
the 2 pairs of amplifiers is a 90° rotator which serves the purpose of minimizing 
thermally-induced birefringence losses, as will be explained in Sect. 7.1.1. The 
changes in the polarization of the beam as it travels back and forth through the 
amplifier chain is illustrated in Fig. 4.17. 

Each amplifier contains 16 linear diode arrays for side pumping of the 
Nd:YAG crystal. The optical pump energy for each amplifier is 900mJ at 
808 nm, or 4.5 kw at the pump pulse width of 200 J.tS. In each amplifier, the 
arrays are arranged in an eight-fold symmetrical pattern around the 7.6mm di
ameter and 6.5 em long laser rod in order to produce a uniform excitation. The 
active length of the rod pumped by the arrays is 4 em. The small-signal, single 
pass gain of one amplifier as a function of pump energy is plotted in Fig. 4.18. 
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For low input signals, the gain increases exponentially with g0 l according to 
(4.11). The logarithmic gain g0 l is proportional to the pump energy, as derived 
in (3.62), 

gal= I<Ep (4.38) 

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

(4.39a) 

For this particular amplifier design, the numerical values are "IJT = 0.88 for the 
transfer efficiency, 1Ja = 0.85 for the absorption of pump radiation in the 7.6 mm 
diameter Nd: YAG crystal, rys = 0.76 and "IJQ = 0.90 for the Stokes shift and 
quantum efficiency, 1JB = 0.62 for the overlap between the beam and gain region 
of the rod, "IJASE = 0.90 and "IJST = 0.68 for the storage efficiency. The latter ist 
calculated from (3.53) for a pump pulse length of tp = 200 f.lS and a fluorescence 

lifetime of Tp = 230 f.lS for Nd: YAG. With A = 0.25 cm2 and Es = 0.44 J jcm2 , 

one obtains I<= 1.85. The curve in Fig. 4.18 is based on this value of I<, i.e. 

Eoutf Ein = exp[l.85Ep(J)] . (4.39b) 

The energy output as a function of signal input of one amplifier stage single 
pass, and two amplifiers in a double-pass configuration is plotted in Fig. 4.19. 
The amplifiers are operated at a fixed pump energy of 900 mJ each. Also plotted 
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in this figure is the gain for the two-amplifier double pass configuration. The 
amplifiers are highly saturated as can be seen from the nonlinear shape of the 
Eout vs. Em curve and the drop in gain at the higher input levels. 

The increase in energy as the signal pulse travels forward and backward 
through the amplifier chain is plotted in Fig. 4.20. Shown are the measured data 
points and a curve representing the values calculated from (4.14-18) with ErN= 
50mJ, A= 0.25cm2, Go= 4.8, Es = 0.44Jjcm2. Energy extraction from each 
stage for both passes is depicted in Fig. 4.21. The data indicate that the amplifiers 
are totally saturated and all the stored energy within the beam is extracted. As 
the input beam travels the first time through the amplifiers, successively more 
energy is extracted from each stage since the ratio of ErN/ Es increases. On the 
return pass, very little energy is removed from the last two stages because stored 
energy has already been depleted. 
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The logarithmic gain for the four stages having a 16cm active length is 
g0 l = 6.0. The double pass configuration increases the extraction efficiency from 
0.8 to 1.0. It should be noted that the small-signal gain obtained from Fig. 4.18 
is measured over the cross-section of the beam. The gain and beam profile are 
both centrally peaked in this design. Both the beam profile and the gain profile 
have a Gaussian shape with spot sizes of 2.85 and 4.25 mm, respectively. In order 
to avoid diffraction effects, provide for adequate beam alignment tolerance, and 
accommodate a slightly expanding beam, the beam cross-section at the 1/e2 

intensity points is A= 0.25 cm2, whereas the rod cross-section is 0.45 cm2• 

Although the extraction is complete within the beam, stored energy is left at 
the outer regions of the rod. The beam fill factor takes into account this fact. Since 
both gain and beam profile are radially dependent, the beam fill factor cannot 
be calculated from the ratio of the areas, as would be the case with a uniform 
gain and beam profile. The beam overlap efficiency can be calculated provided 
the gain and beam profiles are known. These distributions were obtained from 
images taken with a CCD camera which recorded the profiles of the fluorescence 
and laser beam output. With the radial spot sizes of the Gaussian approximations 
given above, one obtains from (3.48b) a value of "7B = 0.62 for the beam overlap 
efficiency. 

According to (4.9) the total stored energy at the upper laser level is EsT = 
golEsA. With gol = 1.55, Es = 0.44Jfcm2 and A = 0.25cm2, one obtains 
Est = 170 mJ of stored energy within the volume addressed by the beam. The 
stored energy in the full cross-section of the rod is Est= Est/rJB = 260mJ. The 
values for Est and Est are indicated in Fig.4.21. 

The electrical system efficiency "lsys of the amplifier chain is the product of 
the laser diode efficiency "lp• the conversion efficiency of optical pump power to 
the upper laser level at the time of energy extraction, and the extraction efficiency 
of the stored energy into laser output, i.e. 
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Eout- Em 
'f/sys = EEL = 'f/p1JT'f/a7]U'f/B'f/E 

where 

7]U = 'f/S'f/Q and 7JE = 'f/ST'f/ASE'f/EQ • 

Table 4.2 lists the individual efficiencies of the amplifier system. 

Table4.2. Energy conversion efficiency of the two-pass multistage Nd: YAG amplifier 

Laser diode array electrical efficiency 'I7P 

Conversion of optical pump energy to upper state energy 

transfer efficiency 
absorption efficiency 
Stokes efficiency 
Quantum efficiency 

I]T = 0.88 
'17• = 0.85 
'I7S = 0.75 
T/0 = 0.90 

Conversion of upper state energy to laser output 

beam overlap efficiency 
storage efficiency 
fractional loss 
gain extraction efficiency 

Amplifier efficiency 'lsys 

1fB = 0.62 
fist= 0.68 
77ASE = 0.90 
'1Ea=l.OO 

4.2 Steady-State Amplification 

0.35 

0.51 

0.38 

0.068 

(4.40) 

(4.41) 

If the pulse duration is long compared to the fluorescent lifetime rc, the popula
tion inversion and gain coefficient follow the intensity in a quasistationary way. 
This situation is realized, for example, with the amplification of laser pulses from 
a free running oscillator. The nonlinear gain characteristics for laser amplifiers 
as a function of steady-state radiation have been analyzed for media with homo
geneous and inhomogeneous line broadening [4.28-30]. In the former case, the 
gain decreases proportionately over the entire transition line. In the case of an 
inhomogeneous line, spectral hole burning can take place if the driving signal is 
a narrow-band signal. However, in solid-state lasers, materials with an inhomo
geneous line such as Nd: glass have a cross-relaxation which is fast compared to 
the long pulses discussed in this section. For example, the cross-relaxation rate is 
of the order of nanoseconds in Nd : glass. The following analysis is applicable to 
systems with homogeneous line broadening, such as in ruby, and with inhomo
geneous line broadening, such as in Nd : glass, provided in the latter case that the 
driving signal is broad band and therefore taps the entire inversion density, or in 
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the case of a narrow-band signal it is assumed that cross-relaxation is infinitely 
fast. 

In Sect. 3.2 we derived an expression for the saturated gain in an oscillator. 
In the case of an amplifier, the gain depends on the coordinate z measured in 
the direction of the axis of the amplifier. 

go 
g(z) = 1 + l(z)/ Is ' (4.42) 

where go is the small-signal gain, g(z) is the gain at position z in the amplifier 
obtained at a signal level I(z), and Is is the saturation density defined as the 
signal power, which reduces the small-signal gain by a factor of one-half. 

Assuming that the inversion n does not change much over a photon transit 
time in the amplifier, the power density I(z) builds up along z in the following 
manner 

dl 
dz = <Jn(z)I(z) = g(z)I(z) (4.43) 

We have ignored losses in this expression. Substituting g from (4.42) into (4.43) 
and then integrating over the power density I results, after some algebra, in 
[4.29, 30] 

lin ln(Go/G) 
:::: ---'---

Is G -1 
(4.44) 

where Go = exp(gol) is the small-signal, single-pass gain of the amplifier of 
length l and G =lout/ lin is the effective gain. Equation (4.44), which is plotted 
in Fig. 4.22, permits one to calculate the power gain of solid-state lasers in the 
steady-state regime. For cases where G~1, we can simplify (4.44) and write 

lout =In (Go) 
Is G 

The gain drops to one-half for lout= 0.69Is and to 1/e for lout= ! 8 • 

For small-signal levels Glin<i:..ls we obtain G =Go, or 

lout = lin exp(go l) 

(4.45) 

(4.46) 

Accordingly, the small-signal gain is identical for short-pulse and steady-state 
amplification. At large signal levels Iin~Is. one obtains 

(4.47) 

In this energy regime the output increases linearly with length. In a lossless 
amplifier, the gain decreases with increasing beam intensity to a small but fi
nite value. In the presence of scattering or absorption loss, however, the gain 
approaches one at a beam intensity given by [4.5]. 
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signal gain Go and the saturation power density Is 

(4.48) 

where a is the loss coefficient in the amplifying medium. For higher power 
densities the overall gain no longer increases with amplifier length. 

4.2.1 Ruby Amplifier 

The calculation of the steady-state gain in a ruby amplifier is somewhat compli
cated because the saturation density Is depends not only on fundamental material 
parameters but also on the pump rate Wp. In principle, this is true for a four-level 
system as well. As we have seen in Chap. 3, in a four-level system Wprr~l, and 
the effect of the pump rate on gain saturation can be ignored. In a three-level 
system Wpr~l, and the pump rate must be considered in the term for saturation. 
In the pulse regime we defined a saturation energy E8 , in the case of steady-state 
amplification a power density Is will be used to describe saturation. 

If we introduce (4.8) into (3.30, 75) we can write 

Is= 2Es (4.49) 
rr(l - go/ ao) 

From this equation the gain as a function of signal input power can be obtained 
for ruby lasers, provided that the small-signal gain Go or the gain coefficient g0 

is known. 
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In order to illustrate the application of these calculations, we will consider the 
input versus output characteristics of a 20- by 2-cm ruby rod pumped by a helical 
flashlamp. The small-signal gain for this ruby laser amplifier in the pulsed mode 
was measured to be 29 for an input energy of 20 kJ. In the long-pulse mode 
the small-signal gain was Go = 20 for the same flashlamp input. Figure 4.23 
shows the measured amplifier output as a function of input. The parameter is the 
flashlamp pump energy. For an input of 24kJ, the amplifier can be described by 
(4.44) if one uses Go= 30 and Is= 50kW fcm2 , which follows from (4.49) for a 
gain coefficient of 0.17 cm-1• A best fit through the measured data for Go= 20 
and Go = 50 is obtained if one uses also Is = 50 kW fcm2 for these gain curves. 
It turns out that the saturation parameter might have to be fitted to experimental 
data. As mentioned before, the equations derived in this subsection are based on 
the condition that the signal duration is long compared to the fluorescence time. 
In the typical pulse-width regime of about 1 ms, this condition is not met. 
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Fig.4.23. Output versus input energy for a steady-state ruby amplifier. Signal pulse length was 1 ms 
and ftashlamp current pulse had a duration of 2 ms 

4.2.2 Nd : Glass Amplifier 

With the materials parameter of Nd: glass hv = 1.89 x t0-19 Ws, -y = 1, u21 = 
3.5 x 10:-20 cm2, and rc = 300~ts, we obtain Is = 20kWfcm2 from (3.29). 
Introducing this parameter into (4.44), we can calculate the normalized gain as a 
function of the normalized input power for the amplification of long pulses. The 
gain as a function of input power level can also be obtained from Fig. 4.22. The 
small-signal gain must be known for a particular amplifier. If no experimental 
data is available, the small-signal gain can be estimated using the graphs and 
formulas derived in Sect. 4.1. 
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Rod size: 20.5 X 0.8 em 
Flashlamp input: 5 kJ 
Pulse length: 0.5 ms 
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The performance of aNd: glass amplifier [ 4.31] employed in the amplification 
of long pulses is shown in Fig. 4.24. The unsaturated gain for the amplifier 
was measured to be 63. At a maximum driving power density of 82.5kW/cm2, 

the gain decreased to 2.2. As seen from Fig. 4.24, there is a reasonably good 
agreement between theory and experiment 

4.3 Signal Distortion 

As an optical signal propagates through a laser amplifier, distortions will arise as 
the result of a number of physical processes. We can distinguish between spatial 
and temporal distortions. 

4.3.1 Spatial Distortions 

The development of high-power laser oscillator-amplifier systems has led to 
considerable interest in the quality of the output beam attainable from these 
devices. Beam distortions produced during amplification may lead either to an 
increase in divergence or to localized high energy densities which can cause 
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laser rod damage. We will consider the main phenomena producing a spatical 
distortion, which is analogous to a wavefront or intensity distortion. 

Nonuniform Pumping Due to the exponential absorption of pump light, the 
center of the rod is pumped less than the edges. Figure 4.25 shows the stored 
energy profile of several Nd: glass amplifier stages of the Omega system built 
at the University of Rochester [4.32]. The curves were obtained by measuring 
the small-signal gain with a narrow probe beam across the rod on five amplifier 
stages of increasing diameter. In order to provide a uniform gain profile as much 
as possible, the Nd concentration is decreased for increasing rod diameters. 
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Fig.4.25. Stored energy distribution in different Nd: glass rods (4.32]. Rod diameters and doping 
levels (wt.%) are indicated on the curves 

Nonuniformities in the Active Material Even laser rods of excellent optical 
quality contain a small amount of inherent stress, index of refraction variations, 
gradients in the active ion concentration, contaminants, inclusions, etc. These 
nonuniformities will significantly modify the energy distribution of an incoming 
signal. An initially smooth energy distribution will contain spikes and ripples 
after passing through a laser amplifier. 

Gain Saturation A beam propagating through an amplifier suffers distortion 
because of the saturation-induced change in the distribution of gain. The weaker 
portions of the signal are amplified relatively more than the stronger portions 
because they saturate the medium to a lesser degree. The spreading of a Gaussian 
input beam due to homogeneous gain saturation obtained by integrating (4.42) 
numerically step by step in the z direction of the amplifier is shown in Fig. 4.26 
[4.33]. The figure shows the change in the radial intensity distribution for a 

175 



~ 
·;;; 
c 
"' .S 
"' .::: 
"' a; 
a: 

TEM00 

Gain= 40 dB 

Normalized radius, r!w0 

Fig.4.26. Spreading of a TEMoo input beam due to homogenous gain saturation [4.33] 

TEMoo beam (dashed line) entering a homogeneously broadened laser amplifier 
with a radially uniform small-signal gain of 40 dB. Each curve corresponds to a 
specific value of the normalized signal parameter Im/ Is. The output distribution 
has been normalized to its value on the amplifier axis to make the distortion more 
evident. Figure 4.26 shows that even for input signals w-4 below the saturation 
flux (i.e., a signal that begins to saturate only near the amplifier output), there 
is about a 10% expansion of the e-2 radius. When the input has increased to 
a value that begins to saturate the amplifier at its input (lin/ Is = 1), the e-2 

radius has just about doubled Calculations presented in [ 4.33] reveal that for a 
further increase in input signal the beam expansion falls below the Im/ Is = 1 
curve. This is to be expected, since for very large input signals the amplifier is 
so highly saturated that it adds very little to the signal passing through and thus 
cannot distort it. Hence, it would seem that the maximum distortion occurs when 
the input signal is about equal to the saturation flux. For either extreme, Im<Is 
and.lin~Is, the output resembles the input in shape. 

Diffraction Effects An amplifier rod represents a limiting aperture for an in
coming beam. Diffraction effects at the edges of the amplifier rod will give rise 
to Fresnel rings, which can strongly disturb the beam uniformity. One method 
to minimize the effect of diffraction is to utilize a Gaussian-shaped beam. If 
the beam size is chosen properly with respect to the limiting aperture, the en
ergy density on the edges will be low enough to produce a negligible spatial 
modulation across the beam. Campbell and DeShazer [4.34] calculated the near
field beam pattern for Gaussian beams truncated by circular apertures for various 
combinations of aperture radius a and beam radius w. (For w = a the amplitude 
of the beam is reduced to 1/ e at the edge of the aperture, and 86.5 % of the 
energy is transmitted through the aperture). It was shown that truncation of a 
Gaussian beam by a circular aperture introduced structure in the near-field beam 
profile. However, if the ratio of aperture radius to beam radius is 2 or greater 
(a2::2w), then the structure is negligible and the transverse-beam profile remains 
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very nearly Gaussian. For a = 2w the power at the edges of the aperture is 
-33 dB as compared to the maximum intensity. 

Trenholme [ 4.35] has demonstrated empirically that if the beam is apertured 
so as to cut off portions of intensities below K, where K is a specified frac
tion of the beam's maximum intensity, then the peak-to-peak magnitude of the 
diffraction ripple will be on the order of 0.40K112• 

Methods to reduce diffraction effects, in addition to tailoring the Gaussian 
beam profile to the limiting aperture, consist of using spatial filtering. A spatial 
filter consists of two positive lenses and a pinhole at the common focal plane. 
Spatial filtering in a amplifier chain is obtained if we match an aperture diameter 
to the first dark ring of the far-field pattern produced by the preceeding stage. No 
modulation will apear in the regime of the Airy disc. In a more general sense, 
low-pass spatial filters in the amplifier chain filter the beam noise resulting from 
inperfection of the optics and diffraction. By choosing the pinhole diameter one 
can control which spatial frequencies are passed. The use of spatial filters in high 
peak power systems leads to the requirement that they be operated in vacuum, 
because the high intensities reached at the focal spot lead to optical breakdown 
in air. 

Figure 4.27 illustrates spatial modulation due to diffraction and ripples in
duced by dust and scattering particles of a high power beam. (Shiva beam line 
operated at 700J in 600ps [4.36]). Figure 4.27b shows the relative intensity of 
one Shiva beam line before and after installation of a spatial filter at the output 
[4.36]. As one can see from these densitometer scans, the intensity of the high 
frequency spike was reduced by a factor 4 by the low-pass filter. Besides the 
removal of unwanted ripples in the beam, spatial filters can at the same time be 
utilized for imaging or beam relaying and for magnification to match different 
diameter amplifiers [4.37]. 

Thermal Distortions The nonuniform pumping which leads to a higher gain co
efficient on the edges of a laser rod also causes a nonuniform temperature profile 
across the rod. The absorbed pump power raises the temperature of the surface 
of the rod above the temperature of the rod center. As a result, a negative thermal 
lens is created, which distorts the wavefront of the beam. Associated with the 
thermal gradients are stresses in the active material which lead to birefringence. 
Therefore the thermal effect leads to strong optical aberrations which can be only 
partially compensated for by insertion of correcting elements. Thermal effects in 
laser rods are discussed in detail in Chap. 7. 

Index Nonlinearity When a powerful laser pulse propagates through an isotropic 
material, it induces changes in the refractive index described to first order by the 
equation 

(4.50) 

where no is the linear and n2 is the nonlinear index of refraction, and IEI2 is 
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installation of the output spatial filter [4.36]. (c) Beam profiles of a large Nd: glass laser showing 
progressive modulation growth (small scale beam breakup) as the power is increased [4.50] 

the time average square of the electric field. From (4.50) it follows that a laser 
beam propagating in a transparent medium induces an increase in the index of 
refraction by an amount proportional to the laser intensity. This effect which 
causes a self-induced aberration of the beam is known as whole-beam phase 
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distortion [4.38, 39]. The index nonlinearity gives also rise to so-called small
scale ripple growth, in which case the amplitude of small perturbations grows 
exponentially with propagation distance [4.40-43]. 

The principal limit on the performance of a high-power glass laser such as 
employed in laser fusion research is the nonlinear refractive index of transparent 
dielectrics [4.44-49]. In the presence of an intense light wave, with a power 
density of gigawatts per centimer squared or more, the refractive index of a 
transparent dielectric is increased. This intensity-induced index change is small, 
on the order of 5 ppm at 1010 W/cm2, but is has profound effects. 

The first problem caused by the nonlinear index is the accumulation of self
induced phase front distortions on the spatial envelope of the pulse (whole-beam 
phase distortion) which alter the focusing properties of the system output. In 
order to maintain the optical quality of the beam the integrated nonlinear index 
along the optical path given by the parameter 

B = l1r j L1n dl 
>.o n 

(4.51) 

must be kept below a critical value. In (4.51), where n is the refractive index, 
L1n is the nonlinear index change, and >.0 is the wavelength of the light in 
vacuum, the integral is taken along any ray passing through the laser. The value 
of B at any position across the beam gives the radians of phase delay which 
that portion has undergone when compared to a low-intensity beam. For fusion 
applications, values of Bat the beam center above about 9 (1.5 waves of delay) 
are unacceptable. 

The second problem caused by the nonlinear index is small-scale ripple 
growth. In this process, a small region of higher intensity on a beam raises 
the index locally, which tends to focus light toward it and raise the intensity 
even more. It has been shown that ripples grow from their original amplitude by 
a factor of 

(4.52) 

which involves the same B integral as the whole-beam distortions. Experimen
tally, it is found that fusion-quality beams can be produced only when B is less 
than 4 or 5, because of the small-scale growth. 

Figure 4.27c illustrates the progressive growth of beam modulation as the 
power is increased in a high power fusion glass laser [4.50]. 

High-power solid-state laser systems must not only be carefully designed and 
built to minimize beam irregularities caused by dirt particles, material imperfec
tions, diffraction from apertures, and other "noise" sources; some provision must 
also be made for removing the remaining small-scale structure, before it becomes 
large enough to cause severe degradation of the laser's focusing properties. 

As was already mentioned, spatial filters accomplish the task of removal of 
unwanted ripples, imaging and beam magnification [4.49-51]. The exponential 
growth of ripples in a high-peak-power system if left uncontrolled will quickly 
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lead to component damage and beam degradation. A spatial filter is a low-pass 
filter, and the pin-hole diameter controls which spatial frequencies up to a cut-off 
are passed. The spatial filter is designed to remove the most damaging ripples 
while passing most of the energy. Therefore ripples, rather than growing expo
nentially, are reset at each spatial filter. The imaging property of a spatial filter 
also significantly reduces the effect of whole beam self-focusing. The existence 
of an intensity-dependent index of refraction leads to a steepening of gradients 
of an essentially smooth profile. A spatial filter prevents peaks from developing 
and results therefore in. a more constant beam profile. 

4.3.2 Temporal Distortions 

Pulse-shape Distortion. For a square pulse traversing an amplifier, the leading 
pulse edge sees a larger inverted population than does the trailing edge. This 
occurs simply because the leading edge stimulates the release of some of the 
stored energy and decreases the population inversion, thereby causing the trailing 
edge to see a different inverted population. Thus less energy is added to the final 
portions of a pulse than to the leading regions. The change of an arbitrary input 
pulse shape after propagation is described in [4.1, 2]. If we consider for simplicity 
a square pulse, we can write for the power of the pulse 

{ [ ( t- xfc)] Em }-l P(x,t)=Pm 1-[1-exp(-gox)]exp- tp Es , (4.53) 

where go is the small-signal gain coefficient, Ein and Es are the input and satu
ration energy densities, respectively, and tp is the length of the pulse. Note that 
the power is dependent on time and location x within the amplifying medium 
and also on the input energy Ein = Pmtp. 

At the input of the amplifying medium (x = 0) we have P(O, t) = Pm. For 
the square-pulse case considered here, however, we note that for any value of 
input the gain at the leading edge of the pulse, that is, for the position x = ct, 
is exponential with distance through the amplifier. The trailing edge of the pulse 
is characterized by tp = t - x /c. In Fig. 4.28 the change of a rectangular input 
pulse is shown. The pulse undergoes a sharpening of the leading edge and a 
reduction of its duration. Pulse-shape distortions for input pulses which have 
profiles other than rectangular are treated in [ 4.4, 5]. The pulse-shape evolution 
depends appreciably on the rise time and shape of the leading edge of the input 
pulse. In general, one observes a forward shift of the peak as the pulse transverses 
the amplifying medium. 

Frequency Modulation. The intensity-induced index changes are not only re
sponsible for the catastrophic self-focusing problems in high-power glass laser 
amplifiers but also cause a frequency shift of the pulse in the amplifying medium. 
In mode-locked pulses, this frequency modulation causes a broadening of the 
pulse width [4.41,42,52-57]. The frequency shift Llv impressed on a wave go-
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ing through a medium of length l, whose refractive index changes at the rate 
onjM, is given by 

l on 
L1v = --

.AM' 
(4.54) 

where on= nzJEJ2 , >.is the wavelength in vacuum, and M is the rise time of the 

pulse. An experimental demonstration of this Doppler shift is given in [4.52]. 
The on term is approximated for Nd: glass by 

on r::::i (10-15 cm2 /W) X I' 

where I is the intensity in watts per square centimeter. Thus a mode-locked pulse 

with a 5-ps rise time and a peak power of 3 GW/cm2 will experience a frequency 

shift of L1v / v = w-3 or 10 A in a 50-em-long Nd :glass amplifier. Duguay et 
a/. [4.56] measured a mean spectral broadening of 5 cm-1 per round trip in a 
mode-locked glass amplifier. 

4.4 Gain Limitation and Amplifier Stability 

One of the main considerations in the design of an amplifier or amplifier chain 

is its stability under the expected operating conditions. In a laser operating as 
an amplifier or as a Q-switched oscillator the active material acts as an energy 

storage device, and to a large extent its utility is determined by the amount of 
population inversion which can be achieved. As the inversion is increased in the 
active material, a number of different mechanisms begin to depopulate the upper 

level. 
Depopulation can be caused by amplified stimulated emission (ASE), also 

sometimes called superfluorescence, a process which will be enhanced by radia

tion from the pump source falling within the wavelength of the laser transition, 

or by an increase of the pathlength in the gain medium either by internal or 

external reflections. 
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Also, if sufficient feedback exists in an amplifier due to reflections from 
optical surfaces, the amplifier will start to lase prior to the arrival of the signal 
pulse. If the reflections are caused by surfaces which are normal to the beam 
direction, the amplifier will simply become an oscillator and prelasing will occur 
prior to Q-switching or the arrival of a signal pulse. Reflections which include the 
cylindrical surfaces of a rod will lead to parasitic modes, propagating at oblique 
angles with respect to the optical axis of the laser. 

4.4.1 Amplified Spontaneous Emission 

The level of population inversion which can be achieved in an amplifier is usu
ally limited by depopulation losses which are caused by amplified spontaneous 
emission. The favorable condition for strong ASE is a high gain combined with 
a long path length in .the active material. In these situations, spontaneous decay 
occurring near one end of a laser rod can be amplified to a significant level before 
leaving the active material at the other end. A threshold for ASE does not exist, 
however, the power emitted as fluorescence increases rapidly with gain. There
fore, as the pump power increases, ASE becomes the dominant decay mechanism 
for the laser amplifier. At that point, an intense emission within a solid angle 
Q around the axis of the active material is observed from each end of the rod 
[4.58]: 

(4.55) 

where L and A and the rod length and cross-sectional area, respectively. As a 
result of refraction at the end faces, the geometrical aperture angle of the rod is 
increased by n2, as shown in Fig. 4.29. No mirrors are required for ASE to occur, 
however, reflections from a mirror or internal reflections from the cylindrical sur
faces of the rod will increase the path length for amplified spontaneous emission 
and will lead to a further increase in intensity. This aspect will be treated in 
Sect. 4.4.2. 

In high-gain, multistage amplifier systems ASE may become large enough 
to deplete the upper state inversion. ASE is particularly important in large 
Nd: glass systems employed in fusion experiments. Therefore, the subject of 
ASE in Nd: glass laser discs and slabs received a great deal of attention [4.59-
65]. Linford et al. [4.66] provided an analytical expression for the fluorescence 
flux lAsE from a laser rod as a function of small signal gain, which has been 

Fig. 4.29. Directionality and maximum pathlength for ASE in a laser rod without a reflector (a), and 
with a reflector on one end (b) 

182 



found very useful in estimating the severity of ASE. From this reference follows 
with the approximation Go > 1 

lAsE Q Go 
Is = 4 (ln Go)1/ 2 

(4.56) 

where Is is the saturation flux and Go is the small signal gain of the active 
medium. We will apply this formula to a multistage Nd: YAG amplifier and 
compare the calculated with the measured values of ASE. 

In Fig. 4.30, the measured ASE from a four stage, double-pass Nd: YAG 
amplifier chain is plotted as a function of diode-pump input. At an input of 
about 500 mJ into each amplifier ASE starts to become noticeable, and quickly 
increases in intensity to reach 75 mJ at an input of 900 mJ per amplifier. The 
detrimental effect of ASE can be seen in Fig. 4.31 which shows the output from 
the amplifier chain as a function of pump input. As the amplified spontaneous 
emission increases, the slope of output vs. input decreases and the difference can 
be accounted for by the loss due to ASE. 

100 .,...----------~.---, Fig. 4.30. ASE from a 4-stage double pass 
Nd: YAG amplifier chain. [Dots are mea
sured values, and solid line represents cal
culated values from (4.56)] 
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From (4.56) in conjunction with Fig.4.18 which shows the gain vs. pump 
input for one amplifier head, we can calculate the ASE from the amplifier chain. 
We have to recall that fl = A/4L2 since the path length for ASE is doubled in 
a double-pass system, and Go = ( G0)8, where G0 is the small signal gain in one 
amplifier. With A= 0.45 cm2, L = 50 em, Is = 2.9 x 1Q3 w jcm2 and tp = 200 f-LS, 

one obtains the curve in Fig.4.30 which closely matches the observed ASE 
output. 

Figure 4.32 illustrates the case of amplified spontaneous emission from an 
uncoated Nd : glass rod, 1.25 em in diameter and 25 em long, pumped by a 
helical flashlamp. At a flashlamp input of 5 kJ, an output of 60 mJ in each 
direction is obtained. As can be seen from Fig. 4.32, the calculated full beam 
angle e = Dn/ L, which is e ::::::! 4.5° for the parameters mentioned above, 
contains 75% of the total energy. 

ASE has been used in a few specialized applications as the source of output 
energy from a laser. Because of the high gain obtainable in long Nd: glass laser 
rods, several mirrorless oscillators, also called optical avalanche lasers, have been 
built. In these syst~ms the spontaneous emission was amplified in one or two 
passes to generate a very powerful beam. In one such system [4.67], a photon 
avalanche was created by optically pumping six laser rods to a high inversion 
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and then suddenly connecting them in series. The cumulative 155-dB gain was 
sufficient to generate a 1-GW, 70-ns photon avalanche pulse. at the output. Be
cause of the absence of any resonant structure, the output from a mirrorless 
laser is spectrally and temporally smooth, i.e., longitudinal and transverse-mode 
structures as well as spiking of the output do not occur in these systems. In 
contrast to spontaneous emission, ASE has some temporal coherence since each 
spontaneously emitted light avalanche is itself coherent. 

So far we discussed the amplification of fluorescence generated by the active 
material itself. It has been observed that flashlamp pump radiation which is within 
the spectral region of the laser transition will also be amplified and can lead to 
a reduction of stored energy in the laser material. 

Gain saturation resulting from amplification of pump radiation in the ac
tive medium has been observed mainly in Nd: glass and Nd: YAG amplifiers 
[ 4.26, 68]. In addition to the depumping process caused by the lamp radiation, 
fluorescence being emitted from the laser rod escaping out into the laser pump 
cavity can be reflected back into the laser rod, and thereby stimulating further 
off-axis emission. Thus the presence of pump-cavity walls which have a high 
effective reflectivity at the fluorescence wavelength causes a transverse depump
ing action which depletes the energy available for on-axis stimulated emission. 
Elimination of these effects may require the use of optical filters in the pump 
cavity, cladding of the laser rod with a material which absorbs at the laser wave
length, or the addition of chemicals to the cooling fluid which serve the same 
purpose. 

The influence of"coolant properties upon the performance of a Nd: YAG laser 
amplifier is shown in Fig. 4.33. Two properties of the cooling fluid are of interest. 
These are the refractive index and the 1.06-pm absorption. The data is shown for 
a cored 2-cm-diameter by 10-cm-long Nd: YAG rod operated with water, FC-104, 
and air as cooling media [4.25]. FC-104 is a fluorcarbon flashlamp coolant made 
by the 3M Company. All fluids were used with and without a 1.06-pm absorbing 
filter (samarium-doped glass) in the pump cavity which was located between the 
rod and lamp. The addition of a 1.06-pm absorbing filter when water was used 
as a coolant made little difference in amplifier performance. Water possesses an 
appreciable intrinsic absorption at 1.06 pm. The performance obtained with FC-
104, which is highly transparent at 1.06 pm, was greatly affected by the use of 
1.06-pm absorbing filters. The performance obtained with air cooling was also 
affected by the use of a 1.06-pm absorbing filter, but the change was not nearly 
as marked as the change noted with FC-104. The primary difference between air 
and FC-104 in this experiment is their respective refractive indices. FC-104 has 
a low refractive index of approximately 1.28, but this is still significantly better 
than that of air. With air cooling the reflection at the rod surface is so high that it 
exceeds the return from the pump reflector, thereby limiting the effectiveness of 
the samarium filter. The dependence of the saturation level on absorption in the 
pump cavity at 1.06 pm and on the refractive index of the material surrounding 
the rod is attributed to the presence of amplified spontaneous emission from 
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the rod as well as the presence of significant reflections of 1.06 J.tm radiation 
form both the rod surfaces and pump reflectors. This energy storage limiting 
mechanism, although most pronounced in Nd: YAG rods because of the high 
gain obtained in this material, is not unique to Nd: YAG lasers. 

Gain limitations in Nd: Glass rods resulting from amplified pump radiation 
and reflection of spontaneous emission from the pump cavity walls back into the 
rod have led to the development of samarium-clad Nd: glass rods. Cladding of 
the rod also suppresses internal reflection from the rod walls when the refractive 
indices of the rod and cladding are matched. 

4.4.2 Prelasing and Parasitic Modes 

Prelasing and parasitic modes are consequences of the interaction of an inverted 
material with highly reflecting surroundings and are susceptible to design varia
tion. 

Prelasing. Normal laser action, occurring during the pump phase in an amplifier, 
results from the residual feedback of the various interfaces in the optical path. 
The condition for stable operation can be derived by considering the gain in an 
amplifier rod of length L pumped to an inversion level characterized by a gain 
coefficient g per unit length. Let the end faces of the rod exhibit reflectivities 
of r1 and r2• Then spontaneous emission emanating from any given location 
in the rod, traveling normal to the rod end faces, will exhibit a loop gain after 
one round trip in the rod of approximately rtrzexp(2gL). If this loop gain is 
greater than unity, oscillations will build up until the usable rod-stored energy is 
depleted. The requirement for an amplifier is thus 
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(4.57) 

which sets an upper limit on rod length. 

Parasitic Oscillations. Internal reflections at the boundaries of the active medium 
can drastically enhance the onset of ASE, particularly if these reflections lead to 
a closed path, i.e., a ray is reflected upon itself. In this case, we have a strong 
feedback mechanism and as soon as the gain in the laser medium exceeds the 
reflection losses parasitic oscillations will set in. For example, in rods with pol
ished walls there can exist internal modes completely contained by total internal 
reflection. These are particularly troublesome. 

One type of internal mode, the whisper mode, propagates circumferentially 
and has no longitudinal component. This mode can penetrate into the rod as far 
as r = R/ n, where n is the index of refraction [ 4.12, 68]. Another type of internal 
mode, the light-pipe mode, propagates down the rod in a zigzag fashion. The 
onset of light-pipe modes has been noted by Sooy et al. [4.12] in pumped rubies 
which had no external mirrors. In these experiments the ruby was placed in a 
helical lamp and the spontaneous decay was observed. Below the threshold for 
the internal modes the spontaneous emission increased as the ruby was pumped 
and, thereafter, dropped off with its characteristic decay time. After threshold 
was reached, the spontaneous emission increased quite suddenly. 

The gain limitations due to internal radial modes are considerably improved 
in immersed rods particularly in case of an index matching fluid, or rods with 
rough surfaces, grooves or anti-reflection coatings or chemical treatments. [4.13]. 
Longitudinal modes can be suppressed if the faces of the rod are either wedged or 
anti-reflection coated. As the size of the disk becomes large, parasitic processes 
also begin to become significant. Several researchers have discussed parasitic 
processes in laser disks [4.60, 69-71]. The threshold of the parasitic oscillation 
depends on the edge-coating material, which reduces the feedback by absorbing 
as much fluorescence as possible. 

The threshold for parasitic oscillation sets an upper limit on the energy storage 
attainable in Nd: glass laser discs. It has been shown [4.69] that the lowest
loss path lies in a plane across the diameter of the disc. The path includes one 
reflection at each face of the disc at the smallest angle from the normal face 
which still allows total internal reflection. The only losses on such a path come 
at the edge reflections. At the oscillation threshold this edge loss must just cancel 
the path gain. For very thin discs the length for this path is approximately the 
disc refractive index n times the diameter D (assuming that the disc is in air). 
At the oscillation threshold we have 

RenDg = 1 
' 

(4.58) 

where g is the gain coefficient in the laser material and R is the edge reflectivity. 
For typical design parameters, such as D = 15cm, g = 0.2cm-1, and n = 1.56, 
the reflectivity must be less than 1 % to avoid oscillation. Cladding the edge of 
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the disks with an index-matched absorbing glass results in a dramatic reduction 
in parasitic losses. Besides these bulk parasitic modes which include those rays 
that total internally reflect between the faces of the disk there are surface modes. 
These occur primarily across the disk face because of the larger gain coefficient 
at the surface due to pump light absorption [ 4.65, 68]. Without the onset of the 
parasitic oscillation the stored energy is limited by the increased loss rate due to 
the fluorescence amplification. 

Amplified spontaneous emission (ASE) strongly influences the performance 
of large aperture Nd: glass disk amplifiers. Even with perfectly absorbing edge 
claddings on the disks, depumping caused by single pass ASE increases rapidly 
with aperture, reducing peak gain and storage efficiency. ASE becomes the prin
cipal depumping process in large, edge-clad disks when the product of the gain 
coefficient and disk major axis gD becomes large (greater than 3) [4.60, 72]. 

Techniques Used to Prevent or Reduce Feedback in Amplifiers. In order to 
minimize prelasing, rod ends are cut at an oblique angle to the rod axis, often at 
the Brewster angle, or they are coated with antireflection layers. Reflections for 
off-axis spontaneous emission from the cylindrical rod surfaces are minimized 
by use of index-matching fluids around the laser rod or by rough grinding of 
the cylindrical walls. If more than one stage of amplification is required, the 
separate stages are in part decoupled by one or more of the following measures. 
The distance between amplifier stages may be made as large as possible. Since 
ASE occurs in relatively large beam angles, a large distance between stages very 
effectively reduces feedback between stages, or even more effective are spatial 
filters. If the small-signal gain of an amplifier chain is very high (30 dB or more), 
optical isolators are placed between amplifier stages. As decoupling elements one 
may employ electrooptical shutters, isolators based on the Faraday effect, or dye 
cells which absorb the weak spontaneous emission but bleach under powerful 
laser light. The design and application for these devices is described in detail in 
Chap.8. 
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5. Optical Resonator 

The light emitted by most lasers contains several discrete optical frequencies, 
separated from each other by frequency differences which can be associated with 
different modes of the optical resonator. It is common practice to distinguish two 
types of resonator modes: "Longitudinal" modes differ from one another only 
in their oscillation frequency; "transverse" modes differ from one another not 
only in their oscillation frequency, but also in their field distribution in a plane 
perpendicular to the direction of propagation. Corresponding to a given transverse 
mode are a number of longitudinal modes which have the same field distribution 
as the given transverse mode but which differ in frequency. 

To describe the electromagnetic field variations inside optical resonators, the 
symbols TEMmnq or TEMplq are used. The capital letters stand for "transverse 
electromagnetic waves" and the first two indices identify a particular transverse 
mode, whereas q describes a longitudinal mode. Because resonators that are used 
for typical lasers are long compared to the laser wavelength, they will, in general, 
have a large number of longitudinal modes. Therefore, the index q which specifies 
the number of modes along the axis of the cavity will be very high. The indices 
for the transverse modes, which specify the field variations in the plane normal to 
the axis, are very much lower and sometimes may be only the first few integers. 

The spectral characteristics of a laser, such as linewidth and coherence length, 
are primarily determined by the longitudinal modes; whereas beam divergence, 
beam diameter, and energy distribution are governed by the transverse modes. 
In general, lasers are multimode oscillators unless specific efforts are made to 
limit the number of oscillating modes. The reason for this lies in the fact that 
a very large number of longitudinal resonator modes fall within the bandwidth 
exhibited by the laser transition and a large number of transverse resonator modes 
can occupy the cross section of the active material. 

5.1 Transverse Modes 

The theory of modes in optical resonators has been treated in [5.1-3]; compre
hensive reviews of the subject can also be found in [5.4, 5]. 

5.1.1 Intensity Distribution of Transverse Modes 
In an optical resonator electromagnetic fields can exist whose distribution of 
amplitudes and phases reproduce themselves upon repeated reflections between 
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the mirrors. These particular field configurations comprise the transverse electro
magnetic modes of a passive resonator. 

Transverse modes are defined by the designation TEMmn for Cartesian co
ordinates. The integers m and n represent the number of nodes of zeros of 
intensity transverse to the beam axis in the vertical and horizontal directions. 
In cylindrical coordinates the modes are labeled TEMp1 and are characterized 
by the number of radial nodes p and angular nodes l. The higher the values of 
m, n, p, and l, the higher the mode order. The lowest-order mode is the TEM00 

mode, which has a Gaussian-like intensity profile with its maximum on the beam 
axis. For modes with subscripts of 1 or more, intensity maxima occur that are 
off-axis in a symmetrical pattern. To determine the location and amplitudes of 
the peaks and nodes of the oscillation modes, it is necessary to employ higher
order equations which either involve Hermite (H) or Laguerre (L) polynomials. 
The Hermite polynomials are used when working with rectangular coordinates, 
while Laguerre polynomials are more convenient when working with cylindrical 
coordinates. 

In cylindrical coordinates, the radial intensity distribution of allowable circu
larly symmetric TEMp1 modes is given by the expression 

(5.1) 

with f! = 2r2(z)jw2(z), where z is the propagation direction of the beam, and 
r, 4> are the polar coordinates in a plane transverse to the beam direction. The 
radial intensity distributions are normalized to the spot size of a Gaussian profile; 
that is, w(z) is the spot size of the Gaussian beam, defined as the radius at which 
the intensity of the TEMoo mode is 1 f e2 of its peak value on the axis. Lp is the 
generalized Laguerre polynomial of order p and index l. 

The intensity distribution given in (5.1) is the product of a radial part and 
an angular part For modes with l = 0 (i.e., TEMpa). the angular dependence 
drops out and the mode pattern contains p dark concentric rings, each ring cor
responding to a zero ofL~(g). The radial intensity distribution decays due to the 
factor exp(-g). The center of a pl mode will be bright if 1 = 0, but dark other
wise because of the factor g1• These modes, besides having p zeros in the radial 
direction, also have 21 nodes in azimuth. 

The only change in a (pl) mode distribution comes through the dependence 
of the spot size w(z) on the axial position z. However, the modes preserve 
the general shape of their electric field distributions for all values of z. As w 
increases with z, the transverse dimensions increase so that the sizes of the mode 
patterns stay in constant ratio to each other. 

From (5.1) it is possible to determine any beam mode profile. Figure 5.la 
depicts various cylindrical transverse intensity patterns as they would appear in 
the output beam of a laser. Note that the area occupied by a mode increases with 
the mode number. A mode designation accompanied by an asterisk indicates a 
mode which is a linear superposition of two like modes, one rotated 90° about 
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Fig. 5.1. Examples of (a) cylindrical and (b) rectangular transverse mode patterns. For cylindrical 
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the number of dark bars across the pattern. For rectangular patterns, the two subscripts give the 
number of dark bars in the x and y directions [5.6] 

the axis relative to the other. For example, the TEM mode designated 01 * is 
made up of two TEMot modes. 

The intensity distribution of the modes shown in Fig. 5.1a can be calculated 
if we introduce the appropriate Laguerre polynomials into (5.1), i.e., 

Lb(e)=1, L?<e)=1-e; ~(e)=1-2e+~i. 

A plot of the intensity distributions of the lowest-order mode and the next two 
higher-order transverse modes, i.e., TEMoo, TEMoh and TEMto, is illustrated in 
Fig.5.2. 

In rectangular coordinates the intensity distributions of a (m, n) mode is given 
by 

(5.2) 
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As before, w(z) is the spot size at which the transverse intensity decreases to 
1/e2 of the peak intensity of the lowest-order mode. The function Hm(s) is 
the mth-order Hermite polynomial, for example, Ho(s) = 1,Ht(s) = 2s, and 
H2(s) = 4s2 - 2. At a given axial position z, the intensity distribution consists 
of the product of a function of x alone and a function of y alone. The intensity 
patterns of rectangular transverse modes are sketched in Fig. 5.1 b. The m, n 
values of a single spatial mode can be determined by counting the number of 
dark bars crossing the pattern in the x and y directions. Note that the fundamental 
mode (m = n = 0) in this geometry is identical with the fundamental mode in 
cylindrical geometry. 

The transverse modes shown in Fig. 5.1 can exist as linearly polarized beams, 
as illustrated by Fig. 5.3. By combining two orthogonally polarized modes of the 
same order, it is possible to synthesize other polarization configurations; this is 
shown in Fig. 5.4 for the TEMot mode. 

5.1.2 Characteristics of a Gaussian Beam 
A light beam emitted from a laser with a Gaussian intensity profile is called the 
"fundamental mode" or TEM00 mode. Because of its importance it is discussed 
here in greater detail. The decrease of the field amplitude with distance r from 
the axis in a Gaussian beam is described by 

E(r) = Eoexp ( ~2) . (5.3) 

Thus, the distribution of power density is 

( 2r2) 
I(r) = Ioexp -;;;z (5.4) 
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The quantity w is the radial distance at which the field amplitude drops to 1 I e 
of its value on the axis and the power density is decreased to 1 I e2 of its axial 
value. The parameter w is often called the beam radius or "spot size," and 2w, 
the beam diameter. The fraction of the total power of a Gaussian beam which is 
contained in a radial aperture of r = w, r = l.Sw, and r = 2w is 86.5 %, 98.9 %, 
and 99.9 %. If a Gaussian beam is passed through a radial aperture of 3w, then 
only 10-6 % of the beam power is lost due to the obstruction. For our subsequent 
discussion, an "infinite aperture" will mean a radial aperture in excess of three 
spot sizes. 

If we consider now a propagating Gaussian beam, we note that although 
the intensity distribution is Gaussian in every beam cross section, the width of 
the intensity profile changes along the axis. The Gaussian beam contracts to a 
minimum diameter 2wo at the beam waist where the phase front is planar. If one 
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measures z from this waist, the expansion laws for the beam assume a simple 

form. The spot size a distance z from the beam waist expands as a hyperbola, 

which has the form 

[ 
2]1/2 

w(z) = wo 1 + ( :;5) . (5.5) 

Its asymptote is inclined at an angle 8/2 with the axis, as shown in Fig. 5.5, and 

defines the far-field divergence angle of the emerging beam. The full divergence 
angle for the fundamental mode is given by 

e = lim 2w(z) = 2). = 1.27-).- . 
z-+oo z 1rWO (2wo) 

(5.6) 

From these considerations it follows that at large distances, the spot size increases 
linearly with z, and the beam diverges at a constant cone angle e. A most 

interesting point here is that the smaller the spot size w0 at the beam waist, the 

greater the divergence. 
At sufficiently large distances from the beam waist, the wave has a spherical 

wavefront appearing to emanate from a point on the beam axis at the waist. If 

R(z) is the radius of curvature of the wavefront that intersects the axis at z, then 

(5.7) 

It is important to note that in a Gaussian beam the wavefront has the same phase 

across its entire surface. 
. Sometimes the properties of a TEMoo mode beam are described by specifying 

a confocal parameter 

b = 27rw5 
). 

(5.8) 

where b is the distance between the points at each side of the beam waist for 

which w(z) = (2)112wo (Fig. 5.5). 
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Before we leave the subject of Gaussian beams, we will briefly point out 
the difference in the definition of beam divergence for Gaussian beams and 
plane waves. A laser operating at the TEMoo mode will have a beam divergence 
according to (5.6). For a plane wavefront incident upon a circular aperture of 
diameter D, the full cone angle of the central (Airy) disc, defined at the first 
minimum of the Fraunhofer diffraction pattern, is given by 

£l - 2.44>. 
1:7p-

D 
(5.9) 

The energy contained within this angle is about 84% of the total energy trans
mitted by the aperture. 

Equations (5.6, 9) are often confused, because various conventions have been 
adopted by different authors with the equation 

a...= 1.22>. 
VK D ' (5.10) 

which represents the half- cone angle of the Fraunhofer diffraction pattern and 
also happens to be the "Rayleigh criterion" for the angular resolution of an optical 
instrument. 

In laboratory work, a beam size is often obtained by measuring the diameter 
of the illuminated spot with a scale. This is not the spot size 2wo as defined by 
(5.5). There is no obvious visual cue to the magnitude of the spot size in the 
appearance of the illuminated spot. Thus, "spot size" and "size of the illuminated 
spot" are totally different concepts. The former is a property of the laser cavity; 
the latter is a subjective estimate. To measure the spot size, the illuminated spot 
should be scanned with a photodetector behind a small pinhole. The resulting 
curve of intensity versus position of the pinhole will yield a Gaussian curve from 
which the spot size wo can be calculated. 

5.1.3 Resonator Configurations 
The most commonly used laser resonators are composed of two spherical or flat 
mirrors facing each other. We will first consider the generation of the lowest
order mode by such a resonant structure. Once the parameters of the TEMoo 
mode are known, all higher-order modes simply scale from it in a known manner. 
Diffraction effects due to the finite size of the mirrors will be neglected in this 
section. 

The Gaussian beam indicated in Fig. 5.6 has a wavefront curvature of R1 
at a distance t1 from the beam waist If we put a mirror at t1 whose radius of 
curvature equals that of the wavefront, then the mode shape has not been altered. 
To proceed further, we can go along the z axis to another point t2 where the 
TEMoo has a radius of curvature R2, and place there a mirror whose radius of 
curvature R2 equals that of the spherical wavefront at t2• Again the mode shape 
remains unaltered. 
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~-------L------~ Fig. 5.6. Mode parameters of interest for a resonator 
with mirrors of unequal curvature 

Therefore, to make a resonator, we simply insert two reflectors which match 
two of the spherical surfaces defined by (5.7). Alternatively, given two mirrors 
separated by a distance L, if the position of the plane z = 0 and the value of 
the parameter w0 can be adjusted so that the mirror curvatures coincide with the 
wavefront surfaces, we will have found the resonator mode. 

We will now list formulas, derived by Kogelnik and Li [5.4], which relate 
the mode parameters w1, w2, wo, t1, and t2 to the resonator parameters R 1, R2, 
and L. As illustrated in Fig. 5.6, w1 and w2 are the spot radii at mirrors M 1 and 
M2, respectively; t1 and t2 are the distances of the beam waist described by w0 

from mirrors Mt and M2, respectively; and R 1 and R2 are the curvatures of 
mirrors Mt and M2 which are separated a distance L. Labeling conventions are 
that concave curvatures are positive. 

The beam radii at the mirrors are given by 

4 (ARt ) 2 R2 - L ( L ) 
Wt = -:;- Rt - L Rt + R2 - L ' 

4 ().R2)2 Rt- L ( L ) (5.11) 
w2 = 7 R2 - L Rt + R2 - L 

The radius of the beam waist, which is formed either inside or outside the res
onator, is given by 

w~ = (~) 2 L(Rt - L)(R2- L)(Rt + R2- L) (5.12) 
1r (Rt + R2 - 2£)2 • 

The distances tt and t2 between the waist and the mirrors, measured positive 
(Fig. 5.6), are 

tt = L(R2- L) 
Rt +R2 -2L' 

t2 = L(Rt - L) . 
Rt +R2- 2L 

(5.13) 

These equations treat the most general case of a resonator. There are many optical 
resonator configurations for which (5.11-13) are greatly simplified. Figure5.7 
shows some of the most commonly used geometries. 
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Fig. 5.7. Resonator configurations giving uniphase wavefronts (intracavity radiation pattern is shaded) 

Mirrors of Equal Curvature 

With Rt = R2 = R we obtain from (5.11) 

>.R ( L )1/2 
wf,2 = 7 2R - L . (5 .14) 

The beam waist which occurs at the center of the resonator t 1 = t2 = R/2 is 

w~ = 2~ [L(2R- L)]112 . (5.15) 

If we further assume that the mirror radii are large compared to the resonator 
length R~L, the above formula simplifies to 

wf,2=w5= (~) (~L) 12 
· (5.16) 

As follows from (5.16), in a resonator comprised of large-radius mirrors, the 
beam diameter changes very little as a function of distance. 
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A resonator comprised of mirrors having a radius of curvature on the order of 
2 to 10m, i.e., several times longer than the length of the resonator, is one of the 
most commonly employed configurations. Such a large-radius mirror resonator 
has a reasonable alignment stability and a good utilization of the active medium. 

A special case of a symmetrical configuration is the spherical resonator which 
consists of two mirrors separated by twice their radius, that is, R = L /2. The 
corresponding beam consists of a mode whose dimensions are fairly large at each 
mirror and which focus down to a diffraction-limited point at the center of the 
resonator. A spherical resonator is rather sensitive to misalignment and the small 
spot can lead to optical damage. 

Another very important special case of a resonator with mirrors of equal 
curvature is the confocal resonator. For this resonator the mirror separation equals 
the curvature of the identical mirrors, that is, R = L. From (5.14, 15) we obtain 
the simplified relation 

W1,2 = ( ).:)112 W12 
and wo = (2it2 • (5.17) 

TI!e confocal configuration gives the smallest possible mode dimension for a 
resonator of given length. For this reason, confocal resonators are not often 
employed since they do not make efficient use of the active material. 

Plano-Concave Resonator 

For a resonator with one flat mirror (R1 = oo) and one curved mirror we obtain 

2 2 >. 12 2 >. L ( ) ( 
1/2 

w1 = w0 = ; [L(R2 - L)] I and w2 = (;) R2 R2 _ L) 
(5.18) 

The beam waist wo occurs at the flat mirror (that is t1 = 0 and t2 = L). A 
special case of this resonator configuration is the hemispherical resonator. The 
hemispherical resonator consists of one spherical mirror and one flat mirror placed 
approximately at the center of curvature of the sphere. The resultant mode has 
a relatively large diameter at the spherical mirror and focuses to a diffraction
limited point at the plane mirror. In practice, one makes the mirror separation 
L slightly less than R2 so that a value of w1 is obtained that gives reasonably 
small diffraction losses. 

In solid-state lasers, the small spot size can lead to optical damage at the 
mirror. A near hemispherical resonator has the best alignment stability of any 
configuration, therefore it is often employed in low power lasers such as HeNe 
lasers. 

Concave-Convex Resonator 

The pertinent beam parameters for concave-convex resonators can be calculated 
if we introduce a negative radius (-R2) for the convex mirror into (5.11-13). A 
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small-radius convex mirror in conjunction with a large-radius concave or plane 
mirror is a very common resonator in high-average-power solid-state lasers. As 
follows from the discussion in the next section, as a passive resonator such a 
configuration is unstable. However, in a resonator which contains a laser crystal, 
this configuration can be stable since the diverging properties of the concave 
mirror are counteracted by the focusing action of the laser rod. Since the concave 
mirror partially compensates for thermal lensing, a large mode volume can be 
achieved as will be shown in an example later in this chapter. 

Plane-Parallel Resonator 
The plane-paralles resonator, which can be considered a special case of a large
radius mirror configuration if R 1 = R2 = oo, has been thoroughly analyzed by 
Fox and Li [5.1] who showed that the output of the plane-parallel resonator does 
not consist of a plane-parallel wavefront. Instead, owing to fixed and rather large 
diffraction losses around the edges, there is a phase lag of approximately 30° 
near the edges which gives the wavefront a slight curvature. 

Plane-parallel mirrors make good use of the volume of the active material, 
however they are very sensitive to even the slightest misalignment. 

In calculating the mode size in a resonator, it must be noted that in most cases 
the resonator is formed by spherical mirrors with the reflecting surfaces deposited 
on plane-concave mirror blanks of index n. The front mirror of such a resonator 
acts as a negative lens and will change the characteristics of the emerging beam. 
The beam appears to have a different waist diameter and location. Taking the 
negative lens effect into account, a beam emerging from a resonator of equal 
mirror radii R can be described as having a beam waist of 

' ( L(n2- 1))-1/2 
w o = wo 1 + 2R , (5.19) 

with the waist located at 

(L) nR 
t2 = 2 R+L(n2 -1)/2. 

(5.20) 

The parameter wo refers to the beam waist calculated previously for the resonator 
of equal mirror radii. As we can see from (5.19), the beam leaving the resonator 
appears to have a smaller beam waist, which indicates larger divergence, and the 
location of the waist appears to be moved toward the front mirror. The negative 
lens effect of the output mirror disappears if the outer surface of the output mirror 
has a radius of curvature given by 

R't = Rt(n- 1) . 
n 

(5.21) 
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5.1.4 Stability of Laser Resonators 

For certain combinations of Rt, R2, and L the equations summarized in the 
previous sub-section give nonphysical solutions (i.e., imaginary spot sizes). This 
is the region where low-loss modes do not exist in the resonator. 

Light rays that bounce back and forth between the spherical mirrors of a 
laser resonator experience a periodic focusing action. The effect on the rays 
is the same as in a periodic sequence of lenses [5.8, 9]. Rays passing through 
a stable sequence of lenses are periodically refocused. For unstable systems the 
rays become more and more dispersed the further they pass through the sequence. 
In an optical resonator operated in the stable region, the waves propagate between 
reflectors without spreading appreciably. This fact can be expressed by a stability 
criterion [5.10] 

0< ( 1 - ~J ( 1 - ~2) < 1 . (5.22) 

To show graphically which type of resonator is stable and which is unstable, it 
is useful to plot a stability diagram on which each particular resonator geometry 
is represented by a point. This is shown in Fig. 5.8, where the parameters 

are drawn as the coordinate axes. 
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Fig. 5.8. Stability diagram for the passive laser resonator 



All cavity configurations are unstable unless they correspond to points located 
in the area enclosed by a branch of the hyperbola 91 !12 = 1 and the coordinate 
axes. The origin of the diagram represents the confocal system. 

The resonators located along the dashed line oriented at 45° with respect to 
the coordinate axis, are symmetric configurations, i.e., they have mirrors with 
the same radius of curvature. 

The diagram is divided into positive and negative branches defining quadrants 
for which 9192 is either positive or negative. The reason for this classification 
becomes clear when we discuss unstable resonators. 

5.1.5 Diffraction Losses 
In any real laser resonator some part of the laser beam will be lost either by 
spillover at the mirrors or by limiting apertures, such as the lateral boundaries of 
the active material. These losses will depend on the diameter of the laser beam 
in the plane of the aperture and the aperture radius. If we take a finite aperture 
of radius a within the resonator into account, the diffraction losses depend on 
four parameters, R1, R2. L, and a, which describe the resonator; and on three 
parameters>., m, and n, characterizing the particular optical beam present in the 
resonator. Fortunately, the losses depend only on certain combinations of these 
parameters. These combinations are the so-called Fresnel number, 

(5.24) 

and the quantities 91 and 92 which were defined in (5.23). The parameter N 
can be thought of as the ratio of the acceptance angle (a/ L) of one mirror as 
viewed from the center of the opposing mirror to the diffraction angle (>./a) of 
the beam. Therefore, when N is small, especially if N < 1, the loss factor will be 
high because only a portion of the beam will be intercepted by the mirrors. When 
N is large, the losses will be low for the stable resonator configurations and large 
for the unstable resonators. If two resonators have the same values of N, 91, and 
92, then they have the same diffraction loss, the same resonant frequency, and 
the same mode patterns. The fractional energy loss per transit due to diffraction 
effects for the lowest-order mode of a resonator with identical mirrors (91 = 92 = 
g) is given in Fig. 5.9. For the plane-parallel resonator with circular aperture, an 
analytical expression of the diffraction losses for large Fresnel numbers (F2:1) 
has been derived in [5.11], namely 

2 8(M +8) 
a = 8~~:pl [(M + 8)2 + 82]2 ' (5.25) 

where 8 = 0.824, M = (8rr N)1 / 2, and kpt is the (p + l)th zero of the Bessel 
function of order l. The diffraction losses in a confocal resonator for a number 
of low-order modes are plotted in Fig. 5.10 [5.12]. The mode designations are in 
the cylindrical coordinate system. Note that all modes have very large losses for 
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small N and that the losses drop with increasing N. However, the losses for the 
higher-order modes drop less rapidly than the losses for the lower-order modes. 

5.1.6 Higher-order Modes 
The mode radius and the divergence angle for modes of cylindrical symmetry 
are usually defined in terms of the 1 I e2 intensity points of the outermost lobe. 
As indicated in Fig. 5.2, the radius of each mode increases with increasing mode 
number. The ratio of the radii of different modes with respect to that of the lowest
order mode is designated cpl· From (5.1) follows that the ratios of different mode 
diameters remain constant at any plane inside or outside of the cavity, in the near 
or far field. Therefore, the mode radius and the beam divergence of a higher-order 
mode can be related to the fundamental mode parameters as follows [5.713]: 

(5.26) 

where e is obtained from (5.6) and w0 can be calculated for a particular res
onator from the formulas summarized in Sect. 5.1.3. Numerical values for Cp1, 

as obtained from (5.1) for several low-order modes are Coo= 1; COl* = 1.5; 
Cto = 1.9 Cn· = 2.15; C20 = 2.42; C21• = 2.63. 

For modes of rectangular symmetry, defining the mode radius and the di
vergence angle in terms of the 1 I e2 intensity points of the outermost lobe is 
not adequate, particularly for those rectangular modes whose pattern is far from 
square. A possible description of rectangular mode sizes is in terms of a ra
dius which contains something like 90% of the beam power. This is a highly 
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functional definition from an applications standpoint. The relative size of some 
rectangular modes have been calculated by Kruger [5.6,14]. Figure5.11 shows 
the fraction of the total beam power for a particular rectangular mode (fEMmn) 
within a circular cross section of the beam. From Fig. 5.11 it is also possible 
to determine the relative beam divergence for any mode. If we define the mode 
size at the 90% power points, the divergence angle for a particular mode is the 
TEMoo divergence angle times the normalized radius at the 90% level. For ex
ample, since the cross section containing 90% of the power for the TEM44 mode 
has a radius r = 2.74, the divergence angle for TEM44 is 2.74 times the TEM00 

divergence angle. 

5.1.7 Active Resonator 
So far we have discussed the modes in a passive resonator consisting of a pair of 
mirrors. Introducing an active element into the resonator, such as a laser crystal, 
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in addition to altering the optical length of the cavity, will perturb the mode 
configuration, since the active material possesses a saturable, nonuniform gain 
and exhibits thermal lensing and birefringence. In high-gain, giant-pulse lasers, 
gain saturation at the center of a TEMoo mode can lead to a flattening of the 
intensity profile [5.15, 16]. Also, pump nonuniformities leading to a nonuniform 
gain distribution across the beam will lead to non-Gaussian output intensity 
profiles. Theoretical and experimental investigations have shown that in solid
state lasers the governing mechanisms which distort the mode structure in the 
resonator are the thermal effects of the laser rod. As will be discussed in more 
detail in Chap. 7, optical pumping leads to a radial temperature gradient in the 
laser rod. As a result, in cw and high average power systems, the rod is acting like 
a positive thick lens of an effective focal length J, which is inversely proportional 
to the pump power. 

The theory necessary to analyze resonators that contain optical elements other 
than the end mirrors has been developed by Kogelnik [5.17]. We will apply this 
theory to the case of a resonator containing an internal thin lens. To a first 
approximation, this lens can be thought of as representing the thermal lensing 
introduced by the laser rod. The more complex case of a distributed thick lens 
which more adequately describes thermal lensing has been treated in [5.17-20]. 

Beam properties of resonators containing internal optical elements are de
scribed in terms of an equivalent resonator composed of only two mirrors. The 
pertinent parameters of a resonator equivalent to one with an internal thin lens 
are 

(5.27) 
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Fig. 5.12. (a) Geometry and (b) stability diagram of a resonator containing a thin positive lens 

where Lo = L1 + L2 - (L1 L2/ f) and f is the focal lenth of the internal lens; 
L1 and L2 are the spacings between mirrors M 1 , M2 and the lens, as shown in 
Fig. 5.12a. 

In any resonator, the TEM00 mode spot size at one mirror can be expressed 
as a function of the resonator parameters 

2 A 92 'L ( )112 
WI = -;- 91 ( 1 - 91 92) . 

The ratio of the spot sizes at the two mirrors is 

wf = 92 
w~ 91 

The stability condition (5.22) remains unchanged. 

(5.28) 

(5.29) 

As an example we will consider a resonator with flat mirrors (RJ = R2 = =) 

and a thin lens in the center (L1 = L2 = L/2). From (5.27) we obtain 

L 
9 = 91 = 92 = 1 - 2f ' 

2 _ 2 _ (.AL) (1 2)-112 w1 - w2 - - -9 . 
7r 

(5.30) 

For f = = the resonator configuration is plane-parallel; for f = L /2 we obtain 
the equivalent of a confocal resonator; and for f = L j 4 the resonator corresponds 
to a spherical configuration. 

The mode size in the resonator will grow to infinity as the mirror separation 
approaches four times the focal length of the laser rod. Figure 5.12b shows the 

location of a plane-parallel resonator with an internal lens of variable focal length 
in the stability diagram. A very detailed analysis of a resonator consisting of a 

flat and a curved mirror containing an internal lens has been presented in [5.19]. 
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The discussion of resonators has so far been restricted to devices having axial 
symmetry with respect to the beam axis. Resonators that contain inclined surfaces, 
such as Brewster-ended rods, polarizers, prisms, etc., lack axial symmetry. The 
effect of these asymmetric devices is to produc~ astigmatic beams, i.e., beams 
that have different spot sizes, wavefront curvatures, and beam waist positions in 
two orthogonal directions. Axially asymmetric laser cavities have been analyzed 
in [5.21, 22]. 

5.1.8 Resonator Sensitivity 

There are two contexts in which the term "stability" is used First, laser res
onators are said to be optically stable or unstable depending on the value of 91, 

92 . Second, the mode size and position are sensitive to mechanical and optical 
perturbations of the optical elements. We will refer to the stability of the mode 
against these perturbations as the resonator sensitivity. 

When designing resonators for an optimum mode size, it will be of the utmost 
importance to consider the resonator sensitivity to these mechanical and optical 
perturbations. Usually one is interested in the sensitivity of the resonator to 
two common types of perturbations: prst, a time-varying thermal lensing effect 
caused by the laser rod, and second, misalignments of the resonator mirrors. The 
former perturbation leads mainly to a change in mode size and beam divergence, 
whereas the latter perturbation leads to a lateral displacement and angular tilt of 
the output beam which causes an increase of the diffraction losses and, therefore, 
a reduction of output power. First-order effects on the modes as a function of 
cavity perturbation are usually obtained by evaluation of a sensitivity matrix 
[5.19,20]. 

Considering first the resonator's sensitivity to lensing effects, we note from 
(5.29 30) that a resonator is insensitive to axial perturbations if the spot size w1 

is insensitive to changes of 91 and 92· A calculation of the relative sensitivities of 
various resonators to small changes in mirror radii of curvature has been carried 
out by Chesler andMaydan [5.23] and Steffen et al. [5.18]. A perturbation within 
the resonator producing changes in mirror radii is equivalent to the introduction of 
a lens of some focal length f. In order for the resonator to have a low sensitivity 
to axial perturbations, i.e., small spot size changes for large changes of 91 and 92, 
it is necessary that dw1 f df = 0. This condition is met for resonator geometries 
which satisfy the following equation [5.18] 

( ) ( )
2 

91 L1 29tLt 
29291 - 1 + - - + -- = 0 . 

92 L2 L2 

One particular resonator satisfying (5.31) is determined by 

9192 = ! L1 = 0 . 

(5.31) 

(5.32) 

In this case the internal lens is either absent or located at the surface of mirror 
Rt. Figure 5.13 presents the resonator stability diagram discussed in Sect. 5.1.4 
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Fig. 5.13. Resonator stability diagram with curves for constant values of the normalized TEM00 mode 
spot size w1(1r/AL)112 at one mirror [5.18] 

with curves of constant TEM00 mode spot sizes [5.18]. The curves, which are 
obtained from (5.28), reveal that the spot size is fairly insensitive to variations of 
91 and 92 for resonator configurations which can be represented by points on the 
hyperbola 9192 = 0.5. Note that large spot sizes Wt are obtained for resonators 
with large 92 values. From (5.23) follows that in order for 92>1, the radius of 
curvature of mirror R2 has to become negative, which indicates a convex mirror 
according to our labeling convention. 

The resonator sensitivity to mirror misalignment is related to the fact that the 
mode axis must be normal to each of the two mirrors. This can be satisfied only 
if the ray is incident along a line which passes through the center of curvature 
of the mirrors. Considering a typical resonator of mirror radii Rt and R2 and 
separation L, as shown in Fig. 5.14, a rotation of mirror Mt through an angle e 
rotates the line joining the centers of curvatures of the two mirrors through an 
angle 4> and causes a linear displacement x and y. Small-angle approximations 
are valid, and we have 

Rt(R2- L)B x------
- Rt +R2- L ' 

(5.33) 

For a resonator with large radius mirrors of equal radii Rt = R2 = R we obtain, 
from (5.33), 

RB 
X = Y = 2 . (5.34) 
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Fig. 5.14. Mirror alignment parameters 

Note that, if one of the mirrors is slightly tilted, the entire mode is displaced 
parallel to the resonator axis. 

For a confocal resonator (Rt = Rz = L) we have 

x = 0 and y = LB . (5.35) 

In this case the mirror being tilted represents. the pivot point for the mode axis. 
If the flat mirror of a hemispherical resonator (Rt ~ oo, Rz ~ L) is tilted, 

we obtain 

x = (Rz - L)e ~ o , y = Le , (5.36) 

which is similar to that of a confocal resonator. On the other hand, if the spherical 
mirror is tilted (Rt ~ L, Rz ~ oo), then 

X~ y ~LB. (5.37) 

Comparing the sensitivity to angular tilt of the various resonator configurations, 
we note that, for example, a large-radius mirror resonator with R = lOL is five 
times more sensitive to tilt than the confocal and hemispherical resonators. 

In accordance with this theory, measurements performed on various lasers 
have shown that the alignment tolerances of a resonator with relatively short
radius mirrors is less stringent than those imposed with long-radius mirrors. 
Furthermore, a plano-concave resonator is more sensitive to misalignment than 
a resonator with two curved mirrors. Also, alignment tolerances become pro
gressively less stringent for higher-order modes. Figure 5.15 gives experimental 
results obtained with an argon laser [5.25]. Clearly, from these curves it fol
lows that the higher-order mode is less sensitive to mirror misalignment and, 
furthermore, that the confocal resonator has the highest tolerance in terms of 
misalignment. Figure 5.16 shows the alignment tolerance of various types of 
resonators for a HeNe laser operating single mode [5.26]. Again, the confocal 
resonator is far more forgiving for mirror misalignment than the other types. 
As is apparent from this figure, the alignment tolerances for a concentric-type 
resonator (L / R = 2) and a resonator having large-radius mirrors is about the 
same. 

Figure 5.17 shows the drop in output power of a pulsed Nd: YAG laser as a 
function of mirror misalignment for different mirror combinations [5.27]. As is 
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to be expected, the resonator containing two curved mirrors is least sensitive to 
misalignment. 

5.1.9 Mode-selecting Techniques 

Many applications of solid-state lasers require operation of the laser at the TEM00 

mode since this mode produces the smallest beam divergence, the highest power 
density, and, hence, the highest brightness. Focusing a fundamental-mode beam 
by an optical system will produce a diffraction-limited spot of maximum power 
per unit area. Generally speaking, in many applications it is a high brightness 
(power/unit area/solid angle) rather than large total emitted power that is desired 
from the laser. 
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Two flat mirrors, B: One flat, one 10-m-radius mirror, C: Two 10-m-radius mirrors). The mirror 
misalignment sensitivity to reduce the energy output by 10% was 12, 15, and 21 arcs, respectively. 
The laser, which was operated conventional mode, comprised a 5-mm by 50-mm Nd: YAG rod 
pumped by a single flashlamp. The cavity length was 30 em and the front mirror was 70 % reflective 
[5.27] 

Furthermore, the radial profile of the TEM00 mode is smooth. This property 
is particularly important at higher power levels, since multimode operation leads 
to the random occurrence of local maxima in intensity [5.36], so-called hot 
spots, which can exceed the damage threshold of the optical components in 
the resonator. 

Transverse mode selection generally restricts the area of the laser cross sec
tion over which oscillation occurs, thus decreasing the total output power. How
ever, mode selection reduces the beam divergence so that the overall effect of 
mode selection is an increase in the brightness of the laser. For example, the 
beam diameter and beam divergence for a TEMp1 mode increases with the factor 
Cpt introduced in Sect. 5.1.6, which means that for the same output power the 
brightness decreases by a factor of (Cp1)-4 for the higher-order modes. 

Most practical lasers tend to oscillate not only in higher-order transverse 
modes, but in many such modes at once. Because of the fact that higher-order 
transverse modes have a larger spatial extent than the fundamental mode, a given 
size aperture will preferentially discriminate against higher-order modes in a laser 
resonator. As a result, the question of whether or not a laser Will operate only 
in the lowest-order mode depends on the size of this mode and the diameter of 
the smallest aperture in the resonator. If the aperture is much smaller than the 
TEMoo mode size, large diffraction losses will occur which will prevent the laser 
from oscillating. If the aperture is much larger than the TEMoo mode size, then 
higher-order modes will have sufficiently small diffraction losses to be able to 
oscillate. 
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The diffraction losses caused by a given aperture and the transverse mode se
lectivity achievable with an aperture of radius a is illustrated in Fig. 5.18 [5.10]. 
In this figure the ratio of the loss of the TEMto mode to the loss of the TEMoo 
mode is plotted as a function of the Fresnel number for a symmetrical resonator. 
Note that the mode selectivity is strongly dependent on the resonator geometry, 
and is greatest for a confocal resonator and smallest for the plane-parallel res
onator. From Fig. 5.18 it follows that the resonators of lasers operating in the 
TEMoo mode will have Fresnel numbers on the order of approximately 0.5 to 2.0. 
For Fresnel numbers much smaller than these, the diffraction losses will become 
prohibitively high, and for much larger values of N mode discrimination will be 
insufficient. 

These predictions are in agreement with the experimental observations. For 
example, typical ruby and Nd: YAG lasers have cavity lengths of 50 to 100 em 
and TEMoo operation typically requires the insertion of an aperture in the cavity 
with a diameter between 1 and 2 mm. Without an aperture, a 50-em-long resonator 
with a 0.62-cm-diameter Nd: YAG rod as the limiting aperture will have a Fresnel 
number of 19. In ruby lasers, where oscillator rods of 15-mm diameter are not 
uncommon, the Fresnel number would be 160 for the same resonator length. 

We will now discuss typical resonator configurations which are used in the 
generation of fundamental mode output from solid-state lasers. Because the 
TEM00 mode has the smallest beam diameter of all the resonator modes, a num
ber of techniques have been developed to increase the TEMoo mode volume in 
the active material, which is normally considerably larger in diameter than the 
mode size. We will find that a resonator designed for TEMoo mode operation 
will represent a compromise between the conflicting goals of large mode radius, 
insensitivity to perturbation, good mode discrimination, and compact resonator 
length. 

Large-Radius Mirror Configuration. The most common technique to produce 
TEMoo mode output is the use of a nearly plane-parallel resonator with an in
ternal aperture for mode selection. A typical example of this type of resonator 
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is sketched in Fig. 5.19 [5.28]. The resonator has half the diffraction losses of 
a resonator which is 2.5 m long and has two 10-m-radius mirrors. The relevant 
parameters for the latter resonator operated at the ruby wavelength are N = 0.58 
and g = 0.75. With N and g known, the diffraction losses for the symmetrical 
resonator can be obtained from Fig. 5.10. We find for the resonator illustrated in 
Fig. 5.19 a single-pass diffraction loss of 20% for the TEM00 mode and 50% 
for the TEMto mode. 

Resonators with Internal Beam Focusing. Spherical and hemispherical res
onators and systems containing internal lenses have in common that they support 
large mode size differences in the resonator due to their focusing action. For 
example, in a hemispherical cavity the spot size in the limit can theoretically be
come zero at the flat mirror and grow to infinity for L = R. Location of the laser 
rod close to the curved mirror permits utilization of a large active volurp.e. An 
example of this type of resonator is indicated in Fig. 5.20 [5.29]. Mode selection 
in this resonator, which was employed in a cw Nd: YAG laser, is achieved by 
axially moving the laser rod until it becomes the limiting aperture for TEMoo 
operation. 

A simple resonator scheme, which can be used in cw experiments, is to 
operate the laser with two flat mirrors which are symmetrically moved farther 
apart until the TEMoo mode power is optimi~. The thermal lensing of the rod 
makes this resonator equivalent to a symmetrical system with strongly curved 
mirrors. As was discussed in Sect. 5.1.8, theoretically the mode size in the crystal 
will grow to infinity as the mirror separation approaches four times the focal 
length of the laser rod. 

Resonators with strong internal focusing action suffer from several disadvan
tages which make them unattractive candidates for field use. In particular, since 
it is necessary to operate quite close to the edge of the optically stable region, the 
configurations are extremely sensitive to mechanical and optical perturbations. 
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Convex-Concave Resonators. Chesler and Maydan [5.23] have described in 
some detail the use of convex-concave resonators for efficient and stable gener
ation of TEMoo power in solid-state lasers. With these resonators, one can make 
92/91 > 1 with the resultant increased size of w1, and independently set 9192 = 0.5 
so that the axial sensitivity to thermal focusing is minimized. Operation at the 
positive branch (92 >1) rather than the negative branch (92 <1) is usually pre
ferred because the cone angle of the mode is smaller and allows a higher degree 
of overlap with the cylindrically shaped laser rod 

Optical resonators with one convex and one concave mirror offer significant 
advantages for TEMoo mode operation of solid-state lasers. High efficiency and 
low sensitivity to perturbations and compactness have been obtained in compar
ison to other resonator types. 

As an example we will calculate the parameters for a concave-convex res
onator which has been used for a high-repetition-rate Nd : YAG laser [5.18] 
(Fig. 5.21a). The laser rod, with a diameter of 5 mm, was measured to have 
a focal length of 6 m for a particular input. The optical length of the cavity was 
restricted to 0.8 m. The optimum value of w1 has been found empirically to be 
equal to one-half the laser rod radius. With the rod as close as possible to the 
output mirror, the following design parameters are obtained for the equivalent 
resonator (Fig. 5.21b). 

w1=1.25mm, f=6m, L1=0.1m, L2=0.1m. 

Introducing the stability criterion 9192 = 0.5 into (5.29) yields an expression for 
the mode size as a function of 91 

W1 = ( )..L )1/2 . 
7r91 

(5.38) 

Introducing the values for Land w1 into this equation, one obtains 91 = 0.16, and 
from (5.32), 92 = 3.12. From (5.27) it follows that R1 = 1.1 m, R2 = -0.36m; 

M2 ~1+--~;---' ===L:r-:~--,==~~ 
~ I n I l§j ----v" 

(a) 

~-~· ---L + ~c ~ 1)--, --~·I 

~w, e :::1 
t--1• --l1----l•'-· l 2__j 

(b) 

Fig. 5.21. Convex-concave resonator 
containing (a) a laser rod and (b) an 
equivalent passive resonator 
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and from (5.29) we obtain wz = 0.28 mm. The mirror M 1 and the rod surface 
can be combined by grinding a curvature R1' = nR1 onto the end of the rod. 

Thermally Compensated Resonators. As we will discuss in more detail in 
Chap. 7, a cylindrical laser rod with uniform internal heating and surface cooling 
assumes a radial parabolic temperature gradient. This gradient and the associ
ated thermal stresses lead to a radial variation of the index of refraction which 
transforms the laser rod into a positive lens with large aberrations and causes 
birefringence. The optical power of the crystal varies directly with pump power. 

In the presence of thermal lensing, the TEM00 mode volume is reduced by 
the focusing action of the rod [5.30] and by thermal aberrations of the Gaussian 
wavefront [5.31]. By measuring the focal length of the laser rod as a function of 
lamp power, which is best done by passing a collimated BeNe-laser beam through 
the pumped rod, a first-order compensation of the thermal distortions can be 
achieved. Enhanced TEM00 mode output has been obtained by grinding a concave 
surface on each end of the rod surface [5.30 ,32], which negates the positive 
lensing effect of the rod for one particular lamp input. Uniform pumpi~g and the 
reduction of nonusable pump radiation will minimize wavefront distortions for 
the TEMoo mode. 

The primary effect of thermally induced birefringence is to reduce the amount 
of power which can be extracted from the laser in a linearly polarized beam. The 
latter property is desired in lasers which are Q-switched or modulated with elec
trooptical devices or frequency doubled. The use of Nd: YA103 or Nd: YLF with 
its natural birefringence minimizes the problem of polarization conversion and 
allows a large fraction of the multimode power of a given crystal to be extracted 
in a polarized TEMoo mode. If the host is not naturally birefringent, as is the case 
of YAG or glass, control of the polarization problems is much more difficult and 
requires elaborate multicomponent compensation schemes [5.33]. Birefringence 
compensation techniques usually include an intra-cavity polarization rotation be
tween two laser rods. This causes each part of the beam to pass through nearly 
identical regions of the two rods, with the result that the birefringence induced 
by one rod is cancelled by the other. This allows a Brewster plate to discrimi
nate against one linear polarization without simultaneously attenuating the other 
via the birefringent coupling mechanism. Figure 5.22 shows a technique which 
is commonly used to achieve high TEM00 mode output in a linearly polarized 
beam [5.33]. The resonator configuration consists of a 50-cm convex mirror, two 
flat-ended Nd: YAG rods separated by a 90° crystal quartz rotator, a Brewster 
plate, and a 10-m output mirror. 

Angular-Sensitive Resonators. Experiments have shown that reduction of the 
angular divergence of the beam is a means of transverse-mode control. Mode se
lectivity can be obtained by the sharp angular variations of the internal reflectivity 
near the critical angle of prisms or Lummer-Gehrke plates [5.34]. 
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Fig. 5.22. Schematic diagram of a birefringence-compensated laser 

Performance of Diffraction-Limited Systems. Before leaving the subject of 
mode selection, it should be pointed out that besides the mode selecting tech
niques which were discussed here, it is important to have a petfectly aligned 
system with clean and damage-free optical sutfaces. Slight misalignments, tilts, 
or impetfections (dust particles) of laser reflectors can cause changes in the mode 
character of the output, favoring higher-order modes. For example, a particle or 
a damage spot located at the center of the beam can prevent oscillation in the 
TEMoo mode and cause oscillation at the TEMot* mode (for a theoretical dis
cussion of this effect see, for example, [5.35]). 

To illustrate the effect of mode selection on the petformance of a laser system, 
Fig. 5.23 presents mode patterns and radial intensity distributions from a cw
pumped Nd: YAG laser. Shown are the first six modes from the laser, which 
were obtained by successively increasing the mode-selecting aperture. The mode 
patterns were taken in the far field (20m away from the laser) by photographing 
the light striking a ground-glass sutface through an infrared image intensifier. 
The radial intensity distribution of the transverse mode patterns was observed 
by sweeping the laser beam across a small-aperture detector using a rotating 
plane mirror and displaying the detector signal on an oscilloscope. Knowing the 
distance from the rotating mirror to the detector and the rate of rotation of the 
mirror, the absolute diameter of the beam can be accurately determined. The laser 
uses a 3-mm by 63-mm Nd : YAG rod which is pumped by two tungsten-filament 
lamps. The resonator comprises two mirrors with 4-m curvatures separated by 
50cm. With an input of 2kW, a flat-ended rod was measured to have a focal 
length of 2 m. In this particular system the rod has a concave sutface on each 
end with a radius of (-5)m. With n = 1.78 for Nd:YAG, it follows from 
f = R/2(n - 1) that the focal length f = -3.2 m for the unpumped rod. The 
combination of thermal lensing and negative curvature results in an effective focal 
length of 5.3 m at 2 kW input, at which the beam-divergence data were taken. 
The system delivered a maximun of 8.5 W of multimode power. Mode selection 
was accomplished by insertion of different-sized apertures into the cavity. The 
various aperture sizes and the corresponding output powers, beam divergences, 
and mode structures are summarized in Table5.1. From this table follows in 
accordance with theory that the brightness for higher-order modes decreases 
despite an increase in total output power. 
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Fig. 5.23. Mode patterns and scans of the far-field beam intensity distribution of a cw-pumped 
Nd: YAG laser 



Table 5.1. Perfonnance of a cw-pumped Nd: YAG laser at different transverse modes 

TEMoo TEMot• TEMto TEMu• TEM20 TEM21• 

Aperture size [mm] 1.4 1.6 1.8 2.0 2.2 2.3 
Laser output 1.5 2.4 3.5 4.5 5.5 6.0 
power [W] 
Beam divergence [mrad] 1.9 2.3 2.8 3.1 3.4 3.6 
(l/e2 points) 
Brightness 28 18 20 18 15 15 
[MW/cm2sr] 

Employing thennal compensation schemes, such as concave-convex res
onators, cw-pumped Nd: YAG lasers using a 4-mm by 75-mm Nd: YAG rod, 
pumped by two krypton arc lamps in a double-elliptical cavity, will produce 
between 20 and 25 W TEMoo mode power at an input power of 5.5 kW. In a 
high-repetition-rate Nd: YAG system operating at 20 pps, a Q-switched energy 
of 60mJ was achieved in the fundamental mode [5.19]. The resonator, which 
was 42 em long, consisted of a rear convex mirror and a flat front mirror which 
was actually one end of the Nd: YAG rod. The flat-flat laser rod was 5 mm in 
diameter and 50 mm long; a 30% reflective coating was used on the output end. 
The rod was pumped at 42 J input by a xenon flashlamp in a silver-plated single
elliptical cavity. The same system produced a non-Q-switched output of 500mJ 
in a 100 p;s-long-pulse. 

5.1.10 Examples of Advanced Stable Resonator Designs 

A large amount of research has been devoted in the recent past to the design 
of new optical resonator configurations, which could optimize the efficiency of 
energy extraction from solid state lasers. In fact, operation with stable cavities 
in the TEMoo mode, while producing a beam with a smooth and well-controlled 
spatial profile, in general results in a poor filling of the active volume and hence 
in a large waste of the stored energy. Recent developments can be divided into 
the following optical designs: stable telescopic resonators and concave-convex 
resonators. Both schemes were extensively studied and experimentally tested and 
found also commercial exploitations, exhibiting somewhat competing character
istics. 

In stable telescopic resonators a magnifying telescope is added to a conven
tionals stable cavity to expand the mode cross section in the arm of the cavity 
where the field interacts with the active medium. In the concave-convex res
onator, the same effect is achieved by the particular choice of mirror curvature 
and resonator length. In both cases, the beam quality remains good, but the mode 
volume is still limited, for the TEMoo mode. Furthennore, at the highest inten
sities, damage problems arise for the optical elements in the resonator section 
where the beam gets its smaller dimension. For solid-stat~ lasers with low gain, 
or for systems where a Gaussian profile in the near field is required, the stable 
resonator is the only choice. Almost all laser applications require a small beam 
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divergence, either to obtain a small spot size at a large range, or a high power 
density at the focal plane of a lens. Therefore, the challenge in designing a stable 
resonator is to maximize low-order mode power extraction. More specifically we 
can establish the following design criteria: 

- The diameter of the TEMoo mode should be limited by the active material. 
- The resonator should be dynamically stable, i.e., insensitive to pump-induced 

fluctuations of the rod's focal length. 
- The resonator modes should be fairly insensitive to mechanical misalign-

ments. 

Lasers operating in the fundamental mode usually require the insertion of an 
aperture in the resonator to prevent oscillations of higher-order modes. In this 
case, the efficiency of the laser is generally lower, compared with multimode op
eration, due to the small volume of active material involved in the laser action. 
Large-diameter TEM00 modes can be obtained using special resonator configu
rations, but, if proper design criteria are not applied, the resonator becomes quite 
sensitive to small perturbations in the mirror curvatures and in the alignment. 
Also, in solid-state lasers, thermal focusing of the rod greatly modifies the modes 
and the pump-induced fluctuations of the focal length may strongly perturb the 
laser output, even preventing any practical or reliable use of the laser. For effi
cient exploitation of the rod of a solid-state laser operating in the fundamental 
mode, two conflicting problems have to be solved. The mode volume in the rod 
has to be maximized, but the resonator should remain as insensitive as possible 
to focal length and alignment perturbations. Early solutions proposed compensa
tion of the thermal lens by a convex mirror or by negative lenses ground at the 
ends of the rod, that exactly eliminate the focusing effect of the rod. With these 
methods high power in a singlemode beam can be obtained; the compensation, 
however, is effective only for one particular value of the focal length. Large 
fundamental mode volume and good stability against thermal lens fluctuations 
have been achieved by a particular choice of mirror curvatures or by insertion 
of a telescope in the resonator. 

In the following subsections we will discuss these two approaches which lead 
to the design of convex-concave and telescopic resonators. 

The Concave-Convex Resonator 

The design procedure for resonators known as dynamic stable, in which the 
fluctuation of the mode volume in the rod is kept under control by an appropriate 
choice of mirror curvatures, has been described by (5.31,32,38). This earlier work 
on dynamic stable concave-convex resonators [5.18,23,37] has been expanded 
considerably in recent years [5.38-40]. Magni [5.39] has shown that, for a given 
resonator, as the focal length of the laser rod varies, there are always two zones 
of stability. These two zones have the same width in terms of the dynamic optical 
power of the rod. The fundamental mode volume in the laser rod is inversely 
proportional to this width. As far as tolerance to mirror alignment is concerned, 
the two zones have different misalignment sensitivities. 
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In the following sub-section, we will summarize some of the results presented 
in [5.39]. A number of new variables are introduced to describe the resonator 
parameters 

u1 = Lt (1 - Lt ) , u2 = L2 (1 - L2 ) , x = .!_ - 2. - 2.. 
Rt R2 f Lt L2 

(5.39a) 

Using the above equations g1 and g2 can be expressed as 

(5.39b) 

By eliminating x in (5.39b) a linear relationship between g1 and g2 is derived 
which describes a given resonator configuration for changes in focal length. 

( ) 2 ( ) 
Lt u2 Lt u2 

g2 = - - g1 + - - - 1 . 
L2 u1 L2 u1 

(5.39c) 

The intersections of this line with the axes and with the hyperbola g1 g2 = 1 
defines two distinct stability zones indicated, as I and II in Fig. 5.24. The two 
zones have the same width in terms of x, as illustrated in Fig. 5.25. The parameter 
w30 is the spot size at the principal planes of the laser rod and is the same in 
both stability zones. The value of w3o is given by 

2 2,\ 
W3o =-Jut!, Juti>Ju21· 

7T 
(5.40a) 

The relationship between the width of the stability zones and the minimum spot 
sizes on the lens is given by 

I 
~0 

. / 
~:~ 

l 
f 

Fig. 5.24. Stability diagram and mode profiles 
at the edges of the stability zones (marked I 
and II) of a concave-convex resonator. The 
straight line 1/ f represents a resonator with a 
variable internal lens [5.39) 

219 



ZONE I 

0 

ZONE II Fig. 5.25. Spot size W3 inside the 
laser rod as a function of the opti
cal power 1/ f of the rod [5.39] 

(5.40b) 

The volume of active material involved in the laser action is inversely propor
tional to the width of the stability zone and hence to the range of input power to 
the lamp for which the resonator remains stable. The centers of the two stability 
zones in Fig. 5.25 are at 

1 
x1 =-- and 

2u1 

1 1 
xu=----. 

u2 2u1 
(5.40c) 

At the edges of the stable zones, defined by 9192 = 0 and 9192 = 1, the spot size 
w3 goes to infinity. 

Magni [5.39] treated in his analysis not only the stability of the resonator to 
small fluctuations of the focal length of the laser material, but also considered 
the mechanical stability of the resonator in terms of a misalignment sensitivity. 

For example, the misalignment sensitivity 81 12 in the middle of zone I can 
be expressed as 

1 2L1L2 
81/2 = W3o (4LT + Li)1/2 . 

(5.41) 

To a very rough approximation, it may be assumed that 1 f 8112 is the tilt angle 
for about a 10% increase in resonator losses [5.41,42]. It was found, that the 
tolerance to mirror tilt is higher in zone I as compared to zone n. 

The design of a resonator described in [5.39] proceeds by specifying a focal 
length f1 ; 2 of the laser rod, a spot size w3o inside the laser material and a 
total resonator length L. With these parameters given, the mirror curvatures R1 

and R2 , the separation of the mirrors from the principal planes of the rod L1 

and Lz, and the sensitivity parameter 81; 2 can be calculated. Please note that 
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Fig. 5.26. Distance L1> mirror curvatures 1/ R1 
and 1/ R2 , and misalignment sensitivity S1; 2 

vs the optical power 1/ / 1; 2 for a specific 
concave-convex resonator. Resonator length 
fixed at L = 150cm wavelength.\= 1.064 J.lffi. 
The number on the curves is the spot size 
W3o = 1, 2, 3mm [5.39] 

L = Lt + L2, the physical length is different, since it also includes the distance 
between the principal planes of the rod. In Fig. 5.26 the values of L1, R1, R2 , 

and 51; 2 for optimized resonators are plotted vs ! 1; 2 for a few values of w3o. 

From this figure the values of the curvature radii and the position of the rod can 
be readily obtained for a given focal length and for a given spot size of the mode 
in the rod. 
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Figure 5.27 illustrates a resonator design based on the results presented in 
Fig. 5.26. We assume a mode radius of 'W3o = 3 mm in the active medium. This is 
the optimum mode radius for a 6 mm diameter rod. The length of the resonator 
is given as 150 em. 

For a focal length off= 17cm (1/f = 6m-1) we obtain R1 = -14cm, 
R2 = 55 em and Lt = 130 em. The resonator has a misalignment sensitivity of 
about 8112 = 80, which would indicate that f9r a tilt angle of about 12mrad, the 
losses will increase by 10%. In Fig. 5.27 the distance from the end of the rod to 
the principal plane is h = lf2n, where lis the length of the laser rod. 

The Telescopic Resonator 
Hanna et al. [5.43, 44] and Sarkies [5.45], reported on the use of a telescope 
in an Nd: YAG resonator (Fig. 5.28). An attractive feature of the telescope is 
that it allows easily controllable adjustment to compensate thermal lensing under 
varying pumping conditions. In addition, the telescopic resonator avoids the very 
small spot on the convex mirror of the convex-concave mirror design. This is 
particularly important at the high power levels typical for Q-switched Nd: YAG 
lasers. 

By introducing a suitably adjusted telescope into a Q-switched Nd : YAG laser 
resonator, the investigators mentioned above, have been able to obtain reliable 
operation with a large-volume TEMoo mode. The basic principle behind the 
resonator design is that of choosing a telescope adjustment which compensates 
the thermal lensing in the laser rod (thus permitting a large spot size) and at the 

FEEDBACK LEG OUTPUT LEG 

L ~/4 100o/o 

100o/o Aperture A Plane 

5M Radius 

Output Beam Fig. 5.28. Resonator with internal telescope 
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same time ensuring that the spot size is insensitive to fluctuations in focal length 
of the thennal lens. 

The telescope perfonns two distinctly separate functions. Firstly, it reduces 
the size of the beam to increase the diffraction per unit length. Since the beam 
size on the input side is always the same as the rod diameter, the diffraction 
is constant and dependent only on the telescope magnification. The aperture at 
the telescope output is set to be D / M, D being the rod diameter. Secondly, the 
telescope is an element of variable focal length. It can therefore be adjusted to 
place the resonator anywhere on the stability diagram. Because the ratio of the 
diffraction losses of the higher-order modes to the lower-order ones increases as 
the telescope output beam decreases, the telescope can be adjusted to ensure that 
modes above a certain order do not reach threshold .. Thus the mode selection 
proeess is controlled by two telescope parameters, the magnification M and 
the focal length f. Clearly sufficient mode selection can be achieved by either 
parameter alone, but, on the one hand, too high a magnification may result in a 
very high power density in the feedback beam, which could exceed the damage 
threshold of the components. On the other hand, too much bias introduced by 
the telescope could result in a laser threshold that is very high. Thus the correct 
balance must be established to ensure optimum operation. 

The telescope adjustment is chosen to minimize the effect of focal-length 
variations in the laser rod and at the same time ensures the optimum mode
selection properties of a confocal resonator. Hanna et al. [5.43] perfonned a 
detailed analysis of the telescopic resonator. The analysis provided simple design 
equations relating the spot size, resonator length, telescope magnification, and 
defocusing and diffraction losses. A short summary of the key design parameters 
is given below. 

One can best understand the role of the telescope by considering, for sim
plicity, a short telescope of magnification M (where h = - M ft) located close 
to the laser rod characterized by a focal length f R· and a resonator mirror with 
an equivalent focal length fM, as shown in Fig. 5.29a. 

It can be shown that small defocusing of the telescope has two effects: it 
changes the spot size and it changes the wavefront curvature. Thus the telescope 
can be adjusted to achieve compensation of the thennal lens fR of the laser rod 
by making 

1 1 1 
--=-+-

h fR /M 
(5.42a) 

where 

(5.42b) 

is the focal length of the telescope for small defocusing b. The expression on the 
right-hand side of (5.42a) is the optical power of the laser rod/mirror combination. 
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The magnification M of the telescope has to be selected for maximum in
sensitivity of spot size to variations of JR. This is achieved for 

1 1 1 1 
--=-+-+-
2M2L /T /R fM. 

The spot size in the laser rod is given by 

W} = M(2LA./7r)112 . 

(5.42c) 

(5.42d) 

Thus introducing the correctly adjusted telescope allows the same large mode 
volume in the laser rod to be maintained but with a reduction of cavity length 
by M 2• The main limitation of this approach is that it exposes components in 
the reduced beam to higher intensity and thus greater damage risk. 

Hanna et al. [5.43] have presented some of their key findings in graphical 
form. Figure 5.29b shows spot sized w1 (in laser rod) and w2 (on left hand 
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mirror) versus telescope defocusing 6, with fR fixed (5 m), or equivalently versus 
fR with 6 fixed at -6,2 mm. The laser parameters are as follows: A = 0.55 m, 
B = 0.37m, C = 0.16m, ft = -0.05m, h = 0.20m, M = 4. 

The main feature is the broad minimum of spot size in the laser rod (upper 
curve), implying insensitivity of the spot size to 6. For a fixed mirror curvature 
and telescope setting (i.e., fM and fr constant) it follows from (5.42c,d) that 
Fig. 5.29b also represents a plot of spot size versus JR. The minimum of the upper 
curve therefore implies insensitivity to fluctuations in fR· The desired operating 
point is at the bottom of this minimum and the telescope must therefore be 
defocused by the correct amount to ensure this. 

In arriving at a resonator design the main parameters to be chosen are spot 
size w1, in the laser rod, resonator length L and magnification M. It is assumed 
that fR is known, this parameter is usually determined by passing a He-Ne laser 
beam through the laser rod and measuring the beam waist at the desired pump 
level. 

With w1 chosen, the choice of values for L and M is made according to 
(5.42d) to give an acceptable compromise between a small M and hence an 
inconveniently large L or small L and hence large M which may then lead to 
excessive intensity in the contracted beam. When L (and hence M) have been 
chosen, and a mirror has been selected (which determines fM) then the telescope 
focal length h is obtained from (5.42c) and finally the amount of defocusing 
from (5.42b). 

A circular aperture to select the TEM00 mode is inserted and centered. In 
practice, it is found that the aperture diameter should be "' 1.5 times the calculated 
spot diameter at the point of insertion to ensure suppression of the TEMot mode. 

5.2 Longitudinal Modes 

5.2.1 Fabry-Perot Resonators 

The Fabry-Perot resonator is not only an essential element of the laser, it is also 
used for mode selection and as an instument to measure laser linewidth. Formu
las needed to calculate the salient features of the different kinds of resonators 
employed in solid-state lasers are summarized below. 

Basic Equations 

A Fabry-Perot resonator consists of two plane-parallel optical surfaces; in clas
sical optics this arrangement is known as a Fabry-Perot interferometer or as 
an etalon [5.46--48] (see below). Multiple reflections which occur between the 
surfaces cause individual components of the wave to interfere at M 1 and M 2 

(Fig. 5.30). Constructive interference occurs at M2 if all components leaving M2 
add in phase. It turns out that for such preferred directions, the components re
flected from M 1 destructively interfere and that actually all the incident energy 
is transmitted by the etalon. For each member of either the reflected or the trans-
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R, 
Fig. 5.30. Interference of a plane wave in a plane
parallel plate 

I =nd 

mitted set of waves, the phase of the wave function differes from that of the 
preceding member by an amount which corresponds to a double traversal of the 
plate. This phase diffe:rence is 

8 = ( 2;) 2nd cos e , (5.43) 

where nd is the optical thickness between the two reflecting surfaces, e = e' 1 n is 
the angle of refraction in the material, and .A is the wavelength. The transmission 
of the Fabry-Perot resonator is 

[ 4r . 2 (8)]-1 

T = 1 + (1 - r)2 sm 2 (5.44) 

where r is the reflectivity of each of the two surfaces. The maximum value of 
the transmission, Tmax = 1, occurs in the etalon when the path length differences 
between the transmitted beams are multiple numbers of the wavelength: 

2nd cos e = m.A: m = 1,2,3, .... 

The reflectivity of the resonator can be expressed by 

R = 1 + (1- r) . ( 2 )-1 
4r sin2(8 /2) 

The maximum value of the reflectivity 

4r 
Rmax = (1 + r)2 

(5.45) 

(5.46) 

(5.47) 

is obtained when the path length difference of the light beam equals multiples 
of half-wavelength 

m.A 
2nd cos e =- m = 1,3,5, .... 

2 
(5.48) 

Figure 5.31 illustrates the transmission and reflection properties of the etalon. In 
the absence of absorption losses, the transmission and reflectance of an etalon 
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Fig. 5.31. Intensity of the reflected and transmitted beams as a function of phase difference 

are complementary in the sense that R + T = 1. We define the ratio of the spacing 
between two adjacent passbands and the passband width as finesse F = 11>..jo>..: 

. 2 + 4r - 71'(r)1f2 
[ 

1/2]-1 
F=?l' 2arcsm((l-r)2) ~ (1 -r). (5.49) 

The approximation can be used if r>0.5. For small values of r the finesse 
approaches the value F ~ 2 and (5.46) is reduced to 

D • 2 O R = -'Lmax sm 2 . (5.50) 

We see from (5.45) that the resonance condition depends on the wavelenth >.., 
the optical length nd, and the angle of refraction fJ. A variation of any of these 
quantities will shift the etalon passband. The wavelength difference between two 
passbands is called the free spectral range of the etalon. The following equation 
gives the variations which are required to move a passband by one order of 
magnitude: 

11>.. = >..~ 
2nd cos f) ' 

>..o 
11(nd) = 2 a 

cos 0 

c 
11v= --:---:-

2nd cos e' 

118 = ( :d )12 
at f)= 0 . 

(5.51) 

The variations required to shift the transmission or reflection spectrum by the 
width of one passband are 

o>.. = L1>... 
F' 

01 = 111 . 
F' 

(5.52) 

Laser Resonator 

If we consider for the moment only a single transverse mode, then according to 
(5.51) the separation of the longitudinal modes in a laser cavity is given by 
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where L is the optical length of the resonator. 

Fig. 5.32. Longitudinal modes 
in an empty resonator composed 
of a 50% and a 100% reflec
tive mirror separated by 75 em 

(5.53) 

For a resonator with L = 75 em and -\o = 6943 A one obtains .1,\ = 0.003 A. 
A ruby laser has a linewidth of about 0.5 A, which means that there are approx
imately 160 longitudinal modes within this linewidth. If the reflectivities of the 
two surfaces of a resonator are different, as in a laser cavity, the reflectivity r 
in (5.49) is the geometric mean reflectivity of the two mirrors: r = (R1R2) 112 . 

Typical values for a laser cavity are R 1 = 0.5 and R2 = 1.0. Introducing these 
numbers into (5.49, 52), one obtains F = 8.5 and 8,\ = 0.0004 A for the finesse 
and the spectral width of the empty resonator (Fig. 5.32). 

In the presence of several transverse modes, additional resonant frequencies 
occur in the laser cavity. The frequency separation of different TEMptq modes 
in a laser resonator is given by [5.4] 

(5.54) 

The term on the right containing .1q gives the frequency spacing of the axial 
modes which belong to a single transverse mode. The term with .1(2p + l) de
scribes the separation of the resonance frequencies of different transverse TEMpt 
modes. Note that the resonant frequencies depend on (2p + l) and not on p and 
l separately. Therefore, frequency degeneracies arise when (2p + 1) is equivalent 
for different modes. By replacing (2p + l) with (m + n), the cavity frequencies 
for transverse modes expressed in Cartesian coordinates are obtained. 

From (5.54) follows that the frequency spacing between transverse modes is 
not only a function of mirror separation, as is the case with the axial modes, but 
depends also on the curvature of the mirrors. 

For a near plane-parallel or long-radius resonator (L4:.R), the second term 
within the brackets of (5.54) becomes small compared to .1q. In this case the 
resonant-mode spectrum is composed of the relatively large axial mode spacing 
c/2L, with each axial mode surrounded by a set of transverse-mode resonances, 
as shown in Fig. 5.33a. For example, the 75-cm-long resonator mentioned before, 
if terminated by two mirrors with 10-m curvatures, will have a resonance spec
trum of .1v /MHZ= 200.1q+ 28(2p+ l). If the mirror radii are decreased, starting 
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Fig. 5.33. Resonance spectrum of (a) long-radius mirror resonator and (b) confocal resonator 

from the plane-parallel configuration, the transverse-mode frequency spacing in
creases while the axial-mode frequency intervals remain the same, provided that 
the mirror separation is constant. The extreme condition is reached for the con
focal resonator, where (5.54) reduces to 

Llv= ( 2~) [Llq+ (~) Ll(2p+l)] (5.55) 

In the confocal resonator the resonance frequencies of the transverse modes 
resulting from changing p and l either coincide or fall halfway between the 
axial-mode frequencies (Fig. 5.33b). As the mirror curvature increases still more, 
the frequency interval of the transverse modes decreases and becomes zero for 
a concentric resonator. The frequency spacing Llv expressed by (5.54) can be 
measured if a spectrum analyzer and photodetector of sufficiently fast response 
are available. The output from the detector will contain a beat-frequency signal 
corresponding to Llv if more than one mode is oscillating. 

Two techniques are widely used for obtaining spectrally narrowed output 
from solid-state lasers. They involve the use of either a resonant reflector or an 
intracavity tilted etalon. Both devices will be discussed next. 
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Resonant Reflectors 

Fabry-Perot resonators of fixed spacing are generally referred to as etalons. If an 
etalon is employed in place of an output mirror in a laser cavity, it is referred to 
as a resonant reflector. 

The normal operating region of a resonant reflector is at its maximum reflec
tion. The value of the peak reflectivity is obtained from (5.47). If an uncoated 
etalon is used, the reflectivity 

r= (~)2 
n+1 

(5.56) 

must be introduced into (5.47). 
As an example we will consider the properties of a single sapphire etalon 

employed as an output reflector in a ruby laser. If we assume a thickness d = 
3.2mm, an index of refraction n = 1.76, and an operating wavelength .A = 
6943 A, then we obtain from the preceding equations a maximum reflectivity of 
Rmax = 0.27, a separation of the peaks of Ll.A = 0.43 A, and a half-width of 
o.A = 0.22A. As a comparison, an ordinary glass etalon with index of refraction 
1.45 has a maximum reflectance of Rrnax ~ 0.17. The spectral characteristics of 
a 2.5-mm-thick quartz etalon is shown in Fig. 5.34 (top). 

The resonance peaks of multiple-resonant reflectors are sharper and more 
separated than is the case in single-element devices. The maximum reflectivity 
of a multielement resonant reflector is [5.49] 

(
nN -1)2 

Rrnax = nN + 1 ' (5.57) 

where n is the refractive index of the plates and N is the number of reflecting 
surfaces. 

It will be shown that the simple theory outlined in the preceding subsection, 
which is applicable to single-plate etalons, can be used to predict the main fea
tures of the spectral curve of a multielement etalon. More important, the simple 
theory provides a quick way to see how changes in the material, plate thickness, 
coatings, etc., will alter the reflectivity of a given device. 

As an example, we will consider a three-plate etalon. The unit consists of three 
quartz plates with a thickness of 2.5 mm, separated by two spacers each 25 mm 
in length. Figure 5.34 (bottom) shows the reflectivity as a function of wavelength 
for this device. The curve is the result of a calculation carried out on a computer. 
As can be seen from this figure, the resonant reflector has a peak reflectivity 
of 65% and the main peak has a half-width of 0.038 A. The envelope of the 
individual resonance peaks is repeated after every 0.67 A. There are six different 
resonance effects which occur in this device. With n = 1.45, dQ = 2.5 mm, and 
dA = 25 mm, one obtains a resonance due to: a single sapphire plate l = 3.62 mm, 
Ll.A1 = 0.66A; one plate plus one air gap l = 28.6mm, LU2 = 0.084A; air 
gap alone l = 25 mm, Ll.A3 = 0.096 A; two plates plus air gaps l = 32.25 mm, 
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Fig. 5.34. Analysis of a three-plate resonant reflector 

0.038 J!. 

\ 

L1.A4 = 0.074 A; two plates plus both air gaps 1 = 57.25 mm,.d.As = 0.042 A; 
three plates plus both air gaps l = 60.9 mm, .d.A6 = 0.040 A. 

Comparing these results with the actually calculated curve reveals that the 
resonance in the single plates determines the period of the whole device. The 
main peaks are formed by the resonance in the air space, whereas the minor 
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peaks are caused by resonances including both air spaces and at least two plates. 
If one uses sapphire instead of quartz, then with n = 1.79 and N = 4 one obtains 
Rmax = 0.67 for a two-plate device. 

Tilted Etalon 
Consider an etalon of length d, refractive index n, with the surface normal 
inclined to the incident light beam at a small angle 8'. The transmission of the 
tilted etalon is given by (5.44). The shift in the resonance wavelength due to a 
change in tilt angle 8' is [5.50] 

--\(..18')2 
Ll-\= . ~5~ 

2n2 

Fabry-Perot Interferometer 
The Fabry-Perot interferometer is commonly used to measure the linewidth of 
the laser emission. The arrangement normally used to display the familiar Fabry
Perot rings consists of a short-focal-length negative lens, an etalon with spacings 
of 5 to 40mm, a long-focal-length positive lens, and a photographic plate or 
screen. The first lens converts the parallel beam from the laser into a diverging 
cone of light. 

The resonances of the etalon cause an angularly selective transmission. The 
light transmitted by the interferometer is collected by a lens. Light beams leaving 
the etalon inclined at the same angle with respect to the optical axis of the etalon 
form a ring in the focal plane of the lens. The corresponding number of Fabry
Perot rings are displayed by a screen or they can be photographed. In order to 
increase the diameter of the rings, a telescope is sometimes inserted between the 
interferometer and the imaging lens. 

If the instrument is illuminated by a perfect monochromatic light source, 
one obtains a set of rings which correspond ~o directions for which constructive 
interference occurs (21 cos e = m-\). Since these interferometers are employed 
to measure the spectral characteristics of light beams, one is interested in the 
wavelength shift required to move the pattern from one ring to the next ring. 
This wavelength interval is called the free spectral range of the interferometer. 

For an interferometer which consists of two dielectrically coated mirrors 
with a reflectivity of 90% and separated by 40 mm, we obtain the following 
performance: The free spectral range is Ll-\8 = 0.062 A and the finesse is F = 30. 
The theoretical resolution of the instrument obtained from (5.48) is 6A' = 0.002 A. 
However, the practical resolution is limited by the photographic film. As a rule 
of thumb, one usually assumes that the resolution is about one-tenth of the free 
spectral range. This means that a pattern showing rings which are not wider than 
10% of the ring separation indicates a laser linewidth of less than 6-\ = 0.006 A. 

5.2.2 Spectral Characteristics of the Laser Output 

If a laser is operated without any mode-selecting elements in the resonator, then 
the spectral output will consist of a large number of discrete frequencies deter-
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Fig. 5.35. Schematic diagram of spectral output of a laser without mode selection 

mined by the transverse and axial modes. The linewidth of the laser transition 
limits the number of modes that have sufficient gain to oscillate. The situation is 
diagrammed schematically in Fig. 5.35, which shows the resonance frequencies 
of an optical resonator and the fluorescence line of the active material. Laser 
emission occurs at those wavelengths at which the product of the gain of the 
laser transition and the reflectivity of the mirrors exceeds unity. In the idealized 
example shown, the laser would oscillate at seven axial modes. 

Depending on the pumping level, for ruby and Nd: YAG, one finds a linewidth 
of approximately 0.3 to 0.5 A for the laser emission in the absence of mode 
selection. In Nd: glass, because of the wide fluorescence curve, the laser linewidth 
is two orders of magnitude broader. 

The spectral characteristics of a laser are quite frequently described in terms 
of bandwidth, linewidth, number of axial modes, and coherence length. We will 
now outline the relationships among these quantities. 

If the laser emits K axial modes, the bandwidth between the two extreme 
modes is 

A _ (K- l)c A, _ (K- l).X2 
L.J.V - 2£ or L...lA - 2£ (5.59) 

The wave emitted from a laser which emits at a discrete number of integrally 
related wavelengths is strongly modulated. The situation can be illustrated by 
writing down the simplest case of two superimposed traveling waves whose 
wavelengths are specified by adjacent axial modes. 
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This situation is shown schematically in Fig. 5.36. The two waves interfere 
with one another, and produce traveling nodes which are found to be separated 
from one another in time by twice the cavity separation. That is, the output 
of such a laser is modulated at a frequency of twice the end-mirror separation 
(11m = c/2L) . 

When lines at three integrally related frequencies are emitted, the output be
comes more modulated; however, the maxima are still separated from one another 
by a distance of twice the mirror separation. As the number of integrally related 
modes increases, the region of constructive interference - which is inversely 
proportional to the number of oscillating modes - becomes narrower. 

Since Q-switched lasers have been developed for holography, the coherence 
length has become an important parameter in specifying the spectral character
istics of the output beam. 

The temporal coherence of any spectral source is defined as the path length 
difference over which the radiation can still interfere with itself. Common tech
niques for measuring spectral bandwidth or coherence length of lasers include 
Fabry-Perot and Michelson interferometers, observation of beat frequencies, mea
surement of hologram brightness as a function of path length differences, and 
measurement of the fringe-free depth of field in a hologram. 

In optics textbooks [5.46, 47], coherence length is defined as the path length 
difference for which fringe visibility in a Michelson interferometer is reduced to 
1/(2)112. (Laser manufacturers sometimes use the 1/2 or lje2 points.) 
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The fringe visibility of an interferometer is defined as [5.46] 

V = Imax - !min . 
Imax + Imin 

(5.60) 

In our subsequent discussion we will assume that the intensities of the axial 
modes in the laser output are equal. In this case the coherence length is directly 
related to the observed visibility of the interference fringes, and a simple relation 
between a set of longitudinal modes and temporal coherence can be obtained 
[5.51]. 

Single Axial Mode Operation 
The linewidth of the output of a laser operated in a single axial mode is usually 
many orders of magnitude narrower than the linewidth of the empty or passive 
resonator. The theoretical limit of the laser linewidth is determined by spon
taneously emitted radiation which mixes with the wave already present in the 
resonator and produces phase fluctuations. The photons in the resonator all cor
respond to in-phase waves except for the spontaneous emission, which occurs at 
the same frequency but with a random phase. It is this phase jitter that causes the 
finite laser linewidth LlVL which is given by the Schalow-Townes limit [5.52]: 

LlVL = 21rhv(Llvc)2 

PoUT 
(5.61a) 

where Llvc is the linewidth of the passive resonator, hv is the photon energy and 
PoUT is the laser output. 

According to (3.5 and 12) the passive resonator linewidth (Llvc) is related to 
the photon lifetime rc in the resonator, resonator length l', roundtrip loss L and 
output transmission T as follows: 

1 2l' 
Tc = = 

21r(Llvc) c(L + T) 
(5.61b) 

where c is the speed of light. With this expression, the linewidth limit can also 
be expressed in the following form 

A hv 
"-11/L = . 

27rrJPoUT 
(5.61c) 

Since the laser output power PoUT equals the number of photons n in the res
onator times the energy per photon divided by the photon lifetime rc 

nhv 
PoUT=

rc 
(5.62a) 

we find that the laser linewidth equals the empty resonator linewidth divided by 
the number of photons in the resonator, i.e., 

235 



(5.62b) 

The most coherent solid state source is the diode pumped monolithic ring 
Nd: YAG laser discussed in Chap. 3. The monolithic design provides a short and 
stable resonator design which separates axial modes sufficiently to obtain single 
line operation. Diode pumping eliminates pump induced instabilities present in 
ftashlamp lasers, and the ring configuration prevents spatial hole burning. 

We will now calculate the fundamental linewidth limits for such a laser and 
compare it with the values achieved in actual systems. The physical length of 
these mini-lasers is typically 5 mm and the refractive index is 1.82, therefore the 
optical length of the resonator is 21' = 1.82 em. The output coupling and internal 
losses for such a monolithic laser are L + T = 0.01. These values result in a 
lifetime of the photons in the resonator of Tc = 6 ns or a linewidth of the empty 
resonator of Llvc = 26 MHz. The theoretical limit for the laser linewidth at a 
typical output power of 1 mW is then according to (5.61c), LlVL. = 1Hz. In prac
tice, the laser linewidth is determined by temperature fluctuations and mechanical 
vibrations and instabilities which produce rapid changes in frequency. For exam
ple, the temperature-tuning coefficient for a monolithic Nd: YAG laser operating 
at 1064nm is 3.1 GHz;oC. The major contribution is the temperature dependence 
of the refractive index. The design of narrow linewidth laser oscillators requires 
extremely good temperature control. A state-of-the-art diode-pumped monolithic 
Nd: YAG laser has achieved a line width of 300Hz during a 5 ms observation 
time, 10kHz in time intervals of 300ms, and the laser exhibited a long term 
drift of 300kHz/minute [5.53]. The laser did not feature an active stabilization 
feedback loop which would further reduce linewidth drift. Interest in lasers hav
ing a very narrow linewidth is for applications such as coherent radar systems, 
spectroscopy and holography. 

Aashlamp- and coolant-induced instabilities made it extremely difficult in the 
past to achieve linewidths on the order of tens of MHz. Now with the emergence 
of miniature, diode-pumped monolithic Nd: YAG lasers, it is possible to achieve 
linewidths in the kHz regime. 

Pulsed Nd: YAG lasers can be designed with a long coherence length by 
employing the cw monolithic Nd: YAG devices as seed lasers. An injection 
seeded Q-switched slave oscillator can produce a transform-limited linewidth 
as will be explained later in this chapter. In such a system, the linewidth is 
determined by the pulselength. The FWHM linewidth of a Gaussian shaped 
pulse with no frequence chirp is 

Llv = 2ln2 
7rtp 

(5.63) 

where tp is the full width at the half-power points. A 20ns transform limited Q
switch pulse with a Gaussian temporal profile will have a linewidth of 22 MHz. 
In a Q-switched ruby system, the output pulse has a strong frequency chirp 
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Fig. 5.37. Fringe visibility in a Michelson interferometer of a beam 
with a Gaussian spectral profile 
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which prevents transform-limited performance. As explained in Sect. 5.3.2, the 
frequency chirp is caused by a change of the refractive index which, in tum, is 
the result of a change in population inversion. 

When a pulse having a linewidth of Llv interacts with another identical pulse 
delayed by a time r, the fringe visibility can be expressed as 

( ('rrr Llv )2 ) 
V = exp - 4ln 2 · (5.64) 

Since the transit time difference can be expressed in terms of an optical path
length difference Lll = cr where cis the speed of light, the product r(Llv) can be 
thought to be a normalized path length difference. In Fig. 5.37, fringe visibility is 
plotted as a function of r(Llv). The coherence length lc for which frige visibility 
has dropped to 0.71 is 

l = 0.64c 
c Llv · (5.65) 

Operation of the Laser at Two Longitudinal Lines. The line-width of a single 
line is assumed to be very narrow compared to the mode separation. Therefore, 
the power spectrum of the laser is represented by two 8 functions. The fringe 
visibility in this case is 

(5.66) 

This function, which has a periodicity of 2L, is plotted in Fig. 5.38. The condition 
V ~ 1 / (2) 1 12 is satisfied for 

lc = L. (5.67) 

237 



0.8 
:::,. 

L 
Path length difference, Ill 

Fig. 5.38. Fringe visibility as a function of path 
length difference for a laser operating in two (//), 
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the length of the laser resonator 

Laser Emission at N Longitudinal Modes. The power spectrum of the laser is 
developed into a series of 6 functions with the assumption that the modes have 
equal intensity. One obtains 

= I sin(N 1r 11lf2L) I 
V N sin(1r 11lf2L) · 

(5.68) 

This function is also plotted in Fig. 5.38 for the case of a laser oscillating in three 
and four modes. The fringe visibility function is periodic in integer multiples of 
path difference 111 = 2L. The fringe visibility is equal or larger than 1/(2)112 for 
path length differences of 

2L 
lc = N, N?.2. (5.69) 

5.2.3 Axial Mode Control 

A typical solid-state laser will oscillate in a band of discrete frequencies which 
have an overall width of about w-4 of the laser frequency. Although this is a 
rather monochromatic light source, there are still many applications for which 
greater spectral purity is required. 

In one of the earliest attempts to narrow the spectral width of a laser, tilted 
Fabry-Perot etalons were employed as mode-selecting elements [5.56]. Also the 
concept of axial mode selection based on an analysis of the modes of a multiple
surface resonator was introduced [5.54, 55]. In these earlier works it was shown 
that it should be possible to discriminate against most of the modes of a con
ventional resonator by adding additional reflecting surfaces. Since then, many 
techniques have been developed to provide a narrow spectral linewidth from 
solid-state lasers. 

In our discussion we will distinguish between three mode-selecting tech
niques: 

Interferometric mode selection 
A Fabry-Perot-type reflector is inserted between the two mirrors of the op-
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tical resonator. This will cause a strong amplitude modulation of the closely 
spaced reflectivity peaks of the basic laser resonator and thereby prevent 
most modes from reaching threshold. 

- Enhancement of axial mode selection 
In this case, an inherent mode-selection process in the resonator is further 
enhanced by changing certain system parameters, such as shortening the 
resonator, removal of spatial hole burning or lengthening of the Q-switch 
build-up time. 
Injection seeding 
This technique takes advantage of the fact that stable, single longitudinal 
mode operation can readily be achieved in a very small crystal located within 
a short, traveling wave resonator. These devices which are end-pumped by 
another laser, usually a laser diode array, are by themselves not powerful 
enough for most applications, unless the output of such a device is coupled 
into a large slave oscillator for amplification. 

Interferometric Mode Selection 

The role of the resonant devices employed in interferometric mode selection is to 
provide high feedback for a single wavelength near the center of the fluorescence 
line, while at the same time discriminating against nearby wavelengths. 

Resonant Reflectors. By replacing the standard dielectrically coated front mirror 
with a resonant reflector, the number of oscillating modes may be greatly reduced. 
As an example, Fig. 5.39a shows the output spectrum of a ruby laser operated 
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Fig. 5.39. (a) Spectral output of a ruby laser without mode selection. (b) Resonance curves of mode
selecting elements 
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without any mode-selecting elements in the cavity. The laser, operated with two 
dielectrically coated mirrors, emits a beam with a linewidth of about 0.5 A at 
the 50% power points. The fluorescence linewidth of ruby is 5.5 A at room 
temperature; however, above laser threshold the linewidth is reduced by a factor 
of 10. The envelope of the 0.5-A-wide laser line contains approximately 160 
longitudinal modes for a 75-cm-long resonator. The lines are separated from 
each other by 0.003 A. 

The dashed line in Fig. 5.39b shows the reflectivity versus wavelength of a 
single sapphire etalon of 3.2-mm thickness. The curve is drawn so that the peak 
reflectivity concides with the maximum in the gain profile. In this case the laser 
will emit a beam which has a linewidth of about 0.06A (20 modes). Actually, 
if the single sapphire etalon is not temperature-controlled, the reflectivity peak 
can be located anywhere with respect to the gain curve. The most undesirable 
location would be such that the reflectivity has a minimum at the peak of the 
laser line. In this case, one obtains a laser output composed of two groups of 
lines separated by 0.45 A. 

Also shown in Fig. 5.39b is the reflectivity curve of a three-plate resonant 
reflector. The reflectivity peaks of this device are much narrower as compared to a 
single sapphire etalon; this makes such a unit a better mode selector. Experiments 
have shown that this type of mode selector can reduce the number of axial modes 
to between one and three under proper operating conditions. 

Resonant reflectors featuring one, two, or three etalons are in use. The etalons 
are usually fabricated from quartz or sapphire. Both materials have high damage 
thresholds. The advantage of sapphire over quartz is that higher peak reflectivity 
can be achieved for the same number of surfaces. The peak reflectivities for 
single-, double-, and triple-plate resonant reflectors are 0.13, 0.40, and 0.66 if 
quartz is used; and 0.25, 0.66, and 0.87 in the case of sapphire. Etalon thickness 
is typically 2 to 3 mm, which assures a sufficiently large spectral separation of 
the reflectivity maxima within the fluorescence curve so that lasing can occur on 
only one peak. In multiple-plate resonators, the spacing between the etalons is 
20 to 25 mm in order to achieve a narrow width of the main peak. 

The design of multiple-plate resonators can be optimized with the aid of 
computer programs which take into account the desired reflectivity, width, and 
separation of the resonance peaks [5.49]. It is important that the difference in 
thickness of the different plates in a multiple element resonator be held to less 
than one-tenth of wavelength. The parallelism of the spacers between the plates 
should also be held to this tolerance. Because of the relatively low peak reflec
tivity of resonant reflectors, these devices are used primarily with Q-sw.itched 
solid-state lasers [5.58-66]. 

Optimum mode selection from a resonant reflector is achieved only when the 
reflection maximum of the device is centered at the peak of the fluorescence curve 
of the active material. Ideally, the gain at the adjacent reflection maxima should 
be insufficient to produce oscillation. Temperature tuning is the normal means of 
shifting the reflectivity peaks of the reflectors relative to the laser linewidth. 
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Table 5.2. Properties of materials frequently used in the design of resonant reflectors 

Quantity Dimension Sapphire Quartz BK7 Stainless steel Air 

dn/dT w-6 /C 12.6 
(1/l)(dl/dT) w-6 ;c 5.8 
n(6943 A) 1.76 

10.3 1.86 
0.55 7.0 
1.455 1.51 

-0.78 
0.9 

1.0 

Let us consider the changes which take place when the temperature of either 
the reflector or the laser or both is varied. A change in temperature will change 
the thickness and the index of refraction of an etalon. These effects combine to 
shift the wavelength of each resonant peak by an amount 

d).. (1 dl 1 dn) 
dT=>.o ldT+;;_dT ' (5.70) 

where n and l are the index of refraction and the thickness of the etalon, respec
tively. The first term on the right-hand side is.the linear coefficient of expansion, 
and the second term is the thermal coefficient of the refractive index. 

The temperature change necessary to cause an etalon to scan through one 
spectral range can be written in the form [5.59] 

)..2 

LlT = 2nl(d~/ dT) . (5.71) 

Using the materials parameter listed in Table 5.2, we obtain for a 3-mm sap
phire etalon employed in a ruby laser: d)..jdT = 0.09A/C and LlT = 5.0 C. 
These numbers reveal that for a given wavelength the peak reflectivity of the 
etalon changes drastically with temperature, therefore temperature control of the 
resonant reflector is a necessity for stable and reproducible laser performance. 

In most commercial lasers the temperature of the active material and the res
onant reflector are both temperature-controlled by the cooling water circulated 
through the laser head and reflector housing. Ruby has a wavelength tuning rate 
of 0.067 A/C. If we operate a ruby system with the above-mentioned sapphire 
etalon, then a 1 C rise in water temperature will shift the ruby fluorescence peak 
by 0.067 A and the reflectivity peak of the etalon by 0.09 A toward longer wave
length. The relative shift between the two peaks is 0.023 A/C. The temperature 
dependence of the reflectivity of the mode selector can also be used to tune the 
wavelength of the laser thermally [5.60, 63]. 

lntracavity Resonances. Mode selection can also be achieved by using the laser 
rod itself as an etalon, by carefully aligning the flat and uncoated end of the laser 
rod to a flat-cavity mirror [5.65], or by adding additional mirrors which form 
three- or four-mirror laser resonators [5.67]. 

lntracavity Tilted Etalon. The stability, simplicity, low _loss, and wide adapt
ability of the bandwidth and free spectral range makes the tilted etalon a versatile 
mode selector. 
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The etalon is inserted at a small angle in the laser resonator. The tilt ef
fectively decouples the internal transmission etalon from the resonator; i.e., no 
other resonances will be formed with other surfaces in the main resonator. If 
the etalon is sufficiently misaligned, it acts simply as a bandpass transmission 
filter. The tilted etalon has no reflection loss for frequencies corresponding to its 
Fabry-Perot transmission maxima. At other frequencies the reflections from this 
mode selector are lost from the cavity and thus constitute a frequency-dependent 
loss mechanism at a given angle. 

A narrow region of high transmission can be obtained by using sufficiently 
high-reflectivity coatings on the etalon. The fact that for efficient mode selection 
tilted etalons must be dielectrically coated is a disadvantage in a high-power 
system, because of the possible damage, especially since the power density inside 
the etalon is approximately a factor of (1 - R)-1 higher than the power density 
in tlte main resonator. Higher resistance to damage is the main reason why 
resonant reflectors are preferred as mode-selecting elements in pumped-pulsed, 
Q-switched lasers. On the other hand, resona~t reflectors cannot be used for cw
pumped Nd: YAG lasers or gas lasers because the maximum reflectivity of tltese 
devices is too low. For the latter systems, tilted etalons are used extensively as 
mode selectors. The application of tilted etalons for the mode control of ruby, 
Nd: glass, and Nd: YAG systems can be found in [5.56, 65, 68-75]. 

The transmission maxima can be tuned into the central region of the gain 
curve by changing the tilt angle or by adjusting the etalon temperature. A re
quirement for mode selection is that the etalon transmission drops off sharply 
enough to allow only one mode to oscillate. The transmission T can be expanded 
around its maximum, yielding 

T( ) = [1 4R (21rnddv) 2]-t 
II + (1 - R)2 C ' 

(5.72) 

where dv is the frequency deviation from the transmission maximum and R is 
the reflectivity of the etalon surfaces. If we assume that one mode oscillates at 
the center of the etalon's transmission curve (dv = 0), the mode with the second 
largest Twill be spaced at approximately dv = cf2L. 

For single-mode operation, the tilted Fabry-Perot etalon must have adequate 
selectivity to suppress axial modes adjacent to the desired one, and its free spec
tral range must be large enough so that tlte gain of tlte laser is sufficiently reduced 
at its next resonance. The difficulty which arises from tltese two requirements 
in choosing tlte optimum etalon tltickness can be circumvented by employing 
two etalons of different thickness in the resonator [5.71]. Etalons have to be 
temperature-tuned to the center of the gain curve and stabilized to within 0.01 oc 
[5.75]. 
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Enhancement of Longitudinal Mode Selection 

Here we will discuss the fact that single-mode operation is easier to obtain for a 
narrow laser linewidth, short resonator length, a large number of round trips in 
a Q-switched laser, and phase modulation of the standing wave inside the active 
material. 

Cooling of the Active Medium. The linewidth of solid-state lasers, in particular 
ruby, decreases for decreasing temperature. This reduces the number of axial 
modes which have sufficient gain to oscillate. Cooling of a ruby crystal as a 
means of obtaining single axial-mode operation in combination with other mode
selecting techniques was discussed in [5.65]. 

Shortening of the Optical Resonator. The spectral separation of adjacent axial 
modes is inversely proportional to the length of the resonator. Thus, in a short 
resonator it is easier to discriminate against unwanted modes. For example, re
liable single axial mode operation was achieved with an end-pumped Nd: YAG 
laser which had a length of 5 mm [5.76]. This short resonator is possible due to 
a monolithic design, where the coatings are directly applied to the rod. The axial 
mode spacing for such a short resonator is 16.7 GHz. Due to this large spacing 
(about 10% of the gain profile) adjacent modes have insufficient gain to reach 
laser threshold. 

Lengthening of the Pulse Buildup Time. It was observed very early that passive 
dye Q-switches tend to act as mode selectors [5.77-81]. 

The mode-selection property of the Q-switching dyes was explained by Sooy 
[5.82] as a result of natural selection. Longitudinal-mode selection in the laser 
takes place while the pulse is building up from noise. During this buildup time, 
modes which have a higher gain or a lower loss will increase in amplitude more 
rapidly than the other modes. Besides differences in gain or losses between the 
modes, there is one other important parameter which determines the spectral 
output of the laser. This parameter is the number of round trips it takes for the 
pulse to build up from noise. The difference in amplitude between two modes 
becomes larger if the number of round trips is increased. Therefore, for a given 
loss difference between the modes it is important for good mode selection to 
allow as many round trips as possible. 

Since a dye Q-switch requires more round trips for the development of a pulse 
as compared to a Pockels cell Q-switch, the former has better mode selection 
properties. 

The growth with timet of the power Pn in mode n is given by [5.82] 

(5.73) 

where P011 is the noise power in the mode at the start of buildup, tn is the time 
at which the net gain for mode n reaches unity, kn is equal to (lf2T)(dgnfdt), 
where T is the round trip time for the resonator, and 9n is the gain coefficient for 
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mode n. Second, the ratio of the powers T m, P n in modes m and n, respectively, 
after q double passes of buildup, is given to a good approximation by 

Pn = ( 1- Ln) q (1 _ L )q[(gm/Un)-1] 

Pm 1- Lm n ' 
(5.74) 

where Lm, Ln are the losses per double pass for modes m and n, respectively, 
and Ym, Yn are the gain coefficients for these modes. The first factor in (5.74) 
corresponds to loss discrimination and the second factor to gain discrimination. 

In most lasers, gain differences between adjacent modes are too small to play 
a significant role in the mode-selecting process. For mode discrimination due to 
different values of the reflectivity of the mode selector we obtain, from (5.74) 

(5.75) 

where Rn = 1- Ln,Rm = 1- Lm. 
In Fig. 5.40 the output power ratio of two modes as a function of number 

of round trips is plotted. Parameter is the difference in reflectivity which these 
modes experience at the mode selector. The reflectivity peak of a mode selector 
can be approximated by 

2 ( >. 7r) R = Rrnax COS Ll>.m 2 , (5.76) 

where Ll>.m is the FWHM of the reflectivity curve and >. is the wavelength taken 
from the center of the peak. 

As an example, we will consider a 75-cm-long resonator and the three-plate 
etalon described in Sect. 5.2.1. Assuming the dominant mode right at the center 
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Fig. 5.40. Mode selection during the buildup of the pulse. The parameter Rn f Rm expresses the 
differences of the reflectivity which these two modes experience at the mode selector during one 
round-trip 
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of the reflecting peak, then the two adjacent modes will be shifted in wavelength 
by Ll..\ = 0.003 A. With Ll..\m = 0.038 A for the three-plate etalon, one obtains, 
from (5.72), R/ Rrnax = 0.985, which means that the difference in reflectivity 
for the two modes adjacent to the center mode is 1.5 %, or Rn/ Rm = 1.015. 
In order to obtain single-mode operation from this system, we would need at 
least 155 round trips according to (5.75) if we use as a criterion for single-mode 
operation that the dominant mode should be at least ten times greater in peak 
power than any other mode. For the cavity length chosen we require, therefore, 
a pulse buildup time of 775 ns. 

A logical step following the foregoing analysis is to use an active Q-switch 
but to switch it in a way that ensures a large buildup time. This has been done 
by Hanna [5.84, 85], who operated a Pockels-cell Q-switch in a manner analo
gous to a saturable absorber. In this technique, initially the Pockels cell is only 
partially open and, therefore, presents a loss which is analogous to the low-level 
absorption loss or a saturable absorber. As a result of pumping, the net gain 
increases until it exceeds unity, and buildup of the giant pulse then starts. This 
buildup is monitored by a photodiode and its signal is used to trigger the Pockels 
cell to open completely when a preset signal level is reached. This is analogous 
to the bleaching of a saturable absorber at a particular intensity. Thus a long 
buildup time is achieved by an active Q-switch used in a way which is very 
closely analogous to a "passive" saturable absorber Q-switch. Utilizing this tech
nique in conjunction with a resonant reflector, reliable single-mode operation in 
aNd: CaW04 laser was obtained [5.86]. 

Lengthening of the pulse build-up is usually combined with intracavity mode 
selection. As an example, we will describe a Pockels cell Q-switched ruby oscil
lator containing a resonant reflector. The rear reflector is a multi-plate resonant 
reflector of the type shown in Fig. 5.34. However a fourth plate is added to in
crease the peak reflectivity of the device. The front reflector is a 2.5-mm-thick 
single sapphire etalon. The main function of this device is to provide an opti
mum output coupling of 25 % and to prevent oscillation at satellite peaks (spaced 
0.086 A from the main peak) of the multiplate resonator. Both mode-selecting 
elements are independently temperature controlled to within ±0.2 C. The laser 
head contains a 10-cm-long by 0.96-cm-diameter ruby rod pumped by a helical 
flashlamp. Operation at the TEM00 mode is accomplished by inserting a 1.5-mm 
aperture into the 75-cm-long resonator. Single-axial-mode operation is achieved 
by drastically increasing the rise time of the Pockels-cell voltage. In a standard 
Pockels-cell Q-switch, the rise time of the voltage pulse on the crystal is typically 
20ns, and the laser output appears normally after 50 to lOOns. In a 75-cm-long 
resonator this time delay amounts to about 10 to 20 round trips for the energy to 
build up. In this particular case the rise time is reduced to 1 J.LS, and the Q-switch 
pulse is emitted at the end of this time period; this suggests that about 200 round 
trips occurred before the pulse was emitted. 

The system is operated only slightly above threshold. Single-transverse-mode 
operation is obtained at output energies below 50 mJ from a single oscillator. 
Single-transverse- and -longitudinal-mode operation is achieved at output levels 
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between 10 and 15 mJ. Several amplifiers increased the energy to lOJ which was 
sufficient to obtain holograms with a scene depth of 5 m. 

Reduction of Spatial Hole Burning. Limitations in obtaining a larger single
mode output are commonly attributed to spatial hole burning. Atoms located in 
the vicinity of the nodal planes of one axial mode will preferentially contribute to 
other modes. In gas lasers, spatial hole burning is all but prevented by the thermal 
motions of the atoms. In crystals, however, the amplitudes of the lattice vibrations 
are small compared to the light wavelength, and spatial averaging cannot take 
place. The efficiency of an axial mode selecton can be greatly increased by 
providing relative motion between the atoms in the active material and the electric 
field of the resonator. 

In principle, spatial hole burning can be eliminated with traveling-wave ring 
structures [5.87-94], by generating circularly polarized light in the rod [5.96], 
with mechanical motions [5.97], or with electro-optic phase modulations [5.98]. 

Traveling-wave unidirectional ring lasers have been particularly successful 
in achieving narrow line width from a number of solid-state lasers. As was de
scribed in Sect. 3.2, a unidirectional ring laser contains three essential elements, 
a polarizer, a half-wave plate and a Faraday rotator. Ring lasers can be con
structed with discrete elements [5.87-93], or very recently, monolithic versions 
of traveling-wave ring oscillators have been developed pumped by laser diodes 
[5.94, 99]. The first such device was the Monolithic Isolated Single mode End 
pumped Ring laser (MISER) developed by Kane et al. [5.94]. Diode pumping 
permits the design of very short resonators with large spacing between modes. 
In addition, a diode array provides a very stable pump source, with almost no 
amplitude fluctuations, and very little heat deposition into the lasing medium, all 
factors which are conducive to stable, single-line operation. 

Most of the research on single-frequency, diode-laser-pumped Nd lasers has 
concentrated on monolithic devices where the optical cavity is formed by coated 
surfaces on the laser medium. While monolithic devices have significant advan
tages in terms of mechanical stability, they do not allow Q-switching or rapid 
tuning of the laser wavelength. Therefore, diode-pumped single-frequency lasers 
employing external mirrors in a ring geometry have been developed [5.93, 95]. 

Injection-seeded Oscillator 

Recently the development of the injection-seeded oscillator, made possible by the 
availability of tiny seed lasers~ has brought a revolutionary change to the tech
nology of temporal mode control in solid-state lasers [5.57, 76, 83, 100, 101, 104]. 
This technique has been shown to be extremely simple to implement, requiring 
only a small diode-pumped single-frequency Nd laser to supply the seed beam. 
The development of the single-frequency injection laser grew out of the difficulty 
experienced in obtaining reliable stable single frequency operation in Q-switched 
Nd: YAG lasers. 

Injection seeding is accomplished by introducing radiation from a low power 
(usually cw) stable single-frequency master oscillator into the high-power Q-
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switched laser cavity during the pulse buildup period. Both the injected single
mode radiation and spontaneous emission from the slave laser will be regenera
tively amplified in the slave cavity. If the injected signal has enough power on a 
slave cavity resonance, the corresponding single axial mode will eventually sat
urate the homogeneously broadened gain medium and, in the absence of spatial 
hole burning, prevent development of any other axial modes from spontaneous 
emission. 

The cw master oscillator provides a stable single-frequency TEM00 output for 
injection seeding. The seed laser then becomes the analog of the crystal oscillator 
in an RF transmitter. 

The most common master oscillator for injection seeding is a diode-pumped 
monolithic ring laser with a non-planar optical cavity [5.94]. Such a device pro
duces an extremely stable single frequency with a cw output of a few milliwatts. 

The diode-pumped monolithic ring laser has all the characteristics for achiev
ing stable axial mode operation. The laser resonator is only a few millimeters 
long, therefore axial modes are spaced sufficiently apart for axial mode con
trol. The ring laser configuration avoids spatial hole burning, and end-pumping 
provides a small gain volume for efficient and stable TEM00 mode operation. 
Furthermore, the monolithic design assures good mechanical stability of the res
onator. 

Figure 5.41 illustrates the injection seeding technique which can convert the 
single line output from a cw seed laser into a powerful Q-switched pulse which 
is transform-limited (linewidth is limited only by the temporal width of the laser 
pulse) on a single shot basis. The long term frequency drift is less than 50 MHz/h. 

The injection seeding beam is introduced into the resonator cavity through 
reflection off the polarizing beam splitter. A Faraday rotator and polarizer com
bination provides the necessary isolation between the master laser and the Q
switched slave laser, both to protect the master laser from possible damage and 
to prevent destabilizing feedback into the master oscillator. 

With the oscillator cavity of the slave laser in the low-Q condition, the injected 
pulse makes one round trip in the cavity and is then rejected by the polarizer. As 
the Q-switch opens, the injected pulse builds up rapidly in the cavity, extracting 
energy from the gain medium. If the original injected signal is of sufficient 
intensity, the laser mode that builds up will correspond to that of the injection 
source. Power gains of 10+9 can typically be achieved between the injection laser 
and the seeded oscillator output. A few milliwatt output of the injection laser is 
sufficient to obtain complete locking if the cavity resonance frequency is within 
10% of the master oscillator frequency. 

Active stabilization is required to ensure that the frequency detuning between 
the master and slave oscillators is within the tolerance for successful injection 
seeding. The frequency of the two cavities is maintained in coincidence by a 
feedback loop monitoring the build-up time of the oscillator pulse. If the master 
oscillator is properly injection-seeded, the Q-switch build-up time is considerably 
shorter as compared to a nonseeded resonator where the pulse has to build-up 
from noise. Frequency adjustments between the two lasers is performed by tern-

247 



Gaussian 
Reflectivity 
Mirror 

Output 

a 

200 

180 

160 
Z:-·;;; 

140 c 
Ql 

£ 
120 

100 

b 80 
0 

Nd:Yag 
6.3mm 

~4 E-0 Q-Switch 
Polarizer 

50 
Time Ins! 

Faraday Injection Seeding 
Isolator Micro-Laser 

_unseeded pulse 
-Seeded pulse 

100 150 

Detector 

Fig. 5.41. Schematic of injection seeded slave oscillator (a) and temporal pulseshape with and without 
seeding (b) 

perature tuning of the monolithic diode-pumped laser crystal in the master oscil
lator. Frequency sensitivity to temperature is about 3.1 GHz/K, and temperature 
stability of 0.01 K has been obtained using a proportional controller. 

For single-frequency operation, it is necessary to avoid spatial hole-burning 
in the laser rod. This is especially true in a high-gain system where unextracted 
energy gives rise to "post lasing" following the main Q-switched pulse. In order 
to avoid spatial hole burning, it is necessary to avoid the formation of a standing 
wave in the laser rod. To accomplish this, quarter-wave plates are inserted in the 
resonator at each end of the laser rod, as shown in Fig.5.41 [5.103]. 

The quarter-wave plates convert the forward and backward traveling waves 
in the rod to circular polarization. Superposition of the two circularly polarized 
waves which are spatially displaced with respect to each other by >../4, produces 
an electric field pattern in the rod which has the shape of a twisted ribbon 
with a spatial period of one optical wavelength. Each polarization component 
of the electric field forms a standing wave, but the 90° phase shift between the 
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components assures that the total energy density in a mode is uniform along the 
rod. Thus, hole burning in the rod is prevented. 

The resonator shown in Fig. 5.41 is an unstable resonator with a Gaussian 
output mirror. Proper injection seeding requires strong transverse mode discrim
ination in the slave oscillator [5.102]. As will be discussed in Sect. 5.5, unstable 
resonators exhibit this characteristic. 

The temporal shape of the output pulse of the laser with and without injection 
seeding is shown in Fig. 5.41b. The output of the laser is seen to be converted 
from a pulse characterized by beating between cavity modes in the uninjected 
condition to an output characterized by a single frequency and smooth temporal 
profile with the injection laser on. Pulse-to-pulse amplitude jitter is also virtually 
eliminated in the injection-seeded system. 

The output from the diode-array pumped slave oscillator is 50 mJ in a pulse 
with a smooth Gaussian time profile and a transform limited linewidth. The 
output from this oscillator was amplified by a 4-stage double-pass amplifier chain 
to 750mJ/pulse. 

5.3 Temporal and Spectral Stability 

5.3.1 Amplitude Fluctuations 

Fluctuations may be broadly categorized as short-term or long-term. Long-term 
fluctuations with periods greater than 1 s can be attributed to gradual variation 
in the engineering parameters of the laser, such as alignment and cleanliness of 
optical elements or degradation of the pump source. 

Here we are concerned with short-term fluctuations with periods of less than 
a second. The sources of amplitude modulation of the laser output are mechanical 
vibrations of the optical components, thermal instabilities in the active material, 
variations in the pump lamp intensity, mode beating and mode hopping, relaxation 
oscillations, and quantum noise. The latter two phenomena, which are inherent 
properties of the laser oscillator, have been discussed in Chap. 3. Which of the 
fluctuations mentioned above are dominant in a particular situation depends on 
the operating mode of the laser and the frequency interval of interest. 

Conventional-Mode Operation. As has been discussed in Chap. 3, in this 
regime relaxation oscillations dominate all other noise mechanisms. 

Q-Switched Pulsed-Pumped Laser. The envelope of a Q-switched pulse can 
show amplitude modulation due to mode beating of axial modes. The envelope 
is smooth for operation at a single axial mode and appears to be smooth for a 
very large number of axial modes, in which case amplitude modulation due to 
mode beating is reduced as a result of averaging effects. 

Continuous-Pumped Lasers. All the noise mechanisms listed above can be 
studied in a cw-pumped Nd: YAG laser. Output fluctuations at low frequencies 
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(below 1 kHz) can be traced to mechanical and thermal instabilities and fluctu
ations in the pump lamp intensity. The mechanical vibrations can be originated 
by the environment and transmitted to the laser, or they can be generated in the 
laser head itself by turbulence in the cooling flow [5.105]. Any vibrations of 
optical components will change the losses in the resonator; as a result, the output 
power will fluctuate. Besides vibrations transmitted to the laser head through its 
support structure, vibrations from the water pump transmitted to the laser head 
by the cooling water and hoses as well as turbulence or air bubbles in the water 
surrounding the laser rod can cause mechanical vibrations of the resonator, Jllir
rors, and laser rod [5.106]. It was found that if these mechanisms are dominant, 
laser performance can be stabilized by acoustically decoupling the water cooler 
from the laser head and reducing the flow rate. 

Changes in the intensity of the pump lamps will modulate the output of 
the laser. In tungsten-filament lamps, pump-light variation is usually caused by 
voltage ripple from the power supply. A well-filtered and regulated DC power 
supply is, therefore, a necessity if a modulation-free output is desired. In krypton 
arc lamps, intensity variations are caused by arc wandering, plasma instabilities, 
and voltage ripple. The first two instabilities will produce random spatial and 
temporal variations of rod gain. Low-frequency modulation in arc lamps can be 
reduced by the addition of an active feedback loop to control lamp current. 

Turbulence of hot air inside the laser head or dust particles in the beam can 
cause the optical beam to fluctuate. A bellows system which encloses the optical 
train is, therefore, a requirement for a low-noise laser. 

Air bubbles in the cooling path of the lamps or laser rod can cause modulation 
of the intensity of the pump lamp. Modulation of the refractive index of the 
laser rod by the coolant can cause the output to fluctuate. In a typical cooling 
system, the laser rod is cooled by a turbulent flow of water around it. Therefore, 
the heat transfer between the rod and coolant changes constantly in time and 
space. The temperature variations within the rod create optical distortion through 
the dependence of the index of refraction of Nd: YAG on temperature. This 
mechanism becomes important if the laser rod is used as the limiting aperture 
for TEMoo operation. The use of a quartz sleeve around the laser rod to damp 
thermal disturbances [5.107] or an increase in the flow rate to create a more 
stable dynamic flow characteristic [5.108] have been suggested to overcome 
these problems. However, it was found [5.106] that reducing the beam diameter 
by means of an aperture has the same effect. The thermal inertia of the periphery 
of the rod provided sufficient damping to eliminate this problem. 

In the 50- to 200-kHz range, depending on the particular system, output fluc
tuations are dominated by relaxation oscillations. Any small perturbation having 
a frequency component at the vicinity of the resonance frequency of the relax
ation oscillation will cause large oscillations in the output power. A potential 
source for the excitation of relaxation oscillations is mechanical vibrations. Ob
viously, in order to reduce the modulation caused by relaxation oscillations, the 
mechanical laser structure must be extremely stable [5.109, 110]. 
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At the lower end of the megahertz region, parasitic noise is caused by mode 
competition of transverse modes, whereas competition of longitudinal modes 
causes amplitude modulation at frequencies of several hundred megahertz. Dif
ferent transverse modes occupy different regions of the laser rod; as a result of 
pumping nonuniformities, the gain varies for each transverse mode. Different ax
ial modes are located at different points on the laser gain curve. Any disturbances 
of the laser system will encourage or discourage individual modes. Therefore, the 
mode pattern changes constantly. Mode selection eliminates output fluctuations 
associated with mode competition. 

As an example, a Nd: YAG system is described which has been optimized 
for low parasitic noise output [5.106]. The system consists of a 3-mm by 63-mm 
Nd: YAG rod pumped by two tungsten-filament lamps in an elliptical cavity. 
The modifications which were made to the system to achieve an extremely low 
noise performance were as follows: The laser head was vibration isolated from 
the supporting structure by means of rubber pads; the laser head was acoustically 
decoupled from the water cooler by a ballast tank and soft plastic water hoses; the 
water flow was reduced from 135 to 75cm3/s. The laser was operated at TEMoo 
mode; this eliminated any amplitude modulation above 200kHz. The resonator 
was converted from a long-radius mirror system to a confocal arrangement. After 
this modification, the amplitude of the relaxation oscillations was reduced by 
one order of magnitude. After all these modifications, the laser produced 1.2 W 
TEMoo at a lamp input power of 2 kW. 

In Fig. 5.42 the depth of modulation is plotted as a function of frequency. The 
upper curve gives the ratio of the peak values of the noise to the average signal 
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voltage (measured with an oscilloscope), whereas the lower curve represents 
the ratio of the rms value of the noise to the average signal voltage (measured 
with a spectrum analyzer). In the case where the fluctuations of the laser output 
are determined only by quantum noise, the depth of modulation is 0.8 x w-6 • 

From Fig. 5.42 it follows that the spectrum of the noise has a maximum at very 
low frequency; the noise decreases to a minimum around 10kHz and increases 
again to reach a resonant peak around 80kHz. Above 100kHz, a rapid decrease 
of amplitude modulation is observed to a level close to the theoretical limit 
determined by the quantum noise in the signal. 

Figure 5.43 shows typical output fluctuations at the low frequency spectrum. 

5.3.2 Frequency Changes 

We will first consider the frequency changes which occur in a cw-pumped solid
state laser. The output of the laser as a function of frequency will depend on 
the amplitudes, frequencies, and phases of the oscillating modes. The frequency 
will fluctuate in a random way within a bandwidth of a few gigahertz. A drastic 
improvement can be achieved if mode-selecting techniques are employed which 
will assure single transverse and axial mode operation. 

The frequency stability of a single-frequency laser is determined by its en
vironment. Fluctuations of the optical length of the laser cavity due to thermal 
expansion of the support structure, temperature changes in the laser rod or other 
optical components, mechanical vibrations [5.111], or acoustic noises will shift 
the frequency. A change of the optical resonator length of half a wavelength will 
change the laser frequency by cf2L, the longitudinal mode spacing. For exam
ple, even if the laser resonator is made of a low-thermal-expansion-coefficient 
material, such as invar, a temperature change of 0.5 C will cause a length change 
of >J2 in a 1-m-long resonator. 

Therefore, in practical systems it has been found necessary to add electronic 
feedback devices to stabilize the frequency output of the laser. In these schemes, 
a discriminator measures the amount of frequency deviation from some desired 
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center frequency and indicates the sense of the deviation. The output of the 
discriminator is then fed to a frequency-controlling element in the laser, for 
example, to an electromechanical element controlling the mirror spacing, or to 
an electrooptic element controlling the refractive index of a portion of the cavity 
[5.66]. An etalon is usually employed as the frequency discriminant. A high-Q 
etalon will transform a frequency modulation of the active mode into a small
intensity modulation. Phase-sensitive detection of the intensity modulation yields 
the error signal needed for stabilization. The two etalons required in this technique 
- one for mode selection and one for frequency discrimination - can also be 
combined into a single birefringent etalon. The birefringent etalon provides two 
cavities simultaneously, one for the ordinary ray, the other for the extraordinary 
ray. Using a birefringent intracavity etalon made from crystal quartz, aNd: YAG 
laser could be stabilized to 10-7 in frequency [5.112]. The linearly polarized 
single-frequency TEM00 output from the laser was 150 mW. 

In another scheme, the thickness of an intracavity etalon was modulated 
by a piezoelectric transducer [5.72]. The frequency modulation of the etalon's 
transmission peak causes an amplitude modulation of the laser output. The signal 
is detected by a photodiode mounted behind the rear mirror. The amplified error 
signal is used to change the length of the main resonator. 

Pulsed Laser Systems 
In a pulsed laser, ideally, the frequency of a single-axial-mode laser should 
remain constant during the pulse. In practice, it has been discovered that there 
can be a significant frequency modulation of the laser pulse. In ruby two effects 
have been observed: a time-dependent frequency shift toward the red [113-115] 
and an output-power-dependent blue shift [5.116-121]. 

The first effect represents a thermal frequency shift due to heating of the 
crystal as a result of the dissipation of the absorbed pump light (see also Chap. 7). 
As a result of changes in length and refractive index of the ruby rod during the 
pump cycle, frequency shifts of the order of 10MH2'/ps were observed [5.114]. 
The thermal effects are important if the laser is operated in the conventional 
mode or if more than one Q-switch pulse is generated during one flashlamp pulse. 
In the latter case, the rod has obtained a different temperature between pulses 
and subsequently a frequency shift will occur. In a single Q-switched laser the 
time duration of lasing is too short to cause noticeable thermal frequency shifts. 
However, the output power-dependent frequency shift is important in a single 
Q-switched ruby laser, since this effect broadens the bandwidth and causes a 
frequency sweep of the output pulse. The effect is attributed to a decrease in 
resonator length, as a result of a decrease in the rod's refractive index, which in 
tum is postulated to be directly proportional to changes in population inversion 
[5.117, 118]. It appears that the correct explanation for this effect is related to 
the fact that the Cf3+ ions in the ruby system slightly change their coupling to 
the crystal-field system with changes in state. 

A change in optical length of the active material in a laser cavity, caused 
either by refractive index changes .dn or by a change of the physical length 
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of the rod Lll, will cause a frequency shift Llv of the reflectivity peaks of the 
resonator according to 

Llv Lln lr + Lll n 
-= (5.77) 
v nlr + lo 

where lr is the length of the laser rod with index n, and lo is the length of the 
air path in the resonator. 

A blue shift of 85 MHz, which corresponded to a decrease in cavity length 
of 975 A at a rate of 39 A!ns, was observed in a single-mode laser operated at 
an energy output of about 100 mJ. The rate of frequency increase was about 
3.4 MHz/ns. A linear relationship between energy output and frequency change 
has also been observed [5.116, 119, 120] for laser powers from 3 to 10MW with 
a proportionality constant of 1.4 MHz/ns MW. Figure5.44 shows the observed 
frequency drift of the Q-switched output pulse of a ruby laser as a function 
of time [5.121]. It can be seen from this figure that the frequency drift closely 
follows the temporal change in inversion. The thermally as well as the power
induced frequency shift can be partially compensated by introducing into the 
optical cavity an externally controlled phase shift generated, for example, by an 
electrooptic crystal. 

5.4 Hardware Design 

In the construction of a resonator for a laser oscillator, the important consid
erations are the mechanical stability and the quality of the optical components, 
protection of the optical train from the environment, and protection of the oper
ator from radiation hazards. 

Laser Support Structure. The key requirement of a laser resonator is that all 
optical components be accurately and rigidly fixed relative to each other, that the 
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structure be insensitive to temperature variations, and that there be a provision 
for making angular adjustments of the beam. 

General research involving lasers is usually carried out with the components 
mounted on an optical table since this provides maximum flexibility for the 
experimental set-up. The optical components of commercial lasers are usually 
mounted on a baseplate or on support structures made from aluminum extrusions. 
In the latter case, adjustment of the axial position of optical components can be 
provided by sliding carriages. Commercial lasers are also fully enclosed by a 
housing for protection against the environment and for eye-safety reasons. 

In most cases the optical surfaces are additionally protected by enclosing 
the whole optical train with rubber or Teflon bellows. Enclosures may range 
from a mere safety cover to a rubber-sealed dust-proof cover, all the way to a 
hermetically sealed cover which will maintain a positive pressure on the inside. 

In military systems weight and size constraints lead to densely packaged 
structures with aluminum as the choice material. Often, the whole support struc
ture is machined from one solid block of metal and the optical beam is folded 
to achieve a compact design. 

In some applications, such as single-longitudinal-mode operation and active 
mode locking, the mirror separation must be kept constant to within a fraction 
of a wavelength over long periods of time. To achieve long-term stability of the 
cavity length, the lowest expansion-coefficient materials such as invar, graphite 
composites, or ceramic materials are employed. By choosing a proper geome
try, incoqjorating bimetallic length-compensation techniques, and using cooling 
channels to thermally control and stabilize the structure, at least an order of 
magnitude improvement in length changes can be achieved over ordinary de
signs. Temperature compensation of cavity-length changes can also be achieved 
by electronic control of the cavity length by means of piezoelectric translation. 

Mirror Mounts. The requirements for a good mirror mount are an independent, 
orthogonal, and backlash-free tilt with sufficient resolution and good thermal 
and mechanical stability. Commercial mirror mounts meeting these requirements 
usually employ a two-axis gimbal suspension, a three-point suspension using a 
torsion spring, two independent hinge points formed by leaf springs, or a metal 
diaphragm. Rotation is achieved by micrometers or differential screws. 

Adjustable mirror mounts are, in general, not used in military laser systems 
because these components do not provide the required long term stability in 
the presence of temperature excursions, shock and vibration. Instead of mirrors, 
these systems employ crossed Porro prisms or retro reflectors. Beam alignment 
is accomplished by insertion of two thin prisms (Risley prism) into the beam. 
The prisms which can be independently rotated, will deflect the beam over a 
small cone angle. After alignment is completed, the prisms are locked in place. 
Output coupling from such a resonator is by means of a polarizer and Q-switch. 
An example of such a resonator will be given in Chap. 8. 
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Optical Surfaces. The polished surfaces of components, such as mirrors, laser 
rod, windows, lenses, doubling crystals, etc., used in a laser resonator must 
meet certain requirements in terms of surface quality, flatness, parallelism, and 
curvature. The quality of an optical surface is specified by the scratch and dig 
standards (MIL-13830A). According to this standard, surface quality is expressed 
by two numbers. The first number gives the apparent width of a scratch in microns 
and the second number indicates the maximum bubble and dig diameter in 10-
J.I.S steps. Components used in optical resonators should have an optical surface 
quality of at least 15/5. With great care a 0/0 quality can be achieved. As a 
comparison, commercially available lenses of standard quality have an 80/50 
surface. 

From the four basic techniques of shaping optical components - molding, fire 
polishing, felt polishing, and pitch polishing - only the two latter techniques pro
duce an acceptable-quality surface finish for laser applications. However, when
ever possible, pitch-polished rather than felt-polished components should be used. 
Using a polishing pitch as the lining of the polishing tool produces the finest sur
face quality. The pitch cold-flows and takes the shape of the work in a very short 
time. The actual polishing is done with a fine abrasive (rouge) in a water slurry. 

Mirror blanks for the resonator are either plano-concave, plano-plano, or 
in special cases plano-convex, made from schlierengrade fused quartz or BSC 2. 
Standard curvatures are flat, 10, 5, 3, 2, 1, 0.5, and 0.25 m radius of curvature. The 
surface finish should be A/10 or better. Standard mirror blanks have diameters of 
25, 12.5, and 6.2mm, and thicknesses of 6.2 and 10mm. A parallelism of 1 arcs 
or better, and a flatness of at least A/20 is required for plane-parallel blanks to be 
used for etalons. Low-cost general-purpose windows, used for example on dye 
cells, usually have a wedge of 3 to 5 minutes and a flatness of A/4 or better. 

Coatings. Evaporated dielectric films are essential parts of the resonator optics, 
and their properties are important for the performance of the laser. A typical laser 
requires a highly reflective and a partially reflective mirror coating and several 
antireflection coatings on the laser rod, Q-switch crystal, windows, lenses, etc. 

Dielectric thin films are produced by evaporation and condensation of trans
parent materials in a vacuum. The dielectric thin film must adhere well to the 
substrate. It should be hard, impervious to cleaning, have low loss, and should 
exhibit a high damage threshold. Commercially available coatings are either hard 
coatings which will meet MIL-C-675A or semihard coatings which will pass the 
Scotch-tape adherence test per MIL-M-13508B. 

The simplest antireflection coating is a single quarter-wave film. The reflec
tivity of a single dielectric layer of index nt, which has an optical thickness of 
A/4, is, at normal incidence, 

(5.78) 
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Table 5.3. Substrate characteristics 

Index of Reflectivity Reflectivity with 
refraction percent single-layer MgF2 

Fused quartz 1.46 3.5 1.5 
(0.631Jm) 
BSC-2 1.52 4.2 1.4 
(0.631JID) 
Ruby 1.76 7.6 0.15 
(0.691JID) 
Nd:YAG 1.82 8.4 0.1 
(l.061Jm) 

where ns is the refractive index of the substrate. Zero reflection is achieved when 
n1 = (ns)112• 

The lowest refractive index available as stable film is MgF2 with nt = 1.38, 
a value which results in a perfect antireflection coating for a substrate with 
n5 = 1.90. For ns = 1, 80, 1.70, and 1.5 the residual reflectance from a )./4 
MgF2 coating is "'0.1, 0.3, and 1.4 %, respectively. From Table 5.3 it follows 
that MgF2 is an excellent match for ruby and Nd: YAG. In cases where the 
reflection from a single-layer antireflection coating is still too high, two or more 
dielectric-layers must be applied. 

A substrate having two layers with index values of n1 and n2 of optical 
thickness )./4 will have a total reflectance of 

(5.79) 

Zero reflection can be obtained if (n2/nd = n5 • If coating materials with the 
proper ratio n2/n1 are not available for a particular substrate, thicknesses which 
deviate from >J4 must be used to achieve zero reflection from glass. Because 
the region of low reflectance of this type of coating is rather small, the coating 
is sometimes called "V"-coating. A very hard and durable two-layer coating 
frequently employed on glass substrates is the system Zz02-MgF2. 

High reflectivity, multilayer dielectric films can be tailored to give specific 
reflectance versus wavelength characteristics by the appropriate choice of the 
number of layers, layer thickness, and index of refraction of the materials. The 
simplest design of a multilayer coating is a stack of alternating films of equal 
optical thickness, corresponding to )./4, but of two different refractive indices. 
It is most efficient to start and end with a high-index layer so that the structure 
will have an odd number of layers. We obtain 

(5.80) 
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Table 5.4. Thin-film materials 

Chemical Index of 
formula Material refraction 

MgF2 Magnesium fluoride 1.38 
ThF4 Thorium fluoride 1.50 
c~ Cerium oxide 2.3 
Zr<h Zirconium oxide 2.1 
Si(h Quartz 1.45 
ZnS Zinc sulfide 2.35 
Ti(h Titanium oxide 2.28 

where nt is for the high-index material, nz is for the low-index material, and l 
is the odd number of >../4 films. 

Table 5.4 lists some of the most common thin-film materials used for solid
state laser optics. Titanium oxide, cerium oxide, and zinc sulfide are used mainly 
as the high-index materials; magne.sium fluoride and silicon dioxide are used for 
the low-index materials. 

As follows from (5.80), the reflectance increases with increasing number 
of >../4 films in discrete steps. The number of layers employed depends on the 
material combination and the desired reflectance value. Normally, it does not 
exceed 21 because scatter and absorption losses increase with the number of 
layers. 

For commercially available mirror coatings, the maximum reflectance ranges 
between 99.5 and 99.8 %. Scattering and absorption losses combined are in the 
order of 0.5 to 0.2 %. Typical thin-film combination are ZnS-MgF2, ZnS-ThF4, 

CeOz-MgFz, TiOz-SiOz, and ZrOz-SiOz. The first system is very soft and must 
be handled with great care; the second coating is more durable and can be cleaned 
with alcohol and lens tissue; the last two coatings are extremely hard and durable. 

A summary of optical coatings and thin-film techniques can be found in 
[5.122]. Optical properties of multilayer stacks and designs have been presented 
in the books by Baumeister [5.123], Heavens [5.124], Macleod [5.125], and 
Vasicek [5.126]. 

5.5 Unstable Resonators 

As was discussed in Sect. 5.1, in a stable resonator the light rays are confined 
between the surfaces of the resonator mirrors and do not walk out past their edges. 
In order to produce a diffraction-limited output beam from a stable resonator, the 
Fresnel number must be on the order of unity or smaller (Sect. 5.1.5), otherwise 
sufficient discirimination against higher-order modes cannot be achieved. For 
practical resonator lengths, this usually limits the diameter of the TEMoo mode 
to a few millimeters or less. 

If ihe resonator parameters 91 and 92 lie outside the shaded regions defined 
in Fig. 5.8, one obtains an unstable resonator. In these configurations, the light 
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beam is no longer confined between the mirrors. A light beam in an "unconfin
ing" or unstable resonator diverges away from the axis, as shown in Fig. 5.45, 
eventually radiation will spill around the edges of one or both mirrors. This fact 
can, however, be used to advantage if these walk-off losses are turned into useful 
output coupling. 

Figure 5.46 illustrates the spherical waves bouncing between the mirrors of an 
unstable resonator. In this so-called confocal configuration, the concave mirror's 
focal point coincides with the back focal point of the smaller convex mirror. Thus 
we see that Pt is the common focus. Light traveling to the left is collimated and 
may conveniently be coupled out by providing an unobstructed aperture around 
mirror Mt. 

The unstable resonator corresponds to a divergent periodic focusing system, 
whereby the beam expands on repeated bounces to fill the entire cross-section of 
at least one of the laser mirrors, however large it may be. The unstable resonator 
has a much higher-order mode discrimination, as compared to its stable coun
terpart, therefore a nearly diffraction-limited output beam from a large diameter 
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gain medium can be obtained. In the near field, however, the output from an 
unstable resonator usually has an annular intensity pattern. As we have seen, 
stable resonator modes are well approximated by Gaussian-Laguerre or Hermite
Gaussian functions. Unstable resonator modes do not have a simple functional 
form; their intensity distributions must be generated numerically. 

The unstable resonator first described by Siegman [5.127, 128] has been stud
ied extensively both theoretically and experimentally. Excellent reviews are found 
in [5.129, 130]. The most useful property of an unstable resonator is the attain
ment of a large fundamental mode volume and good spatial mode selection at 
high Fresnel numbers. In other words, unstable resonators can produce output 
beams of low divergence in a short resonator structure which has a large cross
section. 

Immediately following its invention, the significance of the unstable resonator 
was recognized for the extraction of diffraction-limited energy from large volume 
gas lasers. However, only recently have unstable resonators been applied to solid
state laser system. There are a number of reasons for this slow acceptance. 
The laser medium must be of high optical quality, for an unstable resonator 
to be effective. This requirement has limited applications of unstable resonators 
primarily to gas lasers because the time- and power-dependent thermal distortions 
occurring in solid-state lasers made this type of resonator unattractive. In addition, 
the output coupler of an unstable resonator, having the dimensions of a few 
millimeters in typical solid-state lasers, is much more expensive and difficult to 
fabricate in comparison to a partially transmitting mirror required for a stable 
resonator. 

Furthermore, the misalignment tolerance of an unstable resonator is smaller 
compared to its stable counterpart and the advantage of a large mode volume 
is achieved at a sacrifice of mode quality because of aperture-generated Fresnel 
fringes. The output from a solid-state laser is often passed through amplifier 
stages, or the oscillator may be followed by a harmonic generator. The near-field 
beam pattern of an unstable resonator which consists of a doughnut shaped beam 
with diffraction rings and a hot spot in the center is not very attractive in these 
applications. 

About 10 years after its discovery, Byer and co-workers [5.131, 133] applied 
the unstable resonator concept for the first time to a Q-switched Nd: YAG os
cillator/amplifier system. They did achieve a marked improvement in Nd: YAG 
output energy in a diffraction-limited mode. 

However, only recently has the unstable resonator found applications in com
mercial lasers, mainly as a result of the availability of the variable reflectivity 
output mirror which provides a smooth and uniform output beam from an un
stable resonator. Output coupling via such a mirror provides an elegant solution 
in overcoming the beam profile issue. Whether an unstable resonator has an ad
vantage over a stable resonator for a particular system depends on the gain of 
the laser. As we will discuss later, gain, mode volume and sensitivity to mis
alignment are closely related in unstable resonators. (In a stable resonator, only 
mode volume and alignment stability are directly related as we have seen from 
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the discussions in Sect. 5.1.10.) Generally speaking, if a reasonable misalign
ment tolerance is desired, then only in a high-gain laser can a large mode size 
be realized in an unstable resonator. 

The most useful form of an unstable resonator is the confocal unstable res
onator [5.132, 134]. A primary advantage of this configuration is that it automat
ically produces a collimated output beam; this also means that the final pass of 
the beam through the gain medium is collimated. 

Confocal configurations can be divided into positive-branch resonators which 
correspond to the case g1g2 > 1, and negative-branch resonators for which 
g1 g2 < 0. The quadrants for the location of these resonators are labelled in 
the g1 - g2 plane of Fig. 5.8. Confocal unstable resonators of the positive or 
negative branches are shown in Fig. 5.47. These configurations are defined by 
the following relationships: 

(5.81) 

or 

L=JI+h, 

where L is the optical length of the resonator, and R1, R2, h, h are the radii and 
focal lengths of the two mirrors, respectively. For concave mirrors, the sign for R 
and f is positive, and for convex mirrors it is negative. A diverging output beam 
will result if the mirrors of a negative- or positive-branch confocal resonator are 
moved closer together, and a converging beam will result if the mirrors are moved 
farther apart. The light rays do not cross the optic axis in the positive-branch 
resonator, whereas the negative-branch resonator has an intracavity focus. 

5.5.1 Confocal Positive-Branch Unstable Resonator 
The confocal positive-branch unstable resonator is the most widely used form of 
the unstable resonator for solid-state lasers. 

Referring to Fig. 5.47 the annular output beam has an outer diameter of D 
and inner diameter d, where d is also the diameter of the output coupler. 

The resonator magnification 

M=D/d (5.82) 

is the amount that the feedback beam is magnified when it travels one round trip 
in the resonator and becomes the output beam. 

Fig. 5.47. Positive- and negative-branch confocal unstable resonators 
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The magnification in the transverse beam dimensions results in a decrease of 
intensity by a factor 1 f M 2 in each round trip, and radiation spilling out around 
the edges of the output mirror. A beam which is just contained within the mirrors 
will, after one round-trip, lose a fraction T of its energy. 

The geometrical output coupling is related to the magnification M by 

1 
T=1-Mz· (5.83) 

If we insert a gain medium between the mirrors, the loss in energy has to be 
made up by the gain of the laser. According to the laser threshold condition 
(3.13) we obtain 

2gl = L +In M 2 • (5.84) 

Ignoring internal resonator losses L for a moment, the round-trip gain of the 
laser has to be 

G = exp(2gl) ~ M2 . 

For a confocal resonator, the mirror radii are given by 

-2L 
Rt = M -1' 

2ML 
and Rz = M _ 1 , 

(5.85) 

(5.86) 

where Lis the length of the resonator and Rt and Rz are the output and back
cavity mirror curvatures. Note that the output mirror has a negative curvature 
and thus is convex, while the high-reflectivity mirror has positive curvature and 
is concave. 

Siegman [5.129] has investigated the relationship between M and the output 
coupling T for confocal unstable resonators .and has shown that T is less than 
the geometrically predicted value (1- 1/M2). This is because the intensity dis
tribution, according to wave optics, tends to be more concentrated towards the 
beam axis than that predicted by geometrical optics. 

The equivalent Fresnel number of a resonator characterizes the destructive 
or constructive interference of the mode at the center of the feedback mirror 
due to the outcoupling aperture. For a positive-branch, confocal resonator, the 
equivalent Fresnel number is 

N. _ (M- l)(d/2)2 

eq- 2L>. (5.87) 

where d is the diameter of the output mirror, and L is the resonator length. 
Plots of the mode eigenvalue magnitudes versus Neq, show local maxima near 
half-integer Neq's. 

Physically, the half-integer equivalent Fresnel numbers correspond to Fresnel 
diffraction peaks centered on the output coupler which leads to increased feed-
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back into the resonator. Resonators should be designed to operate at half-integer 
equivalent Fresnel numbers (Neq) to obtain best mode selectivity. 

As a final step one has to take into account the effect of the laser-rod focal 
length f. One usually chooses an available mirror curvature R and calculates the 
rod focal length at the desired lamp input power required to achieve an effective 
mirror curvature Rerr. If the mirror to rod distance is less than the rod focal 
length, then 

1 1 1 
-+--=-. 
f Rerr R 

(5.88) 

Essentially the focusing effect of the laser rod is compensated by increasing the 
radius of curvature of the mirror. 

Equation 5.88 is only a first-order approximation, a more rigorous treatment 
is found in [5.141]. 

The design of such a resonator is an iterative process. It starts with some 
knowledge of the optimum output coupling T or the saturated gain coefficient g 
obtained from operating the laser with a stable resonator. From either of these 
two parameters, we obtain from (5.83 or 84) the magnification M. Selecting a 
value of 0.5, 1.5, 2.5, ... for Neq from (5.87) provides a relationship between 
d and L. With (5.81, 82, 86) the pertinent resonator design parameters such as 
d, D, L, R1 and R2 can be calculated. The effect of thermal lensing is then 
accounted for by adjusting the radius of curvature according to (5.88). 

In analogy to high-energy lasers utilizing unstable resonators, the output cou
pling can be accomplished by means of a scraper mirror or edge coupler. Figure 
5.48 shows relevant adaptions for solid-state lasers. 

Gain Medium 
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:1 
Resonator Mirror 

Output Beam 
(Doughnut-Shape) 
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'/ 

/ 
/ 
Reflector Resonator Mirror 

Gain Medium 
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Fig. 5.48a,b. Confocal, positive branch unstable resonators. (a) Scraping mirror out-coupling scheme. 
(b) Stnall mirror out-coupling scheme 
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Fig. 5.49. Confocal unstable resonator for slab laser with magnification M = 1.5 [5.139] 

Figure 5.48a illustrates an unstable resonator with an output scraper mirror. 
It is inclined at an angle of 45° to the resonator axis and has a hole in its 
center which allows light to pass through it and be fed back into the resonator 
to sustain the lasing. Because the end mirrors and scraper are oversize, this hole 
determines the size and shape of the beam outcoupled from the resonator. The 
design depicted in Fig. 5.48b consists of a concave mirror M1 and a convex output 
mirror M2, both of which are totally reflecting. The dot mirror is a small circular 
spot of radius d centered on a glass substrate. The output beam is collimated as 
it exits the resonator around the edges of the dot mirror. 

While these two output coupling techniques are borrowed from high-energy 
gas lasers, the design shown in Fig. 5.49 is more adapted to solid-state lasers. 
Output coupling is accomplished via a Q-switch and polarizer. An apodized 
aperture eliminates Fresnel diffraction rings which are produced by the hard 
apertures of conventional unstable resonators. 

5.5.2 Negative-Branch Unstable Resonators 

Due to the presence of an intra-cavity focal point, the negative-branch resonator 
has been neglected in practical laser applications. Despite the potential problem 
of air breakdown this resonator merits consideration due to its unique feature of 
relatively large misalignment tolerances. 

It was found [5.142] that a Q-switched Nd:YAG laser featuring a negative
branch unstable resonator, was not significantly degraded with a mirror misalign
ment angle of as much as a few milliradians. Also system air breakdown was 
not experienced for Q-switched pulses on the order of 170 mJ and 12 ns pulse 
length. Therefore, for small solid-state lasers, typical of range finders and target 
designators with peak powers not exceeding 5-lOMW, it is conceivable that a 
negative-branch unstable resonator could be employed. 

The design parameters for a negative-branch resonator of the type shown in 
Fig. 5.50 are 

Rt = 2L/(M + 1) and R2 =2M L/(M + 1), (5.89) 

where L is the confocal resonator length and M is the optical magnification 
defined before. 

Recently, a variation of the negative-branch unstable resonator was described 
by Gobbi et al. [5.143]. The design is based on the proper choice for the size of 
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Fig. 5.50. Arrangement of a typical negative-branch unstable resonator 

the field-limiting aperture d located at the common focal plane of the mirror. If 
the aperture is chosen such that a plane wave incident on it is focused by mirror 
Mt to an Airy disk having the same diameter d, then this results in the removal 
of the hot spot inside the cavity and in a smoothing of the spatial profile. 

If the aperture diameter d is chosen such that 

d = 2(0.61.>.Jdl2 (5.90) 

where ft = Rt /2, then only the Airy disk is allowed to propagate beyond the 
aperture, and on reflection from the mirror M 2 , it is magnified, collimated, and 
presented Fourier transformed at the aperture plane ready to start another similar 
cycle. 

The radius at which the beam has zero amplitude is not determined by the 
geometrical magnification M, but an effective magnification imposed by diffrac
tion. 

Merr = l.SM = -1.5!2/ ft h = R2/2. (5.91) 

The diameter of the collimated beam passing through the laser is 

(5.92) 

By adding the constraint on the aperture size that it match the Airy disk, the 
usual hot spot in the focal plane is completely removed by diffraction. Actually 
the combination of aperture d and mirror M1 acts on the resonator field as a 
low-pass spatial filter. This accounts for the smoothness of the field profile. 

The disadvantage of this design is the limited value of D which can be 
achieved in practical systems. In order to fill a large active volume with diameter 
D, such for example a slab laser, either Merr or d has to be large (5.92). In order 
for d to be large, it follows from (5.90), that ft has to be large which in turn 
leads to a long resonator. A large Merr requires a very high gain material, for 
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Fig. S.Sl. Negative-branch unstable resonator with polarization output coupling 

example, a Q-switched Nd: YAG oscillator. A beam diameter of D = 4.8 mm 
inside the laser rod requires a resonator of 125 em in length and a magnification 
of M = 4. In order to achieve the high gain required for this design the laser 
was pumped 2.5 times above threshold. 

Another interesting feature of this design is the beam extraction from the 
resonator. Instead of a tilted scraper mirror, as shown in Fig. 5.50, beam extraction 
was achieved by means of a polarization coupling scheme, employing a polarizer 
and a quarter wave plate (Fig. 5.51). 

5.5.3 Variable Reflectivity Output Couplers 

One of the major disadvantages of an unstable resonator, namely the generation 
of an annular output beam containing diffraction rings and a hot spot in the 
center, can be eliminated by employing a partially transparent output coupler 
with a radially variable reflectivity profile. 

In such a mirror, reflectivity decreases radially from a peak in the center 
down to zero over a distance comparable to the diameter of the laser rod. Such a 
resonator is, in principle at least, capable of sustaining a single transverse mode 
of a very large volume and with a smooth, uniform spatial profile. Whether a 
large volume can be realized in a practical system depends on the gain of the 
system. As will be discussed at the end of the section, only in a high-gain laser 
can a large mode size be utilized. Otherwise alignment stability becomes a very 
critical issue and the laser has only a very small tolerance for mirror misalignment 
caused by environmental conditions. 

It clearly seems that if an unstable resonator is to be used in a solid-state 
laser, a Gaussian-type reflectivity output coupler is a very elegant solution in 
overcoming the beam profile issue. The merits of such a design in providing a 
smooth output profile in an unstable resonator has been recognized as far back as 
1965 [5.135]. Various solutions have been proposed for the fabrication of variable 
reflectivity profiles. Among these have been birefringent elements [5.136-138] 
and a radially variable Fabry-Perot interferometer [5.140]. Recently, advances 
in thin film manufacturing technology have made it possible to produce mirrors 
with a Gaussian reflectivity profile by deposition of multilayer dielectric films of 
variable thickness on a transparent substrate [5.144-153]. This represents a real 
breakthrough, in terms of a practical implementation of unstable resonators and 
a number of commercially available Nd: YAG lasers incorporate such mirrors. 
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The reflectivity of a mirror having a Gaussian type reflectivity profile such 

as shown in Fig. 5.52a can be described as follows: 

(5.93) 

where r is the radial coordinate, Rmax is the peak reflectivity at the center, wm 
is the mirror spot size or radial distance at which the reflectivity falls to 1 /e2 of 
its peak value, and n is the order of the Gaussian profile. Most mirrors have a 
Gaussian profile for which n = 2; super-Gaussian profiles are obtained for n > 2. 
By adjusting the maximum reflectivity (Rmax), the width (wm). and the order of 
the Gaussian (n), the output energy for a given oscillator design with a specific 
magnification can be optimized, while maintaining a smooth output beam profile. 

In the following discussion, we will address the design issues concerning 
Gaussian mirrors of order 2 (n = 2). Super Gaussian mirrors which can provide 
a higher beam fill factor as compared to Gaussian mirrors have been treated 
in [5.154-157]. Figure 5.52b illustrates the concept of the variable reflectivity 
unstable resonator. 

Upon reflection at a Gaussian mirror, a Gaussian beam is transformed into 
another Gaussian beam with a smaller spot size 

1 1 1 
--=-+-
(wr)2 w2 w~ 

(5.94) 
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where w is the spot size of the incident beam, and wr is the spot size of the 
reflected beam. 

For an unstable resonator containing a variable reflectivity output coupler, the 
magnification M is the ratio between the beam sizes of the incident and reflected 
beam, given by 

(5.95) 

The effective output coupling from a re11onator containing a variable reflectivity 
mirror depends on the average reflectivity of the mirror, which is a function 
of the profile of the incident beam. For a Gaussian beam (TEMoo mode) the 
effective average reflectivity is 

(5.96) 

For the next-higher-order mode (TEMot), the effective reflectivity can be shown 
to be 

(5.97) 

Mode discrimination is achieved because the effective mirror reflectivity for the 
TEM01 mode is reduced by (1/M2) as compared to the TEM00 mode. 

Though the reflected beam is Gaussian, the same is not true for the transmitted 
beam lout· The spatial profile of the transmitted beam is the product of the incident 
Gaussian beam and the transmission profile of the mirror 

(5.98) 

Figure 5.53 shows a plot of the profile of the output beam for various peak 
reflectivities of the mirror. As the curve illustrates, if Rmax is greater than a certain 
value, a dip occurs in the center of the output beam. In these situations, the mirror 
transmission increases with radius faster than the beam intensity decreases. The 
condition for which the central dip of the mirror just begins to occur is given by 

(5.99) 

From (5.96 and 99) we obtain the condition that in order to have a filled-in output 
beam without a dip in it, the effective reflectivity must be less than 

Rerr = 1/M4 • (5.100) 

The output coupling for this resonator is then 

T = 1 -1/M4 • (5.101) 
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Fig. 5.53. Profile of the output beam for various peak reflectivities of the mirror 

Since the optimum output coupling Topt of an oscillator is related to the logarith
mic gain and losses according to (3.67) we can plot Mopt as a function of these 
quantities as shown in Fig. 5.54. 

Design Procedure. We assume that the oscillator was operated with a stable 
resonator and Topt was determined. Alternatively, the laser can be operated as 
an amplifier and with a small probe beam, the gain and losses can be measured; 
in this case Topt has to be calculated from (3.67). With Topt known, we obtain 
from (5.101) the value of M. The spot size radius w of the Gaussian beam 
is usually selected to be half the radius of the laser rod rd in order to avoid 
diffraction effects, i.e. w /rd = 0.50. With this assumption, the mirror spot size 
WM follows then from (5.95). Therefore, the mirror parameters Rmax from (5.99), 
and WM have been specified. The mirror radii and mirror separation follow from 
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Fig. 5.54. Relationship of logarithmic gain go/, Topt and Mopt· Parameter is the resonator loss L 
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(5.81, 86) for the confocal unstable resonator. Thermal lensing of the laser rod 
can be accounted for by changing the curvature of one of the mirrors according 
to (5.88). 

As an example, we use a diode-array pumped Nd: YAG laser rod for which 
the following parameters have been measured with a 1.06 J.tm probe beam: log
arithmic gain g01 = 1.5, internal losses L = 0.05, thermal lensing f = 6 m. From 
these parameters follows, based on the discussion above: Topt = 0.34, Recr = 0.66, 
M = 1.11 and Rmax = 0.81. The laser rod has a diameter of 5 mm. For good 
extraction efficiency, we select a diameter of the fundamental mode of half the 
rod diameter, or w = 1.25 mm. The spot radius for the mirror is therefore from 
(5.95) WM = wf(M2 - 1)112 = 2.6mm. The focal length of the uniform reflec
tivity mirror was chosen f 1 = 5 m, which determines the focal length of the 
Gaussian mirror, h = -4.5 ni. Resonator length is L = 0.5 m. The focal length 
of mirror M1 is increased according to (5.88) to compensate for thermal lensing, 
one obtains: f{ = 7. 7 m. 

5.5.4 Gain, Mode Size and Alignment Sensitivity 

Whether a large mode size in a resonator can be realized in practical situations 
depends upon the resonator's sensitivity to mirror tilt and thermal lensing. The 
former determines the laser's susceptibility to the effects of temperature varia
tions, structural changes and shock and vibration, whereas the latter determines 
the laser's tolerance to changes in the operating parameters such as repetition 
rate, or laser output. For stable resonators, these issues have been addressed in 
Sects. 5.1.8, 10. Here we will discuss the sensitivity of the unstable resonator to 
mirror tilt The principal effect of a small tilt of either end mirror of a resonator is 
to steer the output beam. We consider the case of a tilted primary mirror because 
its sensitivity is greater than the sensitivity to feedback-mirror tilts. If the primary 
mirror is tilted by (} with respect to its aligned position, the propagation of the 
output beam is then tilted by an angle ¢. The relationship between the mirror 
tilt angle (} and the beam angle <P has been treated in [5.134] for the confocal 
resonator using a hard aperture output coupler. 

For the positive branch confocal resonator, the alignment sensitivity is 

¢> 2M 
-=--
(} M -1 

(5.102) 

and for the negative branch confocal resonator 

1!_= 2M 
8 M+1. 

(5.103) 

The major conclusions we can draw from these results are as follows: 
a) A confocal positive-branch resonator is more sensitive to mirror misalign

ment compared to a negative-branch resonator; this is particularly the case 
for values of M less than 2; 
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b) In a low-gain laser, the value of M will be small, therefore in such lasers, 
the unstable resonator will be very sensitive to mirror misalignment. 

We will now turn our attention to the Gaussian mirror unstable resonator. 
McCarthy et al. [5.144] have presented an analytical solution to the problem of 
the misaligned optical resonator with a Gaussian mirror. The misalignment is 
introduced by tilting the uniform mirror by an angle B. The Gaussian beam prop
agates then along an axis making an angle <P relative to its original propagation 
direction. As before, the quantity <PI(} characterizes the resonator sensitivity to 
misalignment. 

The ratio <PI(} as a function of the resonator magnification M is plotted in 
Fig. 5.55. Parameter is the equivalent Fresnel number of the Gaussian mirror 
which is defined as 

N = w~I>.L. (5.104) 

For large values of N and magnifications larger than 2, the alignment sensitivity 
approaches the value given in (5.102) which is based on purely geometrical 
considerations. As we recall from our previous discussion, the gain of the laser 
determines the magnification M, whereas high extraction of the energy stored in 
the volume of the laser rod requires a large beam size, and therefore a large WM 

and N. 
It is apparent from the curves in Fig. 5.55 that for large Fresnel numbers in 

combination with small values of M, the resonator becomes extremely sensitive 
to misalignment. Unfortunately, most solid-state lasers have a small gain which 
results in a rather low M value. For the example chosen in the last section, one 
obtains WM = 2.6 mm, and L = 0.5 m which gives N = 13 for the Nd wavelength. 
Based on the data present in Fig. 5.55, this is not a very robust resonator to say the 
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least. This was verified in actual experiments, alignment was difficult to obtain 
and could be maintained only under laboratory conditions. 

Actually, the analysis presented in [5.144] concludes that for values of M 
much less than 2, the unstable resonator has about the same misalignment sen
sitivity as a plane-plane resonator. Therefore, only in high-gain materials such 
as Nd: YAG with the pump beam tightly focused to achieve high inversion, will 
it be possible to achieve magnifications high enough such that a large beam 
diameter can be utilized. 

Also in certain gas lasers, where the gain is high, and therefore M > 2, the 
resonator sensitivity is independent of mode size. In this regime, one can take 
full advantage of the unstable resonator in creating a large fundamental mode 
volume. 

In low-gain systems, an unstable resonator has to be designed with a Fresnel 
number close to one for good alignment stability. This, of course, defeats the 
purpose of using an unstable resonator since with such a low Fresnel number, a 
stable resonator can provide the same performance. 

5.6 Wavelength Selection 

Vibronic lasers such as alexandrite, Ti : sapphire, Cr : GSGG have very broad 
gain curves, in the operation of these lasers it is necessary to use a wavelength 
selection technique to: (a) restrict laser action to a specified wavelength; and (b) 
tune the laser output. Several different methods are available (in .principle) for 
providing the wavelength selection and tuning. These include (a) use of a prism 
inside the laser, (b) utilization of an adjustable optical grating within the laser, 
(c) use of intracavity etalons, or (d) use of one or more thin birefringent plates 
within the laser that are tilted at Brewster's angle. 

The technique most commonly employed for the wavelength selection of 
tunable lasers is the birefringent filter [5.158]. In its simplest form, the birefrin
gent filter consists of a single thin birefringent crystal located inside the laser 
(Fig. 5.56). For simplicity, we assume that the birefringent axes lie in the plane 
of the crystal, and that the crystal is tilted at Brewster's angle. 

The crystal and birefringent axes, and the incident light are shown in more 
detail in Fig. 5.57. In this figure, a is the incidence angle between the incoming 

Laser Rod 

Birefringent 
Plate 

X 
'-------- Laser Mirrors --------' 

Fig. 5.56. Single-crystal wavelength selector 
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Fig. 5.57. Schematic of typical single
plate birefringent filter 

Output Beam 

laser beam and the normal to crystal plane, and </> is the angle between the 
plane of incidence and the crystal optic axis. The phase difference fJ between the 
ordinary and extraordinary rays emerging from the crystal is given by 

fJ = 27rh(no - nE) sin2 8 

,\ sin a 

where ,\ is the laser wavelength in vacuum. 

(5.105) 

An alternate representation of the single stage tuning element is given in 
Fig. 5.58. The input and output partial polarizers represent the front and back 
surfaces of the quartz crystal situated at Brewster's angle. In addition, the crystal 
is assumed to be rotated to 8 = 45 degrees in this figure. 

Wavelength selection occurs with the birefringent filter because of the two 
different crystal indices of refraction. When the laser light has a wavelength 

Partial 
Polarizers ------10-1 

j 

/ 
Input Beam 

Output Beam 

/ 

____ Crystal 
O.uartz 

Fig. 5.58. Alternate representation 
of single-stage crystal filter 
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Fig. 5.59. Four-crystal wavelength selector 

corresponding to an integral number of full-wave retardations, the laser operates 

as if the filter were not present. At any other wavelength, however, the laser 

mode polarization is modified by the filter and suffers losses at the Brewster 

surfaces. 
Tunability of the laser is achieved by rotating the birefringent crystal in its 

own plane. This changes the included angle <P between crystal optic axis and the 

laser axes and, hence, the effective principal refractive indices of the crystal. 

The amplitude transmittance of the single-stage filter of Fig. 5.56 has been 

calculated by Bloom [5.145]. For a quartz crystal rotated to ¢=45 degrees and 

tilted to Brewster's angle, the transmittance at unwanted wavelengths is about 
82 %. This may or may not provide adequate suppression of unwanted wave

lengths for certain lasers. 
One way to lower the filter transmittance in the rejection band is to use a 

stack of identical crystal plates that are similarly aligned, as shown in Fig. 5.59 
[5.160]. If one uses a stack of ten quartz plates, the resulting transmittance in 

the rejection band is about 15 %, which is certainly small enough to suppress 
unwanted laser frequencies. 

Another technique for lowering the filter transmittance in the rejection band 

is to include more Brewster's angle surfaces in the laser. This reduces the value 

of To for the filter at the cost of increasing the width of the central passband 

slightly. 
Still another approach for narrowing the width of the central passband of the 

filter is to use several crystals in series whose thicknesses vary by integer ratios. 

One such filter, consisting of three crystals whose thicknesses are in the ratio 

1:4:16, has been analzyed by Bloom [5.159]. The central passband of this filter 

is considerably narrower than those of the previously discussed designs. The dis

advantage of this approach, however, is that numerous (unwanted) transmission 

spikes are now present, the largest of which has an amplitude of about 75 %. 

It is obvious from these results that there are virtually an unlimited number of 

designs that can be tried, with corresponding tradeoffs in central passband width, 

stopband transmittance, presence of spikes in the stopband, and complexity of the 

birefringent filter. For all of these birefringent filter designs, tuning is continuous 

and easily implemented through rotation of the multiple crystals. 
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6. Optical Pump Systems 

In optically pumped solid-state lasers the light source must supply the maximum 
possible light output in the spectral region that can be absorbed by the laser 
material. Electrical current, either continuous or pulsed, is supplied to the pump 
source and converted into optical radiation. The light source and laser material are 
contained in a pumping arrangement which concentrates the light from the pump 
source onto the laser material. In this chapter we will discuss the salient features 
of the three components which together comprise the optical pump system of a 
solid-state laser: the pump source, the power supply, and the pump cavity. 

6.1 Pump Sources 

In the application of light sources for pumping lasers, the primary objective is 
to convert electrical energy to radiation efficiently and to generate high-radiation 
fluxes in given spectral bands. The most efficient laser pump lamp will produce 
maximum emission at wavelengths which excite fluorescence in the laser mate
rial, and produce minimal emission in all spectral regions outside of the useful 
absorption bands. The various light sources employed to pump solid-state lasers 
are listed in Table 6.1. 

Optical pumps for solid-state lasers can be categorized into noble gas and 
metal vapor discharge lamps, filament lamps, laser diodes, and pumps not based 
on electricity as the prime power source, such as the sun, chemical flashbulbs, 
and radiation obtained from detonations. Of particular interest are noble gas 
flashlamps, wall-stabilized cw arc lamps, and filament lamps, because these light 
sources are employed in the vast majority of lasers. The application of a particular 
pump source depends on the desired output power, the mode of operation, i.e., 
pulsed or continuous operation, high or low repetition rate, etc., and on the 
laser material which has to be pumped. Pulsed operation can be obtained from 
noble-gas flashlamps and laser diodes. All other light sources listed in Table 6.1 
are cw or quasi-cw pump sources. A high-gain media, such as Nd: YAG, can 
be pumped with all of the pump sources listed in Table 6.1. However, for cw 
operation _pf Nd: YAG, the majority of systems employ either krypton-filled arc 
lamps or tungsten-halogen filament lamps. 

For special applications, such as space communication, Nd : YAG has been 
pumped by metal alkali lamps, by laser diodes, and by the sun. Pulsed Nd: YAG, 
ruby, and Nd: glass lasers are pumped by xenon-filled linear or helical flashlamps. 
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Table 6.2. Brightness temperatures of typical pump sources 

Filament lamps 
Sun 
Pulsed arc 
CWarc 

2,400--3,400K 
5,800K 
5,000-15,000 K 
4,000-5,500K 

Very small Nd: YAG lasers pumped at low energy levels are sometimes pumped 
with krypton-filled linear ftashlamps. For cw operation of ruby, high-pressure 
mercury arc lamps have been used, since these are the only pump sources which 
have sufficient brightness in the absorption bands of ruby to cause lasing. 

If we compare the spectral characteristics of the pump sources listed in Table 
6.1, we find that on one side we have monochromatic pump sources, such as 
laser diodes, and at the other extreme blackbody radiators, such as filament lamps. 
The discharge lamps operated at low current densities represent a compromise 
between a monochromatic source and a blackbody radiator. Radiation from an 
arc discharge lamp is made up of both line and continuum components. The 
output spectra of arc lamps are complicated and difficult to describe in simple 
terms. Nevertheless, it is useful to speak of an effective brightness temperature to 
relate the radiant flux density at a given wavelength to that of an ideal blackbody 
at that temperature. Brightness temperatures for typical pump sources are given 
in Table 6.2, and spectral distributions of blackbody radiators at temperatures 
which are achievable with typical pump sources are plotted in Fig. 6.1. 
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Fig. 6.1. Emission from blackbody 
radiators at temperatures which are 
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Table6.3. Perfonnance of state-of-the-art pump·sources 

Krypton Tungsten Alkali GaAlAs 
arc filament metal array 

Electrical input per 800 275 160 3QA 
em of lamp [W/cm] 

Maximum total input 15,000 1,500 1,000 3000b 

per lamp [W] 

• 1-cm CW array, b 1 cm2 array 

In terms of average power, by far the highest rating can be obtained from 
a vortex stabilized cw arc lamp. However, these lamps require a closed-cycle 
gas circulation system and are therefore of no practical interest for commercial 
application of lasers. Compared to incandescent lamps, laser diodes and metal 
vapor lamps, the cw-pumped krypton-filled arc lamp is capable of the highest 
output power. All high-power commercial Nd: YAG lasers utilize this type of 
lamp. Table 6.3 shows a comparison of the power-handling capabilities of cw 
pump sources employed in Nd : YAG lasers. Photographs of typical cw pump 
sources and ftashlamps are shown in Figs. 6.2, 3. 

Fig. 6.2a-f. Pump sources for continuous-wave operation: (a, b) 1- and 1.5-kW tungsten-iodine fil
ament lamps (GE Q 1000T3/4CL, GE Q 1500T4/4CL); (c) krypton arc lamp (lLC L-2166-002); 
(d) krypton arc lamp mounted inside ftowtube (EG&G FK111-C-3); (e) krypton arc lamp (EG&G 
FK128-C-10); (f) Rowtube assembly for lamp (e) 
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Fig. 6.3a-h. Xenon-filled helical and linear flashlamps : (a) Xenon Corp. Novatron 185; (b) ILC, 
Inc., IA59; (c) ILC, Inc., 3F2; (d) n..c, Inc., L-210-004; (e) Xenon Corp. Novatron 188; (t) EG&G 
FX67B; (g) Spaceglass K6; (h) Spaceglass K1 

6.1.1 Noble Gas Flashlamps 

Lamp Design and Construction 
Flashlamps used for laser pumping are essentially long arc devices designed so 
that the plasma completely fills the tube. A flashlamp consists of a linear or 
helical quartz tube, two electrodes which are sealed into the envelope, and a gas 
fill. Standard linear lamps have straight discharge tubes with wall thicknesses of 
1 to 2mm, bore diameters between 3mm and 19mm, and lengths from 5 em 
to 1 m. Helical lamps are constructed by wrapping heated quartz tubing around 
mandrels. Commercial lamps have helix inner diameters as small as 1 em and as 
large as 12 em. Tube diameters and wall thicknesses are similar to those used for 
straight lamps. A helical lamp has a larger wall area and arc length per linear 
centimeter and, therefore, can deliver much higher pulse energies to a given
size laser rod than a single linear flashlamp. Helical lamps are used mainly for 
high-energy ruby and Nd: glass lasers. Flashlamps are typically filled with gas 
at a fill pressure of 300 to 700 torr at room temperature. Xenon is generally 
chosen as the gas fill for flashlamps because it yields a higher radiation output 
for a given electrical input energy than other gases. However, in a few special 
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cases, such as small, low-energy lamps employed to pump Nd: YAG lasers, the 
low-atomic-weight gas krypton provides a better spectral match to the absorption 
bands of Nd: YAG. 

Most arc lamps employ either pure -tungsten for the anode and 2 % thoriated 
tungsten for the cathode, or thoriated tungsten for the anode and a compressed 
pellet of porous tungsten impregnated with barium strontium aluminate for the 
cathode. The work function of this tungsten matrix is 1.5 eV, whereas for thori
ated tungsten it is 2eV, and for pure tungsten it is 4eV. A cathode material with 
a low work function makes it easier to trigger the lamps. Thoriated tungsten is 
used as the anode material for the very practical reason that this alloy is easier 
to machine than pure tungsten. Since in a standard lamp the cathode is more 
emissive than the anode, flashlamps are polarized and will pass current in only 
one direction without damage. 

There are two types of construction techniques in commercial use for sealing 
the electrode into the body of the flashlamp. One type, the tungsten-rod seal, 
uses an intermediate highly doped borsilica glass to seal the electrode to the 
fused quartz envelope. The glass balances the thermal stresses between fused 
silica, which has an extremely low coefficient of thermal expansion, and tungsten, 
which has a large coefficient. The second type, the solder seal, uses a copper 
rod, one end of which is brazed to an electrode and the other end welded to a 
nickel cup. The seal is made with a low-temperature indium solder between the 
copper-plated nickel cup and the platinum-coated end of the quartz envelope. 
The essential features of both types of lamps are shown in Fig. 6.4. The solder 
seal must be operated below the softening point of the solder, which is about 
180° C. A unique feature of this type of quartz-to-metal seal is that the diameter 
of this seal joint can be as large as the quartz tubing itself. This permits a large 
cross section for the electrodes and, thus, an excellent path for dissipation of heat 
from the electrodes. In some cases the copper stem is water-cooled internally. 
The lamp is filled at room temperature through the hollow copper stem. When 
the filling is finished, the copper tube is crushed to seal in the gas. Thus, there is 
no "tip-off'' on this lamp and little residual stress due to formation of the seal. 

The tungsten-rod seal, on the other hand, can be operated at much higher 
temperatures. Since the heat removal through the small-diameter tungsten stem 
is not very large, the quartz tubing is shrunk into close proximity to the electrode 
to aid cooling of the electrode in radial directions. An advantage of the rod-seal 
construction is the fact that during evacuation the lamps can be baked out at 1000° 
C, and during the filling process the electrodes can be induction-heated to a bright 
red for their final outgassing. The lamps are then backfilled to the appropriate 
gas pressure and tipped off. The tungsten-rod seal permits the fabrication of 
high-purity contaminant-free lamps having long shelf lives. 

The envelope and the rod-seal area of flashtubes are normally cooled by 
free or forced air, by pressurized nitrogen, or by a liquid such as water, water
alcohol mixtures, or a fluorinated hydrocarbon. Liquid cooling permits operation 
of the lamps at a maximum inner-tube wall surface loading of 300W/cm2 of 
average power. Free-air convection cooling is limited to handling about 5 W/cm2 
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Fig. 6.4a-d. Electrode and seal construction 
of linear and helical fiashlamps. Lamps in 
(a), (b), and (d) have solder seals (manu
facturer EG&G); lamp in (c) has a graded 
glass seal (manufacturer ILC) 

of dissipation: forcing air across the flashtube envelope enables one to dissipate 
up to 40W/cm2. 

In high-average-power systems linear rather than helical lamps are normally 
used because with linear lamps the coolant can be more readily directed over 
the entire flashlamp surface. Liquid-cooled linear flashlamps are available with 
outer quartz jackets which permit cooling of the lamps with a highly turbulent 
flow. The water jacket, which is attached to the flashlamp by means of 0-ring 
seals, is reusable after the lamp has reached its end-of-life. 

Optical Characteristics 

The radiation output of a gas discharge lamp is composed of several different 
components, each corresponding to a different physical light-emission mecha
nism. The relative importance of each of these mechanisms depends strongly on 
the power density in the lamp, and so the low-power and the high-power optical 
output spectra are markedly different. The total radiation is made up of both line 
and continuum components. The line radiation corresponds to discrete transitions 
between the bound energy states of the gas atoms and ions (bound-bound tran

sitions). The continuum is made up primarily of recombination radiation from 
gas ions capturing electrons into bound states (free-bound transitions) and of 
breJ-tStrahlung radiation from electrons accelerated during collisions with ions 
(free-free transitions). The spectral distribution of the emitted light depends in 
complex ways on electron and ion densities and temperatures. 
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In the continuous-power, wall-stabilized noble gas arc, current densities are 
such that there is a high number of bound-bound transitions and therefore the 
radiation spectrum is characteristic of the fill gas and is broadened by increases 
in pressure. 

In high-current-density, pulsed laser applications, the spectral output of the 
lamp is dominated by continuum radiation, and the line structure is seen as a 
relatively minor element. Between these two cases, a pulsed-power region can 
exist where the pulsed power level is such that discrete line radiation is still 
emitted and is superimposed on a strong background pseudocontinuum. Spectral 
distributions over the range 0.35 to 1.1 J.Lm were measured by Goncz and Newell 
[ 6.1] for representative pulsed and continuous xenon arc lamps. Figure 6.5 shows 
the output spectrum for a continuous xenon arc lamp. As can be seen, this lamp 
produces a very strong line structure in the infrared. In Fig. 6.6 the spectral 
emission of a xenon flashtube is plotted for two current densities. As a result of 
the high current densities, the line structure is in this case masked by a strong 
continuum. From Fig. 6.6 it also follows that a high current density shifts the 
spectral output toward the shorter wavelengths. 

As we discussed at the beginning of this chapter, one can relate the radiation 
characteristics of a flashlamp R(>., T) to the characteristics of a blackbody. The 

282 



14 

4 

Fig. 6.6. Spectral emission of a xenon flash tube 
(EG&G, model FX-47A) operated at high current 
densities. Lamp fill pressure is 0.4 atm. The spectrum 
at the two current densities can be approximated by 
blackbodies at 7000K and 9400K, respectively [6.2] 

1700 A/cm 2 

2 

1~~~--~~~~--~~~~--~--~ 
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Wavelength [pm] 

departure of any practical light source from the blackbody characteristic is ac
counted for in the emissivity, c:(>., T), which varies between zero and one, and 
is both wavelength and temperature dependent; thus R(>., T) = c:(>., T)B(>., T). 
In a flashlamp, c:(>., T) depends strongly on temperature and wavelength. If we 
assume local thermodynamic equilibrium in the plasma, the blackbody char
acteristic B(>., T) becomes the blackbody curve corresponding to the electron 
temperature in the plasma. In general, the emissivity of the flashlamp radiation 
at longer wavelengths is greater than the emissivity at shorter wavelengths. An 
increase in power density will result in a large increase in emissivity (and radia
tion) at short wavelengths, but only small changes at longer wavelengths where 
the emissivity is already close to unity. 

The transmission properties of the flashlamp envelope will influence the spec
tral output. Usually the envelope is fused natural silica, which transmits light be
tween 0.2 and 4 J-tm. Figure 6. 7 shows the uv transmission of doped and undoped 
fused silica. Germisil and Heliosil, manufactured from fused silica containing 
a slight admixture of titanium, are sometimes employed as lamp or flow-tube 
envelope material to prevent the production of ozone in the air or to prevent 
breakdown of the flashlamp coolant, or to inhibit the formation of color centers 
in certain solid-state laser materials. 

Lamps with cerium-doped quartz envelopes have also been designed. Quartz 
doped with cerium will absorb radiation below 0.31 J-tm and will fluoresce at 
wavelengths between 0.4 and 0.65 J-tm. Spectral data [6.3] from these lamps 
show that a 50-mm x 4-mm bore lamp with 450 torr of pressure operated at 10 J 
has a 15% greater output over the spectral range of 0.4 to 0.65 J-tm. 

In the design of pumping geometries for high-power laser systems, it is 
important to know how opaque the flashtube is to its own radiation. The optical 
transmission of a xenon flashtube has been measured at wavelengths from 0.25 to 
1.0 J-tm and at currents up to 400 Ncm2 by Emmett and Schawlow [6.4]. From the 
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Fig. 6.8. Spectral transmission of the 
xenon plasma in a flashlamp as a 
function of current density [6.4] 

experimental data plotted in Fig. 6.8 it follows that the absorption increases with 
current and with wavelength. Above about 0.5 f.lm and a current of 4000 Ncm2, a 
discharge tube 1 em in diameter is nearly opaque. At shorter wavelengths or lower 
currents, the discharge is fairly transparent. From Fig. 6.8 it also follows that the 
absorption coefficient varies linearly with the square of the current density [6.5]. 
Thus in a large-bore flashlamp driven at high current densities, a large percentage 
of the radiation emanating from the plasma core will be absorbed before it reaches 
the lamp surface. Hence the bulk of the radiation will come from a thin sheath 
near the lamp surface with a corresponding reduction in lamp efficiency. 

Xenon lamps are generally used for high-power pulse applications. The lamp 
is a relatively efficient device as it converts 40 to 60% of the electrical input 
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energy into radiation in the 0.2- to 1.0-J.tm regions [6.1,6]. Krypton has a radiation 
efficiency of 25 to 30 %. As noted in Chap. 2, principal pump bands of Nd: YAG 
are located from 0.73 to 0.76 J.tm and 0.79 to 0.82 J.tm. The xenon spectrum has 
no major line radiation in these bands, so pumping is primarily due to continuum 
radiation. However, some strong krypton lines fall within the Nd : YAG pump 
bands. Investigations have shown that krypton flashlamps are more efficient than 
xenon lamps at low power densities for pumping Nd: YAG lasers [6.6-10]. There 
are indications that a crossover occurs in the pumping efficiency of krypton and 
xenon at high peak power densities, corresponding to that power density at which 
the xenon continuum becomes more efficient than the krypton line structure. This 
crossover occurs at a power density of approximately 2 x lOS W/cm3• 

In general, the pumping efficiency of Nd: YAG of both xenon and krypton 
increases as the pressure is increased. In the range 450 to 3000 torr no maxima 
were found [6.10]. The limitation to further increases appears to be the fact 
that high-pressure lamps 'are difficult to trigger. The effect of an increase in 
gas fill pressure is to reduce the mean free path of the electrons and atoms in 
the discharge, and thus to increase their collision frequency. This leads to the 
production of more excited species in the discharge and the emission of more 
useful line radiation. 

Electrical Characteristics 

The impedance characteristics of a flashlamp determine the efficiency with which 
energy is transferred from the capacitor bank to the lamp. The impedance of the 
arc is a function of time and current density. Most triggering systems initiate the 
arc as a thin streamer which grows in diameter until it fills the whole tube. The 
expansion period is fast, of the order of 5 to 50 J.!S for tubes of bore diameter up 
to 1.3 em. During the growth of the arc, lamp resistance is a decreasing function 
of time (Fig. 6.9). The decreasing resistance arises in part from the increasing 
ionization of the gas and from the radial expansion of the plasma. After the arc 
stabilizes, the voltage-current relationship is described by [6.1, 12, 13] 

V = I<oil/2' (6.1) 

where Ko = kl/d and describes the impedance characteristics of the particular 
lamp. The constant k is dependent only on such parameters as gas type and gas 
pressure, land dare the length and diameter of the flashlamp bore, respectively. 
Ko or k is essentially the only parameter needed to describe the high-current 
electrical characteristics of a given flashlamp. This parameter is usually supplied 
by the manufacturers of the flashlamps. Ko is found simply by flashing the 
lamp at some reasonable loading, while measuring the voltage and current at a 
convenient time during the pulse. The resistance of the flashlamp for the high
current regime with the plasma filling the bore of the tube is obtained from 

V "' R c·)· (e(i)l) . = Ltt= -- z, 
A 

(6.2) 
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[6.156] 

where e(i) is the specific resistivity of the xenon or krypton plasma, and is a 
function of the current density. A is the cross-sectional area of the lamp. In 
(6.2) the voltage drop at the electrodes, which is of the order of 20 V, has been 
neglected. In operating regions of interest, the flashlamp resistivity for xenon at 
450torr is related to current density j by [6.12] 

. 1.13 
e(z) = jl/2 . (6.3) 

This relationship is valid for current densities of approximately 400 to 10,000 
Ncm2 [6.14]. The lamp resistance J4._ is obtained by introducing (6.3) into (6.2) 

RL(i) = 1.27 ( ~) i-1 12 • (6.4) 

Comparing (6.2) with (6.1), we obtain an expression for the flashlamp pa
rameter Ko 
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Ko = 1.27d. (6.5) 



The value of 1.27 holds for 450-torr xenon lamps. It has been found [6.3] from 
many flashlamp experiments that (6.5) can be generalized for other pressures and 
expressed as 

( 
p )0.2 l 

Ko = 1.27 450 d , (6.6) 

where P is the flashlamp pressure in torr. The parameter K0 obtained for krypton 
has been found to be about the same as that for xenon. 

Tube Failure 

The flash tube end-of-life can occur in either of two modes, and we can distinguish 
between catastrophic and nondestructive failures. The factors which contribute 
to catastrophic failure are explosion of the walls due to the shock wave in the 
gas when the lamp is fired, or overheating of the lamp envelope or seal and 
subsequent breakage due to excessive thermal loading of the lamp. The first 
failure mode is a function of pulse energy and pulse duration, whereas the second 
catastrophic-failure mode is determined by the average power dissipated in the 
lamp. When the flashtube is operated well below the rated maximum pulse energy 
and average power, the lamp usually does not fail abruptly. Rather, the tube will 
continue to flash with a gradual decrease in light output, which will eventually fall 
below a predetermined level necessary for the particular application. In the latter 
mode of failure, the reduced light output is caused by the erosion of the flash tube 
electrodes and of the quartz walls and by the gradual buildup of light-absorbing 
deposits within the flashtube envelope. 

Flashtube Explosion 

When a high-voltage trigger pulse is applied between the electrodes of a flash tube, 
the gas breaks down generally near the axis of the tube and a conducting filament 
is established. As energy is released into the channel, ohmic heating of the 
ambient gas causes the filament to expand radially, forming cylindrical shock 
waves. The shock front and its associated plasma travel radially from the tube axis 
to its wall. The radial velocity of the plasma discharge and the shock amplitude 
are proportional to the input energy. The velocity was measured to vary from 
about 90 to 900m/s for inputs from 60 to 600J into a 5-cm-long flashlamp 
with 6-mm bore diameter [6.11]. The cylindrical shock wave and the associated 
plasma heat cause stress on the inside of the tube wall which is axial in tension 
toward the electrodes. If the energy discharged exceeds the explosion limit for 
the lamp, the shock wave developed will be sufficiently intense to rupture the 
lamp walls and consequently destroy the lamp. 

If the lamp is operated somewhat below the explosion point, catastrophic 
failure of the lamp is preceded by the formation of hairline cracks and a milky 
deposit. The microcracks, originating around minute flaws in the quartz envelope, 
will expand with each flash, eventually resulting in lamp failure. As a result of the 
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