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Preface

The resonant interaction of the atomic system with the radiation field is
the main member of the functional circuit of the laser. The redistribution
of the population of the energy levels of the medium, accompanying this
interaction, indicates the principle of the unremovable nonlinearity of the
system. The lasing process is also affected by other nonlinearities, if they
are typical of the media located inside the laser cavity. The nature of the
processes may change as aresult of the external effects, accompanying the
variation of the laser parameters with time.

Examination of the role of interactions and effects of this type and
also their influence on the time, spatial and spectral characteristics of la-
ser radiation and the justification of practical methods of controlling the
lasing process are the subjects of tasks in laser dynamics.

In the history of laser dynamics, which is now more than 30 years
old, there are two periods of the most rapid advances. The considerable
interest in the problems of dynamics arose with the construction of the
first solid-state lasers. This interest was stimulated by the fact that the
experimentally detected spike nature of lasing could not be satisfactorily
explained. The universal nature of the spike regime and of the absence of
visible reasons for the occurrence of this regime may have indicated that
the non-stationarity is the only property of the process of induced radia-
tion of condensed active media in the cavity. Therefore, in the initial in-
vestigations, special attention was given to determining the possible mecha-
nisms of the instability of this process.

Thefirst period, which included the 60s of the previous century, was
extremely fruitful for laser dynamics. The basic models were formulated,
their properties were investigated in general features, investigations were
carried out into the conditions of free lasing, active and passive modula-
tion of the Q-factor of the laser, and the fundamentals of the theory of
formation of giant pulses and mode synchronisation were laid. Using the
well-known definition of radiophysics, proposed by S.M. Rytov (in the
preface to his book, Introduction into statistical radiophysics, Nauka,
Moscow, 1966, S.M. Rytov subdivided radiophysicsto ‘ physics for radio’
and ‘radio for physics'), this period may be regarded as ‘ physics for la-
sers'. Thisperiod ended at the start of the 70s when it was established that
the spike regimes of solid-state lasers are formed mainly by technical fluc-
tuations of the parameters, and other problems of this type were solved.

Xi



The 70s were not marked by any significant achievements in laser
dynamics. The individual ‘grey areas’ remained but it appeared that their
number was smaller. For example, the regime of non-attenuating coherent
pulsations of the single-mode laser, which was mentioned many times by
the theoreticians, could not be realised. Doubts remained regarding the
true reasons for the irregular nature of spike lasing. Only a small amount
of work was carried out in the low-frequency dynamics of multi-mode
lasers. Nevertheless, it appeared that these are only small fragments and
no significant achievements were expected in laser dynamics.

However, these yearswere marked by the rapid progressin the theory
of nonlinear oscillations (nonlinear dynamics, as it is called now). The
scientific practice included concepts such as determined chaos and strange
attractor. The new concepts of nonlinear dynamics had a significant effect
on developments in greatly differing areas of science.

In this period, it was found that the laser belongs to the group of
systemswhich are capable not only of demonstrating complicated behaviour
but are also greatly suitable for the examination of general relationships of
nonlinear dynamics. Thisled to anew and rapid progress in the dynamics
of lasers, which started in the 80s and took place, in contrast to the first
period, under the name ‘ Lasers for physics!’. The renewed attention paid
to the possibilities of examination of the determined chaos in lasers re-
sulted in the first experimental successes in 1982. Now, we have a large
amount of original literature on the subject, including both experimental
and theoretical investigations of complicated lasing regimes. This aspect
of laser dynamics was described in the book Dynamics of Lasers, by C.
Weiss and R. Vilaseca, Weinheim, New York, 1991.

However, the number of monographs on laser dynamics was smaller.
They all were published in the period to the 80s and were written in most
cases by Soviet authors. The latter cannot be regarded as surprising be-
cause the contribution of Soviet authorsto laser dynamics was significant.
In this connection, it is important to mention the monograph Molecular
Generators by A.N. Opaevskii (Nauka, Moscow, 1964), the book by K.G.
Folinand A.V. Gainer Dynamics of freelasing of solid-state lasers (Nauka,
Novosibirsk, 1979), the book Dynamics of radiation of semiconductor quan-
tum generators by L.A. Rivlin, and the book Dynamics and emission spec-
traof semiconductor lasers, by L.A. Rivlin, et al (Radioi svyaz', Moscow,
1983). This list should be supplemented by a later monograph Self-oscil-
lations in lasers, by A.M. Samson et al (Naukai tekhnika, Minsk, 1990).
In each book special attention is given to the specific type of laser or spe-
cific operating regime.

A significant contribution to the dynamic theory of lasers by the well-
known German physicist H. Haken has been reflected in his monograph
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Laser light dynamics published in the West in 1985 (Amsterdam, North
Holland). A list of foreign publications on the subject was supplemented
in 1997 by the book ‘ Theoretical problemsin cavity nonlinear optics (Cam-
bridge: Cambridge University press).

The attempts for systematization of the material on the subject and
explanation of the general situation were explained in the monograph by
the author of the present book, Dynamics of quantum generators. How-
ever, events requiring that attention be paid to different subjects occurred
with time. The true position of anumber of studies, which were previously
disregarded, was found. The positions of other studies, on the other hand,
proved to be less important than previously thought. Therefore, retaining
this material from the book Dynamics of quantum generators which with-
stood the test of time, the author of the present book published a new book
under the name Principles of laser dynamics. The book was published in
1995 (Amsterdam: North Holland). Russian readers could not obtain this
book because of the extremely high price and inefficient advertising.

In this monograph, the free lasing of lasersin different conditionsis
examined in detail. In the chapters, concerned with the subject (chapters 3
to 5), special attention is given to the stationary states and their stability,
the behaviour of lasers in the unstable region, the characteristics of regu-
lar and random self-modulation processes and the nature of mechanisms
responsible for them.

The processes in the lasers, accompanying changes of the parameters
with time, are the subject of chapter 6. Special attention is given to the
response of the laser to low-intensity low-frequency modulation of the
parameters. Problems of the resonant amplification of modulation, transi-
tion to the nonlinear regime, random response to the periodic effect, spike
lasing under the effect of changing geometry of the cavity and the drift of
temperature of the active element are studied.

The behaviour of the laser may change quantitatively if its optical
elements show nonlinear properties. M ore detail ed investigations have been
carried out into the effect of a saturated absorber, |eading to the instability
of stationary lasing and ensuring, in specific conditions, the passive modu-
lation of the Q-factor of the resonator. Less attention has been paid to the
effect, on the processes in the laser, of other nonlinear effects, in particu-
lar self-focusing, which is also capable of having a strong effect on lasing
dynamics. All thisis discussed in chapter 7 of the book.

The five main chapters are preceded by two chapters of introductory
nature. In one of the chapters, essential information is given on quantum
generators, requirements are formulated on the main elements of the laser,
and the extent to which these requirements are fulfilled in the generators
of different types is shown. The information on the types of dynamic
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behaviour of lasersin relation to the ratio between the parametersis also
provided. In the second introductory chapter, the most general mathemati-
cal models, used in the semiclassical laser theory are presented. Discus-
sion of idealisations and simplifications, used in different specific situa-
tions, and also the ranges of the applicability are transferred to the chap-
tersin which the specific models are analysed. It is assumed that the reader
isacquainted with the main considerations of the modern theory of nonlin-
ear fluctuations. It is necessary, this information may be found in, from
various books and other sources, presented in the literature list. In this
connection, it is again necessary to mention the monograph by C. Weiss
and R. Vilaseca.

It is also important to mention the sections of laser dynamics which
for some reasons have not been reflected in this monograph. For example,
no mention is made of the concepts relating to the time evolution of the
spatial structuresin the laser emission field. The section of nonlinear dy-
namics of the optical systems is being developed. The author decided not
to include in the monograph the material on different methods of lasing of
the giant pulses because no significant changes have been made in this
area of quantum electronics from the date of publication of his previous
book. This may also be said of the theory of sweep lasers.

Finally, it isimportant to also mention inverse problems of laser dy-
namics. This larger area of activity must be mentioned, but only small
parts have been developed. At the same time, the problem of extracting
information on the laser parameters and individual intra-cavity elements
are of considerable practical importance and, in this case, special use is
made of new concepts based on the advanced concepts of nonlinear dy-
namics.

Evidently, it is clear to the reader that the book is a physical rather
than mathematical version of the subject. Thisisjustified by the fact that
in this case we are not concerned with nonlinear dynamics in general but
with laser dynamics, and this does not correspond to the scientific activity
of the author.

Laser dynamicsis arapidly developing science in which events take
place very frequently. In these conditionsit is obvious that the material in
the book may not be complete and the situation will become worse with
time. Nevertheless, the already existing system of ‘eternal values' makes
it possible to hope that the usefulness of the book will not decrease very

rapidly.
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Chapter 1

Quantum Oscillators: General
Considerations

This chapter should not be treated as detailed analysis of the principles of
the quantum electronics. Thereader can find them in [1-9]. Below thereis
given only some information related to the dynamical laser behaviour.

1.1. Principle of Operation and Practical | mplementation

There are three problems, which led to the advent of quantum electronics:
lowering the noise threshold of amplifiers, raising the stability of oscilla-
tors, and generating millimetre and shorter waves. In solving these prob-
lems the strategies of classical electronics encountered fundamental diffi-
culties; many of them were overcome by using stimulated emission in sys-
tems of bound particles.

1.1.1. Induced and Spontaneous Emission

The possibility of enhancing electromagnetic fields by quantum systems
is based on the induced (stimulated) emission of radiation. Under the in-
fluence of incident radiation a quantum system such as an atom, molecule
or acrystal iscapableto passto alower energy state by emitting a photon.
The induced emission is fully identical to the incident radiation. The in-
verse of induced emission is the absorption of a photon when the quantum
system makes a transition to an upper energy level.

In guantum electronics we deal with a medium composed of a large
number of molecules rather with a single molecule. Inthermal equilibrium
the higher the energy of molecular levelsthe lower their population. Since
downward and upward induced transitions have equal probabilities, media
in thermal equilibrium are net absorbers. An excess of transitions with
emission over those with absorption can be achieved only in nonequilibrium
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systems, in which the upper level population exceeds the population of a
lower level. Such a population inversion of a couple of levelsis sufficient
provided the energy level spacings are unequal. The last condition is re-
quired to ensure that the monochromatic field resonant with the inverted
transition is not resonant with other transitions, which have an excess of
absorption.

The unequal level spacing of the energy spectrum permits a simplified
description of a quantum system with a minimum number of levels taken
into account. A two-level approximation is often successfully used in quan-
tum electronics.

The simplest version of a quantum amplifier is a layer of material, in
which a population inversion is achieved on the chosen transition in one
way or another. An electromagnetic wave of the proper frequency is am-
plified when it propagates in such a medium. More effective use of the
amplifying medium can be achieved by slowing down the wave or by ar-
ranging for multiple passes through the active element, by placing in a
cavity. Thus, in quantum electronics a resonant cavity is used to achieve
not only frequency selection but also feedback.

Induced emission leads to an increase of the field energy density inside
the active medium. Various processes of the field dissipation and the field
emission into the ambient space act in opposite manner. When these pro-
cesses equilibrate each other or the induced emission dominates the dissi-
pation, such a device operates as a generator of radiation.

Unlike the induced photons, the spontaneously emitted photons are not
correlated with the field in the laser medium volume. Hence the spontane-
ous emission processes play the role of a natural source of noise, which
limits sensitivity of quantum amplifiers and the stability of oscillators, as
well as the role of triggering mechanism of the sustained operation as a
coherent generator of radiation. The spontaneous emission process deter-
mines the finite lifetime of an excited isolated molecule and the related
natural width of the spectral lines.

The active medium, or the working substance, of a qguantum amplifier
or an oscillator should ensure the needed gain with reasonable consump-
tion of energy for the population inversion. The gain is given by

kgain zatr(Na - Nb) ' (1-1)

where g, isaquantity termed the quantum transition cross-section, which
describes the active molecule, N-N, is the population difference on the
working levels, defined both by the properties of the substance and the
potential of the pumping system. Further we need arelation [3]
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_ 871w, [d |’
! hcdw, (1.2)

which express the transition cross-section in terms of other constants of
the medium such as the dipole moment d, the frequency of radiation w,
and spectral linewidth dw),.

A large transition cross-section means a small lifetime of the upper
level, which impedes the accumulation of population there. In practice,
both alternative ways are used to reach the necessary gain: the creation of
large overpopulation on a metastable upper level when transition has a
small cross-section, or the use of alarge cross-section with relatively weak
population on the upper level. Typical mediaof thefirst kind are the weakly
doped crystals such as ruby or yttrium aluminium garnet and glasses with
the Nd*" ion asimpurity. The active media of the second type are exempli-
fied by organic dye solutions. In any case, the pumping energy must be
used effectively, characterized by the fraction of excited molecules brought
finally to the upper energy level. This gives a general requirement for a
useful working substance — high quantum yield.

Since the gain is determined by the population difference rather than
by the upper level population, active mediawith fast depletion of the lower
level are advantageous. Rapid depletion is possible if this level is higher
than the ground state by k,T or more, as in crystals and glasses doped by
neodymium. An opposite example is a medium with self-limited transi-
tions, which terminate on a metastable lower level. Examples of such me-
diaare metal vapours and erbium-doped crystals. Generally speaking, ruby
is also of the second type since its lower laser level corresponds to the
ground state, but its depletion is combined with the pumping process. Self-
limitation of the transition hinders the use of such material for CW opera-
tion.

1.1.2. Methods of Producing an Inverted Population

Quantum electronics began with centimetre wavelength molecular beam
masers [10, 11]. The term maser, proposed in [11], came to denote micro-
wave quantum devices using the principle of amplification by stimulated
emission. An attempt to introduce the term ‘optical maser’, which was
made in the seminal theoretical paper [12], was not a long-time success.
After the practical breakthrough into the optical range[13, 14] anew acro-
nym laser was adopted. In turned out to be extremely stable, such that
even nowadays we read and hear about ‘ X-ray lasers’, ‘ y-lasers’ and even
‘submillimetre lasers’! Habit began to dominate sensibility, but thisis not
arare case with the terminology. Nevertheless, wavelength range is one
basis for classification in quantum electronics. Another basis for classifi-

3
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cation is the material phase of the medium (gas, liquid, solid) and a third
basisisthe concrete process, which creates the population inversion in the
laser medium.

Brief comments should be made on lasers with condensed and gaseous
active media. The difference is due to the greater interaction between ma-
terial particles with increasing particle density. This leads to greater ho-
mogeneous broadening of the spectral lines in condensed media. Con-
versely, the higher mobility of gas molecules is exhibited in the Doppler
broadening of transitions.

The third basis of classification needs a somewhat longer discussion.
There are lasers with optical, electrical, thermal and chemical pumping.
For a complete description of the system we should also specify the type
of the process in the medium, which leads to the inversion. This can be
photon absorption, collision of a molecule with an electron or a molecule
of adifferent species, achemical reaction or adynamical process like mol-
ecules separation by their motion between domains of different physical
conditions.

Optical pumping is undoubtedly the most common way to achieve a
population inversion. When a photon is absorbed directly by an active
molecule, bringing it finally to the upper working level, we are dealing
with an optical pumped laser — that of solid-state, liquid or gaseous type.
The laser provides adirect transformation of the pumping light to the laser
emission. In particular, another laser can serve as a source of pumping.

Direct transformation of electric energy to laser emission occursin an
injection semiconductor laser: thisis an example of a device with electric
pumping.

Very often, the pumping energy is transformed to laser emission in a
more complicated way than in the cases cited above. Suppose that the en-
ergy required for the laser operation is provided by the chemical reaction.
It is important that one of the reaction products be formed in the excited
state but it is not necessary that exactly this product be the active compo-
nent of the laser medium. The excited product can serve as an auxiliary
gas to transfer energy to the working gas molecules through collisions.
Such alaser should be called a collisional laser with chemical pumping.

Following the same principle, gas discharge lasers should be catego-
rized as collisional lasers with electrical pumping. The discharge elec-
trons, accelerated in a static or high-frequency (rf) electric field, impact
energy to the molecules they collide with. This can be molecules of the
working gas but often it is more advantageous to convey the energy through
an intermediate stage of excitation of an auxiliary gas, thus, for example,
neon and carbon dioxide are excited in discharges with higher efficiency
through intermediary gases, helium and nitrogen, respectively.
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Differences in relaxation times for different molecular states offer the
opportunity to obtain an inversion during the time of establishing the ther-
mal equilibrium after a fast variation of temperature of the medium. Fast
cooling of a gas can be obtained by the methods of gas dynamics using
adiabatic expansion. In carbon dioxide, antisymmetrical vibrations are
‘cooled’” more slowly so that under the favourable conditions the popul a-
tion of these vibrational levels can exceed the population of other vibra-
tional levels, at least for awhile.

To obtain the necessary inversion in a gas flow, a sufficient number of
molecules must initially be brought to the excited states. In a gas-dynamic
laser with thermal pumping this can be achieved by preheating the gas. A
similar result can be obtained in other ways using, for example, optical
pumping or by excitation in a gas discharge. Then we are dealing with a
gas-dynamic laser with optical or electrical pumping, respectively.

Within the framework of this classification we should al so mention beam
masers. In such devices, inversion is achieved by means of the spatial sepa-
ration of moleculesin different energy states, when the molecular beam is
transmitted through a region with a nonuniform electric or magnetic field.
The degree of inversion is determined by the parameter of the sorting sys-
tem and by the temperature to which the gasis heated in the beam source.

Making other combinations of the form of consumed energy and the
mode of the active molecule excitation, it is possible to obtain a complete
list of ways to create the population inversion.

One significant feature of all processes discussed so far isthat they are
noncoherent. An exception is optical pumping directly to the upper level
by means of alaser source. The specific point isthat the action of coherent
pumping is not merely the variation of population distribution but it leads
to more complicated nonlinear processes in the active media, contributed
both by pumping and the laser field.

1.1.3. Amplification in Quantum Systems without Population
Inversion

We have mentioned above that amplification could be achieved only in
nonequilibrium media. The simplest example of such a medium is a two-
level atomic system with population inversion. But the set of variables
characterizing the state of the medium is not limited by populations of the
energy levels, and inversion does not present the unique type of
nonequilibrium state that gives amplification.

We can illustrate this using the example of a paramagnetic, which isa
medium consisting of atoms possessing magnetic properties. The energy
levels of the elementary magnetic dipolein astatic external magnetic field
correspond to two orientations of the dipole: parallel to the magnetic field
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(lower level) and antiparallel to the magnetic field (upper level). In the
state of thermal equilibrium the majority of the dipoles oriented parallel to
the field, i.e. they occupy the lower energy level. In other words, the re-
sultant magnetization vector is oriented parallel to the magnetic field. The
population inversion is equivalent to reorientation of the magnetization
vector. However, generally speaking, the angle between the field and mag-
netization vector can be any and not only 0 and 7= When inclined at any
angle, the magnetization vector beginsto precess around the magnetic field
with the frequency of paramagnetic resonance, which is proportional to
the difference of energies of oppositely oriented magnetic dipoles w, =
2uH. However, it isimpossible to bring in correspondence the precessing
magnetic dipole with a concrete energy level. Here we meet a new degree
of freedom presented by the transverse component on magnetization. Itis
clear that the presence of precession means that the medium is not in equi-
librium state, but this state is quite different from population inversion. It
is possible to create such a state putting the paramagnetic sample in the
magnetic field oscillating with frequency w,.

We can generalize all what has been said about paramagnetic to a two-
level system of any origin. When placed in the resonance el ectromagnetic
field, the quantum system can be converted to the state analogous to the
state of precession, which is not characterized completely by the popula-
tions of the energy levels. In this case we speak about coherent superposi-
tion of states with nonzero values of nondiagonal elements of density ma-
trix. Being in coherent state, the two-level system is capable to emitting at
the transition frequency after the excited field is switched off. This phe-
nomenon does not have any practical significance: the energy is extracted
in the same form as spent but in smaller value.

Let us turn to more complicated situation with the three-level system.
We can come to such a system, in particular, splitting the lower level into
two close spaced sublevels (Fig. 1.1). The coherent superposition can be
created between these sublevels, 1 and 2. Since w,,<< w,, and w, << w,, it
can be called the low-frequency coherency. Such kind of nonequilibrium
drastically changes the situation in the tree-level system, including the
transition probabilities between the lower sublevels and the upper level.
Atomsin a certain superposition state become uanble to pass to the upper
level. It is similar to light diffraction on two slits when some areas in the
space remain dark. The sameisin A-scheme: due to existence of two tran-
sition routes (1 - 3 and 2 - 3), the upper level remains empty in spite of
the presence of the resonancefield! This meansthat absorption at frequen-
ciesof theoptical transitions1 - 3and 2- 3 (Fig. 1.1) isabsent. But if the
atomsin the lower states do not absorb, then even a small amount of upper
level population is enough to make the mediaamplifying ones. The advan-
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Fig. 1.1. Three-level A-scheme: mono-
Ejy Ex chromatic fields E ; and E,, create a
coherent superposition of states 1 and
2, thetransitions from which to the level
/ 2 3 under the action of these fields are

completely suppressed. This establish
the prerequisite for lasing without
1 inversion.

tage of this method is that existence of |low-frequency coherence leads to
weakening of request to population of the upper level.

This idea was suggested and substantiated in Ref. [15]. Similar ideas
were made independently in Refs. [16, 17]. In spite of the existence of
forerunners, to which Refs. [18, 19] belong, the real progress in the field
of inversionless amplification was stimulated by three fundamental stud-
ies [15-17] published in 1988 and 1989.

It is unlikely to think that lasers without population inversion, though
they are realised in laboratories [20, 21], can compete with the traditional
lasers in the applied sphere. But sometimes the inversionless amplifica-
tion is of practical interest, in particular when it is difficult in principle to
create population inversion. First, thisisrelated to the problem of lasersin
the domains of very short wavelength: vacuum ultraviolet, X-rays and
gamma-rays[22].

1.2. Time-Dependent Processes in Quantum Oscillators

In addition to the three bases for | aser classification discussed above, there
isone more classification scheme, which isdirectly related to the dynamic
properties.

1.2.1. Dynamic Properties of Lasers and Their Relation to
Relaxation Rates

Induced transition under the action of an electromagnetic field is not the
only way to make a quantum system to change its state. The lifetime of an
excited state has a natural limit, defined by a spontaneous downward ra-
diative transition. Meanwhile, there are nonradiative transitions caused by
intermolecular collisions, interaction with lattice vibrations, etc.
Nonradiative processes and spontaneous emission can be viewed as the
result of theinteraction of alimited number of isolated degrees of freedom
(dynamical system) with all remaining degrees of freedom (thermal reser-
voir). Such processes are often called relaxation processes since they pro-
mote the establishment of an equilibrium state of a dynamical system.
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Relaxation processes have a decisive effect on the dynamical proper-
ties of a laser since they define the ability of each degree of freedom of
this complex oscillation system to react to changes of the situation. A two-
level medium is described by two relaxation parameters: the population
difference relaxation rate y, and the atomic polarization relaxationrate y,
which isthe halfwidth of the spectral line, y, = dw/2. Theinverse of these
quantities are often used: the time of ‘longitudinal’ relaxation T1=1/yI| and
that of ‘transverse’ relaxation T,=1/y *. If a two-level approximation of
the medium is insufficient, then the description should involve the relax-
ation parameters of other transitions. For the complete set of laser charac-
teristics we should add so-called ‘ photon lifetime’, which isrelated to the
cavity Q-factor by the relation T = Q/w_. By analogy with the laser me-
dium, we can make use of the decay rate k =1/2T , which coincides with
ow/, the half of the energy passband of the cavity.

When speaking about multimode lasers, the set of time parameters should
be supplemented with a characteristic period of intermode beats T, = 1/
Aw, which isequal to the round trip timein the case of longitudinal cavity
modes.

We will call the processes in the laser the slow processes or the fast
processes and, correspondingly, we will call the dynamics the low-fre-
quency or the high-frequency depending on whether their spectrum matches
the cavity passband. Of course, the fast processes are due to mode inter-
ference. The slow (low-frequency) processes depend on relationship be-
tween the relaxation parameters Vi Vi and K.

To make the following description more pictorial we turn, running ahead,
to one of the basic models of the dynamical laser theory —the set of Lorenz—
Haken equations:

dE
—=Kk(P-E
q (P-E)

dP
e - (1.3)
o Yo (NE - P)

dn _
P y,(A=n-PE)

The variables of this set of equations are the amplitude of the electric
field E, the amplitude of the medium polarization P, and the population

difference (inversion) n. For the purpose of simplification the notations

The terms and symbols are taken from the magnetic resonance theory where the anal ogies
for the population difference and polarization are the longitudinal and transverse
components of magnetization with respect to the static magnetic field.
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all the variables are normalized. The set of coefficients include, besides of
three relaxation constants, also the pumping parameter A. The Lorenz—
Haken model corresponds to a single-mode traveling-wave laser with a
homogeneously broadened two-level |aser.

Four important cases of relations between the coefficients of the Lorenz-
Haken model can beidentified [23, 24] that correspond to four dynamical
classes of lasers.

Class A: K << V”, VD (1-4)

The active medium follows without delay all the field variations. Both
material variables, the inversion and the polarization, can adiabatically be
eliminated from the set of equations.! The dynamical phase space is one-
dimensional and the family of attractors can be represented only by the
fixed points. The transient processes in the laser are aperiodic.

Class B: Yo >>K >>Y,, (1.5

Only the polarization follows the field without delay and it is the only
variable eliminated. The phase space is two-dimensional and allows, be-
sidesfixed points, for the existence of closed (periodic) trajectories termed
limit cycles. The transient process can be oscillatory.

Class C: K~V, (1.6)

All the variables have the equal rights. The presence of more than two
dimensions meansthat the phase space can contain more complex attractors
including strange attractors [25, 26].

The systems that satisfy the condition (1.4) are sometimes called adia-
batic systems, and those meeting the condition (1.6) are called nonadia-
batic systems. Meanwhile, the terms ‘class A’, ‘class B’ and ‘class C’ la-
sers have often been used recently following Arecchi. We should add one
more class.

Class D: K >> V”, yD (1-7)

1The concept and procedure for adiabatic elimination of the variables will be discussed in
Section 3.1.2. But, running ahead, it should be noted that the relations between the
relaxation constants give only the necessary conditions for adiabatic elimination of thisor
that variables. Generally speaking, one should take into account also the rate of the induced
transition, which can not exceed the largest of the relaxation constants. The last condition
limits from above the intensity of field, interacting with the laser medium, and also the
pumping parameter A.
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In this case the field is an inertialess variable, which follows the state of
the atomic system and should, therefore, be adiabatically eliminated. The
main data characteristic for the mentioned above four classes are presented
in the Table.

Dvnamical class Relations between the | Adiabatically eliminated | Dimension of the
y relaxation rates variables mode!

A Voo ¥y >>K P,n 1

B Vo >>K >>y, P 2

c Yo ~K — 3

D K>>Y.,Y, E 2

In the multimode lasers, we need to complete the list of important param-
eters by the intermode frequency space Aw. The large enough value of Aw
means that the populations of the working levels are not capable of react-
ing efficiently to the beats and this fact justify the use of the ordinary rate
equations. If the mode frequencies are close to each other, it is necessary
to take into account the oscillations of population with the intermode beat
frequencies and use more complicated laser models with phase-sensitive
interaction.

1.2.2. Widespread Types of Lasers

There are few representatives of class D. They include only beam masers
among which ammonia and hydrogen masers are best known. The operat-
ing wavelength 1.25 cm corresponds to the strongest line in the inversion
ammonia spectrum, related to the state with the quantum numbers of rota-
tional angular momentum J = 3 and its projection onto the symmetry axis
of the molecule K = 3. The molecules are sorted by states when passed
through an inhomogeneous electric field.

The spontaneous emission transition probability, proportional to A3, is
negligibly small for centimetre wavelengths. The collisions between the
beam moleculesin avacuum are also rare. Hence, theinertial properties of
the active medium are defined by the transit time of the molecules through
the interaction space, i.e. the maser cavity. The transit time is of the order
of 10* s, i.e. it exceeds noticeably the photon lifetime in a microwave
cavity (108 sor less) [27]. Thus, inequality (1.7) is satisfied.

Recently, the question has been discussed concerning the possibility of
creating lasers operating in the super-radiation regime [28, 29]. It is nec-
essary to satisfy the condition k >y, , which means that these | asers belong
formally to class D. However, the enormously high probability of radia-
tive processes, which must exceed the rates of all relaxation processes,
including k, is also important.

Class C. The approximate equality of the cavity passband and the ho-

10
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mogeneously broadened gain linewidth, which isimplied by the relation
(1.6), is not typical for lasers. Using the relation

6600 = 9 = cfl loss
Q L
we obtain the passband dw/2rm=5 MHz, for the typical parameters of the
cavity: length L = 100 cm and single-pass losses I, __ = 0.1. Such a small
homogeneously broadened width of the spectral lines is possible only in
rarefied gases. Meanwhile, laser action will require that the gain in these
lines be large enough. These are reasons for which the class C was consid-
ered to be empty for along time. Nobl e gas-discharge lasers using infrared
transitions were among the first ones to fit into this class.

The 3.51 ym xenon line is notable from the viewpoint of the attainable
amplification. Its natural linewidth is 4.6 MHz, which corresponds to the
lifetime of the laser levelst, = 1.2.10° sand t, = 3.3-10°° s. The spontane-
ous decay of the upper level is mainly accompanied by atransition to the
lower laser level. The additional homogeneous broadening due to colli-
sions of xenon atoms (11.5 MHz/Torr Xe) with the partial pressure of tens
of millitorr is negligibly small. For controlled action on the homogeneous
linewidth, helium is introduced to the discharge tube to ensure the line
broadening to 18.5 MHz/Torr He. In afiniterange of pressurestherelation
(1.6) can be satisfied by sacrifice of the cavity Q-factor, which requires
additional amplification.

The situation with laser transitions is similar for various noble gases
[30]. It will be considered below in more detail using neon as an example.
We only notethat both laser levels are high enough. Since the excitationin
agasdischarge is not a selective process, the upper levels can be occupied
by atoms with different velocities. This is the reason why the gain line
broadening is inhomogeneous. The Doppler width of the 3.51 um Xe line
is110 MHz.

The interatomic collisions result both in dephasing of the atomic inter-
action with the radiation field and in variation of the atom velocity. The
first factor is exhibited through the homogeneous broadening while the
second through spectral cross-relaxation. The cross-relaxation rateis esti-
mated to be 10° s? [31]. The remaining data on xenon are taken from
Refs. [31, 32].

The relation (1.6) can be realized in the He—Ne laser for the wave-
length 3.39 um, although it is more difficult than in the 3.51 ym Xe line
because of weaker amplification [33].

Other class C lasers are the molecular gas FIR (far infrared) lasers. The
active media in such lasers are HCOOH [34], CH,F [35], CH,OD [36],
CH_F, [37] and some other gases. Ammonia again comes first [38-41].

11
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Fig. 1.2. Vibrational—rotational transitionsin amolecular spectrum (a) and the three-level
scheme explaining the principle of operation of alaser-pumped molecular FIR laser (b).

The ammonia FIR laser is optically pumped through avibrational tran-
sition matched with the operating frequencies of a CO, or N,O laser. The
amplification is achieved on the rotational transitions. Fig. 1.2 shows a
fragment of the ammonia-like energy spectrum. A three-level scheme is
apparent if the fine structure is neglected.

For FIR lasers, the generated wavelength greatly exceeds the pumping
wavelength. For example, the rotational transition aR(7,7) in the “NH,
molecul e correspondsto A = 81 um, while the vibrational transition a(8,7)
with A = 10.8 um, matched with the N, O laser frequency, is used for pump-
ing. The difference is still greater in the **NH,_ laser: the laser transitions
have the wavelength 374 um (aR(2,0) line) and 153 pm (aR(4,4) line) while
CO, lasers with the wavelength 10 pm are used for pumping.

The use of monochromatic pumping in the form of the travelling wave
permits the selective excitation of moleculeswith definite vel ocity projec-
tion onto the wave vector to save the gain line from Doppler broadening.
The homogeneous broadening at such long wavelength depends solely on
intermolecular collisions. The linewidth of 1 MHz, realized under experi-
mental conditions, allows the relation (1.6) to be satisfied even in a high
Q-cavity. There are no reliable data on the relaxation times of the level
populations.

The ability to provide a very high gain in a narrow homogeneous line
under laser pumping is inherent not only to rotation transitions in chosen

12
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molecules. Similar effects can also be achieved also on some vibration
and electronic transitions and the total number of such transitions in dif-
ferent gases is estimated as 10° [42].

Class B is represented by solid-state, semiconductor and some types of
low-pressure molecular gas lasers. Among the latter the most popular is
the carbon dioxide laser.

Ruby (Cr®:Al,O,) rivals ammonia in fame in the history of quantum
electronics. The transitions between the Cr® ion spin levels are used in
paramagnetic masers. Ruby was the material in which visible laser action
was demonstrated for the first time in history. A system of the energy lev-
elsof Cr** impurities presentin an Al,O, crystal isshowninFig. 1.3. Omit-
ting the details, we are dealing essentially with athree-level scheme.

The spontaneous emission spectrum of ruby exhibits two narrow in-
tense lines that correspond to transition from the metastabl e ?E state to the
ground state “A_. At the room temperature (300 K) the R, line has a maxi-
mum at A = 0.6943 pm and the R, line at A = 0.6927 um. Cooling the
crystal shifts the R lines towards shorter wavelength. The metastable 2E
levels can be excited through the wide bands, “F, and “F,, connected to *E
by radiationless transitions. Electrons pass from the “F, band to the E
levels in atime of t,, = 510 s or emit spontaneously, returning to the
ground state in t,, = 2-:10" s. The spontaneous decay of the °E state is
characterized by atime constant t,, = 3-107.

The E and 2 A sublevel populations are established in accordance
with the Boltzmann distribution for thermal equilibrium. Since the sublev-
els are spaced by 29 cm™, their successive population difference is 15%
for 300 K. The relaxation time between E and 2 A does not exceed
10" s. Thus, typically the laser does not operate on the R, line since the R,

dw, 10 c?
L ==
28F -
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ot Ion

Fig. 1.3. Energy-level diagram of Cr® ion in ruby (a) and the scheme explaining the
principle of operation of an optically pumped three-level solid-state laser (b).
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lasing reduces the 2E level population to a value below the laser thresh-
old.

TheR, linewidth depends on the number of impurity ionsin the host. In
apink ruby with the Cr®* concentration of the order of 10'° cm=for 300 K
the R, linewidth is nearly 10 cm™ or 3-10" Hz. This line narrows as the
crystal is cooled. It is well known that the sapphire intracrystalline field
splitsthe Cr3 ground state into two components spaced by 0.38 cm=. Con-
sequently, the R, lineis split even for 77 K, for which of a separate compo-
nent is 0.3 cm™. At high temperatures, the main contribution to linewidth
isthermal oscillations of the crystal lattice, and the line can be considered
a homogeneously broadened one. The cross-section of the transition, cor-
responding to the R, line, is g, = 10 cm?.

It is an obvious drawback of the three-level ruby scheme that the laser
transition uses the ground state as a basis. Half of the chromium ions are
launched upwards with the only purpose of making the populations equal .
Only the additional excited ions produce the laser effect.

Active media, which operate on a four-level scheme, are free of this
drawback. They include neodymium doped crystals and glasses. The opti-
cal ion spectra of rare-earth elements are due to the transitions within
nonfilled inner shells, screened by the outer shell from the external ef-
fects. Introducing the same ion into different materials, it is possible to
vary the fine structure but the line position will not undergo any notice-
able changes.

The energy level diagram of a Nd* ion is presented in Fig. 1.4. The
*F,, level is metastable. Spontaneous transitions from this level to the I
levels are exhibited as four spontaneous emission lines. The most intense
line, “F,,—",,, has its maximum near A = 1.06 um. The I, , level is
elevated over the ground level by about 2000 cm™, which considerably
exceeds k. T.! Thislineis most favourable for laser action. Like the other
lines, it has a structure stipulated by the splitting of the initial and final
states by the electric field of the surrounding host ions. The metastable
level *F,, is split into two sublevels, and the level “l,, . is split into six
Stark sublevels. Without a resonator comprising tunable elements, only
the strongest spectral component is involved in the laser action. In the
case of yttrium aluminium garnet with neodymium for 300 K this compo-
nent has the following characteristics: oy, = 6 cm™, T, = 2.10" s, g, =
1078 cm?. Actually, the gain line 1.06 um consists of two close compo-
nents that correspond to different pairs of Stark sublevels [43]. Strictly
speaking, this line should be considered as inhomogeneously broadened
and in some contexts this feature is become apparent.

The temperature 300K corresponds to k T/# of the order of 200 cm™.

14
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Fig. 1.4. Energy-level diagram of Nd* ion (a) and the scheme explaining the principle of
operation of an optically pumped four-level solid-state laser (b).

In glasses, the ordered structure is absent and the implanted ions inter-
act differently with their local environments. That is why the Stark com-
ponents vary slightly in frequency from ion to ion and, consequently, the
fluorescent line becomes inhomogeneously broadened. In silicon glass, a
widely used laser material, the transition “F,,-“l, , is characterized by
the cross-section g, = 10 cn??, the metastable level has a lifetime T, =
2:10* s and the inhomogeneous fluorescent linewidth dv, = = 300 cm™.
The fraction of homogeneous broadening is an order of magnitude less.

A carbon dioxide laser is the next class B representative. The linear
symmetrical CO, molecule has three basic internal modes of vibration:
symmetric stretch with the distance between levels v,=1388.17 cm™, bind-
ing with v,= 667.4 cm™ and antisymmetric stretch with v,= 2349.16 cm™.
The state of the molecule is generally described by a set of quantum num-
bers referring to the normal modes: V,V,'V,. The quantum number | indi-
cates the double degeneracy of the bending vibrations.

The main role in the population redistribution over the vibrational and
rotational levels of CO, is played by collisions. The possibility of obtain-
ing an excess population of the 00°1 state is due to the fact that the latter
decays slower than the 10°0 or 02°0 states. Thisis because the energy trans-
fer from one vibrational degree of freedom to another is slow compared to
the time of onset each of them. The fast decay of the 10°0 state is contrib-
uted by the Fermi resonance, i.e. the coincident positions of 10°0 and 02°0
states. Under these conditions, the decay rates of the 01°0 state are a deci-
sive factor. Helium can be introduced into the discharge to increase this
decay rate.
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The pumping of the upper laser level 00°1 is most effective with nitro-
gen molecules. The first excited vibrational level of the N, molecule has
an energy close to that of the CO, molecule at the 00°1 level. This nitrogen
level is metastable, highly populated in a gas discharge, and transfer en-
ergy to the CO, molecule with great probability when colliding with the
N°, molecule. Thus, though it is generally referred to asa‘CO, laser’, this
device nevertheless uses a gas mixture of CO,-N_-He, asarule.

Continuous-wave molecular gas lasers operates under pressure of the
order of 1-10 Torr. The lifetime of the upper level ranges between 103
and 10~ sand that of the lower level is 10-° s. The Boltzmann distribution
among the rotational levelsis established in the time of the order of 107—
108 s, which defines simultaneously the homogeneous line broadening of
the rotational-vibrational spectrum of the molecule (6v,= 10 cm™). Since
the linewidth is less than the distance between lines (about 2 cm™) or the
frequency range between longitudinal modes (usually Av = 107
cm?), single-frequency operation isreadily provided in the CO, laser. The
rotational occupation has its maximum for the levels with the quantum
number J =20-30. Therefore, the laser action starts earlier for the rota-
tional—vibrational transitions between the levels of this order. The lines
belonging to the P branch (A J= —1) of the 00°1-10°0 transition have an
advantage. The operation at the 00°1-02°0 transition is suppressed since
the 02°0 level is slightly below 10°0 thus being more occupied. The dis-
crimination of the R branch (A J= 1) can be explained in asimilar fashion.
Thus, the prevailing operating wavelength of the CO, laser is 10.6 mm.
For tuning within this range or switching to 9.6 mm one should use a se-
lective resonator.

Class B lasers also include semiconductor lasers. The main feature of
thistype of laser isthat we deal with wide energy bands of the host crystal
instead of the narrow energy levels of impurity atoms. Nevertheless, it is
feasible to obtain the population inversion needed for the laser action. This
should be problematic inside the band since the intraband relaxation rate
ishigh enough and the interband transitions are generally involved. Hence,
the frequency range is governed by the gap energy.

The optical properties of semiconductors are defined by the mutual ar-
rangements and population of the two upper energy bands. The electrons
obey the Fermi—Dirac statistics according to which the probability that an
electron state with energy W is occupied is given by the law

1
h=
1+ exp[(W _WFC,FV)/kBT]

If the sampleis assumed to bein thermal equilibrium, then W_=W_ =W_
and there is a single Fermi level with the occupation probability 0.5 in-
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stead of two quasi-Fermi levelsW_ and W_ . This concept is valid because
the carrier thermalization time within a band is much shorter than the
interband relaxation time.

The population inversion condition in a semiconductor looks like W_—
W_ >W_, where W, isthe band-gap energy. This means that the quasi-Fermi
levels are situated inside the bands and therefore the states near the bot-
tom of the conduction band are occupied, and those near the top of the
valence band are empty.

There are many ways to achieve the inversion in semiconductors: opti-
cal pumping, excitation by a fast electron beam, avalanche breakdown
caused by an external electric field and carrier injection through the p-n
junction. The last method has become most widespread due to its simplic-
ity end effectiveness.

In an intrinsic semiconductor, whichisin thermal equilibrium, the Fermi
level is situated exactly in the middle of the band gap (Fig. 1.5a). If the
crystal isalloyed with adopant (the n-type semiconductor), then the Fermi
level is nearer to the conduction band, and is inside this band in degener-
ate case. A similar shift, but towards the valence band, is obtained by an
acceptor admixture (the p-type semiconductor). We can dope differently
the different sites of one crystal and make a sharp boundary between the n-
type and p-type domains. The boundary layer is called the p—n junction.

The position of the Fermi level is the same in different parts of a
nonuniformly doped crystal if an external electric field is not applied. A
relevant energy diagram is given in Fig. 1.5b. Carrier migration through
the p—n junctions impeded by a potential barrier. A voltage applied to the
junction in aforward direction (from the electron to the hole part) lowers
the barrier (Fig. 1.5c) thus enabling the electron to penetrate into the p-
region and the holes in the n-region. Consequently, layers with increased
concentration of minority carriers are produced on both sides of the junc-
tion. The thickness of these active layers does not exceed a few microns.

Fig. 1.5. Energy diagram and the position of the Fermi level (a) of the intrinsic
semiconductor; (b) of the crystal with p-n junction in the absence of bias; (c) under positive
bias. The electron levels in the hatched areas are occupied.
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Carrier diffusion over great distances from the boundary is impossible
because of recombination processes.

In GaAs lasers, amajor role is played by electron injected into the p-
region. The population inversion is produced near the boundary of the p—
n junction. The cavity mirrors are normal to the p—n junction plane. Usu-
ally, these mirrors are two opposite facets of the cleaved crystal. By virtue
of the high index of refraction of the semiconductor crystal, the Fresnel
reflection is tens of per cent, so that the Q-factor of the cavity is high
enough for lasing action even without additional reflecting coating. The
gain can reach extremely high values because of the high density of states
in the conduction and valence bands, which can be used to create alarge
population inversion.

It isan important factor for the operation of diode lasers that the index
of refraction in the p—n junction is somewhat higher than in the reminder
of the crystal. Such an index variation promotes localization of the radia-
tion field near the p—n junction plane. Thisisthe only place where ampli-
fication occurs, while outside the active region the absorption for the laser
wavelength is very high.

In alaser with ahomostructure, as discussed above, all of its properties
are the same on the two sides of the p—n junction and, therefore, waveguide
features are minor. This and other drawbacks are not seen in lasers with
heterostructures. In this case, the layers adjoin the p—n junction, differ
from the active region in the composition (Ga,_Al As) and, consequently,
in the optical and electrical properties. Besides the fact that an index jump
at the boundaries of the active region contributes to field localization, the
potential barrier between the layers prevents injected carriers from escap-
ing from the active layer. Moreover, in heterostructures the losses are de-
creased outside the active layer, since the band gap in Ga, Al As (adjoin-
ing layers) is wider than in GaAs (active layer).

The active layer of the laser diode confined to the both sides by layers
with different chemical composition constitutes a potential well. If the
width of the well is comparable with the DeBroglie wavelength for an
electron, then the distance between the energy (levels of space quantiza-
tion) exceeds the width of the levels that influence the optical properties
of the system and, consequently, the laser characteristics. The devices of
such type are called the quantum well lasers. What is the advantage of
these lasers in comparison with the ordinary laser diodes? One of them is
even not related to space quantization. The simple decreasing of the thick-
ness of the active layer leads to the proportional decreasing of the thresh-
old injection current, which corresponds to the transparency of a semicon-
ductor. The further lowering of required current accompanies the qualita-
tive changing of the distribution function of the energy states density, which
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becomes stepwise. Near the bottom of the potential well there are no lev-
elsand thisfact is delivering from the necessity of pumping in the conduc-
tion band of great number of electrons with the aim to reach of needed
localization of the quasi-Fermi levels.

A very important factor, which influences the threshold value and the
energy characteristics of a laser, is the cavity Q-factor. It is possible to
compensate the lowering of Q-factor due to decreasing of the cavity length
by increasing the mirror reflectivity. But thisis difficult to achieve in the
framework of traditional design that assumes propagation of the emitted
radiation in the plane of the active layer with the output through the crys-
tal ends normal to this plane. The principal new result has been occurred
when the direction of generation was chosen perpendicular to the active
layer. This allowed decreasing noticeably the transverse dimensions of the
cavity and growing the multilayer dielectric mirrorsusing unified for all a
laser structure technology of epitaxial alternate deposition. The term
VECSEL'sisthe abbreviature of Vertical Cavity Surface Emitting Lasers.
The pictorial view of the construction of the lasers of the latter type is
giveninFig. 1.6. A very important feature of such alaser isthe absence of
the preferential direction of polarization.

A distinctive feature of semiconductor lasersis their very short cavity,
which does not exceed hundredths of a centimeter. That is why the
intermode beat frequency is very large: Aw ~ 102 s. The short cavity
length together with the losses from transmission of the cleaved facets and
absorptionyields k ~10* —10*? s, The rate at which the quasi-equilibrium
distribution of carrier inside the bandsis established significantly exceeds
the intraband relaxation rate. The characteristic time of the first processis
of the order of 10"° s. This is coherence time T, in a semiconductor. The
intraband relaxation mechanism is the spontaneous electron—hole recom-

Fig. 1.6. Design of the Vertical
Cavity Surface Emitting Laser
(VECSEL) [44]. The small cavity
volume is combined with the high
mirror reflectivity, which leads to
very low laser threshold: 1-upper
contact; 2—area with irregular
structure; 3-Bragg reflector of p-
type; 4—silicon nitride; 5—-multilayer
active area; 6-Bragg reflector of n-
type; 7—-substrate from GaAs; 8—
lower contact; 9—output radiation.
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bination. The time constant for this process depends on the carrier density
but usually it is not less than 10 s and coincides with T..

Organic dye lasers fall into class A. The characteristic band-like struc-
ture of the energy spectrum of organic molecules is shown in Fig. 1.7.
Owing to the even number of electrons, the ground state of the moleculeis
a singlet (the spins are antiparallel in pairs). The lowest singlet state So
and thefirst excited singlet Sy play the primary rolesin laser action. M ean-
while, triplet states, corresponding to the parallel spin orientation of opti-
cal electrons, are also important for the properties of the active medium.

The intercombination transitions between the levels of different multi-
plicity are spin-forbidden by the selection rules. Hence optical pumping
can transfer the molecule from S to S,. If these states are purely elec-
tronic, amplification in a system of organic molecules would be impos-
sible. Each electronic level, however, has a complex structure due to mo-
lecular vibrations and rotation. Thus, a version of a four-level schemeis
realized [45].

The distance between the vibrational sublevels range is several thou-
sands of inverse centimeters. The rotational structure has discrete steps of
the order of 10-100 cm. At atemperature 300 K only the ground sublevel
Soo) is populated. When illuminated by pumping light, the molecules pass
to one of the vibrational sublevels S, of the first excited singlet state.
Then over a short time compared with the lifetime of state S,  the mol-
ecule enters the lover vibrational sublevel S, through the radiationless
transition S, - . The molecule stays here for 10°-10"° s and then re-
turns to the lower singlet either directly or through the triplet state. The
absorption line is formed by the transitions S, -~ S, and luminescence

line by the transitions S, - S,,. The latter are shifted towards the longer

Fig. 1.7. Energy-level diagram of an organic dye laser. Short lines show the rotational-
vibrational structure.
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wavel ength with respect to the former, though they partly overlap.

The lifetime of the state 3(1) is short and, therefore, the population un-
der the action of optical pumping is relatively small. Nevertheless, the
population is greater than that of the excited vibrational sublevels of the
ground state. Thus, inversion, accompanied by gain, is produced in a num-
ber of electron—vibrational transitions.

Some of the molecules come, without emission, from the singlet state
S, tothetriplet state T . The transition T, - S is forbidden so that the
state T, is metastable. The existence of such a state prevents the laser
action. In particular, induced transitions T, - T, produce an additional
absorption at the laser wavelength, (the so-called triplet absorption). The
rate of accumulation of molecules in the triplet state is defined by the
probability of intercombination transitions Sy-Ty and has a range of
107-10° s*. Due to this, in pumping by a giant pulse from a Q-switched
solid-state laser triplet absorption is not observed, while the use of a
flashlamp as a pumping source is possible only if there is an effective
depletion of the lower triplet levels, which can be achieved by the choice
of a special admixture in the dye solution.

If the triplet absorption problem is solved, primary attention should be
given to the losses by spatially nonuniform heating of the medium during
the pumping. The refractive index gradients arising in a cell with a dye
solution are sufficient to distort noticeably the cavity geometry and even
to make the cavity configuration unstable. This form of induced lossesis
the main obstacle to the continuous wave mode of operation of dye lasers.
The CW lasing is achieved only in an active medium (such as arhodamine
6G solution) having the form of a jet, with laser pumping (e.g. by the ra-
diation of an argon ion laser).

The band-like energy spectrum is a common feature of organic mol-
ecules and semiconductor crystals. Therelaxation timesfor these two cases
are nearly the same: T,=10°-10° sand T,=10"*-10"* s. Nevertheless, the
cavities of these two types of laser have nothing in common. In liquid
lasers T,~ 10~ s, which ensures their belonging to class A.

The popularity of dye lasers is mainly due to the possibility of tuning
within the broad luminescence line. A small collection of dyes is suffi-
cient to cover the whole visible range. We can move to the IR, up to a
wavelength of 3.5 um, using active media of another type — ion crystals
with intrinsic colour centres (F centres). The electron localized on an an-
ion vacancy in the crystal isthe simplest example of an F centre. Owing to
its strong coupling with the crystal lattice, we should not consider the F
centre as an isolated formation of a hydrogen atom type. The electron en-
ergy levels assume, because of the immediate environment, a vibrational
band-like structure resembling the level structure of complex molecules.
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The relaxation times (1012 s within one electron state and 1028 s between
the different electron states) have the same order of magnitude as those in
dye solutions.

A spectroscopic situation like this occurs in some doped laser crystals,
including alexandrite (chromium chrizoberyllium) Cr**:BeAl O, [46] and
Ti:Cr,O, [47]. Here again the broad bands in the spectrum are caused by
the effect of the crystal lattice on the doped ions. Unlike the rare-earth
ions such as Nd®, the ions of the ferric transition metals have unfilled
shells and are shielded by external electrons. The corresponding states are
subject to environmental perturbation and thus are sensitive to the lattice
vibrations. Consequently, the spectrashow avibrational structure that cor-
responds to transitions with simultaneous variations in the electron state
of the impurity ion and in the vibrational state of the crystal matrix. A
particular form of the spectrum depends on the host in which the ion is
embedded. The lifetime of the upper level in alexandriteis 1.5 ps. That is
why this laser falls into class B.

Class A includes most of atomic gas lasers. It was noted above that in
lines with avery high gain it is possible to provide the conditions typical
of class C lasers at the expense of the cavity Q-factor. Moreover, only a
few transitions like these are known so far.

The helium-neon laser is the most used atomic gas laser. Neon serves
as the lasing component of the mixture. The most intense CW generation
is achieved for 0.6328 um, 1.1523 um and 3.39 um. The ground state of
neon atoms corresponds to the np® configuration of the outer shell elec-
trons. Following Pashen’s notation, the excited state with the np®(n+1)s
configuration is denoted as 1s and its four sublevels are numbered in the
order of decreasing energy from 1s, to 1s..The next excited state np>(n+1)p,
denotes as 2p, consists of 10 sublevels from 2p, to 2p,,. The electron
s-configuration levels have a greater lifetime than those of the p-configu-
ration. Owing to this, as well as because of predominant population of the
2s and 3s levels of neon in collisions with metastable helium atoms, the
medium gain is ensured for the frequencies of the s- p transitions.

The spectral line broadening in gas lasers is due to spontaneous emis-
sion, collisions and the Doppler effect. Any of these mechanisms can make
the main contribution depending on the gas temperature and pressure, the
atom mass, the transition type and the wavelength. Under the conditions
typical of ahelium-neon laser the neon line 3s-2p, (A = 0.63 um) has the
Doppler width év, = 1700 MHz and the line 3s,—-3p, (A = 3.39 um) hasthe
Doppler width dv, = 320 MHz. In the literature, the homogeneous contri-
bution to the linewidth 3s-3p, is described by an empirical formula[48]

v,/ 21r= 200 MHz +42 MHz/Torr  (0.32 MHz/Pa)
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which holds for the optimal relationship between the partial pressures of
helium and neon 5:1. For the transition 3s,—3p, the anal ogous dependence
is[49]

Vo /2m=85MHz +59.5MHz/Torr  (0.45 MHz/Pa)

V1 2m=9.75MHz +149 MHz/Torr  (0.11MHz/Pa)

1.2.3. Some Experimental Facts

There is extensive experimental material on laser dynamics. We choose
only the main facts without the knowledge of which it is difficult to dis-
cuss the theoretical problems. They refer to free running modes of opera-
tion.

Sngle-mode class A lasers show the simplest behaviour. The low iner-
tia (short relaxation times) of the active medium makes the transients ape-
riodic. The time of onset of a stable steady state depends on the cavity Q-
factor and the excess of the pumping above the laser threshold. In a he-
lium—neon laser this time ranges in 10%-10* s [50-52]. To ensure that
only one longitudinal mode falls within the Doppler linewidth, the length
of the cavity should not exceed 10 cm for A = 3.39 pum. In longer cavities
single-mode operation requires the use of mode selectors. Single-mode
operation of dye-lasers, the gain lines of which are extremely broad, can
never been achieved without wavelength-sel ective elements.

The frequency dependence of the output power of a gas laser has a
characteristic feature: fine adjustment of the laser mode to the centre of
the gain line produces a local minimum in the power output [53]. This
feature, called the Lamb dip, istypical of active mediawith Doppler broad-
ening.

A freguency shift was discovered when the beat spectrum of lasers was
investigated [54]. Laser frequencies are shifted from the cavity
eigenfrequencies towards the line centre, and the beats between the longi-
tudinal modes are less than qc/2L (L is the length of the cavity and gisan
integer). When more than two longitudinal modes are excited, the beat
spectrum exhibits afine structure indicating that the modes are not equally
spaced in the laser spectrum. The spectrum nonequidistancy is sensitive to
pumping power and cavity length.

In Ref. [55] it isfound that the radiation process in the operation of the
helium-neon laser is regular so long as not more than three longitudinal
modes are involved. The degree of nonequidistancy a three-mode spec-
trum depends on the detuning of the strongest mode from the line centre.
The laser action with rigorously equidistant frequencies arises continu-
ously if the frequencies w, and w, converge with w, > «,and discontinu-
ously if these frequencies converge from w, < w,.
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Chaotic modulation of the envelope of laser emission can appear when
a fourth mode is involved. The laser with A = 0.63 um, investigated in
[55], exhibited the three well-known scenarios of transitions from regular
to chaotic self-modulation of intensity as acontrol parameter was changed:
through a sequence of period doubling bifurcations (of the secondary beat
period in this particular case), through the appearance of incommensurate
frequencies (again in the secondary beat frequency) and through intermit-
tency [25,26].

In Refs. [56-58] one can find different statements concerning the
behaviour of multimode He-Ne lasers: three modes are enough for the re-
alization a chaotic regime. However, the talk is about the atomic transition
with a wavelength of 3.39 um, which is distinguished by a much larger
gain. Under the experimental conditions realized in [56-58] the laser can
be attributed to class C rather than to class A.

Another type of phenomenon is demonstrated by dye lasers. Figure 1.8
shows the scheme of the laser used in Refs. [56-58]. The ring cavity of the
laser is supplemented with aretroreflecting mirror to ensure unidirectional
lasing. The active medium in the form of ajet of Rhodamine 6G solution
ispumped by anion argon laser. The dispersive prismisintended for rough
tuning of the cavity. It is seen from Fig. 1.9 that immediately above the
threshold the laser emitsin a narrow line. With an increase of the pumping
abifurcation point is achieved where the spectrum splitsinto two linesthe
distance between which is proportional to the square root of the dye laser
power. The cavity detuning makesit possible to observe bifurcations | ead-
ing to increasing complexity of the line spectrum. The position of the bi-
furcation pointsis also dependent on whether atravelling wave or a stand-
ing wave is used in the laser.

In Refs. [59-61] the modal composition of a CW dye laser output was
not investigated. Meanwhile, the investigations concerned with the real
sensitivity of the intracavity laser spectroscopy method indicate that hun-
dreds of longitudinal modes participate when the laser with anonselective
cavity isin asteady state. A high-resolution scan of the laser spectrum has

Fig. 1.8. Schematic diagram of CW ring dye laser [60]. When the retroreflector mirror is
properly aligned the laser operate unidirectionally
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Fig. 1.9. Spectrum of the laser field
as a function of the pump power for
various cavity alignments [60]: (a)
bidirectional operation at thegain line
centre; (b) the laser isasin (a) except
theretroreflector isaligned to produce
unidirectional operation; (c) uni-
directional operation at the frequency
shifted by 20 A from the centre to the
red.

shown that nearly periodic chirping occurs in the case of travelling wave
[62]. The instantaneous width of the spectrum is small but the centre of
gravity of the mode packet drifts slowly towards the red (Fig. 1.10). The
drift ends in jump-like return of the spectrum to the initial position, fol-
lowed by a new cycle. The period of these spectral chirps is inversely
proportional to the laser power. In this experiment travelling wave opera-
tion was achieved by means of a Faraday cell.

It is possible to observe a regular self-sweeping of the spectrum in a
standing wave laser with ashort concentric resonator if thedyejetisslightly
moved relative to the position of the beam waist [63]. It is shown also in
the work [63] that the period of the mode amplitude pulsations can be
noticeably increased at the expense of the cavity dispersion compensa-
tion. As arule, in a standing wave jet laser is established the regime of
irregular mode amplitude self-modulation (Fig.1.11) with constant total
intensity of radiation [64, 65].

The different behaviour of the total intensity and spectral density of
dye laser emission is also exhibited in the stage of onset of a steady state
after pumping switching. The total intensity reaches the steady state very
quickly, over a time of order T,~10® s while the characteristic time of
spectral narrowing is 102 s or more [64]. Therefore, the dye lasers with
pulsed pumping operate under nonsteady-state conditions.

Periodic antiphase sells-modulation of the amplitudes of counter-run-
ning waves is possible in aring dye laser with two retroreflecting mirrors
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Fig. 1.10. Quasiregular self-sweeping of the spectrum of a unidirectional ring dye laser
[62]: A=1.9 (a); 1.3 (b); 1.15 (c).

Fig. 1.11. Irregular kinetics of the dye laser spectrum [64, 65]: A= 1.30 (a); 1.13 (b); 1.02
().
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[66]. Both periodic and chaotic self-modulation was observed in the he-
l[ium-neon laser under similar conditions [67, 68].

Class B lasers exhibit diverse forms of behaviour. A characteristic fea-
ture is the phenomenon of ‘spike generation’, in which the laser emits a
sequence of isolated bursts. This phenomenon was first discovered in the
experiments with paramagnetic masers [69, 70] but thorough investiga-
tion of it came with the advent of solid-state lasers.

Solid-state lasers operate differently depending on the spectroscopic
properties of the laser medium, the cavity type and the pumping param-
eter. These lasers are subject to mechanical vibrations and the temperature
variation of the laser element. The basic elements of the design of lasers
belong to first generation are amodul e containing alaser rod and pumping
lamps, and a laser cavity is formed by mirrors mounted outside the mod-
ule. A cooling system for the active element and pumping lamps are nec-
essary in high power systems.

Free-running oscillation process of solid-state lasers depends on the
spectroscopic properties of the active medium, on the cavity type and the
pumping. A great influence can be provided by mechanical vibration and
by temperature variation of the laser elements. The basic element of afirst
generation laser isalighter with the laser rod and the flash lampsinsideit.
Sometimes this laser head block is called the quantron. The laser cavity
more often isformed by mirrors mounted outside the quantron. The forced
cooling system for the laser rod and the flash lamps is used when it is
necessary.

The emission from aruby laser with flash lamps pumping at the room
temperaturein acavity formed by parallel plane mirrorsisaseries of spikes.
No regular features are observed in the variation of either the amplitude of
the spikes or the interval between them, nor is there a tendency for the
pulsation damping. The laser start-up is delayed from the time of the pump
switch-on by a fraction of a millisecond necessary to reach the threshold
inversion. The average duration of the spike is about 5-10~7 s while the
peak power of the laser emission can reach 10°-10* W.

If the excess pumping over the laser threshold is small, then only a
small part of the crystal, where the maximum inversion accumul ates through
focusing of the pump radiation, is involved in the laser action [71]. The
emitting spot slightly enlarges with an increase in pumping energy. The
radiation density is distributed nonuniformly within this domain. When
film is exposed to the emission for a long time, simple structures, identi-
fied with the optical cavity modes, are recorded only if the excess over
laser threshold is not great [ 72]. However, the dynamical behaviour can be
more adequately recorded by the methods enabling one to follow the evo-
lution of the optical pattern with time.
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Processes, which last not more than 107 s, can be investigated by a
streak camera, which uses the principle of mechanical scanning of theimage
along afixed piece of film [73]. The shutter of the camerais opened when
required or remains open as long as the exposure. A near field chronogram
of alaser beam, recorded in thisway, isshownin Fig. 1.12. Only avertical
strip of the output beam, limited by the entrance glit of the streak camera,
is shown. The discrete pattern in the horizontal direction indicates that
spikes are generated while that in the vertical direction indicates that indi-
vidual transverse modes are excited. The structure varies from spike to
spike meaning that a change of transverse mode occurs. The fact that there
is a high probability of exciting only one transverse mode in a separate
spike was mentioned by many authors[73—78]. Investigating the nature of
the high angular divergence of the laser emission and of small diameter of
the transverse modes the authors of Ref. [78] inferred that these features
correspond to a spherical rather than a plane-parallel cavity. Optical inho-
mogeneities due to crystal imperfections, which arise when the crystal is
heated inhomogeneneously by the pumping light, have the properties of a
lens. With a lens between the plain mirrors, the cavity is equivalent to a
spherical one. The sphericity is inconsequential only for very large focal
lengths (F > 10° cm). The required high optical quality of the laser rod is
seldom reached to avoid this effect, so that the term ‘ plane-parallel reso-
nator’ has a purely nominal meaning when applied to solid-state lasers.
When the lensing property of the laser rod is compensated, the mode di-
mension approximates the crystal diameter and the beam divergence de-
creases to the diffraction limit [79].

Investigation of the spatial structure of the emission of a ruby laser
with a plane-parallel cavity confirms that the transverse mode pattern is
unstable; study of the optical spectrum offers a similar conclusion con-
cerning the longitudinal modes. The total width of the spectrum isaslarge
as a few tenths of an angstrom so that high-resolution Fabry—Perot inter-
ferometers can be used to observeits structure. Thelight transmitted through
theinterferometer forms aring interference pattern in thefar field zone (in
the focal plane of alens). The number of rings within free spectral range
coincides with the number of longitudinal modes involved in the laser ac-

Fig. 1.12. The beam profilein the near-field zone of aruby laser with plane-parallel cavity.
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tion. Generally, tens of longitudinal modes are excited during each flash.

Selection of the longitudinal modes is evident in all cases where the
cavity has a few parallel reflecting surfaces moderately inclined to the
mirrors. The ends of the laser rod, the surfaces of the mirror substrates are
examples of such surfaces. The parasitic selection is absent when the cav-
ity mirrors are fixed directly to the ends of the active element. To avoid
parasitic selection in the case of external mirrors the ends of the laser rod
are cut at Brewster’s angle and the mirrors are deposited on wedged sub-
strates. The laser mode spectrum is also sensitive to the position of the
active element and to the pumping distribution over its length [80].

A chronogram of the interferogram also can be obtained using a streak
camera[73, 81-84]. Specifically, only anarrow band of the ring pattern of
the interferogram (within the entrance slit of the camera) is recorded. The
analysis of spectrochronograms like those in Fig. 1.13 has shown that the
spectrum of an individual spike is formed by fewer modes than observed
overall during the flash, but the collection of modes changes from spike to
spike.

Variations in the pumping power do not influence the process and change
only the peak power and the number of spikesin aflash. Lengthening the
cavity has greater impact. When the cavity length exceeds 10 m the spik-
ing become ordered [85] and remains regular up to the maximum achieved
length of 400 m [86]. Such a base can be obtained when the delay optical
lineisinsidethe cavity. The spike duration increases with the cavity length.
When the latter is extremely large only a single spike can be emitted; its
envelope displays modulation with the intermode beat frequency.

Ruby lasers are very sensitive to cavity misalignment. An increase in
the angle between the mirrors raises the laser threshold [87, 88], increases
the time interval between spikes and increases their amplitudes [89-91].
The process seemsto be more orderly than the spike generation in a plane-
parallel cavity.

Fig. 1.13. Spectrochronogram of aruby laser with a plane-parallel cavity.
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An orderly laser action can be achieved in aruby laser with a spherical
cavity. Regular damped pulsations, which lead to eventual constant power
output, are observed in confocal, concentric and similar cavities [83, 92—
96]. The damping rate of regular pulsations is sensitive to the pumping
power [85, 97] and the cavity geometry [95, 98]. Being maximal with con-
centric arrangement of the mirrors, the damping rate reduces as the ratio
of the cavity length to the curvature of the mirrorsisreduced. The absence
of avisible transverse beam structure in the near field zone indicates that
alarge number of transverse modes are excited. The spectral width is re-
duced from a fraction of Angstrom in the first spike to a small value re-
tained thereafter, but the centre of gravity of this narrowed spectrum is
continuously shifted. Although the overall output power is constant, the
laser action is not rigorously a time-independent process since each indi-
vidual mode amplitude is subject to chaotic modulation variations [96],
resembling the dynamic behaviour of dye laser.

In many experiments it is found that undamped regular pulsations can
occur [85, 97, 99-104]. They feature a wide (tenth of an Angstrom) opti-
cal spectrum, which does not change during lasing. Any interruption of
the pulsation regularity is accompanied by a narrowing of the spectrum
[105]. Theregular pulsations correspond to a homogeneous distribution of
intensity over the beam cross-section, which is reproduced from spike to
spike [93, 97, 102, 105].

The correlation between the regularity of pulsations and the number of
lasing modes is not casual. Thisis proved by the experiments with mode
selecting elements inside the cavity. A decrease of the number of excited
modes breaks unambiguously the regular process regardless of whether
transverse [106] or [107] longitudinal modes are selected. However, if the
mode discrimination is very strong, then the laser dynamics becomes or-
dered again as in a single-mode laser, see for example [108, 109].

The laser action is rather regular when parasitic selection of longitudi-
nal modes is avoided and a single transverse mode is present [97, 102,
105].

The wide range of possible behaviours of aruby laser is apparent when
one uses a concentric cavity misaligned by a few angular minutes [110,
111]. The lasing may have the form of spikes that follow in regular time
intervals. The beam structure in the near-zone indicates that a few high-
order transverse modes are excited. The emission frequency isfairly stable
and the spectrum is narrow.

The laser emission process bears an imprint of many physical factors.
The crudest of these factors are technical fluctuations of the parameters.
In flash-lamp pul sed lasers mechanical vibrations of the rod are caused by
switching the lamps. Vibrations of other cavity elements can be produced
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by external sources. The way the coolant passes over the laser rod is also
important. The effects of bending vibrations of the rod in the form of am-
plitude modulation with a frequency about 10 kHz can be significantly
reduced by careful choose of the size and position of the diaphragms on
both sides of the active element [112, 114, 115]. Thisis also used to avoid
the effect of variation of thermal lensin the rod. Vibrations of the mirrors
and other elements can be reduced through mechanical decoupling and
increased rigidity of thejoints. Animportant roleis played by careful align-
ment of the mirrors and elimination of the intracavity reflecting surfaces
parallel to them. Therefore the ends of the laser rod are oriented at
Brewster's angle, or they are antireflecting coated for a small angle of
incidence.

The result obtained after taking these measures of passive stabilization
of laser is apparent in Fig. 1.14. The spiking is retained but the degree of
order is noticeable increased. Although the emission spectrum isinitially
broad, it is soon contracted so that thereafter one longitudinal mode is
involved in each spike. The change of modes from spike to spike corre-
sponds to the change of laser frequency by discrete steps depending on the
cavity filling factor and the position of the laser rod [112, 113]. The self-
frequency tuning rate can exceed several times the thermal drift of the
ruby gain line.

The laser operation is also influenced by the spatial modulation of the
inversion caused by the laser field. This produces a stronger differencein
gain of the modes and therefore a higher discrimination among some of
them. For longitudinal modes this factor is absent in travelling-wave la-
sers. However, if the modes are standing waves then their equal rights can
be ensured only by continuously changing the localization of nodes and
antinodes.

Fig. 1.14. Temporal characteristics of aruby laser operated at the fundamental (TEqu)
mode of a plane-parallel cavity under the conditions of passive stabilization of the device
[114]: (a) oscillogram; (b) chronogram of the far-field zone of the laser; (c, d) spectrum

chronograms without and with longitudinal mode selection.
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One way to smooth the induced spatial inhomogeneities of inversion is
to provide movement of the laser rod. Experiments with a ‘running me-
dium’ [116-123] showed that the spike-free operation of a ruby laser is
possible when the ruby rod moves with a velocity exceeding 20 cm/s.
Single-frequency emission is ensured when the velocity is greater than 50
cm/s. A side effect of the moving medium is a ‘kinematic modulation’
with a frequency proportional to the velocity of the rod. The point is that
the end of the rod parallel to the mirrors occupies equivalent positions at
intervals equal to A/2 as it moves along the cavity axis. The Q-factor of a
composite cavity oscillates with the Doppler frequency 2awU/c. Thisis ex-
hibited as an amplitude modulation of the radiation in the spike-free mode
of operation.

The standing wave pattern also can be moved along the active medium
by displacement of one of the cavity mirrors[124, 125], but again thereis
aside effect: ascanning of the cavity eigenfrequencies. However, the com-
pensated phase modulation is free of such drawbacks[114, 126-134]. The
optical length of the gap between the active element and the mirror is con-
trolled with an electrooptical phase modulator. When identical KDP or
DKDP modulators are located on each side of the rod and control voltages
are antiphased. Unlike the ‘running medium’ method, this procedure re-
quires Brewster’s angles on all interfaces inside the cavity.

Using the methods of smoothing of the longitudinal inhomogeneitiy
together with passive methods of cavity stabilization, a ruby laser can be
switched to damped regular pulsations (Fig. 1.15). During the transient
process the spectrum is reduced to one longitudinal mode, then the modes
alternate with the thermal drift velocity without any pulsations.

The same methods of |aser stabilization were applied to Nd: YAG lasers
[114, 135, 136] but the result was slightly different. To obtain spike-free
lasing it is sufficient to take steps to avoid the mechanical and the thermal
instabilities. Steady-state multimode operation is established after the usual
transients (Fig. 1.15). Smoothing of the spatial inhomogeneity of the in-
version does not produce any radical changes.

Passive methods of protection against technical fluctuations are suffi-
cient to cancel the intensity pulsations in neodymium glass lasers as well
(Fig. 1.16). However, the glass laser spectrum has a different structure
compared with lasers that use crystals. Thisis explained by the inhomoge-
neous broadening of the spectral lines of impurity ionsin glass. A charac-
teristic feature of the evolution of the spectrum of laser operation with
Nd:glassisthat it splitsinto discrete bands. An increase of the number of
these bands is accompanied by the growth of the pumping power. Thiswas
first noted in Refs. [138, 139]. A similar behaviour in dye lasers has been
mentioned above.
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Fig. 1.15. Same as Fig. 1.14 but with the compensated phase modulator switched on.

Fig. 1.16. Temporal characteristics of silicate neodymium glass laser with aplane-parallel
cavity (TEMOOE| mode) under the conditions of cut-off of the short-wave component of
pumping light: (a) oscillogram; (b) chronogram of the far-field zone; (c)
spectrochronogram.

We should mention one more feature of the dynamic behaviour of a
silicon neodymium glass laser, namely the dependence on the spectrum of
the pumping light [140-144]. The process shown in Fig. 1.17 occurs when
the pumping spectrum components are cut off by short-wavelength light
filters (A < 420 nm). Such filtering prevents the formation of some colour
centres in the glass which play the role of saturable absorber. If the whole
spectrum of a xenon flash lamp, including the ultraviolet wing penetrates
the active element, then the lasing takes a form of undamped oscillations
(Fig. 1.17).

Spike emissionisalso characteristic of semiconductor lasersto the same
extent asit is of the solid-state |asers mentioned above. The fact that such
spikes were discovered several years after the advent of diode lasers[145]
can be explained by the higher frequency of pulsations. The main features
of the spiking of GaAs homo-structured lasers were found in Refs. [145-
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Fig. 1.17. Dependence of the dynamics of silicate neodymium glass laser with a spherical
mirror cavity on the spectral composition of pumping. The optical density of thefilter that
absorbs the short-wave part of the pumping spectrum increases from (a) to (c) [137].

152]. Amplitude oscillations were discovered under both pulsed and con-
tinuous pumping. The modulation depth and frequency, and the orderli-
ness of the pulsations depend on the diode temperature and the excess of
the injection current over threshold pump level. Near the lasing threshold
the modulation is shallow or absent. The most regular pulsations appear
for al.1to 1.4-fold excess over the threshold [148]. Increase in the injec-
tion current leads to a sacrifice of regularity.

The degree of the orderliness of the pulsations correlates with the field
structure in the near-field zone. Because of crystal inhomogeneities the
light in the active region of an injection laser can break up into filaments.
Theintensity pulsations of individual filaments, which act as independent
laser, are not synchronized [145]. The experimental data concerning the
relation between the form of the optical spectrum and the dynamic mode
of operation, proposed by different groups of researchers, are in strong
disagreement. This is an indication that different pulsation mechanisms
exist.

Undamped pulsations are al so observed in hetero-structure lasers[147].
For these lasers the injection current must exceed the threshold value by a
factor of 1.5-2.0. Damped pulsations are observed for lower pumping lev-
els. The period decreases as the injection current density and temperature

1A much more detailed list of referencesis given in [152, 153].
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are increased, and the period growth as the cavity length increases. Typi-
cal spike durations are (1-5)x10° s. The ratio of the duration of indi-
vidual spike to the spike repetition period is 0.2-0.4 [148].

Carbon dioxide lasers, which also belong to class B, do not show the
same tendency towards spontaneous spiking. Observation of instability in
a standing wave laser was reported only in [155, 156].

Other specific features are observed in the behaviour of class B lasers
with ring cavities. Time-dependent processes of two types can be observed
inaCW Nd:YAG ring laser provided spikes are avoided. The process of a
first kind is the antiphase harmonic self-modulation of counter-running
waves, whose frequency is close to the relaxation oscillations frequency
[157-161]. A slower process of the second kind (Fig. 1.18) is arepetitive
reversal of the laser direction [157, 158, 161]. Switching from one mode
of operation to another can be achieved by cavity realignment. Both of
these self-modulation processes occur for a single-frequency laser spec-
trum. If several frequencies occur in the spectrum, then the spike genera-
tion tends to be there.

The self-modulation regime of the second kind was also recorded in
experiments with a CO, laser [162, 163]. This process could be obtained
by detuning the cavity eigenfrequency from the gain line centre. Mean-
while, depending on the gas pressure, the discharge current and the
detuning, other time-dependent processes can be observed in a CO, laser
including synchronousintensity pulsations of both waves, having the form
of short pulses.

The solid-state lasers of new generation differ from their predecessors
mainly by the pumping scheme. The laser light sources are used for this
purpose: semiconductor [164] or sometimes ion gas lasers [165] rather
then flash lamps. A scheme of a solid-state laser with longitudinal pump-

Fig. 1.18. Intensity oscillogram of one of the waves generated by an Nd: YAG ring laser in
the self-modulation regime of the second kind.
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Fig. 1.19. Scheme of a Nd:YAG laser pumped by a semiconductor diode laser along the
Fabri—Perot cavity axis[164]: 1-laser diode; 2-matched optics, 3—-pumping beam; 4—-mirror;
5-laser rod; 6—mirror; 7—output radiation.

ing by means of adiode laser is presented in Fig. 1.19. The advantage of
laser pumping isanarrow spectrum, which can befit to the absorption line
of the active medium. Dueto this high efficiency of the pumping and weak
heating of the active element are achieved. One more feature of the mod-
ern solid-state lasers is monoblock construction of the laser with mirrors
at the ends of the active rod. The miniaturization of the laser resultsin a
small number of lasing modes that is very convenient for dynamic investi-
gation. Also the choice of the laser crystals is now much wider.

Diode pumping provides a much more stable laser operation than the
flash-lamp pumping even without application of special measures. The
CW spikeless oscillation is characterized by the level of fluctuations close
to its natural limit. The dynamic features are exhibited as the resonance
peaksin the power spectrum (spectrum of intensity fluctuations). The spec-
tra of fluctuations of both the total intensity and individual modes of a
laser with avery short cavity are shown in Fig. 1.20. The spectrum of laser
oscillations consists of threelongitudinal modes. There are three resonance
peaks in the power spectra of the individual modes, while only one peak
on the highest resonance frequency is seen in total intensity spectra. These
experimental data have been confirmed in other works [166, 167]. They
testify to existence of relaxation oscillations, the number of whichis equal
to the number of excited cavity modes, at least, if the number of the modes
is not too large. All the relaxation oscillations except the high-frequency
one belong to antiphase dynamics. That is why they do not exhibit them-
selvesin the total intensity. Various types of relaxation oscillations can be
seen also in a direct experiment by monitoring of the intensity of genera-
tion.

From the point of view of the spectrum, the fibre lasers are antipodesto
the miniature solid-state lasers. The large cavity length and broad inhomo-
geneous gain lines promote the oscillation of avery large number of longi-
tudinal modes. However, the most striking features of the fibre lasers are
connected with the random orientation of the active centres in the fibre
host and with always present birefringence. These features are exhibited
in polarization laser dynamics. By separating at the laser output a compo-
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Fig. 1.20. Power spectra of total intensity (a) and of individual modes in the order of
decreasing intensity (b,c,d) of LNP laser pumped by an argon ion laser [165].
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nent with one of eigenpolarizations and analyzing its power spectrum, itis
easy to see two resonance peaks while in the total intensity there is only
one peak. The situation is similar to that in a two-mode laser. So, we can
speak about the ‘polarization modes’ in spite of the fact that each field
component with a fixed polarization contains a lot of longitudinal modes
[168-170]. The dynamical effects of switching of the polarization states
have been observed in semiconductor lasers, in particular, in VECSEL's
[171, 172].

Comparing the experimental results for the lasers with the ring and two-
mirror cavities, it is possible to note a sufficient feature: the number of
resonance peaks in the power spectra of the latter does not exceed, with
rare exception, the number of lasing modes, whereasin ring lasers we have
three different types of relaxation oscillations though the number of lasing
modesisonly two [173, 174]. In lasers with the Fabry—Perot cavities such
situation is possible only when there are modes with close enough
eigenfrequencies, for example, in fibre lasers with a weak birefringence
[169, 170].

Turning to class C lasers we should note that aring version they admit
of the same types of competition between counter-running waves as class
B lasers. This was demonstrated using, as an example, a*®*NH, laser with a
CO, laser as the pumping source [175]. Besides the amplitude measure-
ments, the phase measurements are also presented in [175]. The result re-
lated to self-modulation of the second kind isgivenin Fig. 1.21. The change
in slope of the phase indicates that the laser frequency is switched be-
tween three discrete values as the mode intensity rises, falls and is kept at
its maximum, respectively.

The experimental setup isshownin Fig. 1.22. Thering cavity isformed
by three reflectors of different types. A concave opague mirror M, is
mounted on a piezoceramic to control the cavity perimeter within a small

Intensity

Time

Fig. 1.21. Time dependence of the intensity and
phase of one of the waves of a ring ammonia
laser (A= 153 pm) in the second-order self-
modulation regime. The phase scale reads to
71. The frequency shift in the areas of intensity
rise and fall with respect to frequency at the
maximum is +28 and —38 kHz, respectively
[175].

Phase

Time
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Fig. 1.22. Experimental setup showing an ammoniaring laser [175]: M—mirror; Gr—grating;
P—aperture of CO, spatial filter; BS-pumping CO, beam stop; L—lens; D—diaphragm; SD—
Schottky barrier diode detector; K—klystron.

range. The pump radiation is introduced into the resonator by the first
order diffraction of a 10 pm grating, which simultaneously plays the role
of the ring cavity mirror M,.. The far-infrared laser radiation outcoupling
is by means of a partially transmitting gold mesh M. Recording of laser
radiation generated both in the pumping wave and opposite direction is
provided. The cavity is placed into avacuum chamber, in which arequired
ammonia pressure is maintained.

The feature of basic importance is the heterodyne detection of the laser
field carried out by mixing with the high frequency harmonics of aklystron.
This method givesinformation on the field amplitude and phase dynamics
while homodyne detection is informative only of laser intensity.

Unlike the other types of lasers, class C lasers are able to demonstrate
instabilities due to the coherent interaction of the laser field with the atomic
system, not associated with mode coupling. Ideally, the model of asingle-
mode, homogeneously broadened, travelling-wave laser, as Haken showed
[176], is isomorphic to the famous Lorenz model [177], which initiated
the study of deterministic chaos in the nonlinear dynamics of dissipative
systems. The tenacious attempts to reach thisideal have been crowned by
the experimentswith far infrared ammonialasers pumped by shorter-wave-
length molecular gas lasers [23, 37-39, 178-186]. The unique feature of
this type of lasers is that a large excess over the laser threshold can be
achieved when the gain linewidth is less than the cavity passband. The
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spectral homogeneity of the gain line is ensured by selective excitation of
the gasmoleculesin thefield of amonochromatic travelling pumping wave
[187]. If the frequency of the pump does not coincide with the absorption
line centre, then the laser medium can interact only with one of the two
counter-running waves.!

Since probability of spontaneous emission is small for submillimetre
wavelength, the main contribution to the homogeneous linewidth is the
gaspressure. Thereisapressure range of composite (10*-102 Torr), where
the linewidth (10°-10°¢ Hz) is combined with the possibility of obtaining a
high gain.

Besides the fact that they proved the existence of a dynamic instability
threshold, the experiments with an **NH, laser showed that (a) this thresh-
old is high enough, (b) finite-amplitude regular pulsations are established
once thisthreshold is exceeded, (¢) chaotic behaviour is achieved through
a series of period-doubling bifurcations with an increase in pumping in-
tensity, (d) the spectrum recorded by heterodyne detection of the laser field
may or may hot have a carrier frequency depending of combination of
parameters (gas pressure, pumping power and pumping frequency), i.e.
amplitude modulation or beats can occur.

A slightly different behaviour is exhibited by an **NH, operated at A =
81.5 pm and pumped by an N, O laser. When the cavity istuned exactly to
the gain line centre and the pumping exceeds the instability threshold, the
laser exhibits chaotic pulsations, which are typical for the Lorenz system.
When the detuning between the cavity mode and the gain line is large
enough the pulsations are regular. The route to chaos as the cavity tunes
towards the line centre depends on the gas pressure. There is period dou-
bling (Fig. 1.23) in the domain of 5.5-9 Pa[182, 183, 186], while one can
observe intermittency if the pressure is lesser [184, 185].

Discussion of the experiments with ammonia FIR lasers will be contin-
ued in Section 3.5.4.

The instability of a steady-state operation was observed in other gas
molecule FIR lasers with optical pumping such as a CH,F, laser withA =
117 pm [35], a CH,F laser with A = 496 um [188], and a HCOOH laser
with A = 742 um [189]. The self-modulation regimes, including the cha-
otic ones, were obtained also in apulsed ammonia (A = 12 um) laser pumped
by a TEA CO, laser [181, 190-193]. Unlike the CW FIR lasers, in this
case the pressure in the ammonia cell was kept at a higher level of 1to 10
Torr.

Inhomogeneous line broadening lowers the instability threshold [194],
making it easier to achieve undamped pulsations in a free-running laser.

Therefore, it does not matter what cavity, either ring or Fabry-Perot, is used.
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Fig. 1.23. Transition to chaos through
period doubling with decreased detuning
of an NH, laser operated at a wavelength
N _ of 81.5 um. The detuning diminished from
001 2 3 4uMHz 0 1 2 3 4 MHz (a) to (f) [178].

Thiswas first found in the operation at a xenon laser at a wavelength 3.51
pm [1,195,196]. Meanwhile, more freedom is given to experimental deal-
ing with a helium—xenon laser due to the possibility of controlling the
relationship between the homogeneous and inhomogeneous broadening of
Xe, as mentioned above. On the transition in a He-Xe laser the instability
and other bifurcations were established in Refs. [197, 198]. The dynamic
instability threshold was reached also at A = 3.39 um in a He-Ne laser
[31].

Some regular features were revealed by investigation of aring He-Xe
laser, in which the travelling-wave regime is ensured using a Faraday iso-
lator [32, 199]. The results of the experiment are given in Fig. 1.24. Our
attention is engaged by the low instability threshold and the similar
behaviour of the laser when the pumping is changed and when the cavity is
tuned. On the route to chaos, a subharmonic component, indicative of the
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Fig. 1.24. Laser power output vs (&) relative excitation for laser tuning near the peak
power output and (b) cavity detuning for gasfillings at 70 mTorr of xenon and 380 mTorr
of helium [32]. Qualitatively different regions of constant intensity output (CW), of periodic
pulsations with fundamental (T) and double (2T) periods, of quasiperiodic (2F) and chaotic
(C) pulsations are shown.
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period doubling, first appears in the spectrum and then a component with
incommensurate frequency isinvolved. In[32] it isalso found that an in-
crease of the partial helium pressure and, therefore, of the homogeneous
broadening of the gain line in the mixture leads to an increase of all bifur-
cation points of the discharge current as a control parameter. Using optical
heterodyning it has been found that pul sations are possible both when the
field spectrum has a pronounced central component and when the side
components dominate.

Experimentalists have paid much attention to the investigation of the
dynamic behaviour of standing-wave He—Xe lasers [197, 198, 200-202].
The bifurcation pattern in this case showsincreased complexity, especially
near the Doppler line centre where the holes, burned out by counter-run-
ning waves, overlap. The main tendencies revealed in these experiments
can be formulated as follows:

—the steady-state instability threshold is lowered as the degree of inho-

mogeneous broadening increases,

—two types of time-dependent processes are observed; there are either
smooth pulses or repeated damped pulse trains;

—the diverse scenarios of transition to chaos are possible; the transition
from one regular regime to another through an intermediate strip of
chaos is natural.

All these experimental facts concern only the free running lasers. They
give an outline of each dynamic class. Missing details will be added as
required. Knowledge of the general pattern of behaviour showswhich meth-
ods of controlling the laser behaviour are reasonable in each particular
case and help prediction of the results. Through this discussion we have
indicated theoretical approaches to laser description that are needed for
different phenomena.
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Chapter 2

Basic Equationsfor the
Dynamical Behaviour of Lasers

A self-consistent set of laser equations includes equations for the electro-
magnetic field and the equations describing the state of the medium, which
interacts with this field. The complete set is often called the Maxwell-
Bloch equations. Roughly the same form, now used in laser dynamics, of
this semiclassical set was first written in 1957 by Fain [203] and in 1959
by Oraevsky [204]. In their most general form, these equations are too
complicated for all but numerical simulations so that in particular situa-
tions one has to use radical simplifications.

There are many versions of the laser equations and some of them will
appear in the next chapters. This chapter must give an idea of the main
principles of simplifications of the Maxwell-Bloch equations, which make
it possible to obtain the dynamical models of specific lasers.

2.1. Equationsfor the Electromagnetic Field
It iswell known that a classical description of the electromagnetic field is

fully justified for the dynamics of most phenomenain macroscopic lasers.
Therefore, we will use Maxwell’s equations as a basis:

_ 10B _4m 10D
(8) OxE= P (b)DXH—T"‘EE’ (2.1)
(c) O =0, (OB=0
The material equations will be written now in the usual form:
(@ j=0E, (b)B=H+4mM, (c)D=E+4mP. (2.2)

Conductivity oisindicative of the bulk losses in the medium. Magnetiza-
tion M and polarization P both split, in general, into two parts. The first
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part accounts for the nonresonant contribution of all the molecules (at-
oms) of the medium (the host) and can be presented as
_€e-1 _u-1

P, A E, M, - H. (2.3)
In what follows we will consider only nonmagnetic materials for which
K = 1. Generally speaking, the dielectric constant of the medium can de-
pend on the total intensity but the nonlinearity will not be taken into ac-
count for awhile. The second part, at least for the polarization component,
is solely due to the resonant interaction of the field with the active me-
dium. Thisterm is of great interest and the governing equations for it will
be discussed below in Section 2.2.

2.1.1. Wave Equation

Consider the electromagnetic field in a weakly absorbing dielectric with

active impurity atoms, which have transitions between the energy levels,

which are assumed to be allowed under electric dipole approximation.
Differentiating Eqg. (2.1b) with respect to time, we substitute the values

0H/ot from Eq. (2.1a) and j from Eq. (2.2a). Bearing in mind that B=H,

we arrive at

4o dE 1 0°D

OxOxE=0(0F)-0%E=- — - (2.4
( ) C2 at C2 atZ ( )
Using Eq. (2.2c) we can write electric induction D as
D=E+4n(P,+P) =¢(E+4mP/¢)
and transform Eq. (2.4) to
4o 0E | £ 0° ATP
O’E-O(O(E) = I
(OE) c® ot c’ot’g € @ (2:5)

If the medium is spatially homogeneous, then [{[] -E) by virtue of Eq.
(2.1c). Saturation effects slightly complicate the matter since the field in-
homogeneities lead to an inhomogeinity of the medium. However, quan-
tum electronics operates with wave beams of the form

E(r,t) = E,(r,t)exp[-i(wt —kz)],
(2.6)

P(r,t) = P,(r,t)exp[—i (et —kz)] .
The complex amplitude is a slowly varying function of space coordinates
and time, so that Egs. (2.6) describe a monochromatic wave beam of lim-

ited, although large compared to the wavelength, cross-section, which
propagates along the z-axis. Saying ‘slowly varying’, we mean that the
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scale of time for variation in phase and amplitude greatly exceeds the os-
cillation period and the characteristic scale of the spatial structure of the
beam is much larger than the wavelength. This last fact and the fact that
the wave is transverse suggest an inequality

O(0OE) << O°E
The possibility of neglecting the term O(CJ-E) in the wave equation,
describing the propagation of awave beam in aweakly nonlinear medium,
was shown in [205, 206]. The slow variations of the wave amplitude and
phase lead to the inequalities
1 oE,
E, ot

which make it possible to discard, by differentiation, afew terms:

1 O,

<<k
E, o0z ’

PE = H2E, —K%E, + 2ik 0 Foxpl—i(at - k2)]
0 0z O ’

oE . .
5 = -k, exp[-i(at —kz)] ,
(2.7)
. OE .
= —EwZEO +20e Eexp[—l (at—k2)]
0°P :
5 —w*P, exp[—i(at —k2)] .

Inserting Egs. (2.7) into the wave equation (2.5), we arrive at a parabolic
equation

DéEﬁZi@(an w OE, H+4non +% kz% 47103

0z c? ot 0

(2.8)
The latter assumesits simplest form when the field and the medium can be
considered homogeneous in a plane perpendicular to the wave propaga-
tion direction and when the dispersion law w= c’k isvalid:

0E, 10E, 2
+= E =271 — P
0z ' ot c'e c'e (2.9)

Here c’is the velocity of light in the medium.
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The fact that ¢ is different from unity is disregarded quite often in the
laser theory. From Eq. (2.9) it is seen that a transition from the case of an
atomic system in vacuum (& =1) to the case € # 1 is possible through the
substitutions:

cC -C,o0- deP, - PJe (2.10)

Also, the wave equation retains its form if the active molecules have a
relevant magnetic dipole transition. In Eg. (2.5) one should substitute E
by H and P by M and remember that magnetization is independent of «.

2.1.2. Modal Decomposition

Thefield expansion in eigenfunctions (modes) of the laser cavity (see, for
example, [207, 208]) aims at reducing Egs. (2.1) to a set of ordinary dif-
ferential equations. Rigorously speaking, the degree of the resultant equa-
tionsisinfinite. AlImost always, however, it is possible to restrict oneself
to a finite number of equations since there are a finite number of excited
modes.

If the eigenfrequencies and eigenfunctions of the cavity are known, the
problem is easy in principle. However, the eigenvalues problem is usually
solved not for areal but for asimilar ideal cavity. For a closed cavity the
approximation means that the losses are fully neglected. Actually, the real
boundary conditions on the metallized (S)) and the open (S, areas of the
surface are replaced by the ideal ones:

(nxE)g =0, (nxH)g =0. (2.12)

Here n isaunit vector normal to the surface. The conductance of the me-
dium in the cavity is represented as a superposition of the eigenfunctions

E(r.t)=> eME, (), Hr.H=>hOH, ). (212
Thefunctions E,(r) and H,(r) are orthogonal and satisfy the normaliza-
tion conditions

L E,E.dV =V,9,,, L H,H,dvV =VJ,, . (2.13)
Theideal cavity functions themselves satisfy the equations
O°E, +k’E, =0, [O°H, +k’H, =0, (2.14)
and the time-dependent expansion coefficients satisfy the equations
d’e d*h )
TZAW;GA =0, Tf“"“m =0. (2.15)
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The latter oscillate harmonically with frequencies w,, = k,c. Bearing
thisin mind, it is easy to obtain from Eq. (2.1) another pair of equations,
which links the eigenfunctions:

OxE, =ik,H,, OxH, =-ik,E,. (2.16)

We now turn to free oscillations in areal cavity. In the absence of ap-
preciable bulk losses, the field in such a cavity can be approximated by a
series (2.12) over the functions of an appropriate ideal cavity. The distin-
guishing features due to the difference of the boundary conditions from
Eqg. (2.11) will be seen when the other functions are expanded. In order to
find the expansion for [Jx E we make use the vector identity
O(ExOxE,)=(O0xE)OxE,)-EMxOxE, =ik,H, MxE-k’EE,.

Integrating this identity over the volume and using the Gauss diver-
gence theorem we arrive at

[LN(EXH,)dS= [ H, (OXE)AV +iV.ke, .

Bearing in mind that only the metallized areas of the boundary contrib-
ute to the surface integral we find

1 : 0. 1 0
DXE_\ZXHALHA(DxE)dV_zHAErlkAeA +\7CJ'§(an)HAdSE[

(2.17)
In the similar way, it is easy to see that the relation

[ 1 O

isvalid. In the transition to an ideal cavity the surface integrals in Egs.
(2.17) and (2.18) are zero since the boundary conditions (2.11) are true.

Introducing the expansions (2.12), (2.17) and (2.18) into Egs. (2.1) and
making use of the orthogonality relations (2.13) we get

de, : _c
E+47T(EA ick,h, —\TCJ’SZ(nXH)EAdS,
(2.19)
dh, . __¢C
S ick,e, = VCJ’%(nXE)HAdS-

Then, differentiating the first equation with respect to time we elimi-
nate the function dh, /dt with the aid of the second equation and arrive at
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d’e, de, L., _ .ck, cd
e +4naE+c ke, =-i v Ia(nXE)HAdSJr\TC&ISZ(nXH)EAdS'

(2.20)

We now transform the integral over the surface S, where Leontovich’s
boundary condition [209] is fulfilled,

nxE=27H, (2.21)

where Z denotes a surface impedance equal to (u/&)"? for a metal. Ex-

pressing the field H in the form of series (2.12) we substitute Eq. (2.21)

into Eqg. (2.20). Accurate to negligible terms, from Egs. (2.19) it follows:
h, =—(i/ck,)de,/dt and, therefore,

ic’k, _ck, e, /dt
VC J’SL(I'IXE)HAdS VC ZZ ku J.SLHAH“dSE' (2.22)
The term on the right-hand side with p = A yields the damping of free
oscillations of the A-th mode, which is caused by the absorption in the
cavity walls. The other terms have the sense of driving forces acting on a
given mode from caused by all of the other modes. This mode coupling
through the absorbing boundaries results from the use of the set of
eigenfunctions of an ideal cavity for the field expansion in areal cavity.
A linear coupling between the modes of areal cavity is absent if the
basis functions possess the orthogonality property on the walls:

IslHyH/\dS: 19, . (2.23)

The condition (2.23) is satisfied, for example, for the modes of a rect-
angular cavity. Even without an orthogonality relation, however, the
decoupling of Egs. (2.20) is promoted by the fact that the eigenfrequencies
are not equal. If the frequency spacing between the modes exceeds the
passband of the individual mode then the mode interaction can usually be
neglected. Hence, we can retain one term with p = A in Eq. (2.22). When
the mode coupling is appreciable, the basis system of functions is inad-
equate for the cavity in question. The quantity

V.k
Qs = Z(|H A|2 ds
Is A

represents the cavity Q-factor due to the absorption by the walls of the
cavity. Using the Q-factor, we write the right part of Egs. (2.22) as
(0 /1 Qg )de /dt .

In exactly the same way we can make use of the integral over the sur-
face S,, which enters Egs. (2.20), and write
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wde
nxH)E,dS=—2—%
thI( ) . dt

The Q-factor of mode coupling, Q_, describes the cavity losses from
emission through the holes in the cavity walls.

The only thing that remains to be done is to introduce the notion of
Q-factor for the bulk losses in the medium within the cavity,

Q/:

and the notion of the net Q-factor,

wc)\
4o’

1
Qs—l +Qc—l +Qv—l .
and then to rewrite Egs. (2.20)

Q= (2.24)

2
d’e, L+ W de, N
dt*>  Q,
Its solutions are the oscillations damped at a rate

w,e, =0, (2.25)

wC
2Q°
Also, we should follow this scheme to obtain an equation describing the

oscillations forced by the laser medium in the cavity. Using the expan-
sions (2.12), (2.17) and (2.18), Egs. (2.1) can be reduced to

d’e, LWy ey, _ 471‘L d? Pec
da’> Q, &t dt?

The problem of excitation of open resonators is formulated somewhat
differently [210]. The specific features are exhibited in the boundary con-
ditions, which are defined not on a closed surface but only on the reflect-
ing areas (mirrors). We should add the condition that specifiesthe field at
infinity. An admissible approximation, which can be used when the
eigenfunctions are sought, isto neglect the losses at the mirrors. The emis-
sion from the space between the mirrors should by no means be neglected,
since for this reason all the eigenmodes of the optical cavity are damped,
and they fall into two groups according to the damping power. Thereis a
relatively small group of weakly damped modeswith low diffraction | osses.
They are of greatest interest and should be distinguished in the field ex-
pansion

K =

(2.26)

E,dV . (227

E= ze)\ (DE, (1) + Egap -
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Theterm E damp FEPrESENtS & group of strongly damped modes and this
continuum can be omitted in what follows.

Following in the main the same procedure as in the case of a cavity
resonator but remembering that the integration refers only to the surface
S, and that radiation damping (diffraction losses) is taken into account
through the complexity of the eigenfrequencies, we again arrive at Egs.
(2.27). By w,, we denote the real part of the eigenfrequency, the imagi-
nary part of whichisincluded into Q . . The net Q-factor of an open reso-
nator consists of three parts describing the diffraction losses and the mir-
ror losses. The latter include, besides the absorption in the mirror mate-
rial, the removal of some of the field for its intended use. Decoupling of
the equationsis possibl e since the modes of open resonators, which have a
different transverse structure (transverse modes), satisfy the condition of
orthogonality at the mirrors while the modes differing in the number of
half wavelengths between the mirrors (longitudinal or axial modes) are
well spaced from each other in frequency.

Deriving Eqg. (2.27) we take into account the corrections to the eigen-
values of the frequency of an ideal resonator. Corrections to the
eigenfunctions are absent in this approximation.

Since the field damping in acavity is small and the exciting sources are
of moderate intensity, it is possible to single out a small parameter
U =w/Q and to present the equation in the form

d’e, . [de, Q, . d’P 0
+w.,e =- - E. dv
dtZ CcA A l‘l Edt (A)c)\ -[/C dt2 A E (228)

Its solutions are nearly harmonic oscillations with aslowly varying am-
plitude and phase [211, 212]

e, =S[F Oep(-ia) rFiOepia)]. (229

Substituting Eq. (2.29) in Eq. (2.27), neglecting small terms of order 2
and averaging over the oscillation period T = 277w we arrive at the abbre-
viated equations

dF . )
d—; +[k +i(w, —wW)]F, =41w,P, . (2.30)

The complex amplitude of the m-th polarization component is intro-
duced through the equality

1 . .
\TLC PE,dV = P, (t)exp(-iat) + P(t)exp(iat) (231
Thereference frequency remains undetermined for the present. Its choice
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depends on the problem to be resolved. One should only bear in mind the
obligatory requirement

|w_wcx\ I<<C().

2.1.3. Ring-Cavity Field Equations
In the previous section we have considered the cavities, whose modes are
standing waves. The cavity resonators and the open Fabry—Perot resona-
tors are among them. The ring resonators, whose modes are counter-run-
ning travelling waves, are also often used in practice. The specificity of
these cavities is connected with frequency degeneration of counter-
running waves. Due to this the weak rescattering of the waves into each
other by microinhomogeneities of the cavity optical elements or by the
objects located in the beam outside the cavity can be critical. Clearly, a
more delicate approach is needed for taking into account the coupling be-
tween counter-running waves than that which is used for the standing waves.
Let usreturn to Eq. (2.5). Averaging over time we obtain, in the one-
dimensional case, the abbreviated equation

262

C = -ATi WOF — sz F +2|wEB—47TwZP (2.32)

We now represent the variables as a superposition of counter-running
waves.

F=Fe“+F e™, P=Pe“+P,e™. (2.33)

In substituting Eqg. (2.33) into EQ. (2.32) we bear in mind the smallness
of the field amplitude variation over the perimeter of a high-Q resonator.
Averaging over space we find

= 2P, +F, |wIE£+ 4ao +2ikzqz

dr, , ? —c’k2L/L 271
dt 2w

(2.34)
The effective length of the cavity is determined by

L'=L+L,(JVe -1), (2.35)

where L is the cavity length, L_ is the length of the active element. The
wave number k belongs to the discrete set of eigenvalues defined by the
cycliccondition F(z+L,t) = F(zt).Thus, ckL/L' = cw, isthefrequency
eigenvalue. Then we notice that the terms
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_27-[" _wL  ATTO [ 1k
T LT o

have the meaning of the loss coefficient and the mode coupling coeffi-
cients. Eq. (2.34) can be rewritten in a more compact form

dF,,
dt

The main contribution to &, is due to spatial inhomogeneities on the
scale of order of the wavelength. The dielectric constant and conductivity
inhomogeneities are responsible for phase shifts of the scattered waves,
which differ by 17/ 2 . Consequently, the phase difference of the mode cou-
pling coefficients &, and &_ isequal to zeroin the first case and equal to
T in the second case. Sometimes these are referred to as the cases of
complex conjugate and anticomplex-conjugate coupling [160, 213-215].

The apparent generalization of Eqgs. (2.37) extends their applicability
to the case where the wave characteristics are not the same in the opposite
directions. Putting a Faraday cell in combination with polarizers into the
laser cavity cancels the loss degeneracy (amplitude nonreciprocity) and
the phase velocity degeneracy (phase nonreciprocity) of waves. Cavity ro-
tation with respect to the axis perpendicular to the cavity plane also leads
to nonreciprocity. Therefore, the laser equations contain two loss coeffi-
cients, K, and K_, and two eigenfrequencies, a)C* and . Thus, instead
of Eq. (2.37) we have

dF,, . N o [
g K T a)]R, = 2mak, &R, (2.38)

: : [
+ [K —l (Ol)_ Ol)c)] FJ_rl = 2710JPﬂ +§E; F;:L . (237)

2.2. Equationsfor the Dynamics of the Material

It is a natural simplification in describing a medium interacting with a
field to distinguish adynamical system with afinite number of degrees of
freedom. The latter is formed by only those molecules, which resonantly
interact with the field (active molecules), and only those levels are speci-
fied in the energy spectrum, between which the transitions are induced.
The effect on the dynamical system from the remaining environment (ther-
mal reservoir) is considered as a perturbation tending to equilibrium in
this system.

The dynamical system that interacts with the thermal reservoir, from
the point of view of quantum mechanics, is, in fact, in a mixed state. The
density matrix formalism is most useful to describe this system. The me-
dium polarization is expressed through the density matrix as
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1
P:NzTr(djp]‘).

The summation is taken over all the moleculeswith aphysically infini-
tesimal volume AV . This summation can betreated asaveraging Tr(d; p;)
over such avolume and it can be written, if the density matrix (statistical
operator) p(t,r) isconsidered as acontinuous function of coordinates, in
the form

P=NgTr(dp). (2.39)

Here N denotes the number of moleculesin aunit volume. The product
PN has the sense of the volume density of a statistical operator.

2.2.1. Master Equations

The differential equations describing the evolution of the density matrix
elements, in which the relaxation terms are presented due to averaging
over the reservoir states, are sometimes called the quantum kinetic equa-
tions. These equations can be written in the form [3,5,6]:

do, oy
g ¥ich )Pm—gEZ(deqn-danm), (2.40a)
q

o |
T-Fz(wrrqpnm_ qmpqq)_%Ez(dn‘qpqm_dqmpmq).(2.40b)
q q

One should also bear in mind the conditions for the normalization and
the Hermitian character of the density matrix:

> P =L P = Py - (2.41)

We have used the notation: p,,, isthe density matrix element; d isthe
matrix element of the dipole operator (dipole moments); y,,, isthe relax-
ation rate of the off-diagonal density matrix element; w,,, isthe probabil-
ity of arelaxation transition between the indicated energy levels; " is
the frequency of this transition; E is the intensity of the electric compo-
nent of the radiation field (we consider only electric dipole transitions).

Let us represent the field as a sum of quasi-monochromatic compo-
nents, the frequency of which, w,,,, is nearly the same as the molecular
transition frequencies wy" :
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E(t,r) = % Z[Frm (t,r)exp(=iw,t) + Fop (1) explio )] . (2.42)

The elements of the density matrix of a molecule in this field can be
presented as

Pm() =0 () exp(-iw,t), (2.43)

provided that the inequalities

IdE| << W, <<
Ym << (2.44)

are satisfied. The complex amplitude of the matrix element o, isaslow
variable. Substituting Egs. (2.42) and (2.43) into Eq. (2.40) and averaging
over the oscillation period we arrive at

do,

dt :_[ymn _I(w _wgn)]o-mn Z(qu mq qn qn qn )

(2.45a)

:_z aqu mm ™ WgmOgq + (d FoaOam ~ qm qman*q)g

(2.45b)

The variables and coefficients of Egs. (2.45) depend on two indices

and, generally speaking, they are sensitive to the sequence, in which these
indices are written:

O =0 do=dos Fo=Foi W =Wt Wiy = W, €XP(h0,, K T):

The only exceptionis y,, =V, -

2.2.2. Two-Level Medium

The approximation is such that we choose two levels from the full set of
the energy levels of the medium and consider only the transitions between
them. Then Egs. (2.45) transform to

do ; i d..F.(0..-O 463
t21 [V —1(w—w,)o, on 2 21(0 5 1), (2.463)

do F.o. -d..F..o 4
dtll -W,0,, +W,,0,, + (dlz 1202 ~ 0 F200,). (2.46b)
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do,,

dt

Instead of two parameters, W, , we can use asingle time of relaxation

T, =0y"Iw,, [6], where g™ belongs to the thermal equilibrium state.

Slightly changing the notation: D =0, —0;, ¥V, =Y;,0, =0 , taking

into account Egs. (2.41) and omitting the unnecessary transition indices
we obtain, instead of Eqgs. (2.46), a set of two equations

i
=Wpp0q ~Wy0yp — 2_h(d12 Fi,0 —d,F005,) . (2.460)

do

, i
— +[y, —i(w-w,)o0 =——dFD
at [yo —i( o) oh , (2.474)
ddb, D-D? _ _i(dDFDG _dFo?)
S . (2.47b)

Here D@ isthe unsaturated value of D, which correspondsto F=0.

2.2.3. Three-Level Medium: Coherent Pumping
If three levels are included, many variations are possible. Therefore, we
specialize the equationsto a particular situation. Let us consider the scheme
shown in Fig. 1.2b, for which Egs. (2.45) reduce to

do . i
2+ [V —i(00s, _wgz)]asz = —[dyF30,, —dyFs (05 —0,,)],
dt 2h
do,, . ~ i
dt Yo —i(wy — 0wy )]0 = %[dlesl(Un —04) +dg,F0,],
do,, . 21 _ |
at Yy —i(Wy — Wy, —wy )]0y = %[dzslzzsasl —dyF0 5],

(2.48)

do,, i
dt + (W31 + W3z)033 T WOy ~ W30y = ?h (d a1Fu0is ~ d13F13031 + d32 F305 = d 23F2:0 2 ),

do,,
dt

i
+ (W23 + W21)022 W30 33 ~W, 04 = % (d 23F23032 - d32 Fazazs) '

010,105 =1,
A specific feature of a FIR laser operated by this scheme is that
hwy >>Kk, T, whereas hiw,, <<KgT and, therefore, w_>>w,_, w, =w,..
Thus, using the normalization condition and expressing the diagonal ma-
trix elements through D =0, —0,,, we rewrite Egs. (2.48) in a some-

what simpler form:
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do,,
dt

. [
+[y32 _l(wsz _wgz)]asz = Z_h[d3lF31012 - d32F32 D] )

do . [
dtsl + [y31 —I (w31 - wgl)]asl = ?h[dlesl(l_ 2D - 3022) + d32F32021.]

do,,
dt

. [
+ [y21 =1 ((*)31 —Wy, — wgl)]azl = ?h[d 23F23031 _d31F31023] )

(2.49)

dD i
E + (W31 + 2W32) D- (W31 - W21)022 = E (d aFu0is ~ d13F13031 + 2(:13,2':32023 -2d 23F23032)

i
~Wy, D +W,,0,, = % (dpsFps03 —d5F505) .

Deriving the maser equations, where all #ic,, <<k,T and thelaser equa-
tions, where niw,,, >>KgT , is recommended as an exercise.

If the coefficients of aset of differential equations, such as (2.49) differ
in order of magnitude, then it is possible to simplify them [211]. This was
noticed first in the paper [216], devoted to the problem of stability of mo-
lecular beam maser. We therefore have the term ‘Khokhlov’'s method’,
which isused in Russian scientific literature [217]. In the West, this prob-
lem originates from Haken [218, 219], being associated with the method
of adiabatic elimination of variables [220-222]. The applicability of this
method will be discussed in more detail in Section 3.1 in connection with
the single-mode laser models. The subject matter is as follows.

When some coefficients are much greater than the others, the variables
also may not be equivalently important in the dynamics. Fast-relaxing vari-
ables may respond instantly (inertialess reaction) to changesin the state of
the system while slow variables cannot. Adiabatic elimination of fast vari-
ables means that corresponding derivatives are put equal to zero and that
subset of equations, which has become algebraic, is resolved with respect
to these variables.

In this particular laser problem the off-diagonal elements of the density
matrix can be the fast variables since y,, =W,, [223]. Suppose that the
coherency is decay rapidly in transitions 3-1 and 2-1, i.e.,
Va1,V >> Va0 W, , and that Y, , exceeds the velocity of any motion in
the systemincluding Rabi oscillations with frequencies wy =dF/7 [224].
When the whole set of inequalities

Yai, Y21 22 Vo0 Wiy Wy (2.50)
is satisfied, we can assume do,,/dt =do,,/dt =0 to adiabatically elimi-
nate 0, and og,, from Egs. (2.49). We obtain a set of three equations:
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d0'32 — _D |d31F31 |2
dt 0% 4n’y,

_i(waz )|]732 2hd32F32D’

dD _EN + 2W + Id31F31 I2 + Id31F31 |2
31 32

dt 4h2V31 h2y3l
3|d,F |
+ §N21 - W3l 2;; 4 % (d 32 F320-23 d 23F23O-32)
(2.51)
do,, _

i
dt =Ws, D- W,,0,, + % (d 23F23032 -d 32 Fazazs) .

With a more rigid criterion, that there is no saturation in the pumping
transition,

|d Py /72 P <<y Wy, (2.52)
the first two equations can be simplified still further:
do . [
dt32 = _[ysz —i(w,, _wgz)]o-sz _ﬁdstszD , (2.53)
dD d..F
E = _(W31 + 2W32 )D + (W21 - W31)022 | 23;2;1 | %(d 32F32023 d23F23032).

The equality of the population relaxation rates, W,, =W, , means that
Egs. (2.53) do not contain o,,, i.e., they become a closed set.

2.2.4. Three- and Four-Level Media; Transition to an Equivalent
Two-L evel Description

All the known ways of producing population inversion, except for laser
pumping, are based on incoherent processes and, therefore, permit a proba-
bilistic description. Thisisthe case of athree-level medium, such as ruby,
when it is pumped by aflash lamp. Since the level spacing is much larger
than k,T itispossible to neglect upward relaxation transition. Since the
laser levelsare 1 and 2, in place of Egs. (2.48) we have

do . i
dt21 Yy —i(w— wgl)]ozl = 2_hd21F21(011 —0y)],
do
dt33 =Woimp (013 =0 33) = (Wyy +W,,)0 55, (2.54)
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do i
Tzz =Wy Oy + W30 55 + 2_h(d 21F21012 - d12F12021) )
do,, _ [
dt =W,,0, + W50 _Wpump (011 - 033) + ?h (d12 I:12021 - d21F21012 ),
where W, =|dFy |* /2h%y,, isthe rate of the transition between lev-

els 1 and 3, induced by pumping.

This model can be reduced to an equivalent two-level one if the adia-
batic elimination of 04, is possible. A necessary condition is a high rate
for radiationless decays of the third level. If we use ruby, which also has
high quantum efficiency for luminescence, then we have

W32 >> Wml ’Wpump .

Thus, we can assume do,,/dt =0 and obtain

~ __ pump

Oy =

0y <<0y, (2.55)
32

which means there is only a small population in level 3. Substituting Eq.
(2.55) into the other equations and using the relation o, +0,, =1 we
reduce Egs. (2.54) to

do,,

dt

: [
[V —|(a)—a)§1)]021 = %dlele , (2.564)

db [
at +y(D - D®)= _E(dlZFﬂo-Zl -d,F05,).  (2.56b)

The inversion relaxation rate

1% ¥pump

Tl

is defined not only by the decay of upper level but also by the pumping.

Without the laser action the inversion is given be the unsaturated quantity
DO = Woump T —1

Wl +1°

pump "1

_1+TW

Y (2.57)

(2.58)

We now turn to afour-level scheme characteristic of neodymium lasers
(see Fig. 1.4). Using the same arguments as above we write
W

~ _ Pump

Oum

all .
43
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The changesin populations of the upper and lower levels obey the equa-
tions

do i
dt33 =W Oy — (Wap + Wy, )05 + o (dpF5055 —d5sF2003,)
(2.59)
do,,  WoumWi i
dtzz = pWZs O+ WOy ~Wor0p ~ (d3pF50055 —d5sFp03,) |

(2.59b)
under the normalization condition

0 +t0,+05=1.
If the rate of decay of the lower laser level greatly exceeds the rates of
all processes that lead to its population, then we can assume

0,, <<0,,;04 and D,, =D =0,,. After such asimplification the laser
eguations can be written

do [

dt32 =y, —i(w-w;)]os, _EdstszD , (2.60a)
dD i
— = %= D) —(dxFp04y, —dy,Fs00,) . (2.60b)
dt 2h
The effective rate of population inversion relaxation is given by
1+W,m Ty
Vi = T, (2.61)

and the population difference without the laser action, is proportional to

W, T

D (0) — pump

1WT

pump

Inathree-level medium, asit seen from Eq. (2.58), theinversion isachieved
under the condition W,,., > T,™, which corresponds to more than a two-
fold excess of Y, over 1/T,. In a four-level medium the condition
Wo,ump > O issufficient for inversion, and the laser operatesat W, T; <<1
and y, =1/T,.

Comparison of Egs. (2.47), (2.56) and (2.60) shows that the only dif-
ference among them is due to the coefficient of the last term in the equa-
tion for the population difference. In athree-level medium the lower laser

level isthe ground state, and the emission of a photon is accompanied, as

(2.62)
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in atwo-level medium, with a change of the inversion by two. In afour-
level medium, in which the lower level is above the ground state and this
level rapidly decays, photon emission corresponds to a change of the in-
version by one. Introducing a coefficient 3, , equal to 1 for a four-level
medium and to 2 for athree-level medium, we can write the equationsin a
form combining all the cases we have considered:

do : i

E:_[VD —|(a)—a)§‘2)]0—2—hdFD, (2.63a)
dD i
dt=—y”(D—D‘°))—g;‘d(FDG—FUD). (2.63b)

It is assumed that the dipole moment matrix isreal,i.e, d , =d, , =d.
The set of Egs. (2.63) can be considered as ageneralization of the well-
known equations for paramagnetic resonant systems obtained by Bloch
[225] to the case of atwo-level system of arbitrary nature. In such an inter-
pretation, the population difference and the polarization have the sense of
the longitudinal and the transversal components of some vector (energy
spin or the generalized Bloch’s vector [223-226]) in a configuration space.

2.2.5. Material Equations Specialized to an Ensemble of Moving
Atoms

The motion of atoms is essential to the form of the material equations
provided that the atoms move, without changing in state, distances compa-
rable to the wavelength. This condition is not satisfied in condensed me-
dia. However, the mean free path of gas atoms can exceed A; if so, the
spatial dispersion has to be taken into account.

The density matrix of amoving atom is afunction of time, coordinates
and velocities. Assuming that interaction with the electromagnetic field
does not change the velocity we find

do _9p +Ulp,

dt ot

where U isthe velocity of the atom. This operator equation transformsto a
set of abbreviated equations for density matrix elements [227]:

(2.64)

0o . id
E"'UDU =-1ys _l(w_wo)]a_z_h':(aa -0y),

J0o id , _g 0
¢+Ulo, =-wo,—-—(Fo-Fo)+W
P a 204 2h( )+W, (2.65)
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—agtb +U0o, =-W,0, +W,0, +%(FDU -Fo")+W, .

Here a, b are the indices of the upper and the lower laser levels, W,
are the probabilities of decay of the atomic states, and W, isthe probabil-
ity of spontaneous transition from the upper to the lower laser level.

In the model for the laser medium being considered, both laser levels
are assumed to be well above the ground state. The pumping that causes
the atoms to make transitions from the ground state to the laser levelsis
represented by the terms W, ,, which have the form of excitation rates.
Therelative population of the ground state remains close to unity. Assum-
ing that an excitation event does not change the atomic velocity distribu-
tion function h(U) we have

W, =w,A(t,r)h(U) . (2.66)

The parameter A ;(t,r) that characterizes the rate of pumping to the
j -th level may have a slow dependence on the spatial coordinates and on
time.

In derivation of Egs. (2.65) we used the assumption of none distinct
orientation in the medium. This means that the interaction with radiation
does not change the atomic dipole angular distribution either because of
weak saturation of the medium or fast relaxation of the orientation. There-
fore, the mean energy of the interaction can be represented as dF, where
d*=|df /3 .

The spatial inhomogeneity of the density matrix elements, at least its
small-scale component, is due to the interaction of the gas with the elec-
tromagnetic beam. Egs. (2.65) can be slightly simplified since the trans-
verse structure of the wave beam is much greater than the longitudinal
one: k; <<k, .

If the characteristic scale of any inhomogeneity is 1/k, then

UDO']-/W]-Uj =Uk/Wj.

Substituting for U its most probable value U ,, we obtain the criterion
for sufficient smallness of the term U0 ; in the form kK <<w; /U, . Us-
ing typical values for atomic gases, w; =10°s™, U, =10° cm/s, we come
to the conclusion that it is reasonable to retain the gradient terms in Egs.
(2.65) if k > 10° cm™. The wave numbers that correspond to IR and, of
course, to the optical range, satisfy this criterion. Outside the beam focus-
ing region, the transverse wave numbers do not exceed 10> cm™, asarule;
thus, UUo; =Udo; /0z. Introducing, instead of 0, and g, the new vari-
ables D=0, -0, andS=0, +0,, we write Egs. (2.65) in the form
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99 1092 =y, ~i(w-w,)lo ~ S FD

- oz on =0 (2679

D ,yP - —%(Wa +W, +Ww,,)D —%(Wa - W, +Wab)S—|%d(FDO—FOD) +W, -W,

ot 0z
(2.67b)
68 0S 1 1
+U—=—-=-(w,+w._-w_)S-=(w,-w —-w,)D+W, +W
at 62 2( a b ab) 2( a b ab) a b-

(2.67c)
If w, =w, +w,_ the variable Sis deleted from (2.67b) and first two
equations form a closed system

0o oo . id
—+U —=-]y, - l(w-wy)]o ——FD
o > [Vo —i(w-awp)] o D (2.68a)
oD oD [
—+U-—=-y,D-—d(F'o-Fo")+W,-W,
ot V5 T NPT J W~V (2680)
which represents a two-level model of the active medium. In this case
Vi =W, =W, *W,,. Since Yy, = (W, +W,)/2 [228] (the equality corre-
sponds to the natural linewidth), we have y =y, 1y, < 2w, /(w, +W,)

ory <1.
Equations (2.67) can be reduced to ordinary differential equations if
the functions are expanded with respect to the basic set of travelling waves:

F=5 F expilka), o;=Y 0, exp(irikz), (2.69)

where Ak isthediscrete step in the wave number spectrum, which isequal
to 1UL for a Fabry—Perot resonator and 21vL for aring resonator. By sub-
stitution of relations (2.69) and by separation of the termswith equal coor-
dinate dependence, the material equations (2.67) can be transformed to

90, .. __id
" +[i(AAKU —w+w,)]o, = EZF”DH ,

oD, [ 1 1
S+ AU +E(wa+wh+wab)§) =3, =W, +w, )S, - de(FU o —FL02,) +W,, ~W,
(2.70)

ac')StA +%/\Aku += (W +W, - Wab)SAH (W -w, —w,)D, +W,, +W,, .

In our previous considerations we |gnored the fact that collisions be-
tween gas atoms change not only the internal states but also the velocities
of the colliding particles. Thus, the atom collisions produce spectral cross-
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relaxation that tends to remove the distortion of the equilibrium inhomo-
geneous lineshape. To describe this process we introduce termsin the form
of a collision integral, into the equations describing the population dy-
namics (see [31] and the reference cited):

[Ir,U"V)o,U,z)=-T,(UU)o, W' z0jdu" (271)

Here, ', (U",U)dU" isthe probability that a gas atom will pass over, due to
collision, from the velocity range U,U + AU to the velocities
U',U'+ AU’ unchanged in state.

For simplicity’s sake, we will use the strong collisions model, in which
the final velocity of the atoms assumes, with equal probability, any arbi-
trary value within the Doppler profile, and consider only two cross-relax-
ation parameters, I, ,(U",U) =T, h(U), reducing Egs. (2.71) to

1 Nl
b -hw) e, ura ]

Finally, disregarding the difference of I, from I, we have a single
parameter [ =T, =TI, and write, instead of Egs. (2.67), the set of equa-
tions

do do . id

—+tU—=-[y,-(w-w,)]o-—FD

o TV, = emi@-w)o - FD,
oD oD 1 1
iy === +w. + D-= —-w, + S
at % 2(Wa w, +W,,) 2(Wa w, +wW,)S,

—F[D(U)—h(U)ID(U "du'] —%d(FDa— Fo ) +W, -W,

(2.72)

0S  0S _

o Ve

Because of their complexity the use of equations containing cross-re-

laxation terms has been mainly limited to numerical simulations of the
laser processes [31].

-2 (W + W, =W )S =2 (W, =, =)D ~TS(U) ~U) [ S AU +W, +,

2.3. Self-Consistent Semiclassical Set of Laser Equations

In the previous sections we have discussed separately the equations de-
scribing the medium polarization in a given electromagnetic field and the
radiation field ensured by a given polarization of the atomic system. Com-
bining these equations, i.e., assuming that the polarization, which is the
source of the field, isin turn, determined by the same field, we arrive at a
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self-consistent set of equations describing the laser. In general form this
set of equationsis written as

tnodE_ 10"
c? dt c?ot?
P =N(Tr(dp)), (2.73)

OxOxE=-

(E+4rP),

do _i N
7 [H.p]+R.

This is often called a semiclassical or quasiclassical set of equations
[229, 230] to emphasize that the field equations are of a classical and the
laser equations are of a quantum origin.

Let us reduce the problem by assuming that the medium consists of
homogeneously broadened identically oriented two-level atoms. We also
assume that the field islinearly polarized along the direction of the dipole
moment. To describe the propagation of a plane wave in such a medium
wewill turn to Eqg. (2.8). If we speak about an unlimited medium, then the
dispersionlaw w = ck isvalid. Inthe case of aring cavity the cyclic bound-
ary condition

E(t,2) = E(t,z+L) (2.74)

determines the spectrum of the eigenvalues of propagation constant K, ,
which correspond to the cavity eigenfrequencies cw,, =ck, . By L in Eq.
(2.74) we mean the perimeter of the laser cavity.

Combining Eq. (2.9) with Eq. (2.63) and assuming d ||F we arriveat a
scalar model of atravelling wave laser:

oF OF . .
C—+—+[K-i(w-w.)]F =2rwdN .0
P [k =i( )] O, (2.753)
do . [
—*[y, —i(w-w,y)]o = -—dFD
otV mi@=w)lo =~ dFD, (275b)
oD i
~—+y,(D-DY)=-"2d(F'o-Fo"
at Y, ( ) o ( ), (2.750)

The self-consistent set of equations obtained by expanding the field in re-
gard of the modes of an ideal resonator includes Egs. (2.30) and (2.63):

drF . . 1
d—tA+[K -i(w-w,)]F, :4n|deS\TCJ’oEA (r)av.
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9 . id
a—?+[yD—|(w—w0)]0:—|2—th E,(NF,,  (276)

oD _ ip.d
E"‘Vll(D -D©) = _Thz(F"DU_ F,o)E, (r).

This set of equations will be widely used below to formulate the con-
crete laser models.
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Chapter 3

Single-Mode Lasers

The simplest single-mode models play a special role in the dynamic laser
theories. They possess extremely low dimensions and include only the most
fundamental and unavoidable nonlinearity that accompanies the process
of matter-field interaction but do not cover the mode interaction, addi-
tional nonlinear elements and external signals. The behaviour of single-
mode lasers depends on the dynamical class they belong to.

3.1. Dynamical Models of Homogeneously Broadened L asers

In what follows we often use equations written in dimensionless form.
The advantage of using this form is its simplicity owing to which it is
possibleto ‘hide’ ailmost all the coefficients not defined in the experiment.
Meanwhile, the normalization of the observed quantities has a clear physi-
cal meaning: the field amplitude is normalized to saturation value and the
inversion is normalized to a value corresponding to the laser threshold.

3.1.1. Equationsfor the Quadratic Quantities

We now turn to the laser model expressed by Egs. (2.75). If the losses for
the separate cavity elements (mirrors) are small and, therefore, there are
no areas of abrupt field increase or decrease inside the cavity, then we can
assume gF /gz = 0. Let usintroduce a table of dimensionless symbols:

-1/2

2
'[:L’ f:i:d_F 2y”yD ’ n:nad NSD
t Fo h a hy-K '
oricd? []2 7 el
= vwog Nso, A= NsD®,
hK a hy K

(3.1)
K=kt, V. =yt, O, =(w-w)ly,, A.=(w-w,)/kK.
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It is most convenient to choose a normalization factor t comparable with
atime scale of the time-dependent processin alaser. The hard unification
of this factor is not reasonable. The variety of possibilities dictates the
individual choice in each concrete situation. We will use inverse relax-
ation rates y* and kK as the normalization coefficients. In notations
(3.1) the equations become

df

——ikA f =k(p-f
= o (p-f1), (3.24)
dp ._ =
?_IVDAOp_yD(nf -p), (32b)
T
d _ [ 1 0 oy U
ﬁ:yuao‘_n_z(f p+ fp )E (3.2c)

The complex form of equations is most compact but not always conve-
nient. Sometimes it is more reasonable to use real variables, for example,
the real and imaginary parts of f, p or its modules and arguments. As real
variables can serve also the quadratic quantities:

1 i
m=/f P, r=/pl, S=§(fpm+fmp), 0|=§(fIOD—fD|O).(3.3)

These variables as well as inversion n are coupled by means of five
equations:

dn_
ar 2Kk(s—m), (3.4a)
dn _ _
E:yn(A_n_S) , (3.4b)
dr _
dr =2y,(ns-r), (3.4c)
ds _ ,_ . _ _ _ _
d7 ==(Yo tK)S+Y80q+ YoM +Kr (3.4d)

d _ _ _
d‘j = ~(V, +R)q = VoD, (3.49)

that one can easy obtain from (3.2). Here Ay, = (w, —w,) /Y - Eqs. (3.4)
are convenient, for example, for investigation the conditions of transfer to
the second order rate equations.
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3.1.2. Adiabatic Elimination of the Atomic Polarization; Single-
Mode Rate Equations

The rate equations for the inversion N and the photon number M can be
written using simple considerations based on the concept of transition prob-
ability per unit time:

dv

E = BMN -2«kM , (35a)
dN
E:VM(N(O)‘N)‘&BMN- (3.5b)

These equation show that the number of photonsin a cavity increases due
to stimulated emission with the rate BMN (B is Einstein’s coefficient de-
fined relative to the total number of photons in the cavity), and decreases
with the rate 2kM due to the losses. Theinversion N changes due to stimu-
lated emission, relaxation and pumping processes; as a result, the inver-
sion tends to the equilibrium value N©. Egs. (3.5) were published first by
Statz and DeMars [231] and are sometimes mentioned in the literature
under their names.

The transition probability basis for writing the rate equationsis simple
and illustrative but it does not provide information on the limits of their
applicability. We can gain such information by considering more general
set (3.2) or (3.4), from which Egs. (3.5) follow as a limiting case [232-
234].

Equations (3.5) have the same variables, m and n (although they are
renamed), which enter the system (3.4). However, the latter is of a higher
order and, correspondingly, it contains three additional variables, r, s and
g, which should be omitted provided the dimension of the model is re-
duced properly. This is achieved by adiabatic elimination of variables
mentioned in Section 2.2.3. A standard procedure consists of disregarding
of ‘extra’ derivatives, dr/dt, and to find an algebraic expression for r and
through 1 and eliminate them from the remaining two differential equa-
tions.

In general, it becomes possible to reduce the number of differential
equations by adiabatic elimination of part of the variables when a sub-
space with a smaller number of dimensions, in which fast motions are ab-
sent, is distinguished in the phase space of the system [211]. Starting from
arbitrary initial conditions, the representative point rapidly passes in this
subspace and then it moves along the phase space trajectories localized in
it. Following the terminology of Oppo and Politi [235], such a subspaceis
called the centre manifold.

Mathematically, the motion in the system described by
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s =F (Y)Y =Gi(xy),
where u is the small parameter, is very close to the motion in the limiting
system

F(xy)=0, ¥y, =G;(xy).

Thus, for adiabatic elimination of variables it is necessary to have a
small parameter at some derivatives. This meansthat coefficients are very
different in magnitude, and variables can be separated in two groups: ‘ fast’
variables and ‘slow’ ones. The fast variables are able to reach the
guasistationary values determined by instantaneous val ues of the slow vari-
ables and to keep track of evolution of the latter.

In application to Egs. (3.4), where the variables r,s and g are subject
to adiabatic elimination, it can be asserted that the role of a small param-
eter isplayed by aquantity proportional to 1/y,, and that the first group of
conditions providing a transition for validity to the rate equations looks
like

Yo >V (3.6)
These inequalities are fulfilled for class B lasers. The typical values of
parameters for solid-state lasers are V= 10°-10* st, y, = 10% s, k =
108 s
Localization of the phase trajectoriesin the limits of centre manifoldis
guaranteed dueto [211] by the negative real parts of the roots of character-
istic equation

Vo >>K.

By B 9F,
0%, 0X, 0X,
0 0 O 01,
O o o o 37
oF,  OF, oF, _,| (37
0%, 0X, 0X,

As applied to subsystem (3.4c)—(3.4d) the characteristic equation (3.7)

becomes

A2 +4X% + (5+ 5, -2nK)A +2(1+ 45 ) —2nK =0.
Note that the last equation contains the quantity K that can pretend on

the role of the small parameter. Using the Routh—Hurwitz criterion [236]
we obtain the condition of negativity of ReA:

_La+22)IR

for A2 <3,
9+ )IK forl, >3

(3.8)
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Supposing that the criteria (3.6) and (3.8) are fulfilled, we then use the
standard procedure of adiabatic elimination of variables r,s and g from
the Eq. (3.4),i.e.,wemean adr /0t =0ds/dt =0dq/dt =0and, therefore,
we have algebraic expressions

q=-A_s _ mn
e 1+K(1-n)+ A2 (1+K)™
(3.9
Substituting Egs. (3.9) into Egs. (3.4a) and (3.4b), we find
dm ___ [ n
=2Km -1
dr H+R@A-n)+2_(1+K)™ % (3.102)

dn _ mn
ar 0 C1+R@A-n)+ 0% (1+R) (3.10b)

Limiting by zero approximation in the small parameter K we come to
the rate equations in the traditional form:

dm - n
—=2 %—1
dar Km s E (3.11a)
m
e Y (3.11b)
Oc

The time scale of the processes in this system is determined by the
parameters y| and k. It will be logical to wuse
t=(yKk)™? K=(kly)"?, y,= (y”/K)l’2 However, more often
peoplechoosetwo other possibilities: t =k " and t = y|| . Below wewill
adhere to the latter and introduce the only fundamental parameter
kly,=G/2.

Inequalities (3.6) and (3.8) do not form a complete set of conditions for
validity of the rate equations. The point is that inequalities do not give
sufficient ground to assume 1/y, asasmall parameter. In order to obtain
the additional conditions we act as follows. We different the first of Eq.
(3.11) with respect to time, insert, in place of dm/dr and dn/dr their
respective values according to Eq. (3.4) and take the inequalities (3.6) into
account. The desired conditions are equivalent to the smallness of the re-
sultant expression compared to the right-hand side of the corresponding
equation in (3.4). A term-by-term comparison shows that we should add
two inequalities to (3.6):
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Inl<<1l/K,m<<1/y,
where y =y, /vy
The inequalities
Yo >>V, Yo 22K, yp>>ym |njs<y,/k (3.12)

guarantee the existence of the domain of slow motions of the system (3.4),
and the softest inequality (3.8) guarantee the stability of these motions.
Note, that according to Eq. (3.1), the inequality mM<<y /y|| isequivalent
to W <<y, where W = (dF)*/#’y, have the meaning of probability of
the stimulated transition. The same inequality can be interpreted as
W, <<y, where w, =dF /% isthefrequency of the Rabi oscillations.

The rate equations can be obtained from (3.2) assuming dp/dr =0 and
F =m"?e" . Adiabatic elimination of polarization followed by a trans-
formation to real variablesyields

dm O n 0

——=0Gm -1

dr m % (3.139)
N A-ng™ 41p
dr m E (3.13b)
d¢ _GLUnA, O

—_r =_ +A

dr 2 m c% (3.13c)

Equations (3.13a) and (3.13b) differ from Egs. (3.11) because the place

of A2 isoccupied by A . When y_ >>k , thisdifferenceisless than the
accuracy of the approximation.

3.2. Traveling-Wave L aser with Homogeneous Active Medium

The model considered below is based on the assumption that a unique
cavity mode is excited and that the laser medium is homogeneous (spec-
trally and spatially). These assumptions are best satisfied by a unidirec-
tional ring laser. However, the spatial uniformity of inversion is also pro-
vided if alarge number of modes of a standing wave type under the ap-
proximately equal conditions are involved in the laser action. The rate
equations for total radiation intensity and population difference in such a
multimode laser ook like those for a single-mode laser Eq. (3.11), which
are considered in what follows.
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3.2.1. Steady States and Relaxation Oscillations
With time normalized to y”_1 and with exact coincidence of the cavity
eigenfrequency and the laser transition frequency, Egs. (3.11) become

dm

—=0Gm(n-1

a7 (n-1), (3.14a)
dn

—=A-n(m+1

= (m+1) (3.14b)

The fixed points of the set of rate equations (3.14) and the solutionsin
their vicinity have been considered by many authors[231, 232, 237-243].
The steady states

r‘_nal = O’ ﬁa = A,
m=A-1 n =1
can be readily found from (3.14) provided d/dt = 0. The type of the fixed
points can be specified by linearizing the Egs. (3.14) in the vicinity of
each of them with respect to small deviations dIM=m-m,on=n-n.
The following linearized equations

(3.15)

4 amy=c(a-1om -3 (n) = ~Adm-on
dr dr

hold near point a. Substitution of the solutions {om, o} { o', o} e
into these equations |leads to the characteristic equation
(A+D[A-G(A-D]=0. (3.16)
Oneroot of Eq. (3.16), A, = —1 isnegative, while the sign of the other,
A, =G(A-1), dependson A.Where A<1 the second root is negative
too and the fixed point is a stable node. Where A>1 the sign of A is
positive and a becomes a saddle point, i.e., the fixed point is no longer
stable. The inequality

A>1 (3.17)
expresses the laser self-excitation condition.
The motion of the system in the vicinity of the fixed point b obeys the
linearized equations

di(am) =G(A-1)dn, i(&1) =-0m-Adn . (3.18)
T dr

The corresponding characteristic equation
A+ A +G(A-1)=0 (3.19)
has roots
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A A2
Al,Zz_Ei T_G(A_l) .

The fixed point can be either a stable node if
A* -4G(A-1)>0,
or a stable focus if the inverse inequality is satisfied. For class B lasers
G =2k |y, >>1. Therefore, the fixed point will almost always be afocus

and Egs. (3.18) describe the damped oscillations of laser intensity near
stationary level m, with the frequency

Q,=G(A-D) [J.[Hd = (A=) SRR
and the decrement
0, =-Al2. (3.22)

These oscillations are generally what is meant when the term relax-
ation oscillations is used.

Equations of the form (3.20) and (3.21) hold true also in the case where
the cavity is not tuned to the line centre. One should only substitute
Al(L+ A7) for A,

According to Eg. (3.20) the relaxation oscillations frequency is found
as a geometric mean of the inversion decay rate and the field damping
rate. Since for the more dielectric laser crystals y, ~10° =10° s*, and the
excess excitation over the laser threshold ranges for solid-state lasers from
tens to thousands of per cent, the relaxation oscillations frequency fallsin
the range of tens kilohertz. In semiconductor lasers where v~ 10°s?tand
k ~10%s™ frequency v, is shifted to the gigahertz range.

3.2.2. Phase Portrait of Laser; Spikes Characteristics
Rather full information of the transients in considered laser model could
be obtained by use of approximate analytical methods.
We will obtain the phase space trajectories equations dividing Eqg. (3.144)
by Eq. (3.14b):
dm _ G (n=)m
dn A-(m+Dn- (3.22)
Defining the motion in the immediate vicinity of the fixed point the
linear approximation gives an insight into the structure of whole phase
plane. To gain a better understanding of this structure we should use the
general properties of Eqg. (3.22). Since G > 1, the inclination of the phase
spacetrajectoriesis strong on the whole plane except of the domains close
to the straight lines
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n=1 m=0, (3.23)
which are the isoclines (the lines of equal inclination of phase space tra-
jectories) with horizontally arranged tangents. The isocline with vertically
arranged tangents is given by

A

m=—-1
—_— (3.24)

Figure 3.1ashowsthe structure of the phase plane of asystem for which
the self-excitation condition (3.17) is not satisfied. Figure 3.1b refers to
the case A>1, which is considered below. Besides the phase space trajecto-
ries, Fig. 3.1 shows theisoclines (3.23) and (3.24). It isimpossible to find
exact solutions of Eq. (3.14) analytically. Therefore, some authors have
tried numerical solutions [244, 245]. However the basic parameters of the
nonlinear process can be found by the way of an approximate analysis
[242, 246]. The approximate method is based on the large value of the
parameter G, owing to which the phase space trajectories can be divided
into segments of fast and slow motions. This procedure fails near the fixed
points where, instead, the linear approximation is possible. The represen-
tative point passes slowly through the lower trajectory segments close to
the abscissa axis. The stimulated emission probability is small and the
velocity of the representative point depends solely on the rate of pumping.
The representative point passes the trajectory segment, on which the stimu-
lated emission dominates the pumping (theinterval of emission), with high
velocity. For each interval Egs. (3.14) admit simplifications based on the
neglecting of some terms and can therefore be integrated. Matching solu-
tions is facilitated by the fact that in the transient areas the pumping is
compensated by stimulated emission and the inversion is nearly constant.

The phase space trgjectoriesin Fig. 3.1b are slowly convergent to point
b on a spiral pass. One turn to the spiral corresponds to a spike in the

Fig. 3.1. Phase portrait of the rate equation model represented by Egs. (3.14) at the pumping
parameter values (a) below and (b) above threshold. Dashed lines indicate the isoclines.
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T

T %) 1,

T

Fig. 3.2. Time-dependent solutions of the rate equations in a conservative approximation.

emission (Fig. 3.2). It is interesting to note that the minimum and maxi-
mum radiation intensities correspond to the same population difference
n = 1. Since the damping rate of the spikesis slow we can solve the prob-
lem in two stages. First, disregarding the spike amplitude variation (the
conservative approximation) we find the spike amplitude, the spike dura-
tion and the interval between spikes. Then, taking account of the spike
damping as a perturbation we define the law by which the spike amplitude
is diminishes.

When we find the spike amplitude and duration we bear in mind that
the population difference varies little in afree running laser: |n—1K<1.
Such an assertion can be validated by a direct estimate. Consider Eq.
(3.14b), which, under the condition m < 1 is simplified:

dn
—=A-n
dar . (3.25)
The solution of Eq. (3.25) is apparent and is given by
n=A+[n(0) - Ale™. (3.26)

The time 1, over which nisvaried from n(0) =1ton__, is small com-
pared to unity; thus Eq. (3.26) reduces to
n-1=(A-1r. (3.27)
Insertion of Eqg. (3.27) into Eq. (3.14a) yields the law of field growthin
the pumping interval

m _1
In— ==G(A-Dr?
m. 2 (A-Dr°, (3.28)
Eliminating the time from Egs. (3.27) and (3.28) we obtain the rela-
tionship between n and min the explicit form
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|:|2 m |::I[IZ
= A-DIn—
n %( ) 0 (3.29)
where n=En-1.

It is seen from Eq. (3.24) that that the inversion maximum is achieved
at m<m,. At these field intensities Eq. (3.29) is generally inapplicable.
Meanwhile, bearing in mind that the population difference is almost con-
stant near m=m, and m enters Eq. (3.29) under the logarithmic sign, we
can adopt, without introducing a noticeable error

/2

12 m,
Neex = 0= (A=DIn——1 | 3.30
% r‘nmin E ( )

The distance the representative point penetrates into domain n > 1 is
the longer the lower its intersection with the line n = 1 is. Consequently,
N. Must bethelargest for thefirst spike after pumping is switched when
m,,, is defined solely by the fluctuation field in the cavity. In Section
3.2.3 it is shown that In(m,/m,;,) =25 for all solid-state lasers, whence
Neax =0.1 .

The approximate conservative equations can be obtained by disregard-
ing the small value of n in Eq. (3.14b)

—=Gm
dar n, (3.319)
@=_ -m 3.31b
G- mom. (3.31b)
These equations have the integral
1 2 2y e m
EG(U no)_mblna m+m, (3.32)

which describes a family of closed trajectories in the phase plane.

To find the spike amplitude we should fix a trajectory assuming
No =Nmax» My =M, in EQq. (3.32). Assuming that the peak intensity
m..,, >>Mm, and knowing that this value is achieved at n = 0, we find

_1. o _ m,
m._=-G =(A-1)In—=
= 2 Gl (A-1) m. (3.33)
We now cal culate the spike duration, defining it asthe time the representa-
tive point moves over the upper part of the trajectory between the values
m,, = M,.Onthesegment m_, >>m, Eq. (3.31b) isconvenient. Since
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the logarithmic termissmall here, Eq. (3.32) isresolved with respect to m,
and the time the representative point moves along the phase space trajec-
tory between the points with equal ordinates m=m, is

TI :_}1 dr’ ~ 2 |n 2’71
Pl m-mn) Gn, (0 +2G7m -n,)
If m <<m,, , then n,=n,, and confining ourselves to the linear
term in the expansion of the denominator of the logarithmic term we have
2Gn?
T, = 2 I £ T
Gnmax rnl
The time the field rises from m=m to m=m, can be easily found
from Eq. (3.31a) by letting N =1,

1/2 .

T, = 1 In@_
Gnmax rno
The desired spike duration is determined by
2 2Gn?
T,=T, +21, = In e
P e p Gn,... A-1 (3.34)
The time between spikes, T, , is found from Eq. (3.27)
2] e
Ty =—"
N (3.35)

We now propose two numerical examples.

Example 3.1
Ruby laser
y, =10°s™; Niae = 45007 m,, =100;
k =500" s*;G=10% [r,=2007%1,=225107
A=5 t,=2pust, =225 s,
In(m, /m,;,) =25 r,/T,=0.08.
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Example 3.2
Nd: YAG laser
y, =500° s Nwex =50107; M, =25
k =500"s*;G=2010% |71,=9.210°7,=01
A=2; t, =18 us t, =20 us;
In(m,/m,;,) =25 T,/T,=0.09.

The damping rate of spikesin the nonlinear regime can be calculated if
we do not use the conservative approximation. First of all, we find the
N, Variation on one turn on the spiral (Fig. 3.3).

In the emission interval (mM>>m,) the motion of the representative
point obeys the approximate equation

dm__ Gn

dn n+l
the solution of which, if the limits of integration with respect to m are the
same, has the form

(3.36)

R L P
n, nl—|n1+nl. (3.37)
In the pumping interval (m << 1) equations
dm dn _ _
—=Gnm, —=m, -
dar n dar b —11 (3.38)

arevalid. Integrating Eq. (3.38) over the lower part of the spiral turnin the
limits n, <n <n, that correspond to equal values of mwe arrive at

Fig. 3.3. Turn of aspiral phase space trajectory
in a nonconservative rate equation model.
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rno ,73_0

1,

We stress once again that the population difference variation isthe slow-
est near the points =1, . Now it isnecessary to estimate the real varia-
tion rate. To do this, we expand the function n(m) inaseriesin thevicin-
ity of the point  =n,,, . Since the first derivative in the extremum turns
to zero,

=N, +m,In— (3.39)

_ _ (m-m)’
M =1 e 2G(A-1n,.. (3.40)
Assuming that the 17 variation in oneturn isthe small quantity of order
n? wewill try to match the solutions of Egs. (3.37) and (3.39). This can
be done if the values at the ends to be matched differ by lessthan n?. The

criterion of validity of such an operation is obtained from (3.40):
(m-m,)* <<2G(A-Dnz,, - (3.41)
Using these considerations we assume in Eq. (3.37)
Ni =Nwaxs M2 =Nmin - Confining the accuracy in calculation of

An, =|n, | -n, totheterms of order n?, we thereby assign the number of
terms in the expansion of the logarithm and obtain

2
An, = —51712. (3.42)

With the same accuracy we find from Eg. (3.39) the following expres-
sion for An, =n;=|n, |:
21;
An, =-
n, 3m, - (3.43)
Since the amplitude variation of the neighboring spikes is small, Egs.
(3.42) and (3.43) can be combined:

2 A ,
A =---_
1 mex 3 A 1rlmax : (3.44)
Equations (3.33) and (3.44) yield the law for diminishing of the spike
amplitude with time. From (3.33.) is follows that each spike is less that

preceding one by
Am = GrlmaxAr’max '

Submitting An,.,, from Eq. (3.44.) we find
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4 A, m 3.45
3 A-1 max ' 'max - ( )

Dividing this expression by the time interval between the spikes (3.35)
we determine the spike envelope derivative

Am=-—

dm. _Am, _ 2Am
dr T, 3

The envelope itself, representing the law of diminishing spike ampli-
tudes, is given by

m.., =M. exp(—2Ar/3). (3.46)

The damping rates of intense spikes and the small relaxation oscilla-
tions appeared to be nearly the same.

The main physical result of this consideration is that system comes
back to the equilibrium position with any arbitrary departure from equilib-
rium. The regimes of undamped oscillations are beyond the scope of this
model and are not described by the simplest rate equations (3.14).

3.2.3. The Linear Stage of the Onset

After pumping is switched on, a definite timeis needed for the population
difference to reach the threshold value. This time can be found by use of
Eq. (3.25) assuming in general A= A(T). The solution of this equation
has the form

n=e” () + AT dr'y (3.47)

The time needed for the creation of threshold inversion (n =1) is most
easily expressed in the case A = const:

N A-n(0) |
A-1
Initially, all the particles of the laser medium are at the ground level.

Simultaneously this ground level isthe lower laser level of materials like

ruby, which operate on athree-level scheme, sothat n(0) = —ng . For thresh-

oldinversion to be achieved over atime 7, =1(t, =T,) , the pumping power
should be high enough to ensure that

Ty =1 (3.48)

_27-n(0)
A =17
A typical value for aruby laserisn,=A__ =10 and, therefore, A ..

Rather often the pumping pulse is not of rectangular form under the ex-
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perimental conditions. Threshold inversion is achieved after the pumping
power passes a maximum and laser is operated at values A less than the
values obtained above. For estimates we have chosen A = 5.

If we deal with afour-level atomic system, then n(0) = 0 and the thresh-
old valueis achieved at A= 1.5 over atime 7, = 1.

The time 7, we have found is not the total delay time of laser action,
which is manifested in experiment. The point is that induced emission is
absent at the time the self-excitation threshold achieved and starts to rise
after that time. It should be noted that in a system without fluctuations the
representative point, after passing the value n = 1, would proceed moving
along the n-axes, since the latter is a phase space trgjectory over its whole
length. The fluctuating field (first of all, the spontaneous emission) in the
cavity causes the representative point to enter one of upgoing trajectories.
Thus, one must take into account the necessary fluctuations, in principle,
sinceit qualitatively changesthe laser dynamics. After atriggering mecha-
nism when the laser passes the threshold, the fluctuating field in fact off
the ground until the representative point is again close to the n-axes.

Since induced emission grows from the fluctuation level we should in-
troduce aterm taking into account (on the average) the spontaneous emis-
sion to estimate the time of the linear development of the first spike. The
probability of the process can be written as

1
W, =BN, =7 B(N+Ny).

This value should be added to the right-hand side of rate equation in
order to find the total number of photonsin the cavity (3.5)

C:j—“:zBMN—MM +%B(N+Ns). (3.49)

The transition to dimensionless variables follows the pattern:
r=yt, m=B,BM/y,, n=BN/(2).

Adding
- BaB - 27'lﬁa(dj2 = Bacatr
T2y hVyyn o 2y (3.50)
we rewrite Eq. (3.49) as
dm
E—G(n—l)m:GeSp(n+n5), (3.51)

At the linear stage of lasing at A = const, the inversion variation obeys
the EqQ. (3.27). Substituting (3.27) into (3.51) we can integrate the result-
ant equation. In the right-hand side we can put n = 1, since a small-range

81



Fundamentals of Laser Dynamics

variation in n is not essential. The solution of the linear Eqg. (3.51) is
given by

m= exp%G(A—l)rz %ﬂo +Ge, S{exp%%G(A—l)r'z gjr' +(A -1)j'r'exp§—;G(A—l)rv2§jr'%

where m, isthefield intensity at the time the laser threshold is achieved.
In what follows it will be shown that Gr2(A-1) >>1, and we use it as
an assumption for the time being. In doing so we neglect the first and the
third termsin the brackets compared to the second term, since these relate
as G2, Owing to this simplification, the last relation is reduced to
ed?
m=¢£g(Ng +1)%A—E expEG(A 1)Td ul (3.52)

Comparing Egs. (3.52) and (3.28) it can be asserted that m,;,, entering
(3.28) is nothing but

1) TG |j/ 2
Ba-a (459
Example 3.3
Ruby laser

y,=10°s*; o0,=10"cm?  g,=10"% m,  =2007,
G=10°; A=5 ng=10;, Gri(A-1)/2=In(m,/m,,)=23.

V, =3cm?;
Example 3.4
Nd: YAG laser

y,=500°s"; o,=10"cm?*  £,=10"* m,, =3007"
G=200% A=2 n.,=1 Gri(A-1)/2=In(m /m,)=22
V. =3cm?;

3.3. Single-M ode Standing-Wave Class B L aser

The single-mode model of standing wave laser is described by a set of
Egs. (2.76). Since we deal with class B laser, it is possible to eliminate
adiabatically the atomic polarization, which leads, in the absence of
detuning, to the rate equations

82



Single-Mode Lasers

dm 5
—=Gm\[nydv-1
ar (_[ Yy ) (3.54a)
on _ )
i A-n(my~ +1) (3.54b)
where
nzzmszS D, =271j20d\ls DO m= B.d? _,
hy.K hy-K 2ny\ys
(3.55)

T=yt, v=VIV, Y=Er).

3.3.1. Model with Extended Laser M edium
One steady state of Egs. (3.54), namely m, =0,n, = A, is easy to find.
The others are determined from

A
Ap®
Imb¢:2+1dv_l- (3.57)

The number of nontrivial steady states is equal to the number of the
real positiveroots of Eq. (3.57). In the simplest case, the population inver-
sion is created over the entire volume of the laser rod, as assumed. At
A > 1, theleft-hand side of Eq. (3.57) isamonotonically decreasing func-
tion of M, and, therefore, this equation has an unique root.

The zero branch of solutions becomes unstable if the self-excitation
condition

| AY’dv>1, (3.58)

is satisfied. In order to investigate the stability of the nontrivial branch of
solutions, we linearize Eq. (3.54) in the vicinity of the states
m=m,n=n,:

diom) )

ar G”lbfw onav (3.59a)
d(dn A 2

—Ear) :-E&W-w n,om (3.59b)

On assuming a perturbation of form {om, &} < dm,, an e, resolving
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(3.59b) with respect to dn, and substituting the results into (3.59a), we
arrive at a characteristic equation

. e
A= @m0 rgrm D

Our further analysis is based on the large value of the parameter G.
Thus, it can be inferred that the roots of Eq. (3.60) are divided into two
groups. One includes the negative roots with modulus of order unity. The
roots of the other group are of order GY2. There are only two of them and
they are complex conjugate, and ImA >> ReA . If we make use of thelarge
value ImA =Q and expand the integrand in (3.60) into a series of Q*,
then we can easily find the approximate values

(3.60)

/12
. Agt
le%mo_[Wd:ﬂdV% , (3.61a)
1 J’AL,UAdV
Lo EJ’AQUA(mbL,UZ +1)'dv (3.61b)

It isimportant to note that ReA =6, <0 and, therefore, the spatial field
structure does not disturb the stability of atime-independent solution.

It isinteresting to compare Q, and 6, for the cases of uniformly and
nonuniformly saturated laser media with the comparable parameter val-
ues. We can make this comparison by specifying the form of the functions
Y({) and A({) . Consider the mode of a plane standing wave type and
assume the pumping is spatially homogeneous. Taking into account the
normalization condition, the eigenfunction of the cavity is written as

@, =V2sn(m?) . (3.62)
As a dimensionless coordinate, it is convenient to choose { =z/L,,
where L, isthe length of the laser rod.
First of all, we determine the laser intensity in the steady state. Using
Eq. (3.62) in (3.57) and integrating under the condition of constant A we
obtain

A O 1 f?
— @ —————arctan|/1+2m tan(md O =1
m g myl+2m, wam, et E ’
(3.63)

where ¢, and {, denote the coordinates of the boundaries of the active
element, {, —{, =1. Shifting the integration limits from the active ele-
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ment boundaries to the nearest points at which tan(rmd;,) =0, we arrive
at

arctan|,/1+ 2m, tan(rm{ )]Z =7q. (3.64)

Since L, >> A, such a substitution does not change essentially the re-
sult. After thisit is easy to pass over to

m, :i(4A—1—«/8A+1)_ (3.65)

Taking the same approximation, from (3.61) we find the frequency of
small oscillations
Q, =,G(A-]), (3.66)

3AM,
61 -7 .
4(A-1)

and their decrement

(3.67)

3.3.2. Model with the Sinusoidal Inversion Grating
In the above consideration we did not limit the shape of spatial distribu-
tion of saturated steady-state inversion. We only assumed that the pump-
ing in the volume of active element isdistributed uniformly, i.e., the pump-
ing parameter A = const. However, it is clear that the real structure of the
field mode | eads to nonuniform saturation of the laser medium, or, as people
often spoken, to inversion hole burning. Thus, the standing wave burns
out theinversion grating with the period A/2. Neglecting all of the higher
harmonics of inversion we reduce the problem to a simple enough set of
ordinary differential equations.

In this case, we present the inversion as a sum of the mean value and
the first spatial harmonic:

n=n,+2n, cos(2m( ), (3.68)
where

Ny :Indg, n, = —Incos(ZmZ)dZ, ¢ =1z/L, (3.69)

L is the cavity length. Substituting Egs. (3.69) into (3.54) we reduce the
latter to three ordinary differential equations:

— =Gm(n, +n, -1 (3.70a)
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dn

—2=A-n,(1+m)-nm, (3.70b)
dr

dn, 1

—=-n,(1+m)-—-nm

ar L (1+m) 5 oM. (3.70¢)

The steady-state intensity of radiation is given by

m, =%(A—4+V K +8) (3.71)

and other variables are expressed over the intensity as
n, =A-m, n,=1-A+m,. (3.72)

Linear stability analysis in the vicinity of this steady state leads to a
cubic characteristic equation

A +aAr +a,d+a, =0
with coefficients

a3 =%Gmf +Gm, (2-3Ny,) -

The approximate value of a, is valid because the parameter G is very
large for solid-state lasers.

The roots of the cubic equation can be found strictly. However, the
procedure becomes much more simpleif apriori known that thereisapair
of complex-conjugate roots among them and, moreover, that
|[ReA/ImA |k<1. In this case we come to

ImA=Q, =.[a,,

(3.74)

ReA =6, =-21%2 "%
2a,

Since we neglected the higher spatial harmonics of inversion, the ob-
tained results are valid only when the saturation of the laser medium is
weak, i.e., closeto the laser threshold. Limiting the pumping parameter by
condition A-1< 1, we have

rrlD:

winN

(A-1), (3.75)
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instead of Eq. (3.71). In thislimit expressions (3.74) take the form

Q, =JG(A-1, 6,=-1/2. (3.76)

Formulas (3.75) and (3.76) coincide with (3.66)—(3.67) in the limit of
small excess of the laser threshold.

Compare Egs. (3.65)—(3.67) with similar formulas (3.15), (3.20) and
(3.21) obtained earlier in the model with a spatial uniform field. The ex-
pressions for Q, are fully coincident. The steady-state intensities m, co-
incide when the laser iswell above threshold. However, near threshold, in
the domain A =1, Eq. (3.65) leads to somewhere lower values of m than
these yielded by Eq. (3.15). The reason for thisresult is physically appar-
ent: the spatially uniform field interacts with all active molecules over the
entire volume, whereas for standing wave mode the field does not interact
with the molecules at the nodes at all. Asfor the damping rate, Egs. (3.67)
and (3.21) coincide at A - 1, while at A > 1 the spatial inhomogeinity of
the field increases the damping rate of small oscillations by afactor of 1.5.

Judging by the results we have obtained, the single-mode lasers with
uniform and nonuniform field in the active medium volume differ little in
their dynamical behaviours. However, one should remember that we have
considered only the case of a spatially uniform excitation of the laser rod.
Things are different if the unsaturated inversion is nonuniform: the damp-
ing rate of relaxation oscillationsis especially sensitive to this factor, and
if the quantity alternates in sign, then the steady state can lose temporal
stability. Thisis discussed in Section 7.2.

3.3.3. Power Characteristics

In Section 3.2.2 we estimated the spike duration and the spike repetition
rate. The agreement with experimental datais rather satisfactory. The en-
ergy characteristics of laser emission can be determined as follows. The
field energy in the cavity is expressed through the field amplitude and the
cavity volume. Making use of the relation of to the dimensionless inten-
sity m, which isfound from Egs. (3.1), we obtain

_hyyaVe
gz M
8md
Very often it is more convenient to use the formula containing the tran-
sition cross-section rather than the matrix element of the dipole moment
of the transition d. These quantities are related by Eq. (1.2). Bearing this
in mind, we write the field energy as the number of photons

_W _yVe
=—= m
hw 2co,

W (3.77)

(3.78)
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Provided that the main energy lossesin laser are due to the energy with-
drawal, the output power is found in avery simple way

W hwyKkV,
Pout [W] =—_= # m
T, co,

To calculate the laser power in steady state we should substitute m =
A-linto Eq. (3.79). The maximum power of a spike can be found from the
expression (3.33).

1o’ (3.79)

Example 3.5
Nd: YAG laser
0, =107 cm*; w=10" s PY =0.3W,
y, =500°s*;k =10°s*; | M =2[10" photons;
A=1.2In(Mm,/m_,) =25 P =8W.

V, =1cm?;

For a ruby laser with o, =10 cm?,y, =10°s™*, A=5 the power in-
creases up to P =3kW.

These examples show that the simplest theory adequately reflects the
energy characteristics of the free-running mode of laser operation.

Single-mode models hold a prominent place in the laser theory. In spite
of their simplicity they offer reliable qualitative and even quantitative in-
formation about some practically important features of laser emission. Yet,
amuch more important conclusion is that the spike repetition rate and the
spike duration as well as spike energy and power are not very sensitive to
small perturbations of the model. Thus, there is no need to recognize such
problems when analyzing more sophisticated problems. Among the more
subtle laser characteristics is the dumping rate of the pulsationsin laser.

3.4. Instabilitiesand Chaosin a Travelling-Wave Single-M ode
L aser

In this section, we shall discuss the dynamics of class C lasers, as gov-
erned only by the relationship between the radiation field and the laser
medium. Instabilities and complex pulsations in these lasers do not re-
quire external forcing of the system or the presence of additional nonlin-
ear elements nor even, generally speaking, mode-mode coupling. Each of
these additional factors can influence the behaviour and enrich the pattern
but the primary cause of the laser instability is more fundamental.
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3.4.1. Some history

Many authors have dwelt upon the interesting history of this problem (see,
e.g., [200,247]) but each author has the right to propose his own version.
So it seems reasonable to have a glimpse at the milestones.

Considerations of the stability of a quantum oscillator go back to the
prelaser epoch [203, 204, 216, 248]. In 1958 Gurtovnik [248] showed that
the steady-state solutions of the maser equations can be unstable in prin-
ciple. At first these considerations were provoked by an interest in the
stability of the ammonia beam maser but soon problems occurred with
paramagnetic masers, the output pulsations of which were observed with
CW pumping [69, 70]. Meanwhile the significance of this problem was
fully realized when it was found that spike-like operation was inherent in
practically all solid-state lasers [249-251].

An attempt to relate the generation of intensity spikes to dynamical
instability was made by Korobkin and Uspensky [252, 253]. They investi-
gated the threshold conditions for laser instability. Simultaneously, in the
early 60s there were the first numerical computations of the time-depen-
dent processes in quantum oscillators [254-256]. Grasyuk and Oraevsky,
aswell as Buley and Cummings, even obtained nonperiodic solutions. Un-
fortunately, those results were underestimated. The point was that the in-
stability was achieved only with parameter combinations (the cavity pass-
band was more than the homogeneous linewidth and the laser threshold
was greatly exceeded) which seemed exotic at that time. And, though this
might have been related to the new concepts of nonlinear dynamics, it had
just started to be formulated and had not become widespread (the basic
paper [177] by Lorenz was published in 1963).

The situation was changed radically by Haken's paper [176] in 1975.
Haken found that the two-level laser model, used in papers [252-256], is
fully isomorphic to the Lorenz system. Against the background of univer-
sal interest in dynamical chaos phenomena in relatively low-dimensional
systems this fact put the experimental achievement of the laser version of
the Lorenz attractor on the agenda.

Since solid-state lasers had the firm reputation of being unstable sys-
tems, the experimentalists' primary attention was paid above all to these
devices. Meanwhile Casperson and Yariv [195] added consideration of a
laser of quite a different type having detected undamped pulsations in the
gas-discharge xenon laser output. Of course, a full concordance with the
Lorenz—Haken model was not possible, since the gain line at 3.51 mm in
xenon was inhomogeneously broadened. However, earlier Yakubovich [257]
had paid attention to the specific features of inhomogeneously broadened
media. Thereafter Idiatulin and Uspensky [258] analyzed a single-mode
laser model with a two-component gain line and showed, using this sim-
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plest example, that inhomogeneous broadening led to aremarkable lower-
ing of the instability threshold. A little bit later Fradkin [215, 259] dis-
cussed the possible manifestation of this effect under somewhat different
conditions (a smooth profile of inhomogeneous broadening, multimode
cavity). The further course of events was greatly influenced by the papers
of Casperson [194, 196, 200, 260].

His theoretical analysis focused, unlike previous work, on explaining
the particular experiment with a xenon laser.

Achievementsin the early 80’s changed crucially the experimental situ-
ation with laser chaos and they included the results of Abraham and co-
workers. They realized and investigated the unstable behaviour first at 3.51
mm inthe He-Xelaser [197, 198, 201, 202] and then at 3.39 mm inthe He-
Ne laser [33].

Inhomogeneous broadening greatly facilitates the task of an experimen-
talist pursuing the aim of realizing and investigating complex dynamical
processes in lasers. Equally, this is a headache for a theoretician dealing
with very high-dimensional models dependent on a large number of pa-
rameters. Although some results have been obtained analytically [261-270],
much more progress has been achieved by numerical methods [270-276].
Nevertheless, “a detailed study of all candidate dynamical evolutions ap-
pears to be a Herculean task” (Abraham, Mandel and Narducci [247]).

Thus, it is clear why, being tempted to thoroughly verify the predict-
ability of the modern theory of nonlinear oscillations, the experimentalists
could not avoid therealization of Lorenz chaosin lasers. Weiss and Klische
[38] soon showed that laser-pumped FIR lasers were most promising in
thisrespect. A little bit later the experiments with ammonialasers[39, 40,
42, 178-180] confirmed many predictions: theinstability wasreached once
the laser threshold is well exceeded, higher-order bifurcations were ob-
served, and chaos was achieved. Meanwhile, the experiments revealed an
inconsistency between these scenarios and the Lorenz—Haken model. It
should be most natural to attribute this inconsistency to the coherency of
the pumping. The nonlinear interaction between the pumping and the laser
field can be taken into account consistently but this is useful only if the
three-level model widens appreciably the possibilities for interpretation
of the experimental facts [277-287]. However, the experimental realiza-
tion of the Lorenz attractor in such lasers requires breaking of the coher-
ency of the laser field-monochromatic pumping interaction. Attempts in
this direction were made, but the main prize for the experimental realiza-
tion of the Lorenz attractor in lasers has not been awarded.

3.4.2. The Lorenz—Haken M odel
Let us turn to a single-mode two-level model of a traveling wave laser
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with incoherent pumping, which in its simplest version is isomorphing to
the Lorenz system. This laser can be described by Egs. (3.2). Since the
time normalization to y; is convenient in this case, these equations take
the form

daf . - ~

——ikA f =k(p-f

= ¢ (p—f1), (3.804)

dp .

— —iAyp=nf -

dr oP P, (3.80Db)
dn O
——V%A n——(fp +f7 IO)E (3.80c)

Here we use the following normalization: K =kly,,y = y”/yD, i.e.,
t=1/y,.

These equations can be written in their real form in different ways.
Changing from complex amplitudes to modules and arguments,
f =Fexp(ig.), p=Pexp(i¢,), we transform Egs. (3.80) to

dF -
— =K (Pcos®-F), (3.81a)
=nkFcos® -P, (3.81b)
T
dn -
E:y(A—n—FPCOSCD), (3.81¢)
do
—=A no.
g Do Q% Eﬂ (3.81d)

where ® =¢,-¢, and Ay = (w, - w,)/y,. The advantage of this form of
equationsisthat thereis no unknown laser frequency given explicitly, and
the disadvantage is that the right-hand terms of the phase equation (3.81d)
can reach infinity. Thislast fact is unpleasant in the numerical simulation.
Thus, the equations are often organized so that the variables are the real
and imaginary parts of the complex amplitudes: f = f'+if", p=p'+ip".
We therefore arrive at

df’

—+KA f"=K

a7 (p'=17), (3.82a)
daf " - ~

= _RA T =R(p -

= c (p ), (3.82b)
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d ' n I !

—d'j +A,p" =nf'=p", (3.82¢)

d ! ! n n

%-Aop =nf"-p", (3.82d)
dn __ T
E—V(A_n_fb_fb). (3.82¢)

There is an apparent paradox in that the Egs. (3.82) have one equation
more than the set (3.81). The contradiction is eliminated by noting that
one of the two phases comprising @ can be chosen arbitrary. This gives
grounds to consider the corresponding variable a real one. Assuming
f' = 0, from Egs. (3.82) we find the fourth-order set

af '~
= K I_ f I
P (p'=17, (3.83a)
dp’ n ] ]
——+A,p"'=nf'—
dr oP P, (3.83b)
dp" ] /]
-A -
dt oP P, (3.83c)
dn _ _
—=y(A-n-fp'
= y( p). (3.83d)
The fifth equation has become algebraic,
A f'=-p", (3.84)

actually, it determines the unknown lasing frequency w, since
A =(w-w,)/k

The case of resonant tuning, A, =A, =A, =0, is the simplest. If we
introduce, following [288], avariable Z = FPsin® , then using Egs. (3.81)
we can seethat the equation dz/dr = —(k +1)Z isvalid. Obviously, 7 tends
to zero during the laser action. There are two options, ¢ =0 and ¢ =,
for the phase difference when Egs. (3.81) transform to Lorenz—Haken sys-
tem

daF -
— =K(P-F
= ( ), (3.85a)
dP
— =pF-P
- , (3.85b)
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dn -
o Y(A-n-FP), (3.85¢)

It is sufficient to put A, =0 to obtain Egs. (3.85) from Egs. (3.83).

3.4.3. Bifurcations and Their Sequences
Besides the trivial steady-state solution

Ifa = E :O’ ﬁa = A’ (386)
Egs. (3.85) can also have nontrivial steady-state solutions
F, =R =+/A1 n,=1 (387)

The steady state (3.86) becomes unstable when the laser self-excitation

condition

A>1 (3.88)
is met, which, simultaneously, is the condition for physical existence of
the equilibrium states (3.87), since the steady state coordinate cannot be a
complex number.

Stability of the nonzero steady-state solution is investigated by linear-
ization of Egs. (3.85) in the vicinity of the fixed point b [27, 204, 237,
246, 252, 253, 255]. Assuming F =F, +d, P=P,+dP,n=n,+on and
retaining the terms linear with respect to these small deviations, we get a
linearized set of equations

§(6F>:E(6P—6F),

d - _
a(éP) =n,0F + F,on—-0P (3.89)

g(aw) = —j(@+F,oP+FoF).

Supposing that the solution has the form {oF , oP, o} 5 oF,, oP,, onp e,
we reduce this uniform set of differential equations to an set of algebraic
equations. Vanishing of the determinant means the existence of nontrivial

solutions. We thus arrive at a cubic characteristic equation
3

Zaj)\3‘i =0

=

with the coefficients
a,=1 a=K+y+1 a,=y+(A+K), a,=2yk(A-1). (3.90)
The presence of roots with the positive real part implies that the corre-
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sponding steady-state solution is unstable.

To obtain the instability condition in analytical form we can make use
of the Routh—Hurwitz criterion. Meanwhile, a better result can be achieved
under the assumption of complex roots meeting the inequality
|[ReA/ImA |k<1: approximate values of the roots can be found, as in
Section 3.3.2, by linearization of the characteristic equation in respect with
ReA [289]. Taking this route, we find:

_S3Taa, . |8 ~_
Al,2~2—afi|1/a’ Ay =-ay (3.91)
The instability condition a, >a,a, leads to two inequalities
K>y+1, (3.92)
_K+y+3
A> =K ——
A R—y-1° (3.93)

The first of them requires that the cavity passband exceeds the homo-
geneous linewidth. Theinequality (3.93) definesthe height of the so-called
second laser threshold (assuming that the laser self-excitation threshold is
the first one). The quantity A, has the minimum at
K=K,=y+1+,/(y+1)(2y +4) . In turn, K, decreases with y reaching
its least value kK, =3 at y <<1. According to Eq. (3.93), this least value
correspondsto A_ = 9.

What are the real possibilitiesfor both instability conditionsto be met?
Only gases can satisfy the inequality (3.92), since anarrow gain line rather
than a wide cavity band is the decisive factor (from this point of view the
widespread term bad cavity condition is not quite suitable). To estimate
the maximum attainable pumping parameter we turn to arelation

A=l N DO =A_ DO
hKy . max y
which enters (3.1). Assuming parameter values w=2-10%s*, y =107 s™,
k =10"s*, d=1Db and N=10" cm? we find A__ = 10*. Therefore, the
excess of laser threshold, required in Eq. (3.93), is practicable in low-
pressure lasers.

The curve (3.93) isshown in Fig. 3.4 asthe solid line 1. The remaining
data of this phase diagram are obtained by numerical integration of Egs.
(3.85) [285, 290, 291]. In the region above dash line 2 only steady state
solutions of Egs. (3.87) are stable. In the region below solid line 1 the
steady state solutions are unstable. Between these linesthereisabistability
zone withinwhich both steady state and self-modulations are locally stable.
Bistability is accompanied by the hysteresis phenomenon with a typical
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Fig. 3.4. Phase diagram of a single-mode two-level laser model in the control parameter
plane (A,y) at K =4.0 [285, 290]: 1 —boundary of the domain of instability of nonzero
steady-state solutions, 2 — boundary of the domain, in which the nonzero steady-state
solutions of Egs. (3.85) are uniquely stable; 3 — boundary between zones of chaotic and
regular behaviour. Types of the attractors corresponding to the different areasin the diagram
are shown

jump-like transition from one to another stable branch of solutions at the
instability zone boundaries. If the control parameters are varied
quasistatically so that operating point on the phase diagram moves along a
trgjectory s, which crosses both boundaries, the observed sequence of states
corresponds to the loop in Fig. 3.5. The diameter of the attractor in the
phase space is shown on the ordinate. The steady state conformsto a point
attractor with D = 0. The finite value of D means the presence of a limit
cycle or a strange attractor?.

The existence of an attractor with a finite diameter, immediately after
the instability boundary A=A _is crossed, indicates that a subcritical Hopf
bifurcation occurs. The transient process from an unstable steady state to
developed pulsationsisshown in Fig. 3.6. At first thereis amplitude modu-
lation with gradually increasing depth and neither variable reverses sign at
this stage. At some time, however, this process is replaced by a qualita-
tively different mode of oscillations with sign reversal of the field and the

In numerical simulations the quasistatic parameter variation is imitated as follows. The
first realization is calculated with arbitrary chosen initial values. Then the control param-
eter isvaried be a chosen discrete step and the new realization is cal culated from the set of
variable values at which the preceding solution was interrupted. These initial conditions
make it possible to avoid the transient process and exclude the solution from entering the
attractor basin of the alternative attractor in the bistability zone. Theinitial conditions for
the field and polarization, which are close to zero, we assigned only if the aim of the
numerical experiment is to define the boundaries of hard excitation of pulsations) dash
boundary 3 in Fig. 3.4.
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Fig. 3.5. Diagram illustrates the
coexistence of different attractorsinthe
laser phase space (bistability and
hysteresis).

Fig. 3.6. (a) Transition from unstable equilibrium state to regular undamped pulsationsin
the Lorenz—Haken model and (b) phase space trajectory projection onto the plane n, F
[291]. K =4.0; ¥y =0.10; A=120.

polarization amplitudes F and P. Excess of odd harmonicsis a distinctive
feature of thisradiation field envelope spectrum (Fig. 3.7). It isreasonable
to call the symmetrical pulsations ‘beats’, since the corresponding spec-
trum of the laser field does not have a central mode [290]. In the simplest
version, the beats are represented by two spectral components. It is well
known that the presence of a central mode (carrier frequency) is necessary
in the case of amplitude modul ation, moreover, this component dominates.
The frequency of small oscillations near the steady state is given by

a 2K
Q= %=q, [ K

which isderived from Eq. (3.91) using Eq. (3.90). Here Q, =,/y(A-1) is
the dimensionless Rabi frequency in the CW radiation field (3.87) with
intensity A-1. For class C the coefficient at Q_ in Eq. (3.94) only slightly
differs from unity; in the limiting case Kk >>1+y Eq. (3.94) reduces to
Q, =2Q,.

The frequency of settled beat-like pulsations can be estimated by as-
suming solutions of Egs. (3.85) as {F, P,r} 5 F,, P, i} exp(iQ7)+c.c. dis-
regarding all higher beat harmonics. Omitting calculations we give the
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Fig. 3.7. Succession of solutions to Egs. (3.85) in the transition from the zone of regular
to the zone of chaotic pulsations through the boundary 3 (see Fig. 3.4) as the parameter 7
isincreased (A: form of the electric field envelope; B: phase space trajectory projection
onto the plane (n, F). C: spectrum of the envelope) [285]. K =4.0; A=12.0; ¥ =0.10 (a);
0.17 (b); 0.19 (c); 0.196 (d); 0.22 (e); 0.40 (f).

result: the limiting case Kk >>1+y corresponds to the beat frequency
2Q = Q,, . Inthenatural dimension we have wy = ,/yy,(A-1) whichyields
Wy /2m=2 MHz at y,=10"s",y,=10°s™ and A=11. Experiments with
molecular FIR lasers confirm that the dynamical pulsations have mega-
hertz frequencies [247]. Undamped pulsations above the second laser
threshold can be both regular and chaotic. In Fig. 3.4 the domains of regu-
lar and chaotic behaviour are separated by a dash line. Switching from one
to another is not abrupt and includes a complex hierarchic sequence of
bifurcations sketched in Fig. 3.7.
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In the sequence of bifurcations accompanying the increase in param-
eter y one should first of all distinguish the period doubling chain. In
turn, each link of this chain hasfine structure illustrated by thefirst link as
example. As y increases, the rigorously symmetric (Fig. 3.7a) regular
pulsations (RP) become slightly asymmetric (Fig. 3.7b), followed by peri-
odic doubling (Fig. 3.7c). The result of subsequent doubling bifurcations
is the intermediate state of chaos (Fig. 3.7d). Then there is the inverse
sequence of doublings, which restores the symmetric form of the pulsa-
tions but with a double period with respect to the initial one (Fig. 3.7¢€).
All the subsequent links, responsible for the transition from period 2 to
period 4, etc. have the similar structure. Finally chaotic pulsations (CP),
shown in Fig. 3.7f, are achieved at the end of this chain.

In the example given above the role of a control parameter is played by
y . In practice, however, it is more convenient to change the pumping power
rather than try to influence the relaxation rates of the laser medium. In this
respect, it should be emphasized that the phase diagram, shownin Fig. 3.7,
admits, depending on y value, three scenarios of regime change with in-
crease of the pumping parameter A:

1) CW—CP,
2) CW—RP,
3) CW—CP—RP

Note, however, that isles of regular behaviour may occur in the sea of
chaos [292].

The passage from one region on the phase diagram to another isindica-
tive of some topological alternations on the phase space, which were de-
scribed in Ref. [293].

3.4.4. Parametric Origin of the Second Laser Threshold

This dynamical instability can be treated, at least at the initial stage, as
parametric excitation of the side modes, i.e., the process, in which the
oscillating mode plays the role of pumping. In terms of quantum theory,
we are dealing with afour-photon interaction, which satisfies the frequency
matching condition 2w, = w, + w_. Using these premisesit iseasy to find
the instability criteria [289]. Assume that the laser generates a three-har-
monic field

F=F +F€e" +F e""". (3.95)
Until the side mode have small amplitudes, |F,,/F, k<1, their har-

monics will not matter so that the material variables can be presented in a
similar form:
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P - F_)b + F;;LeiQr + P_le—iQT ’ n= ﬁb + nleiQT + n_le—iQT )
(3.96)

The assumed smallness of all sideband components permits one to ne-
glect thereaction of F_, B, and n, to aperturbation and make use of Egs.
(3.87).

Substituting Egs. (3.95) and (3.96) into Egs. (3.85), separating the groups
of terms with similar frequency dependence and neglecting the products
of small quantities, we obtain a set of homogeneous algebraic equations

(K +iQ)F, —KP, =0, (3.97a)
n,F-(1+iQ)P +F,n, =0, (3.97b)
yF,F, +VF,P +(y +iQ)n, =0. (3.97¢)

The complex characteristic equation, which corresponds to the vanish-
ing determinant, fallsinto a pair of real equations:

Q? =2pkF2 (K +7 +1), (3.98)

Q% =y(F +1+K). (3.99)

The Eq. (3.99) coincides with Eqg. (3.94) and become consistent with
Eq. (3.98) when Isz = A, -1, where A, isgiven by Eq. (3.93).

A different variety of the weak-sideband approach, which is widely
practiced [194, 260, 267-269, 296], goes back to the early papers [294,
295]. The main point isto determine the susceptibility of the laser medium
in the presence of a strong oscillating mode. Expression

R _ V(A-2)-iQ

F, Q°-yA-iQ@1+Y)
can be derived by solving a set of two last equationsin (3.97). The profiles
of side components gain and dispersion, specified by the relation (3.100),
are shown in solid linesin Fig. 3.8.

Self-modulation regime of operation existsif Eq. (3.100) is compatible
with Eq. (3.974). It is convenient to represent the latter equation as

=X(Q) (3.100)

E o= (3.101)

Theplots Re), =1 and Im) =Q/K aregivenin Fig. 3.8 by dashed
lines. The intersection points in Fig. (3.8) determine the frequencies of
modes degenerate with respect to wavenumber. The presence of several
frequencies like these gives grounds to talk of ‘mode splitting’ following
the terminology of the work [297]. The physical interpretation of the in-
stability conditions is that the points of intersection enter the domain of
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sufficiently strong gain.

The graphic method is not the most convenient in application to a two-
level homogeneously broadened laser. Several ways to analytical solution
of the laser stability problem have been shown above. We add that com-
parison of Egs. (3.100) and (3.101) leadsto Egs. (3.98) and (3.99) as well.
Meanwhile, this method can be preferable in more complicated situations,
in an inhomogeneously broadened laser, for example.

3.4.5. Effect of Detuning on the Laser Dynamic Properties
Detuning between the cavity mode frequency and the center frequency of
the gain line increases the dimension of the laser model. One might think
that this leads to increased complexity of laser behaviour but the actual
tendency is opposite: theinstability threshold increases and chaotic pul sa-
tions in the domain of instability are replaced by regular ones.

There is a specific complication of the problem when a detuning is
introduced since besidesthe variables f, p, n we have one more unknown
quantity — the laser frequency, hidden in A, and A_ . This causes prob-
lems even in the linear stability analysis of the zero intensity branch of the
steady-state solution. A way out is to turn from Egs. (3.2) to Egs. (3.4),
which do not contain the laser frequency. Linearization of Egs. (3.4) near

the zero singularity leads to a characteristic equation z a, A" =0 with
the coefficients

a,=1 a =4K+1), a,=5K+1)°-4K(A-1)+A%_, (3.102)
a, = 2(R +1)° -8R (K +D(A-1) +2(K + DA%, a, = 4R (K +1)(A-1) +4RA2,

Using the Routh—Hurwitz criterion we find the laser self-excitation con-
ditiona, <0, or

-~

0,5 g
1 1 1 1 L 1 // »
4 i) /, T T T T T ln
P 2 4 Fi . .
- ig. 3.8. Plots illustrate the induced
//’ mode splitting effect: a — gain, b —
-~ dispersion.
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AZ
A>1+ —2—
(1K) (3.103)
The nontrivial steady-state solution of Egs. (3.4) is given by
N %
n=1+—%- m=A-1-—2_
b (14R)? m, 1+R) (3.104)

Meanwhile, it ismore convenient to complete alinear stability analysis
by turning to Egs. (3.83) and (3.84) asin papers[247, 292, 298]. If wefind
the steady state directly from Egs. (3.83) and (3.84) we have

n=1+X, m=A-1-&X_, A.=-1, p=f, p'=-Af.(3.105)

The relations (3.105) agree with (3.104) provided A2 = A2 /(K +1)°.
This should be readily apparent if we make use of the equality A, = —-A_.
Linearization of Egs. (3.83)-(3.84) near the fixed point (3.105) leads to a
quartic characteristic equation with the coefficients

8 =1 a=2k+2+y, a,=2y(K+D+(K+1)"+ym, +A (K -1

(3.106)
8, =V(K+1)° +y (& +D)°m, + Ay (K -D°, &, =2yK (K +Dm,.

The assumption of complex roots A =iQ+6 with a small real part
permits oneto write down, instead of the characteristic equation, the equali-
ties

(a, +40)Q% = a, +2a,0, Q*-a0’+a, =(3a, -a,)0.

The first one determines the frequency of small oscillations

Q=.a,/a , (3.107)
and the second governs the damping factor

— 3-32 taa, —aa,a,
a12(3a1 - aa)
Generally, finding the bifurcation value of m, from 8 = 0 requires
cumbersome cal culations, but in the limit K >>1 (the necessary instabil-
ity condition isretained with detuning) we are to solve the quadratic equa-
tion

(3.108)

3y +2k(1-38%)m, —2Kk°(1+A%)* =0.  (3.109)

At A? =1/3one coefficient of this equation turns to zero. The laser
behaviour is different on either side of this detuning [298].

If the dependence m,, (A.) and Eq. (3.105) are known, it israther easy

to obtain A, (A,) . The form of the latter isillustrated in Fig. 3.9 where
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Fig. 3.9. Phase diagram of the
single-mode two-level la]ser
model in the control parameter
plane (A, A) . The sense of the
boundaries is the same as that in
Fig. 3.4 [292].

this dependence is shown by a solid line. Above this line the steady-state
solutions are unstable. We deal with a bistable system when the operating
point enters the band between the solid and the dash lines. Note that these
lines are intersected. Below the intersection point the CW laser action co-
exists of finite amplitude pulsations (a stable fixed point and a large-di-
ameter limit cycle). Above the intersection point a small-diameter limit
cycleisan alternative to alarge-diameter one. Correspondingly, the bifur-
cation changes at the second laser threshold: from subcritical with small
detuning, the bifurcation becomes supercritical with large detuning. The
position of above mentioned bifurcation point in the control parameter
plane A A_ depends on the coefficients. In the limit K >>1 this point is
near A% =1/3 and shifts toward the larger A_ with decreasing K .

Possible scenarios of laser behaviour depending on the control param-
eter variation are illustrated in Fig. 3.10. The additional information on
Lorenz—Haken's system, as compared to Fig. 3.4, refersto laser operation
far above threshold (A>60). Windows of regular behaviour occur exactly
in the chaotic domain. An increase in detuning restricts this domain: an
upper limitisseenfor A, =0.1 and an upper and alower limit are seen for
A, =0.2. Chaotic pulsations are cancelled beginning from A, =0.3 and
all higher bifurcations disappear beginning from A, =0.5. Figure 3.10
shows three routes to enter the chaotic self-modul ation domain: an increase
in pumping, a decrease in pumping and a decrease in detuning. It isinter-
esting to note that a transition to chaos through a succession of period
doubling (Feigenbaum'’s scenario) occursin all these cases.

The increased dimension of the system from 3 to 5 raises the question:
I's an introduction of detuning accompanied by jump-like restructuring of
the phase space of the laser? A negative answer was given in [299]. A
special investigation was required because the phase portrait plotted by
numerical integration of Eqgs. (3.80) is appreciably dependent on the cho-
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= Fig. 3.10. Scenarios of regime
change in a two-level laser
0,2-—-Cf:':1 """""" §:==r———__ model at different detuning
[292]. The domains of steady-
state solutions are shown by
0,3————C dashed lines; the domains of
0,4————-—"—C — periodic pulsations by solid
0,5—— lines and the domains of
0,6—— irregular pulsations by dotted

lines (K =3,y =1).

sen reference frequency w, which remains indefinite in the abbreviated
equations. Only for acertain reference frequency, which can be determined
by the method proposed in [299], the attractor is bilateral, like that shown
inFigs. 3.4 and 3.7. Varying w it is easy to lose this, as well as any other
symmetry of the attractor.

3.4.6. Phase Dynamics of a Single-M ode L aser

So far, speaking about the time-dependent processes we meant exactly the
time variations in amplitude of all variables. At the end of the Section
3.4.2 we made the sol e assertion concerning the phase difference between
the field and the medium polarization that ® can assume only two values:
0 and 1, under the exact resonance conditions. The valuereversal is abrupt;
physically it is switching from the field emission to absorption by the laser
medium and back [288]. Most of the time the laser isin the state of emis-
sion, and it is the state of absorption only for a short period of time.

The phase difference between the field and the polarization can easily
be determined by numerical simulation but definitely not in areal experi-
ment. One can only retrieve the field phase using the optical heterodyning
method [175]. Numerical integration of Eqgs. (3.85) indicates that the field
phase changed by rat the time the field amplitude passes zero. In the
phase space of this system the phase discontinuity is associated with the
trajectory passing from the vicinity of the fixed point P=F =vA-1 to
P=F =-yA-1 and back.

All these phase dynamics mechanisms are inherent, besides periodic
pulsations (Fig. 3.11), in chaotic pulsations (Fig. 3.12) as well.

Detuning changes the phase dynamic suggested by the numerical in-
vestigation. We mean that together with the step-like variations, the field
phase undergoes a monotonic drift [41, 300]. This drift has a pure kine-
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matic nature and the drift velocity is subject to the reference frequency
variation. Specifically, when ¢ is assigned equal to the mean laser fre-
quency, the drift is completely removed and the phase oscillation pattern
islike that shown in Fig. 3.13b.

The phase jump phenomenon can be explained in the same way as with-
out detuning, i.e., by the phase space trajectory passing from the vicinity
of one to the vicinity of another unstable fixed point. This phase jump
differs from 17 because of the different arrangement of fixed points with
and without detuning.

This dependence of the phase dynamics pattern on detuning should be
borne in mind when discussing the results of the experiment with hetero-
dyne detection of laser output. Heterodyne tuning is identical to the refer-
ence frequency change during the numerical integration.

3.5. Dynamics of Three-Level Laserswith Coherent Pumping

If the laser is pumped by the monochromatic radiation of another laser and
the auxiliary and the operation transitions have acommon upper level (Fig.
1.2) then a two-level model for the laser medium appears to be insuffi-

’ Lo
0 ra © FW“ v @
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Fig. 3.11. Example of regular solution to Egs. (3.80) for amplitudes and phases: (a) the
electric field amplitude envelope; (b) the electric field phase ¢_; (c) the phase difference
of field and polarization ®.

Fig. 3.12 (right) Example of chaotic solution to Egs. (3.80). The notation and the parameter
values are the same as those given in Fig. 3.11 except for y =0.4.
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Fig. 3.13. Dynamics of the field phase of a two-level single-mode laser revealed by
numerically solving Egs. (3.80) at (a) occasional and (b) specially chosen value of the
reference frequency w (detuning A ) [300].

cient. Such asystem can exhibit the effects caused by the coherent interac-
tion between the pump field and the laser field as well as be the gain line
splitting due to the Rabi oscillations in the pumping field [6, 227, 301-
303].

We should differentiate between two cases that correspond to opposite
limiting cases of detuning. In the first case, considered below, both the
pumping and the laser field are exactly resonant with the corresponding
molecular transitions. In the second case, the difference between each fre-
quency and the corresponding transition frequency is much greater than
the molecular linewidth. This second case corresponds to the Raman laser
since the laser action is due to the two-photon interaction of fields with an
inversionlesstransition between level 1 and 2. The dynamics of the Raman
laser will not be considered here but it is discussed in [304-306]. In the
resonance case the one-photon transitions between level 3 and 2 are of
primary importance although the two-photon interactions mentioned above
also contribute to the lasing and should not be ignored until the conditions
for their confident suppression are provided. Essentially, we are dealing
with aresonance Raman laser, but this term has not become widespread.

Mathematically, the transition from a two-level to a three-level laser
model markedly increases the number of degrees of freedom and param-
eters of the system. The new features of laser dynamics include the emer-
gence of the second instability domain on thetrivial branch of steady-state
solutions. The collection of time-dependent laser regimes and the scenarios
of regime switching dueto the control parameter variation are much wider.

3.5.1. Self-Consistent Model and Ways to Its Simplification
The model consists of the material Egs. (2.49) and the laser field Egs.
(2.75a). The pumping field is assumed to be given. We disregard the
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effects due to the orientation disorder of the laser medium, the presence of
a hyperfine structure and the different types of field polarization. These
assumptions allow one to use a scalar model, meaning by d__an average
value of the dipole moment. We also suppose that both fields are exactly
coincident in frequency with the atomic line centres. We recall that Egs.
(2.49) are specialized to the active media of FIR lasers.

In dimensionless form

T=tyy,, K=KIlYy, W=W_ !V, Vi =VYo!Va

Y =Wy +20,) Vi, R:(n@zda?z/hKysz)Ns’ an:(drm/hy32~1/2) mn

(3.110)
P3n = 2I Ry_llzo-Sn’ P21 = 2R0-21’ nm = I:ao-mm’ n= n3 - nZ’
the set of equations of atree-level laser can be written as
dF -
d;Z = K(P32 - ng) ) (3.111&)
dP. 1
d_[g_z =nky, =P, _E Far Py, (3.111b)
dP. - 1_-
d;l ==YuPs +EV(P31F32 + F31P32) , (3.111¢)
dP.
d:_l =—y4Py —F4(R-2n-3n,) - =P, F,, ,(3.111d)
dn ~ 1 ~ ~
E = —VQ‘I +Fy, P + E Far P Q"’ (W, =Wy )N, ,
(3.111¢)
dan, 1
d__[z =W;,N— W21n2 + E Wsz P, . (3.1111)
Since conditions
{Var, Vao} >>{L V. K, F o} (3.112)

are satisfied, we can eliminate adiabatically the variables P, , P,, and use,
instead of six equations (3.111), four equations
dF.,
dr

=K (P, —F3), (3.113a)
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dP.
d13_2 =nF; =Py, (3.113b)
dn _ _ — -
E - V(A_ n-Fy P32)+ (W, =Wy —3yA/R)n, (3.113c)
dn, _ ~ 1
d_1'2 = W =Wy N, + 5 VFaPs . (3.113d)
Adding the conditions
Wy = Wy, , (3.114)
YAl R <<W,, (3.115)

we can separate from Egs. (3.113) the set of three equations. In order to
ensure full coincidence with the Lorenz system (3.85), we have introduced
apumping parameter A= RF31 /(2y4,). The number of parametersin Egs.
(3.111) can be reduced without depletlng the physical pattern. In particu-
lar, we can put y31 y21 yl! W31 - W21 - W1

3.5.2. Self-Excitation Conditions
In the absence of laser action, the steady state is described by the follow-
ing solutions of Egs. (3.111)
FE =P =P =0, nf? =(W, /)n®,
R/Y
n® = A P —/~V1 Fa

1+ 2A/R’ 1+ 2bA/R

To make it compact, we have introduced parameter b=1+ 3w, /2w, .
We take the deviations from steady-state solutions (3.116) as new vari-
ables

(3.116)

Oy, =F;,, P, =R, B,=PR,

P, =P, -P, Mn=n-n®, n,=n,-n.
The set of equations linearized by these variables is decomposed into
two isolated units:

W) - (P, -oFs).
d(P,) _

a 1
dr =n' )6F32 Py, - 2 F310P,, (3.117)
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d(or,) _
ar

d(oP.
and ( 31) =—y,0P, +F;(20n-3dn,) |

dr
d(on) ~ 1
— == +=F, P
dr V@Sn 5 ra%a @ (3.118)
don,) _ —
dr

Equations (3.118) have no rising solutions. Egs. (3.117) correspond to
a cubic characteristic equation with the coefficients

a,=1 a =y +K+1,

—Y,0P, + (P3(1a) OF;, + F30P,)

5 —wan, .

. 1 .
+y, (K +1)+ZVF321—KH( ), (3.119)

a; =Ky(1-tn?)+= Wstl,

where C=1+y/2y,.

The Routh—Hurwitz criterion exhibits two possible ways for the roots
of the characteristic equation to pass over to the right-hand half-plane:
a, <0 and aa, —a, <0. Bifurcation on the boundary a, =0 means, as
in a two-level laser, the transformation of a stable node to a saddle, ac-
companied by two nontrivial solutions of the type (3.87), arising simulta-
neously. At the boundary a,a, = a, the Hopf-bifurcation arises, owing to
which the damped small oscillations at the frequency Q =./a,/a, be-
come undamped. Since such oscillations cannot occur for a, <0, the over-
lapping of two lasing areas is excluded. Satisfying the inequalities
a,a, —a; <0 and a, >0 means that the laser self-excitation occurs as a
time-dependent laser action.

The condition a; =0 leads to a quadratic equation
by(A/R)> =M (A/R)+1=0 (3.120)
(M =GR-2b% - /2), which defines the first lasing area

A_ME 4py U
Y ops 1-2Y g
R b7 M7 (3.121)
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In asimilar fashion, the equation

bK,(A/R)? - (K, - 2bK, —K,/2)(A/IR) +K, =0 (3.122)
with the roots coefficients:

i:KZ—ZEKS—Kl/2%+ El_ 4bK K,
R 2bK, 8 H V(K,—2bK =K, /2)*

(3.123)

are obtained from the condition a,a, = a,. By K, we denote the following
combination of coefficients:
Ki=wWi(y;+D), K,=kR(K+1-y/2), K,=(y,+K)(K+1)+ Vl(’?'"l)z-
The pumping parameter A isreal and positive. Asseen from Eq. (3.121),
this fact makes the existence of the first lasing area dependent on satisfy-
ing two inequalities: M?>4by and M >0. Hence, a lower limit isim-
posed on the molecular concentration (limiting gain) in the laser medium
R>R =2b/T<2b. (3.124)
Similar considerations in application to Eq. (3.123) lead to the condi-
tion for existence of the second laser area,

_ 1 . _ 1
§<2—2bK3—EK1§>4bK1K3, K, > 2BK, +2K,,

and then to

R>R, =b[y2+K +7,(K +1)]/K >2b . (3.125)
It is seen that R, =2b(K +1)/K at y, =1 and quickly increases with
increasing y, . Inthe limit R>> A the asymptotic form is valid:

A&(_):B:E Ai(J'):IEiM: ISZE
M ¢ by by’
5 2RK RK
() ~ 3 () =~ 2
A K, A bK, -

It should be readily apparent that A” < A{”, which means that the

second lasing area is completely covered by the first area and disappears
by virtue of a; <0.

A more thorough consideration of the inequalities
(K, —2bK, -K,/2)*>4bK,K, M?>4by and M?>4by leads to the
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conclusion that there are the ranges of the parameter values without the
real solutions of Egs. (3.120) and (3.122), respectively. Numerical esti-
mates for R=5,y, =1 lead to the ranges of suppression of the first lasing
area 1.8<b <52(7=0.8) and 2.01<b <3.49(y =0.2) and of the second
lasing area 1.01<b <1.2(y =0.8) and 1.1<b <1.6(y =0.2) . Recall that
b =1 corresponds to W, << W,

Figure 3.14 shows the phase diagram illustrating the influence of the
parameter ) on the laser threshold. As the second control parameter, we
have taken the normalized Rabi frequency in the pumping field

Q - ﬂ:Bi - AWl - dSl ESl
R31 .
\'"4 V2R 2ay,

This choice is reasonable, since Q. remains finite for y — 0, where
A" and Al shift toward the infinity. It is interesting to note that the
second lasing area is absent for large y and that the bifurcation bound-
aries intersect. Clearly, only the outside part of the second area, which is
not covered by the first area, is physically meaningful. However, numeri-
cal integration of Egs. (3.111) indicates [281] that the influence of the
second area is exhibited as instability of the steady-state solution in the
first area (involving the nonzero branch of steady-state solutions, as stated
in [281]). For R> A thisinfluence is not essential.

0,50
0,25

-0,25
-0,50

: L L Fig. 3.14. Diagram illustrates the influence
X of control parameters y and Qg,; on the
threshold conditions of a coherently pumped
three-level laser [303]. The Rabi frequency
in the pump field islaid off on the abscissas
axis; the dash line stands for the unstable
steady-state solutions branch.
K =10; R=5;y =1.0 (a); 0.8 (b); 0.7 (c);
0.6 (d); 0.2 (e)
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3.5.3. Lasing Modes
The lasing branch of steady-state solutions (3.111) is described by a set of
equations

532 = IE32’ 521 = 2(|532 IFy)(M -1, Py=-2(n+ Eg)/ Fa
- -~ 1 - - _ _
wn, =Wws,n+ E )7':331 2y,Py = VFy (Fyy +Py)

- = o 1- —
y1P21 + F31(R—2n _3nz) +§P21F32 = O,

which are reduced to a biquadratic equation

R V= o= 1 ST L, ~ca4 = _ ol (T = 1E2 T (7 -
P+ (R L7 -2~ 20 27,7 1) 412 B (R 2B(7 -1 - R + 277~ =0
0 PW 2 0
(3.126)

where 1 =1+2y, /y . Since the coefficient of F is more than zero, the
condition for existence of the positive root of Eq. (3.126) is reduced to
negative value of the free coefficient of this equation. The task reduces to
a search for the roots of the quadratic equation

bF,; —[Rr —2b(F -1) -V,]F; +2y,(T -1) =0, (3.127)
between which the area of stationary lasing is situated. Note, however,
that Egs. (3.127) is identical to Eq. (3.120). As was to be expected, the
region of existence of the nonzero solutions of the initial system coincides
with the region of unstable trivial solutions. It should be mentioned that if
criteria(3.112) and (3.115) are satisfied, then Eg. (3.126) is reduced to the
same expression for the steady-state output, F; = A-1, which was found
for the Lorenz model [see Eq. (3.87)].

Information on the time-dependent solutions is obtained by numerical
integration of Egs. (3.111) in two limiting cases. In the first, the inequali-
ties (3.115) are not satisfied and the limits of smallness of parameter A/R
are not observed [281, 303]. This means that both the Rabi splitting of the
gainlinein the pumping field and the nonlinear interaction of the pumping
with the laser field are noticeable. The effect is most pronounced when the
two laser domains merge as shown in Fig. 3.14. Irregular solutions are
observed here among the numerical solutions of Egs. (3.111).

In the other limiting case, A < R, the pumping transition is far from
saturation, so that the gain lineis not deformed initially. Fig. 3.15 shows a
phase diagram of such alaser in the control parameter plane A, y,, which
gives an idea of the influence of the rate of coherence decay in transitions
1-3and 1- 2 on the laser dynamics. Asin Fig. 3.4 the solid line shows
the instability threshold of steady-state solutions and the dash line shows
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the boundary of hard-excitation of pulsations. The dotted and dash-dotted
lines denote the transition bands between the domains of regular and cha-
otic behaviour.

The case with high y, is qualitatively the same as the Lorenz case, as
was to be expected. However, things differ as y, decreases. Here, unlike
the Lorenz—Haken model, there is a domain of asymmetric pulsations of
the amplitude modulation type. The scenario of transition from RP(B) to
RP(A) through the chaotic self-modul ation band is apparent from Fig. 3.16,
the frame of which follow the y; profile for a fixed parameter A. The
sequence of bifurcations between Fig. 3.16a and Fig. 3.16b imitates the
onegivenin Figs. 3.7a-e and omitted. Then, through a chain of successive
complications of the symmetric pul sations, we get deterministic chaos (Fig.
3.16c¢) like the one shown in Fig. 3.7f. All these bifurcations occur in the
band confined by dotted lines 3' and 3" in Fig. 3.15.

A further decreasein ¥, resultsin qualitative restructuring of the cha-
otic process. A double-sided attractor with irregular transition of the phase-
space trajectory from the vicinity of a saddle-focus point to the vicinity of
an alternative one (the phase of the field envelope undergoes ajump of 77)
transformsto a single-sided one. The field amplitude oscillations that cor-
respond to a single-sided attractor do not show any phase jump of 77, and
the odd and even harmonics are equally represented in the spectrum. The
attractor escapes from the domain of single-sided chaosinto the domain of
regular nonsymmetrical pulsations through an inverse period doubling se-

2,7t

2,6f

2,51

[

. —

2 L
10 15 A

Fig. 3.15. Phase diagram of asingle-mode three-level laser model in the control parameter
plane (A,Y;) [284]. y =0.15,K =4.0; W, =0.015; R=1000.
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quence (Fig. 3.16d shows pulsations with period 8 and Fig. 3.16e shows
pulsations with period 2) and finally arrives at a simple periodic regime of
the amplitude modulation type (Fig. 3.16f).

Numerical simulations have shown that the pattern givenin Fig. 3.15is
not sensitive to the parameters w, and R until the inequality (3.115) is
satisfied. Quantitatively, the whole process is very dependent on the pa-
rameter y : as y grows, boundaries 1 and 2 are shifted to the right and the
domain of chaotic pulsations is broadened.

3.5.4. Experimental Investigations of Optically Pumped Ammonia
Lasers

The scheme of the experimental setup is presented in Fig. 1.22. Its cre-
ators did their utmost to satisfy the requirements of the Lorenz model. The

MW i,
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L
!
Y
-

I

T
T

L

|

R

I
|

Fig. 3.16. Succession of solutions to Eqgs (3.111) that occur in transition from the zone
of regular single-sided pulsations to the zone of regular double-sided pulsations through
boundaries 3 and 4, Fig. 3.15 [284].

y =0.15; K =4.0;w, =0.015; A=12; R=100;y, = 2.60 (a); 2.45 (b); 2.44 (c); 2.42
(d); 2.40 (e); 2.30 (f). A: form of the electric field envelope; B: phase space trajectory
projection onto the plane (N, F,,) ; C: spectrum of the envelope.
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homogeneity of the broadening is favored by the monochromatic pump-
ing. The pumping frequency is specially shifted from the center of the
absorption Doppler line with the aim of selectively exciting a group of
molecules with a definite nonzero velocity component in the direction of
the pumping beam. Thisisto provide the conditions for atravelling wave
generation in the direction opposite to the pumping wave. The linear dis-
tortion of the gain line shape by the coherent pump field isaminimum in
this case [305].

Heterodyne detection of the laser field is of fundamental importancein
this experiment. This method makes it possible to gain information on the
field amplitude and phase dynamics while the homodyne detection reveal's
only the intensity characteristics. However, if the laser intensity alone is
recorded, then it is unclear whether or not the field envelope reverses sign
during the pulsations or the laser oscillations occur one way from the zero
line of the field amplitude.

Theresults of experimental investigations of the dynamics of ammonia
lasers operating at different wavelength (81 mm, 153 mm and 376 mm) are
given in Refs. [39-41, 178-180, 182—-186, 308]. From these references it
isseen that essential control parametersinclude: the gas pressure, the pump-
ing intensity, the cavity Q-factor and the relative detuning of the cavity
from the gain line centre.

The ammonia pressure exerts a very strong influence on the laser
behaviour. In the range of pressures above 6 Pa the main features of the
dynamical behaviour are consistent with the predictions of the Lorenz-
Haken model:

— The instability of CW lasing is reached only in the region of rela-
tively low pressure (less than 10 Pa) since the bad cavity condition is ful-
filled here. The growth of the second threshold with respect to the first
laser threshold with an increase in gas pressure can be compensated, within
some limits, by increasing the cavity losses (using avariableiris diaphragm,
for example).

— The subcritical Hopf bifurcation is observed at the instability thresh-
old when the laser cavity is tuned to the gain line centre. The resulting
large-amplitude pulsations can be both regular (*NH, laser with A =
376 um) and chaotic (**NH, laser with A = 153 pm and **NH, laser with
A= 81pum).

— For central tuning the chaotic process looks like a sequence of as-
cending pulses terminating for random times (the ‘ spiral chaos’). Thetran-
sition from one pul se sequence to another is accompanied by ajump of the
field phase by r(Fig. 3.17). Thisindicates that the attractor has a double-
sided spiral form characteristic of the Lorenz model. Within each mono-
tonically growing pulse sequence the pulse shows alinear evolution. The
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Intensity

Time

Fig. 3.17. Double-sided chaos observed in the output of an ammonia FIR laser at a
wavelength 153 um at a pressure 9 Pa [41]; (a) intensity; (b) phase of the laser field (the
vertical scale readsto ).

average slope of the phase during a spiral depends on the reference (het-
erodyne) frequency and on the cavity detuning. However, the linear evolu-
tion is affected by the phase modulation synchronous with the intensity
pulsing. The modulation index is anomalously large from the viewpoint of
the Lorenz model.

— In the case of detuning of the laser cavity from resonance the laser
behaviour issimilar to that predicted by the complex Lorenz model at |east
in the range of relatively high gas pressure from 6 to 10 Pa. Asthe laser is
tuned towards line centre its dynamics starts with CW emission, which is
then followed by periodic pulsing. This is followed by a periodic-dou-
bling cascade ending in an intermediate chaotic range. The latter has high
periodic windows and then it followed by the period-three attractor. The
final point of these transformationsisthe Lorenz-like spiral chaos approxi-
mately at the line center?.

— The correlation dimension d,, which was calculated using the experi-
mental data, was found slightly above two. About the same values are of -
fered for spiral chaos by the Lorenz model calculations with laser param-
eters.

The difference between the laser behaviour and the Lorenz model in-
creases with a decrease in gas pressure and an increase in pumping power
since these two factors make the nonlinear phenomena due to the coher-
ence of pumping more important. Thus, even for a pressure below 8 Pathe
threshold of instability of steady-state lasing is lower than the allowed for

2These results have been obtained in the experiments with alaser operating at wavelength
81 mm.
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Fig. 3.18. Single-sided chaos observed in the output of an ammonia FIR laser at a
wavelength 153 um at a pressure 5 Pa [41].

the Lorenz model. At low pressures, instead of the double-sided (L orenz)
attractor, a single-sided (Roessler) attractor can be observed, when the
phase space trajectory is localized near one of the unstable fixed points
without jumping to the vicinity of another fixed point (Fig. 3.18).

At lower gas pressures and higher pump power the laser can exhibit
routes to chaos that differ from the Feigenbaum scenario. For example,
various types of intermittency were observed at A = 81 um, if the chosen
gas pressure lies in the range 3.5-6 Pa and the pumping power exceeds
3 W/cm2,

Which model of laser best agrees with the experimental results: athree-
level, the Lorenz model or some other model ? After comparing the experi-
mental datawith the numerical cal culationsthe authors of Refs. [183, 186]
were inclined to think that in the optimal region of operating gas pressures
the Lorenz model is preferable, while a three-level model (for laser pa-
rameters adopted in the calculations) is not so good. This is because the
solutions are very sensitive to the choice of a control parameter such as
Vi = V! Vs, and this parameter is known rather approximately. There-
fore, it seems to be more correct to say that for parameters used in the
numerical calculations (they have been given previously), the best agree-
ment with the experimentsisyielded by the Lorenz model. It can be para-
phrased as follows: since the Lorenz model is a particular case of athree-
level model, it is not excluded that the difference of the parameter, which
was used in the calculations, from the true value is beyond the admissible
limits.

Discussing the problem of finding an adequate model of a laser with
coherent optical pumping it should be kept in mind that there are at |east
two more factors that attenuate the coherent interaction of the fields. One
is due to the hyperfine structure (degeneration) of the laser levels. In Ref.
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[309] it is shown that taking into account the hyperfine structure of the
upper laser level, common to the pumping and laser transitions, makes the
laser behaviour dependent on the field polarization. The laser behaviour is
most similar to that predicted by the Lorenz model when the fields polar-
ization are linear and orthogonal.

The second factor is the inhomogeneous (Doppler) line broadening, a
trace of which remains in spite of the monochromatic pumping. The print
is that the common upper level of the molecule can split under the action
of both the pumping field and laser field (AC Stark effect). Accordingly
the absorption line is distorted, and that strengthens the interaction of the
pumping with different groups of molecules. In Ref. [310] the authors cal-
culated numerically three-level laser model represented by 217 equations,
which means the partition of the active medium molecules into 24 mono-
velocity groups. By its dynamical properties, this model is more similar to
the Lorenz model than athree-level homogeneously broadened laser model.

3.6. Effect of Inhomogeneous Broadening on the L aser
Dynamic Characteristic

As mentioned above, the dynamic instability phenomenon in lasers can be
attributed to the nonlinear deformation of the gain line. In ahomogeneously
broadened medium, the unique mechanism to ensure favourabl e conditions
for the growth of sideband componentsin the radiation spectrum is due to
Rabi oscillations. The second mechanism is due to the hole burning by
selective saturation of part of the line by a monochromatic field and is
characteristic of inhomogeneously broadened media. Theinstability thresh-
old is lowered in the second case since the saturating power is much less
than required for Rabi oscillations.

3.6.1. Lowering of the Instability Threshold
The generalization of Egs. (2.75) to the case of inhomogeneously broad-
ened laser medium leads to the following traveling wave laser equations:

5t 105, Tk i@ w}F =2raNd[o(tw)dw,
z

0o : i
—*[y, - i(w-w,y)]o =-—dFD
m [y —i( b)] o . (3.128)

oD iB
~—+y,(D-D?)=-"2d(F'o-Fo"
at v ) o ( ).

Confining ourselves to the case of fine adjustment of one mode to the
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inhomogeneous line centre w,, we keep to the equality w=w, = wy,,
which, of course, isvalid for a symmetrical gain line. We transform Egs.
(3.148) to a dimensionless form in accordance with Egs. (3.1) assuming
t =y " andadding u = (w, —wy)/ Y., { = zy,/c.If theinhomogeneous
broadening has aDoppler nature, then u = kU /y, . Inthisway, Egs. (3.128)
can be transformed to

0 0 e B
E?TTJFGZE{_KE:[,MU f%

op .
— —jup =nf -
ar p P, (3.129)

on _ - I PP 0gyO
e =V - (P p g

First of al, we will find the steady-state solutions of Egs. (3.129). If
the gain and loss are uniformly distributed over the cavity perimeter, then
f isindependent of the space coordinate. Assuming that all the deriva-
tivesin Egs. (3.129) vanish we find
1+iu 1+u?

pme TN G890

where m =| f [? is determined from
“ A(u)du
1+m+u2 - (3131)

Based on relation (3.131), we define the pumping parameter. We note
that when the laser is at threshold, Eq. (3.131) transforms to

“ Adu
Jz27t (3.132)

Putting A(u) = A(O)h(u) and dividing Eq. (3.131) by Eg. (3.132), we
arrive at

A:/\(O) _ h(u)du%[ h(u)du E | (3.133)

Ny . 1+u® H1+m+u?

In the limiting case of homogeneous broadening, where h(u) =4(0),
Eq. (3.133) isreduced to A=1+m, whichisidentical to Eq. (3.87).
Of the distribution functions capable of approximating areal situa-
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tion in a homogeneous broadened laser medium, the Lorentzian function

1 u
h(u) ==—-2
W mut+ul

seemsto be preferable mathematically, sinceit permitsintegration on closed
form. Thus, Eqg. (3.131) reduced to

J1+m(v1+m+u,) = A. (3.134)

We now investigate the steady-state resonant lasing mode for stability
with respect to its own perturbation following references [262—-264]. Gen-
erally, this analysis uses the scheme represented in Section 3.4. Since all
other modes, except for the resonant mode, are beyond the scope of our
consideration, there is no need to retain the derivative 0/0 . Therefore,
assuming that f isarea quantity and p= p'+ip" Egs. (3.129) can be
rewritten as

i+i<'f :k'J’p'du,

dr
d—p+p':—up"+nf,
dr
(3.135)
dp" " I
- 4+ =u
dar p P,
dn _ - .
o~ Y(A=n=1p).
T
We then _linearize these equations, substituting

{t,p.n} :{f_,p,ﬂ +{oF ,dp,a}e’™ into Egs. (3.135) and discarding the
nonlinear terms with respect to small deviations in Jf , dp, on. We thus
arrive at

(A+K)& =Kk Jop'du, (3.1363)
(A+Dp' =-udp" +nek + fon, (3.136b)
(A+Ddp" =udp’, (3.136c)
(A+7)on=-y(fyp'+p'ar). (3.136d)
The last three equations of (3.136) can be reduced to the relation
(A+7)n - 7ip'

¥ = (A+1)

(A+D*(A+y)+ym(A +1) +u*(A +)7)5Fr ’
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which can de inserted into Eq. (3.135a). Taking into account Eq. (3.130)
leads to a characteristic equation

~AtY A+y-my +u(A+y)
A+ = d
( K)/\+1 KJ; (B+u?)(L+m+17) u (3.137)
in which
~ A+l
Transforming the integrand we rewrite Eq. (3.137) as
_A+K _ _(A+7)1-B)-ym = 1
O =R e [N T RO D A
and, in view of Eqg. (3.131), as
A+K [0 ~(A+y)1-B)-ym Y du
A+ - [A 0
E( y)/\+1 H+ 1+m-B _J;B+u2 '
(3.138)

By integration for the Lorentz distribution function and taking Eq.
(3.134) into account we find from Eq. (3.138)

AA+Y) o JB+u, +/1+m
a1 AR =KI(A+NA-B) m]@(uo+@)(m+@).
(3.139)

The last difficulty on the way to an analytical solution of the laser sta-
bility problem is due the irrational form of Eg. (3.139). We can remove
this headache by multiplying Eqg. (3.139) by

AN 17y =R +7)1-B) - s J_J_“;(Jl—“i%m_@),

thus creating extraroots. In general, such a method involves cumbersome
algebraic transformations. The procedure is much easier in two limiting
cases:

u, =0 for the pure homogeneous broadening,

u, —» o  for the limiting inhomogeneous broadening.

The first case was considered above. In the second case Eq. (3.139)
transforms to
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A+Y)A-K)A
A+1

A(;‘:ly) (1-K)\1+my/B =K[(A +y)(1-B) - ym] -B
(3.140)
Squaring both parts of Eq. (3.140) yields an eight-power equation. This
is reduced to a six-power equation in the particular case y =1, in which
Eqg. (3.140) becomes
AR —DV1+m~/B =K[(A +1)(B-1) +m] - BA(K -1),
(3.141)
where B = (A +1)* +m . It can be easily seen that among the roots of the
characteristic polynomial obtained by squaring Eq. (3.141), thereis A =
—2. Thus, we should only analyze the roots of the equation

5
Z)an}\“ =0 (3.142)
with the coefficients
a,=1 a =2(K+1), a,=-MK’+22+m)Kk+1+m,
(3.143)
a, =2(1+3mM)k, a, =m(2-m)k*+2m(l+m)K, a,=2m°K .
Assuming the Hopf bifurcation and substituting the bifurcation value
of theroot A =+iQ into Eq. (3.142) we obtain a pair of real equations

Q*-a,Q%+a, =0, (3.144a)
a,Q*-a,0°+a, =0, (3.144b)

which rule out the pulsation frequency and the critical intensity m_. It is
easy to switch from Egs. (3.144) to an equality

0% = fm m, (K* —2) = 2(K +1)
“m (KP-K?-1)-(2k +1)*°

a substitution of which into Eq. (3.144a) leads to a cubic equation

3
anmf;” =0
with the coefficients
b, =(K-1)° b =-7Kk*+14K°>-4K* -4,

(3.145)

(3.146)
b, =6k* +12k°® -10K* =15k =5, b, =—(2K +1)*(K +1).
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Itisseenthat inthelimit g _, 1 al b, except b, are negative. Hence,

a positive definite solution of the cubic equation can exists only in the

case K >1. Recall that for a homogeneously broadened laser the corre-

sponding inequality would look like K >1+y or Kk > 2 for y =1. From

Egs. (3.146) it is apparent that the asymptotic form m, — (K —1 s
validinthelimit K — 1. Inthelimit K >>1 the bifurcation value

m, =4/(3k) (3.147)

can be found by applying the Routh—Hurwitz criterion to Eq. (3.142) with

coefficients (3.143). The small oscillation frequency at the instability
threshold is given by

01 fork>>1,
= %(-nﬁz’ forR - 1. (3.148)
3.6.2. Time-Dependent Laser behaviour
Inthe numerical simulation of time-dependent processesin gaslasersthere
isno need to give up the Maxwellian molecule velocity distribution. Such
investigations confirm that in the case of inhomogeneous broadening there
are the parameter ranges where the laser exhibits the bistable properties
[311-313]. The phase diagrams presented in Fig. 3.19 show only quantita-
tive differences in the position of the time-independent and time-depen-
dent laser mode stability boundaries for different values of the broadening
ratio of the laser medium. The tendency is that as the broadening ratio u,
increases, the instability threshold is lowered and the instability band is
narrowed.

In the numerical investigation of the steady-state processes in
inhomogeneously broadened lasers there is always the question of what is
an adequate laser model. Rigorously speaking, one should take into ac-

0,3
0,2
0,1

L i 1 1 1 .
-2 -1 0 1 2 A
Fig. 3.19. Phase diagrams of a single-mode laser model in the control parameter plane

1/K,A at y =0.1 (a); 0.2 (b) for three values of inhomogeneous broadening parameter
u, =0.5; 1.0; 2.0. The boundaries mean the same as in Fig 3.4 [318].
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count the features inherent in real gas lasers such as the spectral cross-
relaxation or the finite lifetime of the lower laser level. The influence of
each of these factors was investigated in [31, 274]. Numerical integration
of Egs. (2.72) and their simple versions were performed for the set of pa-
rameters corresponding to a xenon gas laser. It should not be a surprise
that a more general model ensures a more detailed agreement with the
experiments. Stepwise elimination of cross-relaxation terms and reducing
to atwo-level system influences the quantitative estimates without lead-
ing to qualitative changes. Even adiabatic elimination of the field ampli-
tude (df/dt = 0) does not have dramatic influence on the laser processes.
Only in the rate equation form (dp/d7 = 0) does the steady-state solution
remain stable for all the parameter values assigned in [274]. This should
be natural, since among the conditions for adiabatic elimination of the
polarization (3.12) there is K <<1 in contradiction to the necessary insta-
bility condition K >1. These results prove the qualitative efficiency of a
two-level model (2.70), which is generally adopted in theoretical papers.

Numerical simulations indicate that there are two types of time-depen-
dent solutionsfor laser intensity. They differ in form of structure elements:
thereis either a pulse of smooth shape or a burst with oscillatory damping
[31, 199, 271, 274, 275]. Both of them are observed in the xenon laser.
The oscillating bursts are contributed by a decrease in the parameter y
and an increase in pumping. At y =2 (the limiting admissible value),
immediately above the instability threshold, the field envelope oscillations
are nearly harmonic, but the process ceases to be regular as the pumping
increases [271]. The Feigenbaum period-doubling scenario is followed in
the route to chaos in this case. In general, it is found that the different
regions of periodic pulsations are separated by zones of chaotic behaviour
in the parameter space. Thisisillustrated in Fig. 3.20 where calculations
are compared to experiment.

Asinthe solutionsto the model of the homogeneously broadened laser,
the field amplitude can be symmetric and asymmetric with respect to the
zero value [199]. The first type of solutions corresponds to the field spec-
trawithout power at the carrier frequency and the second type corresponds
to the spectrawith a pronounced central component. The domains of regu-
lar symmetric and regular asymmetric pulsations are separated by zones of
chaotic behaviour in the parameter space.

The influence of cavity detuning on laser dynamics needs further in-
vestigation. Clearly, a determining role is played by the decrease in gain
as the frequency recedes from the line centre. Therefore, the laser mode
change due to shifting toward the inhomogeneous gain line wing is de-
fined by the regime of the tuned laser. The general tendency is toward a
simplification of the process as detuning increases [199]. However, we
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0 02 04 06 08 1/%

Fig. 3.20. Theoretical (lines) and experimental (circles) pulsation frequencies of axenon
gas discharge laser as the function of pumping parameter. Dash lines indicate the regions
of chaotic output [31].

should not attribute the restructuring entirely to the change in effective
gain, since the numerical calculation showsavariety of transitionsto chaos.
Chaoti zation following a quasi periodic sequence of Ruelle-Takens, where
incommensurate frequencies arise in the pul sation spectrum, is mentioned
in[276]. Inthis paper it isalso found that the steady state can turn to chaos
in a hard manner as the cavity Q-factor decreases.

Since the dynamic theory mainly describes the travelling wave regime,
the experimental investigations of unidirectional ring lasers are of primary
interest. The experimental results were partly mentioned at the end of Sec-
tion 1.2.3. The data obtained by way of heterodyne signal measurement
revealed the existence of the regime of sharply asymmetric pulsations, in
the spectrum of which the central component dominates, and the regime of
symmetric pulsations with the sideband components prevailing [199]. The
experimental data are in good agreement with the numerical investiga-
tions of atwo-level model.

Also, the behaviour of the field spectrum components generated by a
single-mode standing wave laser in time-dependent regular regimes (aHe-
Xe laser with A = 3.51 pm and a He—Ne laser with A = 3.39 um) was
thoroughly investigated by optical heterodyning [314]. The results can be
interpreted as an exhibition of effects of the Lamb dip on each spectral
component when it returns through the line centre region. The presence of
several components, each interacting with two groups of atoms, shed new
light upon the nature of complicated behaviour of standing wave lasers.
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Chapter 4

Multimode L asers with
Freguency-Nondegener ate
Modes

In the previous chapter, the fundamental mechanism of laser dynamicswas
considered, which is the coherent interaction of laser field with the active
medium inside the cavity. This mechanism works also in multimode lasers
where it leads to Risken-Nummedal-Graham-Haken instability of station-
ary oscillations, which is analogous to the Lorenz instability in single-
mode | asers. However, in multimode lasers the dynamic behaviour is more
often determined by nonlinear mode interaction.

4.1. Rate Equations M odel with Spatial Mode Competition and
Its Time Independent

Solutions

There are several varieties of the rate-equation laser models. In this sec-
tion we consider the simplest of these models, which take into account
only additive saturation of the laser medium by lasing modes. The
nonstationary processes in such lasers are limited by relaxation oscilla-
tions that form the set of low-frequency eigenoscillations of the model

4.1.1. Combination Tone Mode-Mode Coupling. The Rate Equations

of the Multimode Lasers
The rate equations can be generalized to describe a multimode laser fol-
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lowing the procedure proposed in [316]. Unfortunately, the conditions of
their validity remain unknown. Inequalities (3.12) now become insuffi-
cient, sincethere are intermode beat frequenciesin the envel opefield spec-
trum if many nondegenerate modes are excited simultaneously. In a non-
linear system, such as the laser, the beats lead to a combination coupling
between modes, which is absent in the rate-equation model. Thereforeitis
advisable to move carefully along the whole route from the general nona-
diabatic system to the rate equations [289, 317, 318].
First of all, adding to Eq. (3.1) some new dimensionless quantities,

V=V, g =B (), A=(@o—a) Vo, Dy =(w—@)/k, (4.1)
and denoting the mode amplitude as ¢, let us write equations (2.76) in a
dimensionless form

d . ~
d—qj‘HKAcqu( :K(J.p‘l’kdv_%) (4.23)
op _ _
F; =Yn (HZCIWK - p), (4.2b)
0 _ 1 0 m)
a::y@-n—zzwk(@ P+@p )E. (4.2c)

It is convenient to choose the reference frequency w equal to w, be-
cause in this case A, = 0 and this quantity is absent in Eq. (4.2b).
Let us present solutions of the set (4.2) in the form

@ = fk exp(_iVDAkT)1 p= z Py exp( _iV[AkT)v n=n,+ z nyv EXp[—i )7[ (Au _Av )]
Hy

(4.3)

We assume that the time dependence of variables f,, Py, N, n, is

slow on the scale of the intermode beats. Substituting Eq. (4.3) into Eq.

(4.2b) and using the harmonic balance principle, let us pick out termswith

the same frequency dependence in the resulting relation. Assuming that
conditions (3.12) are met and disregardingdp, /d7 , we come to

pk = I:k %ka fk + z nuvlﬂp f;)5kpyv % (44)
Hoop
Here F, =(1-iA,)™. The designation

6kpuv = exp[iVD (Ak _Ap _A,u +Av )T]
means that we keep in Eq. (4.4) only thetermswith A, +A  —A, UA, .
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In the next step we transform Eq. (4.2c) using Egs. (4.3) and (4.4). A
rather simple result such as

_ gy, i g0
nw 2[1+|(A A )/~(F Fv)fy fv , (4.5)

can be obtained if the combination sum in Eq. (4.4) is small and the in-
equality

L T ey 1a, -8, |
Ny
is fulfilled.
We then turn Eq. (4.4) replacing n,, by Eq. (4.5):
= ny @ =
=F Frze F, +E)f ff o
kgbwk 2uvzp1+|(A A )/~( ) Jo) kpuvg_
(4.6)
Using Egs. (4.3) and (4.6) we can transform Eq. (4.2a) to
U (F, +F)n,,, f f°f O H
_I(yD d()f ﬂ % L £ p5 [JVD_]:D
u\,p1+|(A -A)Yy B B
(4.7

Here

nkk = J.nbwlfdv’ nkuvvp = Inbwkwywvadv . (48)

The first term in the curly brackets describes the saturated gain coeffi-
cient of the k-th mode. The second term originates from the combination
scattering of modes on the inversion gratings vibrations; each pair of modes
induces oscillations of inversion with the beats frequency. These oscilla-
tions scatter the third mode thus producing a combination tone near the
fourth mode. In particular, the combination sum contains termswith v = p,
K = Kk, which describe the situation when the scattering component coin-
cides with that of interacting modes. These terms differ from others be-
cause they do not contain phases. Adding equation (4.7), which governs
the dynamics of the slow component of the inversion, we obtain a closed
set of equations

af, .
d_Tk_I(yD —KA ) £,
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ad (R + FD)nkkpp (F, +FVD)nkwp f, fVDfp 0 A
ﬂkék;(%nkk 221+|(A -A )/ 2uv2p1+|(A\/ —Au)/y fk 5@;!\/5_%
(4.9a)
6n
a y"[A 0+ Y L 11, P, (4.9b)

where L, =ReF, = (1+ Azk)‘l is the Lorentzian function of the line shape.

Neglecting terms responsible for the four-wave mixing we reduce this
set to the rate equations

d
C:r;k = 2Km, ( I nidv— 1) (4.109)
%nrb =Y [A_ N, (1+ I:kl*t’lfmk)] : (4.100)

The assumptions we made in order to pass from Eq. (4.2) to (4.10) need
comments.

1. The harmonic balance principle is valid if the intermode beats have
frequencies higher then the other oscillatory processes (the relaxation os-
cillations, for instance).

2. By use of Eq. (4.5) the condition |[n,, /n, [<<1 can be rewritten as

Y, (F 4R
i, e T e

It does not necessarily mean that the combination sum in Eq. (4.6) is
small. If thelaser spectrum is nonequidistant and the beats are noncoherent,
the sum can be small even when the condition (4.11) is not satisfied. If the
spectrumisequidistant (A, -A, =IA where A istheintermode frequency
spacing, and | is an integer), the smallness of the combination sum can be
guaranteed by a more rigid condition

ly forA>>y,
N |f, P<<|1+iA/Y |F O Ry 4 (4.12)
Dl forA<<y.-
which hasthe sense of ahigher limit of Eq. (4.11). Here N is the number of
lasing modes and f, is the strongest one.

3. Expression (4.6) resembles the series expansion of the polarization
in terms of field, which is widely used in nonlinear optics [3, 6, 319]. In
both cases the higher terms of the series correspond to multiphoton pro-
cesses. The difference is due to the choice of an unperturbed state. In the
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approach developed here the unperturbed inversion is taken as the satu-
rated inversion N, . In the traditional expansion of the polarization, which
isused in nonlinear optics, the unperturbed state is assumed to be the state
of the medium in the absence of a radiation field, and saturation is not
distinguished from other nonlinear effects’. In this context it should be
remembered that the temporary local relation between the polarization and
the field is in the form of Eq. (4.6) (the &-description according to the
terms adopted in [320]) is due to the specific features of media with
Y, <<V, . For such media the saturating field F, ~(y;y5)"? is much
lessthan F, ~ V., wherethefield interaction with the medium becomes
coherent and the susceptibility ceases to be an adequate characterization
of the medium in an unsteady state.

The consideration is restricted to the third-order terms of the polariza-
tion expansion, which correspond to the four-wave mixing in a laser me-
dium. Obviously, the rate Egs. (4.10) take into account only the one-pho-
ton processes while Egs. (4.9) include the four-photon processes that sat-
isfy the frequency matching condition w, +w, =w, +, .

Unfortunately, the derivation of the equations does not give a clear an-
swer to the question when the rate-equation approach, which dominatesin
the laser dynamics, is fully justified and when neglecting of the combina-
tion terms in Egs. (4.9) is incorrect. A necessary condition for using the
rate equations is the smallness of the combination sum in Egs. (4.9). If
Ay >>1, then this sum entersthe equations with asmall parameter y /A .
These are satisfied in solid-state and other class B lasers. We do not know,
however, which degree of smallness of the parameter is sufficient for con-
fident discarding of the combination sum. For example, if we turn to dye
lasers, then y /A =1 and the rate-equation approach becomes problem-
atic. The discussion of these problemswill be continued later in this Chap-
ter. Here we only make the obvious assertion that intrinsically the rate-
equation approximation cannot be applied where the phase relations be-
tween modes are important.

4.1.2. Stationary Oscillation Spectrum of the Fabry-Perot Laser

First of all, we consider the simple case of a solid-state laser with plane-
parallel mirrors [321-323]. If d/dt =0, Egs. (4.10) become the following
set of equations:

n=Al+y Cyem )", (4.13a)

EkJ’mpkzdv:1+ B, (4.13b)
which define the time-independent solution. Here 3, are extra losses of

ILamb’s theory is built on the same basis [315].
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k-th cavity mode normalized to the losses of the reference mode. Equa-
tions (4.13) can be solved without specifying the form of cavity
eigenfunctions only near the laser threshold. The right-hand side of Eq.
(4.13a) can be expanded in a series of z Lll,lllzm and, by retaining of the
linear term of expansion, Eq. (4.13b) is reduced to

ALH-S Tms, =1+ B,
. Z deD B, (4.14)

where S, :wawlzdv.

More general results can be obtained for the axial modes. Substitution
of thelongitudinal mode eigenfunctions ¢, = V2 sin(rm,{ ) into Eq. (4.13)
and taking the series expansion of

S Cm coszmyZ)/fi+y Lm)
as proposed in Ref. [321], yield
o 1 _ 1 L,m cos2rm{)
n= ~— = ~— +z —
1+ Lm[l-cos2m)] 1+ Lm L+yCm)

(4.15)

Thisexpression isnot limited only to small-amplitude modes and it has

higher precision since alarger number of modes are involved. Introducing

Eq. (4.15) into (4.13), integrating over the longitudinal limits the medium

(from ¢, to {,) and taking into account that the number q=2L/A is
very large, we obtain

~ B {,-{, _ 1 - _ ~__ sin[2r(q, —q,){,] —sin[2r1(q, _Qk)ZJEE
Gyt vy Gy ™ Qg tm 2r(cy ~ai)
=1+B,. (4.16)

This equation indicated that the form of the laser spectrum is also de-
pendent on the length of the laser rod and its location inside the optical
cavity. Nonuniform filling of the cavity with the laser medium results in
discrimination against some modes even if the laser rod ends are antire-
flection coated.

The spectrum is most easily calculated if the cavity is completely and
uniformly filled with the laser medium. In this case {, =0,{, =1,
sin[27r7(q, —,){1,] =0 and Eq. (4.16) is transformed to

U
0=1+ By (4.17)



Multimode Lasers with Frequency-Nondegenerate Modes

For convenience, the last relation can be rewritten in the form of qua-

dratic equation with respect to 1+ Z Lm :

21;_[[3;( (1+z[|m)2—2(1+ZI:m)+ LM, =0, (4.18)
k

Assuming that all the cavity modes have the same losses, i.e., 5, =0
and the frequency of one mode coincides with the line centre, we sum both
sidesof Eq. (4.18) over all modes. Since L;* =1+(q, —q,)*A%, and, there-
fore

I=j _

2] Le (4 D2+,
1=
the summation transforms Eq. (4.18) to

2 +1)§+A—; i(] +1)§1+ SLm) -@j+l+y Lm)-1=

The positive solution of the latter is

4] +1+J(4J +1)? +8A™(2) +[1+4%j(j +1)/3]
A42j+D[1+ANj(j+1)/3]

1+ LM =A

(4.19)

Inorder tofind 2j +1, thetotal number of modes excited in the steady

state at a given pumping level, one should demand in Eq. (4.17) that the
amplitudes of the modes with theindices | = +(j +1) vanish:

~ A
1+ ) Lm = AL
1==] =0 1+A2Ias

First of all, it isuseful to define the upper limit on the number of lasing
modes. For this we should substitute the expression (4.19) into (4.20) and
use the limit A oo, The resultant equation

1+j(j+DA° /3 _4j+1
1+(j+D°N 4j+2°
is satisfied by the value j,, bounded by 1<<j _ <<A™, which is ap-
proximately

(4.20)

NeERE

) CBA? [ (4.21)

The maximal admissible spectral width of the laser emission
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207 =2 A =(30)"° (4.22)
reduces as the intermode spacing decreases. Meanwhile, the total number
of modes grows. Thus, the relative radiation spectral width of a typical
laser with A =107 does not exceed 2AT> =1.5x10™".

Knowing that A2 <<1, it is easy to find from Eq. (4.20) the depen-
dence of the number of lasing modes on parameter A:

_A-Dd°T  _BAA-DD” ,
“Beval feTHen B 4

Strictly speaking, in deriving Egs. (4.23) it was assumed that the mag-
nitude of j islarge. However, the dependence j(A) is such that these
formulas are useful at almost any A. Actually, if the number of modesis

Jmax | 2, then A=8/7, i.e., the pumping is close to threshold value.

Using Eq. (4.17) we also find the shape of radiation spectrum. If j >>1
and j?/A’ <<1, then the radiation intensity falls off quadratically with
detuning from the line center; thus using relation (4.23) we get a simple
formula

m =2ANT " -(q —0,)" ] =2A(A. -4]) . (429)

The physical reasons for multimode emission are following: there is
nonumiform saturation of the active medium by each individual modefield
and the spatial structures of the intensities of the modes do not coincide.
The greater the number of modes involved in laser action, the more uni-
form the resultant inversion. Nevertheless, as the uniformity of the satu-
rated inversion grows, the conditionsfor excitation of each individual mode
are impaired, so that they are no longer satisfied for modes sufficiently
detuned from the line centre. Thisis the mechanism that limits the number
of lasing modes. As the intermode spacing decreases, the discrimination
between modes weakens, thus increasing the number of modes and, simul-
taneously, narrowing the mode spectrum.

By increasing the density of the cavity eigenfrequency spectrum it is
possible to narrow the laser radiation line. One way isto increase the cav-
ity length, but for practical purposesit seems more reasonable to use cavi-
ties with spherical mirrors since their transverse mode spectrum is nearly
degenerate provided the curvature of the mirrors is chosen appropriately
[98, 324].

All this refers to ideal cavities, the modes of which are assumed to be
purely standing waves. However, due to the inevitable |osses on the reso-
nator boundaries the modes differ from standing waves (amplitudes of the
counter-running waves in a Fabry—Perot cavity are not necessarily equal
in real conditions). As a consequence, the induced inversion gratings are
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slightly smoothed out. Thisleadsto the further narrowing of the laser emis-
sion spectrum [325]. Recall that the travelling wave saturates the laser
medium uniformly over the whole length. Therefore, multimode CW gen-
eration is not possible in the travelling wave laser. Similar conditions are
provided in a standing mode cavity if the laser rod is rapidly moved along
its axis, or if the positions of the nodes and crests of standing wave are
modulated with respect to afixed rod, as mentioned in Chapter 1.

Another mechanism of smoothing out the longitudinal spatial inhomo-
geneity of the inversion is the diffusion of molecular excitation. In solid-
state lasers excitation can be transmitted from one active centre to another
closetoit. In luminescent crystals and glasses this diffusion is usually too
slow to have noticeable effect on laser action [316]. However, the diffu-
sion of excitations can have a significant impact on laser action in modern
materialswith higher density of dopant, and the mentioned in Section 1.2.3
LNP crystal is among them. The diffusion of carriers plays a significant
role in semiconductor lasers.

As mentioned above, the form of the radiation spectrum depends on the
size of the laser rod and its position inside the cavity. This can be ex-
plained in a simple way. The boundary conditions on the mirrors are the
same for all modes. As one moves away from the mirror, the spacing be-
tween the nodes of each pair of modes increases reaching a maximum equal
to A/4 at some point and then decreases to zero etc. the number of points
along the length of the laser cavity with the maximum distance between
the nodes is equal to the difference of the axial mode indices.

Thisisillustrated in Fig. 4.1, which gives an idea about what form of
radiation spectrum can be realized in each particular case. A short laser
rod (L, /L <<1/Aq,,, ) near one mirror can only support single-mode |aser
operation since the structure of all modesis nearly identical within therod
volume and, therefore, the mode competition is the maximum. Evidently,
this result is easily obtained from (4.16). If a thin noninverted layer re-
mains on the centre of the cavity while the laser medium fills the whole

Azl

Rl |

Fig. 4.1. Dependence of the distance between the nodes of longitudinal modes (standing
waves) on the coordinate along the cavity axis.
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cavity, then the modes with even index difference dominate [80].

We now consider the transverse mode spectrum of a laser with plane-
parallel cavity. Assume that a uniformly pumped medium fills the cavity
over the entire cross-section. We will use Eq. (4.10) and consider, for
simplicity’s sake, only the two-dimensional problem assuming the mirrors
to be infinitely long in one direction. Then the transverse part of the
eigenfunctions is adequately approximate by the sinusoids
Y, = \/Esin[n(q+1)ZD] [326] one can use for the calculation the method
developed above [327, 328]. In the presented formula {, = x/(2b) is a
dimensionless coordinate in the cavity cross-section and b is the trans-
verse dimension of the mirror.

The condition under which the (g+1)-th transverse modeisinvolved in
the laser process is given by

(1+8,)*
1-B,(49° -1)/6°
The quantity ,Bq describes the additional part of the losses of the (-th
mode, which is conditioned by different values of the diffraction losses of

this mode and the referent one. For a plane-parallel cavity the additional
(discrimination) part of the losses obeys the dependence S, = B9° and

(4.25)

/2

B m LA
tBO_ 3 )
16b° [INR R, [ [

where R , are the energy reflectivities of the mirrors. From (4.25) it fol-
lows that the transverse pattern on the laser output is formed by modes
with indexes between =0 and q__ where

O =0.985™. (4.27)

(4.26)

Example 4.1

A =701107° cm; L =100 cm; B, =107%;
RR, =0.9,b=0.5cm; Orax = 9

The directions of the maximum radiated intensity for the g-th mode
form the angles &, = +gA /(4b) with the cavity axis. Hence, the angle of
divergence of the output laser beam is given by

AS =qgA/(2b), (4.28)
whichis AJ,, =2.5 for the parameter values chosen in the previous nu-
merical example. Relations (4.27), (4.28) imply that the limiting angle of
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divergence does not depend on the cavity aperture since 8 ~b™. How-
ever the divergence does depend on the cavity length as

A‘L9 - L—l/2 .

Using Eq. (4.27), we can exactly specify the conditionsfor stable single-
mode operation. One should put g = 1in (4.27) and, substituting the
computed value of f3, in (4.26), resolve the last equation with respect to
b. Making use of the same parameter values as these given above in the
numerical example, we find the aperture required for higher mode dis-
crimination: 2b<1.5 mm.

4.1.3. Uniqueness of the Stable Steady-State Solution

Let usturn to the problem of the uniqueness of the steady-state solution of
the multimode rate equations. There is an assertion belonging to the
Novosibirsk [115, 133, 329] that the set of rate equations

am, _ ( L [ngédv— 1) (4.29)
g—n—A n(1+zwq m,), (4.29b)

has a globally stable steady-state solution with mM, # 0, and this solution
is unique regardless of the number of lasing modes at least in the case
when the population difference does not change the sign inside the cavity.
This theorem is proved in the following way. Denoting the pure gain
G™ = EkJ’mpkzdv—:L,
we rewrite EqQ. (4.29a) in the form

dm, "
—_— G Gn
dr M
Correspondingly, for a steady state we have
mkc_;kmEt =0,

a3 wiim)=A
For any deviation from the given stationary solution (dh=n-n) the
laser equations can be written as follows

dOrInK Gmk( Ic‘inwkzdv+G“e‘) (4.30a)
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625:) A- (n+5n)(1+zqu ) (4.30b)

We can transform Eq. (4.30b) to a more convenient form

6595:) 5[‘](1+ zwq Lqm )+A n[1+ qu qm + lelq Lq(m -m )]

=-anfi+ S wZlm,)-ny Wil (m,-m,).
Multiplying both sides of the last equality by dn/n and integrating
over the whole cavity volume, we obtain:

(an)® 2 =-[ (5n)
2dr-[ - dv+ZL(m m)J’cW,U dv = (1+ZL(,Um)dv
We now rewrite Eq. (4.30a) in adifferent form.
drnq —~ net

2
qmqj'&wc,u dv-—y—Gq m, ,
and then, after multiplying by M, /m,, we get

(nmq)

2 n
qu'Iqu’ll,U dv—Emq qu‘mq_
This makes it possible to modify the previous equation:

d L (on
drﬁf(n) dre 3 m, - mq'nmqm

Capzm, v+ Gm,

(4.31)
We are free to add any arbitrary constant to the function under the de-
rivative sign and, therefore, replace m,-m,Inm, by
m, —m, —m, In(m,/M,). Now it can be asserted that an arbitrary devia-
tion from the steady-state value of the variables will decrease to zero in
time. This statement is based on the fact that the right-hand side of equal-
ity (4.31) isnegative (Gq“et =0), and, consequently, the function under the
derivative sign must decrease monotonically until the vanishing of the | eft-
hand side stops the process. This will occur only when dn=0 and
m,=m,.
the fc:':\ct that the result holds for an arbitrary deviation from the steady-
state solution is indicative of the global stability of the solution and the
unique way to choose it.
The proven theorem of global stability of the steady-state solution of
the rate equations puts an end to the myth that multimode operation is a
universal reason for the undamped spiking of solid-state lasers. The ab-

136



Multimode Lasers with Frequency-Nondegenerate Modes

sence of an instability shows that even this model isinadequate and makes
one seek for causes of undamped spiking of class B lasers outside the na-
ture of the interaction between the radiation field and laser medium.

It should be noted that there is generalization of the presented theorem
on the inhomogeneously broadened lasers. The inconstant laser medium
saturation does not change the situation, leading, generally speaking, to
only the dynamical deformation of the laser modes. And only the exist-
ence of domainswith the opposite sign of population difference, which act
as a saturable absorber, can lead to the laser instability. Only by going
beyond the rate equations can we rapidly change the character of these
models. Such isthe casefor class C lasers considered in Chapter 11. Mean-
while, a weaker departure from the rate scheme may be sufficient some-
times. In particular, the undamped oscillations can be produced by the ef-
fect known as combination tone mode-mode coupling through secondary
beats.

4.2. Relaxation Oscillations as L ow Frequency Normal L aser
Modes

There are many steady states for a multimode laser. It is shown in what
followsthat only one of these statesis stable, and it shows global stability.
Normal oscillations of the system, the number of which coincides with the
number of modes, are all damped i.e., they are exactly relaxation oscilla-
tions. The spectrum and some features of these rel axation oscillationswere
first investigated in the early works [330-334]. The modern conception of
the low-frequency laser dynamics was formulated in Ref. [335-351].

4.2.1. The Model with Spatially Extended Laser Medium
Asinthetheory of asingle-mode laser, we do not start with expanding the
inversion in aseries of spatial harmonics. In order to avoid using too much
algebra, we assume that the number of lasing modes is very large and the
modes are plane standing waves [330]. There are many dangerous points
in such an approach, but it allows to make clear in a simple and direct way
some very interesting features of relaxation oscillations. Supposing that
the steady states are known (no other information on these states is re-
quired) we linearize the set of Eqgs. (4.29). The linearized equations

d@om) _ .~ o
% = om,L, [enyid (4.323)
adn) A — 27
% =Zan-ny yiL, (@m) (4.32b)
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are reduced by substitution {om,,o} 5 om,,d} exp(Ar) to algebraic
ones, yielding a characteristic equation

2o +GmL S Com (MY g7 = 4.33

m +GML, Y Lom [ PN (4.33)

This equation can be simplified by bearing in mind that in the case of

large number of modes:

(a) the laser medium is spatially uniform, such that we can assume
n=1; -

(b) the laser spectrum is rather narrow, such that L, =1;

(c) the modes are orthogonal and, consequently

1
1
jlﬂflﬂ|2d5 = 1+§5I,k : (4.34)
0
Thus, Egs. (4.33) transform to a homogeneous linear set of equations

I 1 — 1
om [A(A +A)]+§Gmk26m, =0, (4.35)
Equating to zero the determinant

P(A) Gm, IO Gmy
Gm PR,(A) D Gm,
I 00 0m mo| o,
Gm, Gm, [ P,(A)
where R(A) =A(A+A)+1Gm (I =12,...,N), we arrive at the charac-
teristic equation

D a_l[}\(}\+A)+le,] 0

ZA(A+A)+1Gm

(4.36)
Since the left-hand side is factored, the EqQ. (4.36) can be decomposed
into

N Gm
1 =
Y2 Toe 1em 0 (4.37)
and
1
- |o+§Gmk =0, (4.38)
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where p=-A(A + A). From the structure of these eguations it should be
readily apparent that p is areal positive quantity.

Consider first Eq. (4.37) assuming that the mode intensities are differ-
ent and decrease with an increase in mode index (M, = M, = M;...). The
boundaries of the roots can be defined graphically. Rewrite the Eq. (4.37)
intheform » f,(p) =1, where f,(p)=Gm, (p-Gm; /2)*, and repre-
sent the famiTy of functions fj (p) inFig. 4.2. One can see that the largest
root has alower limit imposed by the condition p, >Gm, /2 and each of
the remaining N—-1 rootsisbounded by GM, /2> p, >Gm,,, /2. The char-
acteristic roots satisfy theequation A; (A; + A) + p; =0 and, consequently,
have the form

Hence, under the condition G >> 1, the relaxation frequencies
Qj =,/ P; . The largest one stands apart from the group. The damping
rates are the same for all modes, and they are equal to A/2.

If the intensities of any two modes converge, i.e., M, — M,,;, then
p; -~ GM; /2. Thelimiting cases p; =GM; /2 are beyond the scope of
Eq. (4.37), but these are contained in Eq. (4.38). The power of Eq. (4.37)
is reduced in accordance with the multiplicity of the degeneracy with re-
spect to the mode intensities. If the system is completely degenerate, then
Eq. (4.37) has an unique root p, = GNm . The main difference between
the relaxation oscillations is that those, which are characterized by the
roots of Eq. (4.38) are compensated and are not manifested in the total
radiation intensity. This is apparent from Eq. (4.35) which transforms to

Fig. 4.2. Graphical method of estimating the relaxation oscillation frequencies of a
multimode laser [330].
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Eq. (4.38) if zém{ =0. Theroots of Eq. (4.37) correspond to uncompen-

sated oscillations.

The highest frequency of relaxation oscillations is sometimes called
the main relaxation frequency, since it coincides with the sole frequency
present in the relaxation oscillations of a single-mode laser. Thisfrequency
is characteristic of the in-phase amplitude oscillations of all modes. It is
impossible to obtain information about the structure of other relaxation
oscillations from the simplified approach. For this purpose, it is necessary
to find the eigenvectors of the system and this will be done in the next
section.

4.2.2. Approximation of the Spatial Inversion Gratings

The analysis of the model with spatial extended inversion has a very lim-
ited generality. Nevertheless, it leadsto three important conclusions. First,
the absence of characteristic roots with positive real parts confirms the
stability of the steady-state solutions. Then, the number of types of relax-
ation oscillations cannot be more than the number of lasing modes be-
cause the order of the characteristic polynomial is equal to 2N. Finally, it
isfound that all totality of relaxation oscillationsisdivided into two groups:
compensated oscillations and uncompensated ones. This corresponds to
experimental facts given in Section 1.2. But many questions remain open
and we need to return to the problem of relaxation oscillations using aless
rough model.

Let as hold the same scenario as in Section 3.2 and present the inver-
sion as a set of periodic gratings the number of which coincides with the
number of lasing modes. Limiting the consideration by longitudinal modes,
for the amplitudes of the lowest order inversion gratings we have the fol-
lowing expressions:

n, :J’ndZ, n = —J’ncos(ZquZ)dZ , (4.39)

and neglecting the higher spatial harmonics Egs. (4.29) transform into a
set of ordinary differential equations

dm ~
dl'k =Gm,[L,(n, +n,)-1-B,], (4.40q)
dn N N __
ar S=A - nog*‘ Lym, E‘ Lymn; | (4.40D)
T IE IE
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dnk __ + N E 1|':
dar My ]Z im; > kMg | (4.40c)

This set is valid under the condition that the laser medium uniformly
fills the whole cavity volume. The order of the system is equal to 2N+1,
where N is the number of lasing modes. The same is the order of the set of
equations linearized in the vicinity of nontrivial steady state. This means
that the number of pairs of complex-conjugate characteristic roots and,
consequently, the number of relaxation oscillations cannot be more than
N.

The further investigation of this problem consists in determination of
the eigenvalues and eigenvectors. It can be formulated as

| &, | 0V, = A0V,
where ||a.,, || isthe matrix of the system coefficients linearized near the
steady state, OV, is the column of the eigenvector components
(dm;,dn,,dn; ). This problem can be solved only by using the numerical
calculations. However, it is possible to find approximate analytical ex-
pressions for the stationary values of the variables [167].

The structure of eigenvectorsis shown in Fig. 4.3. The frequencies of
five lasing modes are situated symmetrically in respect to the gain line
centre. The mode losses are assumed to be equal. The number of relax-
ation oscillations is also equal to five and this is the maximum number.
The length of the arrow corresponds to the modulation depth of the mode
amplitude, while its orientation gives its relative phase.

The complete set of eigenvectors presented in Fig. 4.3 testifies to the
existence of two groups of relaxation oscillations. The unique representa-
tive of the group with in-phase oscillations is the relaxation oscillation
with the highest frequency, which isinherent in all class B laser models,
regardless of the type of the cavity and the number of lasing modes. The
rest N—1 relaxation oscillations belong to the antiphase dynamics.

The most evident but not the most convenient method of investigation
of the relaxation oscillations is the direct oscilloscope observation of the
transients. More useful is the alternative spectral approach. In 1965
McCumber [352] demonstrated for a single-mode laser, taken as an ex-
ample, that relaxation oscillations manifested themselvesin the spectra of
low-frequency intensity fluctuations (power spectra) asthe resonance peaks.
The origin of this phenomenon is simple enough: spontaneous emission
(quantum noise) and the parameter fluctuation systematically disturb the
steady state. The spectra of such processes are close to white noise, and
the laser response is more intense on the frequency of the normal mode
(which is relaxation oscillations).
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3 my=0,2987
my=0,2381
my=0,2381

my= 0,0564
ms= 0,0564
Q,-48,9
0,22330
1,00000
1,28570
1,00000
0,22330
Q,-19,3 Q3=17,8
0,04402 0,00000
1,00000 1,00000
=1 .99357 A—1_l__~ 0,00000
1,00000 : -1,00000
0,04402 0,00000
b
Q,~10,1 08,4
1,00000 0,00000
0,88206 0,00000
1,00000 0,00000
~1,62577 -1,00000

Fig. 4.3. Geometric representation of eigenvectors of the rate equation laser model with
five modes [350].

The resonance nature of power spectrais exhibited also in multimode
lasers, but the picture here is much more diverse, because one can investi-
gate the behaviour of the total intensity as well as the individual modes
(see Fig. 1.20). Note that the origin of in-phase and antiphase relaxation
oscillations is different. The first reflect the competition of pumping and
stimulated emission processes while the second ones correspond to the
mode competition. The antiphase oscillations are manifest mainly in the
power spectra of individual modes and they are practically absent in the
total intensity where the high-frequency peak corresponding to in-phase
oscillations of the mode amplitudes dominates.

A very interesting feature is the correspondence of each antiphase re-
laxation oscillations to the quite certain cavity mode. If the modes are
renumbered in the order of decreasing stationary intensities, and relax-
ation oscillations are renumbered in the order of decreasing frequencies,
then in the power spectrum of the k-th mode a peak on the frequency Q,
dominates. Thisis clearly demonstrated in Fig. 1.20.
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Thelinkage of agiven relaxation oscillation to a particular cavity mode
is confirmed by a laser with selective envelope feedback, which we will
discuss in Section 7.1. The optoel ectronic feedback circuit serves for the
control of power supply of the diode laser, which is the pumping source
for the solid-state laser under consideration. The input signal of this cir-
cuit could be proportional to intensity of an individual mode or to deriva-
tive of thisintensity. Experimental findings, which are in good agreement
with computational results, indicate that the positive feedback gives rise
to a corresponding resonance peak in all power spectraincluding the total
intensity. Changing the cavity mode results in changing the accentuated
relaxation oscillation.

Let us focus our attention also on the following circumstances. The
number of relaxation oscillations coincides with the number of lasing modes
only when the last number isrelatively small. Starting with some val ue of
N, the increase in the number of lasing modes is accompanied by a de-
crease (not increase!) of the number of relaxation oscillations. The reason
is that the frequencies of relaxation oscillations are going up slower than
the damping rates. This results in transformation of the complex charac-
teristic roots into the real ones.

4.2.3. Dependence of the Dynamical Features on the Distribution of
Unsaturated Gain Over the Perimeter of Laser Cavity

Calculations based on the equations like (4.40) are often not confirmed by
the experiment. One of the main reasons is symmetry breaking in real la-
sers. First of all, this breaking can result from the nonuniform distribution
of the unsaturated inversion over the cavity perimeter due to inequality of
the laser rod length and the cavity length or from the pumping attenuation
in the active element. As a result, in addition to the small-scale gratings
with the period A, /2, we have large-scal e gratings with the period L/2r (r =
1, 2...) and the inversion is represented by the series

K N
(r.8) =No() =2}y D, (r)cos2m¢) -2 n(Dcos(2rmd), (a.41)
which leads to the set of ordinary differential equations [349]:

d ~
S =ML (D, +n) -1-B],

d <~ It
% =-n, EH Z Lm, E_E Z LmD,. (4.42b)

(4.42a)
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d
nO—pb nE[+ZLm|H_ZL|m|nI (4.42c)

th g1 ZL.mD.H %ime.-r.

(4.42d)
Here we used the decomposition of the pumping coefficient

Al)=A+ Z A cos(2rm{) | (4.43)

in which R = N and coefficients are

= [A(¢)cos(2m {)dq (4.44)

Since we neglect all higher harmonics, the set (4.42) consists of N equa-
tions (a) for the mode intensities and the same number of equations (b) for
the amplitudes of the small-scale inversion gratings n, plus one equation
(c) for the mean spatial value n,. The number of equations for amplitudes
of large-scale gratings is determined both by the gain profile (character-
ized by the number R) and the number of lasing modes.

The situation here is not simple since it isimpossible to assume that N
isindependent on R. When the small-signal gain profileisrelatively smooth,
then the main factor of forming the large-scale gratings are the spatial
beats of lasing modes and the number of equations is equal to N-1. Thus,
the order of the set (4.42) is minimum 3N and this is much more than we
have in other models. Nevertheless, this does not affect the number of
relaxation oscillations, which is N asin all multimode models considered
above. The large-scale gratings increase the order of the model but do not
add any new complex characteristic roots.

The method of investigation of the model (4.42) is the same as was
used above for equations (4.40). Numerical simulation makes it possible
to find the steady-state solutions, eigenval ues and eigenvectors of the sys-
tem, and to observeits dependence on the control parameters such as pump-
ing and the cavity filling factor [350].

Consider the simplest case of the uniform pumping with ¢, =0 and
L, <L when everything is determined by the filling factor é =L, /L

A=A Sm(ZH;Z)
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Stationary dependences of the total intensity and intensities of five
modes symmetrically situated around the centre of the gain line on the
pumping parameter are presented in Fig. 4.4 together with frequencies of
relaxation oscillations at & =0.4. The mode |osses are equal.

This case corresponds to the following distribution of the gain
(9, =L, /L™) among modes:

Oi5 <04 <093 =1.

Notethat intheinterval 1.3 <A < 1.9 theintensity of the central mode,
which has maximal linear (unsaturated) gain, is less than intensities of
closest side modes. Such aresult is possible only if & <1. This effect was
experimentally observed in [167, 351]. The number of lasing modes also
depends on the pumping level. Ideal symmetry in theinitial gain distribu-
tion provides the entrance of new modes in generation by pairs. Each such
event gives birth to an additional pair of relaxation oscillations, one of
which is compensated while the other is uncompensated. The frequencies

mi
, Miotal
0,4} // my
// m
23
i /
/
//
0,2t /
// m, s
- 7
£ :
T 2 A
b

Fig. 4.4. Intensities (a) and frequencies (b) of relaxation oscillations as functions of the
pumping parameter: G = 2500; A = 0.132; & = 0.4 [350].
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of these oscillations are different.

The influence of the filling factor & on the intensities of laser modes
and frequencies of relaxation oscillations under the given pumping param-
eter is demonstrated in Fig. 4.5. In the interval 0.1 < £ < 0.4 the central
mode is completely suppressed, and the number of lasing modes is equal
to four. The suppressed mode is reflected in the number and alternation of
relaxation frequencies.

The mentioned peculiarities of the behaviour of multimode lasers must
be taken into account when one compares the results of theoretical and
experimental investigations. The sensitivity of the dynamical characteris-
tics to the symmetry breaking can be used to reveal the fact of this break-
ing.

Let us summarise the features of the considered model of multimode
class B laser.

ma ———
—”—’_’-— =~ mtotal
1mode -~
~ - 5 modes
0,5¢ 4 modes 2
| m/\‘.//-—"—i\. —'ml
/ mz, 3
1 ) 1 L 1 4' 5;
0 0,2 0,4 0,6 0,8 1,0 L,/L
Qi
'YW Y
5 |
20 b
10
< A 1 1 1 i 1 1 [ >
0 0,2 0,4 0,6 0,8 1,0 L,/L

Fig. 4.5. Intensities (a) and frequencies (b) of relaxation oscillations as functions of the
cavity filling factor: G = 2500; A = 0.132; ¢ = 0.4 [350].
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1. Thereis only one stable solution among the steady-state solutions.

2. The time-dependent processes after deviation of the system from the
equilibrium are realized in the form of relaxation oscillations.

3. The in-phase oscillations of the mode intensities possess the maxi-
mal frequency, and the existence of such an oscillation does not depend on
the cavity geometry and the values of the control parameters.

4. The number of antiphase oscillationsis N-1 if N isrelatively small
and it decreases for very high numbers of modes.

5. Relaxation oscillations form a set of low-frequency laser eigenmodes,
which exists along with the optical modes.

6. There is some correspondence between the optical and relaxation
modes.

4.3. Time-Dependent Processes

4.3.1. Features of Spiking in Multimode L asers

Hence, the spatial competition among modes does not explain the phe-
nomenon of undamped oscillations. Nevertheless, it has a noticeable ef-
fect on free running. A single-mode model suggests that the spike emis-
sion ispreceded by alinear development stage, which startswhen the thresh-
old is attained. The linear period is much longer than the spike duration
and depends appreciably on mode properties. The same istrue for amulti-
mode laser. However, since the modes differ in loss and gain, they reach
the threshold at different moments of time. During the linear stage the
difference in mode intensities increases [353, 354]. Only those modes,
which reach threshold almost simultaneously, retain similar amplitudes
before the beginning of the nonlinear stage. This group of modes defines
the modal composition of the spike. A few special cases merit consider-
ation.

1. The group consists of a very large number of modes to ensure uni-
form saturation of the laser medium over the entire volume. This means
that the most favourable conditions will be retained for the same modes
and the spectral composition of the radiation will not change from spike to
spike. The case corresponds to the regular damped or undamped pulsa-
tions.

2. The mode discrimination is so strong that for a leading mode the
lasing conditions arerestored after the spike isended before the other modes
reach the laser threshold. Asin the previous case the laser kinetics will be
regular, but a single-mode regime will take place.

3. The first single-mode spike has time to be emitted before the other
modes achieve a significant intensity. If the mode discrimination is not
very great, then arival mode is ahead in a subsequent period of time, etc.
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the emission of each spike modifies the spatial distribution of active mol-
ecules and make it irregular. The spikes form a chaotic sequence in time,
which is gradually attenuated until the intensity becomes time-indepen-
dent.

To bring the theory up to the concrete results we should assign the ac-
tive molecules distribution, i.e., confine ourselves to thetimeinterval pre-
ceding the spike. As an illustration, we consider the model with the uni-
form distribution of pumping in the laser medium. Using the assumption

of this model we find the gain J'nt/JZdVZEn. The filling factor & is the

same, accurate to A/L, for all modes and is equal to L /L. Since we intend
to investigate the formation of the first spike after pumping is switched
on, we should introduce a term taking into account the spontaneous emis-
sion. Thus, theinitial set of equations will become:

dm, O n 0 Ge
—*-G -1+ =—> (n+
dr my 3+A2k ( Bk)% 1+A2k (n ns),
(4.45a)
dn _ m,
g TNAS nz“Azq. (4.45h)

During the time before the first spike, the induced emission does not
influence the inversion. Therefore, the modes do not interact ad can be
treated as independent. The linear stage of lasing is started at the time the
threshold is reached (n=1) by the ‘reference’ mode with A, =3, =0. We
take this time as 7 = 0. In the stage of linear development the inversion
variation is described by Eq. (4.14); substituting thisinto (4.45a) yields a
linear equation for m. Its approximate solution, if the small quantities A},
and B, areretained only in the exponential terms, is expressed by

m, (1) = m, (1) exp[-G(A-DAT, 1] . (4.46)

The intensity of the reference mode, m,(7), is given by Eq. (3.52).
The quantity

2
ATk - Ak + Bk
A-1
represents the delay of the k-th mode with respect to the reference mode.
A plane-parallel cavity features a very weak dependence of the
eigenfrequencies on the transverse mode structure, so that it can be as-
sumed

(4.47)
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N = (M€ Ly5)* (0 — ) (4.48)
By contrast, the difference in losses is determined exclusively by the

mode structure and is independent of the axial index. For square mirrors
we have

Bam = Bo(m” +1%), (4.49)
where the coefficient 3, is given by Eq. (4.26). The delay between the
axial modes s, therefore,

__(mAg)?
Toyil(A-D
and the delay of the transverse mode with respect to the axial mode is

(4.50)

2 2
m®+n
At =
m= B0y
In order to estimate the number of effectively excited modes, the delay
should be equated to rp/ 2, half of the spike duration, which is calculated

by (3.34). Using this equality we find the boundaries of the axial mode
spectrum and the limiting index of the transverse mode:

_Ly /1
AQ, _FD Erp(A—l), (4.52)

T
(M* +n?) o =2~ (A-1)

2[5,

(4.51)

Example 4.2

L =10° cm, y, =10" s*, Aq,. = 60,
A=5,B,=2007°1,=20107, (M +n?) =2

The total number of excited axial modesis of the order of hundred, and
that of transverse modes is of the order of unity. This means that the spik-
ing isirregular in such a cavity.

The model of laser with aplane-parallel cavity and auniformly pumped
rod has been chosen owing to the simplicity and clarity of the calculation
rather than due to its practical insignificance. In practice these conditions
are very seldom provided. In the most commonly used laser rods of cylin-
drical form achieving uniform inversion isimpracticable. These active el-
ements are also heated nonuniformly by the pump and laser fields and
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acquire lens properties, thus changing the cavity configuration. The prob-
lem of the mode composition of the first spike, with all these factors taken
into account, was first considered in [355]. Solving this problem is facili-
tated by the following circumstances:

1. The structure of the light beam can be assumed to be identical in all
parallel cross-sections of the active element provided L, /L<<1. Thus, in
the calculations the real laser rod can be replaced by an infinitely thin
sheet with finite gain.

2. Only the difference in gain and loss is important in the linearized
problems. Therefore, instead of the initial model we are free to consider
an equivalent laser model with uniform gain across the cavity and nonuni-
form loss.

3. Theinversion density in the active element cross-section is described
approximately by a quadratic law [356]. Hence, the Gaussian distribution
law is valid for the gain and the problem reduces to considering a cavity
with the Gaussian diaphragm. The gain (Ioss) nonuniformity enhanced the
discrimination against transverse modes. The significance of this factor
depends of how rapidly the gain falls off from the cavity axis. Hence, the
effect should be greater in a small-diameter rod. Even the use of spherical
mirrors does not |ead necessarily to multimode generation within the lim-
its of spike. Only near the concentric configuration, where the focal spot
isextremely small and the active element is at the cavity centre, the mode
discrimination is weak enough to allow many transverse modes to partici-
patein laser action simultaneously. The estimates of the number of modes,
given in Refs. [355], have been confirmed experimentally.

Rigorously speaking, what has been said above refers only to the first
spike. After this spike is over, the inversion distribution changes, so that
one hasto solve acomplicated problem to find it. The form of the distribu-
tion, and therefore, the problem on the whole, increases in complexity
with each new spike. The problem is solvable only by numerical methods
[357].

4.3.2 Onset of Laser Spectrum
Besides the period of intermode beats and the period and time of damping
of relaxation oscillations, the multimode |aser features one more time scale,
which characterizes the rate of onset of the radiation spectrum. For many
lasers the spectrum dynamicsis the slowest process occurring in the laser.
Thisisdueto the smallness of the frequency spacing between modes com-
pared to the gain linewidth, which makes the difference in discrimination
of the neighbouring axial modes negligible.

Since the laser time constants differ in magnitude, the onset of lasing
falls into few stages. After the threshold is exceeded, the total radiation
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intensity is established first. After this stage is completed, over atime of
order T, (1/y, ), theinversion can be considered a constant as well. There-
fore, at all the subsequent stages we can assume dn/d7 = 0 and use, instead
of Eq. (4.29), the equation

dmk B AL,Ukzdv ]
- ~1-B,
%:‘r“ > Lgm, ’ H (459

Since we are dealing with longitudinal modes, we take the expansion
(4.15) and pass over from Eqg. (4.53) to the simplest equation

dm, H A, O AL,
=Gm, = - <
dr %H z Lm, 5 201+ z L,m,)
At the last stage of the transient and in the steady state the right-hand
side of Eq. (4.54) must be fully retained. However, at an intermediate stage

where the narrowing of the radiation spectrum mainly occurs, we can omit
the second term in the sguare brackets owing to its smallness and use the

equation (B, = 0)
A H
dT =em “H+ z L m, 15‘ (4.55)

The main difficulty in using this equation isthat it relates the evolution
of the k-th mode to all other modes. However, taking the equations for two
modes, the k-th and n-th, we can eliminate the sum and obtain the equation
relating the intensities of only these two modes:

o, Anm) g A -6 L),
dr dr
Integrating this equation, we get

(@) _ @0’ - %T
m(©) O g ¥

Based on the assumption of arelatively narrow radiation spectrum, we
will neglect the difference of L from L, in the power of the first term.
The index k is retained to deS|gnaIe the current mode and the index nis
assigned to the reference (resonance) mode. Hence we assume L =1 and
1-L, =A2. Finally, Eq. (4.56) takes the form
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m, (T )0
ot é':“( ) ep(-GaT).
m, (0) L(0) O
Thus, we can express the amplitudes of all modes through the reference
mode and write

S Cm, @) = 2—8 S LM (O ep(-GAT) | (458)

reducing the problem to the evolution of the reference mode [358].

We then can make use of the adiabatic slowness of the spectral evolu-
tion and take for the reference mode, instead of Eq. (4.55), its
quasistationary version

(4.57)

1+ Z Eqmq (1) = A,
or, in view of Eq. (4.58),
Eggi z Eqmq(O) eXp(—GAqu) = A—l (459)

We now replace the summation by integration using, instead of the dis-
crete quantities, the continuous ones

m(q,7) =m,(7)/A, E(q) = Eq, Aq~: A.

Noting the smoothness of the functions m(q) and L, compared with
exp(—GAzqr) , we make an approximate integration

o ~

[ m@O)L, exp(-GA2T)dg = m(0,0)L (0) I_Z exp(-GA%T)dg = m(0,0)L (0) GLTT =

q

m,0) |
A NGrT’
(4.60)

Using this relation in Eq. (4.59) we obtain

m. (1) =(A-D)AVGr1/m,

and substituting thisinto Eq. (4.57) we finally arrive at

m, (0) Gt 2
m (1) = A-DA. | — exp(—GA. T
((T) rnn(0)( )A,| - p(=GAYT) (4.61)
[359, 360]. Generalization to a laser with selective and time-dependent
mode losses is given in Ref. [359].

From Eq. (4.61) it is seen that at each moment of time the form of the
spectrum is nearly the Gaussian with halfwidth of halfheight:

In2
AL(T) = % : (4.62)
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Eq. (4.61) also yields the time constant of the mode amplitude varia-
tion

1
T = a2 (4.63)

According to the initial assumptions 7, >>1 these considerations are
adequate only where A,_(1) <<G™2.

At very large times, when form of the radiation spectrum isnearly time-
independent, i.e., at T >1/(GA%,) this approach is not appropriate, since
one cannot use Eq. (4.55). Thus, the time of onset of the radiation spec-
trum ranges

1<<T <<1/(GAZ). (4.64)

For solid-state lasers with typical parameter values
A=10"° A, =10"-10? G =10° -10*, the condition GA7, <<1 isbarely
satisfied or not satisfied at all. Meanwhile, this condition is met for dye
lasers with the broader gain lines and the higher rates of population relax-
ation (G<1, A=10% A, =107 -107°).

4.3.3. Alternative M echanisms of Laser Multistability
We have considered only one mechanism of multimode lasing — the spatial
competition of modes. Remaining within the framework of homogeneous
broadened active media we do not consider spectral mode competition.
However, we can consider the spontaneous emission as a mechanism of
multimode lasing alternative to spatially inhomogeneous saturation of la-
ser medium by separate modes [358, 361].

To analyze the case, we make use of the set of Egs. (4.29) adding the
term, which takes into account the average contribution of spontaneous
emission to each mode, by modifying the first equation:

dr:" -Gm, (EkJ'ntp,fdv—l): Gespfkfnwfdv, (4.653)
a ~
£ = A-nf+ 5 Cyim) (4.65b)

Theright-hand side of Eq. (4.65a) is written in afashion like that used
in Egs. (3.51) and (4.45), and the parameter €y is defined by means of Eq.
(3.50). Assume a priori that the number of lasing modes is large and that
the inversion is uniformly saturated throughout the laser medium (one-
dimensional model in the plane wave approximation). Under these assump-
tions

Ingulfdv = nIt,U,fdv = n<¢,u,f>vS =(ny,
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and

AWV =(A),

where <l,U|2> is the mean over the active element volume. Transform Eg.
(4.65b) by multiplying both parts by L[l,fvS and integrating over the vol-

oo A\ T n>@+z|-|¢’|2m|)'
If all <(,U|2 isequal within A/ L, thenit should be reasonable to intro-

duce, instead of m, anew variable <m, > = m<l/J|2> , thus transforming Egs.
(4.65) to

d<dn:(> _G<mk>('jk<”> '1): G(eg)Li(m), (4.662)

$:<A>_<n>(1+z C(m)). (4.66h)
where <£Sp> :gsp<¢,k2>

It seems convenient to introduce a new small parameter n =me,/A.

Then the time-independent version of the equation can be written (with
angular brackets omitted)

m, (- L.n) = (nA/m)L,A, (4.673)

n=AL+yLm)", (4.67b)
Since n differslittle from unity, from (4.67) we find
S Lm =(A/M)-1= A-1+0(n)
(O(n) istheterm of the order of 17) and, correspondingly,

1+ Lm
1 LM ., 0m) (4.68)
n A A
Putting (4.68) into (4.67a) yieI ds
L nA e
m, =n——" = k (n) (4.69)

1 n(l-Ln) n(—'l L) '7
Replacing the summation (4.68) over modes by mtegratlon with respect

to frequency we find
> m =nyAIO) .
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Equating Zm to A—1 We get an equality that implies

o(n) =n*AI(A-1)?, (4.70)
and, therefore,
m~1__ &
A +n? I(A-1)? (“.71)

Thus, we have obtained the Lorentzian form of the radiation spectrum
with halfwidth at halfheight

TTE,

A= *
las AA-1) (4.72)
Estimation of the number of excited modes using Eq. (4.72) yields
— 2AIas — ZITESP 1

A N(A-1) 100(A-1)’

if we assign &, =10™ and A =10, which corresponds to Rhodamine
dye laser. The number of modes will be much more than unity only pro-
vided A-1<<107?. The required high-precision proximity to the laser
threshold raises doubts that this multimode mechanism applies to such
lasers. However, this mechanism is important for semiconductor lasers
[362], since the parameter €, is many orders higher than that for lasers of
other types owing to the small volume of the optical cavity.

The question arises: How can we explain the fact that the spectrum of a
CW jet-type laser contains hundreds of longitudinal modes? A possible
answer is that in spite of the stability of the total power, its distribution
over the spectrum does not reach a steady state. Simple estimation by for-
mula (4.72), which can conveniently be written as

A 2

=27k =
N=2— Ja (4.73)

showsthat at A =107,k =10°s*,t_ =10 s the number of mode N = 200.
As mentioned in Section 1.2.3, the lifetime of the individual mode of a
CW jet-type laser ranges from 102 — 102 s and the number of modesis a
few hundreds.

Thus, in the problem of multimode operation of a dye laser primary
emphasisis placed on processes that make the laser spectrum time-depen-
dent.
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4.4. Combination Tone Mode-Mode Coupling and Its Influence
on Laser Dynamics

When we proceeded to the rate equations in Section 4.1, we have to ne-
glect some termsin the semiclassical description of the system and, there-
fore, disregard some factors. One of them is the combination tone mode-
mode coupling (four-wave mixing). The effects due to the combination
interaction are exhibited when the mode frequencies are nearly but not
quite equally spaced. Strong interaction of the modes|eadsto what istermed
combination mode locking in which the random spectrum becomes rigor-
ously equidistant, and the influence of intermode beats on the stability of
stationary lasing is negligible since the beat frequencies are large with
relation to decay rate of inversion. A different situation arises when the
dispersion exceeds the nonlinearity and the emitted spectrum remains un-
equally spaced. If the secondary beats frequencies approach the values of
the relaxation frequencies, the influence of the nonlinear mode-mode cou-
pling should be taken into account. The effect predicted in [24,289] was
confirmed in subsequent papers [363-366].

In lasers with fast relaxing active media, which do not have relaxation
oscillations, the role of combination tone mode-mode coupling can be no-
ticeably. The combination tones do to the action of large number of modes
with unequally spaced frequencies ensure, like a complicated external
modulation, the complex fluctuations of individual modes|[367, 368]. This
is a dynamic mechanism causing spectral time dependence, which is com-
monly present in multimode lasers.

4.4.1. Competition between Dispersion and Nonlinearity of the Laser
Medium
Limiting the consideration to only axial laser modes gives us the right to
use equations (S.10).

Taking the normalized time T =Yt and introducing the abbreviated
notation

- 1~
Gl?a] = _E F.(n, +n,), (4.74)

i — E (n0+ny)+ﬁ;m(n0+nv) f,u vaf

éwmb:_F u
K 4 " & 1+i(A, =) /7 f,

k=p+v

(4.75)
we rewrite the set of equations (S.10) in a somewhat different form
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of, . 1 ~ ~com
I R I

dno B N _ N
—2=A-n 2+ Y Lm By Limn;, (4.76b)
dr = =1

dn, N 1~

E——nk§+;ijj E‘ELkmknk. (4.76¢)

The frequency matching condition v = u+I,k—pu+v =k+1 makes it
possible to order the modes, and rewrite Eqg. (4.75) in a more compact
form

— 'E:u (nO + ny) + 'E:uDH (nO + ny+|) fy f;1D+I fk+|

- i
Gcomb =_
K 4 kz 1+i(A, =AY f,

v

(4.77)
Substituting f, = F, exp(i¢,) into (4.76a) we isolate the phase equa-
tion

% = }GACk — é

dr 2 y

Since four modes are combined and the expression (4.77) depends on

the mode combinations @, =¢,., —¢, -¢ ., +¢, rather than individual
modes it should be reasonable to proceed from (4.78) to equation

do i, pde)_ 1
di'u = G(Fklill + Fk?usp)_V(AkH A Dy +A“)' (4.79)

The function

A, +GReGY +GP™) (4.78)

Rl = RelGe® - Geme - Geope + Ge) (4.80)

Kkl u+
characterizes nonlinearity, and

+G) (a81)

ki L+

_ 1 ~ ~ ~
R :i(wckﬂ T Wy T Wy +wcu) + RE(G\?E: _G\Eal -G
characterizesthe dispersion of the system. Since y, >>« , the second term

on the right hand side of (4.81) is rather unimportant, so that the disper-
sion is conditioned mainly by the cavity spectral features

i 1
disp — _ _
Fkl,u - ? (wck+l wck wcy+| + wcy) .
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The relationship between dispersion and nonlinearity can be different.
With strong dispersion one can ignore the nonlinear term; in this case the
unequal spacing of the cavity eigenfrequencies (nonequidistancy) leadsto
about the same nonequidistancy of the output spectrum.

If nonlinearity dominates, avariety of dynamic regimes are possible. In
particular, the effect of dispersion can be completely overcome making
the radiation spectrum equidistant. Thisregimeis often called mode lock-
ing, but it should be born in mind that equal mode spacing itself does not
mean the simple phase distribution law inherent in what is usually meant
by mode locking.

In order to find the mode-locking criterion in a broad sense we should
estimate F" and compare it to F9%. This estimation is difficult because the
modal phases are undefined. Assuming that the phase distribution is uni-
form, the problem is similar to the summation of N randomly phased
oscillations, and for alaser medium with A/y =Aw/y, >>11Awly, <<1

Fo o~ WEAJIN _ Y A-1
1A lAw N
The estimates can be simplified assuming that the mode intensities are
the same: F? =F?=(A-1)/N, and n, +n, =1. Supposing that the main
contribution to the combination sum is given by terms with | =1 we ob-
tain

F' vk A-1
F*  w,0w JN
Going over to normalized nonequidistancy Q,, =w,, /Aw and to re-

peatedly met value Q, = ,/G(A-1) (thelatter isrelaxation frequency when
G >>1) we can formulate (4.82) as

(4.82)

Fnl B 152 1
FI® " EA 0 Q JN- (4.83)

Kl
The control parameter
A=Ay (4.84)
definesthe inertial properties of the laser medium on the beat period time.

According to (4.83) the nonlinearity dominates in the case of small
nonequidistancy, which satisfies the inequality

Q, <QI /(A N) . (4.85)
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Example 4.3
Nd: YAG laser

y, =500° s*; G =107

k =500"s%,Q, =50, Q| <200

Aw=10° s*; A=200% @y, /2m<3Hz
N=9 A=15

Example 4.4
Dye laser

y,=200°s";,G =05
kK =5010"s;Q, =035  Q, <5107
Aw=10°s*;A=5  w,,/2m<8kHz
N =10*; A=15

4.4.2. Time-Dependent Regimes Due to Nonlinear Mode I nteraction
L et us specify the conditions under which there is noticeable influence of
the combination tone mode-mode coupling on the time-dependent processes
in lasers. Beginning from the real form of equations (4.76a) we consider
the amplitude part of these equations:
?jirk = —%GFK [2Im(Gf"’“ +G™) +J] _ (4.86)
Theterm C~5k°°mb playstherole of aperturbation in the rate equation, and
we should first estimate its magnitude. To do this we rewrite Eq. (4.77)
assuming all L, =1 and that the inequalities
V <<| Av _Ay |<<1 (y|| <<| wv _wy |<< yD) (487)
are satisfied. Since we are speaking about condensed media, y, >10% s*,
and Y, ranges from 5010°s* for Nd:YAG laser to 10° s* for dye lasers.
Frequency spacing between neighbouring longitudinal modes of about
10° s* corresponds to a cavity length of 100 cm. For solid-state lasers the

inequalities (4.87) are met for the transverse mode spectrum aswell. Bear-
ing these facts in mind we can pass over (4.77) to the simpler expression

Fk+| S n(fzklur + chIu)

~ % FF
| comb:_Z +n +n ) M
mG; 4 HZ(ZB L, FN,) 3 5,0, - (489

Assuming that 2n,+n, +n,, =2 F?=(A-1)/N, the amplitude of a
single term of the sum (4.88) is estimated as
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B, =V (A-1)/(NA) . (4.89)

A noticeable effect on the laser dynamics should be expected, first of
all, when thelaser modes are not locked, i.e., Q,,, # 0. However, thismeans
that time enters Eq. (4.86) explicitly and the problem is beyond the scope
of autonomous theory. Therefore, running ahead, we will make use of the
results given in Chapter 6. Comparison of Eq. (4.86) with Eq. (6.184) indi-
catesthat theterm 2| mélfm’ holds the same place in the laser equations as
the term responsible for the loss modulation. Thus we can use relations
(6.26) and (6.29) to estimate the efficiency of the combination tone mode-
mode coupling. There is only one question: What should be put in corre-
spondence with modulation frequency Q and modulation depth 3. The an-
swer to this question is ambiguous. Consider two particular cases.

1. The laser frequency deviations from equidistant spacing are mul-
tiples of a quantity Q_ and the spectrum of secondary beats is composed
of itsharmonics. M aking estimates, we can though cautiously, adopt (4.89)
for the lower harmonic amplitude.

2. Deviations from equidistant spacing are random, and the secondary
beat spectrum represents awhite noise band with its centre at the frequency
Q*. The combination tone amplitude is estimated following the rules of
summation of oscillations with random (drifting in this particular case)
phases; thus we have

B=y o
AT (4.90)

The response of asolid-state laser to the presence of oscillating combi-
nation terms can be nonlinear if, according to Egs. (6.26) and (4.90),

GB _ k A-1 -1
A DwAIN (4.91)

Fromthisrelation it is seen that the role of the secondajry beats mecha-
nism in changing the mode intensity oscillationsis more pronounced when
fewer modes participate in the laser action and when the modes are closer
to each other in frequency.

Having shown that irregular dynamic behaviour can appear inrelatively
simple systems with a small (N>3) number of degrees of freedom, many
studies of the nonlinear dynamics focused on such systems. These include
some of the laser models considered above. However, complex nonperiodic
processes are also observed in multimode lasers, as mentioned in Section
1.2.3. The fluctuating intensities often resemble the kind of quantitiesin-
vestigated by the methods of statistical physics, so that one is tempted to
attribute their irregular behaviour to random factors. For example, the deep
undamped oscillations of intensity of some laser modes in a multimode
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laser have been ascribed to the presence of fluctuating noise sources re-
sulting from the spontaneous emission from the laser medium [369-371].
Such an explanation seems quite natural if rate equation models are used
and if nonlinear effects other than the unavoidable saturation of the laser
medium are disregarded. However, keeping in mind the mode coupling
due to the nonlinear scattering (including four-wave mixing) dynamical
interpretation of the random seeming time dependent processesin a multi-
mode laser could be sought. In contrast to random processes caused by
noise, we might attribute the irregularity to deterministic chaos. The true
nature of the observed time dependent behaviour of a multimode laser is
thus an important matter to investigate, in principle. Theoretical effortsto
solve this problem were undertaken in [363-368, 370, 372, 626], and the
experimental investigations of the spectral dynamics of dye lasers were
performed in [65, 372-374].

Numerical integrations of Eqgs. (4.76) have found solutions that feature
chaotic behaviour. Thisis indicated not only by the nonperiodicity of the
calculated results in the absence of random forces but also by the inverse
dependence of the mode correlation time on the pumping rate [373]. This
dependence is expected from the dynamics alone by the fact that the influ-
ence of the nonlinear terms, and, therefore, the degree of irregularity they
produced, would increase with increasing strength of the average intensity
of radiation field.

In what follows we give the results of the numerical investigation of a
five-mode model of a travelling-wave dye laser. Although the choice of
the model ismainly dueto itsextreme simplicity, these results are of broader
interest than might be supposed.

First, the simplifications of Egs. (4.76) are due to the fact that the laser
modes are co-propagating waves. Therefore, the longitudinal inhomoge-
neity of inversion is absent. Second, the high rate of relaxation of the in-
version allows n to be adiabatically eliminated putting dn/d7 = 0 and
dn/dr = 0.

Figure 4.6 is a phase diagram that summarizes results of numerical so-
lution of Egs. (4.76). The diagram is plotted in the control parameter plane
(0Q, A/\/V) . The mode frequencies deviations from the equal spacing were
assumed to be quasiregular, so that Q,, isamultiple of dQ =d(Aw)/Aw,
which was taken as the measure of nonequidistancy.

The solid lines in the diagram confine the control parameter values,
which lead to unstable laser action. Upon entering the unstable domain by
increasing 0Q, the laser dynamics shows a sudden transition to the regime
of chaotic compensated oscillations of the amplitudes of individual modes.
Close to the inside of the right hand boundary of the unstable region is a
band of regular oscillations. With decreasing Q the transition from peri-
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Fig. 4.6. Phase diagram of afivemode~model of travelling wave dye laser in the control
parameter plane (0Q,A/y). A=15;y =210k /y, =0.1; The hatching denotes the
instability domain [626].

odic oscillations to chaos shows elements both period doubling and
quasi periodicity. Examples of regular and chaotic solutions are given in
Fig. 4.7. Outside the instability zone, CW single-mode sol utions are estab-
lished after some transients. The result is quite natural since neither spec-
tral, nor spatial inhomogeinity of the laser medium is assumed in the model.
It should be noted, however, that for small deviations of mode positions
from the equidistant frequency spacing, when the nonlinearity dominates
the dispersion, the transient state is of the form of mode locking, which is
unable to sustain itself for along time. These results support the idea that
nonstationary pulsations can be an effective mechanism of multimode las-
ing.

We should also mention that there are optical bistability and hysteresis
in the dynamics observed near the right hand boundary of the instability
zone. Depending on the initial conditions, the solution can be either CW
single-mode solution or undamped multimode pul sations.

Our attention is drawn to the very steep dependence on the instability
band in Fig. 4.6 on the relative intermode beat frequency. The instability
zone cannot remain this narrow for alarge number of modes, since then a
wider range of primary intermode beats between the increasingly spaced
modes enter the dynamics. Obviously, this may be the reason for the insta-
bility of CW dye laser with hundreds of modes.

The efficiency of combination tone mode-mode coupling as the self-
modulation mechanism of the emitted spectrum of a dye laser can be esti-
mated in a fashion similar to that used above. The question arises: Which
quantity plays the role of the loss modulation depth? Combining the Egs.
(4.89) and (4.90), we write
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Fig. 4.7. Examples of numerical solutions to Egs. (4.76) for dn/d7 =0 and N=5 in the
instability region shown in Fig. 4.6 [626] at A= 1.5, y =2-10% K/yII =0.1, /1y =40;
0Q =2.5:10°(a) and dQ = 2.3 - 10°° (b).

GB _(Q,/D)?
50 O N° (4.92)

(7
where 0.5<a <1. The modulation depth of the mode will be extremely
largeif GB/2Q >1, or, according to (4.92), if
Q;
NN’
For a = 0.5 this coincides with the condition that the nonlinearity pre-
vails over the dispersion (4.85). The dash line in Fig. 4.6 reproduces the
dependence 3Q = Q?/(A?N°). The fact that it passes through the narrow
instability band indicates that the anal ogy to the model of laser with selec-

tive loss modulation is quite reasonable.
Such modulation behaviour was studied experimentally in [65, 372-

N <

(4.93)

163



Fundamentals of Laser Dynamics

374] for ajet-type dye laser. One fact suggesting the dynamic origin of the
time dependence of the lasing (Figs. 1.10 and 1.11) is the existence of
bifurcation points for the dependence of the laser characteristics on the
spectral power density. From Fig. 4.8 it is seen that sudden variations of
the mode correlation time are observed at definite values of the control
parameter. The fractal dimension of the attractor also changes abruptly at
the same points. A low and not integer-valued fractal dimension between
two and six is also the indication of the dynamical origin of the spectral
chaos.

In Refs. [373, 374] the attractor dimension as well as Kolmogorov's
entropy was determined from experimental data using Grassberger and
Procachia’s method [375-377]. To realize their procedure, it is enough to
know the time dependence of only one of variables (the intensity of one
mode). Such an approach is quite understandable while the set of N first-
order differential equations can be in principle reduced to one equivalent
equation of the -th order. The coordinates in the phase space of such equa-
tion are the values of sought function and its derivatives . The results of
processing the experimental data are presented in Fig. 4.9. Two jumps are
seen in the dependence of the fractal dimension on laser output together
with tendency towards increased fractal dimension as the laser power is
increased.

These experimental facts merit comments. In Ref. [373], from which
Fig. 4.9 istaken, the spectral resolution of the apparatus is insufficient to
single out one mode. Therefore, the data, which are processed, represent
the time evolution of thetotal intensify of agroup of afew tenth of modes
(35 modes in that particular case). Nevertheless, this yields the result pre-
dicted by the theory for the intensity of a single mode. Together with the

tcor’ Hs

w1
It
i
2o igiii% ii%

pIAA, mMW/A

Fig. 4.8. Measured mode correlation time of ajet dye laser as a function of the spectral
density of laser output. Discontinued jumps are seen at 14.5 mW/A and 36 mW/A [373].
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Fig. 4.9. Measured second-order attractor dimension of a multimode jet dye laser as a
function of the spectral density. The areas, in which the mode correlation time changed
abruptly, are marked on the horizontal axis[373]. Dash lines show the mean values of d.,.

low dimension of the attractor, this fact can be explained by dividing the
whole ensemble of the generated modes into a small number of groups,
within which the mode correlation is stronger than it is between the modes
belonging to different groups. Such a spectral packet, rather than a sepa-
rate mode, should be evidently identified as a degree of freedom in this
case. Selection of a single mode would not change the experimental re-
sults as a more recent experiment confirms [65].

The second comment concerns the role of quantum fluctuationsin these
phenomena. Figures 4.8 and 4.9 do not show the pumping domain near the
laser threshold where it has been found that the attractor dimension rises
and the mode correlation timefalls as pumping decrease (i .e., the tendency
opposite to that observed at high pumping level). This contradiction is
easily removed if we assume that the time dependence of the lasing near
threshold is dominated by quantum fluctuations where the importance of
spontaneous emission increases.

4.5. Inhomogeneously Broadened Solid-State Lasers

Although many dynamical properties of alaser are insensitive to the type
of the line broadening of the active medium, the spectral characteristics of
the laser output are affected by the inhomogeneous broadening. The sug-
gestion that all transition frequencies of all active molecules are exactly
the same, i.e., the spectral lines are homogeneously broadened for con-
densed matter, is not correct in all cases. For example, atoms may occupy
different positions in the crystal lattice or may be influenced by nonuni-
form electric field inside the amorphous hosts.
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4.5.1. Mathematical M odel

Summing of the contributions of identical molecules leads to the follow-
ing expression for the polarization of a homogeneously broadened me-
dium:

an = Ns(pnndnm + pnmdmn) " (494)

In the case of inhomogeneous broadening one can write only part of the

polarization in this form and an additional summation must be taken over

the whole groups of particles that differ in transition frequency. Calcula-

tion of the polarization requires knowledge of the molecular distribution

function with respect to frequency, h(w,), with a normalization condition
such as

L“’ h(w,)dew, =1.

The form of the expression for polarization depends on the form of
density matrix normalization. Assuming

P11 () + P (@) = (cwy) (4.95)
we have
Prn = N [0 * Pr )0y (4.96)
while if
P (@) + P () =1, (4.97)
we get
Pan = N [0 * Po i )N(@0;) G0, (4.98)
The inhomogeneous broadening amends twofold corrections in the la-
ser equations.

First, the medium inhomogeneity suggests summation of contributions
from all groups of atoms with different transition frequencies.

Second, it isimportant to takeinto account the process of spectral cross-
relaxation. The form of equations depends on what type of normalization
condition is taken: (4.95) or (4.97). Using Eqg. (4.95) we get the following
set of equations for multimode laser that is generalization of Eq. (2.76):

dF . :
d_tA +K ~i(w =y )]F, = 47iwdNs [y, odw,dV | (4.993)

a0

i __id
5 tVomi@-w)lo=-2D5 ¢,F,, (4.99b)

166



Multimode Lasers with Frequency-Nondegenerate Modes

oD | ® O
7+yll(D - D(O))"' RY _h(wo)IdeoD: -
t O 0

O

(Fo-Fo)

(4.99c)
Using the normalization condition (4.97) we replace theintegral in right-

hand side of (4.99a) by HL,U ,oh(w,)dw,dV and replace the cross-relax-

ation term in (4.99b) by '[D ‘IDh(wo)dwo ].

The formal way to the rate equations is the same as was described in
Section 4.1. Using Eq. (4.3) we pass over new variables, then adiabati-
cally eliminate the Fourier components of atomic polarization and neglect
of all cross termsin obtained equations. In dimensionless form

W nda)odv _ 1D
g_[l (@, - Elr (4.100a)

my?: O =
= Ah ni+ AT Fm-h nda)
(&)~ a Zl+(wA &) Er Dﬂ (wo)_[ oD(4 100b)
the rate equations for class B lasers are written when we use the dimen-
sionless variables similar to given by Egs. (3.1):

2’ B 2mmed’N 2med’N

SR, n=="""D, A==——""—=[D%w,
hynyuvc hyDK hyDK

m, =

(4.101)
T=yt, v=VIV, @w=wly,, G=2ly, F:F/y”.

4.5.2. Steady-State Solution in the Spatially Uniform Field
Approximation: The Threshold for Laser Spectrum Splitting

When the inversion is spatially uniform over the entire volume of the ac-
tive medium, Egs. (4.100) can be written in a simpler form:

dmA _ ndc 0

g“(%—w) 1% (4.102a)

= AN@)-n 5 L —

0 ~
1+(w - %-FDD h(wo)_[ndwoD (4.102b)
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In the absence of lasing, the spectral density of the inversion follows
the distribution function

n = Ah(c@,) . (4.103)

Substituting Eq. (4.103) into Eqg. (4.102a) and demanding
dm(co,,)/dT >0, we find the self-excitation condition

I h(c,)dc, -1
. 4.104
1+ (@, - @) (4109
where @,, denotes the frequency of the gain line centre.
If the inhomogeneous broadening is much larger than the homogeneous
broadening, then the value h(@,,) can be removed from the integral sign,
and the approximate self-excitation condition looks like

AN (@, ) > 1. (4.105)

For an exact calculation of the integral we need to know the shape of
the distribution function. Here and elsewhere below we will use one of the
following two functions:

The Lorentzian function

h, (&,) =

and the Gaussian function

~ 2
he (&) = Hfg D (wo a;f) Inzg' (4.107)

By adequately approximating thereal shape of theinhomogeneous spec-
tral lines these functions can yield the results in a rather simple form.

The quantity g is the halfwidth of the distribution function normalized
to y.,, anditiscalled the inhomogeneous broadening parameter. The total
width of an inhomogeneous broadened line is related to the elementary
homogeneous linewidth of a separate atom by g+1.

For the Lorentzian line (4.106) the self-excitation condition (4.105)
reduces to

g/m
q2 + (&50 _&300)2

(4.106)

Alg+1)7">1, (4.108)
and for the Gaussian line (4.107) it reduces to

Aq(rIn2)Y2 exp(In2/ g?)[1- (VIn2/q)] > 1, (4.109)

where @(x) isthe probability integral. If the inhomogeneous broadening
islarge, then, instead of the last two inequalities, we have
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A 1 for the Lorentzian line,

q E(nan) 2 for theGaussianline, (4.143)

The equations describing the time-independent lasing can be obtained
assuming d/dt = 0 in Eq. (4.102):
ndw
@ -ay

-1=0, (4.111a)

0
Al -+ ——— r nday, —n
h@,) @ 21+(@ )ZD' _[ @710 (a.1110)

The unknown ndooO entering Eq. (4.111b) is found by integration of
both parts of thisequation with respect to frequency:

[nd@,=A-3% m. (4.112)
0

The case of single-mode lasing is simplest for analysis. Making use of
relation (4.112) we find from Eqg. (4.111b) the frequency dependence of
the inversion
(@) = [(F+1)A-Tm]

T T AL L+ (@, — @) ]

Substituting the result into Eq. (4.111a) yields an equation defining the
radiation intensity

h(@o).  (a113)

h dw,
(A - | + DL+ (@, - )]+ m

-1=0. (4114
When the inhomogeneous broadening is large, so that we can assume
h=h(&@y) , Eq. (4.114) reduces to
) 1 r+A
+ = Ss————=
T (o) r
For brevity we introduce, in place of m, a quantity

s=1+m/(T +1) . (4.116)

Constraints on the inhomogeneous broadening need not be used in case of
the Lorentzian distribution function: Eq. (4.114) is transformed, irrespec-
tive of g, into

(4.115)
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~

2 g M+A_
S +=—8—= = (4.117)
r+1 Mr+1
Only one of two solutions is physically relevant, and it yields
_ 2 0 ¢ F+ad”
m=A-1+_— a5 Al 0 . (4118

2r+1) r+1)> r+1pg

In the limiting cases of strong (T >> A) and weak (T <<1) cross-relax-
ation the expression for the steady-state intensity is simplified:

m=A-q-1 forl >>A, (4.119q)

m=(A/q)°>-1 forl <<1. (4.119b)
The Eq. (4.119b) can be obtained directly from Eq. (4.114) if the cross-
relaxation is neglected from the very beginning. Therelation (4.119a) means
that in the presence of strong cross-relaxation the laser medium behaves
asif it is were homogeneous broadened with the larger linewidth.
The single-frequency regime is stable when the saturated gain does not
reach the loss level at any of modal frequencies except for the line centre
frequency. Provided that

nda, B
G(@,) = Iﬁ 1=0

multifrequency operation of the laser will be observed. Substituting for n
from Eq. (4.113) and assuming that the distribution function is Lorentzian,
we integrate and obtain an inequality
A-T(S - 0(@+D*(Q-1) _ (s*+D*(s=D O
q°-s" A +(@+D’] dAL+(s+D)%1g
(4.120)
Using Eq. (4.117), we can transform Eq. (4.120) to a simpler form

(q+1)*
q-

2 D 2 |:|2
AKEAK —(q—l)g +(q+2)s- [D<0 (4.121)

Thevalue A, =@, —@,, can satisfy thisinequality only if

2
o o,

(q—1)§$2+(q+2)s—

The binomial in the square brackets has a positive root
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2 2
S1:_q+2+J(q+2) L (a+D) w1

2 4 g-1
provided
g>1. (4.123)

By definition (4.116), the quantity s cannot be less than unity. If the distribu-
tion function isthe Gaussian, then in place of Eq. (4.123) we have theinequal-
ity q>+/In2 [378].

The first condition for multifrequency lasing (4.123) requires a defi-
nite inhomogeinity of the spectral line, while the second,

S>s, (4.124)

means that afinite excess of pump level above thelaser threshold is neces-
sary. The parameter s, that characterizes the critical pumping islarge only
for g =1 and falls rapidly as g grows. This is seen from Eq. (4.122) and
illustrated by the table of values that satisfy this equation:

g | 11 20 10
s, | 65 16 104

Equating the s values, defined by Egs. (4.122) and (4.117), we can find the
pumping parameter A at the multimode threshold. For g>1 [98]

4 8
+1+ 2+ —

=q q q° (4.125)

Returning to inequality (4.121), we see that it indicates that if the con-
ditions (4.123) and (4.124) are satisfied then the single-frequency solution
is unstable with respect to mode excitation in a finite band near the line
centre. The function G has the form shown in Fig. 4.10b. Figure 4.10b
differs from Fig. 4.10a, which corresponds to the case of stable single-
mode operation, in the character of the central extremum. Thus, at the
boundary of instability domain, not only 4G(@ = Wy,) /00 =0 but also
0°G(@ = @,,)/ 0> = 0. General information on the steady-state spectrum
is drawn from the properties of the function G (&) [379]. Thisfunctionis
analytical and it can turn to zero in afinite interval at a finite number of
points. Hence, it is inferred that the spectrum is discrete. The laser spec-
trum consists of only one central frequency while the pumping less than
the critical value. Two frequencies will occur directly above the critical
value, and in the case of symmetric gain line they will be symmetric about
the line centre. Above the critical value the laser action at the central fre-
guency isterminated, since at the critical pumping azé(&) = y,)/0@0° =0
and above it the gain is a minimum rather than a maximum at the central
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® Fig. 4.10. Form of inhomogeneously
broadened gain line of the laser medium in
c cases of (a) stable single-frequency, (b)
unstable single-frequency and (c) stable
double-frequency laser action.

frequency (Fig. 4.10c). _

In the domain of two-frequency laser action the function G(w) remains
symmetric with respect to the line centre although it changes in form as
pumping further increase. Therefore, the second derivative is zero only at
point @ = @,, . This means that when the pumping reaches the next critical
value, the spectrum will multiply by producing anew line rather than split-
ting the existing lines as at the first stage. More specifically, the central
mode will again be excited and the distance between the sideband modes
will be of the order of halfwidth of the elementary |luminescence band.
This problem is discussed in detail in the book [380]. The striped struc-
ture, originated from the spectral competition of modes in an
inhomogeneously broadened laser medium, is observed in the output spec-
trum of a neodimium glass laser (see Section 1.2.3). The evolution of the
spectrum, as pumping grows, which isfollowed in Fig. 1.16, isin qualita-
tive agreement with the theory. A similar dependence of the radiation spec-
trum structure on the pumping parameter is exhibited by dye lasers (Fig.
1.9). Obviously, the spectrum splitting for small excess pumping above
threshold, described in Refs. [59-61], indicates the same features of
inhomogeneously broadened laser media are inherent in dye solutions.

4.5.3. Connection between the Spatial M ode Structure and the
Spectral Structure of Laser Emission
The spatial nonuniformity of modesin the active medium leads to simulta-
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neous participation of many modes with close frequencies in the laser ac-
tion. For homogeneous broadening this was shown in Section 4.1. Inho-
mogeneous broadening does not remove the spatial competition of modes.
Thus, it can be expected that each component of the large-scale spectral
structure, mentioned in Section 4.5.2, will broaden to a band. If the width
of a separate band is comparable to the interband spacing, then the dis-
crete structure due to competition among the modes will not be apparent
in the experiment.

For a very rough estimate of the spectral width of the laser emission
due to spatial competition of the modes we ignore the spectral
inhomogeinity of the medium and make use of Eq. (4.23). We should re-
member that the pumping parameter definitions in Section 4.1 and here
are different and A should be replaced by A (g+1)in Eq. (4.23). No other
changes are required if we assume A=Aw/dw,, , where dw,, is the
halfwidth of the gain line at halfheight. Thus, in place of Eq. (4.23) we
have the expression

A B3AA q- 19 (4.126)

8A [

Substituting the pumping val ue (4.125), which correspondsto spectrum
splitting in the uniform field model, the lower limit on spectral width at
the critical point is

2N = q[120(q+ 21)]M2. (4.127)
This equation is valid for g>>1 and T <<g®. It makes no sense to con-
sider the case T > g®, since the spectral splitting threshold will be much
higher than the attainable pumping parameter values.

The stripsin the laser spectrum will, of course, overlap, if A, >1/(2q)
and, therefore, if the intermode interval satisfies the condition

1
12(q+2IN) -
For estimates we assume that the cavity length exceeds 10 cm and, conse-
quently, the interval between the neighbouring longitudinal modes
Aw<10Ys™. Assigning J @, =210°s™ (the luminescence linewidth of
neodymium glass) we obtain A <5[10™. Substituting this in the left-hand
side of Eq. (4.128) we find that the neodymium glass spectrum can be
structureless for q>100 (T << q). This degree of inhomogeneous broad-
ening is achievable only for extreme cooling of the glass matrix [381].

When the intermode spacing does not satisfy the inequality (4.128) as,
for example, in a neodymium glass laser at room temperature, the radia-
tion spectrum must possess a structure. There are two options discussed

A>N'= (4.128)
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below. Both options satisfy the time-independent laser equations. There-
fore, the problem reduces to analyzing them for stability. This problem
has not been yet solved and so it isimpossible to specify more accurately
the conditions needed for this or that spectrum.

1. Condition (4.128) is not met. The spectrum consists of individual
bands spaced on the order of the halfwidth of the homogeneous part of the
line broadening.

2. Condition (4.128) ismet. Thisis possible when not all adjacent modes
are generated. The spectrum consists of narrow lines and their spacing is
greater than the intermode spacing and less than the homogeneous part of
the line broadening.

Both possibilities satisfy the time-independent laser equations. There-
fore, the problem reduces to their stability analysis. This problem is not
solved and that is why we cannot indicate more definitely the condition
needed for realization of that or other spectrum. Intuitively, it can be ex-
pected that the first type ‘banded spectra’ should be observed with greater
probability in lasers with aspherical cavity, and the second type ‘ line spec-
tra’ inlasers with a plane-parallel cavity. Any small-scale structure in the
spectrum is most likely caused by frequency-selected losses in the cavity?.
The latter type of structure of the time-independent spectra is most often
observed in practice.

The large number of modes and the rather small intermode frequency
spacing facilitate calculation of the total width of the line type spectrum
[382]. Owing to these features, the same approximate method of the space
integral calculation, described in Section 4.1.2, is applicable, and the sum-
mation over all modesisreplaced by integration with respect to frequency.

The case without cross-relaxation is the simplest. The radiation spec-
trum coincides in shape with the gain line. The spectrum boundaries are
defined by the condition of balance between the unsaturated gain and | oss.

In the presence of cross-relaxation, calculation of the steady-state spec-

tral width is formally complicated by the term J’nda”) in Eq. (4.100b).

Putting d/d7 = 0, integrating EqQ. (4.100b) over the cavity volume and mak-
ing use of Eq. (4.100a) yields

jfﬁdfTJodV =A- Z m, . (4.129)

It ispertinent to recall that multimode lasing is accompanied by aspatially
uniform distribution of the inversion throughout the laser medium. Thus,
we can remove n from the integral sign and reduce Eq. (4.129) to

Hntracavity laser spectroscopy is based on this phenomenon [383-386].
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By elimination of superfluous unknown we resolve Eq. (4.100b) with re-
spectto n:

L ATHD-TYm,
N =h(@,) = - 22_
M+1+5 Lyem,
and substitute the resultant expression into Eq. (4.100a). The inequality
5 Lyim, <<F +1

is equivalent to a small exceeds over threshold only in the case of weak
cross-relaxation. For strong cross-relaxation we can use (I +1) ™ asasmall
parameter and make the expansion

1 _ 1> Laim,
r+1+5y Lym. T+l (T+D° -
After the simple integration we arrive at the equality

Zj_ _SLm

in which
Z=A-T( )7y M.
Thefurther transformations are based on the assumption of alarge value

for the inhomogeneous broadening parameter, g>>1, and a broad radiation
spectrum, A, >>1. These transformations lead to the equality

om0 1
0 (F+)Aag (@)
Since m, =0 at the spectrum edge, from Eq. (4.131) we get the equation
Z7 =m(@, +4A,.) to find the spectral width of the laser emission. The
quantity Z can be found by summing both parts of Eq. (4.131) over all

excited modes. In the case of Lorentzian line shape the problem reduces to
the equation (Y =A./q)

4r A
Yi+—Y -F--2*-H--1F=0
- G- St LA

Its solutions for some valuesof T are givenin Fig. 4.11. It is seen that the
spectral width of the laser emission diminishes as cross-relaxation grows.

(4.131)
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Fig. 4.11. Spectrum width of an inhomoge-
1 neously broadened laser versus pumping level
0 0,8 1,6 2,4 Afg atdifferent cross-relaxation rates I .

The function A (A) issimpleonly inthecase I >>1 at A, <<q:

= qm— % % (4.133)

The curves calculated using Eq. (4.133) are shown by dash lines in Fig.
4.11. Inthelimit ' - oo, EQ. (4.133) isnot valid, nor isthe calculation as
awhole, since the condition A, >>1 isviolated. For very large T theline
can be considered homogeneously broadened, so that Eq. (4.126) can be
used for estimation of the spectral width of the laser emission.

4.5.4. Transientsin the Presence of Cross-Relaxation
By providing migration of excitations within the inhomogeneously broad-
ened line contour, the cross-rel axation mechanism tends to cancel any de-
viation in the spectral distribution of active centres from the equilibrium
one. A decrease of the number of active centres in some local part of the
spectrum due to induced emission by a narrow frequency band produces a
directed inflow of excitations exactly to this part of the spectrum. In this
sense, the cross-relaxation acts as supplementary source of pumping. Cor-
respondingly, the cross-relaxation influences any transients, leading to
faster arrival at a steady state. This mechanism is the most effective in the
case of narrow linewidth signal generation when an appreciate part of the
active medium is not directly involved in laser action, playing the role of
an energy reservoir. Below we consider a single-frequency time-depen-
dent regime.

We now linearize Eqgs. (4.102) near the fixed point n,M, defined by
equalities (4.113) and (4.118), and introduce the variables

om(t)=m-m, on(r,w,)=n-n.

176



Multimode Lasers with Frequency-Nondegenerate Modes

Assuming solutionsin the form dm=dm,e", on = dn,(&,)e"" , wearrive
at

@ On,dd,
Aom. =Gmf —2——9
m, [ 1+ (@, )’ (4.1343)
~ m O 1] e
m05\+r+1+ ~m~ S ~n — 2+I‘hJ’ on,dw,
0 1+ (0 — W) [0 1+ (W, —wy) 0
(4.134b)

Integrating Eq. (4.134b) with respect to &, and making use of Eq. (4.134a)
we find

fawodcr)o = -0m,(G+A)/G(A +1).

Thus, from Eq. (4.134b) we can define the relation between dn, and dm, .
Substituting this relation into Eq. (4.134a) leads to the desired character-
istic equation

A= oy M (@ =B)°] A, G+ e ML+ (@, ~By)*] "dd, D

9; A+T +1+M[A+ (@, —@Dy)’]" GA+D oo A+T +1+ M1+ (@, —@0y)°1 ™ [

(4.135)

Generally, it is clear that the damping of transient oscillations will be

accelerated with an increase in ' only for relatively weak cross-relax-

ation. For very large I' thelaser medium behaves as homogeneously broad-

ened one thus obeying the laws stated in Section 3.2. It is reasonable to
consider the limiting cases separately.

1. Relatively weak cross-relaxation
Q,>>6,|,I,m. (4.136)
Using these inequalities we expand the integrand in a series of the small
quantity 1/Q, , and then find the approximate val ues of the frequency and
damping rate of small oscillations. N
For the Lorentzian distribution function (4.106) and q>>1, I >>1 the
approximate relations

Q2 =Gm(A-m)/(2q). (4.137)

6,=-T/2, (4.138)

arevalid. Here m is defined by Eq. (4.118). So, the damping of transient
oscillations increases with increasing cross-relaxation when the latter is
not too large [387].
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Using Egs. (4.137) and (4.138) we can write the inequalities (4.136) in
a more explicit form. By virtue of G>1, a small excess over the laser
threshold is sufficient to satisfy the inequality Q, >> m . The other two
inequalities of (4.136) coincide and can be reduced, using Egs. (4.137)
and (4.118), to

~ 1
2 <<§G(A— Q). (4.139)

2. Strong cross-relaxation

r>>Q,|6,|m. (4.140)
In this case the small parameter for the series expansion of the integrand
in Eq. (4.135), is 1/T . The characteristic equation (4.135) is reduced,
provided q>>1, to the simple form
2q7 A2 +[Gmiq + 2T (g + M)]A + 2GT m = 0.
Solving this quadratic equation we find

=G(Aq" -1, (4.141)
__Ggm+ 2F(q +m)
6, =- ~
1 aTq (4.142)

Unlike the case of weak cross-relaxation, the damping rate |8, | dimin-
ishes as ' grows, so that as T — oo .16, |F Al2q. This means that the
medium behaves asif it were homogeneously broadened in this limit.

Substituting Egs. (4.142) and (4.118) into Eq. (4.140) we see that the
three inequalities are satisfied when

~, 1
2 >>~ G(A=q). (4.143)

From the general dependence g (r) itisinferred that in the intermediate
domain, defined by G(A-q)/4<T?<G(A- q)/2 the damping of the re-
laxation oscillations is a maximum, and |6, =T

4.6. Dynamical Instability of Steady State of a Multimode
Travelling-Wave L aser (Risken—-Nummedal-Graham—-Haken
Theory)

The conditions for laser instability with respect to perturbation of the os-
cillating modeitself found in Section 3.4 are quite clear from the physical
point of view. First, the nonlinear distortion of the gain line must ensure
the mode splitting effect. Second, the sideband components, thus having
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the right to exist, must not be suppressed by the cavity; therefore, a wide
passband of the mode (K >1) isrequired. This last condition is no longer
necessary if we speak about the instability of single-mode lasing with re-
spect to the excitation of other modes. The mode, which is tuned to the
centre (the so-called resonant mode) ensures the laser self-excitation at
the carrier frequency while the nonresonant modes are used for the side-
band components. Formulated like this, the dynamical instability problem
was first considered by Risken and Nummedal [388, 389], Graham and
Haken [390] and discussed more recently by many authors[215, 289, 391-
397]. The consideration is not limited now by class C lasers.

The main features of the phenomenon should be apparent if we turn to
the one-dimensional model of atravelling-wave laser with uniformly dis-
tributed (over the cavity perimeter) loss and gain

oF oF _
—+—=k(P-F
ot "oz (P-F), (4.1443)
oP
—=nF-P
Py , (4.144b)
on _ _
$=V(A—H—PF). (4.144c)
These equations should be supplemented with cycling condition
F(r,{)=F(,{ +I). (4.145)

Besides the notation previously adopted we have introduced { =zy /c,
a dimensionless coordinate along the cavity axis, and | =Ly /c, adi-
mensionless cavity length. By using equations in the form of (4.144) we
mean that one mode is resonant.

Without the spatial variation of the variables, Eqgs. (4.144) are identical
to Eq. (3.85); thus, the steady-state solution of (4.144) coincideswith Egs.
(3.86) and (3.87). There is no need to return to the laser self-excitation
condition which again has the form A > 1. However, the linear stability
analysisis rather specific in this model.

Assuming that small deviations of all variables from the steady state
F.=R?=A-1, n, =1 evolve as exp(At —iul) and linearizing Egs.
(4.144) be these deviations we arrive at a characteristic equation

A +(K+y+1-i)A +[V(A+K) —iu(L+ Y)]A + 2k (A-1) —iuyA=0
(4.146)

where pisareal quantity and A =iQ +86 , which corresponds to the Hopf
type of the assumed bifurcation at the second laser threshold. We then use
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the familiar method: only the term linear with respect to 6 are related in
Eq. (4.146). Equation (4.146) is split into two real ones, which, after elimi-
nation of u, reduce to

P ' —7I(A-D) -710° +27° AA-])
Q" +[K(2y +1) +(v +1)? —2yAIQ° + 2yK (Y +D(A-1) +y*A(A+K)
(4.147)
The boundary between the domains of stable and unstable solutions of

Egs. (4.144) can easily be found assuming 6 = 0. The roots of the resultant
guadratic equation for the case are given by

20217 =3(A-1) +/9(A-1)? -8A(A-1). (4.148)
They arereal if A= A, =9. Thus, the critical value of the pumping param-
eter for amultimode travelling-wave laser coincides with that obtained for
a single-mode laser under the most favourable conditions y <<1,k =3.
The dependence expressed by Eq. (4.148) isgivenin Fig. 4.12. Its as-
ymptotes for A>> 1 are represented by the lines
2 Ay =2A, Q2 |y =A. (4.149)
The potential instabillty domaln is shown hatched in Fig. 4.12. It should
be borne in mind, however, that the instability could develop only if one
frequency of the intermode beats enters this domain (the cycling condi-
tion). This additional (to A > A_) requirement is a compensation for no
limit being imposed on the cavity Q-factor. Roughly speaking, it is neces-
sary that the normalized intermode frequency spacing A =2mc/Ly, does
not exceed the frequency Q__ =(2Ay)"?. Thus, alimit is placed on the
cavity perimeter:

L>L, =2m(yy A 2. (4.150)
Numerical estimation for a Nd:YAG laser (y, =10* s*, y, =10 s™)
for A =10 yields W, =Y Q. =400°s™ and L =6 m. In principle, the

fibre optical delay permlts design of laser cavities with a perimeter of a
few hundreds of meters [86], but these are rare in practice. So, this type of
instability is not an urgent problem for solid-state laser. However, it is
easy to reach these values in is retained. If we take into account the exist-
ing spatial nonuniformity, caused, for example, by the loss localization on
the mirrors, then the second threshold is still higher [396, 397].

Specific features of a multimode |aser are essential to pulsations above
the second threshold. Since the spectrum of allowed pul sation frequencies
is rigidly subject to the discrete spectrum of the cavity modes, the tran-
sient process from amplitude modulation to beats, shown in Fig. 3.6, is
highly problematic. Nevertheless, the numerical investigation of Egs.
(4.144) shows that higher-order bifurcations can occur. The pulse train
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o plane (A, Q) plotted according to Eq. (4.148).
0 8 16 24 A The hatching denotes the instability domain.

envelope in the laser instability domain can be both regular and chaotic
[391, 395].

Thereisno strong experimental confirmation of the Risken—Nummedal -
Graham—Haken theory until now. Information about observation of un-
damped pulsations in an erbium fibre laser is reported in Ref. [398]. The
period of observed pulsationsis equal to the round trip time of the cavity.
According to all parameters this regime corresponds to the theory predic-
tions. Only the instability threshold is evidently lower than theoretically
predicted. Thisfact forced usto think about the modification of the model
[399] or about the presence of any casual nonlinearity in the experiment,
for example, aweak saturable absorption. But one must bear in mind that
the gain line can be slightly inhomogeneously broadened.
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Chapter 5

Multimode Lasers with Quasi-
Freguency-Degenerate M odes

From a physical point of view, the principal difference between large and
small intermode frequency spacings is determined by their relation to the
frequency of dynamical processesin lasers.

In Chapter 4 we have discussed models, in which

Aw >>dw,

Theintermode beat frequencies suggested frequenciesthat are much greater
than relaxation oscillation frequencies in the class B lasers and are situ-
ated essentially higher than all the frequencies characteristic for the spec-
tral dynamics of dye lasers. Therefore, we did not take into account the
mode beatsin the considered rate equation models. Combination tone mode-
mode couplings, which occur via oscillating inversion gratings, also do
not require the presence of amplitudes of these gratings among the vari-
ables.

Such an approach isincorrect if the modes are close in frequencies. In
this case the amplitudes of oscillating inversion gratings are included in
the variable collection, making the system’s dimension higher and chang-
ing its physical properties.

In contrast to the simpl e rate equation models, animportant roleis played
not only by the amplitudes but also by phases of the physical quantities
that characterize the state of the field and the medium. That isway we use
the term ‘model with the phase-sensitive interaction’.
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The phase-sensitive interaction takes place between apair of levelsand
it is reasonable to study this phenomenon considering the two-mode mod-
els. It is important to indicate the type of the resonator. In Fabry-Perot
cavities the modes are standing waves and the phase-sensitive interaction
occurs here in addition to a more simple interaction, which is realized
through saturation and cross-saturation of the active medium. Models of
these lasers smoothly, without bifurcations, transform to rate equations,
when a control parameter, for example, the intermode frequency spacing,
is changing. In ring lasers, where modes are travelling waves, the phase-
sensitive interaction is the main type of interaction, and a corresponding
model is never reduced to rate equations.

5.1 Two-Mode Class B Laser with a Fabry-Perot Resonator

First papers devoted to the two-mode laser theory date back to the middle
1960-s [400—405]. However, we shall use an approach developed in more
recent works [406, 407].

5.1.1 Equations of Class B Two-M ode L aser
Let us start with Egs. (S.12), slightly generalizing them:
df, G

E = E{_ fl + (a' +ia")[ fl(no + nl) + fZ(rll_Z + nl+2)]}1

%_9{ A+ B +iA)f, +(a'+ia")[ f,(n, +n,) + f (n12+n12)]}
Lo = Ay =alng( 1, F+1£, P+, |, F 0, 1, P +(F5F + £, 00 i)
1 1 1 » ¥
% = —a[n(f, [ +f,[) 5 |, f +§(fluf2 + 1, £,)(n, +nL)],
(5.1)
dn

= a1+, P+ n0|f = (fo 1D+
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=-n, —a'Iny( P+, F)+3 nlz(lf F+1f 7))+ (f fo + 1,8, + 0, +1,)),

dn,. _ o 1. 1
diz =-h,-a [n12(| fl |2 +| fz |2) +§n12(| f1 |2 +| fz |2) +5(f1ﬂf2 + f1 fzﬂ)(no +n + nz)]-

Thefirst two equations require an additional comment. On the one hand,
the asymmetry in these equationsis due to the inequality of the mode losses
presented by 3, and, on the other hand, due to the fact that the reference
frequency is chosen equal to the eigenfrequency of the first mode, so that
A, coincides with the intermode beat frequency D.

Rigorously speaking, equations (S.12) are obtained under the assump-
tion of two-level approximation for the laser medium. Hence
a'=L= 11+ 24%); a" =-A,L . However, the two-level approximationin the
simplest form is not always defensible. Even doped dielectrics often do
not satisfy the requirement " =0 at the centre of the gain line because the
polarizabilities of atoms at different energy levels do not coincide [408-
410]. However, some qualitative features of the dynamics of semiconduc-
tor lasers can be described using such approach with only little transfor-
mation and supplementation of Egs. (5.1). First of all, it is necessary to
take into account the diffusion of carriers, the velocity of which can be
considerable in semiconductors. In the limiting case the diffusion leads to
complete smoothing of the small-scale gratings with a step of the order of
thewavelength, n,, n,, n/, , but aimost does not affect the large-scale grat-
ings. Such a situation was considered in [406]. In paper [407] the case of
arbitrary diffusion rate was considered, which is interesting from the me-
thodical point of view, since the diffusion rate is the only control param-
eter that permits to affect the grating amplitudes.

Taking the spatial diffusion into account reduces to adding a term
- DO?n inthe material equations. There are new termsn d,, n.d,, n’.d,
It is possible to use the unified diffusion coefficient d,, =Dy (rr/A) be-
cause the wavel engths of interacting modes are nearly the same.

The necessity of one more correction of the equations, as applied to
semiconductor lasers, follows from the fact that the form of thegainlineis
far from being Lorentzian. This does not influence the value of a’, which
is close to unity, since the laser frequencies are in the immediate proxim-
ity from the gain line maximum. Meanwhile, unlike the two-level case, the
value of a” can strongly differ from the intermode beat frequency, reach-
ing afew units[411, 412]. Since a” defines the degree of the influence of
amplitude fluctuations on frequency fluctuations, this parameter is gener-
ally referred to as line width enhancement factor (Henry’s a-factor) of a
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semiconductor laser. But there is one more term expressing the fact of
dependence of the oscillation frequency in a nonlinear system on its am-
plitude, and this term is ‘nonisochronity’.

In view of all these comments, Eqgs. (5.1) can be rewritten in a more

general form (g =a"):

% = %{_ f o+ (LHia) £, (0 +n) + £, (g + i),
%:%{- (L+ B+IB,) f, + (L+i@)[ £, (ng + 1) + fy(ng, + )]

1 1 -
S =@+ P D= P = (50 + G+,
(5.2)

dn 1 1 o
—2= _nz(l"' ddif +(| fl |2 +| fz |2) _Eno | fz |2 _E(flmfz + f1 fZD)(nlz + nlz)],

dt

dn’, . 1. 1
ditlzz_nlz(l"'ddif +| f1 |2 +| fz |2)_5nlz(| f1 |2 +| fz |2)_5(f15f2 + fleD)(nO +n1+n2),

dn. _ _ 1 . 1
% =@ | P+ P) = 2o 6 F +1 6 ) =S (67 + 1M+ +n,),

5.1.2 Steady-State Solutions and Relaxation Oscillations
The considered two-mode model with the phase-sensitive interaction has
two single-mode steady-state solutions

_ 1. _
f. =mY?expi+=iGar f,=0
1 rn_'l. pg_z Q 2 ]

n,=A-m, nm=1+m-A n,=0, m,=0,
(5.3)

m = %{A_ 2(2+dg ) + \/A2 +4[(1+ Adg; ) +(1+dgg )2]}

and

=0 f,=m"eqricla, +(+ alr]

185



Fundamentals of Laser Dynamics

N =A-(1+p)m, n =0 n,=1+p)1+m)-A n,=0,
(5.4)

m, = %{'&_ 2(2+dg) +\/A2 +4(1+ '&ddif )+ (1+dg )2]}

where A= A/(1+ ). In the case dy =0 the expression for the steady-
state intensity in Egs. (5.3) coincide with Eq. (3.71).

The presence of oscillating factorsin the expressionsfor the mode fields
in Egs. (5.3) and (5.4) only means that the laser frequencies do not coin-
cide with the reference frequency, which, we remind, was chosen equal to
the cavity eigenfrequencies. It is also apparent that the transition from the
first to the second mode is accompanied by a change in laser frequency to
avalue close to the intermode frequency spacing.

Linearization of Egs. (5.2) near any of the single-mode steady-state
solutions leads to a characteristic equation of the form

AP, (AP, (A) =0, (5.5)
where P, (A) isapolynomial of power j. The cubic polynomial P;(A) hasone
real root A, and apair of complex-conjugateroots A,, =6, £iQ, . It should be
not surprising that the latter roots correspond to relaxation oscillations, which
areavailable in the single-mode model too, since the same cubic characteristic
polynomial can be obtained by completely ignoring the presence of the second
mode.

The quartic polynomial P,(A) has a pair of complex-conjugate roots
As =0, £iQ,, whereas the remaining two roots, A, and A7, are real.
Thus, the second type of relaxation oscillations exists, which exhibits no-
ticeably different properties compared to thefirst type. Thisisclearly dem-
onstrated in Figs. 5.1 and 5.2, which show the dependencies of the charac-
teristic roots on pumping for different values of the diffusion coefficient.
The dependences Q, ~+VA-1 and 6, ~ A prove to be nearly the same as
those met above, as was to be expected. On the contrary, the behaviour of
Q, and 8, strongly depends on near which of the steady-state solutions
the action takes place and on the value of the diffusion coefficient d ..

An important feature of theroots A, . isthat ReA, ; reversesits sign for
some bifurcation value (HB) of the control parameter. This corresponds to
aHopf bifurcation accompanied by the loss of stability of the single-mode
solution and transition to the two-mode solution. The real root A, can re-
verse its sign too (a corresponding point is marked as BP) and this also
affects the stability of the single-mode solution. Multistability and insta-
bility of the steady states characterize the model with phase-sensitive in-
teraction and these features are absent in the simplest rate equation model.

Figure 5.3 shows the phase diagram of atwo-mode laser in the plane of
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Fig. 5.1. Relaxation oscillation frequencies (a,c), their decrements and the real roots (b,d)
of the characteristic equation (5.5) corresponding to the steady-state solution (5.3) as a
function of the pumping level: a =4.0; A, =2.0,G=20; 8=0.05,d =0 (a,b), 50 (c,d).

control parameters (A, d, ). Two zones of stable steady-state solutions (SM,
and SM,) and the domains of two-mode solutions (TM and TM ) are seen.
The existence of stable solution for mode with higher losses (SM,) is due
to phase-sensitive interaction between the modes, mainly through alarge-
scalegrating n,, . Thissolution is absent in ordinary rate equation models.
This solution appears for d,, > d, when the diffusion results in an appre-
ciable smoothing of small-scale gratings. For smaller d . the competition
between modes is largely weakened, so that two-mode operation domi-
nates here. The boundary value d,, = d, is not a bifurcation one, and it
separates adomain of arelatively slow diffusion, in which the influence of
small-scale gratings is determining, from a domain of high diffusion in
which the mode-mode coupling through alarge-scal e structure is most sig-
nificant. It should be noted that the value d, is varied within small limits
when the control parameters A_ and a are changed.
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Fig. 5.2. The same as in Fig. 5.1 but for the steady-state solution (5.4) [407].

Zone TM, in Fig. 5.3a corresponds to the steady-state two-mode solu-
tion with prevalence of the mode with highest losses, whereas this one,
designated TM, is not steady-state. The depth of the self-modulation of
mode amplitudes in this regime can be judged from Fig. 5.4. These dia-
grams are plotted on the basis of the numerical solutions of Egs. (5.2),
obtained for different values of the control parameters. In the particular
case displayed in Fig. 5.4 the pumping parameter A = 3.0. In Fig. 5.3 this
corresponds to a domain located noticeable higher than the boundary BP,
and m, > m,, i.e., the mode with higher |osses dominates here. Attention is
drawn to the very sharp change of the modulation depth when the diffu-
sion coefficient passes through the value d,.

The self-modulation frequency is smaller than intermode frequency spac-
ing but approachesit with anincreasein A . Thisfact allowsto neglect the
phase-sensitive mode coupling and use the rate-equation approximation
for A, > max (1, a). The time-dependent processes occurring in this case
are represented by two relaxation oscillations: in-phase and antiphase os-
cillations of mode intensities, which have been considered in Chapter 4.

Let us summarize the properties of the model of two-mode laser with
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phase-sensitive interaction.

1. Generally speaking, the system is bistable: there are domains of the
parameter values where two steady-state solutions are stable.

2. The steady states can be unstable.

3. The number of relaxation oscillations can exceed the number of
modes.

5.2 Bidirectional Class B L aser

The specific feature of aring laser from the dynamical point of view is
conditioned by the fact that its modes are counter-running travelling waves.
As a consequence there are no inversion gratings corresponding to indi-
vidual modes in the presence of phase-sensitive interaction on the only
one grating induced in the active medium by the joint action of modes.

The ring laser is a very attractive object of the nonlinear dynamics.
Even the single-mode class A laser has the dimension equal to three, and
that is enough for the complex dynamic behaviour. Increasing twice in
class B lasers, the dimension, neverthel ess, remains reasonably low for the
modern computers. The complex regimes can be achieved using the ordi-
nary combinations of parameters.

In the applied aspect at the first place stays the sensitivity of aring
laser to the rotation or, in more general sense, to the phase nonreciprocity
of the cavity. As arotation velocity sensor the preference have the atomic
class A gas lasers. The gyroscopic potentialities of the class B ring laser it
is hard to estimate at its true worth. What is nontrivial that information
about phase nonreciprocity contains directly in the dynamic behaviour of
the laser, and thisis propagandain favour of the inverse problems of laser
dynamics.

Thelist of references at the subject given below though it isvast cannot
pretend to be exhaustive. To fill this gap we can recommend the overview
paper [413] authors of which have done much in the physics of the bidi-
rectional ring lasers.

5.2.1 The Model of Single-Frequency Class B Ring L aser
We now use Egs. (2.63) as the material equations. Assuming the field in
the form (2.23) we approximate the material variables by using the series

o=%0€e" D=%De".
Consideration of the elements D_with r # O is dictated by the necessity of
taking into account the counter-running wave interaction on a self-induced

inversion grating. It isfound, however, that the use of the harmonicsD,, is
sufficient for this purpose, so the description of the inversion grating more
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thoroughly adds little to the dynamical characteristics of the laser system
[414-416].

Termination of the series after the term D, confines the polarization
expansion to theterms o,,. Assuming do /dt =0 we comefrom Eq. (2.63)
to

- _ id(FﬂDO + FilDJ_rZ) 1o —__ idFilDﬁ
ES . ' 37 : .
20y, —i(w=w,)] 21y, —i(w—w,)]
(5.6)
Since the inversion is represented by slow variables, we find for
dD i
=0 Y (Do - D(O)) = _&d(Flual - FlO-E + F—?O-—l - F—la—Dl) )
dt 2n
(5.7)
dD 1B,
T: +y,D, = _Ed(F—?al - Fla—Dl + F1D03 - F—la—Da) -

The only thing left is to substitute the components g, from Eqg. (5.6) into
Egs. (5.7) and (2.38) bearing in mind that P,, = N;do,, we obtain acom-
plete set of equations

2 -
dFil+[K+_i(w_w§)]F+1: Tm-ﬂ Ns (F+1D0+F—1D+2)+I_E—F—1
dt ) oyt (w-w)] T . 277
db, d?
dt"+y”<Do—D‘°>>:—th[yfi(afi%)zl[<|ﬁ|2+|F.1 F)D, +FF.D, +FFiD.]

O
(5.8)
dD, B.d°y 2 2 a
—2+y,D, =~ o FI°+|F,1")D,+FF.D
5 NP: th[yéJr(w_%)z][(I 7+ IFL)D, + FF D]

Making use of the dimensionless notations introduced above and add-
ing
T=ty, A =(w-wi)lk, F=(@-ib)t=LA+id,), p. =&, /2,
we can write these equations in the form

. Gt =S((En, 13 B) 1. + (Fn, +ip) 1]
dr 2°°% 2 = e 1P ) s

191



Fundamentals of Laser Dynamics

dn, _ A-[1+L( f, P+|f P)Ing-L(ff.n, + f, ),
T

(5.9)

% =1+ C( L P+ f P)In, - LF, .

5.2.2 Steady Statesin the Absence of Backscattering and Their
Stability

At first we should ascertain the role of the Bragg gratings in the popula-
tion inversion represented in Egs. (5.9) by the variable . Omitting the lin-
ear coupling between waves and the nonreciprocity of the cavity we re-
duce Egs. (5.9) to

df,

dr
This particular case is thoroughly investigated in [417, 418]. Besides the
trivial steady state, the ring laser model possesses three other fixed points

in the absence of linear coupling of waves. In terms of Egs. (5.9) they are
expressed by

- %[(Eno -1 +Fn,,f]. (5.10)

In Refs. [419-421] it is shown that the solution correspond to the standing
wave modeisunstable. Thisisacharacteristic feature of lasers with active
media, which are not Doppler broadened.

Linearizing Egs. (5.9) near each of the travelling wave steady states it
is easy to obtain a characteristic equation, which can be decomposed into
two parts. The first,

A2+ ALA=G(AL -1) =0, (5.12)

corresponds to introducing a perturbation into the excited wave (say, f,)

and into the uniform component of inversion. Owing to the condition
G >1, theroots of Eg. (5.12) have the form

A:AZLJ_ri G(AL-1) =6, +iQ,. (5.13)
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The frequency of relaxation oscillations exactly coincides with that for a
single-mode travelling wave laser given by Eq. (3.20).

The reaction of the system to perturbation of the other pair of variables,
f and n,, which are equal to zero in the steady state being investigated, is
indicated by the other part of the characteristic equation,

22+ ACA +%G(1+iAO)(AE—1) =0. (5.14)

This defines the additional relaxation oscillations frequencies

Q,, =IMA=G(AL-1)/2=Q,/2, (5.15)

characteristic of a bidirectional laser, which are doubly degenerate if the
phase nonreciprocity is absent. They are the phase-sensitive relaxation
oscillations, which have a decisive effect on the dynamic behaviour of this
laser.

Under the condition Re A > 0, which is equivalent to

8 > = 2 AL

GAL-1
the oscillations of frequency Q, /\J2 are undamped. If the pumping in ex-
cess of threshold, AL, is assumed to be the control parameter, then Eq.
(5.16) yields the critical detuning in explicit form. If we use the pumping
parameter A , then Eq. (5.16) should be considered as an equation to solve
with respect to A, from which we find

A, =N (1+A )E N A B (5.17)

From this equation we get the necessary condition for instability A2, >8/G
and see the asymptotic behaviour A%, >8/G, namely A =GA%, (1+4%,)/2
and A, =1+ A2 (thelaser self-excitation threshold). The unstable domain
in Fig. 5.5 lies between two branches of the curve (5.17).

The instability of the unidirectional steady-state solution with laser
detuning was predicted in work [421]. The resulting time-dependent pro-
cesses were calculated in [417, 422, 423]. Examples are given in Fig. 5.6.
For small A, which nevertheless exceeds the critical value, the beam di-
rections alternate with a characteristic time interval between switchings
that greatly exceeds the period of relaxation oscillations. Thisinterval is
subject to considerable irregular fluctuations.

It isimportant to note that oscillations at the relaxation frequencies are
involved in the dynamics and their presence becomes increasingly notice-
able as the detuning increases. First, the onset of the self-modulation re-

(5.16)
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Al

0

Fig. 5.5. Phase diagram of a bidirectional class B ring laser in the parameter
plane (GA?, A).

gime of the second kind, as it is called in Ref. [422], is due to the sign
reversal of the damping rate of phase-sensitive relaxation oscillations (a
Hopf bifurcation). Second, the coexistence of a several oscillatory pro-
cesses with incommensurate frequencies is a prerequisite for determinis-
tic chaos. The switching frequency grows with detuning, and the irregu-
larity is enhanced as the switching frequency approaches Q..

Experimental investigation of the time-dependent behaviour of a CO,
ring laser with cavity detuning is reported in [155,156]. The results are
reduced to the borderlines that are marked between the domains with dif-
ferent time-dependent processes in the parameter plane (discharge cur-
rent, gas pressure), i.e., (pumping, atomic system relaxation rate). Besides
the theoretically predicted self-modulation of the second kind, aregime of
regular synchronous pulsations is revealed. Between these domains one
can see a zone with pronounced irregular dynamics. According to [413]
the necessary condition for existing the regime of regular synchronous
pulsations is existence of asymmetric linear coupling of counter-running
waves.

5.2.3 Influence of Fine Structure of the Gain Line on the Stability of
the Steady States

The primary cause of the instability, which leads to self-modulation of the
second kind, is the Bragg scattering of the waves from the wave-induced
inversion grating. Dynamically, an important role is played by the phase
shift of the scattered component. That is why the asymmetry of the gain
line with respect to laser frequency is a necessary condition for the insta-
bility. In other words, the real part of the atomic system susceptibility at
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Fig. 5.6 a,b,c.

the laser frequency must be nonvanishing. In ahomogeneously broadened
laser this condition is ensured by controlling detuning of the cavity mode
from the atomic line centre. This effect is easily achieved in low-pressure
gaslaserswhere the gain line is narrow and the intermode frequency spac-
ing can be large compared with the gain line. By contrast, solid-state la-
sers characteristically have broad gain lines, such that detuning within the
limits required for instability is feasible only with use of special resona-
tors containing controlled frequency selecting elements[424]. These a con-
ditions under which the frequency dependence of the bidirectional ring
Nd:YAG laser action was experimentally demonstrated [425].
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Fig. 5.6a,b,c,d,e,f. Examples of numerical solutionsto Egs. (5.9) for the parameter values:
G=10% B, =r, =4 =0, A=4.0,A=0.05 (a); 0.2 (b); 0.4 (c); 0.6 (d); 0.9;
(e); 1.1 (f) [417].

However, Nd: YAG lasers exhibit unstabl e behaviour when operated with
anonselective resonator [113, 157, 158]. Thisrequires a spectral asymme-
try which is present here since the neodymium gain line is not homoge-
neously broadened but consists of two overlapping components. First of
al, near A = 1.064 um there is located not one but two luminescence lines
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of the neodymium ions implemented in the YAG matrix, [43, 426]. The
ideathat the self-modulation regime of the second kind takes place due to
the existence of fine structure of the gain line was first proposed in [427]
and then developed in [422, 428]. At room temperature the distance be-
tween these components is of the order of the halfwidth of each line and
the line intensities differ by about a factor of three. The asymmetry intro-
duced by the weaker component plays, from the stability point of view, the
same role as the cavity detuning. The laser frequency coincides with nei-
ther the centre frequency of the strong component, nor with the centre
frequency of the additional spectral component. This impedes a simple
separation of the functions of the two components in the sense that the
strong component is responsible only for the gain while the weak one in-
fluences only the stability. Although there is a major contribution to the
gain by the strong line, the wave interaction occurs through both inversion
gratings, which makes the analysis somewhat more complicated.

Generalization of the class B ring laser equationsto include atwo-com-
ponent medium is straightforward:

O G =S{En, +Eny -1t +[Fn, +Enl, +irexpio )1}
ar 2 ¢ 2 B : s
o A —Tin((f E+1f B)+n fof +n f f°
ar o ~LIng( f [P+ f_[)+n, ff +nf 7]
dn ~
d_rz =-n, -L[n,(| f, P +|f_F)+n,f, £, (5.18)
dn’O_Ar_nr_Er ] f 2+ f 2+ rfl]f + rffD
o o ~LIng(I f. P+ f_[)+nyff +nl,f ],
dn’ ] 1 ] ]
NGNS N R ANE]

The printed symbols indicate the quantities related to the weaker com-
ponent of the gain line. Besides the variables, they include the parameters:
Ay =(w-wy) !y, isthe laser frequency detuning from the weak compo-
nent centre, F' =(1-iay)™ is the function of the weak line form,
A =(w,—wy)y,, L'=ReF",and r =[p].

Asfor the homogeneously broadened model, Egs. (5.18) have two time-
independent solutions corresponding to the opposite travelling wave laser
beam directions. In the limit r = 0 the following asymptotic form is valid

o . . G A, . MA.
f - m1/2 a ’ f = 0’ =N\ + 0="0 + 0
. exp-ig,r), f. 9. 20 e 1ea? (5.19)
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=N

f 20, =m"exptip.), ¢’:C2;E¥+1"-1|)-AA%+1T2E (5.20)

The expressions

i :%{(m )LD - D~ D'+ (A A)LC L~ L +4LC(AL + A -1}
(5.21)

Mo=Al+Lm)™, my=A@+L'm™, m=m=0,
do not depend on the direction of propagation. Llnearization of Eq. (5.18)
near one of the fixed points leads to a set of equations that can be decom-
posed into two closed subsets. Only that which corresponds to perturba-
tion of the variables of zero steady states values contains a potential insta-
bility. Taking for specificity Egs. (5.20) astheinitial state we arrive at the
linear subset of equations

df,

+Fn)f
dr )
dn2 B
=-n,(1+ Lm) Lnf f,, (5.22)
ar
dn:

d_rz =-n,(1+L'm)-L'n, £°f, .

Thisyields to a cubic characteristic equation &, A¥1 =0 with the coeffi-
cients (A7 =0)

a0 =1 a=2+m(+0", aZ:%Gm(IEEﬁOHE’I:'ﬁ’),
1 o omm o~ e (5.23)
ag =§Gm[F L'np(1+Lm) + FLNg(1+ L'm)]

Based on the assumption that the complex roots of the characteristic equa-
tion satisfy the condition |ReA/ImA k<1, we calculate the approximate
values of the relaxation oscillation frequencies

1 I, I
QA,B = Im/\l,Z = \/ZGm(LZ + |— 2no) (5.24)

and find the instability condition of the travelling wave solution
Q3,Rea +Q,,Ima, -Rea, =0. (5.25)
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At A’ =0 the expressions (5.24) and (5.25) coincide with Egs. (5.15) and
(5.16).

The boundaries of the instability domains in the phase plane A,,A",
calculated by Egs. (5.24) and (5.25), are given in Fig. 5.7. The position of
the resulting gain line maximum is also indicated. It almost coincides with
the steady-state |aser frequency since the longitudinal mode, the nearest to
the maximum, is generated.

In the situation, shown in Fig. 5.7a, the instability is absent. Neverthe-
less, an instability can be obtained by a relatively small variation of the
parameters. It should be borne in mind that the parameter G can be deter-
mined from experiments accurate to within 30 per cent [429] and the ratio
A'/Aisestimated as 1/3 with still a higher accuracy [43, 426]. The spectral
linewidths are known with lower accuracy. The ratio y,/y/, is evaluated
as1.06-1.14 using the experimental datafrom [426] and as 1.24 from [430].

Figure 5.7b shows the result of calculation of instability domains with
the unequal y, and y/, . The remainder of the parameters are chosen the
sameasin Fig. 5.7a. Thetime-independent solution isunstablein the range
A'= 0.4-0.8. The measured value A'= 0.6 enters exactly this range [426].
Thus, the proposed interpretation of the self-modulation regime of the sec-
ond kind of aNd:YAG laser as resulting from the interaction of the counter-
running waves by two self-induced inversion gratings seems quite realis-
tic. Thisis confirmed by the form of the solution (Fig. 5.8), which is simi-
lar to that obtained in the presence of detuning in ahomogeneously broad-
ened medium (see Fig. 5.6).

There is another, more universal mechanism, which is equivalent to
detuning of laser frequency from the gain line centre. This mechanism is
based on the distinction in polarizabilities of the impurity ions being on
different energy levels. We have mentioned about this phenomenon in Sec-

NN

s

A

0 0,1 Ao 0 0,1 Ao

Fig.5.7. Phase diagram for the model of ring laser with a two-component gain line:
G =5000; A=1.2; A =04, yq/yn =1 (a), 1.3 (b) [428].
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tion 5.1. An important contribution to this phenomenon is made also by
the transitions that are situated from the upper laser level at a distance
much greater than the linewidth. These transitions influence the refractive
index but do not change the gain.

In semiconductors this circumstance plays avery important role, but in
crystals such as Nd: YAG we also cannot ignore it.

In the theory of the ring laser, the a-factor is taken into account in the
same manner asin the theory of the Fabry—Perot laser, and the correspond-
ing model has the form [431]

df 1 .

* = =G[@+ia)(f,n, + f.n,) - f
i [A+ia)(f.ny+ f_n,)—f.], (5.26a)
df 1 .

—= ==G[@+ia)(f.n, + f,n3) - f

i [A+ia)(f_n, + f.n,)—f_], (5.26h)

Lo =@l P +ITPin,= 510~ L17 (s250

dn
d_Tz =—(+|f, P+|f_P)n, - f, f,—dyn,. (5.26d)

Equation (5.26) contains aterm responsible for the diffusion of the active
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Fig.5.8. Self-modulation regime of the second kind in the instability domain of a laser
with a two-component gain line, found by numerically solving Egs. (5.18):
G =5000; A=1.2;A'=1.0;r =107, 8 =0.
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centres, which makes it possible to influence (at least theoretically) the
inversion grating amplitude.
In addition to two nontrivial steady-state travelling wave solutions

f, =m"?exp(-i¢7), f.=0
f =0,

f_=m"?exp(-ig1), (5.27)

¢:;Ga, n,=1 n,=0, m=A-1

we must write one more solution corresponding to the regime of genera-
tion of two counter-running waves
f N
N

= , f_=m"?exp(-igr), n,=|n, |exp(-iY),
n,=A-2m, |n,En,-1 ¢-y=m, (5.28)

m:%[A_deif _4+\/A2 +4Ady, +4d;f +8dy +8|.

For zero values of the diffusion coefficient and the a-factor the steady
state corresponding to the standing wave solution, as was mentioned above,
is unstable [419, 420].

The stability analysis of each travelling wave solution gives results that
generalize the results obtained in Section 5.2.1. Besides the main relax-
ation oscillation, there are two phase-sensitive oscillations with the fol-
lowing frequencies and damping rates:

1B

1 . o, 1 0 o H
QZAB—2§Qf Z(A+ddif) +\/§Qf Z(A+ddif) B-'_ZE
(5.29)
1 Q?
Ope = _E(A"' dgr ) £ ZTZ. (5.30)

Both phase-sensitive relaxation oscillations are frequency-degenerate. They
lose their stability when the inequality

— 2(A+ ddif )

or PG(A-1) (A-1) (5.31)
isfulfilled. For d ;= 0 Egs. (5.29) and (5.30) transform in Egs. (5.15) and
(5.16), respectively.

Dependences expressed by Egs. (5.29) and (5.30) are shownin Fig. 5.9
for two values of the a-factor. For a = 0, the phase-sensitive relaxation

a>a
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oscillations are completely frequency-degenerate in the whole domain of
their existence. Exceeding of the diffusion coefficient of some critical value
d9 results in disappearance of these oscillations with transformation of
the complex roots in the real ones. The picture drastically changes when
a # 0: the degeneration in the dumping rate is eliminated regardless of the
value of the diffusion coefficient, while the frequency degeneration of the
relaxation oscillations remains. In the critical point

1
df =50:G(A-D - A (5.32)

the quantity 8, reversesin sign. In the domain dg <d the unidirec-
tional steady state becomes unstable and givesway to either the undamped
pulsations or the bidirectional generation.

Thelinear stability analysis of the steady state (5.28) leadsto a charac-
teristic equation of the seventh order, which can be investigated only by
numerical methods. Examples of calculated dependencies of frequencies
and damping rates are given in Fig. 5.10. Only two relaxation oscillations
are inherent to the bidirectional regime of operation. The frequency of the
main oscillation is closeto W, changing alittle depending on the val ues of
d,, and a. The phase-sensitive relaxation oscillation belongs to antiphase
dynamics. Its frequency decreases when the diffusion coefficient grows

—300f

Fig.5.9. Dependence of the frequencies and decrements of relaxation oscillations near the
steady-state solution (5.27) on the diffusion coefficient at G = 5000, A = 4. Solid lines
correspond a = 0, while strip linesto a = 0.2 [431].
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and becomes zero in a point d =d? where the complex characteristic

2cr

rootstransformin the real ones. Decrement 6 becomes zero at d{? . Below
this point the decrement is positive, which corresponds to undamped
antiphase pulsations of counter-running wave intensities. In the interval
d? <dy <dS theregime of bidirectional operation remains stable but
has only one relaxation oscillation.

Figure 5.11 represents the regionalization of the a, d,, parameter plane
into domains with different laser behaviour. Under the solid straight line
(5.31) there is the region of stable generation of a travelling wave. The
region of two-wave generation is situated in the acute angle between two
dashed curves. The vertical orientation of the left border means that d<}
ispractically independent on a. The transition to instability in the moment
of the border intersection isrealized through the Hopf bifurcation. Hatch-
ing on the phase diagram indicates zones of bistability: depending on the
initial conditions, either single-wave or two-wave operation is realized to
theright from d{ , whereas to the left from this point the stable unidirec-
tional and unstable bidirectional operations co-exist.

From given in this section consideration it follows that the parameters
of the inversion gratings burned in the active medium by the joint action
of the interacting modes influence in some sense the dynamical behaviour

of the laser. Theoretically, it is possible to influence the grating amplitude

o]

150 ‘\ 93

S0

—200F

Fig.5.10. Dependence of the frequencies and decrements of relaxation oscillations near
the steady-state solution (5.28) on the diffusion coefficient at G = 5000, A =4, a = 2
[431].
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by means of the diffusion coefficient, but the practical possibility of this
method is very problematic. More simpleis to control the a-factor using
its dependence on the detuning.

5.2.4 Steady Statesin the Presence of Backscattering and Their
Stability

In this section the form of the equations rewritten in terms of the real
amplitude and phase is more useful. The transition to this form from Egs.
(5.9) is made by way of the relations

f=Foexp(ig.), n,=n,explig,), Dy =00 -A,,

q)1:¢+_¢—+19+1 q)2=¢+_¢__¢2, 7.9=7.9+ —7_9_.
The resulting equations are given by

dF, G
dT 2r
drF
F-—[(Ln ~1-B.)F_+Ln, F,(cosb, —-A,sin®,) -r,F, sin®,]
(5.33a)
dno _ r 2 2
pe A-n, —L[(F  +F )n, +2n, F,F_cos®,],

Ayt

Fig.5.11. Phase diagram of the set (5.26) in the plane of the control parametersd,, a, at
G =5000, a =4: listhe areaof stable generation of travelling wave: 2 isthe area of stable
generation of standing wave; 3 isthe area of nonstationary regimes; hatching corresponds
to the bistability zone [431].
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Ny, =A-n, - E[(F+2 +F2)n,, +n,F,F_cos®,],

dr
UJ
F. %ntbzg
F. O

9%3 ~Cn, o - P cos, + - +

ar  2F F. F F,
N
1,
N

F F
+r¥‘cos(¢l—z9)— -
F_

+

(5.33b)
db, _dd,  n,
dr dr  n,

We now simplify our consideration by confining ourselves to the par-
ticular case of neither detuning nor nonreciprocity [158-160, 213, 214,
432, 433]. Owing to linear coupling, the steady states cannot exist in the
form of pure travelling waves. However, the deviations from these ideal
solutions for r << 1 are small enough and the time-independent solutions
can be represented in the form of series expansion in terms of the small
parameter r. The presence of weak coupling is unnecessary for the conclu-
sion that the regimes with equal representation of both waves are unstable.
The steady-state sol utions with considerably unequal mode amplitudes (for
definiteness, F, >>F_) for A =A,=0,8, =B_=0,r, =r_=r are ex-
pressed by

F.F sn®,

F2=Fy -r*An+@1-F)/F1,
F=r.AIF,, n,=1+nr®, n, =r, (5.34)
cos®, =-1, sin(d,-3)=-1.
Here F{ = A-1,n = A(1+cosd)/F;.

Linearization of Egs. (5.33) near the steady state (5.34) leads to a char-
acteristic equation

U, (A)V, (AW, (A) +r*A*GF?Z(A)] =0, (5.35)
where U, (A), V,(A), W,(A) and Z,(A) represent quadratic polynomials:

UQ) = }\2+BA——nr B\ —F +4F2 (3+cos9)

0
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G G, G
VA =2 +A-—nr2A +—F*~= Anr?
W)=X + A= A+ 2 F 5= A
(5.36)
G G
WA =A% +A-—nr?[A+GF*>-=Anr?
) @A o Q\ A,

Z,(A) =(BA-4)A* +(A* —6A+6)A —4AF; (A* -3A+1).
The characteristic equation (5.35) is decomposed into two parts. The first
eguation has roots

A 2
M=, 5 2(A+1) r
The fourth-order equation
V, (AW, (A) +r?A™GF2Z,(A) =0
adds two more pairs of complex roots:

y =_A rrg .9
3477, E '—2, (5.38)

Al O .
As,e=—§[1+(A+1) ZF1Q (5.39)
O O

0
Efﬁ ' T . (5.37)

The parameter
2 - A 2
“ G(A+1)(1+cos?)

isaminimum for 4 = 0 and reaches oo if 4 = +71

From Egs. (5.37)—(5.39) it is seen that oscillations with afrequency Q;
are damped in any case, while those with frequency Q, 12 are undamped
forr>r_. Instability developed at r > r_ leads to anti phase modulation of
the counter-running wave intensities (Fig. 5.12), which we call the self-
modulation regime of the first kind. Near the instability threshold the os-
cillation frequency Q = Q,/V2 and it grows proportionally to r for r>r_.
This regime of pulsations is always regular [434]. It has been observed
experimentally in Nd: YAG lasers (see Section 1.2.3).

In aclass B ring laser under the condition r <r_ both symmetric steady
states corresponding to unidirectional modes are stable. The transient pro-
cess is taking place in oscillatory manner. So, the relaxation oscillations
belong to a definite steady state. However, for r > r _ the self-modulation

r (5.40)
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L6 024 028 032 036 t=yt
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Fig.5.12. Example of numerical solution to Egs. (5.33) for the self-modulation regime of
thefirst kind: G =5000; A=1.2,r =0.05;9 =0; Ay =A,=0

regime of thefirst kind setsin, which isalso stable. In the phase spaceitis
represented by a limit cycle. The transient process near this singular tra-
jectory is considered in [435] where it is shown that it also has oscillatory
behaviour. In this case one also has right to speak about relaxation oscilla-
tions.

5.2.5 Competition of two instability mechanisms

In the previous sections we have considered two ideal situations. In one of
them detuning is absent and the laser behaviour is governed exclusively
by the coupling of the waves via spontaneous scattering due to
microinhomogeneities. In the other, there is no spontaneous scattering but
the nonlinear wave scattering via the wave-induced inversion grating (in-
duced scattering) becomes an important dynamical factor in the presence
of detuning. In general, both factors are present, so that a competition (or
reinforcement) between two instability mechanisms occurs[434, 436]. This
general caseis shown by the phase diagram in Fig. 5.13 in the plane of the
control parameters (r, A)). Note, first of al, the solid line, above which
thereisthe domain of time-dependent solutions. To the right from the dash-
dotted line there is the domain of self-modulation of the first kind with
regular (periodic) solutions. The dash line giving the boundary between
the domains of the second kind of instability and of chaotic behaviour is
approximate since there is no sharp transition from one to the other.

The overlapping domains of laser bistability (hatched regions) add to
the complexity. Stable steady solutions and self-modulation processes of
the first kind coexist in the domain between s, r andr _, chaotic and regu-
lar pulsations coexist in a narrow vertical band, chaos and steady-state
solutions coexist in the region on the left of the sr  line. Self-modulation
of the second kind smoothly connectsto stable unidirectional solution since
the switching frequency of the beam direction decreases continuously and
infinitely as A, approaches A and grows tendingto Q asr - r . Of fur-
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ther interest is the small domain of tristability where chaotic pulsations,
regular pulsations of the first kind or CW can be found depending on the
initial conditions.

The basis for |abelling the boundaries on the phase diagram (Fig. 5.13)
was the form of the solutions obtained by numerical integration of thering
laser equations. The accuracy of the interpretation of the different regimes
has been confirmed by calculation of the Lyapunov exponents and dimen-
sion of the attractor.

5.2.6 Role of Phase Nonreciprocity in the Dynamics of a Class B

Ring L aser

The prospect of making account of all three factors contributing to ring
laser dynamics — detuning, backscattering and phase nonreciprocity —makes
an analytical investigation of the model unrealistic. We therefore neglect
detuning in the following treatment. If phase nonreciprocity isincluded in
the analysis, then the steady-state solutionsincrease in complexity and are
transformed from Eq. (5.34) into

_ 1-F; - AF
FZ= I:02 —I’ZAE7+ FOZWE Fo=r £* Az&z 2,
ot NR (Fo + NR)
E2
n,=1+r’n, n, =r 0 , cosd, =-1 5.41
0 2 (FO4 +A2A2NR)1/2 2 ) ( . )
Aok
\ 7
\
\
\
\ Chaos
Regular\ Regular
pulsing 2\ pulsing 1

cr |

L
r

Fig. 5.13. Phase diagram of aring laser plotted in the control parameter plane (r,4A,):
G=5000; A=1.2,9=0;A,z =0.
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% re

[F (1+cosd) - AA g smz9]

sn(®, -9)=—1—2 (F7sind - AANRcosﬁ)
1 0

(F +A2A2NR)1/2 (F4 +A2A2NR)1/2

= W
The generalized characteristic equation (5.35) takes the form

2
U2 B 0Mp() +12 S8 7,05 SR A 22w (1)
8 A g 4

2 2 |:| 2
L G—Azyg(/m 089 —— 0 _ging 4(;\)%:0
2 Fi+ A2, AL, 55

(5.42)
Here U,(A) and U,(A) arethird- and fourth-order polynomials, respec-
tively. Inthelimitr - 0 Eq. (5.42) again decomposed into two equations.
The roots of the quadratic equation W, (A) =0 are known:

A .
/\5,6 = _EilQll

The remaining fourth-order equation

G_,0 G of
@Az LA +EF°2§ * g Dun(A+ )5 =0 (5.43)

yields two pairs of conjugate complex roots
A, =0,%0Q,, A, =6iQg. (5.44)

Neglecting the weak damping, the relaxation oscillation frequencies are
given by

G G
Qs :\/2 F02 +éE4ANR§ izANR_ (5.45)

Thus, the presence of phase nonreciprocity removes the two-fold degen-
eracy of the relaxation oscillation spectrum. Phase nonreciprocity also in-
fluences the damping rates of relaxation oscillations

AL_G Ne 0 H
eA,B == ANRB_F +$ANR
> 5 *t7 > i E @ (5.46)
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The resultant dependences are illustrated in Fig. 5.14.

Eq. (5.45) shows the new possibilities offered by class B lasers for gy-
roscopic applications. It appears that information on the phase
nonreciprocity (rotation, in particular) of the laser cavity is contained not
only in the laser field optical spectrum but also in the low-frequency re-
laxation oscillation spectrum. Hence, therigid requirements for equal rep-
resentation of both waves are removed. However, the problem arises: How
can this information be retrieved from the laser output?

Unfortunately, there is no simple answer to this question. It seems most
natural to make use of the modulation transfer function, i.e., the laser re-
sponse to modulation of one parameter. Such a characteristic must have
resonant features at the relaxation frequencies (for more details see Chap-
ter 6). The resonant peaks al so should be observed in the intensity fluctua-
tion spectrum. The resonance effect for the frequency Q, wastheoretically
predicted in [352] and experimentally substantiated in the solid-state laser
investigations[429, 437]. Besidesthe peak at the intensity fluctuation spec-
trum contains peaks at other frequencies of specific relaxation oscillations
of the weak wave. However, the observation of such peaks requires some
additional conditions to be satisfied [173, 174, 438].

The difficulty is that the transfer function has resonant features for the

Qf £y
40t a
= 9
20..
- QE
0 10 20 30 40 50 GApg/2
ol
50 GAng/2
10 M 30 4 5 Gay/
64
L. 6 b
-1 eB

Fig.5.14. Dependence of (a) frequencies and (b) damping rates of relaxation oscillations
on phase nonreciprocity: G = 5000; A=12;r = 3=0.
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frequencies given in Eq. (5.45) but they are present with strength propor-
tional to the small coefficient r2. This makes practical observations of such
peaks more difficult. This problem is completely unresolvable in the laser
far from the instability threshold. However, regenerative amplification of
oscillations at the system eigenfrequencies is evident near the instability
threshold, leading, as is well known, to an infinite growth of resonance
peaks with the simultaneousinfinite narrowing. It isthe regenerative noise
amplification, which makes it possible to observe the resonance features
in their intensity fluctuation spectrum of a solid-state ring laser. Owing to
the line narrowing, however, it is not easy to see the resonance peaks on
the transfer function, since there are sharply increased stability require-
ments imposed both on the laser itself and on the modulation signal.

Theroots of the characteristic equation (5.42) cannot be found analytically
when Az #0 and r #0. In this case, however, the laser dynamics exhibits
interesting features [174, 434, 436]. In the vicinity of the point GA,; = Q,,
wheretwo branches of relaxation oscillations, Q, and Q ,, intersect, their damp-
ing rates are subject to abrupt change. From the diagrams in Fig. 5.15, ob-
tained by numerical methods, it is seen that thereisasign reversal inthe damp-
ing rate and, therefore, aloss of stability of the time-independent solution for
r <r_.Numerical integration of Egs. (5.9) indicatesthat the self-modulation of
the first kind arises. However, introducing a weak (within 10--10-) ampli-
tude nonreciprocity B,s = B, — B_ converts the regular process to a chaotic
one. The general situation isexplained by the phase diagram in the plane of the
control parameters (GAyr, Bnr) in Fig. 5.16 [439].

The behaviour of a Nd:YAG laser under these conditions is illustrated
by the intensity fluctuation spectra obtained experimentally. Stable unidi-
rectional lasing modulated by a weak noise is depicted in Fig. 5.17a. The
presence of peaks other than just at Q, indicates the laser is close to the
instability threshold, since a single peak is observed for over most of the
stable single-mode domain. A transition to the unstable domain is accom-
panied, as seen in Fig. 5.17b, by broadening of the resonance peak owing
to convergence of Q, and Q,. Such a broadening is characteristic for cha-
otic pulsations.

It is important to note that the strong and weak waves carry different
information about the laser processes. In the intensity fluctuation spec-
trum of a strong wave, the peak dominates at Q, and the peaks at Q, and
Q_ are suppressed because of smallness of the parameter r? and are, there-
fore, exhibited only near the instability threshold. By contrast, the peak at
is absent in the weak wave spectrum while the conditions under which the
other two peaks are manifested in the weak wave are the same as those
described above.

Thering laser is sensitive not only to the absolute value but also to the
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Fig.5.15. Frequencies (a) and damping rates (b) of relaxation oscillations as a function of
phase nonreciprocity in the vicinity of the intersection point of branches Q, and Q,:
G =5000; A=1.2,r =0.02.

Fig.5.16 (right). Phase diagram of aring laser in A, B, plane: G = 5000; A=1.2; A’ =
0.4;r=0.005; A,=0;A"=0.6; y/y' =13;9=0,A,=0.173.

sign of phase nonreciprocity. This property is apparent only if the gain
line is asymmetric with respect to the laser frequency, as in the case of
two-component gain line. If the relaxation oscillation frequency is fol-
lowed by moving along the stability boundary in the phase diagram, then
the result is the curve Q(A, ;) presented in Fig. 5.18 [439]. The main fea-
ture of this dependence is the smooth transition from one branch of relax-
ation oscillations (Q,) to another (Q,) at point A .= 0.

5.2.7 Frequency Dynamics of a Bidirectional Ring L aser
According to Eqg. (5.11), the ring laser for r = 0 has two equivalent steady

statesin the form of travelling waves. The phases of the time-independent
solutions are given by the expressions

G s
¢i :E(AO +A—C) ]
which determine their frequencies
W, =W +g¢¢-
K

In the absence of phase nonreciprocity these formul as offer the same frequency
shift from w, toward w, for the two single mode solutions because of the
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Spectral density of intensity fluctuation, arb. units

Fig.5.17. Experimental spectra of the
intensity fluctuations of aring Nd:YAG
laser below (@) and above (b) instability
threshold of stationary generation [174,
436].

Fig.5.18. Plot of the dependence of the
{1 relaxation oscillation frequency on phase
nonreciprocity to illustrate the smoothness

of the transition from branch Q, to branch
Q, at point A .= 0. The dip on the plot

> corresponds to the point of intersection of
0 GANR  pranches 0 ,and Q, [439].

linear frequency pulling.

The behaviour of frequencies under self-modulation of the second kind,
which arisesfor A, > A, can be investigated by numerical integration of
Egs. (5.9) [440]. Figure 5.19 shows the behaviour of the wave intensities
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and frequencies in the absence of nonreciprocity and scattering
(Ayg =r =0). Itisseenthat asthedirection is changed, the laser frequency
retainsits position corresponding to the steady-state single-mode solution.
At the time when the wave becomes strong it forces the competing counter-
running wave to a position further from the line centre. The frequency
differenceis Q,(Q;) until the weak wave reachesaminimum initsinten-
sity. At this moment its frequency changed by Q, +Q,, so that the weak
wave (whileitisgrowing) is closer to the line centre than the strong wave.

Q, and Q, are the frequencies of phase sensitive relaxation oscilla-
tions of the ring laser. These frequencies coincide in the absence of phase
nonreciprocity. Note also that both waves have completely equal rights
and each wave dominates exactly half the self-modulation period.

According to [440], nonzero phase nonreciprocity produces a dominant
wave, the duration of which exceeds half the self-modulation period (Fig.
5.20). Simultaneously, the symmetry is broken in the frequency dynamics.
In Fig. 5.20b it is seen that the laser frequency is closer to the line centre
during the time interval when the dominant wave is strong (dashed line).
Inthiscase Q, 2Q, and Q, —Q_=GA, /2.

Switching of the weak wave frequency by Q, +Q, isnonmonotonic. It
is preceded by growth of oscillations near the initial frequency. The fre-
quency damping is ended by damped oscillations near the new value. The
frequencies of the transient oscillations found by numerical computation
coincide with Q, +Q, . It should be mentioned that a particular combina-

|f1-|2

0 400 T-‘Y“t

Fig.5.19. Time dependence of (a) intensities and (b) frequencies of the counter-running
waves of aring laser operated in self-modulation regime of the second kind in the absence
of phase nonreciprocity G = 5000; A=4,0;r=0; =0, 1; A, =0 [440].
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Fig. 5.20. The same as Fig. 5.19 but in presence of phase nonreciprocity (G = 5000; A = 4,
0;r=0;,=0,1; A = 30) [445].

tion of the signs of A . and A, is not important to the dynamic process

described except that it defines which wave will dominate.

Summing up our consideration of a bidirectional class B ring laser we
would like to focus on its most typical properties:

— there are two more specific (phase-sensitive) types of relaxation oscil-
lations in addition to the ordinary oscillations;

— therearetwo different instabilities of the unidirectional lasing and there
are, correspondingly, two forms of self-modulation processes reached
by the specific relaxation oscillations;

— thereis a strong influence of both amplitude and (which is of greater
interest) phase nonreciprocity on the laser dynamics and the radiation
characteristics in both stable and unstable domains.

It should be emphasized that all of the conclusions of the theoretical
analysis in this section have found experimental confirmation and almost
all the experimental facts have received theoretical interpretation. The
qualitative agreement between theory and experiment means that the laser
model s described here are adequate to describe thereal laser systems. Thus,
the class B ring laser has priority as one of the most promising laser sys-
tems for complex behaviour with quantitative agreement between theory
and experiment. Thisisimportant both for verification of the fundamental
theoretical postulates of nonlinear dynamics and for the devel opment and
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verification of the new methods of retrying information about the laser
parameters from the dynamic behaviour.

5.3 Vector Model of a Fibre Laser

Until the polarization remains a fixed characteristic of the radiation field
the scalar model is adequate to the situation. However, when the polariza-
tion playstherole of independent degree of freedom, then the theory would
be made more complex. The vector model assumed existence of two states
of the field with orthogonal, generally — elliptic polarizations. So, all las-
ing modes are separated in two groups according to their polarization. In
its turn, each such an ensemble manifested some dynamic properties and
this allows using the term polarization mode. There are only two polariza-
tion modes. They compete like ordinary longitudinal or transverse modes
through the cross-saturation of the active medium. Indeed, hole burning
means deformation of the angular profile and thisis possible if the distri-
bution of the dipole moments of active centres is different from é-func-
tion. A uniform angular distribution is peculiar to the glasses and optical
fibres. Something like this takes place in semiconductor lasers with verti-
cal cavities. The impurity ions in crystals can take the places in different
lattice points, which lead to different orientations of the transition dipole
moments.

So, the main features of polarization dynamics can be obtained using
the vector model, which is in many aspects similar to the ordinary two-
mode model. Presence of aweak birefringence prevents the frequency de-
generation. Nevertheless, the theoretical model would take into attention
the phase-sensitive interaction of polarization modes.

There isa vast literature devoted to polarization dynamics including
[441-449], which are devoted to class B lasers. It isimpossible to present
acomplete list of existing publications. We will refer to the Special Issue
of the Quantum and Semiclassical Opticsjournal (v.10, #1, 1998).

Creating the vector model adequately describing the main features of
the fibre laser polarization dynamics, we will proceed from the existence
of two orthogonal states of elliptical polarization of the field but neglect-
ing the variation of these states along the fibre axis. The vector field in-
side the cavity can be represented as a superposition of two orthogonal
polarized components:

E=(f,U, +f,U,)exp(iat), (5.47)
where

U, = \/En(l),z sin(rk,,{) (5.48)
are the cavity eigenfunctions, and
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0 0
o _ X VY

N m (5.49)

are the unit vectors, which are determined by the Cartesian components
x°, y° and the complex parameters Y, , satisfying therelation y,y} = -1
and determining the ellipticity of the eigenfunctions

€1, = tanarcsin 2. (5.50)
The dipole moments of the active centre transitions are suggested linearly
polarized and uniformly distributed over all azimuthal angles ¢ in the
plane normal to the fibre axis. Interaction of the elliptically polarized field
with the ensemble of randomly oriented dipoles leads to hole burning in
the azimuthal inversion distribution, which can be presented in the form

n=n°+2n°cos(2Y) +2n°sin(2Y) +.... (5.51)
Each angular component of theinversion n' (i =0,c,s) initsturn consists
of the uniform along the cavity axis component and spatial harmonics:
n' =ny +2n;, cos{r(k, —k,){]. (5.52)
Only large-scale components of spatial expansion of the field are kept in
Eq. (5.52) because the number of longitudinal modesin the fibre lasersis
very large, which lead to smoothing of the small-scale structures in the
distribution and absence of antiphase relaxation oscillations, which have
been mentioned above. The difference in wave numbers k; and k, for the
polarization modes can be caused by aweak birefringencein afibre dueto
local mechanical tensions.
The developed ideas |ead to the following fibre laser model [446]:
d, .G

G C S C S
dr IEA:E[fl(ng-'-Can+d1n0_1)+ f,(Png; +Lng)],

% +i%A = %[ f,(nd +c,ng +d,nS —1) + f, (PnS, +L™3,)]

dr
dn(()) — 0_ .0 2 2\ _ C 2 2\ _ S 2 2
E—A No(| fo 7+, ) —no(ey [ f [ +c, | £, ) —ng(dy | £, | +d, [, )
- nlczp( f1Df2 + fl f2D) - nlsz(LDfl fZD + Lflufz) J

C C 1 1
T =A _no(l"'l fl |2 +| fz |2)_§ng(cl | f1 |2 *C, | fz |2)—§anP(flmf2 + fleD),
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O = &g |, F 11, F) =00, 11, F o, 6, F) =2 nS (L L)
(5.53)

dn? . .
d_11_2 = _nfz(l"'l f1 |2 +| fz |2) _n12(Cl | fl |2 *C, | fz |2) _n12(dl | f1 |2 +d2 | fz |2),

C Lo f,0F, 4 £, 60 = Lns(Lof £ 04 LA

Eno(lz 12) Eno( 12+12),

dn; . 1 1
2 = _n12(1+| f1 |2 +| f2 IZ) __nJ(.)Z(Cl | fl |2 +C, I fz |2) ——ngP( f1Df2 + fleD),

dr 2 2

dn; s 1 1
d;z = _n12(1+| fl |2 +| fz |2) _Enfz(dl | f1 |2 +d2 | fz |2) _Eng(l-mfl f25+ Lflmfz)-

For simplicity we used here the following notation:

_lvuF 4 2Rey,

"y, P 1y,
= L VY,
P= L=Vt p
’ , 5.54
Ja+y, Py, P) 2 (5.54)
0 _ 17'[ C_ln S_ln -
A ——IAdwa A —_J-ACOS(ZI’U)d(‘U’ A __J'Asn(zw)dw
b Us my

Thelast line contains quantities describing the pump polarization produced
by a semiconductor laser beam, which is focused through the end inside
the fibre.

The set of Egs. (5.53) describes the main features of dynamical behaviour
of the neodymium doped fibre laser: the dependence of parameters of the
output radiation on the pump pol arization, presence of the resonance peaks,
corresponding to antiphase relaxation oscillations, in the power spectrum
of the polarization modes and its absence in the total intensity. The mea-
sured ratio of the frequencies of relaxation oscillations can be reproduced
in theory by appropriately choosing the degree of ellipticity of the polar-
ization.
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Chapter 6

Laserswith Time-Dependent
Parameters

Parameter modulation is an effective method to control the laser behaviour.
A relatively weak periodic modulation is capable of producing a much
stronger response in the laser output. Owing to the system nonlinearity
this response can be not only regular but also chaotic.

Dueto the high sensitivity of lasersto external modulation, uncontrolled
parameter variations during the laser operation can produce random spik-
ing.

Thus, thereis considerableinterest in nonautonomous laser models both
for control of the emission and for interpretation of spontaneous time-
dependent phenomena

6.1 Laserswith Periodic Parameter Modulation

We will focus our discussion on the response of class B lasers to weak
periodic modulations of parameters [96, 450-457]. There are four impor-
tant parameters accessible for modulation in the models we have consid-
ered: K, A 0, and Y. However, the last parameter is relatively insensi-
tive to variation of the external conditions, therefore, it is generally more
interesting to study the laser behaviour when one of the other three param-
eters is modul ated.

6.1.1 Linear Response of a Single-Mode L aser to L ow-Frequency
Modulation
Our discussion is based on the rate equations (3.11):
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dm ~

—=Gm(Ln-1

= ( ). (6.13)
%:A—n(fm+l) 6.1b
dr : (6.1b)

1. Assume first that the cavity losses are modulated harmonically and,
therefore, Egs. (6.1) are replaced by

M~ GmfTn-1- ... costar)], (623
S_::A_n(tmﬂ), (6.20)

where [, isthe depth of loss modulation.

Since Egs. (6.2) contain time explicitly, they have no time-independent
solutions. Only in the limit B, — O do the solutions of these equations
tend to the solutions of the unperturbed Egs. (6.1):

SEARC N B 6.3

O C (6.3)
Considering the loss modulation as a perturbation we will seek Egs. (6.2)
for solution in the form

m=m+mexp(iQ7)+c.c., n=n+nexp(iQr)+c.c. (6.4)
Inserting Egs. (6.4) into Egs. (6.2) and neglecting all the nonlinear combi-
nations of f3,., N, M we find the transfer functions

M_GP IQ+AL
m

2 Q' -Q-iALQ’ (6.59)
_GBw ML
n 2 Q-Q-iALQ (6.50)
The quantity
2 |m|_ | iQ+AL, |
K = —1=G Ioss~
=g m‘ Q7 -Q7-iACQ)| (6.6)

which represents the ratio of the modulation depth of the output beam to
the modulation depth of the cavity losses will be called the loss modula-
tion amplification factor.

The perturbation can be assumed to be weak and the linear approxima-
tion to bevalid if |m/m k<1, n/n <<1, which is equivalent to
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iQ+AL
GB.OSS‘QZ Y —iAEQ% <<1 (6.7)

Relations (6.5) and (6.6) have the form of resonance. The loss modulation
amplification factor reachesamaximumat Q = Q, =/G(AL -1) , i.e., when
the modulation frequency coincides with the frequency of relaxation os-
cillations. Under the condition Q >> AL the relations (6.6) and (6.7) at
resonance transform to

G
K(Q)=—=
1oss (€21) A (6.8)
and
« _AL_ 1
ﬁ|0$ << IO$_E_K_’ (69)

loss

respectively. For solid-state lasers the typical values are G =10* and Al
is of the order of unity. This means that the order of magnitude of K__ is
10, so that a loss modulation depth B, =107 is sufficient for the onset
of large-amplitude nonlinear pulsations.

2. If the pumping is modulated harmonically, then Egs. (6.1) are replaced
by

‘;'_r: =Gm(Ln-1) (6.103)
% = AL+ By, cOS(QD)] ~n(Cm+1). (6.10b)

An established solution is again sought in the form of Egs. (6.4). Putting
this solution into Egs. (6.10) and linearizing yields

M _ GBoump AL

m 2 Qf-Q’-iALQ’ (6.11a)
fi__GBum  iQL

n 2 0Z-QZ-iALQ (6.110)

The modulation amplification factor isrepresented in this case by the quan-
tity
2

pump ~
B pump

K

7 AL
m‘ = C| | (6.12)

Q?-Q2-iALQ|"
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Under exact resonance

@ _ 1GBpmp
Kpump (Q1) = G/Q. (6.14)
The condition for small response is now expressed by
Bouno << By =Q,/1G = [(AL-1)/G (6.15)

The values G =10*, AL =2correspond to 8% =107,

pump

3. The transition cross-section 0, isincluded in Egs. (6.1) and else-

where below in the line shape function L . Modulation of cross-section is

thus equivalent to laser frequency (detuning) modulation. Replacing L by
L[+ B..cos(Qr)] in Egs. (6.1) we arrive at

ZIT = Gm{n[ [1+ B cos(Q r)] —1}_ (6.16a)
d: = A- n{mf[1+ B..scos(QT)] +1}, (6.16b)

repeating our search for linear response to weak harmonic modulation of the
parameter (L in this case) we get

m __GB.s 1+iQ

m 2 Q’-Q’-iALQ" (6.173)
fi_ GB.M  iQ+G

n 2 QZ-QZ-iALQ" (6.170)

In the limit Q >> AL the relation (6.17a) coincides, except for the sign,
with Eq. (6.5a) and, therefore, B = B¢ .

Of all these methods for resonance excitation of class B laser pulsa-
tions, pump modulation is the least effective. According to Eq. (6.14), the
resonant pump modulation amplification factor is proportional to /G,
whereas G appears in the other two cases. This is because the inversion
decay rate in such lasers is noticeably less than the relaxation oscillation
frequency; thus, pump modulation is transformed into inversion modula-
tion with considerable attenuation.

It is worth noting that in a time-independent process the inversion is
stabilized at alevel given by the cavity losses. Low-frequency pump fluc-
tuations are unable to disturb the inversion from its steady state value.
Thisis seen from Eqg. (6.11b), according towhich A -~ 0 as Q - 0.
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6.1.2 Linear Response of a Multimode Laser to Low-Frequency L oss
Modulation

If synchronous and proportional modulation of all modesis provided, then
the result will be the same as that obtained in Section 6.1.1 for a single-
mode model. Let us suppose that the losses of the separate modes can be
modulated independently. The response of all of the mode intensities to
the modulation of the loss of one selected mode will be considered below.
This situation is described by the set of equations

dorlnk Gm[L Impkzdv 1-9, ,B, cos(QT)] (6.18q)
= A-nft+y Cym,), (6.18b)

which are a direct generalization of Egs. (4.10). If solutions are assumed
in the form

m, =m, + M, exp(iQr) + M exp(-iQr),
n, =N +nexp(iQr) +n exp(-iQr1),

then their substitution into Eqgs. (6.18) leads to the linear response equa-
tions

. ~ 1 .
iOm, —GLkka’n(,ukzdv—EGm.K,dek,p =0, (6.19a)

(iQ+AImA+y L2, =0. (6.19b)
We then follow the scheme given in Section 4.2.1. Expressing from Eq.

(6.19b)
~
ﬁ =-Nn z quqmq
iQ+A/n
we useit in Eq. (6.19a) and integrate.

Assuming n =1 and L =1 we obtain, for large number of longitudinal
modes (N > 1), the set of equations

EQ(iQ +A) +§Gmk @ﬁk +Gm, Z m, = —EGmk(iQ + A)Bdy p (6.20)
2 yA 2

The solution is expressed by Kramer’'s rule: m, =D, /D . The determi-
nants D and D, are given, according to [330], by
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NQi
D=H+2) —H|H 6.21
1025 LM, 62
Q? & 0
D, =-[H+2Y 2%, -2Q2Y 2 H
=-eay B aars T,

(6.22)
where
. 1 1. .
H, =02 - Q2 +iAQ, Qi:afm’ 5q:§qu(|Q+A),8q6q,p. (6.23)

Sincethelosses of only one sel ected mode undergo modulation, it should
be reasonable to give the responses of this and remaining modes sepa-
rately:

m, GBS, iQ+A
m 2 0)-0°+iAQ: (6.29)
m _1 GB,m, iQ+A
m, 21+22(Q§/Hq)(Qf)—QZ+iAQ)(Q§—QZ+iAQ)'
(6.25)

where
_1+2%(Qg/H, ) -2Q7 /H,
" 1425 (Q)/H,)

is a quantity, which differs slightly from unity when a large number of
modes are excited. The expressions noticeably differ from each other.

Let us specify the relations (6.24) and (6.25) for two of most interest-
ing types of laser: a solid-state laser and a dye laser. Characteristic of the
first type is the large value of the parameter G and the relatively small
number of excited modes, so that Q7 =Gm, /2 0Gm/(2N) >>1. At reso-
nance (22 =Q ) for the modul ated mode we have

G,Bp
A - (6.26)

~

My

m,

The criterion of applicability of the linear approximation is expressed by
inequality

~

A
B, << ﬁgr = G’ (6.27)
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which, formally, is the same as Eq. (6.9). Making the same assumptions
for an unmodulated mode we obtain

. CBy
AN (6.28)

m,

m,

i.e., an N times smaller response.

Things are quite different in the case of a dye laser, since G<1, while
N > 1 and, consequently, QZ <<1. Assuming that the modulation frequency
isintherange Q, <<Q <<1 wefind H, JIAQ and z(Qé) OGm/(21AQ),
which leads to

m,
m,

_GB,
~oNG (6.29)

P~

GP,
m,| 2Q
Here again the modulation amplification factor of the selected mode,
K 0G/Q, can reach large values, but this time it is due to the small

value of Q rather than to alarge value of G. The condition for validity of
the linear approximation is

cr Q
B, <<B, =5 (6.30)

Experimental investigations of an Nd:YAG laser with a small number
of excited longitudinal modes shows that the transfer function for the total
intensity contains remarkable resonance features at the frequencies of
antiphase relaxation oscillations [458]. Meanwhile, as was noted in the
Section 4.2.2, no such features have been found in the power spectra of
total intensity.

An interesting regularity is traced in distribution of the phases of the
intensity oscillations of individual modes [458, 459]. Let us be consistent
with the principle of mode numeration in accordance with decreasing
steady-state intensities and relaxation oscillation numbering in accordance
with decreasing eigenfrequencies adopted in Chapter 4. If the modulation
frequency Q=Q,, then modes are divided into two groups: the ampli-
tudes of modes with numbers k =1,..., p—1 oscillate in phase as well asthe
modes with numbers k = p,..., N. However, relative to each other these
two groups oscillate in opposite phases. Such are the results of numerical
calculations of modules and phases of the transfer functions using the model
(6.10). The experiment confirming the fact of clusterization shows, how-
ever, some different distribution of modes into groups [458]. The reason
could be a difference in length of the cavity and the active element that
does not take into account in the model but can influence the laser dynam-
ics as have been shown in Chapter 4.
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There are also discrepancies between the results of theoretical calcula-
tion and experimental data in positions of the peaks with maximal inten-
sity on the transfer functions of individual modes. Calculations give a
monotonic shift of the dominate peak in the high-frequency side when one
move from the weak modes to the more intensive one [167, 458], while the
experiment does not confirm such a regularity [458].

It is possible to give one more example of the sensitivity of transfer
functions to symmetry breaking in a laser. When the modes are situated
symmetrically with respect to the gain line centre and all the mode losses
are equal, then the transfer functions for symmetrical pairs of modes are
doubly degenerate (Fig. 6.1a). Introducing an extra losses in one of side
modes (in the mode with k = 2 in this case) removes the degeneration,
which results in splitting of transfer functions of modes with k = 2 and
k =3 (Fig. 6.1b). This circumstance can be used for indication of selective
absorption in the intracavity medium.

6.1.3 Nonlinear Response of a Single-M ode Laser to Periodic L oss
Modulation

The laser response can be nonlinear even if the loss modulation is rather
weak. Thisfollows from the preceding discussion. To clarify how the non-
linear response deviates from the linear response with an increase in the
modulation amplitude, it is reasonable to transform Egs. (6.2) as follows.

Fig. 6.1. Transfer functions at
symmetrical positions of laser modes
relative to the gain line centre and
equal losses (a), at the presence of
additional lossesin one of modes (b)
[350]
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First, eliminating the variable n, we pass from Egs. (6.2) to one second-
order equation

o T 1 Ed—g +(m +l)—+Gm(m m) = Gmp, [Qsin(QT) —(M+1) cos(QT)].
dr° mQOdr O
Then, by achange of variable m=me* , where m = A-1, wearrive at the
desired form [460]

2
j— + (me* +1) +Q2[e" (1+ B, C0SQT) —1] = G, [QSIN(QT) — cos(QT)].

T dr

(6.31)

In the absence of loss modulation Eqg. (6.31) reduces to the nonlinear os-
cillator equation

d’x ., . dX .

>+ (me +1)E+Qf(e -1)=0, (6.32)
where Q2 =G(A-1) is the frequency of the relaxation oscillations. This
equation describes anharmonic oscillations of a particle in the field with
Toda's potential V(x) =e* - x in the presence of nonlinear damping [461,
462].

The loss modulation changes the situation in two ways. First, the term

GBIOS[QSin(QT) - COS(QT)] ’
which represents the driving term, appears on the right-hand side. Second,
the last term on the left-hand side now contains an additional component
BQ7e* cos(Qr) , which is responsible for the parametric excitation of
the nonlinear oscillator.

A general idea of the properties of aforced nonlinear oscillator can be
gained by defining the form of the so-called ‘ skeleton curve’. This curve
is the geometrical site of the resonance contour extremes and yields the
frequency-amplitude dependence of the eigenmode of the corresponding
conservative system [463]. Thus, we substitute the solution
x=a+Db cos(Qr) and obtain, with the damping term neglected,

2

_gzblcos(QT)+exp[a+b1003(QT =1 (6.33)

1

Representing exp[b, cos(Qt)] asaTaylor expansion series, we rewrite Eq.
(6.33) in the form

b cos* (QT)
e a blcos(QT)%—1+ ;T
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Equating the time-independent terms on the right-hand and left-hand sides
of this equation, we find

0 b12k
el =1+ ———
; 2 (k) (6.34)
Equating the coefficients of b, cos(Qr) we get
QZ . © ﬁ 2k-2
—ef?=1+4 H (k=D'k! 6.35
Qf éDZ 0 (639

Using (6.34) in (6.35) yields the equality

_Qz B 1+ Z:’:Zble—z[ZZk—z(k _1)! k!]—l
_le - 1+ z::2 blzk[zk (k! )]—1 )

which definesimplicitly the skeleton curve b, (Q) .

In the limit b, — o we have Q - 0. This means that for this type of
nonlinearity the skeleton curve and, correspondingly, the resonance con-
tours of the oscillator areinclined towards the low frequency side as shown
in Fig. 6.2. The form of the resonance curve indicates that there are two
stable solutions (bistability) and that the system manifests the hysteresis
behaviour as either the frequency or the modulation index is varied. Two
branches of stable solutions exist in the domain Q <Q,. These branches
radically differ from each other by the high contrast of the solutions, i.e.,
in the ratio of the maximum and minimum intensity during a modulation
period or in the difference oX = X, = Xy -

Since Eq. (6.31) isstrongly nonlinear, the system may have, besidesthe
main resonance, resonances on overtones and undertones of the driving
force [212]. Each of them is represented by a resonance curve like that
shownin Fig. 6.2. In order to obtain the general amplitude-frequency char-
acteristic (transfer function) of the investigated laser, one should assume
the solutions of Eq. (6.31) in the form

S b cos{(m/k), QT +¢,

where mand k are mutually prime numbers, and make use of the harmonic
balance condition. The implementation of this program requires cumber-
some calculations even to find the skeleton curves. The only thing easy to
ascertain isthat all of these curves are inclined to the low frequency side.

The anticipated form of amplitude-frequency characteristicisillustrated
in Fig. 6.3. The possible number of branches of stable solutions exceeds
two; thus the laser may exhibit multistability properties where several
branches overlap. The result, in particular, is a sophisticated pattern that
includes not one, asin Fig. 6.2, but several hysteresis loops. It should be

(6.36)
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Fig. 6.2. Nonlinear resonance response of the laser to harmonic loss modulation. The
dash lines show the unstable branch and the dash-dotted line indicate the skeleton curve.
The arrows mark the boundaries of the hysteresis region [460]

emphasized that the complex profile of the potential is not the reason for
multistability in this case, since the Toda potential possesses the unique
extremum.

6.1.4 Bifurcations and Chaos

Consideration of the general properties of a nonlinear oscillator with the
Toda potential is beyond the scope of this book. We briefly discuss only
the data obtained directly in investigations of lasers. First of all, we note
that although the class B laser is described by a second-order set of equa-
tions, introducing a parameter modulation provided not simply time-de-
pendent behaviour but even chaotic behaviour. The point is that the
nonautonomous system possesses an additional degree of freedom. Actu-

Fig. 6.3. Sample view of the amplitude-frequency characteristic of the system described
by Eq. (6.31) [460]
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aly, assigning Qr =@ werewrite Egs. (6.2) in the form of the third-order
ser of equations

(;—m = Gm(nE —1- P COSP) |
T

dm ~

—=A-n(Lm+1

= ( ), (6.37)
a _q
ar

A three-dimensional phase space is large enough for a strange attractor
(chaos) to occur.

Particular data on lasers with modulated loss, pumping or detuning,
obtained by numerical calculations are in good agreement with those
achieved in experiments[23, 460, 464-471]. This should be clearly appar-
ent using a Nd:YAG laser as an example and comparing the calculated
(Fig. 6.4) and experimental (Fig. 6.5) results.

According to calculations, the linear response to weak sinusoidal |oss
modulation (Fig. 6.4a) transforms to more complicated modulation of the
output with the harmonics of Q, as the modulation depth increases above
B =0.003. In the range 0.003< S, <0.018 the modulation of the solu-
tion remains rather shallow (Fig. 6.4b,c). At B, =0.021 there is jump-
like passage to short pulse generation with a pulse repetition rate Q (Fig.
6.4d). A further increase in B, Yields a sequence of period doubling bi-
furcations (Fig. 6.4e shows the regime with a period 2T), which leads to
chaosat B, =0.027 (Fig. 6.4f). At B, = 0.035 thelaser responseisagain
periodic but with period 4T. The abrupt passage, from chaotic to regular
pulsations, without intermediate state, with an increase in (3, is of par-
ticular interest. The minimum intensities between pulses are very differ-
ent in these domains.

Results of an experimental investigation of the dynamics of aNd:YAG
ring laser are presented in Fig. 6.5. The set of parametersis about the same
as that adopted in the calculations. Unidirectional lasing was ensured by
use of a glass-based Faraday isolator with alarge Verde constant. The la-
ser was 20% above threshold, corresponding to a relaxation frequency
v, =27kHz. The modulation frequency was set in the range 8-15 kHz,
where the choice of a particular value was not crucial to the realization. A
LiNb crystal (the z-section) to which an alternating electric field applied
across the laser beam was used as a loss modulator. On comparing Figs.
6.4 and 6.5 we notice that the scenarios coincide almost in all details,
being indicative of the appropriateness of the mathematical model adopted.

These regularitiesfit well into the ideas developed in Section 6.1.3 and
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Fig. 6.4. Examples of numerical solutions to Eqs (6.37): A=1.2; G =5000;, Q =0.4Q,;
ﬁ,oss =0.003 (a); 0.01 (b); 0.015 (c); 0.018 (d); 0.021 (e); 0.027 (f); 0.035 (g) [471].

those based on the patterns of nonlinear resonance. Since both the experi-
ment and the calculations are performed for a fixed modulation frequency
and avaried modulation index, afamily of resonance curves dependent on
B, @ aparameter (Fig. 6.6) is useful for interpretation of the results. In
this figure a change in B corresponds to passage from one resonance
curve to another. Suppose the modulation frequency Q is set to the fixed
value less than Q, indicated by the vertical dash line. At the smallest
the oscillator nonlinearity is not apparent and, therefore, the response to
harmonic loss modulation is also harmonic. Nonlinear distortions of the
resonance smoothly grow while the operating point remains on the lower
branch of the resonance curves. Once 3 __= f3, isachieved, the system jumps
over into the state on the upper branch, which is exhibited as an abrupt
transition to pulsed laser action. If §__ is decreased from a value larger
than 3, the jump to the lower branch occurs at B__ = B,<f, (hysteresis).
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Fig. 6.5. Time evolution of the travelling wave Nd:YAG ring laser output intensity for
different loss modulation indices (5, increases downwards) [471].

The presence of one more abrupt transition, from chaotic to regular pul sa-
tions with a period 4T at B = 0.0355, is an indication that, besides the
main resonance shown in Fig. 6.6, there is another higher resonance at
higher amplitudes. Reproducing the whole complex structure of nonlinear
resonances by numerical integration of Egs. (6.2) or (6.31) israther time-
consuming. However, enough fragments have been found by this method
to confirm the conception as a whole [460].

There are others examples of numerical solutionsin combination with
the experimental ones. Thorough investigations of CO, laser behaviour
under periodic loss and frequency modulation are described in Refs. [468-
470], which followed the seminal paper [465]. The succession of different
regimes with an increase in the parameter modulation index differs from
Fig. 6.4 in its details but, undoubtedly, there are common features. The

232



Lasers with Time-Dependent Parameters

Fig. 6.6. Family of resonance curves of a nonlinear oscillator dependent on 3__ as a
parameter [471].

CO, laser exhibits both bistability and hysteresis. Bistability can be gener-
alized to cases when one of both coexisting regimes is chaotic and the
corresponding attractorsin the phase space are strange attractors. It isfound
that chaos is reached via a cascade of period doubling bifurcations and
escaped via an inverse cascade.

Windows of regular behaviour with afundamental period 3T instead of
T may occur in the domain of chaotic behaviour. The situation is illus-
trated in Fig. 6.7. The diagram shows two branches of a resonance struc-
ture. On the lower branch chaos is due to the chain of bifurcations T-2T—
4T—C, while on the upper branch the succession 3T-6T-C takes place.
Thus, the window of regular response with period 3T is not inside some
domain of chaos but between the domains belonging to the different
branches. Figure 6.7 confirms that changing of regimes may occur either
ina‘soft” manner within one branch of aresonance structureor in a*‘hard’
manner as the result of switching from one branch to another.

Let us pay attention to one more regime, which is also shown in Fig.
6.7. It is called the attractor crisis. Without going into the details we note
that the crisisis due to the coal escence between two attractors or between
an attractor and an unstable fixed point or periodic orbit. The phenomenon
is exhibited as a sudden expansion, contraction or disappearance of the
attractors as the control parameter isvaried. The behaviour of the attractor
at acrisisisdisplayed in Fig. 6.8. The loss modulation index is plotted on
the horizontal axis and the set of output intensities sampled at afixed time
in every period of modulation is shown on the vertical axis. The point of
splitting of the curve corresponds to a period doubling bifurcation and the
diffuse curve corresponds to chaotic dynamics. The weak diffusion means
that although the regularity islost, the difference in spike amplitudes and
time intervals between spikes is relatively small. The dimension of the
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Sampled laser output

M odulation amplitude

Fig. 6.7. Bifurcation diagram of a CO,-laser with periodic combined modulation of cavity
frequency and Q-factor [468]. Intensities sampled at time intervals equal to modulation
period (vertical axis) are displayed versus the modulation amplitude (horizontal axis).
Modulating voltage V, corresponds to a bifurcation T—2T, voltage V, corresponds to a
bifurcation 2T—A4T, and V, correspondsto atransition to chaos, and at V, chaosis replaced
by period 3T pulsations, which enter, via 6T, the new domain of chaos.

Sampled laser output

Modulation amplitude

Fig. 6.8. Theattractor crisis phenomenon in the response of CO,-laser to periodic parameter
modulation [468]. Here the crisis is a boundary crisis in which the attractor suddenly

expands

strange attractor at the crisis and the resulting dispersion of the pulsation
characteristics increase until the branches overlap.

We do not claim to have explained the physical reasons for attractor
crises in this particular case, but we can point to two excitation mecha-
nisms of the Toda oscillator presented in Eq. (6.31), which may contribute
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to crises. These are external forcing and parameter modulation. The sec-
ond is effective for modulation frequencies exceeding the rel axation oscil -
lation frequency. Phenomena such as attractor crises may occur when these
two mechanisms compete.

The complex dynamics of alaser subject to periodic parameter modu-
lation indicates the relationship between eigenoscillations and forced os-
cillations. Variation of the control parameter, while influencing the in-
teraction efficiency, by no means affects the properties of the relaxation
oscillations themselves. Therefore, factors such as detuning and inhomo-
geneous broadening never exert such a strong influence on the stability of
modulated lasers as they do for autonomous lasers [472].

An important circumstance for the response of a laser to internal peri-
odic modulation is the mode spectrum, since the latter defines the spec-
trum of relaxation oscillations [473, 474]. Generally, the number of de-
grees of freedom increases proportional to the number of modes only if
the mode locking is absent. For this reason, we should differentiate be-
tween the phase diagrams under periodically modulated | osses with locked
and unlocked modes (Fig. 6.9). In the latter case the experimental phase
diagram displays several minima at the boundary between the domains of
chaotic and regular behaviour. The positions of these minima are identi-
fied with the fundamental relaxation oscillation frequency (70 kHz), its
subharmonic (35 kHz) and the highest frequency of antiphase relaxation
oscillations (22 kHz). The lower relaxation oscillation frequencies are to
close to each other to be distinguished in the diagram. One more minimum
islocated near the second harmonic of the fundamental relaxation oscilla-
tion frequency, which is natural, given the parametric mechanism of exci-
tation of pulsations. The diagram in Fig. 6.9a shows that the domain of
chaos has a smooth boundary, which does not contain the additional relax-
ation oscillation frequencies and which does not appear near these fre-
quencies.

Both phase diagrams, presented in Fig. 6.9, were obtained in experi-
mentswith Nd:YAG lasers, in which an electrooptical modulator was used
for low-frequency loss modulation. Active mode locking was provided in
the first case as well. The number of modes excited in the experiment is
estimated to be 10-15.

The attractor dimensions, found by processing of both the experimen-
tal results[23,469,470] and the numerical simulations[474,475], are rather
low. Only in one case, which identified with afive-mode model, the fractal
dimension is slightly larger than 3 when the laser response to modulation
is chaotic. For all the chaotic regimes of a single-mode laser the integer
part of the attractor dimension does not exceed 2.
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Fig. 6.9. Experimental phase diagrams of a periodically modulated multimode Nd:YAG-
laser in the control parameter space (modulation frequency v_ ., modulator driving voltage
amplitude U__) (a) with and (b) without mode locking [474].

6.2 Monotonic Adiabatic Variation of Parameters

The premises developed in this section are directly related to the theory of
spectrally swept lasers they are akey to explaining the spontaneous pul sa-
tions of solid-state lasers and they are useful in the analysis of the condi-
tion for giant pulse formation. Our discussions are based on Refs. [24,
476, 477].

6.2.1 Sweeping of the L osses
Without specifying the loss variation method and the form of the loss modula-
tion we can write the set of equations

f'j—r: =Gmin-1-B(r)] (6.382)
an _ A-n(m+1) (6.38b)
dr ' ’

Our interest is in the case of losses, which diminish with time,
dp/dr = B <0, since it offers richer laser dynamics.

To find the characteristics of a quasistationary regime, at which the
amplitude adiabatically follows the varied losses, we assume m=0 as a
first-order approximation. Hence, the quantity

n=1+p (6.39)
isvaried during the lasing at a rate
dn _dB _ ,
e B. (6.40)
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Putting Eq. (6.40) into Eq. (6.38b) leads to the following expression for
laser intensity:

(6.41)

The next level of approximation provides a correction to the inversion,
n-1- B =m/Gm, which is small compared to i if

i (A
—=- FA-P) <<G(1+p). (6.42)
m  (1+B)A-1-5-pB)
It isuseful to introduce the notion of slow and fast sweep rates with the
boundary between them specified by

B., =A-1-8. (6.43)
In the domain of slow sweeping, |[§ << A-1|, thelaser dynamicsisfully
determined by the pumping rate. In the domain of fast sweeping,

| B >> A-1|, therate, at which the losses are decreased, is of primary im-
portance. Correspondingly

E(A 1-B)/A+ B} for A>>| 3],

D -B@1+PB) for A<<|f].

We now linearize Egs. (6.38) in the vicinity of the quasistationary val-
ues m,n and obtain a generalization characteristic equation (3.16) for the

present case of adiabatically varied losses. The roots of this equation for
G>1 have the form

(6.44)

o B)HJG(A 1-8-f). (6.45)

At slow sweep rates, the expressions for the frequency and damping of
relaxation oscillations look like those for the autonomous model:

= [G(A-1-B), 6,=-. ", (6.464

while for fast sweep rates,

GIBL 8=-=t—
21+ pB)

For the linearly decreasing losses (as pB=pf,-u,T, Where

B =-u,, =const), the results are the simplest. Thedependence m(T) ex-

pressed by Eq. (6.41), is shown by asolid linein Fig. 6.10 (curve 2). It is
important to note that the curve m(r) begins at u,, >0 at the point with

(6.46b)
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coordinates

Tthr = (BO +1_ A)/usw’ r:ﬁthr = USW/A
Therefore, the initial (fluctuation) intensity, when the laser threshold is
crossed, is markedly different from the quasi-equilibrium value
my, =Ug, /A at the threshold, which means that transient pulsations will

necessarily occur. The oscillatory process calculated by Egs. (6.38) with
the initial conditions

B(0)>A-1, m(0)<<uy /A

isalso presented in Fig. 6.10 (curve 3).

Wewould like to draw attention to afeature of the lasing process shown
by curve 3. The delay of laser action with respect to the moment at which
the self-excitation boundary is crossed is exactly the same as 7, , thetime
from the start of sweeping to the moment at which the laser threshold is
crossed. This remarkable feature was ascertained in Ref. [476] for aclass
A laser with an aperiodic transient; however, this property is retained for
other classes of lasers as well.

Information on the first spike after the laser threshold is passed can be
obtained in a fashion similar to that used in Section 3.2.2. Disregarding
the change of the inversion in the linear regime we have, by virtue of
A-1-8,=0,

dm _ Gmu,, T 6.47
= GmuLT (6.47)
Knowing the solution of the above equation
m, arb. units
0.5}
0 [ 10 =yt

Fig. 6.10. Time dependence of (1) steady-state intensity, (2) quasi-steady-state intensity
and (3) intensity that occurred in numerical simulation of Egs. (6.38) during the uniform
diminishing of cavity losses.
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m G 2
INn—=—u,T
mmin 2
we can estimate
_ m
U Tiin = EUM lnm_ , (6.48)

where 71, is the time the laser intensity reaches a quasistationary value
m. Since u,,1,, playstheroleof n., , we have, by analogy with (3.33),

m._. =u Ini
max SwW mmin . (649)
According to (6.41), the quantity m depends on sweeping rate but this
does not |ead to considerable deviations from the proportionality between
m,,, and ug, in (6.49).
Consider now the following adiabatic criterion, which, according to
[478], is expressed by the inequality

as

To 4y <<1+pB. (6.50)

We use T, to denote the period of the slowest eigenoscillations, specifi-
cally the relaxation oscillations. Thus, the inequality (6.50) can be rewrit-
ten as

Uy, <<Q,(1+p). (6.51)
Using Q, as defined in (6.46b), we find the final form of the adiabatic
following criterion
u,, <<G(1+pB)°. (6.52)
Recalling inequality (6.42) and assuming u,, = —[3 >> A, weseethat this
inequality isidentical to (6.52).
Under the free running operation conditions, the mode sweeping through

the occasional selection band of the resonator is the most probable. Then
the losses are varied as

B(T) = Bo[1-a(T)], (6.53)
where g =1/(1+A%,) and the time dependence is due to the fact that
V-v
Ay = 5‘/5:9' =D ~ U, T (6.54)

Equations (6.40)—(6.46) are still valid bearing in mind that
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B = _Bog = ﬁog’usw’
where g’ =dg/dA, . This means that

ust = A_l_ﬁo +Bog
sw ,309' , (6.55)

and in the fast sweeping domain

mo_ B9l 655
1+ B,(1-9) " (6:569)
Q, =./-GB,g'u,, . (6.56b)

For all these reasons, when the mode involved in the lasing process is
swept through the selector band, an oscillatory transient process is ex-
cited. The selection depth restricts the limiting amplitude of the popula-
tion difference oscillations: n,.,, < B,. This amplitude will be reached if
the mode is retuned into selection band halfwidth during the linear stage
of lasing. In order to estimate the amplitude of thefirst spike, we make use
of the expansion

o(r) = g(0) + éljggzor = 9(0)+ QU T (657)

Using it in Eq. (6.38a) and bearing in mind that A-1-,[1-g(0)] =0 we
find

dm

— =GmB,q'u,,T

= Bog'Us,T (6.58)
so that by analogy with Egs. (6.47)—(6.49) we can write
u,T;, =.|— 2Us, Ini

sw© lin Gﬁog' mmin y (659)

, m
Mo = _iBOg Usy, Inm_ . (6.60)

min
For the first spike of the transient to develop, the duration of the linear
stage should not exceed the residence time of the mode in the selector
band: u,, <1/t,, or, according to Eq. (6.59),

_ GBlg|
2In(m/m

max

On the other hand, the pulsation intensity will be greater than in a laser

240



Lasers with Time-Dependent Parameters
with fixed tuning when the pumping is switched on only if the sweeping
rate is high enough:
A-1
uSN > I
Bolg'l

oW

where

In(m/m,;,)
isthe quantity of order of unity. Thisinequality follows from the compari-

son of Eqg. (6.60) and Eq. (4.20). The necessary condition for occurrence
of intense pulsationsis given by

2(A-1)In(m/m_ )
> min O 1
Bo \/ Gg”? @
Assigning A=10,G =10° and assuming g’ =0.5, In(M/m
that the necessary condition (6.62) takes the form S, =
The limit on the sweeping rate in the dimensional notations can be re-
written as

(6.61)

)=25,wefind

min

A-1
ANk
> Y19 N ATT: @, (6.62)

Substituting these values, as well as y;=10°s™, dvy =0.1cm™ yields
U,, >2007%cm™/us.

6.2.2 Sweeping of Detuning

For this discussion Egs. (6.1) are now the reference equations, but the
problemisinthat A, =A,(7). The sequence of operations for analysisis
very similar to those used in Section 6.2.1, so that no additional comments
are needed.

Assuming in the first-order approximation dnv/dr =0 we find the
quasistationary value of inversion

n=-= 6.63
I 1 ( . )
which is varied during lasing at the rate
T I 2 Tsw 1 .

where u,, =dA,/dT isthe dimensionless rate of the detuning sweeping.
Substituting Eq. (6.64) into Eqg. (6.1a) leads to the expression for intensity
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m=A-L*+L'L2u,,. (6.65)

Higher order corrections are, as previously, small if the sweeping rate is
within the framework stipulated by the adiabatic following criterion.

Expression (6.65) shows that there are domains of fast and slow sweep-
ing in the parameter plane (ug,,4,), which are separated by the line

L L, ~

us’ = ?(AL -1, (6.66)

In the domain of slow sweeping the laser dynamics is determined by the

pumping, while in the domain of fast sweeping it depends on the mode

frequency movement towards the gain line centre (only this caseis consid-

ered). The domains of fast and slow sweeping correspond to different la-

ser intensities
m_E(AE—l)/E for uy, <<ug!,
L'/L%)u,, forug, >>us.

Linearizing Egs. (6.1) in the vicinity of the values m, N we arrive at a
quadratic characteristic equation with the roots

(6.67)

A= —%(1+ rTlI:) +ivVGAL (6.68)

In the domain of fast sweeping Eqg. (6.68) transforms to

L’ 1q . L

.QZ:GTU , 6, =——H+—=u

1 o 2% C sw% (6.69)
The adiabatic following criterion is written as
dC|  ~

Tol37] << L. (6.70)

Remembering that dL/dr = E'usw we rewrite Eq. (6.70) as

[

Uy, <<ug, =—=9Q,. (6.72)

—

In the domain of fast sweeping

uCI‘ —

Sw

G. (6.72)

it Wl

Comparing Eq. (6.72) with Eq. (6.66) it is easy seen that ug, >> u;vf pro-
vided G>1. Thus, the adiabatic theory applies to solid-state lasers in the
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whole domain of slow sweeping and in part of the domain of fast sweep-
ing. Given in natural dimension the relation (6.72) becomes

Lo
= HLH ——L. (6.73)

Odt 0 L' T,

The excitation of a mode by dynamical tuning of the mode frequency
will necessarily be accompanied by the growth of pulsations. This is be-
cause AL =1 at thelaser threshold, and the threshold point lies at the bound-
ary of the fast sweeping domain according to Eq. (6.66). Asin the case of
swept loss the quasistationary intensity at the time the laser threshold is
passed has a finite value defined by Eq. (6.67), while m(A,,) <<m.

Assuming that the period of the excited pulsations is much shorter than
the time the mode is above the laser threshold we can make use of the
expansion

L(r)=L(0)+L'u,,T . (6.74)
During the linear stage of the spike Eq. (6.1a) can be written, in view of
Eq. (6.74), as

dm

dr

By analogy with Section 6.2.1, we find the maximum excess of the unsat-
urated gain above the threshold value that is achievable in the sweeping

2L’ L'u
=AL-1= = U, INn=—"
N max \/ G Cm_ (6.75)
The spike amplitude can be determined by using conservative approxima-
tion equations, which only differ from Eq. (3.31) in that mis replaced by

mL . Similar to Egs. (3.33) and (6.62), for the spike amplitude we have

=Gmu,, LT.
L'

m_ = Gn2, _L'ug, n L'u,,
ax 2[ I‘:z Ezmmm . (6.76)
Comparison of this value with the amplitude of the first spike, which is
formed in alaser with fixed tuning when the pumping is switched on [see
(3.33)], shows that the former is greater for

)
> o, 6.77)

where O(1) is the quantity of order of unity. In unnormalized units, the in-
equality (6.77) hasthe form
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A-1
Ug > Y0V, ——0() . (6.78)
14, |
Assigning y, =107 us*,dv, =6cm™, A=10 and |A, |05 we obtain
U,, >0.1cm™/us.

6.3 M echanisms of Undamped Pulsationsin Solid-State Free-
Running Lasers

In previous sections of this chapter we have considered two processes ca-
pable of destabilizing laser operation: weak periodic modulation of the
parameters and their monotonous variation, owing to which one or more
modes reach a threshold and begin to oscillate. The models for both pro-
cesses are in excellent agreement with experiments. Laser dynamics with
periodic loss modulation was investigated, for example, in the early pa-
pers [479-482]. Nevertheless, there are no controlled variations of the la-
ser parameters in a free-running laser so we must consider the effects of
parasitic modulation.

The hypothesis that the laser parameters were time dependent was first
used to explain the spiking of two-level paramagnetic masers [234, 289].
The idea that the pulsations in solid-state lasers are due to the technical
fluctuationswas put forward in [483]. However, the assumption that a domi-
nant role is played by inversion fluctuations produced by the pumping has
not been confirmed in practice. Another approach, which relates cavity
loss modulation to random cavity mirror displacements and to temperature
variations, proves to be more realistic.

6.3.1 Origin of the Pulsations of a Two-L evel Paramagnetic M aser
The specific feature of such a maser is that the pumping and the emission
do not coincide in time. This predetermines the short duration of the emis-
sion stage. Analysis of the experimental data given in [484-488] shows
the following features of the process;

— the amplitude of the maser output signal oscillatesin time;

—the emission duration noticeably exceeds the relaxationtimes T,and T ;

— when the emission is over, the active medium remains in the inverted
state and can be used for the amplification.

The attempts to explain the spiking phenomenon in terms of autono-
mous maser theory have been a failure. These approach attribute the ma-
ser pulsations to magnetization nutation of the sample [489—492], but it is
unclear why the pulse duration could then greatly exceed the relaxation
times of the magnetization and of the field and how the atomic system
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could remain in the inverted state when emission is over.

All these features will find a natural explanation if we bear in mind the
nonautonomous nature of the maser inherent in the method of the adia-
batic rapid passage of the resonance, which is used for the production of
the inversion [493]. Initially, the sampleis placed in a magnetic field cor-
responding to a large detuning between the paramagnetic resonance and
the pumping source frequencies. Thereafter the magnetic field is varied
monotonically, so that these frequencies converge until they reach coinci-
dence and than they diverge to a distant exceeding the paramagnetic reso-
nance linewidth. If this process takes atime less than the relaxation times
but is adiabatic, then population inversion, or reversal of magnetization, is
achieved after the resonance passage.

On compl eting of the adiabatic rapid passage of the resonance the pump-
ing sourceis switched off. The magnetic field then must be changed in the
opposite way, since the frequencies w, and w_need to be matched. For this
reason, the induced emission process occurs under the conditions of sweep-
ing of the detuning. Experiment showed [494] that the sweeping rate of
the magnetic field influences the form of the output signal.

When choosing the model it should be borne in mind that paramagnetic
substances with large relaxation times were used in masers and rather of-
ten, the relation y, >>k is not satisfied. Therefore, we should use Egs.
(3.81) as the reference point. Analysis is simplified by the fact that the
emission stage takes a time much shorter than T, thus making it possible
to neglect the population relaxation of the working levels. For the same
reason, it is convenient to renormalize the field and polarization (magneti-
zation) variables as F, =y"?F and P, =y"*P. Thus, Egs. (3.81) trans-
form to

dF

d_rm =K(P,cos®-F,), (6.792)

%irm =nF,,cos®-P, (6.79b)

3—: =-P,F,cos® (6.79¢)

& = (1)~ (F, /P, + R, sind (6.790)

Figure 6.11 shows the results of numerical simulations of the processesin
such amaser for linear sweeping of the detuning A, = A(0) —u,,T , where
U, =y dw,/dt . The solution for the field has the form of the succession
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of isolate spikes. Each spike is accompanied by a relatively large reduc-
tion in inversion. Meanwhile, each new spike is emitted of conditions of
noticeable excess above the laser threshold. The sweep rates adopted in
these calculations and those corresponding to the experimental values are
almost the same as the critical rate of the adiabatic retuning u® =&L/L’,
which is of order of unity in this particular case.

In the experiment the formation of isolated spikes by two-level para-
magnetic masers was observed only once [487]. In other cases the signal
had the form of single pulse with oscillating tail. This form of emission
can be explained by the inhomogeneous line broadening of paramagnetic
resonance under the real experimental conditions. Only those paramag-
netic ions participate in generation at a particular moment, which have
their transition frequencies close to w, at that time. They give way to other
ions as sweeping proceeds. In this respect, the analogy between sweeping
and pumping is apparent.

Under the condition of inhomogeneous broadening the population dif-
ference is a function of the variables r and A,, owing to which

dn _odn ‘U on
ar ot ", - (6.80)

Substituting Eq. (6.80) into Eg. (6.79) we notice that the term ug,0dn/dA,
is similar to A—n in Eqg. (6.1b). In the most crude approximation

L%
0,4 5r
03 T
3
0,2
2
0,1 1
a

N

0 100 200 300 400 500 T=y;t O 8 16 24 32 1

Fig. 6.11. Examples of the numerical solutions of the equations of atwo-level paramagnetic
maser (6.79). The initial inversion n(0) = 10; the sweeping rates u_, = 0.01 (a), 0.25 (b).
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on/0A, =n, —n,wheren,isinitial value of n. We, therefore, have, instead
of (6.79c)

on ~

a7 =Yg (N—n,)—F, P, cosd
The additional term takes into account the ‘ pumping’ due to the sweeping
and y,, =y *dw,/dt =ug,.

The problem is reduced, as in the case of monotonically varied param-
eter, to analysis of the transient processes in the equivalent generator with
continuous pumping. For thecase y >>k such an analysiswas performed
in Section 6.2. The properties of the emission process are in qualitative
agreement with the experimental data. All features of the paramagnetic
masers mentioned above find a natural explanation. The damping rate and
frequency of pulsations are defined by the sweeping rate.

Nowadays two-level paramagnetic masers are of purely historical in-
terest. Nevertheless, the search for understanding of the origin of their
pulsations was an essential motive in the development of the theory of
laser dynamics. It is both of fundamental importance and rather great irony
that the maser pulsations were of technical rather than a natural autono-
mous origin.

6.3.2 Laser Parameter Oscillations Under Free-Running Conditions
We have established that periodic modulation of the cavity is an effective
way to excite laser pulsations, especially by modulation on frequencies
near the relaxation oscillation frequencies. We now demonstrate that simi-
lar modulations leading to intensity pulsations can be caused by uncon-
trolled monotonic variations of the cavity geometry or of the laser rod
temperature.

Consider first a laser rod, which has its end surfaces parallel to the
cavity mirrors. The collection of aseveral parallel partially reflecting sur-
faces can betreated asaset of coupled cavities. Displacement of one bound-
ary with respect to the others (Fig. 6.12) modifies the system and influ-
ences, in particular, its losses. The position of the ends of the laser rod is

Fig. 6.12. Scheme of composite laser cavity with a moving interface.
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also important to the electromagnetic field energy distribution among the
sections of the cavity occupied by the laser medium and those, which is
vacant [495]. Since all positions of therod ends, differing by integral num-
ber of half wavelengths, are equivalent, uniform translational motion of
the rod along the cavity axis produces periodic oscillations of the cavity Q
and filling factors with a period T = A/2V_, where V__ is the velocity of
the reflecting boundary.

L oss modulation from translational motion of a boundary in a compos-
ite cavity can also be treated as the result of the Doppler frequency shift as
the wave is reflected at this boundary. If the laser rod moves and the mir-
rors are fixed, then the cavity eigenfrequencies can be assumed to be con-
stant. The wave reflected from the end of the moving rod acquires the
Doppler shift Aw, = 2wV, /¢ with respect to the transmitted wave. Thus,
besides the wave of frequency w, there are also waves with shifted fre-
quencies w+ Aw, in the cavity. The amplitudes of the Doppler shifted
components are defined by the reflections of the inner boundaries and by
reflected wave interference conditions if there are several moving bound-
aries. With the Doppler components taken into account, the laser equation
reduce to the form (6.2), where Q =Aw, /y,, and B, can exceed the
Fresnel reflectivity.

Doppler modulation also occurs if the laser rod is motionless and the
cavity mirror is moved. This version features time-dependent cavity
eigenfrequencies, which follow the mirror motion.

The loss modulation frequency (Doppler shift) becomes resonant for
the translational motion of one reflecting boundary, Aw,/y, =Q,, pro-

efl?

vided
Vi =V, =(A14m)J2yk(A-1D). (6.81)
Example 6.1
Ruby laser
A=700"°cm, A =10, . =0.5cms.
y, =10°s*, k =10" s*,
Example 6.2
Nd: YAG laser

A=10"cm,A =2, . =1cm/s.
y,=200°s*, k =10 ¥,
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In ordinary laser operation the motion of thereflecting surfacesis purely
accidental. The external kicks of the laser components produce
microvibrations. The velocity of any vibrating element surface does not
remain constant, of course, but if it is close to resonance velocity for a
short time, then intense pulsations may hold up.

According to measurements reported in [496], he instantaneous veloc-
ity of avibrating mirror reaches 0.2 cm/s. This value is somewhat lower
than the estimates of resonance vel ocities, which require higher amplitude
vibrations. The experiment with Nd:YAG laser has shown that a several
fold increase in the vibration amplitude leads to a sharp enhancement of
the pulsations.

Periodic modulation of the cavity Q-factor also occurs during mono-
tonic variation of the temperature of the laser rod, since both the refractive
index n and the optical length L, =L aretemperature dependent. Equat-
ing the effective velocity of cavity lengthening V, =dL,/dt = L dn/dt to
the value V, introduced above we find the heating rate, which cause the
resonance modulation of cavity losses:

T dn 7'
%% \A @-a T E . (6.82)
Using in (6.82) the values L, =10cm,V, =1cm/s and dn/dT =1.5010° K%,
which correspond to ruby [497], wefind (dT/dt), =10* K/s. Heating ratessuch
asthis are quite redlistic in aruby laser pumped by aflash lamp.

The build-up of large-amplitude pulsations from the resonant perturba-
tions requires that the loss modulation index satisfy the inequality
Bioss 2 Bioss» Which is the inverse of Eq. (6.9). In the absence of an antire-
flection coating, the reflectivity of the ends of the laser rod is few percent.
The kinematic or temperature loss modulation index has the same order of
magnitude and is therefore well over SB._.

The simplest and most effective method of weakening the parasitic
modulation of the cavity Q-factor isto tilt the laser rod ends in combina-
tion with applying antireflection coatings. At the angles of incidence ex-
ceeding the beam divergence, the waves reflected at the rod ends are com-
pletely removed from the cavity and the lost power is independent of the
laser rod position. If the Gaussian beam of radius a, is generated, then this
criterion can be written as [1]

8, >3 =)M(2m,). (6.83)

incl
6.3.3 Instabilities Due to Sweeping of the Cavity Eigenfrequency

A tilted laser rod may function as an interferometric longitudinal mode
selector, the properties of which depend on 3,,, and L, . The variation of

incl
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the refractive index with heating causes the transmission maximato move
with respect to the cavity eigenfrequencies. Mirror vibration sweeps the
cavity mode spectrum across the selector passband. However, the tilted
laser rod ceases to operate as an interferometer if

Fing >0, =8/ L - (6.84)

Asarule aZ/AL, >>1, owing to which 8, >>9,.

When inequality (6.84) is satisfied, neither mechanical vibrations nor
heating of the laser elements |eads to Q-modulation. Q-modulation is also
absent in a laser with mirrors at the rod ends. In all these cases only the
mechanisms, which sweep the mode spectrum with respect to the gain line
continue to perturb the laser action. Let us make estimates of them using
the expression for the longitudinal mode frequency v, =q/(2L ), where
g=2L4 /A isaninteger and Ly =L+ (n—-1)L,. The cavity tuning rate is
given by

dv 1 do

U =—9=- eff

o = o A, dt (6.85)
dv 1 do

U =—9=- eff

o = o A, dt (6.85)

If the cavity is tuned by moving the mirror, then dL/dt =V, and Eq.
(6.85) can be rewritten as
V. =AL, Uy, . (6.86)
The condition of excitation of intense pulsationsis represented by inequality
(6.78). As applied to aruby laser (A =7-10°cm, L =100cm, U_ > 102
cmYps) Eq. (6.86) yields V., >100cm/s. This value greatly exceeds the
resonance velocity V, found previously and, of course, itisnot achievedin
a free-running operation.
Let us estimate the rate of heating of the laser rod, which corresponds
to the critical tuning rate. Using the Eq. (6.82), which relates the rod heat-
ing rate to the tuning rate,

ar_ V. _ AL, U,
dt  Ldp/dT L, dn/dT (6.87)

and inequality (6.78), we arrive at the condition for excitation of intense
pulsationsinaruby laser: dT/dt >10° K/s, assuming Ly =L, =10cm. This
value slightly exceeds the ruby heating rate under the flash lamp pumping
conditions.

The temperature of the rod influences both the refractive index of its
host and the position of spectral lines of impurity ions. The temperature

250



Lasers with Time-Dependent Parameters

line drift velocity

% _ dT/dt
dt  dT/dv, - (6.88)

depends on the parameter dT/dv,, which is equal to 8 K/cm™ for ruby at
room temperature [497]. According to Eq. (6.78) the critical drift velocity
corresponds to a heating rate of dT/dt=10° K/s. Hence, it can be con-
cluded that temperature drift should not lead to intense pul sations of solid-
state lasers. However, more moderate amplitude pul sations can be excited
in this manner. This conclusion agrees with the results of numerical inves-
tigations of a two-mode model, given in Ref. [498], where such a drift
mechanism of spiking was proposed.

In a multimode laser, the change of modes can occur against the back-
ground of uninterrupted lasing. Therefore, the transient process, which
appear each time a new mode begins to oscillate, are superimposed on
each other. On the whole, the time-dependent laser action is seen as un-
damped although it consists of a series of damped transient pulsations.
Numerical simulationsthat confirm these premiseswere performed in [496,
499] on the basis of the multimode rate equations.

6.3.4 Role of Spatial Effects

In Section 4.1.3 we gave the proof of the theorem that regardliess of the
number of modes the set of rate equations has a unique steady-state solu-
tion, which is globally stable. This means that spatial inhomogeneity of
theinversion by itself cannot be the reason for undamped laser pulsations.
However, small-scale structure on the order of the wavelength, which is
due to nonuniform saturation of the laser medium by the radiated field,
doesincrease the sensitivity of the laser to perturbations. Using enormous
experimental data, partly given in Chapter 1, it has been shown that spik-
ing regimes, especially irregular ones, are associated, as a rule, with a
small number of modes excited simultaneously. Any measures, which re-
duce the nonuniform dynamical saturation of the laser medium, contribute
to stabilization of the laser operation. Using these premises we can assert
that criteria like Eq. (6.78), which take into account mode discrimination
based on mode detuning from the line centre, give only an upper limit on
the critical rates of laser tuning that lead to instabilities. Under real condi-
tions, spatial inhomogeneities can noticeably decrease the critical veloc-
ity.

These ideas on the origin of spiking are in full accord with the experi-
mental results for Nd:YAG lasers. Measures such as the increase of the
construction rigidity, stabilization of the temperature, inclination of the
ends of the laser rod and giving them an antireflection coating completely
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eliminate spiking. In ruby lasers measures aimed at smoothing out the lon-
gitudinal inhomogeneity of the inversion have also been added and con-
tribute to added stability. experimental details, which demonstrate these
results, where given in Section 1.2.3.

However, the reasons for the pulsations of a solid-state laser are not
limited to parameter instabilities. Another cause of instabilities can be the
nonlinearity of the laser rod host, which is discussed in the next Chapter.
The reasons for spiking in semiconductor lasers are similar.

It should be noted that the acuteness of the problem of spiking regimes
has become a thing of the past, along with the lasers of first generation.
Modern sources of optical pumping for solid-state lasers, in contrast to
flash lamps, have narrow radiation spectra matched to the absorption lines
of active elements. Therefore, they do not create excessive thermal and
mechanical tensions, which is peculiar to the flash lamps. Thus, the rea-
sons of intense technical fluctuations of parameters, which lead to spik-
ing, are eliminated.
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Chapter 7

L aserswith Nonlinear Parameters

In addition to active parameter modulation discussed in the previous chap-
ter there is another effective method of influencing the laser dynamics.
This method is based on the use of elements with the optical properties,
which change depending on intensity of the light illuminating them. Such
elements can be responsible for a dependence of the cavity Q-factor on he
laser output or, equivalently, they executewhat is called * passive Q-switch-
ing’. The decrease of losses with increasing power reduces the laser sta-
bility threshold and enhanced pulsations. On the contrary, the increase of
losses with increasing power leads to more stable laser behaviour. For ex-
ample, the oscillatory transient can be transformed to aperiodic one.

Sometimes, the nonlinearity of the media filling the laser cavity has
greater influence on the laser dynamics than the time dependence of the
parameters. This has been used to explain, for example, the undamped
spiking of aneodymium glass laser, which depends on the spectral compo-
sition of pumping. In semiconductor lasers thermal and mechanical insta-
bilities of parameters have little influence on the laser dynamics, so that
material nonlinearities are the only possible cause of the frequently ob-
served fast pulsations.

7.1 Laser with an Opto-Electronic Feedback

Automatic control of cavity losses was first used to remove spikes in a
ruby laser [500-503]. An electrooptic Kerr cell in combination with a po-
larizer served as the control element. The control voltage applied to the
cell electrodes was the amplified signal from a photocell that intercepted
part of the laser output power. The control voltage was added to a D.C.
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bias that was used to define the position of the operation point on the
modulator characteristic.

The chain ‘ photocel l-amplifier—device controlling the cavity Q-factor
or pumping power’ has been given the name ‘ opto-electronic feedback’
(earlier the term ‘external additional feedback’ was used). Depending on
the sign of the control voltage the additional feedback can be either posi-
tive (the cavity losses decrease with an increase in the output power). For
negative feedback without delay the emitted power is stabilized. However,
if the negative feedback is delayed this situation can lead to enhancement
of the pulsations. Undamped pulsations are also enhanced in alaser with
positive feedback [502].

Opto-electronic feedback (by control of the injection current) is also
used in semiconductor lasers to influence the laser behaviour [504].

7.1.1 Single-Mode L aser with Self-Controlling of the Cavity L osses
To model these phenomena we turn again to the rate equations for class B
lasers. The dependence of the cavity losses on laser power can be written
conveniently as k =k ,[1+ 3(m)] assuming B(m) = 0. Generalization of the
rate equations (12.1) to the case considered [451, 502] yields

f'j—r: = Gmn-1- B(m)], (7.13)
j—: =A-n(m+1)]. (7.1b)

The total number of fixed points of Egs. (7.1) depends on the function
B(m) . One of these points (n = A, m=0) istrivial. Its instability occurs
when the self-excitation condition

A>1+((0) (7.2
ismet. The coordinates of the remaining fixed points (M, ') can be found
by solving the set of algebraic equations

n=1+p(m), (7.39)

n=A/(m+1). (7.3b)

When Egs. (7.1) arelinearized in the vicinity of anontrivial fixed point

they take the form

4O _ Grmion- pram) (7.43)

@ = —n(m+1)on) (7.4b)
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where dm=m-m, dn=n-n, B’ =dg/dm and the derivative istaken in the
point m=m . Egs. (7.4) have characteristic roots

Mo = —%(Gmﬁ' +m+1) i\/% (GMB' +m+1)2 -Gm[(m+1)B +n] .

(7.5)

Nonoscillatory transients take place if the fixed point is a stable node

(i.e., the characteristic roots are real and negative). Since G>>1, the condi-

tion for the real form of roots can be reduced to (GmpB')? >4Gmn . The
roots will be negativeif B'>0. Combining the two inequalities yields

B2/ (7.6)

on condition that the fixed point under investigation is a stable node.

In alaser, in which condition (7.6) is met, the losses increase with in-
creasing power (i.e., the additional feedback is negative). The phase por-
trait of such alaser system is presented in Fig. 7.1.

To find the steady-state values of the laser intensity and inversion one
should know the form of the function B(m). If we do not go beyond the
limits of inequality | 8' k<1, which does not contradict Eq. (7.6), then its
difference from Eq. (12.2) isexpressed by asmall term of order B'. Inthis
case

m=A-1 n=1
and the condition for the absence of pulsing (7.6) transformsto
B'> By =2AG(A-D] ™. (7.7

In lasers with positive external feedback the forms of the behaviour are
more diversified. If thereisno delay in the reduction of cavity losses with

mé

An

Fig. 7.1. Phase portrait of alaser with additional negative feedback. The dashed lines are
the isoclinic ones n = 1+ B(m) with horizontal and m = A/n-1 with vertical tangents.
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the growth of intensity, the stability of the fixed points decreases. If this
solution is stable it corresponds to a fixed point of a focus type. To make
the focus unstable one has to make the feedback stronger by requiring

GmpB'+m+1<0. (7.8)
Thisimpliesthe necessary condition 8’ <0. The unstable focusis enclosed
be a stable limit cycle (Fig. 7.2a).

It should be noted that the self-excitation condition (7.2) is fulfilled if
there is one or any arbitrary odd number of fixed pointsin the upper half-
plane. Things are different if the number of fixed pointsin the upper half-
planeiseven. Then the inequality (7.2) remains unsatisfied and lasing can
be initiated only with a strong perturbation (hard excitation), by external
signal injection, for example. We restrict ourselves to discussing the prop-
erties of a system with two nontrivial equilibrium positions.

L 4

m m

mb mié
\

Fig. 7.2. Versions of the phase portraits of a laser with additional positive feedback. The
fatty lines mark the specific trajectories (limiting cycles and separatrices): (a) system with
soft excitation; (b) system with hard excitation and a stable fixed point; (c) system without
stable nonzero fixed points but having a stable limiting cycle; (d) system having neither
stable nontrivial fixed points nor stable cycles.
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It is easy to ascertain the type of each fixed point. Point a is a stable
node. At point c the characteristic roots (7.5) are real and oppositein sign,
which isindicative of a saddle. All that was said above about the type of
fixed point b and its stability remains valid. The phase portrait for the case
where b is a stable focus is presented in Fig. 7.2b. One separatrix leaves
the saddle and tends to point and the other tends to point a. When point b
is unstable the system has a limit cycle. The stability of the cycle is de-
fined by the sign of the expression

00 = Pr:‘u(W]c’ﬁc)-FQr:(W]c'ﬁc)v (79)
in which P(m.,n.) and Q(m.,N;) stand for the right-hand sides of Egs.
(7.1). The prime means the differentiation with respect to the variable in-
dicated by the subscript. According to [211] the limit cycle is stable if
0,<0.

Substituting the right-hand side of Egs. (7.1) into Eq. (7.9) we find

00 = _[Gmcﬁ'(mc) + mc +1] .

The stability of the cycle depends on the values that m_, and B'(m,) as-
sume. The only indisputable fact is that the limit cycleis stable for small
m. . The phase portrait of alaser with hard excitation and a stable limit
cycleisgivenin Fig. 7.2c. The separatrix, which tends toward point b in
Fig. 7.2b, hasthe cycle as alimit. The phase portrait of a system without a
stable limit cycle and without a stable fixed point in the upper half-plane
is shown in Fig. 7.2d. All the nonfixed phase space trajectories end at
point a. This implies that sustained laser operation is impossible, since
even if lasing isinitiating by an external signal, the laser will emit a pow-
erful pulse and return permanently to the state of no output.

7.1.2 Multimode Laser with Selective and Combined Feedback
The method of the opto-electronic feedback has found further develop-
ment in the systems with the selective and combined derivative feedback.
The fact that the control of laser parameters is achieved using the deriva-
tive of the output signal makesit easier to perform analysis because, chang-
ing the topology of the phase space in the vicinity of the fixed points, such
afeedback does not change the position of these points. But what is most
interesting is the possibility of selective influence on the laser behaviour
using the selected mode. The selective feedback can be combined with the
feedback proportional to the total output intensity. The advantages of such
asystem areillustrated by an example of combining the negative feedback
through the total intensity with the positive sel ective feedback, considered
below [167].

The idea of alaser with the combined feedback can be seen in the sim-
plified scheme presented in Fig. 7.3. A Nd:YAG crystal is pumped along
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1 2 3 4 5 67 8

Jepos H—

< T

Fig. 7.3. Experimental setup showing a multimode laser with combined feedback: 1 —
laser diode; 2 —shaping optics; 3—polarizer (Brewster plate); 4 —diaphragm; 5 — collimating
lens; 6 — filter at 1.06 mm; 7 — half wave plate; 8 — beamsplitter; 9 — Fabry—Perot
interferometer; 10 — photodetector; 11 — derivative amplifier; 12 — power supply of laser
diode; 13 — spectrum analyzer [167].

its axis with radiation of a diode laser. The output radiation is split into
two beams; either of them is directed on its own photodiode. However,
one of those beams has been passed previously through a Fabry—Perot in-
terferometer with the aim to separate the chosen longitudinal mode. In the
electric part of the feedback net the signals taken with a certain weight are
subtracted, with differentiation and amplification of the signal, which con-
trol the function of the laser diode supply unit and then the pumping power
of the solid-state laser.
The equations of a laser with combined feedback,

d ~
e=om[L(n +n)-1-5],

dn N dm, d N N
d_;):pb[l+ﬁpumpcos(QT)]+Ytotal Zd_TJ-FYi%_nOEA- L,m, E‘ ijjr’].
J= J= J=
(7.10)
dnk _ % N . H 1~
W__ K+t LJmJ D—ELkmkno
o =1 U
differ from Egs. (12.36) in the pumping parameter which looks here as
N dm. dm
—_ 1 i
A)[1+ ﬁpump COS(QT)] + Ytotal JZ:L dT + YI dT y

whereY isthefeedback coefficient taken on the total intensity, Y. isthe
feedback coefficient taken on thei-th intensity. The weak sinusoidal pump
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modulation is introduced in the last expression for obtaining the transfer
functions.

The set of equations (7.10) has been investigated by numeral methods.
The presented results are obtained neglecting the gain dispersion (L; =1)
while all the mode discrimination refersto losses. It is assumed that extra
losses B; linearly increase with the mode number:

B; =B(i-1).
If the mode discrimination is weak, this simplification does not change
qualitatively the results.

The dependence of the decrements of relaxation oscillations on one of
the feedback coefficients (in this case thisisY,) when a negative value of
Y . 1S fixed isillustrated in Fig. 7.4. The horizontal axis is divided into
three domains by two bifurcation points.

The steady state is stable in domain |. As the system approaches the
right boundary of the domain | the resonance peak at the frequency Q,
becomes narrower, as seen in Fig. 7.5a. All the transfer functions are nor-
malized to their maximal values and, therefore, we do not see the growth
of the peak. It should be noted that the existence of a selective positive
feedback makes the low-frequency relaxation oscillations uncompensated
and it is more convenient to detect them in the total intensity where they
are absent without the selective feedback. Effects of the peak narrowing
and increasing of its amplitude after switching the selective feedback are
observed also in the spectrum of fluctuations of the total intensity of a
Nd:YAG laser [167].

Transition in domain Il is accompanied by changing of the sign of the
decrement 6,, which means loss of stability and rise of the regime of peri-
odicintensity oscillations at afrequency closeto Q,. The modulation depth
increases withincreasing Y, and reaches 100% close to the right boundary
of domainll.

In domain 111 the in-phase relaxation oscillations at frequency Q, are

Fig. 7.4. Phase diagram of the diode-pumped laser with combined derivative feedback.
G=710%A=2; 3=0.03; Y, _ =-0.005[167].

total
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Fig.7.5. Transfer function K (Q) at G=7-10% A = 2; B = 0.03 for different values of
Y o @Nd Y, parameters: (a) Y, =-0.015 Y =Y, =Y_=0,Y,=0.010 (1); 0.030 (2);
0.060 (3); 0.070 (4); (b) Y, =0; Y, =0(1); Y, =-0.015 Y, =Y, =Y,=0,Y,=0.039
(2); Y, =-0015Y=Y,=Y,=0,Y,=0041(3); Y, =-0015 Y,=Y,=Y,=0,
Y, = 0.075 (4) [167].

total

also undamped and in the heart of this domain oscillations become cha-
otic. So, with increasing of the coefficient of the selective feedback Y , the
following scenario isrealized in the system: subcritical Hopf bifurcation —
regular oscillations — transition to chaos through quasiperiodicity.

The position of the bifurcation points depends on the chosen value of
the feedback parameter Y, . If Y = 0O, then domain Il is absent; the
growth and narrowing of the resonance peak takes place only when'Y, is
small. Further increasing of Y, leads to a simultaneous excitation of un-
damped pulsations at the frequencies Q, and Q.. In this case a different
scenario is realized, according to which the chaotic pulsations at the fre-
quency Q, are established just after passing the threshold of the Hopf bi-
furcation, which is now a supercritical one.

In the considered example the weakest of the excited laser modes was
chosen to realize the positive feedback. The intensity of this mode is de-
noted as m,. The most flexible in this case is the relaxation oscillation at
the lowest frequency Q,. Switching the input of the feedback net to any
other mode m. except m,, we pass from the relaxation oscillation Q, to Q
(Fig. 7.5.b). Thus, we confirm the existence of the definite connection
between the chosen cavity mode and the concrete relaxation oscillation.

7.2 Laser with a Nonlinear Absorber

On alevel with opto-electronic feedback some other methods of influenc-
ing dynamics of an autonomous laser, especially those, which use the non-
linear properties of intracavity materials, have become widespread.
Nonlinearities of different types are good for these purposes but saturable
absorbers are used most frequently.

The scheme of the laser with an extranonlinear element israther simple.
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Such an element (nonlinear filter) is placed coaxially with the rod inside
the laser cavity. This can reduce the laser stability, and produce nonlinear
pulsations if the density of the absorber is high enough. This effect occurs
in solid-state lasers with intracavity nonlinear filters of organic dyes[505]
and in molecular gas lasers with nonlinear absorbing gas cells [506-509].
The latter is most suitable for CW operation and, therefore, CO, lasers
with various nonlinear filters have been used in amajority of experimental
investigations of complicated dynamical processes in lasers of thisdesign
[510-521].

Stabilization of the laser power requires the use of anonlinear element,
in which the losses grow with an increase in the laser power [505, 522,
523]. An example of such a medium is a zinc phtalocyanin solution, the
nonlinearity of which is due to the absorption from the excited state of
phtal ocyanin molecules. Introducing a cell with this solution into the cav-
ity of aruby laser leads to noticeable smoothing of the pulsations. Simul-
taneously the divergence of the laser beam is decreased and the field dis-
tribution over the beam becomes more uniform.

Nonlinear growth of the losses can also be ensured by stimulated scat-
tering or by intracavity second harmonic generation.

7.2.1 Two-L evel Rate Equation Model of Laser with a Nonlinear
Filter; Steady States and Their Stability

Consider the simplest model of laser with a nonlinear filter [524,525].
Assume that the laser field is uniform both in the laser rod and in the
nonlinear cell although the field intensities in these two volumes are not
necessarily the same. The absorbing medium may have the same or the
different chemical composition as the laser medium. The only important
thing is that the transition frequencies in two media are matched and that
they can be regarded as two-level media. Fast relaxation of the polariza-
tion permit the adiabatic elimination of the corresponding variables and
use of a set of rate equations

dm

—=Gm(n+n_ -1
e (n+n, -1, (7.114)
dn
—=A-n(m+1
i (m+1), (7.11b)
dn,
e =0A-n,(pm+9). (7.11c)

The quantities that refer to the nonlinear filter are marked by subscript
a. Equations (7.11) are ageneralization of Egs. (4.9). We have introduced
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dimensionless variables
2
=Y m:’BLBM, n:E N, 5:&, p:—Ba W’(ra)zl _
Y K Y Bly(r)|

In what follows we assume that A is positive while A_ may have either
signin principle.

Equations (7.11) are valid for media with either simple or complex en-
ergy structure as long as the rate at which quasiequilibrium is established
between sublevels within the energy level is high enough. This means that
rate equations such as (7.11) are useful for the analysis of the dynamical
processes in molecular gas lasers with gaseous nonlinear filters.

Equations(7.11) havethree branches of steady-state solutions: thetrivial
solution

(7.12)

m,=0, n,=A n,=A (7.13)
and two nonzero-intensity branches

1 5 0 o) g s E

n= A 7.14b
1+m’ (7.14D)

—_ A

n = <

" 1+mpld (7.14c)

The branches that correspond to the real and positive values of m are
physically relevant. If the self-excitation condition

A+A -1>0 (7.15)

ismet, i.e., the laser is subject to soft excitation, then there are two steady
states: m, and m,. The first is unstable while the stability of the second
requires investigation. If the inequality (7.15) is reverted then only hard
excitation is possible and there are three steady states. The domain of hard
excitation in the plane ( A, A,) is separated from the domain in which las-
ing isimpossible, by the boundary curve

gA—l+f)(Aa -1)5T +4i(A+ A-D=0 (716

and from the domain of soft excitation by the threshold line
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A+A -1=0 (7.17)

Both of these curves are shownin Fig. 7.6a. The point of their intersection has
the coordinates

_ 1 __ 0olp
Since A >0, from Eq. (7.18) we get a necessary condition for the existence
of ahard excitation domain

p>0. (7.19)

Sometimesit ismore convenient to use the steady-state solutions m, n

rather than A, A, asthe parameters. Inthe plane (m, n') thethreshold line
(7.17) isgiven by

- 1
n=n,=
2 1-5/p° (7.20)
and the boundary curve (7.16) is
m=m =n(1-56/p)-1. (7.21)

Partition of the parameter plane (M, N ) into domains with different types
of laser excitation is shown in Fig. 7.6b. The branch of steady-state solu-
tions m, is located above and the solutions m_ below the line (7.21).
Lasing isimpossiblefor n <1.

Linearization of Egs. (7.11) near any of the nontrivial fixed pointsleads
to a cubic characteristic equation A* +a,A* +a,A +a, =0 with coeffi-
cients

ai = Cl + C2 !
a,=C,C,+G(D, +D,), (7.22)
a, =G(C,D, +C,D,),
where
C,=m+l C,=pm+9d, D,=mn, D, = pmn,. (7.23)

According to the Routh—Hurwitz criterion the instability of the fixed point
occurs when either of the two inequalities a; <0, aa, —a, <0
is satisfied. Writing them in the form

CD,+C,D, <0, (7.24)

C,C,(C,+C,)+G(C,D, +C,D,) <0 (7.25)

and remembering that C, >0,C, >0, D, >0, we find the necessary insta-
bility condition
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Fig. 7.6. Diagram of steady states of alaser
with a saturable absorber (a) in the
parameter plane (A, A) and (b) inthe plane
(A, M): 1 — boundary line; 2 — threshold
line that separates the regions of soft (SE)
and hard (HE) excitation of laser.

A <0. (7.26)

This means that only the absorbing medium can make the steady state un-
stable.
Using (7.23) and

n+n,=1 (7.27)
inequality (7.24) is transformed to
m<m,. (7.28)

This means that the branch m_ is absolutely unstable.

Consider now inequality (7.25). One necessary condition, under which
it is satisfied, is (7.26). The other follows from the requirement that the
sum C,D, +C,D, should be negative. In expanded form this requirement
reads

m[n(1- p?) + p?]+[n(1- pd) + pd] < 0. (7.29)
The curve
. _n(pd-1)-pd
m=— 2 2
nd-p°)+p
isolates the domain of absolutely stable lasing from the plane (M, N). For
p <0, when only soft excitation is possible, this domain islocated above

the curve (7.30). If, in addition, pd <1, then the steady stateis stable for
any arbitrary parameter values. In the opposite case, for p >0, the do-

(7.30)
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main of absolute stability is situated below the curve (7.30) but above
m=m,.
In the expanded form, the sufficient instability condition (7.25) looks
like
(M+1)(om+3)(M+1+ pm+3) +Gm{A(m+1)+ p(L-n)(om+8)] <O.
(7.32)
The curve that limits the unstable domain

Gpm(pm+9d)+(m+1)(pm+9d)(M+1+ pm+9)

Gm[m(p? -1) + pd 1] !
is rather complicated. However, the asymptotic behaviour for N — o is
easy to ascertain. For p >1 the asymptotes are the straight lines

n=

(7.32)

m=0, m=Gp(p-Dn, (7.333)
and for p <1 the asymptotes are
m=0, m=(pd-1)/(1-p?), (7.330)

When the plain (M, ') is mapped onto the plain (A, A,), the curve (7.30)
transforms onto straight line

A+ pdA, =0. (7.34)
Different variants of the stability diagrams in both representations are
giveninFig. 7.7.
In the limiting cases of practical interest the general criteria of stability
can be noticeably simplified.

1. p/d >>1. For the steady state the approximate expressions

- _ 0
m=A-1 n=]1 na:p:fl (7.35)

are valid, which follows directly from Eqg. (7.14). Inequality (7.31) with
the additional condition pd|Aq|>> A takes the form

| A, I>éA(A-1). (7.36)

If, for example, we consider aruby laser with amethanol solution of vanady!|
phtalocyanin as a nonlinear filter, then we have the estimates [526, 527];
5 =10° (y, =10°s*,y, =10°s*), p=10*, i.e, p/d=10. Assuming G =
10°and A = 10 we obtain the instability condition |A |<1072.

2. p/d <<1. The steady-state solution is

A A  _AH_PAL A
m_TAﬂ’ n=1+| Ay, na—Aa% 5 (A E(7.37)
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A, m

2

7 Janis

A-1/pt g/

Fig. 7.7. Diagrams of stability of the steady-state solutionsto Egs. (7.10): (a,d) 1< p <9J;
(be) p<1, pd>1;(cf) p>J (1-boundary line; 2 —threshold line; 3 —boundary of the
domain of absolute stability (skew hatching); 4 —boundary of the unstable region (vertical
hatching)).

The steady state becomes unstable under the condition

0 A
>_-
|A Gp A-1- (7.38)
Using the values G=10° p=10* 6 =10°, which correspond to
Vin =10° s* [528, 529], we find the density of the nonlinear filter for which
the steady state is unstable to be given by | A [>10™.

3. p/d=1. Here
_ _ A A
m=A-1-|A | A=—— A=—2 _ .
A-|A | A-1A ] (739

and, sincethefirst termin (7.31) can be neglected, the instability criterion
iswritten as

PS|A P A. (7.40)
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The approximate values of the roots of the characteristic equation are eas-
ily found if two of them are complex with predominantly imaginary parts.
In this case

AL =—(aa, —ay)/(2a,) +iya,, A;=az/a,. (7.41)
Thus, crossing the boundary a,a, =a, means a Hopf bifurcation (of a
supercritical type).

7.2.2 Nonlinear Pulsationsin a Laser with Saturable Absor ber

For a single-component laser medium, the fixed points determine unam-
biguously the global structure of the phase space of the laser. Rather often
things are not so simple if a nonlinear filter is used. This can be demon-
strated using alaser systemwith p/d >>1 asan example. The presence of
small parameters 6/ p and 1/G make it possible to divide the solution of
Eq. (7.11) into several stages[289, 530].

The pumping stage is characterized by such low laser intensity
(m<d/p) that stimulated transitions do not influence the populations of
either the laser medium or the nonlinear filter. Thus, the equations

dn _ dn, _
= A-n, = o(A,—n,) (7.42)
are valid, which follows from Egs. (7.11) for m= 0.

The segments of phase space trajectories that correspond to the pump-
ing stage are located in the plane (n, n.). Their analytical expression isthe
first integral of Eqgs. (7.42)

A -n, _HA-n g

ANy HA_ n 0’
wheren and n_ aretheinitial values. Above the self-excitation boundary
(the line n+n_= 1) the motion along the tragjectories (7.43) is unstable.
Therefore, the segments of the curves in this domain are shown by dash
linesin Fig. 7.8.

Beyond the self-excitation boundary the laser fluctuations cause the
representative point to move to one of the trajectories going away from the
plane (n, n,). Nevertheless, Egs. (7.42) and, therefore, (7.43) remain valid
until the laser intensity reaches the value m, =d/p. This time is suffi-
cient for the inversion to grow to the value n,, which can be estimated
using Eq. (3.29)

(7.43)

1/2

~ (2 1l
n =n2-1-na=%§(A-1-lAaD|nr:—2_D . (7.44)

min
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n‘“ n.“ .

AN

=y

n

Fig. 7.8. Varieties of phase trajectories at the pumping stage in a laser with saturable
absorber at (a) 6< 1; (b) > 1; (c) o> 1.

The saturation stage of nonlinear filter occurs for intensities given by
dp<m<A-1. Asbefore, the saturation of laser medium is small, such we
can assume n = n,, since the filter saturation stage is rather short. This
stage is described by

dm dn
—=Gm(n, +n_ -1, &=-pn.m,
d_[ (2 a ) d_[ p

Integrating these equations within the limits
o/lpsm<A-1 n,<n,<n
we find

N, ;. (A-Dp
Ny Gn,
bearing in mind that p/d >>1 and n, -1=-n,,. The filter saturation will
be complete (n,/n, <<1) if (A-1)p/G>>|A,|. This condition follows
from Eq. (7.45) and is assumed to be satisfied el sewhere bel ow.

The high field intensity (m > A-1) and the complete saturation of the
nonlinear filter is characteristic of the emission stage. This stage is de-
scribed by a set of equations

d—m =Gm(n-1), @ =-mn
dr dr

In ﬁa —_
o (7.45)

which have the first integral

n
m—mZ:GEﬁz—n—lang (7.46)
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By the end of this stage the inversion falls off to the value n,, which can be
found by putting m, = m, in Eq. (7.46).

n, —n; =In—= (7.47)

Thevaluen =n,istheinitial inversion for the next pumping stage. Match-
ing these segments of the phase space trajectory we find the whole trajec-
tory. Projections of these trajectories onto the plane (n, n,) are presented
in Fig. 7.9.

We now specify the conditions for existence of trajectories that do not
tend to the time-independent solutions. Assume for simplicity that the rep-
resentative point moves along the curve (7.43) until the self-excitation
boundary is crossed. Bearing in mind that n, =1-n,,n, =0, and intro-
ducing the notation

x=1-n, y,=n,-1

— g__ _1_y2 E
Y. _lAala EﬁT’le 5 (7.48)

This equation transforms the points of set x, to set y,.
Taking into account that points n, and n, belong to one set we write
(7.47) as

we write (7.43) as

In1-%)+X =In(l+y,)-Y,- (7.49)
This equation transforms the set y, to set x.
Eq. (7.49) issatisfied by thefunction x, = ®(y,) . Neary, = 0thisfunction
reducesto

~ 2 2
X1~y2_§y2,

andinthelimitof y, - « wehave ®(y,) - 1. InFig. 7.10 thefunctionis
represented by curve 1. The function x, = F(y,), which satisfies (7.48),
liesintherange O<y, <|A, | and F(y,) —» « for y, —|A, |. Thefunction
F(y2) ismonotonic under the condition J | A, < A-1 (curve2inFig. 7.10)
and it has the form of curve 3 with a minimum in the opposite case.

Thecurves x, =®(y,) and x, = F(y,) will intersect if their derivatives
at the origin of coordinates satisfy the inequality od/dy, > 0F /dy, , which
is equivalent to

20 |A P A-1. (7.50)
This inequality represents the desired criterion for existence of trajecto-
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nad
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Fig. 7.9. The phase space trajectory
projection onto the plane (n, n,). The fatty
line shows the limit cycle.

ries that do not tend to the steady states. The intersection of the curves
corresponds to a closed trajectory, or a limit cycle. The fact that the se-
quence of points of set x, converges to the point of intersection of the
sequence functions indicates that the limit cycleis stable. This conclusion
isillustrated by a broken dash line in Fig. 7.10, which follows the point-
to-point transformations.

An important result is that inequality (7.50) does not coincide with
(7.36). For 2pA>G the inequality (7.36) is stronger. In the domain

gA(A—l) >0 | A I>%(A-1) (7.51)

thereisastable limit cycle in spite of the fact that the fixed point is stable
aswell. Therefore, either CW lasing or emission of isolated pulsesis pos-
sible depending on the initial conditions.

In order to find the energy and temporal characteristics of the laser
pulses, one needs to solve the set of Egs. (7.48)—(7.49). If the equilibrium
populations in the nonlinear filter are completely restored during the pe-
riod between pulses, then the approximate solution is apparent: y, =A..
The constraint A, < 1 permits the use of Egs. (3.33)—(3.35).

Since the limit cycle intersects the self-excitation boundary, it can be
inferred that powerful undamped pulsations are impossible in the case of
hard excitation. After thefirst pulseisover, the system will be below thresh-
old and return to the zero fixed point. Thus, the instability of the steady-
state solution for hard excitation (bistability) means, as a rule, that long-
term laser action is not possible at all.

Let us consider one more important situation. Assume that the nonlin-
ear filter isinertialessin the sense that y,, >>k, y,. We thus can eliminate
adiabatically the variable n_ from the equations putting dn,/dr =0. Egs.
(7.11) are most greatly simplified if field intensities noticeably saturate
the filter are not achieved. The maximum field intensity is
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Fig. 7.10. Diagram explaining the conditions
for existence of alimit cycle and its finding
by the point-to-point transformations.

m_.. =G(| A, |+7)?/2. Its smallness, compared to §/p, guarantees the
filter saturation. The necessary condition is

20

12 << =
n Gp' (7.52)
or, taking account of relation (3.29),
8 a1 A-1-|A|
; >> (A 1 | & |)In m. ) (7_53)

Numerically, thisinequality means d/p > 25 if we use the solid-state laser
as an example. The nonlinear filter density has an upper limit due to the

condition
20
|A5J<<‘/G_p’ (7.54)

which is similar to Eqg. (7.52).
The smallness of the derivative and the assumption of weak saturation
of the filer make it possible to reduce (7.11) to

dm (] o}

— =Gmmi -1+ -—m

s OTRIALEMG  oso
dn
—=A-n(m+1
= (m+1) (7.55b)

These equations represent the particular case of (7.1), where
B=1-A(1-mp/d). The criterion of instability of the steady-state solu-
tion coincides both with Eq. (7.38) and Eq. (7.8).

Partition of the phase space trajectories into segments with fast and
slow motion isthe same as for the case of free oscillations. In the pumping
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stage we assume m = 0 and find
2

_ 2n
r’z r’l 3 A—l’
where n=n-1+A,, and n, and n, are the initial and final value of n,
respectively, during the pumping stage.
During the emission stage we can neglect in Eq. (7.55b) the termswith-
out mand dividing (7.54a) by (7.54b) we arrive at alinear equation

dm _Gpm +|A |
— +G -1
dan > n 5 n H (7.56)

It has the first integral

myn; —m

a_osay_1F|A
=G (0" - - Mt )5 rs7)
where S=(Gp/9d)| A, |. During the emission stage, the initial values are n,
and m, = m_, which are achieved by the end of the pumping stage.
Let usfind the inversion n, by the end of the emission stage when m, =
m,. To do this we expand n®in a Taylor series:

n® = (LA DT+ S+ [A D0+ S(S-D(E+ A D’ +%S(s—1)<s—2)(1+ NS

(7.58)
Higher order terms can be neglected by virtue of the condition

G
=P ANk,

which isduetoinequalities (7.52) and (7.54). Substituting (7.58) into (7.57)
we find, to accuracy within terms of order n?:

2 n
- —n - S-1
’73 ’72 3( )1+|Q |

The necessary condition for existence of alimit cycle |, —n, 1 isgiven
by

2

o A

lAﬁIZGipAil’

which fully coincides with (7.38).

7.2.3 Experimentswith a CO, Laser. The Rate Equation Model of a
Three-Level Laser with a Two-Level Nonlinear Filter

The most systematic experimental investigations of the influence of a satu-
rable absorber on laser dynamics were carried out with CO, lasers [510-
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521]. Besides the fact of the steady-state instability, these experiments
have reveal ed the features of laser behavior, which do not find explanation
in terms of the simplest two-level model described above. The most sig-
nificant of these featuresisthat two types of time-dependent processes are
observed. Thefirst one beginsto exhibit sinusoidal oscillations just above
theinstability threshold. The amplitudeincreases and the oscillation trans-
form to a sequence of smooth single pulses as the laser is pushed inside
the unstable region (Fig. 7.11a,b). The process of other type exhibits quite
adifferent pulse shape where the leading intense peak is followed by atail
of diverging oscillations and then the laser cutoff occurs. After a time of
the order of microseconds the process restart (Fig. 7.11c,d) the pause can
be shorter than the emission stage of the process.

The scenarios, by which the dynamic regimes change when the control
perimeters (the pumping level, the cavity tuning with respect to the transi-
tion frequencies in both media, and the density and relaxation rates of
saturabl e absorber) are varied, can also be different. The existence of cha-
otic regimes has been reveal ed experimentally in Refs. [519,520]. Theroute
to chaos may contain a cascade of period doubling. The matter is so when
smooth pulses are generated. In the second case the process of changing
the number of oscillation in the pulse tail is also takes place.

The abundance of control parameters and the diversity of experimental
investigations by different authors greatly impede a systematic descrip-
tion of the existing possibilities. We, therefore, restrict ourselves to the
experimental phase diagram in the parameter plane (cavity tuning, absorb-
ing cell pressure) taken from [519,520]. The diagram given in Fig. 7.12
clearly demonstrates the rich dynamic potential of the system.

The existence of regimes with complex form of signals is associated
with the topological situation in the phase space described by Shil’ nikov
[531]. According to his theory, the representative point, having escaped
along the separatrix from the vicinity of a saddle-focus fixed point, then
returnsto it moving along a spiral trajectory. Therefore, atrain of damped
oscillations should follow the first intense peak. However, the inverse se-
quencetakes placein CO, lasers, i.e., the oscillationsin the pul se tail grow
instead of being damped. Such a sequence corresponds to the fixed point
of an unstable focus — stable node type. The pause with a zero field value
between pulses means that the system spends some time near the other,
trivial fixed point.

Numerical simulation shows that solutions of the two types mentioned
above can be obtained in the laser model assuming a three-level approxi-
mation of the laser medium [532, 533]. Using the energy diagram shown
in Fig. 7.13 we write the set of equations in dimensionless form consistent
with Egs. (7.11)
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Fig. 7.11. Observed (a—d) and calculated (e-h) using Egs. (7.59) shapes of the output
intensity of aCO, laser with a saturable absorber [513]: a— CH,OH pressureis 325 mTorr,
discharge current 6 mA; b — CH_OH pressure is 325 mTorr, discharge current 8 mA; ¢ —
HCOOH pressure is 77 mTorr; d — SF pressure is 23 mTorr.

dm =Gm(n+n, -1),
dr

dn — 3A
E =A-n(m+1)+ éINﬂ — Wy _E%'z,
(7.59)
dn, _ ~
e —W,,N, +W;,N+=mn,
dn

a=0A —n (pm+Jd
e A, —n,(p ).

These equations (excluding the last one) have been obtained from Egs.
(3.113) by adiabatic elimination of the polarization P,, and time

renormalization from 1 = y,,t to 7 = (W,, + 2wy, )t . The parameters marked
by a dash on top are also normalized to w;,, +2w,, . As an additional vari-
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Fig. 7.12. Phase diagram of a CO,—laser with a CH_| absorber in the control parameter
plane (cavity detuning, pressure in the absorption cell): P stands for the domains of
existence of regimeswith n oscillations at the pulsetail, C isthe region of chaotic behaviour
[519].

able with respect to (7.11) we have chosen the population of the lower
laser level n, asin Section 3.5.

Examples of numerical solutions of the set of rate equations similar to
(7.59) are given in Fig. 7.11e-h. The similarity of these solutions to the
oscillograms of the real process in a CO, laser is notable in aimost all
details. An important role is played by the absorber saturation parameter
pld. This parameter is less than unity in the upper two Figs. (7.11e and
7.11f) and more than unity in the lower two Figs. (7.11g and 7.11h). The
pause between pulses decreases with decreasing p/d and when it disap-
pears the regime of the second type is replaced by the first one.

The similarity of the numerical simulationsin Fig. 7.11 and the experi-
mental oscillograms is, of course, very impressive. This alone, however,
does not allow to think that the problem of interpretation of the experi-
mental resultsisfully exhausted. Obviously, the resemblance between the
solutions and experimental data can also be achieved by parameter fitting
in the model of laser with a two-level active medium without adiabatic
elimination of the polarization of both (amplifying and absorbing) media
[534]. These models have been intensely investigated by many authors but
are not considered in this book.

7.3 Laser with a Nonlinear Dielectric

In the previous section we have demonstrated the connection between the
loss nonlinearity in the medium filling the cavity and the laser dynamics.
Besides the bulk losses, the laser cavity has other forms of losses, which
are sensitive to the laser field. For example, the reflectivity at the inter-
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1

Fig. 7.13. Energy-level diagram of athree-level laser with a two-level absorber.

faces can be changed. In semiconductors the reflectivity depends on the
electron and hole densities in the surface layer. The carrier density in-
creases with increasing intensity of light incident onto the semiconductors
surface, thus increasing the reflectivity. Therefore, the cavity Q-factor is
an increasing function of laser power if one of the cavity mirrorsisasemi-
conductor crystal. A laser with such a cavity can generate giant pulses
[535-537].

Another possibility is passive modulation of diffraction losses. This
requires the use of amedium for which the refractive index depends on the
field intensity. A layer of such amedium acts on abeam that passes through
it asalenswith an intensity-controlled focal length. Such nonlinear prop-
ertiesin the optical range are exhibited by many dielectrics. They are stron-
gest in organic solvents [538] and weaker in the laser crystal hosts [539,
540].

The presence of a nonlinear dielectric in the cavity leads to dynamic
deformation of the modes, which causes a dependence on the laser power
of both the diffraction losses and the effective filling factor.

7.3.1 Examples Showing the Influence of the Refractive Index
Nonlinearity on Laser Dynamics

The influence of a nonlinear dielectric on solid-state laser dynamics has
been observed experimentally. When an organic solvent is placed in aplane-
parallel laser cavity, the spikes are shortened and their amplitude and rep-
etition time increase [541]. The changes in laser behaviour are markedly
increased if one of the cavity mirrorsistilted [542-544].

There are some facts, however, which do not permit an unambiguous
interpretation, although superficially they resembl e those discussed above.
In aruby laser with a misaligned (or, more generally speaking, unstable)
cavity, intense spikes arise without adding nonlinear elements[89-91,103,
545]. Possibly we should add to this list the result of Ref. [546] concern-
ing a ruby laser with longitudinal pumping by a narrow beam of an argon
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ion laser. Sharp enhancement of the spike amplitudes was provided by
slight tilting of the pumping beam with respect to the cavity axis.

While for solid-state and most of other types of lasers the nonlinear
dielectric ismodeled as alens, one must consider anonlinear dielectric act
as a waveguide when dealing with semiconductor devices [547], since the
active region has the form of alayer only of few microns thick. The local-
ization of the field in the active layer is due to the dielectric constant gra-
dient associated with the p—n junction (injection laser) or the increased
electron density (semiconductor laser excited by an electron beam). Ow-
ing to the strong absorption of the wave outside the active layer, the laser
isvery sensitive to the degree of field localization. The nonlineariry of the
refractive index of the active layer has greater influence on laser dynamics
when the waveguide properties are weaker. This assumption has been sub-
stantiated experimentally: doping of the surface layer of a GaAs crystal
with Zn to produce a dielectric waveguide weakens the pulsations in an
electronically pumped laser [548].

7.3.2 Passive M odulation of Diffraction L osses by a Dielectric with
Cubic Nonlinearity (Kerr Medium Inside a Cavity with Aperture)

It is the goal of this section to demonstrate that the steady state can, in
principle, become unstable owing to the nonlinear refractive index of the
medium inside the laser cavity. Consider a laser operated on the funda-
mental Gaussian mode [549]. For a rigorous analysis one should use a
spatial-extended model, since the effects in question are due to the dy-
namical deformation of the field profile. The situation can be simplified
by disregarding the influence of the transverse dynamics effects in the
laser medium and pay attention only to the dependence of diffraction losses
on the laser intensity on the beam axis.

In order to estimate the diffraction losses we assume that the energy of
that part of light beam, which is outside an aperture, is lost in each trip
round the cavity. The influence of the finite sizes of the mirrors on the
transverse field structure is assumed to be insignificant. Such an approxi-
mation is appropriate for a laser with a stable cavity, which is taken to be
far from concentric so that we may ignore the dependence of the beam
cross-section on the longitudinal coordinate. We, therefore, have the fol-
lowing definition of the diffraction loss coefficient:

L Yrdv
J’wzdv

Theintegral in the denominator is taken over the entire space, whereas the
cavity aperture over the volume limits the integral in the numerator. By

r diffr
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the normalization condition the second is V, = b’L , where b is the radius
of the mirror while the first should be calculated assuming the Gaussian
function of the transverse intensity distribution ¢ = exp(-r?/a®) , wherea
is the effective radius of the light beam. It is easy to see that

b2
Mo = eXpE’ 2 E (7.60)

The damping rate of the ‘empty’ cavity and the loss coefficient are related
by

C
K= Z(nlm + M) (7.61)

where 1 g, <<Tl

In the aberrationless approximation for the light beam of finite size, a
layer of dielectric with a nonlinear refractive index acts as a lens with
variable focal length F . Bearing in mind that the laser rod also has lens
properties because of nonuniform heating, the equivalent lens inside the
cavity is described by

loss *

1_1 1
F TR (7.62)

nl

aplane-parallel cavity with thelensat its centreisequivalent, provided F > L,
to aspherical cavity of the same length with focal F of its mirrors[550]. Inthis

case
_[ALF i
4= al% Q . (7.63)
Suppose that the refractive index depends on the photon density
~ M r?
M=—ar exp% ;E (7.64)
as
n=n, +4mmM . (7.65)

The nonlinear part of susceptibility is proportional to the square of the
field intensity and the polarization is proportional to the cube of the field
intensity, owing to which this nonlinearity is called cubic. A Gaussian
beam with a plane phase front

I,2
E, =E,expd——
in 0 p% 2a2 %
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after passing through a dielectric layer, transforms to

Eou = Eoexpg“r—zz +iWeXDE‘r—22% (7.66)
0 2a a !
where
LP 4k|‘nInZ M
nita® -

L, denotes the thickness of the layer of nonlinear medium and M the total
number of photons inside the cavity.
In the aberrationless approximation we replace Eq. (7.66) by

~ r2  ~r?
Eo = Eo eXp%E+IW¥E (7.67)

In doing so, we expand Eq. (7.66) in Hermitian functions, the first of which
is EQ. (7.67). The quantity W is chosen such that the coefficient of the
first term of the expansion, i.e.,

I EODUI EOU'[ dS
is as close to

JIEo, [ dS

as possible. Under this condition, neglect of the higher order terms is the
most correct. Correspondingly, W =-W/4 and the focal length of the
aberrationless lens is given by

_ noLa’
" 2L,n,M
Using Egs. ((7.62), (7.63) and (7.68) we find the radius of the Gaussian

beam. For F >F,
/2
2 I:0L nlr’2
a’= EAK—ZQ ’70'—2 M (7.69)

and, according to (7.60),

— bz bzk LnIr’Z
dlffr eXp a nOLz (770)

Inserting Eq. (7.70) into Eq. (7.61) we arrive at
K :Ko(l—gM), (7.72)

(7.68)
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where

o =0 9 b’k*L,n, exp(-b’/a5)
- , 9= (7.72
5 k2 ko= a2 M. (72

The dynamical change of the beam radius influences both the diffraction

losses and the gain INL,Ude . Therole of the latter effect is enhanced if

the radius of the light beam exceeds the radius of the active medium. This
version of the problem will be considered |ater. So far we shall focus here
on the opposite case, disregarding the gain modulation. This makesit pos-
sible to assume that the laser medium is not space-extendent and, hence,
use the conclusion drawn in Section 7.1. The derivative 8 in Eq. 7.8 is
related to coefficient g defined in Eq. (7.72) by

,_ ma’y,
B'=-———9. (7.73)
co,
Substituting Eq. (7.73), as well as m = A-1 into Eq. (7.8) we find the
instability condition for alaser with a Kerr medium:

Hrldlffr 2 77k2|-n|’72 ek A-1 1
Enloss Cr’OL ::Utr A '

(7.74)

The quantities in the left-hand side of the inequality (7.74) are collected
into two factors. It is convenient to compare Eq. (7.74) with the instability
condition for alaser with saturable absorber (7.38), which can be rewrit-

ten in similar form
Ef‘a % K A- 1%
7.75
y||a tr ( )

The second brackets of both inequalities are completely coincident. Al-
though the first brackets are different, their physical meaning is similar.
Each of them characterizes the efficiency of the respective nonlinear me-
dium as a passive loss modulator. It is possible to combine both inequali-
ties, (7.74) and (7.75),

Kn 1 (7.76)

using the generalized coefficient
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E AL for saturable absorber,
U

K, =
I | I_I((Zi?f)fr b2 nkanlr72

@ M loss Cr’OL
In order to estimate whether the instability threshold can be reached using

aspherical cavity wetransform inequality (7.74) with the help of Eq. (7.72)
to

for Kerr medium. (7.77)

-1
= KD O kLN, (A-1) 0
0

il nloa oo 0

Estimating the argument of the logarithmic function to unity we find the
minimum value L n,, for which instability might occur in principle

_ A no,L’
(Lnlrlz)min _ﬁ_ 7?lk2tb2 :

Assuming o, =10% cm? k=9-10*cm™, L =10°cm, b=0.5cm, A>1,
weabtain (L,n,) ., =4.107° cm*. Introducing anonlinear medium equiva-
lent to a centimetre length carbon bisulfate layer (n, =210 cm® [551])
into aruby laser cavity destabilizes the lasing for F, >10° cm. Using the
nonlineariry of the ruby crystal host, which, according to [552], is charac-
terized by n, =3.8[107® cm?®, we find that the instability criterion (7.75)
can also be satisfied, since L, n, =400 cm* > (L,n,),,, for arod length
L, =L, =10cm.

Our treatment above refers rigorously to a parallel arrangement of the
cavity mirrors. However, even a small angle between them, comparable to
the available accuracy of alignment, can markedly change the result. Mir-
ror tilt to an angle 9 causes the beam to shift toward the mirror side by
Ax = F9 onsingle pass. Misalignment plays a determining role when the
beam shift Ax is comparable to the mirror radius (cavity aperture). Using
this simple consideration we can reliable estimate the critical value of the
focal length in the misalignment:

Fy =b/3.
Assuming 3 = 10” and b = 0.5 cm we obtain F =10" cm .

Experimental observation of the influence of nonlinear dielectrics on
laser dynamics is impeded by optical inhomogeneities of the laser rods.
Owing to nonuniform heating the diel ectric behaves as an excessively strong
(according to the estimates proposed) positive lens with F < 10° cm. Ap-
proaching the instability threshold requires cavity misalignment or posi-
tive lens compensation, which was observed in the Refs. [541-545].

(7.79)

min
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7.3.3 Passive M odulation of the Mode Filling factor (Kerr Medium
Inside a Cavity Without Aperture)

The uniform distribution of inversion across the cavity cross-section is
never achieved. Hence, the dynamic deformation of the beam profile should
be accompanied with the cavity filling factor modulation or, in other words,
passive gain modulation. In studying this effect it isimpossible to neglect
the dependence of N on the transverse coordinate. However, the depen-
dence of N on the longitudinal coordinate may be considered as previ-
ously, to bein an inconsequential range. Thus, by adiabatic elimination of
the polarization (the off-diagonal elements of the density matrix) we trans-
form Egs. (2.76) to

d|F [ ,  dal 5 5
+2K |F P=——=2|F P (Ny?dS
m |F | hVDVcl [ [Ny~dS, (7.80a)
dN B.d’ 2 2
——+y,(N-N@)y=-——"2=__|F Ny

A nontrivial question arises: What the cavity volume should mean V_?
Since the field profile is given by eigenfunction ¢ = exp(-r?/2a%), the
cavity volume is calculated as

VA :J’L,uzdv =m’L.

The dependence on laser power is also contained in this factor owing a2.
Introducing the dimensionless notation

r d? 2’ L
a, 20%Y\Y . hy KL
(7.82)
az :%é :1—9%’ gmzw
CLneo,
we rewrite Egs. (7.80) as
dm O, e p’ =
o Gm%x 2 A nexpE?Ei(pz)-lg, (7.82a)
dn O p°
E = A—ngr+ mexp%?% (7.82b)

impossible to neglect the dependence of N on the transverse coordinate.
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However, the dependence of on the longitudinal coordinate may be con-
sidered as previously, to be in an inconsequential range. Thus, by adia-
batic elimination of the polarization (the off-diagonal elements of the den-
sity matrix) we transform Eqgs. (2.76) to

EE L o F p= 39 £ p rgas

—a 2¢ |F = _hyD |F [ I Y (7.80a)
dN B,d?

o] ) 27y, |F " Ny (7.80b)

A nontrivial question arises: What the cavity volume should mean ?
Sincethefield profileis given by eigenfunction y = exp(-r?/2a®) the cav-
ity volume is calculated as

V, :J’wzdv =m’L
The dependence on laser power is also contained in this factor owing to a2.
Introducing the dimensionless notation

2 2
B.d b 2l

T=yt, p= L om=- |F —
"y 2%y, hykL o

(7.81)

o = %é =1-gm, g°= rkZLn|n2a§y||

CLnOUtr ,
we rewrite Eqgs. (7.80) as

dm ok O

e Gm%x nexp% pa Eﬁ( p?)- 1% (7.822)
a ok

= A- n%+ mexp%? | (7.82b)

By p, we mean the radius of the laser rod while the beam radius is defined
by Eq. (7.69). The quantity a differslittle from unity in the whole range
of m, thus making it possible to put o =1. Linearizing Egs. (7.82) and
assuming solutions in the form exp At , we find, in a standard manner of
the linear stability analysis, the approximate damping rate of small oscil-
lations:
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26, =G Q7 [* Aexp(-2p°)d(p”) + K,y [ (1~ p*)exp(-p*)d(p°)

The oscillation frequency is given by

Q; =Gm " nexp(-20%)d(p*) g (7:89)

The steady state becomes unstable (6, >0) if two conditions,
[, n(2-p*)exp(-p*)d(p?) >0, (7.84)
and
a 2 2 2
= [} Aexp(-20%)d(p*)/2; -
Pa __ y .
J, N@=p*)exp(-p*)d(p")

are satisfied.

The factor 1-p? indicates two opposite tendencies. A decrease in the
mode radius improves the lasing conditions in a laser medium of finite
size. On the one hand, this leads to the development of instability because
of the increase of the mode-filling factor. On the other hand, these are a
tendency towards stability viathe increase in the pumping excess over the
laser threshold.

The last inequalities are greatly simplified if the dependence of non p
within the active region can be neglected. The approximation is justified
either when the active zoneradiusis small or the laser threshold is slightly
exceeded. Thisis easily seen from

A
1+mexp(-p*)”

n=

Assuming n =const we transform (7.84) to
npZexp(-p2) >0 (7.86)
and see that this inequality is satisfied within the framework of the ap-

proximations we have adopted.
The steady-state solution of Eqgs. (7.82) is given by

n=1/pZ, m=Ap;-1. (7.87)

Integrating Eq. (7.85) and using Egs. (7.81), (7.83) and (7.87), we arrive
at

2TkanIr72 Apa2_1E>1
, (7.88)

° CLI? 0 tr Ap ;
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which isthe steady state instability condition for alaser with Kerr medium
in a cavity without aperture. The inequality (7.88) is similar to (7.74).
Only in place of the aperture parameter b’Mn{) /N, . we have the beam
parameter a2. Thus we come to instability criteria like Eq. (7.76), but it
should borne in mind that

- a2 nkanIrIZ
cL,

nl 0

If the laser rod host acts as a nonlinear dielectric, then the greatest in-
fluence of self-focusing on laser dynamicsis achieved in a cavity with the
mirrors at the rod ends (L, =L ). From Eq. (7.88) it follows that instabil -
ity threshold isindependent of the cavity length in this case. Using typical
parameter values for a ruby laser (o, =10 ¢cm? k=10° cm™,n, =1.5,
k =10% s*) for Ap, >>1, a, =0.05cm leads to the necessary condition for
instability n, >0.5010% cm®. For ruby n, =3.8110% cm®, and this esti-
mate indicates that such instability is quite real.

The instability of this type should be most readily exhibited in alaser
with a very thin active element immersed in an index-matched medium.
This might occur, for example, if a sapphire shell surrounds a ruby rod.
Index-matching is needed to avoid reflections at the sides of the active
medium, which can localize the light field inside. For a four-level laser
medium, then the same result is obtained by pumping with a narrow beam
propagated along the cavity axis. However, in athree-level medium with a
narrow pumping beam, outside the inversion region the absorption is strong
and the situation nearer to that of passive loss modulation.

In essence, we have considered two special cases in this section. We
have demonstrated that an instability can arise from self-focusing in anon-
linear medium placed inside the cavity of a class B laser. Thisis akey to
understanding the experimental results described in Section 7.3.1 and ear-
lier in Section 1.2.3. However, this should not be treated as a quantitative
theory suitable for detailed comparison with the experiment.

(7.89)

7.4 Passive Mode Locking in Lasers

Various aspects of multimode operation were discussed in the previous
chapters. We considered relatively slow processes, with the time scales
much larger that the cavity round trip time T,. In these cases the presence
of many modes and their interaction exert noticeable influence. However,
the most obvious consequence of multimode lasing is the presence of fast
oscillations of the laser intensity due to temporal mode interference. These
fast oscillations may vary, depending on the amplitudes, frequencies and
phases of the laser modes. Of all these quantities, the most important role
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is played by the mode frequencies. If they form a spectrum with equal
spacing, then the output intensity is periodically modulated. Otherwise
the output has the form of irregular oscillations.

Equality of the spacing in the mode spectrum is a necessary condition
for mode locking, which is very important for practical purposes. In the
broad meaning of mode locking, equidistancy of the spectrum is a suffi-
cient condition. In guantum electronics, however, the term ‘ mode locking’
usually has a narrower meaning, i.e., this should not be simply periodic,
and the pulse duration should be minimum possible for a given spectral
width. The last requirement imposes limits on the form of the spectral
envelope, which, roughly speaking, should be smooth, and on the mode
phases, the frequency dependence of which should be linear. Generally,
the regime that satisfies all these requirements is referred to as ‘phased
mode locking'.

Nonlinear mode-mode coupling in the mediainside the laser cavity isa
key factor in mode locking. Indeed, nonlinear mode-mode coupling in ab-
sorbing mediais used to achieve passive mode locking [553-568]. Mode-
mode coupling in a laser medium can force equidistancy in the spectrum
[559-563] as mentioned in Section 4.5.1, and it can determine some phase
relations between the modes. Similarly, phase relations among the modes
are the reference point in the theory of passive mode locking.

7.4.1 Role of the Laser Medium Nonlinearity in M ode L ocking
Itisapriori clear that owing to its nonlinear properties, the active medium
should influence the mode locking processin lasers. The first study of the
nature of thisinfluence was madein Refs. [559-563]. Postulating a‘ maxi-
mum emission principle’ the authorsinfer that the combination tone mode-
mode coupling in alaser medium can lead to phase locking of the modes.
It appeared, however, that the ‘ maximum emission principle’ contradicted
the conclusion that follows directly from the laser equations and that the
phase relations between modes found in such manner are erroneous [564].
In order to study the problem of phase relations controlled by the com-
bination tone mode-mode coupling we consider Egs. (4.79). Assuming the
inequality (4.85) is satisfied we suppose that the mode frequencies are
equally spaced and neglect the influence of dispersion on the mode fre-
quencies. Thus, the steady-state phases can be defined by a set of equa-
tions
Re(G,,q =G, =G, +G,)™ =0, (7.90)

utq

in which, according to Eq. (4.77),
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O
Gono _ 1 E zF L (Ng+n,) + u+q(no+nu+q) £ g T
44 1+igA/y f
Assuming that the medium is sufficiently slow in its relaxation

(Aly =Awly,>>1) and passing over to the real amplitudes and phases
(f, = F, expi¢, ) we write instead of Eq. (7.91)

2n,+n, +n,,. F..F,F

(7.91)

~(;om _ V k+ +
ReGk b = _Azq d FZ - Cosq)qu , (7.92)
where
q)qu :¢k+q _¢k _¢y+q +¢y- (793)

Based on the assumption that phased mode locking occurs, i.e., ®,,, =0,
the laser spectrum has a rectangular form, F, =F, and, in addition,
N =N, we have

N(A-17 [ 1-2k/N | 2k[]
2A [ 1+2k/N NT

The enumeration of the modes is such that the spectrum boundaries corre-
spond to theindices k =+(N —1)/2. The function F(k/N) in the brackets
isdifferent from alinear one and, therefore, the expression (7.94) does not
satisfy the phase equations (7.90). Thus, we infer that mode locking due to
the combination tone interaction in a slowly relaxing laser medium is not
possible.

The assumption that all the quantitiesn,  are equal is reasonable only
in the case of uniform saturation of the laser medium. Undoubtedly, such
an assumption is valid for an unidirectional ring laser. In a Fabry—Perot
cavity, a situation similar to that occurs when many modes are excited or
when the laser threshold is only slightly exceeded. Moreover, the laser
medium should uniformly fill the cavity or be concentrated in arelatively
thin layer near the mirror. Any other arrangement of the laser rod changes
the situation with n , but thisfact is not essential to the conclusion that the
phase self-mode-locking is not possible.

In steady state the form of the spectrum is typically parabolic rather
than rectangular. However, thisis not very important in this context. Only
the finite width of the spectrum matters. If the laser frequency band is
infinite, then the condition ®,,, =0 leadsto ReG> ™ =0 making the self-
mode-locking (spontaneous formation of &-pulses) feasible.

Assuming that thelaser mediumisfast, i.e., A/y <<1 Eq. (7.91) transform
to

ReGY™ =

(7.94)
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~oomb_i~ fkw‘ffw‘
Gk - Z Fk“zﬂ(zno + ny + ny+q)% . (795)

Disregarding the nonequidistancy of the cavity eigenfrequences Egs. (4.78)
are written as

d¢k — 1 Fk+q FH Fl“q H

dar —ZG%(Z% +n,+ ny+q)Tan)kqu . (7.96)
These equations are satisfied by the steady states ®,,, =0, which corre-
spond to phased mode locking, and the problem is reduced to studying the
stability of such a solution.

Complete analysis of the laser stability of the mode-locked stateisrather
time consuming. However, it isrelatively easy to investigate the laser sta-
bility with respect to a particular form of perturbation involving only the
mode phases. Assume that the phase deviation of the k -th mode,
op, =¢, — P, ,issmall, and linearize Egs. (7.96) near ®,,, =0. Thelin-
earized equations written as

id(5¢k) :}Gz Fk+q Fu Fu+q
o, dr 4 5 F

have a positive right-hand side. Thisis an indication that the steady-state
solution is unstable.

This result means that combination tone mode-mode coupling in an
inertial ess laser medium does not lead to phase locking either. Meanwhile,
it is seen from Eq. (7.97) that a sign reversal of the population difference
changes the situation. Thus, we have arrived at the idea of passive mode
locking in alaser with a saturable absorber.

(2ny+n, +n.4),  (7.97)

7.4.2 Threshold Conditions of Passive M ode L ocking
In the presence of a saturable absorber the phase equations (4.78) trans-
form to

d¢ 1 1 ~

d_Tk = EGACK _VAK +G(ReG, +ReG,) . (7.98)
Consider the most important practical case where the transition frequen-
cies and the active and the absorption media coincide (wy = wy) and the
absorber is fast (Aw/y,, <<1). If the lasing modes occupy the frequency
band (NAw <<y, ), then for the saturable absorber the expression

~ oy G FooF. Fig .
ReG™™ :4§ Y (2n, +n, +nu+q)%sn¢kqu (7.99)
] k
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is valid, which is similar to Eq. (7.92). As before, p is the ratio of the
cross-sections of the transitions in absorbing and amplifying media and
O=Vplyy. -

Complete phased mode locking correspondsto ReGS™ =0. As shown
above, the condition sn®,,, =0 does not satisfy the equations of laser
without a nonlinear filter even if all the frequencies in the laser spectrum
are equally spaced. However, the use of a saturable absorber makesit pos-
sible to come close to this condition. The requirement is that the nonlinear
parameter of the absorber (p/d)n,, be larger than that of the laser me-
dium, (y,/Aw)n. For p/d <<1 Egs. (7.37) are valid and yield

N=1+A, n=A

and make it possible to write this criterion in the form

-1
o Aw

A> A= -1E . (7.100)

Yia

We therefore get the necessary condition

PAw
v >1 (7.101)
la

Substituting into (7.100) typical values p=10* Aw=10°s* and
Vi =10"s*, which certainly satisfy the inequality (7.101), yields
A =107. Hence, in asteady state mode locking is achieved if the unsat-
urated losses in the nonlinear filter exceed 1% of the total cavity losses.

With the chosen parameters of the nonlinear filter, theinequality (7.101)
can be treated as an upper limit on cavity length

P

L<—"
: 7.102
Vin (7.102)

This conclusion has been confirmed experimentally. In Ref. [565] it is
found that in a neodymium glass laser passive mode locking is achieved
only for L < 60 um. Thisfact isin quantitative agreement with Eq. (7.102)
provided y,, =2010"s™.

The threshold condition of passive mode locking is weaker than the
low-frequency instability criterion of a class B laser if

AWA>K(A-D),

i.e., if theresonance curves of the cavity modes do not overlap. This shows
thefeasibility of passive mode locking of asolid-state laser without spikes.

Thethreshold condition that coincideswith Eq. (7.100) can be obtained
by both taking the modal approach discussed above and the spatio-tempo-
ral approach used in [566]. A common feature is the necessity of taking
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into account the population difference oscillations in the laser medium.
This validates the assumption of mode decoupling by the nonlinearity of
the active medium.

In the previous section we mentioned that there is close analogy be-
tween the influences of absorptive and refractive (Kerr-like) nonlinearities
onthe laser stability. The steady state instability criteriahave been written
in ageneralized form introducing the parameter K |, which was defined by
Eq. (7.77). This analogy is useful in an analysis of passive mode locking
conditions as well.

Let us write the inequality (7.100) in the same generalized form:

KnI % > 1
atr .

Correspondingly, for alaser with the Kerr medium we have

HI_I gi)f)fr b2 nkanIrIZ s w 1
an oL o ’

which is the criterion for passive mode locking via self-focusing in a cav-
ity with aperture.

For aruby laser (L ,=15cm, L =100cm,b=0.5cm, n,=1.76, n,=
3.6:10° cm? o,=10"cm?) mode locking is possible for
Mg /Mo >107. The requirements slightly more stringent in the case of
Nd:YAG laser (n, =1.82,n, =700 cm®, g, =4.5010™"° cm?). These es-
timates provide sufficient ground for attributing the early experimental
results on self-mode-locking in ruby [567] and Nd:YAG [568] lasers to
self-focusing in the laser crystal host. There have recently been a great
number of experimental publications devoted to self-mode-locking in la-
sers using Ti:sapphire and other crystals with a broad gain line as laser
media. Generation of femtosecond pulsesis achieved both in diaphragmed
laser cavities[569-571] and under the condition when the aperture effects
cannot play an essential role [572]. In the latter case it is reasonable to
assume the action of the mode-locked mechanism through passive modu-
lation of the filling factor. The threshold condition

(7.103)

loss tr

2 nkanlr72 i w 1
oL Ho (7.104)

tr

can be obtained by substituting the “diffraction” factor b*r® /n, _ in
Eq. (7.103) for beam parameter ag by analogy with Egs. (7.77) and (7.89).
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7.5 Processesin a Traveling Wave Laser with Saturable
Absorber

The occurrence of mode locking (ultrashort pul se generation) depends on
two conditions. First, simultaneous excitation of alarge number of modes
isrequired. Second, definite phase and frequency relations between these
modes should be provided. These two conditions have a threshold nature
and can relate to each other in different ways, thus leading to a variety of
physical situations. When the multifrequency threshold is above the mode-
locking threshold, bistability and hysteresis occur, and the mode-locking
regime can be achieved through hard excitation.

In order to investigate the situation arising here one should consider
the problem of the multimode laser threshold, i.e., stability of single mode
oscillation in the presence of a saturable absorber. If the cavity modes are
standing waves and the length of laser medium is comparabl e to the cavity
length, the multimode regime will be established for a small excess of the
pumping above the lasing threshold, owing to the weak spatial mode com-
petition (see Section 4.1.2).

The problem of stability of single-frequency operation of a travelling
wave laser was discussed in Section 4.6. Coherent interaction of laser ra-
diation with the active medium may destabilize asingle-frequency regime,
but considerable excess pumping above the laser threshold is required.
Thisrequirement is not so rigorous if the laser cavity contains a saturable
absorber. Of course, oneistempted to simplify the problem by making use
of the rate equation approach. It should be borne in mind, however, that
adiabatic elimination of the laser medium polarization greatly changesthe
dispersive properties of the model, influencing the result inevitably. There
has recently been an increase of interest to thisfact in connection with the
spatio-temporal structures in the laser radiation field [573]. Much earlier
this problem was considered by Gurevich [574], and we use his method in
what follows.

7.5.1 Rate Equation Model of a Traveling Wave Laser Without Bulk
L osses
Unlike the problem formulation in Section 4.6, we now assume that the
linear losses are attributed to the cavity mirrors and that the laser medium
occupies part of the cavity perimeter (Fig. 7.14). Wave propagation in the
laser medium is described by the equations

oM oM

4+ 2 =BMN
5 oy , (7.105a)
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oN
5 TN - N©®)=-BMN (7.105b)

that represents an apparent generalization of Egs. (3.5) to the case of a
travelling wave without losses. These equations are used to define the re-
lationship between the input and output wave intensities. For this, one
must turn briefly to the moving frame of reference, $ =t-z/c,z=1z, by
transforming Egs. (7.105) to

oM
c—— =BMN,
5 (7.1063)
oN
_19+y”(N—N(°)):—BMN_ (7.106b)

The variable N, expressed through M by means of Eq. (7.106a), is substi-
tuted into (7.106b), and the resulting equation isintegrated with respect to
Z. This transformation is admissible if M #0. In a fixed frame of refer-
ence the resulting equality looks like

yB

@ Hn[lvl(t 2)]+BM(t,z) = —— z+fB 5(7107)

The arbltrary functlon f(t-z/c) can be excluded from our consider-
ation by writing Eq. (7.107) for the initial cross-section z= L, and timet,
aswell asfor the input cross-section z = 0 and the advanced timet — L./c.
Deducing one equation from the other we obtain

E(" +§t%n[Ml(t)—lnM0§—z%+ Bﬂ”l(t)_MOE“(f%:m

(7.108)

where Ml(t) = Ml(t, Ll)' Mo(t) = Mo(t, Lo) .
For passing through the empty cavity section the wave requires time
(L-L,)/c. The power transfer coefficient for this section is R and, there-

fore,
m H-LF-rv H-LH 7109
oD co 1D cE (7.109)

Two equations, (7.108) and (7.109), can be combined into one equation.
Using the dimensionless variables

T=yt, m=By;'M, A=BNL/(cInR™), {,=Ly,/c,(7.110)
we write this equation as
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——
—J o
Ly Ly
S//7La
6 Ls Fig. 7.14. Scheme of a ring laser with
nonlinear absorbing cell and a selective
element which represents the dispersive
properties of the laser medium: 1 — output
mirror, 2,3 —total reflecting mirrors, 4 —laser
3 rod, 5 — nonlinear cell, 6 — linear bandpass
EL Hn_ M0
+——dn——"—+m(1)-RM(1 - {,) = Aln— (7.112)

ot Rm(t-¢,)

The nonlinear differential-difference Eq. (7.111) has the unique steady-
state solution

InR™
m= A-1). 7.112
G (7.112)
If the losses are small, such that 1- R<<1, then Eq. (7.112) is slightly
simplified:

m=A-1.
Note that Eqg. (7.111) does not have atrivial solution, since it was assumed
that M #0 when this equation was derived.

In the vicinity of the steady state Eq. (7.111) can be linearized with
respect to the variable dm=m-m. The solutions of the linearized equa-
tion have the form dm,exp(At), where | is the root of the characteristic
equation

A+1+ Rm
A+1+m

First we will find the roots, which satisfy the inequality ¢, |A [<<1 and
admit an expansion exp({,A) =1+{,A . EQ. (7.113) transforms to

A+ (M+)A+(1-R),;'m=0. (7.114)

exp({oA). (7.113)

Note that

1-R
=% n-p=%*=c
Z. Ly”( ) ” (7.115)

and, therefore, for 1 — R<«<1 Eq. (7.114) coincides with Eq. (3.19).
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We now consider the roots of Eq. (7.113), which satisfy the condition
|A >1. When one of these roots is substituted into Eq. (7.113), the left-
hand side of the equality is close to unity. This means that

A=iQ+6=2riql;t +iA+6,
where |i5+9 lk<Z,*. Multiplying Eq. (7.113) by the complex conjugate
equation we find:
Q% +(6 +1+Rm)?
Q% +(6+1+m)?

=exp(2(,0)=1+2{ 6

hence
m(l-R)[2+M(1-R)]
2( 0=
o L+ M)+ Q7 (7.116)
For q=1,2,...thefirst term in the denominator can be neglected so that
1
0= m(l1-R)[2+m(1-R
2,0 (1-R[2+mI1-R)] (7.117)
and inthe case R= 1, wefind, in view of (7.115)
0 =-GQ*A(A-1). (7.118)

This equation yields a monotonic decrease of the perturbation damping
rate as the perturbation frequency grows. This result is true as long as the
rate equation approach, which ignoresthe laser medium dispersion, isvalid.
Taking the dispersion into account is critical exactly in the domain of high-
frequency perturbation. To see this we assume, following [574], that the
laser cavity contains, besidesthe nondispersive laser medium, ahypothetical
frequency filter with the passband y, to transform the laser intensity by

the law
10 L.
E’f——%%m (t) = Mmgl——“” ] (7.119)

Y, 0T c
Using this equation instead of Eg. (7.109) we obtain the set of equations

B4 0 Ham(T+4)

~ AInt
i mm +m(T +{,) rTb(T)—AlnR,(7.120a)

EH V%@ﬂo@ +{,) =Rm (1 +{,) (7.1200)

instead of (7.111). Here, {; =y,(L; —L,) is the dimensionless coordinate
of each cross-section shown in Fig. 7.14 and m isthe field intensity in
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the corresponding cross-section. Linearization of Egs. (7.120) yields a
characteristic equation
A+1+m,
(A+1+m)(yA +1)
Multiplying (7.121) by the complex-conjugate equation and neglecting the
small terms we find the perturbation decay rate as afunction of the pertur-
bation frequency:

=exp({,A) (7.121)

10 Q% +(1+m,)?
"2, {07+ @+ )77 +1)
This dependence has an extremum for the frequency
Q. =Q™V2[(2+m, +m,)(m, -m)"*. (7.123)

Inawiderange of frequencies, including Q = Q Eq. (7.122) is approxi-
mated by an expression

p=- 7 2AA-DA-R*+(RY)"
20, 7ok
The parameter y /2, is nearly the same for different types of lasers. We
assume for estimatesthat y, =10* s* and L = 1.5 m, which correspondsto
y127,=10".
The diagram of function (7.124) isgiven in Fig. 7.15. The frequency of
the perturbation assumes the discrete set of values

Q,=2m/{, (q=123,...). (7.125)
The frequency Q .= corresponding to the minimum damping of the per-
turbation enters this set if Q, <Q .. which isequivalent to

1%
. 7.122
c (7.122)

max ?

(7.124)

L > Lyin = 2(ypyn) Y 2AA-)A-RI V4. (7.126)

Using numerical values y, =500°s",y, =10”s*, A=2,R=0.9 yields
L, =30m.

For solid-state lasers with cavity length of order 1 m each perturbation
frequency is larger than Q . . Thus, for these parameter values and L =
15 m we have 7Y20, =20 and yV2Q, ., =0.65. For a dye laser with
Y, = 2010° s*, from Eq. (7.126) we have: L, =17cm, and from Eq. (7.125)
it follows y1/2_Q ~0.1.

In Fig. 7.15 the dashed line shows the function 6(Q) in the ordinary
rate-equation approximation, which ignoresthe gain dispersion. It isclearly
seen that this approximation is of course inapplicable for study of the pro-
cesses with frequencies Q, 2 Q... Therefore, it is complete inapplicable
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in a solid-state laser, since its whole spectrum of admissible perturbation
frequencies is larger than Q ;. . However, this approximation is quite ac-
ceptable for a dye laser, and it is not surprising that a rate equation ap-
proach [575] yields about the same results as the analysis based on a more
general semiclassical model [576].

7.5.2 Instability Threshold of Single-Frequency Operation of a
Traveling-Wave Laser with Nonlinear Filter

Let us return to the laser scheme shown in Fig. 7.14. The change of the
intensity of the light wave as it passes through the laser medium is de-
scribed by Eq. (7.108). This equation is also useful for describing interac-
tion with anonlinear absorber. Adding Eq. (7.119), which adequately takes
into account the dispersion of the laser system we arrive at the desired
laser model:

EHar@ mﬁ( g )+ml(T +Zl)-mo(T)=A|n%, (7.127a)
GO

N 655 m@+z) o) ”1(”51)]—‘%“F (7.127h)

EH%@MT +{,) =Rmy(1 +{,) . (7.127¢)

All these symbols take on the meanings that have been used previously in
this chapter.

Equations (7.127) satisfy the following relations between the station-
ary laser intensities in specified cross-sections over the cavity perimeter:

(A=A -)InR™~(p/&)m,(R-1)
1-pl/d '

m -m, = (7.1283)

Fig. 7.15. Decay rate of the disturbance as a
function of its frequency. The left vertical line
indicates the low-frequency limit of the
disturbance spectrum which corresponds to the
minimum intermode spacing for adye laser. The
right vertical line has the same sense but for a
solid-state laser. This diagram corresponds to
. —1 » thefollowing values of parameters:

-3 -2 -1 0 1 2 3GAY A=2 2{y/y=10%R=09.
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(A-A -DInR*-m,(R-1)
1-pld '

Thevalues M, are obtained in explicit form only inthe case 1- R<<1 and

A, <<1 where taking into account the first two terms of the expansion of

In(m,/m,) in a Taylor series leads to the expression for m, coincident
with Eq. (7.14). Assuming below p/d <<1 and using Eq. (7.37),

A-A -1
AL
which isvalid in this limit, we find from Eqgs. (7.128)
m, -m, =(A-1)InR™, m -m,=A(A-1)InR™. (7.129)

Linearization of Eq. (7.127) in the vicinity of the steady state (7.128)
leads to a characteristic equation

(A+5+pm)(A +1+m,)
(A +0+ pm,)(A +1+ M) (YA +1)
which transforms under the condition |6 k< Q to
27 6= (@ +DD)(@" +C) ~(@° + D)(Q* +CI)(° +1)
’ (Q* +D3)(Q* +CI) (7% +1)
We have used the notations
Co=1+m,, C =1+m, D, =6+pm, D,=0+pm,.

The instability condition of the single-frequency regime of a travelling
wave laser can be written in the form of an inequality

2 2 QZ + D32 ~52A2 2 2 2 2
D -D; >—— [y Q°(Q° +C[) +C; _Co], (7.132)
Q" +C;
which followsdirectly from (7.131). Inall real situations Q° >>CZ, CZ, which
makes it possible to dightly simplify Eq. (7.132):

QP+ pmy)?
-m, >
T 00725 + p(m, +m,)]

m -m; = (7.128b)

m0:

=exp({od) | (7.130)

(7.131)

[r2Q* + @+ m, +m)(m -my)].

(7.133)
For fast-relaxing nonlinear filters & >> p, Q , and the instability condition
is further simplified reducing to

o)
20Q°

m-m>_ 2 [Pat+@+my+m)m-m)] (713

297



Fundamentals of Laser Dynamics

Let us consider several important cases.

1. Q,>>Q... . Thisrelation is characteristic of a solid-state laser with
L<<L,,. This means that the first term on the right-hand side of Eq.
(7.134) dominates. I nserting the steady-state value (7.129) into (7.134) we
find the threshold condition of instability

5y2Q?
20(A-DInR™ "

A>A = (7.135)

Example 7.1
Nd: YAG laser with a fast nonlinear filter
p=10", Q, =400
0 =200°, A=2 Af=4[‘10'3
y =5007°, r=0.9,

2. Q,<<Q.;, - Thisconditionischaracteristic of all laserswith L >> L.
including dye lasers. The inequality (7.134) transforms to
m -m, > 2+m, +Mm
mom 2p0° (2+m, +m,) (7.136)

Further simplification is possible provided A; <<1 and Egs. (7.129) are
valid. Using these equations in Eq. (7.136) we find the instability condi-
tion

oA

A>A = 007 (7.137)

Example 7.2
Dye laser with a fast nonlinear filter

y,=200° s, p =5,
Ve =200° s*,6 =100, |AT =04
L=100cm,Q =10, A =2,

This example showsthat in ring dye lasers the destabilization of the single-
frequency travelling wave regime occurs only when an optically dense
nonlinear filter is put into the cavity and if theinitial transmission of such
afilter is comparable to the mirror reflectivity. Therefore, Eq. (7.137) can
be treated as very approximate. One should also remember the role played
by the combination tone mode-mode coupling in dye lasers, which was
discussed in Chapter 4 but which was not taken into account in this model.
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For completeness, we consider another case that correspondsto a solid-
state laser with a superlong cavity.

3. Q1 = Qpin - The term in the right-hand side of Eq. (7.134) is of the
same order, so that the instability criterion can be written approximately
as

m, —m, S A;r — 3A67

g b - (7.138)

Example 7.3
Nd: YAG laser with a fast nonlinear filter

yp =500° s, p=10%,
Vja =100 s, 6=200° AT =600
yp=10%st y=500"° A=2

The smallness of AS™ isworth noting. Nonlinear |osses such as these may
come from impurities uncontrollably entering the laser medium as it is
prepared or due to contaminants in the atmospheric air. Meanwhile, the
time of onset of the multifrequency regime in the presence of such aweak
nonlinear filter isafew seconds. Hence, such an effect can be seen only in
aCW laser.

7.5.3 Soft and Hard Regimes of Ultrashort Pulse Formation in
Laserswith Nonlinear Filters

Two important facts have been established in the previous sections of this
chapter: (a) the conditions of multimode laser action and of passive mode
locking are both of threshold nature; (b) threshold values of the control
parameters such as the nonlinear filter optical density for these two effects
aredifferent in general. Things are simple when the multimode laser thresh-
old is below the mode-locking threshold. Soft mode locking is sufficient
in this case. Otherwise, when the phased |ocking threshold is exceeded but
the threshold of a multimode laser with a smooth spectrum containing all
modes is not yet achieved, hard mode locking is possible. The effect is
that two stable regimes occur simultaneously: CW and generation of a
periodic train of pulses. Either regime can be achieved depending on the
initial conditions. Stable generation of a train of pulses occurs, for ex-
ample, when an initiating pulse is injected into the laser cavity but it may
not occur spontaneously when the laser is switched on.

Let usillustrate what has been said using a solid-state laser as an ex-
ample. In such alaser, the phased mode locking condition is expressed by
inequality (7.100) and multimode unidirectional laser operation condition
isdescribed by Eqg. (7.135). Bistability and, therefore, hard mode locking,
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occur intherange of values A < A, < A™. Assuming pAw >>y, wesim-
plify inequality (7.116) and reduce the necessary hard mode locking con-
dition A®* < A" to

~ 13 ~ /3
¢ <m A7 E] e, LD E] (7.139)
0 - et — AL
HA-1)InR™H 7 HA-1)InR™H

For aNd:YAG laser (y,=500%s", y =500, A= 2, R=0.9) the estimate
using Egs. (7.139) yields L <150 cm . Consequently, a solid-state ring-cav-
ity laser of ordinary size admits hard mode locking.

Things are somewhat different in a dye laser. Here, unlike the solid-
state laser, the damping rate of the perturbation decreases with an increase
in frequency (Fig. 7.15). This means that for 6(Q,) <0 we may have
6(Q,) >0 for g>1, and the bifurcation will lead to an excitation of longi-
tudinal modes some distance from the central mode rather than the neigh-
boring ones. The process will proceed like this provided an inequality

M-M_ 0 Him+m

m-m - 2p0° (2+my+m,) (7.140)
the opposite of Eq. (7.136), is satisfied. The left-hand side of Eq. (7.140)
is less than unity whereas 2+m, +m, >2. Therefore, the inequality

d>9, =pQ:=4m’pl¢ (7.141)
of course guarantees that inequality (7.140) is met. In the limiting case

A <<1 and 1- R<<1one may use the steady-state relations (7.129) and
obtain a more exact inequality

2 2.2
5>4TPA ”a;mzCME
5 A Ly, A
In combination with the passive mode locking condition (7.100), inequal -

ity (7.141) or (7.142) make up the necessary condition for hard mode | ock-
ing in adye laser.

(7.142)

Example 7.4
p=5A=2,
{,=04,A =04,
Of course, this analysis is not exhaustive, since the rate-equation model
has been used, whereas it was shown in Chapter 4 that the combination
tone mode-mode coupling considerable changes the multimode laser dy-

namics. Therefore, the model of atravelling wave laser with a saturable
absorber was numerically investigated without adiabatic elimination of

5, = 250.
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the polarization of both media [577]. Laser parameters were assigned in
accordance with recommendations given in Ref. [578] to provide a stable
oscillation regime with one pulsein the cavity. If the popul ation relaxation
time of a saturable absorber was taken large enough (4 < d_), then the
process with one pulse, corresponding to soft mode locking, was estab-
lished under any arbitrary initial conditions.

A decrease of the relaxation time down to values corresponding to
0> 9 leadsto crucial changesin laser behaviour. Thus, for &/ §, = 2.5 the
initial uniform field first evolvesto thefield profile with four or five maxima
per period with shallow modulation. At this rather long stage of the tran-
sient process the absorber saturation is weak. The next step of the tran-
sient process has a shorter duration. Owing to the diminishing of the field
profile minimathe modulation depth starts to increase and only one pulse
will survive among the competing ones.

It should be noted that a tendency towards a longer transient process
and its variation with decreasing relaxation time of the absorber was also
mentioned in [579]. As the inequality d > J_ increases, the stage of laser
action with shallow random-form modulation becomeslonger. At =209,
this stage was still in progress when the extensive computation was over.

Meanwhile, the process is quite different after a solitary pulse is in-
jected into the laser. The transient process excited this way ends very soon
if the pulseisinjected during theinitial stage and if the initiating pulse far
exceed the noise level.

Numerical simulations of the dynamical processes in a dye ring laser
with saturable absorber have confirmed the conclusions that follow from
these analytical considerations. Passive mode locking was difficult when
an absorber with avery short population relaxation time was used. Such a
regime can be achieved in a pulsed laser only with hard pulse initiation
because of the long transient process. Owing to limits in computing time,
numerical simulations may not answer whether soft mode locking is fea-
sible in a CW dye laser with a fast saturable absorber.

The numerical solution of the Maxwell-Bloch-type equations has con-
firmed the onset of bistability, which was reveal ed using the rate-equation
model of atravelling wave dye laser with a saturable absorber. However,
the alternative mode-locking regime is obviously the regime with a small
number of excited modes and with irregular change of the field profile
rather than the single-mode operation.

Many issues concerning the dynamics of lasers with nonlinear intracavity
elements have not been tackled in this chapter. The list includes the influ-
ence of self-focusing on processes in the laser. In particular, there is no
systematic analysis of the stability of single mode lasersin the presence of
self-focusing due to the nonuniform saturation of the active medium itself
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by the laser field.

Also beyond the scope of this chapter is a wide range of issues con-
cerning the nonadiabatic models of lasers with a saturable absorber. This
is due to the multivariable nature of this problem, which would require too
much space to be presented clearly in sufficient detail. Our neglect of this
topic is justified by the facts that the theory is not convincingly tied to
experiments and mathematical subtleties seem to outweigh the physical
results at present.
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Chapter 8

Giant Pulse Regime
(Q-Switching)

The peak output power of a pulsed laser increases, the more the initial
inversion exceeds the threshold level. In free running operation the devia-
tions from the threshold level do not go beyond several per cent and the
peak power of asolid-state laser is limited to tens of kilowatts. Consider-
ably more powerful pulses, called giant pulses, are obtained when lasing
isdelayed for atime needed for ahigh inversion level to be reached [580].
The goal can be achieved by Q-switching of the laser cavity. In one method
the laser threshold is held high, while the population difference increases,
and the threshold is then reduced rapidly to the minimum possible level
once the required inversion is reached and an output pulse is desired. An
alternative method uses powerful pumping to ensure a sufficiently fast
growth of inversion. But the latter did not find application.

8.1 Active Q- switching

8.1.1. Active methods of generating giant pulses
Methods of the cavity Q-switching are divided into active and passive
groups. Active methods use modul ation devicesthat change the cavity losses
by a given law or in accordance with an external control signal. Passive
modulating elements are those controlled directly by the radiation field in
the laser cavity.

Active modulation devices are also divided into two groups: opto-me-
chanical and electrooptical. The simplest modulator of the first type is a
punched disk of an opagque material [581]. Rotated around an axis parallel
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to the cavity axis, the disk blocks and opens the path between the mirrors
periodically. The Q-switching time provided by such a device cannot be
less than amillisecond. Thisvalueis considerable larger than the rise time
of agiant pulse, which is the main drawback of a disk modulator.

Much shorter switching times are achieved by rotation of one of the
reflectors around an axis perpendicular to the cavity axis [582]. A totally
reflecting prism is often used as arotating reflector and the rib of the prism
isnormal to the rotation axis. The turning angle at which the Q-factor of a
plane-parallel resonator is half the maximum isabout 2' [583]. At the rota-
tion velocity of 6-10* rpm the switching time is of order 107 s, which is
sufficient for the single pulse generation. A cavity with spherical mirrors
is not so sensitive to misalignment and its switching time is less than the
mentioned above. The effective rate of Q-factor variation by a rotating
element is reduced by optical imperfections of the laser rod [584].

Modulators of the second types are based on the electrooptical effect,
i.e., on the dependence of the normal mode refractive indices on an ap-
plied electric field [1,585]. A Kerr cell is an example of such an
electrooptical element, in which the effect is proportional to the square of
applied voltage. It consists of a cell filled with a liquid with a high Kerr
constant, such as nitrobenzene. Two parallel plane el ectrodes areimmersed
in the liquid to produce a homogeneous electric field.

Figure 8.1 shows the scheme of a laser with the Kerr shutter. Linearly
polarized light is incident on the cell from the laser rod side owing to the
polarizer. As the light completes a roundtrip in the cell its polarization
changes depending on the electric field in the cell. Hence the intensity of
the light transmitted back through the polarizer to the laser rod side also
changes. The modulation depth is maximum if the principal directions of
the polarizers form the angle of 45° with the electric field vector.

The time for Q-switching by an electrooptical Kerr modulator is lim-
ited by the rate of voltage variation in the cell, which is mainly restricted
by the cell capacitance. The minimum switching time achievable by con-
ventional methods is 108 s.

The electrooptical effect is linearly proportional to the electric field
(the Pockels effect) in some crystals, and thisis most pronounced in crys-

Fig. 8.1. The scheme of a laser with the electrooptical shutter: 1 and 5 — cavity mirrors;
2 —laser rod; 3 — polarizer; 4 — Kerr electrooptical cell.
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talswithout a centre of symmetry, such asKDP, DKDP, ADP, LiNbO,, and
LilO,. Crystal cells can be smaller in volume and, therefore, have smaller
capacitance. In addition, these crystals do not require such high control
voltages for reasonable effects. In application using electrooptical crys-
tals, switching times can be reduced to 10° s.

The Q-switching timeisthe most important characteristic of aloss modu-
lator. For each combination of values of the pumping power, the cavity
length, and the mirror losses, there is a critical rate that demarcate the
boundary between the domains of single pulse and multipulse lasing. For
example, variation of the behaviour of a ruby laser on the response of a
Kerr shutter was investigated experimentally in [586]. When the pumping
energy exceeded 2.6 times the threshold value, single pulses were gener-
ated for Q-switching while the duration of the applied voltage transients
remained below 100 ns. Above this limit several pulses were produced
and the total energy of these pulses were reduced.

The single pulse operation occurred in lasers with flash lamp pumping.
Continuous pumped lasers can generate periodic trains of giant pulses if
the cavity Q is subjected to deep periodic modulation. This has been ob-
served in Nd:YAG lasers [587, 588] and in molecular gas lasers [589—
591].

Such active Q-switching typically provides more uniform spatial struc-
ture of the laser beam and contributes to spectral broadening in compari-
son with free-running operation [587, 592]. However, the spectral and spa-
tial characteristics of emission may vary as the giant pulse develops. This
evolution is readily apparent for lasers with mechanical shuttersin which
the cavity geometry is continuously varied. In a laser with a fast
electrooptical shutter it is not obvious that such evolution would occur but
it has been observed experimentally [593-596].The lasing first occursin
the central (axial) part of therod wheretheinversion is greater. Then emit-
ting region expands during 5-20 ns and the intensity maximum shifts to-
wards the rod boundary. The pulses emitted by the central and the periph-
eral parts of the active region are shifted in time and each of them is sev-
eral times shorter than the total pulse duration. Similar behaviour is ob-
served in Q-switched gas lasers [591]. Thus, quite generally, agiant pulse
represents the envel ope of a succession of shorter bursts emitted by sepa-
rate parts of the active region.

To observe the fast pattern variations of an optical pulse one can use a
streak camera based on the electron-optical image converter (EOIC). The
chosen area of the beam cross-section can be electrically swept on the
EOIC display; thus, this device is faster than a streak camera with me-
chanical sweeping, which was mentioned in Section 1.2.3. An EOIC has
also been useful to measure the spatial coherence of pulsed laser emission.
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Temporal sweeping of theinterference fringe pattern produced by two slits
shows the presence of short-duration space coherence. This is indicated
by the fixed position of the interference fringes during about one third of
the pulse length. Stabilization of the interference pattern was achieved by
introducing a small diaphragm into the laser cavity [595].

The development of a giant pulse in a ruby laser is accompanied by
irreversible drift of the emitted line frequency to the shorter wavelength
side. This effect was established by several authors [594,597,598]. The
magnitude of the frequency shift depends on the pulse energy and varies
from tens to hundreds of megahertz.

The features of giant pulse duration and energies have natural limits.
The maximum pulse duration is limited by the growth time of the spike
under linear and nonlinear amplification, while the minimum duration is
limited by the photon lifetime in the cavity, which governs the pulse de-
cay. The power of such giant pulsesin solid-state lasers can reach 10° W.

8.1.2 Pulse Delay Time with I nstantenous Q-Switching

Theoretical analysis of the emission process in single-mode lasers with
fast Q-switching isgiven in [229,246,599-605]. The factor that makes the
treatments much easier is the small, compared to T,, rise time of giant
pulses. Thus, we can neglect the relaxation and pumping processes and
make use of the set of equations:

dm

a —Gmin-g.(1)] =Ge(n+ng) (8.1a)
dn_ -mn
- _ (8.1b)

Equation (8.1a) is an obvious generalization of Eq. (3.51).

The giant pulse formation begins at the moment t = 0 when the self-
excitation condition n> ¢ (0) is satisfied. In the initial stage of signal
evolution the inversion is almost unchanged and the laser intensity grows
in accordance with the linear Eq. (8.1a), in which n=n, = const. The so-
lution of thisis given by

m=exp(S [ (N~ )t EN, +Ge(n, + 1) [ @ Gl (= )l "HiT'
(8.2
where m isthe value of the fluctuating field intensity at the moment 7 = 0.

We then assume that the Q-switching from one value to another isin-
stantaneous:
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m for T >0,
P = E% >n, for T<0. (8.3)
Putting dmydr =0 in Eq. (8.1a) we find
_ (N +ng)
e 4

We substitute relations (8.3) and (8.4) into Eq. (8.2) and obtain, after integra-
tion

_ Ng+ng ] n,—10
m=g& expG(n, —Dr|d-exg—G(n, -1| + 0
-1 AG(n, ]D d , ~11] 0o (8.5)

A simplification is achieved at relatively large T when G(n-1r >>1 and
(8.5) transforms to

m=Cexp[G(n, -17]- (8.6)
By C we have designated
C=gths +n0—1%gno+ns 67
n, -1 @ —Nn, n,—-1° '

The second term in the bracketsis small, since the losses before Q-switch-
ing typically are more than several times larger than the threshold value.

Formula (8.6) is valid until acertain value m, is reached, which can be
found by inserting (8.6) into (6.1a) and integrating:

n
m, =G(n, ~L)In— (8.9)
r’|d
The duration of this stage, which is the time delay of the pulse after the
Q-switching event, is found from the equality of (8.6) and (8.8):
n,-1, n,0
Gr, = 1 |n§3( 0 )In—OD
nn-1 g C Ny O

(8.9)

In calculating T, there is some arbitrariness in choosing n,, but the de-
pendence of T, on N, istoo weak to noticeably influence the result.
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Example 8.1
Ruby laser

ng =100; € =107%; Gr, =15
n, =3.5,C =400 t, =150 ns.
n,/n, =1.1 G =10
T.=10"s

These estimates confirm that the assumptions of Gr,>>1 and the trans-
formation from Eq. (8.5) to Eq. (8.6) are reasonable.

We can use the formulas given above if the Q-switching time is small
compared to t,. From the example 8.1 we see that the switching time for
the shutter should be of order 10—100 ns.

8.1.3. Energy Characteristics of a Giant Pulse
A giant pulse is emitted at the stage when the field intensity in the cavity
exceeds the spontaneous emission level by many orders of magnitude. We
therefore can ignore the spontaneous emission and find thefirst integral of
Egs. (8.1)

m, -m, =G[n, —n, —In(n,/n,)]. (8.10)
Putting n, =ny,,m =m,,n, =1 and assuming m, =m_, >>m, we
have:

m., =G(n,—-1-Inn,). (8.11)

In the limiting case n, —1<<1 the logarithm can be expanded in a Taylor
series and Eq. (8.11) can be reduced to (3.33).

The maximum power loss including the output radiation is related to
the maximum field intensity in the cavity by Pis, =W, /T, , or, indimen-
sionless form,

Pons = CMy =G?(Ny —1=Inny) . (8.12)
The quantity pgg,. for agiven initial value of the inversion, N(0), is not
monotonically dependent on the cavity Q-factor. To find the maximum of
this dependence we rewrite Eg. (8.12) in a more convenient form, by not-
ing that G~k , and n,=N(0)/N,, =ax ™:
Po ~ K “[ak ™ =1=In(ak )] (8.13)
The losses K, which correspond to the value P, are found from the
condition dpgg, /dk =0, which is equivalent to
ak ' -1-In(ak ™) =0,
or
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n, —1=2Inn,. (8.14)
The equality (8.14) corresponds to the optimal initial excess of inversion
over the threshold after the switch isn = 3.5.

Using these formulas we can estimate the peak output power of a giant
pulse:

P Z 1077 21wk,
output Ba co,

In passing from the dimensionless form (8.12) to (8.15) we use relations
(3.77). From (8.15) it follows that a decrease in the cross-section of the
induced transition, for afixed initial excess of theinversion over the thresh-
old, leads to an increase in the power of the giant pulse.

(N, —1-1Inny) Watt (8.15)

Example 8.2
Ruby laser

w=10"s"; g, =10 cm?; Prog =50 MW.
k =10°s*;V, =30cm®;
During giant pulse generation the laser medium gives a total energy
W, = B haw(N, — N, ) (8.16)

to the field. A ruby laser with the parameter values given in the example
8.2 emits an energy of about 3 J at pulse.

8.1.4 Pulse Duration and Shape
Substituting Eq. (8.10) into Eqg. (8.1b) and integrating the resulting equa-
tion, we find the equality

" dn
G(r-14)=- —
‘ r{rl{G Imy +[ng —=n=In(ng /n)]} *

which implicitly defines the function n(7) and thus m(r) via relation
(8.10). Computed pulse shapes are shown in Fig. 8.2.

These results are of practical importance when the inversion exceeds
by several times the laser threshold immediately after Q-switching. In this
case there is an approximate method for calculating the pulse duration.

Let as demonstrate first that the inversion remains almost unchanged
until the laser intensity growsto m, =m,_,, /2 and that the laser medium
saturates mainly in the subsequent period of time. To do this, we make use
of the equality (8.10), in which we put m, <<m, =m and n, =n,. Retain-
ing only the linear term of the expansion In(n/n,) in a power series in
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Fig. 8.2. Shape of the giant pulse of different initial exceeding of laser threshold [599]:
n, = 1.65 (a); 2.72 (b); 4.48 (c); 7.40 (d).

(ny —n)/n, we find
n-n_ m

The range of application of this formula is limited by the condition
m<<G(n,—-1). Using m=m,_, /2=G(n,-1-Inn,) the equality (8.17)
takes the form

No—n _ng—1-Inng
o 2ng-1) - (8.18)

Theright-hand of (8.18) tendsto zeroas n, -~ 1 andto0.5as n, — «. The
optimal value n, = 3.5 correspondsto (ng—nj)/ng =0.25. Thus, using Eq.
(8.18) we will accurately define the population difference n, at the mo-
ment when m reaches the value m__ /2.

The time during which the pulserisesfrom m, =m,, /2 to m=m, is
found by integration of (8.1b). The m(r) variation law is unknown, but
the result islittle sensitive to this law, since mvaries by only afactor of 2
in this range. Assume that the laser intensity obeys the quadratic law
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m= rnm S__ (T _Tpl)z B
A (8.19)

where T, istherisetime. Then Eq. (8.1b) yields the time dependence of
the inversion

n O (r-1..)+130
In—'=mmaxDr——( pl)2 =0
n B 6Tpl §
from which it follows that
6 Inn,

Gt (8.20)

P75, -1-Inn, -
Thefall time from m=m,, to m =m,, /2 isdescribed by the function

D_(r—rpz)zg

m=m_ | 8.21
SER (821
In asimilar fashion we find
_6 In/n)
Glpo=r ———— (8.22)

5ny-1-Inny’
where T, isthefall time, n, istheinversion correspondingto m=m__, /2
in the falling stage. The values n, and n, are related by
n —=Inn, =n, =Inn,. (8.23)
If the fixed value m=m,__, isused instead of Eq. (8.19) end Eq. (8.21),
then the factor 6/5 is eliminated in (8.20) and (8.22).
Results of the calculation of T, and T, using Egs. (8.18)—(8.23) are

presented in Table 8.1. Values obtained by numerical integration of Egs.
(8.1) from [599] are given for comparison.

8.1.5. Angular and Frequency Spectra of a Giant Pulse with

I nstantaneous Q-switching

Many modes are excited in arapidly Q-switched laser unless mode selec-
tion is provided. Therefore, the question arises: What is the influence of
this fact on the temporal and energy characteristics of a giant pulse, as
well as on its angular and frequency spectra? In the case of a cavity uni-
formly filled with the laser medium, the mode composition, which was
formed at the linear stage, yields aimost the whole information required
[605]. The mode composition is not constant, and the problem is much
more complicated, if the distribution of theinversion over the cavity cross-
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Table 8.1
No n n, Gr, Gr, Gr, Gr,
[599] [599]
165 145 067 304 302 335 348
272 22 036 132 127 175 174
448 31 017 066 07 108 118
739 48 005 047 043 084 094
1100 68 0007 03 03 08 083

section is not uniform [604, 606, 607].
The equations of a Q-switched multimode laser in the case of spatially uni-
form inversion,

dm, U n U Ge
F_Grnkgj_Tzk_(l-'- ﬂk)(noss(r)g_ 1+A2k (n+ns), (8248)
dn, m,
d—z_k = —HZ v (8.24b)

follow from EqQ. (4.45) under the assumption of a short duration of the
giant pulse.

Assumption that the Q-switching is instantaneous we approximate
@ (T) by astep-wise function (8.3). The mode intensity growth during
thelinear stageis described by Eq. (8.24a), the solution of whichat n=n,
is given by the function

U

%n
m = expli—- -1~ B [Gr L
+ A H

B n0+n5 o U H n .
X Myo +& [1-exp+ 0 -1-3 %T
2 - B0 BHR

(8.25)
This expression can be simplified considerably, since A% <<1, B, <<1 and
these terms can be omitted everywhere except in the exponents, in which
we use the expansion (1+A%)™" =1-A%. In addition, Gr,>>1, which
makes the exponential term in the curly brackets negligibly small. Thus, it
should be reasonable to replace (8.25) by the simplified expression

m, (1) = my (1) exp[—(ny;, + B, )Gl (8.26)
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where m, (7) istheintensity of the reference mode with A, =0 and S, =0.
The function m,(7) coincides with (8.6).

The calculation of the pulse delay time is essentially the same as that
used in the single-mode problem. Introducing Eqg. (8.26) into Eq. (8.24b)
and subsequently integrating leads to an equality that implicitly defines
T

nO _ nO + nS _ _ 2
lnn_d —é‘mexp[(;(no 1)Td]zexp[ (nOAk +Bk)GTd].
(8.27)
The factor

> expl-(ny + B, )Gra] = N(G1,)
has the meaning of an effective number of excited modes, since from (8.26)
it followsthat N=5 m, /m, .

Theexpressionsfor A, and Binthe case of aplane-parallel cavity with
square mirrors are given in Section 4.1.2. The approximate calculation of
N(Grt) iseasy if these expressions are used and the summation is replaced
by integration:

/2

3
N(GT) - 16b Iln RiRZ IyD B 2 D (GT)_3/2 - NO(GT)—3/2.

CA OLAN
(8.28)
We now rewrite Eq. (8.27) as
n CN
In—==——"2_(Gr,) ¥?exp[G(n, -7
. G(no_l)( a) p[G(n, —114] (8.29)

The coefficient C coincides with (8.7). This equation can be solved by
successive approximations. Putting first (Gr,)™*? =1, we find 7, in the
zeroth-order approximation. Then, inserting (Gr{’)™'? into (8.29) wefind
the first-order approximation

O 3 20
1 ~InD
@ —
Gr,’ = InEDH é 0 (8.30)

-1 g Hy-10 5

where
G(n0~_ 1) I n &
CN Ny -

D=
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Example 8.3
Ruby laser
b=0.5cm; L =100 cm; Ng =10°;
A=700°cm;yp =102 st Gr =11,
RiR; =0.5 ng =3.5; tqy =110 ns

C=4007%In(ny/ng) =03 | N(Gry) = 2[10%

It iswell known from the single-mode model analysis that the giant pulse
duration is much less than the delay time. Thus, it can be asserted that the
modes that dominate at the moment 7, will define the laser characteristics
in the pulse maximum as well. These modes ensure uniform saturation of
the laser medium. The population difference will be suppressed to the
threshold value before the weaker modes have a chance to reach signifi-
cant strengths. Therefore, Eq. (8.26) with 7= 1 should accurately describe
the frequency and angular spectra during the giant pulse.

The width of the frequency spectrum at 1/e of its maximum value is
determined from the equality n,Gr,A% =1, which is equivalent to

Aw =y, (n,Gr,) ™. (8.31)
The angular divergence is found from the idea that the mode with the in-
dex r has the maximum in the direction & = £rA/4b. The aperture angle,

within which the intensity fallsto 1/e of its value in the forward direction,
is determined from the condition

B,,Gr, =1. (8.32)
This equality together with (4.25), defines

/12
_B'In|RR g 2 [0
g GT,) T O 8 (8.33)

We can justify the assumption of smallness 1/Gt,, A, and B, for the
dominant modes. That Gty >>1 is confirmed by our previous numerical
examples. From (8.31) and (8.32) it follows that the large value of Gr,
ensures the smallness of A, and 3, .

Using Egs. (8.31) and (8.32) we can find the number of longitudinal
and transverse modes that participatein lasing. At the same parameter val-
ues as those used for estimates in this section, we find A, <0.16 and
B, <0.1, while the maximum index is r,, =15, the number of longitudi-
nal modes is 200, and the divergence angle is 4.5'.

The small difference in relative detuning and losses of the modes that
form the main group makes the analysis of the nonlinear stage much easier.

max
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Introducing thetotal field intensity m="% m, , wereduce Egs. (8.24) to an
approximate set of equations, which coincidein form with the single-mode
laser equations. The accuracy of the approximation increases with decreas-
ing variation in the number of modes during the pulse. The variation ex-
pressed by (8.28) is alimiting one, such that

~ =3/2

1> NED %}E
N(GTy) g
The number of modes can be considered constant as long as the pulse du-
ration is small compared to the delay time. This means that the spectrum
and the divergence angle remain the same as at the moment 7. In this
approximation Q-switching in alaser with spatially uniform pumping, the
initial conditions are the same for all modes. However, the rates of devel-
opment of these modes do not coincide because of their different losses
and their different detunings from the gain line centre. This leads to the
significant development of only a limited number of modes. During the
nonlinear stage, the modes of this group almost uniformly saturate the la-
ser medium in its entire volume. Thus, the excitation of other modes is
excluded.

8.2 Giant Pulse Generation with Passive Q-switching

Passive optical shutters use the ability of materials to change their optical
properties under the action of incident light. The crudest effect of thistype
is the destruction of the material. The simplest passive shutter is an ab-
sorbing film placard in the laser cavity. When the power density of inci-
dent radiation reached the threshold value the film is evaporated thus open-
ing the mirror behind it. The cavity losses are sharply decreased and a
giant pulseisgenerated [608, 609]. There are also materialswith increased
transparency from photochemical reactions [610]. The drawbacks of such
simplest shutters follow from the irreversibility of the processes, which
makes multiple uses of the devices impossible.

The idea of using media with saturable reversible absorption in quan-
tum electronics was proposed by Rivlin [611]. They were first used for the
giant pulse generation in aruby laser. Coloured glasses [612] and solution
of cyanine dyes such as phtalocyanine [613] and cryptocyanine [614] were
employed as the nonlinear filters. Polymethine dye solutions [615] were
used for the same purpose in neodymium lasers. The dye should be se-
lected in such a manner that the laser frequency is within the intense ab-
sorption band. The flux density of radiation for which saturation is started,
range from 1010 W/cm?.

315



Fundamentals of Laser Dynamics

Specific components for passive Q-switching have a stronger effect on
the spectral and spatial characteristics and a weaker effect on the energy
and shape of the pulses. When a passive shutter in the form of a saturable
absorption cell is used, the spatial structure of the light beam exhibits a
strong inhomogeneity. In acavity with spherical mirrorsthis structure cor-
responds to an individual transverse mode, most often ahigher order [616,
617]. Inaplane-parallel cavity thefield isdivided into filaments[618]. As
for the case of an electrooptical cell, the lasing action starts in the central
part of the laser rod and then spreads to the periphery [593, 618]. How-
ever, it should be noted that field spreading is exhibited only in the case of
transversely nonuniform pumping of the laser rod. The use of a pumping
device in order to provide an uniform inversion removes the difference in
duration of the pulses emitted from the whole of the laser rod cross-sec-
tion and from any part of it [619]. The radiation spectrum of a laser with
saturable absorber is extremely narrow [618, 620].

The model of amultimode laser with passive Q-switching can be easily
obtained by generalization of the rate equations (7.11) to this case and
adding the terms that take into account the mean spontaneous emission
background [353]:

dm, U n O E+nS

dn

—A—n— my
g oA “21+A2k, (8.34)

dn
a:5 _ _
g O(ATn) e 3 m

A wide absorption spectrum of the nonlinear filter makes it possible to
neglect the difference of frequency of the laser modes. The variable n_ is
defined as n —n, and is, therefore, positive.

During the nonlinear stage the presence of an absorber does not add
any other specific features. Thus, the results, obtained in Chapter 4 for
free running, are fully applicable here. The long delay time in the pulse
leads to a considerable mode discrimination [ 353, 354]. In aplane-parallel
cavity the leading group includes tens of longitudinal and afew transverse
modes before the beginning of the nonlinear stage. A single-mode regime
occurs when

m(t4)/my(t4) <le
and, therefore, the mode losses differ by more than
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=1/2
2G A-A, -1
B = g [faita. E (8.35)
EA_ Ag-1 Mmin
The parameter values G =10°,m,;, =10, A— A —-1=1 correspond to

=50107".

A Thus, small mode discrimination is sufficient to suppress a particular
mode. Hence, random or uncontrolled factors may have a profound effect
on the optical spectrum and optical field structure in a giant pulse.

Both the pulse energy and shape can be determined using a single-mode
model. The only major deficiency is that it will not take into account the
influence of the nonuniform distribution of pumping over the laser rod.
The theory of a giant-pulse single-mode laser with saturable absorber was
developed in [246, 621-625]. The case of nonlinear filter with relaxation
time longer than the pulse duration has been analyzed in the most detail .
Under this condition Egs. (8.34) reduce to

dm =Gm(n-n, -1),
dr

dn =—mn (8.36)
dr ’ ’
dn, .
dr v
From the last two equations of (8.36) we find
n, =n,(n/n)”. (8.37)

where n, = A, and n=1+ A, . Using Eq. (8.37) we eliminate the variable
n, from these equations and reduce (8.35) to a second-order set of equa-
tions

9N _ Gnin-fi (/)P -1
dr
(8.38)
dn
— =-mn
dr ’
which have the integral
~ ~ ,..n n n”-n°
m—m—GE-\—n—lnﬁ—;a =5 E (8.39)

Here m is the value of m which correspond to n=n. In contrast to Egs.
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(8.10), which describes the model of laser with instantaneous Q-switch-
ing, Egs. (8.39) has an additional term in the right-hand side. However, for
p >>1 this addition is inessential and

m., =G(n-1-Inn) =G[A, -In(Ll+A))]. (8.40)
The coincidence of Egs. (8.39) and (8.11) is not accidental. Since the non-
linear filter is saturated much easier than the laser medium ( p >>1), the
giant pulse is developed under the same conditions as with instantaneous
Q-switching.

Equations (8.36) are not adequate for describing the processes in the
laser with a nonlinear filter having small relaxation time. To be more pre-
cise, the last equation of (8.36) is not valid, since the derivative dn,/dt
rather than the relaxation term is a small quantity in this case. The last
equation of (8.34) should be written as

n :—A"‘
* 1+(pld)m’
and instead of Eqg. (8.36) we should write the equations
dm

7:Gm%—l—7Aa S @:
dt  H ~ 1+(p/o)mH dr

Complete saturation of the nonlinear filter is achieved if m , >>d/p.
Since m,,, can never exceed the value defined by Eq. (8.40), the neces-
sary condition for saturation of the filter is given by
A >>5/(Gp). (8.42)
Typical of solid-state lasers with passive Q-switching are the values
T,=10°-10"s,G=10° p=10*, A =1 for whichtheinequality (8.42) re-
quires T, >>107"s.
Equations (8.41) have been solved by numerical method [622]. Calcu-
lations have shown that under the condition (8.42) the shape and energy of

agiant pulse are very weakly dependent on the population relaxation time
in the absorber.

-mn (8.41)
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SUPPLEMENT

The concept of induced inversion gratingsis mostly simply realized in the
basic models of multimode lasers if the consideration is limited by the set
of longitudinal modes

Yy =2sin(mid) -
Here we must distinguish cases of large (A, >>k ) and small (A, <<k)
intermode frequency spacing.
The starting point for further transformations is the set of equations
(4.2) that might be described using the time normalization condition 7 = y,t
in the form

daf, .G G

CeriZa,f, =2(J’ptpde -1, (S1)
op .A, 1
—aT—IVOD—§(anJ“|Uj_p), (S.1b)
0 1
%:A—n—iztpj(fjmp+fjpm)_ (S.1¢)

In the case of large intermode frequency spacing and many modes it is
convenient to take the reference frequency w equal to w, , sothat A, =0.
Let usintroduce the quantity

P =Ip4’|d5 =x/§‘[psin(nq|5)dz,

that represents the amplitude of the polarization grating. Now we can re-
write the equation (S.1a) in the form

daf, .G G

d_Tk-HEACKfK:E(pl _fk)- (S.2)

Let usmultiply Eq (S.1b) on ¢ and integrate on the cavity perimeter that
leads us to the equation

d 1 S
deI:V(Z f.(n; +nj|). (S.3)

So far as the field and polarization amplitudes have the time dependence
like exp(-iA,T), the procedure of adiabatic elimination of the polarization
amplitude leads to the relation
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1 - +
P :—1—iA| ij(nj, +ny), (S4)
where
nji =F[ncodr(q; +q,)¢1d (S5)

Notethat n, =n, and n,; = n, . Bearing thisin mind we can rewrite (S.4)
as

_.\g
B :1 %no +n)f, +;f1 (N +njk)5l (S.6)

=i O
Next, using obtained results, we will transform Eq. (S.1c) into equations
for the inversion gratings amplitudes

d - 1
2;” =-n,, —%Jz'!(ffp+ f; p7)sin(rm;{ ) cos[m(q, —q,){1d] |

(S7)
Asin Eg. (4.1.1), we ignore the combination sums in Eq. (S.6) when we
substitute p; in Eq (S.7) as well as the spatial harmonics that exceed the
bounds of the spectrum of lasing modes, and use the condition of har-
monic balance for terms with the time dependence like
n, ~exp[-i(A, -A,)/y]. Thisresultsin the expression

=l =0
no = lFu(nO"'nu)"'Fv(nO"'nv)f ¢0
g 1+i(4, -4,)1y Hv
Similar expression we find also for n;\,. Using Eq. (S.8) into Eq. (S.6)

bring us to the final formula for gain in presence of four-wave mixing
(combination tone mode coupling):

(S8)

0 j A 0
3 1R )+ +n)
Pk = Fk Ny +rk) fk e : ) ka_u_WD <
E 2% 1+i(4, -4)1y E (S.9)
Using Eq. (S.9) in Eg. (S.2) we come to equation
_k:E i f 21 'E“(no"'nu)"'ﬁ,['(no"‘f\/) O El%
dr 2§: §n0+nk) k zuzv 1+i(4, —Au)/y u'v k—u+vH E
(S.10a)
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Supplement

Together with the material equations

dno B N _ N
d__[_Ab_nO +Zlemj 1ijjnJ, (SlOb)
1= 1=
dn =~ 1~
d_::—nk%+zlemj E’E Lamng | (S.10c)
=

The equation (S.10a) forms a closed set. It reduces to Eq. (4.10) if we
ignore the combination sum in Eq. (S.10a). This set of equations is a par-
ticular case of Eq. (4.9), but one needsto bear in mind that n,, in Eq. (4.9)
correspondsto n, +n, in Eq. (S.10).

Equations of the two-mode laser model with a small frequency spacing
between longitudinal modes can be obtained starting from the same set
(S.1). However, it ismore convenient to use the frequency of one of modes,
w,, as the reference one. Therefore, instead of (S.4) we have

_ 1 -
P, = 1-ia, Z f (M + N (S.11)

The small value of the intermode frequency spacing excludes the possibil-
ity to express explicitly n,, and n;v through other variables like (S.8).
We can only write differential equations for these variables. this simple
procedure leads to the set of equations for the two-mode laser model with
the phase-sensitive interaction

df, GO 1 SUNETN (5
d_Tl = > E— f, +m[f1(no +ny) + f,(n, + an)]E, (S.12a)

df, GO | 1 T

d_rz = > E— @+ pB+in)f, + 1-ia, [fz(no +n,)+ fi(ng + an)]E,
(S.12b)

d 1 L+

e AU I N LR U T SR AR ()
(S.12.0)

dn 1 1 1 - + D

d_‘[l =-n; —m@l(l fl |2 +| fz |2) +Eno | f1 |2 +§(f1Df2 + fleD)(nlz +n12)g
(S.12d)

%:—n 1

1 1 - +n O
- 5 _ma—lz(l fl |2 +| fz |2) +Eno | fz |2 +E(f1Df2 + fleD)(nlz +n12)a
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(S.12¢)

R
dan — +

1 . 1. 1 0
dr —ng; _E@ﬁ(l fl |2 +| fz |2) +En12(| fl |2 +| fz |2) +5(f1Df2 + fleD)(nO n, +nz)E

(S.12f)
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Notations
Beam radius
Unperturbed value of the beam radius
Coefficient of characteristic equation
Pumping parameter
Normalized initial density of a saturable absorber

Critical value of A, corresponding to laser instability threshold

Saturable absorber density corresponding to mode locking

threshold

Pumping parameter at the second |aser threshold
Mirror radius

M agnetic induction vector

Einstein coefficient

Velocity of light in vacuum

Velocity of light in amaterial

Dipole moment vector

Matrix element of dipole operator

Dipole momentum modulus

Normalized diffusion coefficient

Electric induction vector

Inversion (population difference)

Unsaturated value of inversion D

Spatial harmonic of the inversion
Time-dependent coefficient of the electric field modal
decomposition

Electric field intensity

Fast-damping component of the filed in an open cavity
Amplitude of electricfield

Electric eigenfunction of aresonator

Complex field amplitude

Amplitudes of counterrunning waves

Normalized complex field amplitude

Normalized mode amplitude

Normalized amplitudes of counterrunning waves
Focal length

Unperturbed value of effective focal length

Focal length of anonlinear lens

Mode amplitude

Saturation value of the field amplitude

Field amplitude corresponding to coherent field-matter
interaction

Function which characterizes a system dispersion
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Function which characterizes a system nonlinearity

Complex Lorentzian function
Big parameter in the class B laser theory

Net gain (difference between gain and | 0ss)
Balance (rate equations approach) part of the mode gain

Combination tone part of the mode gain

Distribution function

Time-dependent part of the magnetic field modal decomposition
Magnetic field intensity

Magnetic eigenfunction of aresonator

Hamiltonian

Current density vector

Wave number

Transverse component of the wave number

Boltzmann constant

Gain factor

Amplification factor of loss modulation

Amplification factor of pump modulation

Transfer function for the total intensity of a multimode laser
Transfer function for individual mode intensity of a multimode
laser

Normalized cavity length

Cavity lengthincm

Laser medium (sample) length

Critical value of the cavity length

Nonlinear medium length

Effective (optical) cavity length

Lorentzian line shape

Normalized number of photons; normalized field intensity
Steady-state value of m

Amplitude of intensity response to parameter modul ation; quasi-
steady-state value of the intensity in alaser with monotonically
varied parameter

Steady states

M agnetization vector

Number of photons

Unit vector in normal direction to a surface
Normalized inversion

Steady-state value of the inversion

Amplitude of inversion response to parameter modulation;
quasi-steady-state value of theinversion in alaser with
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Notations

monotonically varied parameter

Normalized population of one of laser levels
Amplitudes of inversion gratings

Normalized molecul e density

Normalized popul ation difference in an absorber

Inversion arrives at the end of linear stage of pulse formation

Amplitudes of small-scale inversion gratings

Amplitudes of large-scale inversion gratings

Population difference (inversion) per unit of volume

Total number of molecules per unit of volume

Effective value of inversion

Unsaturated value of N

Normalized complex amplitude of polarization in an atomic
system

Polarization vector

Complex amplitude of polarization of an atomic system
Complex amplitude of counterrunning polarization waves
Output laser power

Inhomogeneous broadening parameter; quadratic variable
Quality factor

Quality factor corresponding to coupling losses

Quality factor corresponding to losses in resonator walls
Quality factor corresponding to distributed bulk losses
Position vector

Quadratic variable

Counterrunning wave coupling coefficients

Critical value of the coupling coefficient

Mirror reflectivity; Parameter proportional to the total number
of moleculesin the theory of three-level laser (Sec. 3.3)
Quadratic variable; Parameter in the theory of inhomogeneously
broadened laser (Sec. 4.5.)

Surface; Sum of energy level populations

Time

Delay time

Lifetime of amolecule at the energy level

Time of correlation

Time constant of transition to aperiodic processin a gaseous
laser

325



i

-

K A

<<, < <CccCcc

<
a

i

<
-82 = §§ EY

pump

= =

OEE

X,z

N

Ba

Be-s
BCI’

B

Fundamentals of Laser Dynamics

Temperature

Period

Lifetime of theinversion (“longitudinal” relaxation time)
Time constant of the dipole-moment decay (“transversal”
relaxation time)

Photon lifetimein the cavity

Cavity round trip time

Pulse duration

Normalized velocity

Velacity (cm per second)

Most probable value of molecule velocity

Normalized volume

Samplevolume

Volume

Velocity of amoving reflective surface

Resonant value of the velocity of amoving reflective surface
inside alaser cavity

Effective velocity of cavity lengthening

Rate of the relaxation transition from level mto level n
Decay rate of j-th atomic level

Rate of spontaneous emission in acavity mode

Rate of the quantum transition induced by pumping

Rate of the pumping transition at the j-th atomic level
Energy

Band-gap energy

Cartesian coordinates
Impedance
Laser line width enhancement factor

Normalized losses

Effective change in the population difference per one event of
photon emission

Index of the transition cross-section modulation

Parameter modulation index above which the laser responseis
considerably nonlinear

L osses specific for the k-th mode
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Index of the loss modulation
Index of the pump modulation

Amplitude nonreciprocity of aring cavity

Deviations of counterrunning wave lossesin aring laser from
themean

Inversion relaxation rate

Dipole moment polarization relaxation rate
Dimensionlessrelaxation rate

Dimensionless cross-rel axation rate

Complex parameters

Cross-relaxation rate

Normalized cross-rel axation rate

Parameter in the theory of lasers with a saturable absorber
Kronecher symbol

Deviation of acurrent value of variable from its mean
Longitudinal mode selector half bandpass

Cavity bandpass

Doppler line halfwidth

Homogeneous line halfwidth

Inhomogeneous|ine halfwidth

Intermode frequency spacing
Dimensionlessintermode frequency spacing

Relative detuning of the k-th cavity mode from the spectral line
centre

Critical detuning at theinstability threshold

Relative detuning of the k-th component of the field from the
gainlinecentre

Laser spectrum halfwidth
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Detuning from the selector band centre
Phase nonreciprosity of aring cavity
Detuning of the field frequency from the line centre

Relative interval between frequencies of two components of
gainline

Relative detuning of oscillating frequency from frequency of a
weaker component of thegain line

Detuning of field frequency from the cavity mode

Detuning of field frequency from the ring cavity modes
Angular divergence of laser radiation
Delay of the k-th mode with respect to the reference mode

Doppler frequency shift
Permittivity of material

Average rate of spontaneous emission into cavity mode

Parameters of llipticity of eigenfunctions
Dimensionless Cartesian coordinate

Index of refraction

Coefficients of field power expansion of refraction index
Decrements of phase-sensitive relaxation oscillations
Rate of aperiodic transitional processin agas|aser

Decrement of the fundamental relaxation oscillation

Decrements of low-frequency relaxation oscillations
Angle

Phases of the scattering coefficients of counterrunning wavesin
aring cavity

Photon decay rate in the resonator

Dimensionless photon decay rate

Ratio of field relaxation constant to polarization constant

Photon decay rates for the modes of aring cavity
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Wavelength
Parameter of thej-th level excitation by a pumping source

Differential parameter of pumping of ainhomoheneously
(Doppler) broadened medium

Threshold value of the differential pumping parameter of an

inhomogeneously broadened laser
Permeability of material

Frequency
Frequency of a selector

Filling factor

Coupling (scattering) coefficients of counterrunning wavesin a
ring cavity

Relative single-pass cavity |osses

Relative single-pass diffraction losses

Density matrix

Counterrunning wave complex coupling coefficients
Conductivity

Amplitude of the density matrix element

Density matrix in the state of thermal equilibrium

Transition cross-section
Normalized time

Time spacing between pulses
Delay time

Pulse duration

Phases

Phase of the electric field

Phase of the atomic polarization

Susceptibility
Opto-electronic feedback coefficient
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Cavity eigenfunctions
Frequency in radian frequency units
Dimensionlessfrequency

Cavity eigenfrequency
Eigenfrequencies of aring cavity
Line centrefrequency

Rabi frequency

Frequencies of phase-sensitive relaxation oscillationsin aring
laser

Frequency of the fundamental relaxation oscillation

Frequencies of antiphase relaxation oscillations
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GLOSSARY

Abbreviated equations are equations for slowly changing amplitudes and phases of
aoscillatory system which are obtained by averaging an initial set of equationswith
respect to the period of high reference frequency having the same scale as the
frequency of eigen oscillations of the system.

Adiabatic rapid passage is a process of achieving population inversion by sweeping
the mismatch between a pump radiation frequency and a quantum transition
frequency with passing through resonance. The lower limit of the detuning rate is
the relaxation constants of the atomic system, whereas its upper limit isthe
adiabatic condition, which retains quasi-equilibrium between the state of the atomic
system and radiation field during the whole process.

Andronov-Hopf bifurcation is crossing the boundary of instability of a system at
which the sign of thereal part of the complex characteristic root reverses and above
which the undamped self-modulation regime setsin. The bifurcation can be either
subcritical when the finite amplitude of oscillations jumpsto set in immediately
above abifurcation point or supercritical when the amplitude of intensity
oscillationsisinfinitely small at the instability threshold but grows as the control
parameter moves away from the bifurcation point.

Attractor is a set in the phase space where the trajectories remain. This zone of the
phase space attracts all the trajectories originating inside a certain region called its
basin of attraction.

Attractor crisisis the phenomenon of a sudden expansion, contraction or
disappearance of the attractor when a control parameter isvaried. It may result from
the collision (or coalescence) of two attractors or a collision between an attractor
and the unstable manifold.

Attractor dimension isanotion which is best illustrated by specific examples. An
infinite set of generalized dimensionsd, (k= 0,1,2...) can be defines as

log$ . pf
d, = IimL ,
-0 (k-1)logl
Here | isthe edge length of each hyper-cubic cell on which the phase space under
consideration is divided, p, is the probability of finding a phase space trajectory in
the cell number i.
logN(l)
logl

Where N(1) is the minimum number of cellsrequired to cover the object. For regular
objects, such as a point, aline segment, a surface or abody in ordinary space, the

The d, dimension is so-called Hausdor ff dimension: do = ||'f701
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value of d is given by an integer number O, 1, 2, 3, i.e., the Hausdorff dimension
coincides with the geometric or topological dimension. When an attractor isfractial,
itiscalled a strange attractor.

Y . plogp
The first-order dimension d, = |ImL
I-0 logl

involves an entropy-like quantity Z B log p, . For this reason, d, iscalled the
information dimension.

_logy b’
The second-order dimensionisgivenby d, = IIInJW

For large N, the sum Z i piz represents the probability that any pair of points

belonging to agiven set lie in the same cell. This approximately coincides with the
correlation integral which gives the probability that any pair of pointsis separated
by adistance smaller than |. for this reason, d, is known as correlation dimension.
The practical algorithm for computing d, was developed by Grassberger and
Procaccia [375,376].

Bad cavity condition consists in the fact that the bandwidth of alaser cavity is of the
same order or higher than the gain linewidth of an atomic system.

Bifurcation isatransition from one structurally stable phase portrait to another
through a structurally unstable state as the control parameter is changed.

Bistability is the situation when the phase space of adynamical system contains two
attractors.

Bloch's vector isthe generalization of a magnetization vector of a paramagnet for a
two-level system of arbitrary nature. Components of the Bloch’s vector for two-
level medium with electrodipole transition include the difference in population of
the levels and the polarization.

Coherent interaction is an interaction of afield with an atomic system that isin a
coherent state.

Coherent state is athermodynamic non-equilibrium state of an atomic system
characterized by the presence of anon-zero nondiagonal element of density matrix
(of coherence), which is equivalent to the presence of atransverse component of the
Bloch’s vector or, in other words, polarization of the medium oscillating with the
guantum transition frequency.
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Combination mode locking is the phenomenon which is conditioned by the
combination tone mode-mode coupling and consists in anonlinear frequency shift
due to which the equidistant spectrum of generation is achieved in spite of an
initially non-equidistant spectrum of eigenfrequencies of the laser cavity.

Combination tone mode-mode coupling is the phenomenon in which each pair of
laser modes initiates population oscillations of laser levels at a beat frequency and
due to scattering of the field of the third mode at these oscillations, there occurs a
frequency-shifted component — the combination tone. When in the spectral vicinity
of afourth mode, the combination tone acts as adriving force; asaresult, all the
four modes become coupled.

Dynamical or deterministic chaosis a nonperiodic process in noise-free systems
with afinite number of degrees of freedom which is distinguished by the high
sensitivity of theindividual realization to theinitial conditions.

Feigenbaum scenario (or route to chaos) consists of a sequence of period-doubling
bifurcations as a control parameter is changed. Thisis characterized by certain
scaling of the control parameter range for each type of periodic orbit and of the
relative strength of different spectral components.

Fixed point is a point in the phase space which corresponds to a steady state (time
independent solution) of adynamical system.

Four-wave mixing, see Combination tone mode-mode coupling.

Fractals are geometrical objects having avalue for their dimension which is not an
integer.

Free running mode of operation is amode of lasing in the absence of external
stresses on a laser.

Generalized multistability is the situation when the phase space of a dynamical
system contains more than two attractors and at |east one of themis not afixed
point.

Giant pulseis a powerful short pulse emitted by alaser after an abrupt switching off
the excess | osses which were purposefully introduced into alaser cavity to prevent
generation until arequired population of the upper laser level is achieved.

Ground state is a state of a molecule (atom) having the lowest energy.

Hard excitation of oscillations occursin case of optical bistability when the absence

of lasing corresponds to one of stable steady-state. In this case laser action can be
initiated only by injecting a quite powerful seed radiation into alaser cavity.
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Hard mode locking occurs when a threshold of multimode generation is higher than
the mode locking threshold. For this laser to be in the regime of stable generation of
ultrashort pulses, it is necessary to inject an initiating pulsein its cavity.

Intermittency route to chaos from a periodic solution is characterized by the fact
that when the control parameter exceeds a critical value, the regular oscillationsin
the dynamical system appear to be interrupted at random times by bursts of irregular
behavior. The duration of the chaotic phasesisfairly regular and weakly dependent
on the control parameter, but the mean duration of the regular phases decreases as
this parameter increases beyond its critical value, and eventually they disappear.

Inverse problems of laser dynamics are ways of determining laser parameters by
peculiarities in the dynamical behavior of alaser.

Intracavity laser spectroscopy is a highly sensitive technique of absorption
spectroscopy in which amedium with narrow spectral linesis placed inside the
cavity of amultimode broadband laser. The absorption spectrum being studied is
displayed in the spectral profile of laser generation.

Kinematic modulation is amodulation of laser field at a Doppler shift frequency,
resulting from the appearance of an intracavity component that is reflected from a
moving surface.

Linear stability analysisis a method used to investigate the stability of regular
(steady-state or periodic) solutions of dynamical systems. This method consistsin
linearization of the equations around the solution in question and in a subsequent
exploration whether aninitial perturbation is damped or increases with time.

Limit cycleisaclosed orbit in the phase space which corresponds to periodic
oscillationsin adynamical system.

Low-frequency coherence is a non-diagonal element of density matrix which
characterizes the superposition of closely situated levels of a quantum system.

Lyapunov exponents give a measure of the rates at which the components of the
distance between two close phase space trajectories change with time. The
magnitudes and signs of the Lyapunov exponents allow one to distinguish among
periodic, quasi-periodic and chaotic attractors. In the first cases these is no
exponential separation of initially close trajectories and al Lyapunov exponents are
negative or zero. Existence of at least one positive Lyapunov exponent is a clear
sign of a strange attractor (chaos).

Multistability is the situation when the phase space of adynamical system contains
more than two attractors.
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Natural fluctuations are fluctuations in a system which are caused by sources that
cannot be avoided in principle, such as spontaneous transitions in an active medium
and thermal radiation in alaser cavity.

Nonisochronity is the dependence of oscillation frequency in anonlinear system on
amplitude of oscillations.

Nonlinear lensis anonuniform profile of the refractive index which isinduced in a
transparent nonlinear medium.

Nonreciprocity is the situation when conditions of counterrunning wave propagation
in aring cavity are different. At amplitude nonreciprocity, losses of counterrunning
waves are unequal, whereas at phase nonreciprocity their phase rates are unequal.
The phase nonreciprocity results from, for example, the Sagnac effect in arotating
ring laser cavity or an interferometer. The amplitude nonreciprocity can be obtained
by introducing an isolator with a Faraday cell into alaser cavity.

Passive Q-modulation is a change of Q-factor due to saturation of absorptionin a
medium inside alaser cavity by generating radiation.

Phase diagramis a separation of the space of parameters of adynamical system
into areas with qualitatively different behavior.

Phase space trajectory is a path connecting the variables in the evolution of the
system on which the direction of motion is defined.

Phase portrait of adynamical system isafamily of integral curvesin the phase
space.

Quasiperiodisity is an oscillatory process whose spectrum includes components
with incommensurable frequencies.

Rabi oscillations are nutational oscillations of the Bloch's vector which are excited
when an atomic system is placed in afairly strong resonance field of radiation.
Frequency of Rabi oscillationsis proportional to an amplitude of thefield and a
dipole moment of the quantum transition. The oscillations are observed if the Rabi
frequency exceeds the rate of all relaxation processes in the medium.

Rel axation oscillations are damped oscillations of radiation intensity and
population inversion when the steady-state lasing modein class-B lasers setsin.

Resonance modulation of laser parameters is amodulation of parameters with

frequency coinciding with some of eigenfrequencies of a system, for example, with
arelaxation oscillation frequency, intermode beat frequency, etc.
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Roell-Takens scenario is atransition to chaos characterized by the presence of a
stage of quasiperiodic oscillations on the route from regular to chaotic behavior.

Secondary beats are the difference of frequencies of beats (beats of beats) of
spectral components of radiation. They occur in multimode lasers with a non-
equidistant lasing spectrum.

Second laser threshold isabifurcation value of acontrol parameter which corresponds
to an instability threshold of steady-state lasing.

Strange attractor is an attracting set in the phase space with no stable trajectories
onit. This meansthat any trajectories started from closely located points of the
phase space diverge so that the distance between them increases exponentially with
time. Since the usual trajectories cannot intersect, a strange attractor existsonly in a
phase space with three or dimensions although the strange attractor itself may have
asmaller dimension (though greater than two). A strange attractor correspondsto a
nonperiodic processin anonlinear dynamical system.

Superradiance is radiation of an electromagnetic field of a quantum system being in
acoherent state. Intensity of the superradianceis proportional to the square of the
number of active molecules.

Technical fluctuations are stochastic changes in radiation characteristics caused by

fluctuations of laser parameters whose mechanism may be mechanical vibrations of
units, occasional changes of temperature, etc.

336



24,
25,
26.
27.
28.
29.

30.

References

Yariv A. Quantum Electronics, New York: Wiley, 1988.

Sargent M., Scully M.O., Lamb W.E. Laser Physics, London: Addison-Wesley,
1974.

Klyshko D.N. Physical Principles of Quantum Electronics, Moscow: Nauka, 1986,
In Russian).

Svelto O. Principles of Lasers, New York: Plenum, 1984.

Pantell R.H., Puthoff H.E. Principles of Quantum Electronics, New York: Wiley,
1968.

Fain V.M., Khanin Ya.l. Kvantovaja Radiofizika, Moscow: Sov.Radio, 1965 (in
Russian); Quantum Electronics, Oxford: Pergamon Press, 1969.

ShimodaK. Introduction to Laser Physics, Berlin: Springer, 1983.

Siegman A. Lasers, Mill Valley: Univ. Sci. Books, 1986.

Milloni P, Eberly J. Lasers, N.Y.: John Valey & Sons, 1988.

. Basov N.G., Prokhorov A.M. Zh., Eksp. Teor. Fiz. 1954. V. 27. P. 431.

. Gordon J.P, Zeiger H.J,, Townes C.H. , Phys. Rev. 1954. V. 95. P. 282.

. Schawlow A.L., Townes C.H., Phys. Rev. 1958. V. 112. P. 1940.

. Maiman T.H., Nature. 1960. V. 187. P. 493.

. Javan A, Bennett W.R., Herriott D.R., Phys. Rev. Lett. 1961. V. 6. P. 106.

. Kocharovskaja O.A., Khanin Yall., Pisma Zh. Eksp. Teor. Fiz. 1988. V. 48. P.

581; [Sov. Phys. JETP Lett. V.48 P630].

. Harris S., Phys. Rev. Lett. 1989. V. 62. P. 1033.

. Scully M.O., Zhu S.Y., Gavrielides A., Phys. Rev. Lett. 1989. V.62. P2813.

. Popov A.K., Introduction to Nonlinear Spectroscopy, Novosibirsk: Nauka, 1983.
. Arkhipkin V.G., Heller Yu.l., Phys. Lett. 1983. V. A-98. P. 12.

. NottelmannA., Peters C., Lange W., Phys. Rev. Lett. 1993. V. 70. P. 1783.

. Zibrov A.S., Lukin M.D., Nikonov D.E. et a., Phys. Rev. Lett. 1995. V. 72. P

1490.

. Baldwin G.C., Solem J., Rev. Mod. Phys. 1998. V. 69. P. 1085.
. Arecchi F.T., Harrison R.G., Instabilities and Chaos in Quantum Optics. /Eds

F.T.Arecchi and R.G. Harrison, N.Y. etc.: Springer Verlag: 1987. P6.

Khanin Ya.l., Dynamics of Time-Dependent Operation of Solid-State Lasers:
Doctoral Thesis, Gorky, Institute of Applied Physics AN SSSR, 1981.
Lichtenberg F., Liberman M., Regular and Stochastic Motion, Berlin: Springer,
1984.

Schuster H.G., Deterministic Chaos, Weinheim: Physik-Verlag, 1988.

Oraevsky A.N., Molecular Oscillators, Moscow: Nauka, 1964 (In Russian).
Belyanin A.A., Kocharovsky V.V., Kocharovsky VI.V., Izv. RAN. Ser. Fiz. 1998.
V. 62. P. 372.

Belyanin A.A., Kalugin N.G., Kocharovsky V.V., Kocharovsky VI.V., 1zv. RAN.
Ser. Fiz. 1999. V.63. P.37609.

Willett C.S., Handbook of Laserswith Selected Data On Optical Technology /Ed.
Pressley, Cleveland: Chemical Rubber Co. 1971.

337



3L
32.
33.
34.
35.
36.

37.
38.
39.
40.
41.
42.

43.

45,

46.
47.
48.
49,
50.

51
52.
53.
54,
55.
56.
57.
58.
59.
60.
61.
62.
63.

64.

Fundamentals of Laser Dynamics

Casperson L.W., J. Opt. Soc. Am. 1985. V. B-2. P. 62.

Hoffer L.M., ChybaT.H., Abraham N.B., J. Opt. Soc. Am. 1985. V. B-2. P. 102.
GioggiaR.S., Abraham N.B,Opt. Commun. 1983. V.47. P.278.

Lefebvre V., Dangoisse D., Glorieux P, Phys. Rev. 1984. V. A-29. P. 2758.
Lawandy N.M., Koepf G.A., IEEE J. Quant. Electron. 1980. V. QE-16. P. 701.
Vass A., Wood R.A., Davis B.M., Pigeon C.R., Appl. Phys. 1982. V. B-27. P.
187.

Weiss C.O., Klische W., Opt. Commun. 1984. \V.50. P.413.

Weiss C.O., Klische W., Opt. Commun. 1984. V.51. P47.

WeissC.O., KlischeW., Eging PS., Cooper M., Opt. Commun. 1985. V.52. P405.
Klische W., Weiss C.O., Phys. Rev. 1985. V. A-31. P. 4049.

Weiss C.O., Abraham N.B., Hubner U., Phys. Rev. Lett. 1988. V. 61. P. 1587.
Weiss C.O., Instabilities and Chaos in Quantum Optics |1 /Eds N.B. Abraham,
F.T. Arecchi, L.A. Lugiato—N.Y.: Plenum Press, 1988. P41.

WattsR.K., J. Opt. Soc. Am. 1971. V. 61. P. 123.

Lau K.Y., Opt. & Photon. News. 1997. V.8. #4. P27.

Broude V.L., Mashkevich V.S., Prikhot'ko A.F., Prokopyuk N.F., Soskin M.S,,
Fiz. Tverd. Tela. 1962. V. 4. P2976.

Powel R.C., Xi Lin, Gang Xu, Quarles G.J., Phys. Rev. 1985. V. B-32. P. 2788.
Moulton PF., J. Opt. Soc. Am. 1986. V. B-3. P. 125.

Gubin M.A., Popov A.l., Protsenko E.D., Opt. Spektr. 1968. V. 25. P. 736.
AhnT.D., Dietel W., Opto-Electronics. 1973. V. 5. P. 243.

Krivoshchekov G.V., Telegin G.G., Folin K.G., lzv. Vyss. Ucheb. Zaved.
Radiophys. 1967. V. 10. P. 1656.

Epifanov V.P, Mazan’'ko |.P, Yaroshenko N.G., Radiotechn. Elektron. 1967. V.
12. P. 1517.

Bambini A., Burlamacchi P, Appl. Phys. Lett. 1963. V. 10. P. 189.

McFarlane R.A., Bennett W.R.,Jr, Appl. Opt. 1963. V. 2. P. 189.

Bennett W.R.,Jr, Phys. Rev. 1962. V. 126. P. 580.

Chetverikov V.I., PismaZh. Techn. Fiz. 1985. V. 11. P. 460.

HalasN.J,, Liu S.-N., Abraham N.B., Phys. Rev. 1983. V. A-28. P. 2915.

Weiss C.O., King H., Opt. Commun. 1982. V. 44, P. 59.

Weiss C.O., Godone A., Olafsson A., Phys. Rev. 1983. V. B-28. P. 892.
Hillman L.W., Krasinski J., Boyd R.W., Stroud C.R., Jr, Phys. Rev. Lett. 1984. V.
52. P.1605.

Stroud C.R.,Jr., Koch K., Chakmakjian S., Opt. Instahilities/EdsR.G. Boyd, M.G.
Raymer, L.M. Narducci, Cambridge etc: Cambridge Univ. Press, 1986. P. 274.
Hillman L.W.,, Krasinski J., Koch K., Stroud C.R., Jr, J. Opt. Soc. Am. 1985. V.
B-2. P. 211.

Aivagan Yu.M., Baev V.M., A.A. Kachanov and S.A. Kovalenko, Kvant. Elektron.
1986. V. 13. P. 1723 [Sov. J. Quant. Electron. V. 16. P. 1133].

Vinogradov C.E., Kachanov A.A., Kovalenko S.A., Sviridenkov E.A., PismaZh.
Eksp. Teor. Fiz. 1988. V. 55. P. 581.

Baev V.M., BelikovaT.P, Kovalenko S.A., Sviridenkov E.A., Suchkov A.F,, Kvant.
Elektron. 1980. V. 7. P. 903.

338



65.

66.
67.

68.

69.
70.
71.
72.
73.
74,
75.
76.

77.
78.

79.
80.
8l.
82.
83.
84.

85.
86.

87.

88.
89.

90.
9l.
92.

93.

References

Aivagan Yu.M., lvanov V.V., Kovalenko SA., Baev V.M., Sviridenkov E.A.,
Atmanspacher H., Sceingraber H., Appl. Phys. 1988. V. B-2. P. 175.

Kuhlke D., Acta Phys. Polon. 1982. V. B-61. P. 547.

Lisitsyn V.N., Troshin B.I., 1967. Optika Spektr. V. 22. P.363 [Opt. Spectrosc.
(USSR) 22. 363].

Danileiko M.V., Kravchuk A.A., Nechiporenko V.N., Tselinko A.M., Yatsenko
L.P, Kvant. Elektron. 1986. V. 13. P. 2147 [Sov. J. Quant. Electron. V. 16. P.
1420].

Kikuchi C., Lambe J., Makhov G., Terhune R.W., J. Appl. Phys. 1959. V. 30. P.
1061.

Makhov G., Cross L.G., Terhune R.W., Lambe J., J. Appl. Phys. 1960. V. 31. P.
936.

Li T., Sims S.D, Proc. IRE. 1962. V. 50. P. 464.

Evtuhov E., Neeland JK., Appl. Optics. 1962. V. 1. P. 517.

Korobkin V.V., Leontovich A.M., Zh. Eksp. Teor. Fiz. 1963. V. 44. P. 1847 [Sov
Phys. JETP. V. 17. P1242].

McMurtry B.J., Siegman A.E., Appl. Optics. 1962. V. 1. P. 51.

Birnbaum M., Stocker T.L., Appl. Phys. Lett. 1963. V. 3. P. 164.

Korobkin V.V., Leontovich A.M., Zh. Eksp. Teor. Fiz. 1965. V. 49. P. 10 [Sov
Phys. JETP. V. 22. P6].

Huges T.P, Young K.M., Nature. 1962. V. 196. P. 332.

Leontovich A.M., VedutaA.P, Zh. Eksp. Teor. Fiz. 1964. V. 46. P. 71 [Sov Phys.
JETP. V. 19. P51].

Stickley C.M, |EEE J. Quant. Electron. 1966. V. QE-2. P511.

Evtuhov E., Appl. Phys. Lett. 1965. V. 6. P. 141.

Ridgway S.L., Clark G.L., York C.M., J. Opt. Soc. Am. 1963. V. 53. P. 700.
Adamson M.C., Huges T.P, Young K.M., Electron. Quant. 3 Conf. Internat. Paris
2, N.Y.: Columbia Univ. Press, 1964. P. 1459.

Kubarev A.M., Piskarev V.I., Zh. Eksp. Teor. Fiz. 1964. V. 46. P. 508 [Sov Phys.
JETP. V. 19. P345].

Kubarev A.M., Piskarev V.I., Zh. Eksp. Teor. Fiz. 1965. V. 48. P. 1233 [Sov Phys.
JETP V. 21. P823].

GursK, Z., Angew. Math. Phys. 1965. V.16. P. 49.

Kornienko L.S., Krawtsov N.V., Lariontsev E.G., Naumkin N.I., PismaZh. Eksp.
Neor. Fiz. 1970. V. 11. P. 585; [Sov. Phys. JETP Lett. V. 11. P. 404].
Kravchenko V.I., Soskin M.S., In : Kvant. Elektron, Ed. M.P. Lisitsa. —Kiev.
Naukova Dumka. 1969. #4. P. 42.

Ready J.P, Hardwick D.L., Proc. IRE. 1962. V. 50. P. 2483.

BroudeV.L., ZaikaV.V., Kravchenko V.I., Soskin M.S., Zh. Prikl. Spetr. 1968. V.
12. P. 388.

Freund I., Appl. Phys. Lett. 1968. V. 12. P. 388.

CoallinsR.W., Braun L.O., Dean D.R., Appl. Phys. Lett. 1963. V. 10. P. 392.
Sokolov A K., Zubarev T.N., Fiz. Tverd. Tela. 1964. V. 6. P2590 [Sov. Phys.
Solid State. V. 6. P. 2065].

Sacchi C.A., Svelto O., IEEE J. Quant. Electron. 1965. V. QE-1. P. 398.

339



Fundamentals of Laser Dynamics

94. Daneu V., Polloni R., Sacchi C.A., Svelto O., Nuovo Chimento. 1965. V. B-40. P
446.

95. Globus M.E., Naboikin Yu.V., Ratner A.M., Rom-Krichevskaya I.A., Tiunov
Yu.A., Zh. Eksp. Teor. Fiz. 1967. V. 52. P. 857 [Sov Phys. JETP. V. 25. P. 562].

96. Vinokurov G.N., Galactionova N.M., Egorova V.F.,, Mak A.A., Sedov B.M.,
Khanin Yal., Zh. Eksp. Teor. Fiz. 1971. V. 60. P. 489 [Sov Phys. JETP. V. 33. P,
262].

97. Strozyk JW., |[EEE J. Quant. Electron. 1967. V. QE-3. P.343.

98. Ratner A.M., Quantum Oscillators of Light with High Bean Divergence, Kiev:
Naukova Dumka, 1970 (in Russian).

99. Pole PV., Wieder H., Appl. Optics. 1964. V. 3. P. 1086.

100.Wieder H, J., Appl. Phys. 1966. V. 31. P. 93.

101.Evtuhov V., Neeland JK., IEEE J. Quant. Electron. 1965. V. QE-1. P.7.

102.Laig-Horsterbrock H., Wieder H., Z. Angew. Phys. 1967. V. B-23. P.1.

103.Greenhow R.C. Schmidt A.T., Appl. Phys. Lett. 1968. V. 12. P. 390.

104.DavisB.1., Keller D.V., Appl. Phys. Lett. 1964. V. 5. P. 80.

105.Korobkin V.V., Leontovich A.M., Smirnova M.N., Zh. Eksp. Teor. Fiz. 1965. V.
48. P. 78 [Sov Phys. JETP. V. 21. P. 53].

106.Katzman M., Strozyk JW., J. Appl. Phys. 1964. V. 35. P. 80.

107.Leontovich A.M., Popova M.N., Zh. Prikl. Spetr. 1967. V. 6. P. 735.

108.Roess D., Appl. Phys. Lett. 1966. V. 8. P. 109.

109.Tang C.L., Statz H., DeMars G., Appl. Phys. Lett. 1963. V. 2. P. 222.

110.Mak A.A., Sedov B.M., Zh. Tekhn. Fiz. 1968. V. 38. P. 2119.

111. Antsiferov V.V., Ghiner A.V., Komarov K.P,, Pivtsov V.S,, Folin K.G., Zh. Prikl.
Spetr. 1976. V. 24. P. 18.

112.Antsiferov V.V., Pivtsov V.S., Ugozhaev V.D., Folin K.G., Kvant. Electron, Ed.
N.G.Basov, M.: Sov. Radio, 1973, #3, P. 57.

113.Malyshev V.I., Markin A.S., Sychev A.A., Zh. Tekhn. Fiz. 1969. V. 39. P. 334.

114.Antsiferov V.V., Kravchenko V.1., Control of Ruby Laser Output in Free Running
Regime. Preprint. Institute of Physics of the Ukrainian Academy of Sciences,
Kiev, 1988, #4.

115.Folin K.G., Ghiner A.V., Dynamics of Free Running Solid-State Lasers,
Novosibirsk: Nauka 1979.

116.Free J., Korpel A., Proc. |IEEE. 1964. V. 52. P. 90.

117.Livshits B.L., Tsykunov V.N., Dokl. Akad. Nauk SSSR. 1965. V. 163. P. 870.

118.Livshits B.L., Nazarov V.P, Sidorenko L.K., Tsykunov V.N., Pisma Zh. Eksp.
Neor. Fiz. 1965. V. 1. P. 23; [Sov. Phys. JETP Lett. V. 1. P. 136].

119.LivshitsB.L., Nazarov V.P, Sidorenko L.K ., Tursunov A.G., Tsykunov V.N., Pisma
Zh. Eksp. Neor. Fiz. 1966. V. 3. P. 279; [Sov. Phys. JETP Lett. V. 3. P. 179].

120.Livshits B.L., Tursunov A.G., Zh. Eksp. Teor. Fiz. 1970. V. 58. P. 1518 [Sov
Phys. JETP. V. 31. P. 812].

121.Livshits B.L., Usp. Fiz. Nauk. 1969. V. 98. P. 393.

122.Danielmeyer H.G., Nilsen W.G., Appl. Phys. Lett. 1970. V. 16. P. 124.

123.Malota F.,, Opto-Electronics. 1970. V. 2. P. 99.

124.Gerber E.A., Ahlstrom, J. Appl. Phys. 1964. V. 35. P. 2546.

125.Gerber E.A., Ahlstrom, |EEE J. Quant. Electron. 1969. V. QE-5. P403.

340



References

126.Folin K.G., Antsiferov V.V., Zh. Eksp. Teor. Fiz. 1968. V. 88. P. 122 [Sov Phys.
JETP. 1969 V. 28. P. 65].

127.Antsiferov V.V., Krivoshchekov G.V., Folin K.G., Zh. Eksp. Teor. Fiz. 1969. V.
56. P. 526 [Sov Phys. JETP. V. 29. P. 289].

128.Folin K.G., Antsiferov V.V., Anikeev B.V., Ugozhaev V.D., Zh. Eksp. Teor. Fiz.
1970. V. 58. P. 1156 [Sov Phys. JETP. V. 31. P. 613].

129.Danielmeyer H.G., Turner E.H., Appl. Phys. Lett. 1970. V. 17. P. 519.

130.Antsiferov V.V., Pivtsov V.S,, Ugozhaev V.D., Folin K.G., Optika Spektr. 1972.
V. 32. P. 1159 [Opt. Spectrosc. (USSR) 32. 628].

131.Antsiferov V.V, Pivtsov V.S., Ugozhaev V.D., Folin K.G., Avtometrija. 1972. #5.
P 98.

132.Antsiferov V.V., Kuchjanov A.S., Pivtsov V.S., Ugozhaev V.D., FolinK.G., Optika
Spektr. 1975. V. 38. P. 599 [Opt. Spectrosc. (USSR) 38. 339].

133.Antsiferov V.V., Ghiner A.V., Komarov K.P, Folin K.G., Kvant. Elektron. 1975.
V. 2. P. 591 [Sov. J. Quant. Electron. 1976. V. 5. P. 332].

134.Antsiferov V.V., Ruby Laser Dynamics and Methods of Its Control in Various
Regimes: Ph. D. Thesis, Novosibirsk, 1973.

135.Gulev V.S, Pivtsov V.S, Folin K.G., Radiotechn. Elektron. 1980. V. 25. P. 573.

136.Antsiferov V.V., Golyaev Yu.D., Optika Spektr. 1982. V. 25. P. 706.

137.Potapov C.E., Neodymium Glass Laser Dynamics.: Ph. D. Thesis, Leningrad,
USSR, 1972.

138.Keen W.H., Wess JA., Appl. Optics. 1963. V. 3. P. 545.

139.Mashkevich V.S,, Soskin M.S., Pisma Zh. Eksp. Teor. Fiz. 1967. V. 5. P. 456.

140.Snitzer E., Woodcock R., IEEE J. Quant. Electron. 1966. V. QE-2. P.627.

141.Shiner W., Snitzer E., Woodcock R., Phys. Lett. 1966. V. 21. P. 412.

142.Kotsubanov V.D., Naboikin Yu.V., Ratner A.M., Rom-Krichevskayal.A., Optika
Spektr. 1967. V. 23. P. 986 [Opt. Spectrosc. (USSR) 23. 537].

143.Bonch-Bruevich A.M., Potapov S.E., Khanin Ya.l., Optika Spektr. 1970 V. 28. P.
203 [Opt. Spectrosc. (USSR) 28. 110].

144 Landry R.J., Snitzer E., Bartram R.H., J. Appl. Phys. 1971. V. 42. P. 3827.

145.Kurnosov V.D., MagalyasV.l., Pleshkov A.A., RivlinL.A., Tukhan V.G., Tsvetkov
V.V., PismaZzh. Eksp. Teor. Fiz. 1966. V. 4. P. 449; [Sov. Phys. JETP Lett. V. 4. P,
303].

146.D’Asaro L.A, Cherlow JM., Paoli T.L., IEEE J. Quant. Electron. 1968. V. QE-4.
P 164.

147.Nikitin V.V., Semenov A.S., Strakhov, Pisma Zh. Eksp. Teor. Fiz. 1969. V. 9. P.
516; [Sov. Phys. JETP Lett. V. 9. P. 313].

148.Zakharov Yu.P., Kompanets I.N., Nikitin V.V., Semenov A.S., Fiz. Tekhn.
Poluprovodn. 1969. V. 3. P. 864.

149.Paoli T.L., Ripper J.E., Appl. Phys. Lett. 1969. V. 15. P. 105.

150.Paoli T.L., Ripper J.E., Phys. Rev. Lett. 1969. V.22. P. 1085

151.Basov N.G., Nikitin V.V., Semenov A.S., Usp. Fiz. Nauk. 1969. V. 97. P. 561.

152.Rivlin L.A., Dynamics of Oscillation of Semiconductor Lasers, Moscow:
Sovetskoe Radio, 1976.

153.RivlinL.A., Semenov A.T., Yakubovich S.D., Dynamics and Emission Spectraof
Semiconductor Lasers, Moscow: Radio Svjaz’, 1983.

341



Fundamentals of Laser Dynamics

154.Kurbatov L.N., Molochev V.I., Nikitin V.V., Sharin A.l., Kvant. Electron. /Ed.
N.G.Basov, M.: Sov. Radio, 1971, #6, P. 110.

155.Lippi G.L., Abraham N.B., Puccioni G.P, Arecchi F.T., Tredicce J.R., Phys. Rev.
1987. V. A-35. P. 3978.

156.Lippi G.L., Abraham N.B., Puccioni G.P, Tredicce J.R., Narducci L.N., Arecchi
F.T., Proc. SPIE Int. Soc. Opt. Eng. 1985. V. 667. P41.

157.Kornienko L.S., Kravtsov N.V., Shelaev A.N., Opt. Spektr. 1973 V. 35. P775
[Opt. Spectrosc. (USSR) 35. 449].

158.Klochan E.L., Kornienko L.S., Kravtsov N.V., Lariontsev E.G., Shelaev A.N.,
Zh. Eksp. Teor. Fiz. 1973. V. 65. P. 1344 [Sov Phys. JETP. 1974. V. 38. P. 669].

159.Klochan E.L., Kornienko L.S., Kravtsov N.V., Lariontsev E.G., Shelaev A.N.,
Radiotechn. Elektron. 1974. V. 19. P. 2096 [Sov. Phys. Rad. Electron. V. 19. P.
58].

160.Klochan E.L., Kornienko L.S., Kravtsov N.V., Lariontsev E.G., Shelaev A.N.,
Pisma Zh. Eksp. Teor. Fiz. 1973. V. 17. P. 405; [Sov. Phys. JETP Lett. V. 17. P,
289].

161.Mak A.A., Ustyugov V.I., Pisma Zh. Eksp. Teor. Fiz. 1973. V. 18. P. 253; [Sov.
Phys. JETP Lett. V. 18. P. 151].

162.Lippi G.L., Tredicce J.R., Abraham N.B., Arecchi ET., Opt. Commun. 1985. V.
53, P. 129.

163.Tredicce JR., Lippi G.L., Arecchi F.T., Abraham N.B., Phil. Trans. R. Soc. Lond.
1984. V. A-313. P 411.

164.Malcolm G.PA., Ferguson A.l., Contemp. Phys. 1991. V. 32. P. 305.

165.0tsuka K., Georgiou M., Mandel P, Jap. J. Appl. Phys. 1992. V. 31. P. L1250.

166.Mandel P, Georgiou M., Otsuka K., //Opt. Commun. 1993. V. 106, P. 341.

167.Khandokhin PA., Khanin Ya.l., Dangoisse D., Celet J.-C., Glorieux P, Opt.
Commun. 1998. V. 123, P. 372.

168.Bielawski S., Derozier D., Glorieux P, Phys. Rev. 1992. V. A-46. P. 2811.

169.Lehers R., Francois PL., Stephan G, Opt. Lett. 1993. V. 19. P. 275.

170.Khandokhin P, Khanin Ya., Mamaev Yu., Milovsky N., Shirokov E., Bielawski
S, Derosier D., Glorieux P.,, Opt. Commun. 1998. V. 10, P. 97.

171.Martin-Regalado J., Balle S., San Miguel M., Valle A., Pesquera L., Quantum
Semiclass. Opt, 1997. V. 9. P. 713.

172.Martin-Regalado J., San Miguel M., Abraham N.B., Opt. Lett. 1996. V. 21. P.
351.

173.Khandokhin P, Khanin Ya., Pisma Zh. Techn. Fiz. 1979. V. 5. P. 35 [Tech. Phys.
Lett. V. 5. P. 14].

174.Parfenov V.A., Khandokhin P, Khanin Ya., Kvant. Elektron. 1988. V. 15. P. 1985
[Sov. J. Quant. Electron. V. 18. P. 1243].

175.Abraham N.B., Weiss C.O., Opt. Commun. 1988. V. 68, P. 437.

176.Haken H., Phys. Lett. 1975. V. A-53. P. 77.

177.Lorenz E., J. Atm. Sci. 1963. V. 20. P. 130.

178.Klische W., Weiss C.O., Al-Soufi W., Huttmann G., In: Optical Instabilities/Eds.
R.W. Boyd, M.G.Raimer, L.M. Narducci, Cambridge etc: Cambridge Univ. Press,
1986) p. 274.

179.Weiss C.O., Brock J., Phys. Rev. Lett. 1986. V.57. P. 2804.

342



References

180.Hogenboom E.H.M., Klische W., Weiss C.O., Godone A., Phys. Rev. Lett. 1985.
V. 55. P 2571.

181.BiswasD.J,, Harrison R.G., Weiss C.O., Dangoisse D., Glorieux P, and Lawandy
N.M., In: Instabilities and Chaos in Quantum Optics, Eds. F.T.Arecchi,
R.G.Harrison (Springer Verlag, N.Y., 1987) p. 109.

182.Weiss C.0O., Klische W., Abraham N.B., Hubner U., Appl. Phys. 1989. V. B-49. P.
241.

183.Tang D.Y., Li M.Y., Weiss C.O., Phys. Rev. 1991. V. A-44. P. 7597.

184.Tang D.Y., Pujiol J., Weiss C.O., Phys. Rev. 1991. V. A-44. P. R35.

185.Tang D.Y., Li M.Y., Weiss C.O., Phys. Rev. 1992. V. A-46. P. 676.

186.Weiss C.O., Vilaseca R., Abraham N.B., Corbalan R., Roldan E., de Valcarcel
G.J.,, Pujol J,, Hubner U., and Tang D.Y., Appl. Phys. 1995. V. B-61. P. 223.

187.Letokhov V.S., Chebotaev V.P, Principles of Nonlinear Laser Spectroscopy,
Moscow.: Nauka, 1975.

188.Lawandy N.M., J. Opt. Soc. Am. 1985. V. B-2. P. 108.

189.Abraham. N.B., Dangoisse D., Glorieux P.,, Mandel P, J. Opt. Soc. Am. 1985. V.
B-2. P 23.

190.Harrison R.G., Al-Saidi I.A., Opt. Commun. 1985. V. 54, P. 107.

191.Biswas D.J,, Harrison R.G., Opt. Commun. 1985. V.54, P. 112.

192.BiswasD.J., Harrison R.G., In: Optical Instabilities/Eds. R.W. Boyd, M.G.Raimer,
L.M. Narducci, Cambridge etc: Cambridge Univ. Press, 1986) p. 227.

193.Biswas D.J,, Harrison R.G., Al-Saidi 1.A., In: Optical Instabilities, Eds. R.W.
Boyd, M.G.Raimer, L.M. Narducci, Cambridge etc: Cambridge Univ. Press, 1986
p. 231.

194.Casperson L.W., Phys. Rev. 1980. V. A-21. P. 911.

195.Casperson L.W., Yariv A., IEEE J. Quant. Electron. 1972. V. QE-8. P. 69.

196.Casperson L.W., IEEE J. Quant. Electron. 1978. V. QE-14. P. 756.

197.Bentley J., Abraham N.B., Opt. Commun. 1982. V. 41, P. 52.

198.Maeda M., Abraham N.B., Phys. Rev. 1982. V. A-26. P. 3395.

199.TarrojaM.FH., Abraham N.B., Bandy D.K., Narducci L.M., Phys. Rev. 1986. V.
A-34. P. 3148.

200.Casperson L.W., Laser Physics, Eds J.D. Harvey D.F. Walls: Springer Lecture
Notesin Physics. V. 182, Berlin etc: Springer Verlag, 1983. P. 88.

201.Abraham N.B., ChybaT., ColemannT. et al, Laser Physics, EdsJ.D. Harvey D.F.
Walls: Springer Lecture Notes in Physics. V. 182, Berlin etc: Springer Verlag,
1983. P. 107.

202.GioggiaR.S., Abraham N.B., Phys. Rev. Lett. 1983. V.51. P. 650.

203.Fain V.M., Zh. Eksp. Teor. Fiz. 1957. V. 33. P. 945 [Sov Phys. JETP. 1958. V. 6.
P. 726].

204.0raevsky A.N., Radiotechn. Elektron. 1959. V. 4. P. 718.

205.Talanov V.l., Pisma Zh. Eksp. Teor. Fiz. 1965. V. 2. P. 218; [Sov. Phys. JETP
Lett. 1966. V. 2. P. 303].

206.Sukhorukov A.P, Khokhlov R.V., Vestnik Moskov. Univers., Ser. Fiz. Astron.
1966, V. 7.11. P. 95.

207.Slater J., Ultrahigh Frequency Electronics, Moscow: Sovetskoe Radio (Transla-
tion from English), 1948.

343



Fundamentals of Laser Dynamics

208.Vainstein L.A., Electromagnetic Waves, Moscow: Radio Svjaz', 1988.

209.Landau L.D., Lifshits M., Electrodynamics of Condensed Media, M.: Nauka (in
Russian), 1982 [Electrodynamics of Condensed Media. 1984, 2™ ed., New York:
Pergamon].

210.Vainstein L.A., Open Resonators and Open Waveguides, Moscow: Sovetskoe Ra-
dio, 1966.

211.Andronov A.A., Vitt A.A., Khaikin. Theory of Oscillations (in Russian), M.: Nauka,
1981 [Theory of Oscillations, Oxford: Pergamon Press, 1966].

212.Bogolyubov N.N., Mitropol’sky, Asymptotic Methodsin the Theory of Nonlin-
ear Oscillations, Moscow: Nauka, 1974.

213.Efanova |.P, Lariontsev E.G., Zh. Eksp. Teor. Fiz. 1967. V. 58. P. 1532 [Sov
Phys. JETP. 1969. V. 28. P. 802].

214.Klochan E.L., Kornienko L.C., Kravtsov N.V., Lariontsev E.G., Shelaev A.N.,
Dokl. Akad Nauk SSSR. 1974. V. 215. P. 313.

215.Wave and Fluctuational Processesin Lasers, Ed. Yu.L. Klimontovich, Moscow:
Nauka, 1974.

216.Khaldre Kh. Yu., Khokhlov R.V., 1zv. Vyss. Ucheb. Zaved. Radiophys. 1958. V.
1. #5-6. P. 80.

217.Akhmanov S.A., Usp. Fiz. Nauk. 1986. V. 149. P.361; [Sov. Phys. Usp. 29(7).
589].

218.Haken H., Z. Phys. 1975. V. B-21. P. 506; Z. Phys. 1975. V. B-21. P. 69.

219.Haken H., Synergetics. 1978, Springer: Berlin.

220.Haken H., In: Optical Instabilities, Eds. R.W. Boyd, M.G.Raimer, L.M. Narducci,
Cambridge etc: Cambridge Univ. Press, 1986) p. 227.

221.Lugiato L.A., Mandel P, Narducci L.M., Phys. Rev. 1984. V. A-29. P. 1438.

222 Van Campen N.G., Phys. Reports. 1985. V. 124. P.69.

223.Macomber J.D., The Dynamics of Spectroscopic Transitions. New York: Wiley,
1976.

224 Allen L., Eberly JH., Optical Resonance and Two-Level Atoms—New York:
Wiley, 1975.

225.Bloch F,, Phys. Rev. 1946. V. 70. P. 460.

226.Feynman R.P, Vernon F.L., Hellwarth RW., J. Appl. Phys. 1957. V. 28. P. 49.

227.Fain V.M., Khanin Ya.l., Yashchin, 1zv. Vyss. Ucheb. Zaved. Radiophys. 1962. V.
5. P. 697.

228.Newell A.C., Moloney J.U., Nonlinear Optics, New York etc: Addison Wesley
Publishing Company, 1992)

229.Mikaelyan A.L., Ter-Mikaelyan M.L ., Turkov Yu.G., Solid-State Optical Oscil-
lators, Moscow: Sovetskoe Radio, 1967.

230.DavisL.W., Proc. IRE. 1963. V. 51. P. 76.

231.Statz H., DeMars G., Quantum Electronics, N.Y.: Columbia Univ. Press, 1960,
P.530.

232.Genkin V.N., Khanin Yal., lzv. Vyss. Ucheb. Zaved. Radiophys. 1962. V. 5. P.
423.

233.Tang C.L., J. Appl. Phys. 1963. V. 34. P. 2935.

234.Khanin Ya.l., lzv. Vyss. Ucheb. Zaved. Radiophys. 1966. V. 9. P. 697 [Sov
Radiophys. Quant. Electron. V. 9. P. 416].

344



References

235.0ppo G.L., Politi A., Instabilities and Chaos in Quantum Optics |1, Eds N.B.
Abraham, F.T. Arecchi, L.A. Lugiato, N.Y.: Plenum Press, 1988. P. 363.

236.Korn G.A., Korn T.M., Mathematical Handbook for Scientists and Engineers,
New York: McGraw-Hill, 1968.

237.0raevsky A.N., Uspensky A.V., Trudy FIAN. 1965. V. 31. P. 96.

238.Kaiser W., Garrett C.G.B., Wood D.I., Phys. Rev. 1961. V. 123. P. 766.

239.Makhov G. J., Appl. Phys. 1962. V. 33. P. 202.

240.Sinnet D.M., J. Appl. Phys. 1960. V. 31. P. 1578.

241.Post E.J., Appl. Optics. 1962. V. 1. P. 165.

242 .Bespalov V.1., Gaponov A.V., Izv. VVyss. Ucheb. Zaved. Radiophys. 1965. V. 8. P.
70 [Sov Radiophys. Quant. Electron. V. 8. P. 49].

243.Menne T.J., IEEE J. Quant. Electron. 1966. V. QE-2. P. 38.

244.Dunsmuir R., J. Electron. Control. 1961. V. 10. P. 453.

245.Clendenin W.W., J. Appl. Phys. 1964. V. 35. P. 2277.

246.Ratner A.M., Spectral, Spatial and Temporal Propertiesof Lasers, Kiev: Naukova
Dumka, 1968 [New York: Plenum Press, 1972].

247.Abraham B.B., Mandel P, Narducci L.M., Instabilities and Pulsationsin Lasers,
Prrogressin Optics, Ed. E. Wolf, Amsterdam etc: North-Holland. 1988. V. 25. P.
1.

248.Gurtovnik A.S., lzv. Vyss. Ucheb. Zaved. Radiophys. 1958. V. 1. #5-6, P. 83
[translated to Applied Physics Laboratory Library Bull. (Johns Hopkins Univer-
sity, Balimore].

249.Collins R.J., Nelson D.F,, Schawlow A.L., Bond W., Garrett C.G.B., Kaiser W.,
Phys. Rev. Lett. 1960. V.5. P. 303.

250.Snitzer E., Phys. Rev. Lett. 1961. V.7. P. 444.

251.GursK., Z. Angew. Math Phys. 1965. V. 16. P. 49.

252.Korobkin V.V., Uspensky A.V., Zh. Eksp. Teor. Fiz. 1963. V. 45. P. 1003 [Sov
Phys. JETP. 1964. V. 18. P. 693].

253.Uspensky A.V., Radiotechn. Elektron. 1964. V. 9. P. 747 [Sov. Phys. Rad. Elec-
tron. V. 9. P. 605].

254.Grasyuk A.Z., Oraevsky A.N., Technical Digest: 4" Int. Congr. On Microwave
Tubes. Scheveningen, Holland, 1964.

255.Grasyuk A.Z., Oraevsky A.N., Radiotechn. Elektron. 1964. V. 9. P. 524 [Sov.
Phys. Rad. Electron. V. 9. P. 424].

256.Buley E.R., Cummings F.W., Phys. Rev. 1964. V. 134. P. A1455.

257.Yakubovich E.I., Zh. Eksp. Teor. Fiz. 1968. V. 58. P. 304 [Sov Phys. JETP. 1969.
V. 28. P. 160].

258.Idiatulin V.S., Uspensky A.V., Radioyechn. Elektron. 1973. V. 18. P. 580 [Sov.
Phys. Rad. Electron. V. 18. P. 422].

259.Fradkin E.E., In: Tunable Lasers, Kiev: Institut of Physics Ukrainian Acad Sci.
1973. P. 324.

260.Casperson L.W., Phys. Rev. 1981. V. A-23. P. 248.

261.Minden M., Casperson L.W., IEEE J. Quant. Electron. 1982. V. QE-18. P1952.

262.Mandel P, Opt. Commun. 1983. V. 44, P. 400.

263.Mandel P, Opt. Commun. 1983. V. 45, P. 269.

345



Fundamentals of Laser Dynamics

264.Mandel P, Coherence and Quantum Optics V., Eds L. Mandel, E. Wolf, N.Y.:
Plenum Publ. Corp. 1984. P. 579.

265.Mandel P, J. Opt. Soc. Am. 1985. V. B-2. P. 112.

266.AbrahamN.B., Ligiato L.A., Mandel P, Narducci L.M., Bandy D.K., J. Opt. Soc.
Am. 1985. V. B-2. P. 35.

267.Hendow S., Sargent M., Opt. Commun. 1982. V. 40, P. 385.

268.Hendow S., Sargent M., Opt. Commun. 1982. V. 43, P. 59.

269.Hendow S., Sargent M., J. Opt. Soc. Am. 1985. V. B-2. P. 84.

270.Zhang J., Haken H., Ohno H., J. Opt. Soc. Am. 1985. V. B-2. P. 141.

271.Bandy D.K., Narducci L.M., Lugiato L.A., Abraham N.B., J. Opt. Soc. Am. 1985.
V. B-2. P. 56.

272.Lugiato L.A., Narducci L.M., Bandy D.K., Abraham N.B., Opt. Commun. 1983.
V. 46, P. 115.

273.Narducci L.M., Bandy D.K., Lugiato L.A., Abraham N.B., Coherence and Quan-
tum Optics V. /Eds L. Mandel, E. Wolf, N.Y.: Plenum Publ. Corp. 1984. P. 217.

274.Casperson L.W., J. Opt. Soc. Am. 1985. V. B-2. P. 73.

275.Casperson L.W., J. Opt. Soc. Am. 1988. V. B-5. P. 958.

276.Shin M.L., Milloni PW., Ackerhalt J.R., J. Opt. Soc. Am. 1985. V. B-2. P. 130.

277.Dupertuis M.A., Salomaa R.R.E., Siegrist M.R., Opt. Commun. 1986. V. 57, P.
410.

278.Mehendale S.C., Harrison R.G., Opt. Commun. 1986. V. 60, P. 257.

279.Mehendale S.C., Harrison R.G., Phys. Rev. 1986. V. A-34. P. 1613.

280.Moloney J.V., Uppal J.S., Harrison R.G., Phys. Rev. Lett. 1987. V. 59. P. 2868.

281.Frysiak F,, Harrison R.G., Moloney J.V., Phys. Rev. 1989. V. A-39. P. 421.

282.Lawandy N.M., Ryan J.C., Opt. Commun. 1987. V. 63, P. 53.

283.Ryan J.C., Lawandy N.M., Opt. Commun. 1987. V. 64, P. 54.

284 Khandokhin PA., Khanin Yal., Koryukin 1.V., Opt. Commun. 1988. V. 65, P.
367.

285.Koryukin 1.V., Khandokhin PA., Khanin Yal., 1zv. Akad. Nauk SSSR. Ser. Fiz.
1988. V. 52 P, 1081.

286.Pujiol J., LaguartaF., VilasecaR., Corbalan R., J. Opt. Soc. Am. 1985. V. B-5. P.
1004.

287.Corbalan R., Laguarta F, Pujiol J., Vilaseca R., Opt. Commun. 1989. V. 71, P.
290.

288.0raevsky A.N., Toronov V.Yu., Kvant. Elektron. 1989. V. 19. P. 1327 [Sov. J.
Quant. Electron. V. 16. P. 1420].

289.KhaninYa.l., Dynamicsof Quantum Oscillators, Moscow: Sovetskoe Radio. 1975.

290.Narducci L.M., Sadiky H., Lugiato L.A., Abraham N.B., Opt. Commun. 1985. V.
55, P. 370.

291.Koryukin 1.V., Khandokhin PA., Khanin Ya.l., Periodic and Chaotic Pulsations
in a single-mode Homogeneously Broadened Laser. Prepint. Institut of Applied
Physics, Gorky 1987. 1161.

292.Zeglache H., Mandel P, J. Opt. Soc. Am. 1985. V. B-2. P. 18.

293.0raevsky A.N., Trudy FIAN. 1986. V. 9. P. 3. [In//Research on L aser Theory /Ed.
A.N. Oraevsky, Commack: Nova, 1988.

294.KuznetsovaT.l., Trudy FIAN. 1968. V. 43. P. 116.

346



References

295.Karlov N.V., Kuznetsova T.I., Radiotekhn. Elektron. 1964. V. 9. P. 524.

296.Harrison R.G., Biswas D.J., Progr. Quant. Electron. 1985. V. 127. P. 147.

297.Casperson L.W., Yariv A., Appl. Phys. Lett. 1970. V. 17. P. 259.

298.Mandel P, Zeglache H., Opt. Commun. 1983. V. 47, P. 146.

299.VilasecaR., De Valcarcel G.J., Roldan E., Phys. Rev. 1990. V. A-41. P. 2569.

300.ZeglacheH., Mandel P.,, Abraham N.B., Weiss C.O., Phys. Rev. 1988. V. A-38. P
3128.

301.Kontorovich V.M., Prokhorov A.M., Zh. Eksp. Teor. Fiz. 1957. V. 107. P. 1428.

302.Javan A., Phys. Rev. 1957. V. 107. P. 1579.

303.Moloney J.V., Forysiak W., Uppal J.S., Harrison R.G., Phys. Rev. 1989. V. A-39.
P 1277.

304.Harrison R.G., LuW., Gupta PK., Phys. Rev. Lett. 1989. V. 63. P. 1372.

305.Lu W., Harrison R.G., J. Mod. Opt. 1990. V. 37. P. 585.

306.Lu W., Harrison R.G., Phys. Rev. 1990. V. A-41. P. 6563.

307.Heppner J., Weiss C.O., Hubner U., Shinn G., IEEE J. Quant. Electron. 1980. V.
QE-16. P.392.

308.Hubner U., Abraham N.B., Weiss C.O., Phys. Rev. 1989. V. A-40. P. 6355.

309.Arijona M., Corbalan R., Laguarta F., Pujol J., Vilaseca R., Phys. Rev. 1990. V.
A-41. P. 4559.

310.Corbaan R., Laguarta F,, Pujol J., Vilaseca R., Opt. Commun. 1989. V. 71, P.
290.

311.Casperson L.W., J. Opt. Soc. Am. 1985. V. B-2. P, 993.

312.Casperson L.W., Opt. Quant. Electron. 1987. V. 19. P. 29.

313.Casperson L.W.,, In: Optical Instabilities, Eds. R.W. Boyd, M.G.Raimer, L.M.
Narducci, Cambridge etc: Cambridge Univ. Press, 1986. P. 58.

314.Gioggia R.S., Abraham N.B., Lange W., Tarroja M.F.H., Wesson J.C., J. Opt.
Soc. Am. 1988. V. B-5. P. 992.

315.Lamb W.E., Jr, Phys. Rev. 1964. V. 134. P. 1429.

316.Tang C.L., Statz H., DeMars G., J. Appl. Phys. 1963. V. 34. P. 2289.

317.Khanin Yal., Zh. Eksp. Teor. Fiz. 1971. V. 60. P. 1282 [Sov Phys. JETP. V. 33. P.
694].

318.HakenH., Laser Light Dynamics(Light, V. 2), Amsterdam: North-Holland. 1985.

319.Akhmanov S.A., Khokhlov R.V., Problems of Nonlinear Optics, Moscow: All-
Union Information Center (VINITI), Acad. Sci. USSR. 1964 [Problems of Non-
linear Optics, Electromagnetic Wavesin Nonlinear Dispersive Media, New York:
Gordon and Breach. 1972.

320.Ratner A.M., Fisher A.M., Izv. Vyss. Ucheb. Zaved. Radiophys. 1973. V. 16. P.
150. 239.

321.Anan’ev Yu.A., Sedov B.M., Zh. Eksp. Teor. Fiz. 1965. V. 48. P. 782 [Sov Phys.
JETP V. 21. P. 517].

322.Statz H., Tang C.L., J. Appl. Phys. 1964. V. 35. P. 1377.

323.Lifshits B.L., Tsykunov V.N., Zh. Eksp. Teor. Fiz. 1965. V. 49. P. 1843 [Sov
Phys. JETP. V. 22. P. 1260].

324.Akhmanov S.A., Golyaev Yu.D., Dmitriev V.G., Zh. Eksp. Teor. Fiz. 1972. V. 62.
P. 133 [Sov Phys. JETP. V. 35. P. 70].

325.Ronchi L., Nuovo Chimento. 1966. V. B-44. P. 372.

347



Fundamentals of Laser Dynamics

326.Tang C.L., Appl. Optics. 1962. V. 1. P. 768.

327.Anan’ev Yu.A., Zh. Tekhn. Fiz. 1967. V. 37. P. 139.//"$. 1967. “. 37. 1. 139.

328.Anan’ev Yu.A., Mak A.A., Sedov B.M., Zh. Eksp. Teor. Fiz. 1967. V. 52. P. 12
[Sov Phys. JETP. V. 25. P. 6].

329.Ghiner A.V., Komarov K.P, Folin K.G., Opt. Commun. 1975. V. 19, P. 350.

330.Méller A.S., Khandokhin PA., Khanin Yal., Kvant. Elektron. 1986. V. 13. P
2278 [Sov. J. Quant. Electron. V. 16. P. 1502].

331.Kovaenko S.A., Pugovkin A.V., Izv. Vyss. Ucheb. Zaved. Radiophys. 1968. V.
11. P. 232.

332.Golyaev Yu. D., Lantratov S.V., Kvant. Elektron. 1979. V. 6. P. 2361 [Sov. J.
Quant. Electron. V. 19. P. 1390].

333.AzarovaV.V., GalaktionovaN.M., Mak A.A., Orlov O.A., Ustyugov V.1., Kvant.
Elektron. 1979. V. 6. P. 2339 [Sov. J. Quant. Electron. V. 9. P. 1378].

334.Evdokimova O.N., Kaptsov L.N., Kvant. Elektron. 1989. V. 16. P. 1557 [Sov. J.
Quant. Electron. V. 19. P. 1001].

335.0tsuka K., Mandel P, Bielawski S., Derozier D., and Glorieux P, Phys. Rev.
1992. V. A-46. P. 1692.

336.Pieroux D., Mandel P, Opt. Commun. 1994. V. 107, P. 245.

337.Erneux T., Mandel P, Phys. Rev. 1995. V. A-52. P. 4137.

338.Mandel P, Wang Jing-Yi, Phys. Rev. Lett. 1995. V. 75. P. 1923.

339.Mandel P, OtsukaK., Wang Jing-Yi, Pieroux D., Phys. Rev. Lett. 1996. V. 76. P.
2694.

340.Nguyuen B.A., Mandel P, Phys. Rev. 1996. V. A-54. P. 1638.

341.Khandokhin PA., Mandel P, Koryukin 1.V., Nguyen B.A., Khanin Ya.l, Phys.
Lett. 1997. V. A-235. P. 248.

342.Lacot E., Stoeckel F., J. Opt. Soc. Am. 1996. V. B-13. P. 2034.

343.Mandel P, Nguyuen B.A., Otsuka K., Quantum Semiclass. Opt, 1997. V. 9. P. 1.

344.Nguyuen B.A., Mandel P, Wang Jing-Yi, Pieroux D., Phys. Rev. Lett. 1995. V.
75. P. 1923.

345.Khanin Yal., Chaos. 1996. V. 6. P. 373.

346.Zhidlina V.G., Khandokhin PA., Khanin Ya.l., Radiophys. Quantum Electron.
1996. V.39. P511. [lzv. Vyss. Ucheb. Zaved. Radiofiz. 1996. V. 39. P. 771].

347.Abraham N.B., Khanin Ya.l., Proc. SPIE Int. Soc. Opt. Eng. 1996. V. 2792. P. 2.

348.Khandokhin PA., Mandel P., Koryukin I.V., Nguyen B.A., Khanin Ya.l.,
Radiophys. Quantum Electron. 1997. V.40. P103. [Izv. Vyss. Ucheb. Zaved.
Radiofiz. 1997. V. 40. P. 161].

349.Pieroux D., Mandel P.,, Quantum Semiclass. Opt, 1997. V. 9. P. L17.

350.Abraham N.B., SekaricL., CarsonL.L., SeccarecciaV., Khandokhin PA., Khanin
Yal. Koryukin 1.V., ZhidlinaV.G., Phys. Rev. A. 2000. V. 62. 013810.

351.Abraham N.B., Everett L.L., Iwata C., Janicki M.B., Proc. SPIE Int. Soc. Opt.
Eng. 1993. V. 2095. P. 16.

352.McCumber D.B., Phys. Rev. 1966. V. 141. P. 306.

353.Sushchik M.M., Freidman G.I., Izv. Vyss. Ucheb. Zaved. Radiofiz. 1966. V. 9. P,
919.

354.Sooy W.R., Appl. Phys. Lett. 1965. V. 7. P. 36.

348



References

355.Leontovich A.M., Churkin V.I., Zh. Eksp. Teor. Fiz. 1970. V. 59. P. 7 [Sov Phys.
JETP. 1971. V. 32. P. 4].

356.Bondarenko N.G., Ereminal.V., Zh. Prikladn. Spectr. 1968. V. 8. P. 599.

357.Suchkov A.F,, Zh. Eksp. Teor. Fiz. 1965. V. 49. P. 1495 [Sov Phys. JETP. 1966.
V. 22. P. 717]; /[Trudy FIAN. 1968. V. 43. P. 161.

358.Baev V.M., Belikova T.P, Sviridenkov E.A., Suchkov A.F, Zh. Eksp. Teor. Fiz.
1978. V. 74. P. 43 [Sov Phys. JETP. V. 47. P. 21].

359.GitlinM.S,, Khanin Ya.l., 1zv. Vyss. Ucheb. Zaved. Radiofiz. 1985. V. 28. P. 978.

360.Mironenko V.R., Yudson V.I., Zh. Eksp. Teor. Fiz. 1980. V. 79. P. 1174 [Sov
Phys. JETP. V. 52. P. 504].

361.Kagan A.G., Khanin Ya.l., Kvant. Elektron. 1983. V. 10. P. 149 [Sov. J. Quant.
Electron. V. 13. P. 88].

362.Rivlin L.A., Kvant. Electron. /Ed. N.G.Basov.—M.: Sov. Radio, 1972, #5, P. 94.

363.Hollinger F., Jung Chr, J. Opt. Soc. Am. 1985. V. B-2. P. 218.

364.Hollinger F., Jung Chr., Weber H, In: Optical Instabilities /Eds. R.W. Boyd,
M.G.Raimer, L.M. Narducci, Cambridge etc: Cambridge Univ. Press, 1986. P.
20.

365.Hollinger F., Jung Chr., Weber H., Opt. Commun. 1990. V. 75, P. 84.

366.Victorov E.A., Sokolov V.A., Tkachenko E.V., Ustyugov V.1., Opt. Spektr. 1990.
V. 68. P920 [Opt. Spectrosc. (USSR) 68. 537].

367.McMackin I., Radzewicz C., Beck M., Raymer M.G., Phys. Rev. 1987. V. A-38.
P. 820.

368.Beck M., Raymer M.G., McMackin |., Phys. Rev. 1989. V. A-40. P. 2410.

369.Mironenko V.R., Yudson V.1., Opt. Commun. 1980. V. 34, P. 397.

370.Kovaenko S.A., Kvant. Elektron. 1981. V. 8. P. 1271 [Sov. J. Quant. Electron. V.
11. P. 759].

371.Baev V.M., Gaida G., Schroder H., Toschek P.E., Opt. Commun. 1981. V. 38, P.
309.

372.Atmanspatcher H., Scheingraber H., Baev V.M., Phys. Rev. 1987. V. A-35. P.
142.

373.Atmanspatcher H., Scheingraber H., Vidal C.R., Phys. Rev. 1986. V. A-32. P.
1052.

374.Atmanspatcher H., Scheingraber H., Phys. Rev. 1986. V. A-34. P. 253.

375.Grassberger P, Procaccial., Phys. Rev. Lett. 1983. V. 50. P. 346.

376.Procaccial., Phys. Scr. 1985. V. T-9. P. 40.

377.Ben-Mizrachi A. Procaccial., Grassberger P, Phys. Rev. 1984. V. A-29. P. 975.

378.Mashkevich V.S., Ukr. Fiz. Zh. 1967. V. 12. P. 1731.

379.Mashkevich V.S., Zh. Eksp. Teor. Fiz. 1967. V. 53. P. 1003 [Sov Phys. JETP.
1968. V. 26. P. 601].

380.Mashkevich V.S., Kinetic Theory of Lasers, Moscow: Nauka. 1971.

381.Tolstoy N., Shapovalov V.N., Opt. Spektr. 1967. V. 23. P. 648 [Opt. Spectrosc.
(USSR) 23. V. 352].

382.Matorinl.l., Khanin Ya.l., 1zv. Vyss. Ucheb. Zaved. Radiofiz. 1973. V. 16. P. 386.

383.Pachomycheval.A., Sviridenkov E.A., Suchkov A.F,, TitovaL.V., Churilov S.S.,
Pismazh. Eksp. Teor. Fiz. 1970. V. 12. P. 60; [Sov. Phys. JETP Lett. 1972. V. 12.
P 43].

349



Fundamentals of Laser Dynamics

384.Belikova T.P, Sviridenkov E.A., Suchkov A.F, TitovaL.V., Churilov S.S,, Zh.
Eksp. Teor. Fiz. 1972. V. 62. P. 2060 [Sov Phys. JETP. V. 35. P. 1076].

385.Hansch T.W., Schawlov A.L., Toschek PE., IEEE J. Quant. Electron. 1972. V.
QE-8. P. 802.

386.Harris S.J., Appl. Optics. 1984. V. 23. P. 1311.

387.Ratner A.M., Zh. Tekhn. Fiz. 1968. V. 38. P. 1377.

388.Risken H., Nummedal K., Phys. Lett. 1968. V. A-26. P. 275.

389.Risken H., Nummedal K., J. Appl. Phys. 1968. V. 39. P. 4662.

390.Graham R., Haken H., Z. Phys. 1968. V. 213. P. 420.

391.RiskenH., In: Optical Instabilities/Eds. R.W. Boyd, M.G.Raimer, L.M. Narducci,
Cambridge etc: Cambridge Univ. Press, 1986. P. 20.

392.Lugiato L.A., Narducci L.M., Phys. Rev. 1985. V. A-32. P. 1563.

393.Mandel P, Opt. Commun. 1985. V. 53, P. 249.

394.Gerber PR., Butticker M., Z. Phys. 1979. V. 53. P. 219.

395.Mayr M., Risken H., Vollmer H.D., Opt. Commun. 1981. V. 36, P. 480.

396.Milovsky N.D., Phys. Lett. 1970. V. A-33. P. 492,

397.Milovsky N.D., lzv. Vyss. Ucheb. Zaved. Radiofiz. 1971. V. 14. P. 93.

398.PessinaE.M., Bonfrate G., Fontane F, Lugiato L.A., Phys. Rev. 1997. V. A-56. P.
4086.

399.Roldan E., Opt. Commun. 1997. V. 143, P. 235.

400.0strovsky L.A., Zh. Eksp. Teor. Fiz. 1965. V. 48. P. 1087; [Sov. Phys. JETP.
21(4)].

401.0strovsky L.A., Zh. Eksp. Teor. Fiz. 1965. V. 48. P. 1087; [Sov. Phys. JETP.
.21(6)].

402.Fleck JA., Jr., Kidder R.E, J. Appl. Phys. 1964. V. 35. P. 2825.

403.Fleck JA., Jr., Kidder R.E, J. Appl. Phys. 1965. V. 36. P. 2327.

404.Roldan E., Opt. Commun. 1997. V. 143, P. 235.

405.Basov N.G., Morosov V.N., Oraevsky A.N., Zh. Eksp. Teor. Fiz. 1965. V. 49. P,
895; [Sov. Phys. JETP. 1966. 22(3)].

406.Mandel P, Etrich C., OtsukaK., |IEEE J. Quant. Electron. 1993. V. QE-29. P. 836.

407.Khandokhin PA., Khanin Yal., Koryukin 1.V., Mandel P, |IEEE J. Quant. Elec-
tron. 1995. V. QE-31. P. 647.

408.Riedel E.P, Baldwin G.D., J. Appl. Phys. 1967. V. 38. P. 2720.

409.Butylkin V.S., Kaplan A.E., Khronopulo Yu.G., Yakubovich E.I., Resonance In-
teraction of Light with Matter, Moscow: Nauka. 1977.

410.Antipov O.L., Kuzhelev A.S,, Luk’yanov A.Ya., Zinov' ev A.P, Kvant. Elektron.
1998. V. 25. P. 891

411.Henry C.H., Semiconductor Injection LasersV. 1., Ed. W.T. Tsang (Semiconduc-
tors and Semimaterials, V. 22), Orlando: Academic Press. 1985.

412.Henry C.H., IEEE J. Quant. Electron. 1982. V. QE-18. P. 259.

413.Kravtsov N.V., Lariontsev E.G., Kvant. Elektron. 1994. V. 21. P. 903.

414.Klimontovich Yu.L., LandaP.S., Lariontsev E.G., Zh. Eksp. Teor. Fiz. 1967. V.
52. P. 1616.

415.Murina T.A., Theoretical analysis of the Methods for Control of Single-Mode
Laser Rsdiation: Ph. D. Thesis, Leningrad. 1982.

416.Mandel P, Abraham N.B., Opt. Commun. 1984. V. 51, P. 87.

350



References

417.ZeglacheH., Mandel P, Abraham N.B., Hoffer L.M., Lippi G.L., Mello T., Phys.
Rev. 1988. V. A-37. P. 470.

418.Vladimirov A., Opt. Commun. 1998. V. 149, P. 67.

419.Mandel P, Agraval G.P,, Opt. Commun. 1982. V. 42, P. 269.

420.Zhelnov B.A., Smirnov V.S., Fadeev F.P, Opt. Spektr. 1970. V. 28. P. 744 [Opt.
Spectrosc. (USSR) 28. 400].

421.Krivoshchekov G.V., Makukha V.K., Semibalamut V.M., Smirnov V.S., Kvant.
Elektron. 1976. V. 3. P. 1782 [Sov. J. Quant. Electron. V. 6. P. 965].

422.Khandokhin PA., Khanin Yal., J. Opt. Soc. Am. 1985. V. B-2. P. 226.

423.Hoffer L.M., Lippi G.L., Abraham N.B., Mandel P, Opt. Commun. 1988. V. 66,
P 219.

424.Anokhov S.P, Marusii T.Ya., Soskin M.S., Tunable L asers, Moscow: Radio Svyaz'.
1982.

425.Golyaev Yu.D., Evtuhov K.N., Kaptsov L.N., Smyshlyaev S.P,, Kvant. Elektron.
1981. V. 8. P. 230 [Sov. J. Quant. Electron. V. 11. P. 1427].

426.SekitaM., Kimura S., J. Appl. Phys. 1983. V. 54. P. 3415.

427.Polushkin I.N., Khandokhin PA., Khanin Yal., Kvant. Elektron. 1983. V. 10. P
1461 [Sov. J. Quant. Electron. V. 13. P. 950].

428.Koryukin I.V., Khandokhin PA., Khanin Yal., Kvant. Elektron. 1990. V. 17. P.
978. [Sov. J. Quant. Electron. V. 20. P. 895].

429.Khandokhin PA., Radiophys. Quantum Electron. 1979. V.22. P564. [1zv. Vyss.
Ucheb. Zaved. Radiofiz. 1979. V. 22. P. 813].

430.KushimaT., Marcos H.M., Geusic J.E., Phys. Rev. 1968. V. A-167. P. 289.

431.KoryukinI.V., Khandokhin PA., Khanin Yal., Mandel P, Kvant. Elektron. 1995.
V. 22. P 1081.

432.Perevedentsetva G.V., Khandokhin PA., Khanin Yall., Kvant. Elektron. 1980. V.
7. P. 128 [Sov. J. Quant. Electron. V. 10. P. 71].

433.Murina T.A., Rosanov N.N., Abstracts of Reports, First All-Union Conference
Optics of Laser, Leningrad; GOI. 1977. P. 154.

434.Khandokhin PA., Khanin Ya.l., Kvant. Elektron. 1989. V. 16. P. 1993. [Sov. J.
Quant. Electron. V. 18. P. 1248].

435.Zolotoverkh1.I., Kravtsov N.V., Lariontsev E.G., MakarovA.A., Firsov V.V., Opt.
Commun. 1994. V. 113, P. 249.

436.Khanin Yal., J. Opt. Soc. Am. 1988. V. B-5. P. 889.

437.AzarovaV.V., Intensity Noiseinthe CW Garnet Laser Radiation: Ph. D, Leningrad,
1980.

438.Khandokhin PA., Low-Freguency Processesin a Solid-State Ring Laser.: Ph. D
thesis, Gorky, USSR, 1985.

439.Khandokhin PA., Khanin Yal., Kvant. Elektron. 1996. V. 23. P. 29.

440.Khandokhin PA., Khanin Ya.l., Koryukin 1.V., Opt. Commun. 1991. V. 81, P.
297.

441 .Lacot E., Stoeckel F, J. Opt. Soc. Am. 1996. V. B-13. P. 2034.

442 Leners R., Stephan G., Quantum Semiclass. Opt, 1995. V. 7. P. 757.

443.Bielawski S., Derozier D., Glorieux P, Phys. Rev. 1992. V. A-46. P. 284.

444.Paddon P, SjerveE., May D., BaurouisM., Stephan G., J. Opt. Soc. Am. 1992. V.
B-9. P. 574.

351



Fundamentals of Laser Dynamics

445.7eglache H., Boulnois A., Phys. Rev. 1995. V. A-52. P, 4229.

446.Khandokhin P, Khanin Ya., Mamaev Yu., Milovsky N., Shirokov E., Bielawski
S, Derosier D., Glorieux P.,, Quantum Semiclass. Opt, 1998. V. 10. P. 97.

447.Khandokhin P, Khanin Ya., Mamaev Yu., Milovsky N., Shirokov E., Bielawski
S., Derosier D., Glorieux P, Kvant. Elektron. 1995. V. 25. P. 517.

448.San Miguel M., Feng O., Moloney J.,, Phys. Rev. 1995. V. A-52. P. 1728.

449.Martin-Regalado J., Prati F., San Miguel M., Abraham N.B., |EEE J. Quant. Elec-
tron. 1997. V. QE-33. P. 765.

450.Belenov E.M., Markin E.P, Morozov V.N., Oraevsky A.N., PismaZh. Eksp. Teor.
Fiz. 1966. V. 3. P. 54.

451.Belenov E.M., Morozov V.N., Oraevsky A.N., Trudy FIAN. 1970. V. 52. P. 237.[In:
Quantum Electronics in Masers and Lasers /Ed. D.V. Scobel’tsyn, New York:
Consaltants Bureau, 1972.

452.Bayer E., Hellwege K.H., Schaack //Zs. Naturforsch. 1965. V. 20A. P. 1181.

453.Morozov V.N., Oraevskii A.N., Izv. VUZ, Radiofiz. 1966. V.9. P. 710.

454.Tsykunov V.N., Zh. Eksp. Teor. Fiz. 1958. V. 70. P. 1646 [Sov Phys. JETP. V. 31.
P. 883].

455.Livshits B.L., Zh. Eksp. Teor. Fiz. 1963. V. 59. P. 516 [Sov Phys. JETP. V. 32. P.
283].

456.Vinokurov G.N., Opt. Spektr. 1971. V. 22. P. 5399 [Opt. Spectrosc. (USSR) 31.
251].

457.Tredicce J.P,, Abraham N.B., Puccioni G.P,, Arecchi F.T, Opt. Commun. 1985. V.
55, P. 131.

458.Stamatesku L., Hamilton M.W, Phys. Rev. 1997. V. A-55. P. 2115.

459.Pieroux D., Mandel P, Otsuka K., Opt. Commun. 1993. V. 108, P. 173.

460.Matorin I.1., Pikowsky A.S., Khanin Ya.l., Kvant. Elektron. 1984. V. 11. P. 2096
[Sov. J. Quant. Electron. V. 14. P. 1401].

461.Toda M., Phys. Rep. 1975. V. 18. P. 1.

462.0ppo G.L., Politi A., Z. Phys. 1985. V. B-2. P. 111.

463.Migulin V.V., Medvedev V.1., Mustel’ E.R., Parygin V.N., Principles of the thory
of Oscillations, Moscow: Nauka. 1978.

464.Ilvanov D.V., Khanin Yal., Matorin|.I., Pikovsky A.S., Phys. Lett. 1982. V. 89. P.
229.

465.Arecchi E.T., Meucci R., Puccioni G.P, Tredicce J.R., Phys. Rev. Lett. 1982. V.
49. P. 1271.

466.Puccioni G.P, Poggi A., Gadomski W., Tredicce J.R., Arecchi FT., Phys. Rev.
Lett. 1985. V. 55. P. 339.

467.Tredicce J.R., Arecchi F.T. Puccioni G.P, Poggi A., Gadomski W., Phys. Rev.
1986. V. A-34. P. 2073.

468.Dangoisse D., Glorieux P.,, Hennequin D., Phys. Rev. 1987. V. A-36. P. 4775.

469.Midavaine T., Dangoisse D., Glorieux P, Phys. Rev. Lett. 1985. V. 55. P. 1989.

470.Dangoisse D., Glorieux P.,, Hennequin D., Phys. Rev. Lett. 1986. V. 57. P. 2657.

471.Khandokhin P, Khanin Ya. I., Kvant. Elektron. 1984. V. 11. P. 1483 [Sov. J.
Quant. Electron. V. 14. P. 1004].

472.Mandel P, Nardone P, Erneux T., J. Opt. Soc. Am. 1988. V. B-5. P. 1113.

352



References

473.Bezaeval.G., Kartsov L.N., Sharikov |.Z., Kvant. Elektron. 1985. V. 12. P. 1743
[Sov. J. Quant. Electron. V. 15. P. 1152].

474.Evdokimova O.N., Kartsov L.N., Kvant. Elektron. 1990. V. 17. P. 901 [Sov. J.
Quant. Electron. V. 20. P. 824].

475.Samson A.M., Turovets S.1., Zh. Prikladn. Spectr. 1988. V. 48. P. 384.

476.Erneux T., Mandel P, Phys. Rev. 1989. V. A-40. P. 286.

477.Arecchi ET., Gadomski W., Meucci R., Roversi J.A., Opt. Commun. 1988. V. 65,
P 47.

478.Landau L.D., LifshitsE.M., Mechanics, Moscow: Nauka, 1988.

479.KimuraT., Otsuka K, J. Appl. Phys. 1969. V. 40. P. 5399.

480.KimuraT., Otsuka K, IEEE J. Quant. Electron. 1970. V. QE-6. P.764.

481.De MariaA.J., Gagosz R., Proc. IRE. 1962. V. 50. P. 1522.

482.KozlovaV.K., Mustel’ E.R., Parygin V.N., Radiotekhn. Elektron. 1969. V. 14. P.
875.

483.Livshits B.L., Dokl. Akad. Nauk SSSR. 1970. V. 191. P. 1298.

484.Feher G., Gordon J.P,, Buechler E., GereE. A., Thurmond C.D., Phys. Rev. 1958.
V. 109. P. 221.

485.Chester P.F., Wagner PE., Castle J.P, Phys. Rev. 1958. V. 110. P. 281.

486.Thorp J.S., Advancesin Quantum Electronics, N.Y.: ColumbiaUniv. Press, 1960.
P. 602.

487.Firth [.M., Bijl D., Nature. 1961. V. 192. P. 860.

488.Shamfarov YaL., Smirnova T.A., Radiotekhn. Elektron. 1963. V. 8. P. 1567.

489.Kemp J.C., J. Appl. Phys. 1959. V. 30. P. 1451.

490.Yariv A., J. Appl. Phys. 1960. V. 31. P. 740.

491.Wang S., Singer J.R., J. Appl. Phys. 1961. V. 32. P. 1371.

492.Firth [.M., Physica. 1963. V. 29. P. 857.

493.Singer J.R., Masers, New York: Chapman and Hall, 1959.

494.Kemp J.C., Phys. Rev. Lett. 1961. V. 7. P. 21.

495.Mukhtarov Ch.K., Dokl. Akad. Nauk SSSR. 1966. V. 171. P. 1301 [Sov Phys.
Doklady. V. 11. P. 1083].

496.Golyaev Yu.D., Dynamics of Oscillations of Quasi-CW Neodymium YAG La-
sers: Ph. D. Thesis, Moscow, 1973.

497.Jeppesen M.A., J. Opt. Soc. Am. 1958. V. 48. P. 629.

498.Kirsanov B.P, Leontovich A.M., Mozharovsky A.M., Kvant. Elektron. 1974. V.
1. P. 2211 [Sov. J. Quant. Electron. 1975. V. 4. P. 1232].

499.Golyaev Yu.D., Lantratov S.V., Kvant. Elektron. 1974. V. 1. P. 2197 [ Sov. J. Quant.
Electron. 1975. V. 4. P. 1224].

500.Marshall F.R., Roberts O.L., Proc. IRE. 1962. V. 50. P. 2108.

501.Collins R.J., Kisliuk P, J. Appl. Phys. 1962. V. 33. P. 2009.

502.Statz H., DeMars G.A., Wilson D.T., Tang C.L., J. Appl. Phys. 1965. V. 36. P.
1510.

503.Keller D.V., DavisB.1., IEEE J. Quant. Electron. 1966. V. QE-2. P179.

504.Paoli T., Ripper J.E., Appl. Phys. Lett. 1970. V. 16. P. 96.

505.Berzing E.G., Naboikin Yu.V., Rom-Krichevskayal .A., Tiunov Yu.A., Opt. Spektr.
1967. V. 22. P. 503.

353



Fundamentals of Laser Dynamics

506.Brzhazovsky Yu.V., Vasilenko L.S., Rautian S.G., Popova G.S., Chebotaev V.P,
Zh. Eksp. Teor. Fiz. 1971. V. 61. P. 500 [Sov Phys. JETP. V. 34 1972. P. 265].

507.Wood D.R, Schwarz S.E., Appl. Phys. Lett. 1967. V. 11. P. 88.

508.Karlov N.V., Kuzmin G.P, Petrov Yu.M., Prokhorov A.M., PismaZh. Eksp. Teor.
Fiz. 1968. V. 7. P. 174; [Sov. Phys. JETP Lett. V. 7. P. 134].

509.Powell H.T., Wolga G.J., IEEE J. Quant. Electron. 1971. V. QE-7. P213.

510.Jacques A., Glorieux P, Opt. Commun. 1982. V. 40, P. 455.

511.Arimondo E., Casagrande F., Glorieux P, Lugiato L.A., Appl. Phys. 1983. V. B-
30. P 57.

512.Arimondo E., Dinelli B.M., Opt. Commun. 1983. V. 44, P. 277.

513.Arimondo E., Menchi E., Appl. Phys. 1985. V. B-37. P. 55.

514.Arimondo E., Bootz P, Glorieux P, Menchi E., J. Opt. Soc. Am. 1985. V. B-2. P.
193.

515.Glorieux P, Dangoisse D., |IEEE J. Quant. Electron. 1985. V. QE-21. P.1486.

516.Arimondo E., Gabannini C., Menchi E., Zambon B., Proc. SPIE 1986. V. 667. P
234.

517.Arimondo E., Dangoisse D., Gabannini C., Menchi E., Papoff F., J. Opt. Soc.
Am. 1987. V. B-4. P. 892.

518.Arimondo E., Instahilities and Chaos in Quantum Optics 11 /Eds N.B. Abraham,
F.T. Arecchi, L.A. Lugiato, N.Y.: Plenum Press, 1988. P. 69.

519.Dangoisse D., Bekkali A., Papoff F., Glorieux P, Europhys. Lett. 1988. V. 6. P.
335.

520.Bekkali A., Papoff F., Dangoisse D., Glorieux P, J. de Phys. 1988. V. 49. PC2-
349.

521.Hennequin D., Lefranc M., Bekkali A., et al, Measures and Complexity and Cha-
0s/Ed. N.B.Abraham, N.Y.; L: Plenum Press, 1989. P. 299.

522.Gryaznov Yu.M., Chastov A.A., Zh. Prikladn. Spectr. 1972. V. 16. P. 658.

523.Berzing E.G., Naboikin Yu.V., Tiunov Yu.A., Chernov V.S,, Zh. Prikladn. Spectr.
1972. V. 13. P. 404.

524.Bespalov V.I., Yakubovich E.l., 1zv. Vyss. Ucheb. Zaved. Radiofiz. 1965. V. 8. P,
909.

525.Roshchin N.V., Izv. Vyss. Ucheb. Zaved. Radiofiz. 1973. V. 16. P. 1006.

526.Soffer B.H., J. Appl. Phys. 1964. V. 35. 2551.

527.She C.V., Ang-Tick Tan, Appl. Phys. Lett. 1966. V. 9. P. 198.

528.Dovger L.S., Ermakov B.A., Lukin A.V., Shklover L.P, Opt. Spekitr. 1966. V. 20.
P.903.

529.Erickson L.E., Szabo A., J. Appl. Phys. 1966. V. 37. 4953.

530.Erneux T., J. Opt. Soc. Am. 1988. V. B-5. P. 1063.

531.Shil’ nikov L.P, Dokl. Akad. Nauk SSSR. 1965. V. 160. P. 558.

532.TachikavaM., Tanii K., KajitaM., Shimizu T., Appl. Phys. 1986. V. B-39. P. 83.

533.Tachikava M., Tanii K., Shimizu T., J. Opt. Soc. Am. 1988. V. B-5. P. 1077.

534.Tatarkova S.N., Tuchin V.V., Laser Physics. 1993. V.2. P. 482.

535.Carmichael C.H., Simpson G.N., Nature. 1964. V.202. P4934.

536.Birnbaum M., Stocker T.L., IEEE J. Quant. Electron. 1966. V. QE-2. P.184.

537.Elissev P.G., Man'ko M.A., Zh. Prikladn. Spectr. 1968. V. 36. P. 2215.

538.Shen Y.R., Phys. Rev. Lett. 1966. V. 20. P. 378.

354



References

539.Duguay M.A., Hansen J.W., Shapiro S.L., IEEE J. Quant. Electron. 1970. V. QE-
6. P. 725.

540.Giuliano C.R., Marburger J.H., Phys. Rev. Lett. 1971. V. 27. P. 905.

541 Katzenstein J., Magyar G., Selden A.C., Opto-Electronics. 1969. V. 1. P. 13.

542.Gaponov S.V., Goncharov A.G., Kraftmakher G.A., Khanin Yall., PismaZzZh. Eksp.
Teor. Fiz. 1970. V. 11. P. 370; [Sov. Phys. JETP Lett. V. 11. P. 248].

543.Drobnik A., Wolf L., Kvant. Elektron. 1978. V. 5. P. 482 [ Sov. J. Quant. Electron.
V. 8. P. 274].

544.Gaponov S.V., Paramonov L.V., Salashchenko N.N., Khanin Yal., Kvant. Elektron.
1980. V. 7. P. 2432 [Sov. J. Quant. Electron. V. 10. P. 1415].

545.Mikaelyan A.L., Kuprishov V.F, Turkov Yu.G., Anlreev Yu.V., Shcherbakova A
A., Pismazh. Eksp. Teor. Fiz. 1970. V. 11. P. 244; [Sov. Phys. JETP Lett. V. 11.
P. 155], Kvant. Electron. /Ed. N.G.Basov.—M.: Sov. Radio, 1971, #1, P. 102.
[Sov. J. Quant. Electron. V. 1. P. 74].

546.Birnbaum M., Fincher C.L., Proc. IEEE. 1969. V. 57. P. 804.

547.Allakhverdyan R.G., Morozov V.N., Oraevsky A.N., Suchkov A.F., Kvant. Elec-
tron. /Ed. N.G.Basov, M.: Sov. Radio, 1971, #6, P. 53. [Sov. J. Quant. Electron.
V. 1. P 102].

548.Bogdankevich O.V., Kovalenko A.N., Mestverishvili A.N., Nasibov A.S.,
Pechenov A.N., Ryabov E.A., Suchkov A.F,, Zh. Eksp. Teor. Fiz. 1971. V. 60. P.
132 [Sov Phys. JETP. V. 33. 1972. P. 7455].

549.Gurevich G.L., Ingel’ L.Kh., Khanin Ya.l., Kvant. Electron., Ed. N.G.Basov, M.:
Sov. Radio, 1972, #3, P. 45. [Sov. J. Quant. Electron. V. 2. P. 230].

550.Talanov V.1., 1zv. Vyss. Ucheb. Zaved. Radiofiz. 1965. V. 8. P. 260.

551.Kelley PL., Phys. Rev. Lett. 1965. V. 15. P. 1005.

552.Kaminsky A.A., Mak A.A., Pashinin PP, Popov Yu.M., In: Laser Handbook.
Ed. A.M. Prokhorov, Moscow: Sovetskoe Radio, 1978. V. 1. P. 237.

553.Mocker H.W., Callins R.J., Appl. Phys. Lett. 1965. V. 7. P. 210.

554.Malyshev V.1., Markin A.S., Sychev A.A., PismaZh. Eksp. Teor. Fiz. 1967. V. 6.
P. 190; [Sov. Phys. JETP Lett. V. 6. P. 34].

555.Schmackhfeffer A., Weber Y., Phys. Lett. 1967. V. 24. P. 190.

556.De MariaA.J., Stetser D.A., Heunau H., Appl. Phys. Lett. 1966. V. 8. P. 174.

557.De MariaA.J., Glenn W.H., BrienzaM.J., Mack M.E., Proc. |IEEE. 1969. V. 57.
P2

558.New G.H.C., Rep. Progr. Phys. 1983. V. 46. P. 877.

559.Statz H., Tang C.L., J. Appl. Phys. 1965. V. 36. P. 3923.

560.Statz H., De Mars G.A., Tang C.L., J. Appl. Phys. 1967. V. 38. P. 2212.

561.Statz H., J. Appl. Phys. 1967 V. 38 P. 4648.

562.Tang C.L., Statz H., J. Appl. Phys. 1967. V. 38. P. 2963.

563.Statz H., Bass M., J. Appl. Phys. 1969. V. 40. P. 377.

564.Schwarz S.E., Gordon P.L., J. Appl. Phys. 1969. V. 40. P. 377.

565.Kravtsov N.V., Yatsenko Yu.P, Zh. Tekhn. Fiz. 1978. V. 47. P. 2433.

566.Haus H.A., J. Appl. Phys. 1975. V. 46. P. 3049.

567.Bondarenko A.N., Krivoshchekov G.V., Semibalamut V.M., Smirnov V.A., Stupak
M.F, lzv. Viyss. Ucheb. Zaved. Radiofiz. 1971. V. 14. P. 1615.

355



Fundamentals of Laser Dynamics

568.Gusev A.A., Kruzhalov S.V., Pakhomov L.N., Petrun’kin V.Yu., PismaZh. Techn.
Fiz. 1978. V. 4. P. 1250.

569.Spence D.E., Kean PN., Sibbert W., Opt. Lett. 1991. V. 16. P. 43.

570.LiuL.Y., Huxley JM., Ippen E.P, Haus H.A., Opt. Lett. 1990. V. 15. P. 553.

571.Macolm G.PA., Fergusson A.J., Opt. Lett. 1992. V. 17. P. 877.

572.Piche M., Salin F., Opt. Lett. 1993. V. 18. P. 1041.

573.Ru P, Jakabsen PK., Moloney J.V., Technical Digest “Nonlinear Dynamics in
Optical Systems’, Alpbach, Austria (Optical Society of America, Washington
D.C., 1992) P. 48.

574.Gurevich G.L., lzv. Vyss. Ucheb. Zaved. Radiofiz. 1970. V. 13. P. 1019.

575.New G.H.C., ReaT.H., J. Appl. Phys. 1976. V. 47. P. 3107.

576.Garside B.K., Lim T.K., J. Appl. Phys. 1973. V. 44. P. 2335.

577.Khanin Yal., Matorin I.1., Opt. and Quant. Electron. 1981. V. 13. P. 439.

578.New G.H.C., IEEE J. Quant. Electron. 1974. V. QE-10. P115.

579.Arthurs E.G., Bradley D.J., Puntambeckar PN., Ruddock 1.S., Glenn T.J., Opt.
Commun. 1974. V. 12, P. 360.

580.McClung F.J., Hellwarth R.W., J. Appl. Phys. 1962. V. 33. P. 828.

581.Basov N.G., Zuev V.S, Kryukov PG., Zh. Eksp. Teor. Fiz. 1962. V. 43. P. 353
[Sov Phys. JETP. 1963 V. 16. P. 254].

582.Macker PD., Terhune R.W., Savage C.M., In 2" |nt. Conf. Electron. Quant.. Par-
i51964. N.Y.: Columbia Univ. Press. P. 1559.

583.Bespalov V.I., Bogatyrev Yu.K., 1zv. Vyss. Ucheb. Zaved. Radiofiz. 1966. V. 9. P.
525.

584.Pilipovich V.A., Morgun Yu.F,, Zh. Prikladn. Spectr. 1967. V. 7. P. 225.

585.Landsberg G.V., Optics, Moscow: Nauka, 1976 (in Russian).

586.Balashov |.F, Berzing B.G., Ermakov B.A., Konyshev V.V., Zh. Prikladn. Spectr.
1967. V. 7. P. 354.

587.Geusic J.E., Hensel V.., Smith R.G., Appl. Phys. Lett. 1966. V. . P. 175.

588.Smith R.G., Galvin M.F,, IEEE J. Quant. Electron. 1967. V. QE-3. P. 406.

589.Covacs M.A., Flynn G.W., Javan A., Appl. Phys. Lett. 1966. V. 8. P. 62.

590.0htsuka Y., Tsukamoto M., Masutani K., YoshinagaH., Jap. J. Appl. Phys. 1968.
V. 39. P 2157.

591.McClung F.J., Weiner D., |[EEE J. Quant. Electron. 1967. V. QE-1. P. 94.

592.Ambartsumyan R.V., Basov N.G., Zuev V.S., Kryukov P.G., Letokhov V.S.,
Shataberashvili O.B., Zh. Eksp. Teor. Fiz. 1963. V. 51. P. 406 [Sov Phys. JETP.
1964 V. 24. P. 272].

593.Korabkin V.V., Leontovich A.M., PopovaM.N., Shchelev M.Ya., PismaZh. Eksp.
Teor. Fiz. 1967. V. 5. P. 314 [Sov Phys. JETP. Lett. 1968 V. 8. P. 257].

594.Gibbs W.E.K., Whitcher, Appl. Optics. 1967. V. 6. P. 1957.

595.Bradley D.J., Magyar G., Richardson M.C., Nature. 1966. V. 212. P. 63.

596.Flamholz A., Wolga G.J., J. Appl. Phys. 1968. V. 39. P. 2723.

597.Prokhorov A.M., Radiotechn. Elektron. 1963. V. 8. P. 1073.

598.Mikaelyan A.L., Turkov Yu.G., Radiotechn. Elektron. 1964. V. 9. P. 743.

599.Wagner W.G., Lenguel B.A., J. Appl. Phys. 1968. V. 39. P. 2040.

600.Wang C.C., Proc. IEEE. 1963. V. 51. P. 1767.

601.Wuylsteke, J. Appl. Phys. 1963. V. 34. P. 1615.

356



References

602.Menat M, J., Appl. Phys. 1965. V. 36. P. 73.

603.Markov V.B., Marusy T.Ya, Soskin M.S,, Khizhnyak A.l,, Zh. Eksp. Teor. Fiz.
1973. V. 64. P. 1538 [Sov Phys. JETP. V. 37. P. 778].

604.Letokhov V.S., Suchkov A.F,, Zh. Eksp. Teor. Fiz. 1966. V. 50. P. 1148 [Sov
Phys. JETP. V. 23. P. 764].

605.Bespalov V.1., Freidman G.1,, 1zv. Vyss. Ucheb. Zaved. Radiofiz. 1966. V. 9. P.
513.

606.L etokhov V.S., Suchkov A.F., Zh. Eksp. Teor. Fiz. 1967. V. 52. P. 282 [Sov Phys.
JETP. V. 25. P. 182].

607.Letokhov V.S., Suchkov A.F., Trudy FIAN. 1968. V. 43. P. 169.

608.Grant D.G., Proc. IRE. 1963. V. 51. P. 604.

609.Masters J.1., Ward J., Hartount E., Rev. Sci. Instr. 1963. V. 34. P. 365.

610.Masters J.1., Murray E.M.E., Proc. IRE. 1965. V. 53. P. 76.

611.Rivlin L.A., Zh. Eksp. Teor. Fiz. 1964. V. 47. P. 624 [Sov Phys. JETP. 1965. V.
20. P. 418].

612.Bret G., Gires F., Appl. Phys. Lett. 1964. V. 4. P. 173.

613.Sorokin PP, Luzzi J.J., Lankard J.R., Petti G.D., IBM J. Res. Dev. 1964. V. 8. P.
182.

614.Kafalas P, Masters J.I., Murray E.M.E., J. Appl. Phys. 1964. V. 35. P. 2349.

615.Soffer B.H., Hoskins R., Nature. 1964. V. 204. P. 276.

616.Daneu V., Sacchi c.a., Svelto O., IEEE J. Quant. Electron. 1966. V. QE-2. P. 290.

617.Leontovich A.M., Popova M.N., Shchelev M.Ya,, Izv. Vyss. Ucheb. Zaved.
Radiofiz. 1966. V. 9. P. 513.

618.Korobkin V.V., Leontovich A.M., PopovaM.N., Shchelev M.Ya,, PismaZzZh. Eksp.
Teor. Fiz. 1966. V. 3. P. 301 [Sov Phys. JETP lett. V. 3. P. 194].

619.Forrest M.J., Magyar G., Opto-Electronics. 1970. V. 2. P. 48.

620.McFarland B.B., Hoskins R., Soffer B.H., Nature. 1965. V. 207. P. 1180.

621.Theoretical Approaches for Optical Quantum Oscillators, Ed. B.l. Stepanov,
Minsk: Naukai Tekhnika V. 1. 1966.

622.Erickson L.E., Szabo A., J. Appl. Phys. 1966. V. 37. P. 4953.

623.Szabo A., Stein R.A., J. Appl. Phys. 1965. V. 36. P. 1562.

624.Borovich B.L., Zuev V.S,, Shcheglov V.A., Zh. Eksp. Teor. Fiz. 1965. V. 49. P.
624 [Sov Phys. JETP. 1966. V. 22. P. 717].

625.Burak |., Houston P.L., Sutton D.G., Steinfeld J.I., IEEE J. Quant. Electron. 1971.
V. QE-7.P. 73.

626.Khanin Ya.l., Koryukin 1.V., Proc. SPIE 1992. V.1840 P.148.

357






A

absorption Doppler line 114
AC Stark effect 117
adiabatic systems 19
aperture parameter 285
atomic gaslasers 122
attractor crises 235

B

bad cavity condition 194
Bloch's vector 160, 160
Boltzmann distribution 113
Bragg gratings 192

Bragg scattering 194
Brewster’'sangle 132

C

carbon dioxide lasers 136

cavity eigenfrequency 250

cavity eigenfunctions 216

cavity length 185

cavity Q-factor 119

cavity Q-switching 303

cavity resonators 151, 151

cavity tuning rate 250

centre manifold 168

chaos 230

collisional laser with chemical
pumping 14

collisional laserswith electrical

pumping 14
control parameter 158
cryptocyanine 315
CW pumping 189

D

damping factor 101
DeBroglie wavelength 118

| ndex

depth of loss modulation 220
detuning 100

detuning sweeping 242
Doppler broadening 14, 112
Doppler frequency 132
Doppler shift 248
double-sided attractor 112
dyelasers 121, 124

E

electric induction 144
electric pumping 14
emission stage 268

F

Fabry—Perot cavities 132, 139

Fabry—Perot laser 200

fal time 311

Faraday isolator 141, 142, 1230

feedback coefficient 258

Feigenbaum scenario 102, 116

Fermi level 116

Fermi—Dirac statistics 116

fibrelasers 138

filling factor 148

filter saturation stage 268

four-level media 157, 157

four-wave mixing 156

frequency of the relaxation oscillations
227

Fresnel reflection 118

G

GaAslasers 118

gas-dynamic laser with thermal pumping
15

Gauss divergence theorem 147, 147

Gaussian diaphragm 150

giant pulses 303



Fundamentals of Laser Dynamics

H

helium—neon laser 122
hetero-structure lasers 136
homogeneous broadening 14, 173
Hopf bifurcation 121, 186, 267
Hopf-bifurcation 108

induced emission 11

instability criterion 266
intermode frequency spacing 128
inversion decay rate 173
inversion modulation 222

K

Kerr cell 253, 304

Kerr constant 304

Kerr medium 277, 285, 290
Kerr modulator 304

Kerr shutter 304, 305
Khokhlov’'s method 156, 156
klystron 140
Kolmogorov'sentropy 164
Kramer'srule 223

L

Lamb dip 123, 124

laser bistability 207

laser self-excitation condition 172
laser threshold 129

limit cycles 19

linear frequency pulling 213
Lorentzian function 128

Lorenz attractor 190

Lorenz chaos 190

Lorenz instability 125

Lorenz model 140, 113, 116
Lorenz—Haken 190
Lorenz—Haken equations 18
Lorenz—Haken model 19, 189, 112
loss coefficient 152, 152

loss modulation amplification factor 220

loss modulation frequency 243
low-frequency coherency 16

M

maser 13

maser cavity 110

maximum emission principle 286
Maxwell-Bloch-type equations 301
Maxwell-Bloch equations 143, 143
mode coupling coefficient 152, 152
mode-mode coupling 286

N

Nd:YAG lasers 134
nonadiabatic systems 19
nonzero phase nonreciprocity 214

@)
opto-electronic feedback 254
P

p—njunction 118

parameter modulation 219
passive mode locking 289
passive Q-switching 253
period doubling 140
perturbation damping rate 294
phase nonreciprocity 210
phased mode locking 286
photon lifetime 18
phtalocyanine 315

Pockels effect 304
polarization laser dynamics 139
polarization mode 216

power transfer coefficient 292
pump modulation 222
pumping coefficient 144
pumping parameter 107, 118
pumping stage 267

Q

Q-factor 149, 149
Q-modulation 250
Q-switching 303
Q-switching time 305
quantron 127
guantum electronics 11



guantum transition cross-section 12
quantum well lasers 118

R

Rabi frequency 196

Rabi oscillations 156, 156, 171,

Raman laser 105

reference frequency 103

relaxation oscillations 173

relaxation processes 17

ring resonators 151, 151

risetime 310

Risken-Nummedal-Graham-Haken
instability 125

Routh—Hurwitz criterion 108, 110

S

saturated gain coefficient 127

saturation stage 268

second laser threshold 198

self-modulation period 214

self-modulation regime of the
first kind 206

semiconductor lasers 116

single-mode lasers 166

skeleton curve 227

spectral line broadening 122

Index

361

spike amplitude 175

spike duration 175

Spike emission 135

spike envelope derivative 180
spiking 252

spiral chaos 114

standing wave laser 182
standing wave pattern 133
standing-wave He—Xelasers 142
Stark sublevels 114

strange attractors 19, 233
sweep rate 237

sweeping 237

T

TEA CO, laser 142

temperature line drift velocity 251
thermal lens 132

three-level medium 155, 155
Toda oscillator 235

Toda's potential 227

travelling wave laser 164, 164
two-level medium 154, 154

Vv

VECSEL 119
Verde constant 230



	About the Author
	Contents
	Preface
	1. Quantum Oscillators: General Considerations
	1.1. Principle of Operation and Practical Implementation
	1.1.1. Induced and Spontaneous Emission
	1.1.2. Methods of Producing an Inverted Population
	1.1.3. Amplification in Quantum Systems without Population Inversion

	1.2. Time-Dependent Processes in Quantum Oscillators
	1.2.1. Dynamic Properties of Lasers and Their Relation to Relaxation Rates
	1.2.2. Widespread Types of Lasers
	1.2.3. Some Experimental Facts


	2. Basic Equations for the Dynamical Behaviour of Lasers
	2.1. Equations for the Electromagnetic Field
	2.1.1. Wave Equation
	2.1.2. Modal Decomposition
	2.1.3. Ring-Cavity Field Equations

	2.2. Equations for the Dynamics of the Material
	2.2.1. Master Equations
	2.2.2. Two-Level Medium
	2.2.3. Three-Level Medium: Coherent Pumping
	2.2.4. Three- and Four-Level Media; Transition to an Equivalent Two-Level Description
	2.2.5. Material Equations Specialized to an Ensemble of Moving Atoms

	2.3. Self-Consistent Semiclassical Set of Laser Equations

	3. Single-Mode Lasers
	3.1. Dynamical Models of Homogeneously Broadened Lasers
	3.1.1. Equations for the Quadratic Quantities
	3.1.2. Adiabatic Elimination of the Atomic Polarization; Single- Mode Rate Equations

	3.2. Traveling-Wave Laser with Homogeneous Active Medium
	3.2.2. Phase Portrait of Laser; Spikes Characteristics
	3.2.3. The Linear Stage of the Onset

	3.3. Single-Mode Standing-Wave Class B Laser
	3.3.1. Model with Extended Laser Medium
	3.3.2. Model with the Sinusoidal Inversion Grating
	3.3.3. Power Characteristics

	3.4. Instabilities and Chaos in a Travelling-Wave Single-Mode Laser
	3.4.1. Some history
	3.4.2. The Lorenz–Haken Model
	3.4.3. Bifurcations and Their Sequences
	3.4.4. Parametric Origin of the Second Laser Threshold
	3.4.5. Effect of Detuning on the Laser Dynamic Properties
	3.4.6. Phase Dynamics of a Single-Mode Laser

	3.5. Dynamics of Three-Level Lasers with Coherent Pumping
	3.5.1. Self-Consistent Model and Ways to Its Simplification
	3.5.2. Self-Excitation Conditions
	3.5.3. Lasing Modes

	3.6. Effect of Inhomogeneous Broadening on the Laser Dynamic Characteristic
	3.6.1. Lowering of the Instability Threshold
	3.6.2. Time-Dependent Laser behaviour


	4. Multimode Lasers with Frequency-Nondegenerate Modes
	4.1. Rate Equations Model with Spatial Mode Competition and Its Time Independent
	4.1.1. Combination Tone Mode-Mode Coupling. The Rate Equations of the Multimode Lasers
	4.1.2. Stationary Oscillation Spectrum of the Fabry-Perot Laser
	4.1.3. Uniqueness of the Stable Steady-State Solution

	4.2. Relaxation Oscillations as Low Frequency Normal Laser Modes
	4.2.1. The Model with Spatially Extended Laser Medium
	4.2.2. Approximation of the Spatial Inversion Gratings
	4.2.3. Dependence of the Dynamical Features on the Distribution of Unsaturated Gain Over the Perimeter of Laser Cavity

	4.3. Time-Dependent Processes
	4.3.1. Features of Spiking in Multimode Lasers
	4.3.2 Onset of Laser Spectrum
	4.3.3. Alternative Mechanisms of Laser Multistability

	4.4. Combination Tone Mode-Mode Coupling and Its Influence on Laser Dynamics
	4.4.1. Competition between Dispersion and Nonlinearity of the Laser Medium
	4.4.2. Time-Dependent Regimes Due to Nonlinear Mode Interaction

	4.5. Inhomogeneously Broadened Solid-State Lasers
	4.5.1. Mathematical Model
	4.5.2. Steady-State Solution in the Spatially Uniform Field Approximation: The Threshold for Laser Spectrum Splitting
	4.5.3. Connection between the Spatial Mode Structure and the Spectral Structure of Laser Emission
	4.5.4. Transients in the Presence of Cross-Relaxation

	4.6. Dynamical Instability of Steady State of a Multimode Travelling-Wave Laser (Risken–Nummedal–Graham–Haken Theory)

	5. Multimode Lasers with Quasi- Frequency-Degenerate Modes
	5.1 Two-Mode Class B Laser with a Fabry-Perot Resonator
	5.1.1 Equations of Class B Two-Mode Laser
	5.1.2 Steady-State Solutions and Relaxation Oscillations

	5.2 Bidirectional Class B Laser
	5.2.1 The Model of Single-Frequency Class B Ring Laser
	5.2.2 Steady States in the Absence of Backscattering and Their Stability
	5.2.3 Influence of Fine Structure of the Gain Line on the Stability of the Steady States
	5.2.4 Steady States in the Presence of Backscattering and Their Stability
	5.2.5 Competition of two instability mechanisms
	5.2.6 Role of Phase Nonreciprocity in the Dynamics of a Class B Ring Laser
	5.2.7 Frequency Dynamics of a Bidirectional Ring Laser

	5.3 Vector Model of a Fibre Laser

	6. Lasers with Time-Dependent Parameters
	6.1 Lasers with Periodic Parameter Modulation
	6.1.1 Linear Response of a Single-Mode Laser to Low-Frequency Modulation
	6.1.2 Linear Response of a Multimode Laser to Low-Frequency Loss Modulation
	6.1.3 Nonlinear Response of a Single-Mode Laser to Periodic Loss Modulation
	6.1.4 Bifurcations and Chaos

	6.2 Monotonic Adiabatic Variation of Parameters
	6.2.1 Sweeping of the Losses
	6.2.2 Sweeping of Detuning

	6.3 Mechanisms of Undamped Pulsations in Solid-State Free- Running Lasers
	6.3.1 Origin of the Pulsations of a Two-Level Paramagnetic Maser
	6.3.2 Laser Parameter Oscillations Under Free-Running Conditions
	6.3.3 Instabilities Due to Sweeping of the Cavity Eigenfrequency
	6.3.4 Role of Spatial Effects


	7. Lasers with Nonlinear Parameters
	7.1 Laser with an Opto-Electronic Feedback
	7.1.1 Single-Mode Laser with Self-Controlling of the Cavity Losses
	7.1.2 Multimode Laser with Selective and Combined Feedback

	7.2 Laser with a Nonlinear Absorber
	7.2.1 Two-Level Rate Equation Model of Laser with a Nonlinear Filter; Steady States and Their Stability
	7.2.2 Nonlinear Pulsations in a Laser with Saturable Absorber
	7.2.3 Experiments with a CO2 Laser. The Rate Equation Model of a Three-Level Laser with a Two-Level Nonlinear Filter

	7.3 Laser with a Nonlinear Dielectric
	7.3.1 Examples Showing the Influence of the Refractive Index Nonlinearity on Laser Dynamics
	7.3.2 Passive Modulation of Diffraction Losses by a Dielectric with Cubic Nonlinearity (Kerr Medium Inside a Cavity with Aperture)
	7.3.3 Passive Modulation of the Mode Filling factor (Kerr Medium Inside a Cavity Without Aperture)

	7.4 Passive Mode Locking in Lasers
	7.4.1 Role of the Laser Medium Nonlinearity in Mode Locking
	7.4.2 Threshold Conditions of Passive Mode Locking

	7.5 Processes in a Traveling Wave Laser with Saturable Absorber
	7.5.1 Rate Equation Model of a Traveling Wave Laser Without Bulk Losses
	7.5.2 Instability Threshold of Single-Frequency Operation of a Traveling-Wave Laser with Nonlinear Filter
	7.5.3 Soft and Hard Regimes of Ultrashort Pulse Formation in Lasers with Nonlinear Filters


	8. Giant Pulse Regime (Q-Switching)
	8.1 Active - Q switching
	8.1.1. Active methods of generating giant pulses
	8.1.2 Pulse Delay Time with Instantenous Q-Switching
	8.1.3. Energy Characteristics of a Giant Pulse
	8.1.4 Pulse Duration and Shape
	8.1.5. Angular and Frequency Spectra of a Giant Pulse with Instantaneous Q-switching

	8.2 Giant Pulse Generation with Passive Q-switching

	Supplement
	Notations
	Glossary
	References



