oy e Bl o AT A K R 4w At s = AR -

To
My Wife .

XIANG



[

THEORY OF SATURABLE ABSORBER

LASER MODE-LOCKING



]

THEORY OF SATURABLE ABSORBER

LASER MODE-LOCKING

by
TUAN-KAY LIM, B.Sc.

A Thesis
Submitted to the School of Graduate Studies
In Partial Fulfilment of the Regquirements
for.she Degree

Doctor of Philosophy

McMaster University

September 1974



DOCTOR OF PHILOSOPHY McMASTER UNIVERSITY
(Physics) Hamilton, Ontario

TiTLE:, Theory of Saturable Absorber Laser Mode-Locking
AUTHOR: Tuan-Kay Lim, B.Sc. {(Nanyang University)
SUPERVISOR: Professor B. K. Garside

NUMBER OF PAGES: xi, 217

SCOPE AND CONTENTS:

The major purpose of the work described in this thesis
is the development of a theoretical model for the mode-
locked continuous (CW) and quasi-continuous lasers using a
suitable saturable absorber, and the direct testing of the
applicability of this model to some important systems,

In essence, the development of the theoretical model
consists of three parts. First, the dynamical equations
governing the laser operation are derived employing a semi-
classical approach, where both the gain and the absorber media
are treated in the density matrix formalism and propagation .
of the electromagnetic radiation is govepnéd by Maxwell's eqda-
tions, Second, the possibility of achieving mode-locking is
investigated by examining the stability of the time-invariant
solutions of the dynamical equations against small pertur-
bations. Finally, a finite differencé approximation is em-
ployed as a means of solving the laser dynamical equations
so that steady-state pulses (SSP) can be generated within the

mode-locking regime,
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A systematic study of the general behaviour of CW mode-
locked lasers is undertaken. Such an investigation helps to
provide an overall understanding of the physical mechanisms
controlling the mode-locking process. In particular, the
atomic coherence effects of the,interactiqns between the radia-
tion field and the ac¢tive media are studied. Furthermore, the
general procedure and techniques employed for the numerical
analysis form the basic mathematical tool for handling specific
systems,

The behaviour of mode-locked CW and flashlamp-pumped
(FLP) dye lasers is investigated. It is verified directly that
picosecond pulses can be generated from a CW dye laser with
an absorber whose recovery time is several hundred picoseconds.
Further, it is shown that under typical expérimental conditioiis,
the FLP dye lasers can be operated in the guasi-continuous re-
gime where the output pulses are close to being SSP. Numeri-
cal results concerning the build-up process of the SSP are in
good agreementiﬁith experimental observations.

As an integral part of our work, the interrelation between
mode-locking and reléxation oscillations (passive Q-switching)
is also discussed. It is shown that the passive Q—swﬁt&hing
as a special case of the analysis

3
employed for saturable absorber mode-locking. The impact of

instability solutions follow

the presence of passive Q-switching instabilities on the pre:

diction of mode-locking instability regions is investigated.
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As a particular result of a é%udy of the transition from a -
mode-locked to a passive Q-switched regime, it is suggested
that relaxation oscillations from FLP dye lasers and mode-

locking in suitable semiconductor lasers may be obtainable.

Finally, a number of suggestions on further research

are proposed.
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CHAPTER 1

INTRODUCTION

l.1 HISTORICAL REVIEW:

Generally speaking, a laser which is forced, in one way
or another, to maintain a constant frequency spacing of the
oscillating modes and to have well-defined relative mode phases
is said to be "phase-locked" or "mode-locked". One of the
novel properties of a mode-locked laser is that a frequency
modulated (FM) laser oscillation with constant intensity in time
or a ;zjongly amplitude modulated (AM) output consisting of a
regularly spaced train of pulses can be produced, in contrast with
the output from a free~runnin§ (unmode-locked) laser whichl
fluctuates in an irregular gnanner. Therefore, the output of a
mode-locked laser is, in sense, more coherent.

Since the first pApers published in 1964 and early 1965,
the subject of laser mode-locking has been one of the most ac-
tive fields in laser research. 1In the past ten years, numerous
experiments have been performed employing different laser ma-
terials and various mode-locking techniques. In the meanfime,
different theoretical approaches aimed towards an understanding:
of the mechanisms in the mode-locking process have alsoc been

undertaken with some success. Recently, several review articles
(1-7)

have appeared containing extensive and Systeﬁétic surveys

on this subject.



{
I

In the present work, we do not attempt to give an ex-
tensive and chronological review on the whole subject of laser
mode—~locking. Rather, in this section, a brief discussion is
given concerning the basic principles of the different tech-
niques in achieving mode-locking and the theoretical approaches
which have been applied so far. Emphasis will be put on the
topic of saturable absorber mode-locking with which this thesis

is particularly concerned.

l1.1.1 Basic Idea of Laser Mode-Locking

A typical laser consists of an optical resonator formed
by two coaxial mirrors with a laser gain medium inside the reso-

(8) )

nator. Xt is well known that in general such a laser resonator
can support a variety of laser modes some of which may have dif-
ferent field distributions normal to the resonator axis {(trans-
verse modes). Each of these transverse modes has an infinite

set of eigegfrequencies (longitudinal modes) separated in frequency
by an amount c¢/2L where L is the optical length of the resonator
and c is the speed of light. Practically, the frequency band

over which laser oscillation can occur is determined by the
frequency region over which the gain of the laser medium exceeds
the resonator';osses. Very often, there are many resonator modes
which fall within this oscillation band, and the laser output
consists of radiation at a number of closely spaced frequencies¥*,

The total output of such a laser as a function of time depends

on the amplitudes, frequencies and relative phases of all the

E3

The frequencies of the oscillating modes appear to be closely
spaced, since the total dscillating bandwith is usually very
narrow compared with the opntical frequency of the laser 1light.



oscillating modes. If there is nothing which fixes these para-
meters, random fluctuations and nonlinear effects in the laser
medium will cause them to change with time, and the output will
vary in an uncontrolled way, even though the éverage power may
remain relatively constant. On the other hand, if the oscillating
modes are somehow forced to maintain equal frequency spacing with
a fixed phase relationship to each other, the output will be a
well-defined function of time and the laser is said to be "phase-
locked"”. The form of the output depends on which modes are oscil-
lating and what phase relationship is maintained. For example,
fora laser operated in a single longitudinal mode, but with a set
of simultaneously oscillating transverse modes, it is possible to
obtain a spatially scanning las?r beam, or a "machine—gun“‘out—
put where pulses of light appear periodically at different spatial
positions on the laser output mirror ("transverse mode-locking")(l'z).
More often, the laser resonator can be apertured in such a way as
to discriminate against all transverse modes except the lowest
order (the fundamental TEMOO) mode which has a simple Gaussian
profile. For such a single-transverse-mode* laser, it is possible
to fix the amplitudes and phases of the oscillating longitudinal
modes ("longitudinal mode-locking”) to obtain, on the one hand,

a frequency modulated (FM) laser oscillation with output intensity
being constant in time, or on the other a strongly amplitude
modulated output consisting of:a regularly spaced train of pulses,

as' shown schematically in Fig. 1-1. It has been demonstrated(g)

* [
In theory, a set of longitudinal modes having any transverse

mode distribution may be mode-locked although the fundamental
SN 1v ”



Fig. 1-1(a)

(b)

A Typical laser system. Ml,M2: reflecting
mirrors. Amplifier: gain medium. L: resonator
length. Cavity round trip time TRT = 2L/c.
The resonator axial (longitudinal) modes with

frequency spacing c/2L between adjacent modes.

(c) and (d): Output of a free running laser.

(c): Intensity as a function of time. Im =

average intensity. (d): Oscillating modes.

Vo is the center frequency, Av is the oscillation

bandwidth.

v« (e) and (f): Pulsing output of a mode-locked laser.

(e): A train of pulses separated by T = 2L/c.

RT
l\‘ .

p NIm, Tp n TRT/N,where N is the number of

oscillat%ng modes. (f): Frequency spectrum.

20

I

(g) and (h): FM output of a mode-locked laser.

(g): Intensity is a constant in time. IFM ~ Im.
(h) : Frequency spectrum: the oscillating modes

have nearly Bessel function amplitudes.
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that with an internal phase modulator, both types of mode-locked
oﬁtput can be produced depending on the relative magnitudes of
the strength of the phase perturbation, the frequency difference
between the driving frequency of the modulator and the axial mode
interval (known as “detuning“)(g), and the atomic gains, cavity
losses and reactive mode pulling effects. For large perturbation
strength and certain range of detuning, FM laser oscillation may
be obtained. Alternatively, very small detuning and lower pertur-
bation strengths may yield a time domain pulsing behaviour which
is\very similar to that obtained by means of internal loss per-
turbation, except the presence of a uniform shift of all modes
from their free-running frequencies in the case of phase modula-
tion. In what follows, the term "mode-locking"” will always mean
longitudinal mode-locking and in particular that type of mode-
locking with pulsed outpﬁt since longitudinal mode-locking is of
much practical importance and we are dealing with saturable ab-

sorber mode-locking which can only produce pulsed output.

1.1.2 Experiﬁental Techniques of Mode-Locking Py

We now discuss briefly the ways by which laser mode-

locking can be Jachieved experimentally. o \\
A. Self-lock¥ng:

Undg€r certain conditions, the nonlinearity of the interac-
tion bet%een the laser medium and the laser radiation within the
resonator may be such that a fixed relationship is produced
between the oscillating modes. When this phenomenon occurs in

the absence of any other mode-locking element, the laser is said



to be self-locked*. It has been shown that many laser systems
can be made tg‘self—lock(l’z). However, some researchers believe
that only partial self-locking occurs for many solid-state
lasers(loﬂlz). Oon the other hand, there is no doubt that reliable
self-locking can be obtained with gas lasers, notably the 6328 ;
He-Ne laser where both single-~ and multiple-pulse operations of
up to six output pulses in one round-trip period have been repor-
ted(l3—l7). It is found that to achieve self-locking, the laser
must be operated close to threshold; laser oscillation should

be confined to a single transverse mode and the recovery time of
the gain medium must be less than or of the order of the cavity
round-trip time.

Apparently, self—lockihg is the simplest way in achieving
mode-locking since no additional element other than the laser
resonator and the gain medium is needed. However, in general,
it is not possible to predict the exact conditions for self-locking,
and very often the output of a self-locked laser is unstable.
Because of the somewhat uncertain nature of self-locking, it is
often necessary to introduce an external driving force or an

additional nonlinear element to achieve good mode-locking. Some

of the important techniques are described below.

S~

Note that this term has also been used by some authors to mean
mode-locking with a saturable absorber. In this thesis, we
will take it to describe mode-locking solely due to the laser
medium itself,



B. Active Mode-locking:

Proper mode coupling can be achieved by inserting into
the laser resonator a device for periodic modulation of either
the loss (amplitude or loss modulation) or the refractive in-
dex (phase modulation) of the cavity. The method is called
active mode-locking because the modulator is driven by a
source independent of the laser. It is also known as internal
modulation mode-locking since the modulator is placed inside
the laser resonator. Usually, the modulator is driven at a
frequency which is equal to, or integrally related with, the
longitudinal mode-spacing frequency (c/2L) of the laser resona-
tor.

Since the first demonstration on the active mode-locking
of a 6328 R He-Ne laser was reported in 1964(18), numerous ex-
periments have been performed with different laser s;stems using
either acoustic or electro-optic loss modulators to proﬁuce
output pulses and using electro-optic phase modulators to pro-
duce FM or pulsing operation(l’lg). It has also been observed
that there is a dramatic reduction of the low-fregquency noise
in the laser output when the laser is mode—locked(zo’zl).

A chief disadvantage of the internal modulation technique
is that extreme stability of the driving frequency with respect
to the resonator length is required. It has b~2n pointed out(s)
that due to this stability requirément, ac.ive wode-locking is

not a promising approach to the generation of picosecond pulses

in any type of laser, including the CW dye laser which has an
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oscillating bandwidth of fv ~ 1013 Hz. In fact, the width of

the output pulses from an actively mode-locked CW dye laser has
never been shorter than 50 psec, although the limiting pulse
width calculated from the Fourier uncertainty formula (AtNAv—l)
indicates that it is potentially possible to obtain subpicoseccond
pulses. Furthermore, active mode-locking of this laser was found

to be incomplete and unstable(22’23).

C. Saturable Absorber Mode-locking

The most widely employed technique for inducing short-
pulse mode-locking involves the use of a saturable absorber in-
side a laser cavity. A saturable absorber is a material whose
absorption decreases as the incident light intensity is increased
because the lower level of the absorber is partially depleted
if the power density of the incident light is sufficiently high.
Thus, a short, high-peak-power pulse will experience less loss
in passing through the absorber than a long, less intense pulse
of the same energy. In this context, a saturable absorber may
be viewed as a loss modulation element although the actual
mechanisms are much more complicated. In fact, when a saturable
absorber is employed in the mode-locking process, the resulting
modulation will be a function of both the pulse shape and the
pulse energy. Furthermore, the way in which the absorber and
the gain medium saturate, relative to each other, is also very
important. 1In a system where the gain saturates too easily,
high powers are discriminated against and the saturable absorber

is less operative. As another requirement for achieving mode-



locking, it is found that the recovery time of the absorber
should be shorter than the cavity round-trip time, otherwise the
induced depth of modulation will be greatly reduced.

The technique of mode-locking with a saturable absorber
has been applied to different laser systems, ranging from the
solid-state and gas lasers to flashlamp-pumped and CW dye la-
sers. With the CW dye lasers,a continuous train of mode-locked

pulses as short as 1.5 psec has been observed(24'zs).

Up to
date,.this 1s the only technique with which a stable and con-
tinuous train of picosecond pulses can be produced from mode-
locked lasers. In addition, this technique has proved to be the
most useful and reliable one since it has a number of advantages
over other methods. The more important ones are given below.
First, compared with self-locking where, besides the

laser cavity, only the property of the gain medium can be varied
whereas the present technique allows a variety of combinations
between the gain medium and the saturable absorber. A suitable
absorber can usually be found for any laser gain medium, given

(1-3,5,7)

time and effort. It is by this method that many mode-locked -_—
lasers have been invented . Second, for saturable \\\\

\i.

absorber mode-locking, no external driving force is required so y

that the stability problem, which occurs in active mode-locking
with the driving frequency, does not arise, As a very important
consequence, stable and continuous train of picosecond pulses
can be generated from a mode-locked CW dye laser over a long

pericd of time(24).
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D. Other Mode-locking Techniques

There are several other methods for producing mode-
locking(l'z). An important one 1s thg technique of gain modu-
lation, i.e. by pumping the laser which is to be mode-locked by
the output of another mode-locked laser. Although this method
is not of much use for most laser systems, it can be particular-
ly suited for dye lasers which are usually optically pumped
and have very broad absorption bands. To attain mode-locking,
it is necessary to adjust the length of the dye laser resonator
to be integrally related to that of the pumping laser which is
often a mode-locked solid-state laser. The resulting pulses

from such a dye laser can be as short as, or even shorter than,

the pumping pulses.

1.1.3 Theoretical Approaches to Mode-locking:

In parallel with the development of experimental tech-
niques, a great deal of work has also been done on the theory of
laser mode-locking. Tvpically, either the "frequency domain®
or the "time domain" approach is used. These two types of
analysis are actually equivalent, although apparently different
in the ways of interpreting the mode-locking phenomenon.
Basically, this is a natural consequence arising from the two
different points of view that can be taken in describing the
oscillating fields inside the laéer cavity. From the freguency
viewpoint, the laser fields consist of a number of discrete
longitudinal (axial) mode freguencies spacéd approximately by

the axial mode interval c/2L, each mode oscillating more or less

B
P
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independently of the others in the absence of a modulating
element. On the other hand, from a time domain viewpoint, the
fields consist of some internal energy distribution which
circulates around inside the cavity with a repetition period
equal to the round-trip transit time ~ 2L/c. The fields lose
energy due to output coupling and gain energy due to laser am-
plification on each round trip. According to these two ap-
proaches, a qualitative picture of how mode-lofking is brought
about can be given in the following-ways.

In the frequené& domain, modulation internal to the laser
at the frequency c¢/2L (or a harmonic), either by an external
field or by the nonlinear response of the gain and/or loss media
to the beat between two modes, creates frequency sidebands on
either side of each oscillating mode. These sidebands coincaide
approximately in frequency with the adjacent axial modes and
hence can couple these modes together ("injection locking ef-

(6)

fects") in a well-defined phase and frequency relatiQEShip.

The phenomenon of mode-locking is thus accomplished if :he
coupiing between the axial modes is sufficiently strong to
overcome the mode pulling effects among the original oscillating
modes. Alternatively, in the time domain, an intracavity modu-
lating element,‘with its modulation period é%ual to the round-
trip time 2L/c, can reshape the internal circulating field
distribution repeatedly on each successive round trip inside

the cavity. The resulting modulation effects can thus be

accumulated over many passes so as to be much stronger than



12

the singréipass modulation strength of the intracavity modu-
lator and mode-locking can therefore be achieved. ‘

In principle, both the frequency and time domain ap-
proaches can be applied to the analysis of the mode-loéking
phenomenon. However, it has been found that, in practice,the
frequency domain analysis can only be carried through for those
laser systems which oscillate at a few axial modes. For example,
in the theory of self-locking, only the case of three-mode
oscillation at low power levels has been analysed in detail
using the formulation of combination tones (i.e. the radiation
produced by the nonlinear interaction of two or more laser modes
with the laser medium). It is not easy to extend such an analy-
sls to the case of many oscillating modes since the equations
involved will be very complicated and very difficdult to solve.
Similarly, in the frequency.domain analysis of active mode-
locking, although formal results can be obtained, in general,
the resulting formulas must be solved by computer for the parti-
cular case of interest, and only the problem of a few oécilla—
ting modes can be handled(g’zg).

Due to the complexity of the frequency domain analysis,
the time domain approach has been attempted with some fruitful
results. It has also been found that it is easier to work in
the time domain. 1In self—locking, a first attempt at this type

of analysis was made by Fox and Smith‘zg)

by investigating the
response of the gain medium to a train of pulses of stimulating

radiation. Assuming a two-level system, they showed that under

.

(26,27)
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certain rather restrictive conditions one would expect the
pulses to invert the initial population difference between the
laser levels completely - from the situation that all the atoms
are in the upper'levef to the other extreme case that they are
all in the lower level. It is evident that such a pulse {(called
a 7 or 180° pulse*) interacts most efficiently with the atomic
gain system, in a sense that maximum power is given to the inci-
dent figld. Experimentally, it has been shown th&t certain
lasers indeed behave S%Sh that the self-locking pulses in the

laser resonator approximate n pulses for the laser medium(l3'29),

oXetical models for self-pulsing lasers have
(31,32)

Othe

'shed by a number of authors

been establf , employing:a

-

ring cavity configuration and assuming a homogeneously broadened

. ,
The area of a propagating pulse through an active medium is

defined as(30

g =] EE
9-—hdt

pulse

where y is the electric dipole moment of the individual active
atoms, E is the electric field amplitude of the pulse at local
time t and ¥ = h/2n is tHe reduced Planck's consta#nt. Accor-

dingly, the value of 8 is a measure for the strength of in-
teractions between the radiation field and the active atoTT,sﬂ .
In particular, a pulse is called a "nm pulse” if 6 = nm, 1\

Where n ‘-'-'“0,1.,2,..‘... .

BN
AREAN
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"imposing the condition that in the steady-state the pulse shape b h
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gain line. The gain medium and cavity losses are treated as

uniformly distributed throughout the cavity in one model(3l),

while discrete components are accounted for in the other(32).
In both models, equations for the determination of self-locking
conditions are derived from a perturbation analysis of the CW
operation. Unfortunately, an expression for the pulse width
cannot be obtained since the steady-state pulses can only be
generated by numerical method and for specific cases, The
computed pulse velocity turﬂs out to be greater than ;he velo~-
city of ligﬂt ¢, a result which is contrary to that observed

in He-Ne lasers(33'34). However, it mighf be expected that
these models may generate results in accord with experiments

on other types of lasers, since the assumption of a homogeneous-

ly broadened gain medium is not strictly applicable to a He-Ne

laser.

For active mode-locking, Kuizenga agd Siegman(6’35’36)
have recently developed a theory of internal phase and loss Qﬁﬁ
'ﬁodulated lasers, assuming that the laser medium is homogeneous- k\;
ly broadened. In both cases, it is assumed that a single mode- I

locked laser pulse has a Gaussian envelope (and hence a Gaussian
freqﬁéncy spectrum). By investigating the response of the ¥

gain medium and the modulator to this propagating pulse, and

should be unchanged after a complete round trip around the
cavity, expressions for the pulse width are obtained in a closed

form. It is shown that the pulse width is wider than that ex-

A
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pected from the bandwidth of the gain medium, and for modulation

frequencies much less than the gain bandwidth, as typical for

B ki o e

solid-state lasers or dye lasers, the width of the mode-locked

Stk b o P e
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pulses will be considerably greater than the Fourier-transform

limited pulse width. In addition, the different mechanisms
involved in AM and FM mode-locking are also pointed out. For
example, although AM and FM modulators produce the same mode-
locked pulsewidth in the steady-state, the FM case arrives at
23 this limit only by an indirect process which requires a finite
laser linewidth to cause the generation of any pulse at all.

" This difference will become very important in the transient

koo

mode-locking of repetitive}y Q—-switched Nd:YAG lasers and

_pulsed TEA CO, lasers, and also in the mode-locking process of

A

2
extremely wide linewidth lasers such as the CW dye lasers. Pre-

dictions concerning the mode-locked pulsewidth and the dif-

ferences in FM and AM mode-locking techniques have been exten-

sively verified by experiments on mode-locked Nd:YAG
(37,38) (39)

lasers . on high-pressure CO, lasers and on a number

of other laser systems. Foxr CW dye lasers(zz), howeGér, the

observed pulsewidth (v100 psec) appears to be longer than iha; \w
predicted by theory. The reason for this discrepancy is still y

not clear. Therefore, a better understanding for the dynami-

- ¥
L L .

cal behaviour of the dye laser gain is required.

PARNEEEY

Having reviewed the theoretical approaches of self-
locking and active mode-lécking, let us now turn to the case o ]

of saturable absorber mode-locking.
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Discussion; of- the mode-locking of lasers produced by
suitable saturable absorbers have been directed, in the main,
towards two basically distinct situations. On the one hand,
there is the mode-locking (subsequently referred to as Type II
mode-locking) of Nd:glass, ruby or other similar giant-pulse
laser systems. In this case, the saturable absorber acts in
such a way as to select an intensiéy peak from the initial
noise distributions during the growth of the giant pulse. 1In
general, the mode-locked pulse length is limited to times no
shorter than the recovery time of the absorber, and the dyna-
mics of laser gain do not play a major role in the pulée.develop—
ment prbcess. On the other hand, there is the mode-locking
of CW (or quasi-CW) laser systems employing saturable absorbers.
For this situation, both the gain and the absorber dynamics
play an important role in the production of mode-locked pulses
and the output pulses can be much shorter than the recovery
times of either. " A typical example is the recently developed
CW dye laser(24’25). This mode-locking situation (type I
mode-locking) represents a true steady-state operation, as evi-
denced by the very hiéﬁ stability of the output pulse train(24).
In contrast, the type II mode-locking is a transient phenome-
non which never attains a steady state. The type II laser output

>

is such that the pulses éenefally broaden during the latter

part of the output train and lasing is cut off by gain depletion.

In addition, random satellite pulses and background radiation
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are usually present due to the imperfect discrimination

against the weaker fluctuations in the initial field distxi-
bution. Typically, the gain recovery time is much longer than
the cavity round trip time, and the %aser must be operated close
to the threshold to ensure reliable pulse selection.

A number of analyses of pulse formation in Type II mode-
locking systems such as Nd:glass and ruby lasers of varying
degrees of complexity have appeared in the 1iterature(4o_45).

The basic processes involved are reasonably well-understood in
principle, although the details of pulse production in experi-
mental systems is not always so well comprehended or analysed.

For Type I mode~locking systems, an analysis has recent-
ly beenh presented by New(46'47). In this model, he applied a
rate equation theory to the determination of the laser operating
regime in which a circulating pulse experiences loss on both
the leading and trailing edges. This situation is determined
subject to the explicit assumption that the pulse energy
(suitably normalised) is a constant for each pass through a given
point in the laser cavity; The conjunction of these.two condi-
tions implies that the pulse is shortened on each round. trip in
the laser cavity. Accordingly, such an operating regime is
called the "pulse compression region”. This model has been
eﬁployed to explain the rapid pulse compression which has been ~;
obserVed(5'48) in ﬁhe‘build;ug of the output pﬁlses-obtained

from a high gain, flashlamp-pumped dye laser. However, it is




18

important to observe that operation in the above pulse com-
pression regime precludes the occurrence of steady-state

pulses (SSP) since the laser pulses simply continue to narrow
indéfinitely. This circumstance renders the applicability of
the analysis to CW 'lasers, for example, CW dye lasers, somewhat
indeterminate, in that the output pulses are SSP. Furthermore,
the postulation that the system reaches a constant energy state
rapidly prior to the stage of pulse narrowing is questionable,
since one might expect an actual system to behave in such a

way that both the total pulse energy and the pulse shape tends
towards £heir respective equilibrium values as the steady-state
is approached. Therefore, although the analysis due to New may
help to provide a simple and intuitive picture for the pulse
formatioq in Type I mode-locked systems, a more general approach
is necessary for generating a better understanding of the de-

tailed mechanisms involved in .the process.

1.2 OUTLINE OF THE CONTENTSOF THE THESIS:

The major purpose of the work described in this thesis
1s the development of a theoretical model for the mode-locked CW

and quasi-CW lasers using a suitable saturable absorber, and

the direct testing of the applicability of this model to some
important systems. | ) 1

In essence, the develépment of the theoretical model as R
described in Chapter 2 consists Sf three parts. First, the .

dynamical equations governing the laser operation are derived

-
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employing a semiclassical approach, where both the gain and
loss media are treated in the density matrix formalism and pro-
pagation of the electromagnetic radiation is governed by the
Maxwell's equations. Second, the possibility of achieving mode-
locking is investigated by examining the stability of the time-
invariant (CW) solutions of the dynamical equations against
small perturbations. The resulting characteristic equations
can be used for the determination of mode-locking regimes for

a given set of laser parameters. Finally,ja finite difference
approximation is employed as a means of solving the laser dyna-
mical equations. The finite difference equations so developed
can be used to generate the gteady-state pulses (SSP) if the

laser is operated in the mode-locking regime.

Before applying our theoretical ﬁodel to any specific

laser, a systematic study on the general behaviour of CW mode-

locked lasers is undertaken in Chapter 3, employing appropriate
model systems. There are a number of reasons for carrying out

this investigation, Pedagogically, it will become clear that

such a systematic study helps to provide an overall understanding

of the phggical mechanisms controlling the mode-locking process. —
In particular, it will be shown explicitly that the atomic co-
herence effects of the interactions between the radiation field
and the active media are important for some laser systems and can
be studied within the density matrix.formai&%m. Furthermore,

the genéral procedure and techniques employed for the numerical
analysis will form the basic mathematical tool for handling

more specific systems, such as those treated in tRe subsequent

#
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chapters.

As one of the important laser systems to which our
model is applicable, the-behaviour of the mode-locked CW dre
lasers is investigated in‘Chapter 4, It will be verified
directly that the output pulses from such a mode-locked laser
(Type I mode-locking) can indeed be much shorter than the 2
recovery times of either the absorber or the gain, even if the
system is operated very close to threshold. In addition, through
a comparison of our model, with that due to New(46'47), it is
shown that our analysis represents a more gereral approach to
the problem in that SSP can be generated within the mode-
locking regime and the actual pulsewidth is obtainable for a given
set of laser parameters,

Apparently, passive mode-locking in the CW lasers is . t
very similar to that in some long-pulse flashlamp~pumped systems,
it is naturally to be anticipated that our model will also be
applicable to those systems under certain circumstances. Accor-
dingly, as a representative case, the situation of flashlamp-
pumped dye lasers is analysed in Chapter 5. It is to be ex-
pected that the steady-state solutions Oof laser dynamical
equations will apply to a pulsed gain system provided that the K\}
laser operating time is longer than the time taken for the
establishment of the steady-state solution. When this
circumstance holds, the laser operating regime may be described
as quasi-steady-state, and the laser system can be classified

as quasi-continuous. Recall that the two distinct situations

of Type I and Type Il systems analysed, respectively, by using
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our model and by other authors (40-45)

represent two opposite
extremes in a sense that for Type I systems only the (long-time) &
steady-state solutions are obtained, whereas for Type II systems
the short-time transient solutions are obtained. In this con-
text, the quasi-steady—-state operating regime occurring in
pulsed gain systems can be viewed as a transition region of laser
operation between the two extreme cases.

As an integral part of our work, the interrelation be-
tween mode-locking and relaxation oscillations (passive Q-
switching) is discussed in Chapter 6. Roughly speaking, the
difference between these two basically distinct types of spon-
taneous pulsing is characterized by the observation that, for
frode-locking, the length of the output pulses is considerably
less‘than the cavity round-trip time whereas the inverse of
the relaxation oscillation period is longer than the cavity
'~round~trip time for passive Q-switching. In the work to be
described, it will be shown that the passive Q-switching solu-
tions follow as a special case of the analysis employed for mode-
locking using saturable absorbe;s. A method of differentiating
between these two instability regimes is given, and it is shown

how the regions of mode-locking should be corrected, where

necessary, by the subtraction of the relaxation oscillation
, ]
regime. It will also be shown that our model for the analysis

of relaxation oscillations constitutes a generalization of

previously published work. Furthermore, the formalism is

g ¥

employed to study the transition from mode-locking regions of E
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operation to relaxation oscillation regimes for several con-
tinuous or quasi-continuous laser systems.

Finally, all the work described in this thesis is
summarized in the concluding chapter. The implications of the
results obtained are discussed, and motivation and suggestions
for the generalization of the present model as well as for
further theoretical research on the problem of saturable absor-

ber mode-locking are pointed out.




CHAPTER 2 .

A THEORETICAL MODEL

2.1 INTRODUCTION:

In this chapter, a theoretical model for saturable
absorber laser mode-locking is developed. An unidirectional ring
laser cavity is employed and the propagation of the radiation is
treated as one-dimensional so that travelling wave interactions
and diffraction effects can be ignored.

In section 2.2, the laserrcoupled equations for both the
gain and loss media are derived, employing semiclassical electro-
dynamics. In fact, such a semiclassical treatment has been
widely used and well-jusé%fied in the development o% laser

(26,49-53)
Y -In the present model, we assume that both the

theor
gain and loss media are composed of a collection of two-level
atoms with homogeneously broadened lines and in exact resonance
with the electromagnetic radiation in the cavity.For simplicity,
thg effects of medium dispersion are also ignored,

According to the préséription of semiclassical theory,
both the gain and loss media are treated in the density matrix
formalism and propagation of the electromagnetic radiation is
governed by the Maxwell's equation