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Abstract

The nature of optical whispering-gallery-mode resonances in a layered microcylinder
is investigated numerically by studying the scattering characteristics and the internal
electromagnetic fields of a normally-illuminated cladded dielectric fiber calculated
using the boundary-value method. Computed resonant mode configurations are
compared to the better-known results for homogeneous spheres and cylinders and
| coated spheres. It is shown that high- whispering-gallery-mode resonances can be
supported by the curved interface between the core and cladding regions of a layered
fiber if the core refractive index is sufficiently greater than that of the outer layer,
and that these modes can be directly related to the so-called morphology-dependent
resonances of a homogeneous cylinder of the same size and relative refractive index
as the fiber core. The implications of these resonant modes for inelastic optical
processes are made clear by developing a model for optical emissions from a molecule
in the core of a capillary fiber. The results of the model show that the transition rates
of molecules in the fiber core and near to the core/cladding interface are enhanced
at frequencies corresponding to cavity resonances. It is shown experimentally that
these high-@ cavity modes can be excited to above the threshold for laser emission
by providing gain in the fiber core material. We have used a refractive dye-doped
solvent as a gain medium and a fused-silica capillary to form the resonant cavity.
Upon optical excitation of the dye by illuminating the fiber normally with the green
beam from a frequency-doubled Nd:YAG laser, laser emission is emitted from the
fiber core in the plane perpendicular to the fiber axis. We explain the novel spatial
and spectral dependences of the laser emission in terms of the calculated frequencies
and Q-values of the resonant cavity modes and the bulk properties of the cavity
medium. We show that the thresholds observed in the laser system can be explained
using a simplified rate-equation approach, and that this also explains some of the
other observed features of the emissions. The heating. of the dye solvent during
a laser pulse has an observable effect on the resonance mode locations due to the
temperature dependence of the refractive index. We demonstrate the use of observed

laser spectra to determine the size and taper of the capillary fiber core.
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Chapter 1

Introduction

The light-scattering properties of fine particles must surely rate as one of the most
enduring topics of scientific study. Natural manifestations of light-scattering phe-
nomena are familiar to everyone, and have attracted the interest of scientists for
centuries. The remarkable richness of the interaction of light with microparticles is
demonstrated by the fact that light scattering is still a very active field of research.
The development of the electromagnetic theory of light toward the end of the 19’th
century provided a substantial boost to efforts to understand light-scattering phe-
nomena, and even today the techniques of classical electromagnetism are arguably
the most useful tool in the theoretical investigation of light-scattering. Similarly, the
development of the laser as an intense, directional and spectrally pure light source
has opened new vistas in experimental light scattering over the past three decades.
Together, these two achievements have seen light scattering develop into a tech-
nologically useful science being routinely used for the morphological and chemical
characterization of microparticles and microdroplets and their effect upon radiative
transfer phenomena. With the modern trend towards miniaturization and the ad-
vent of optical communication and computing devices, this development looks set
to continue for the forseeable future.
Many of the technological applications of light-scattering are based upon boundary-

value solutions to fhe problem of the scattering of a plane wave ~ primarily the

Lorenz-Mie theory in which the scattering centre is assumed to be a homogeneous



sphere. Recent research in light-scattering phenomena has been concentrated in two
fields: one of these is the reformulation of the Lorenz-Mie scattering problem and its
solution to describe the illumination of a more general (non-spherical or irregular)
particle by a gaussian laser beam. The other fast-developing area of research, and
the one with which this thesis is concerned, is the inelastic light-scattering proper-
ties of microparticles. These differ markedly from those of bulk material, primarily

_because of the complex electromagnetic field configurations which can occur within
micropa.rticles.‘ Inelastic and non-linear optical processes in bulk media have been
the subject of intense investigation over the past three decades and have become a
most exciting and fast-moving field with extensive technological applications. The
non-linear optical properties of microparticles are of immediate interest because of
their potential use for microparticle or microdroplet characterization, because of
their role in the interaction of high-energy laser beams with the atmospheric aerosol
and also for the development of ultra-small optical devices such as microlasers and
high-density memories for optical computing'a,nd communication, although the full-
scale implementation of the more sophisticated of these applications appears to be
still some way from fruition.

'The majority of the experimental work which has been reported on non-linear
optical properties of fine particles has been performed using liquid droplets in the
size range 10 — 100gm illuminated with an Nd:YAG or an argon-ion laser. Liquid
droplets have several advantages for such studies: the results are directly relevant for
experiments involving aerosols or fuel sprays, surface tension in the droplets causes
them to form near-perfect spheres, and the internal fields at the pump frequency
are in principle exactly calculable using the Lorenz-Mie theory. In addition, such
internal-field calculations have been used to demonstrate some of the important
modal features in the inelastic scattering process. This is possible because the fields
within the microparticle must satisfy the same boundary conditions whether the light
is incident from outside the particle as in the elastic-scattering case or has its origin
in some inelastic scattering interaction with the particle medium itself. Thus it has
been established that the natural high-Q resonances of the microdroplet cavity play

an important role in the observable non-linear optical processes; the long photon life-



times and enhanced fields coupled with the increased transition rates for molecules
due to the altered density of ﬁna.i states within the resonant cavity have the effect of
reducing the thresholds for non-linear optical processes to well below those observed
in bulk material. One of the simplest experiments in which these effects may be
observed is the microdroplet laser in which a dye-doped liquid droplet, either sus-
pended or flowing freely in a gas, is illuminated with a high-power laser beam. The
resonant modes of the natural cavity formed by the droplet may be brought above
the threshold for laser emission in a manner completely analogous to that occurring
in a conventional laser cavity. These resonant modes correépond to counterpropagat-
'i(ng travelling waves confined to near to the droplet surface and traversing the droplet
perimeter by repeated total internal reflection and are called morphology-dependent
resonances (MDR’s), or sometimes optical whispering-gallery modes in analogy with
the acoustic modes described by Rayleigh in 1891. Similar modal features have been
predicted to occur in the cylindrical cavity formed by a homogeneous dielectric fiber,
and corresponding peaks have been observed in the fluorescent spectra from such
fibers. In this thesis, we present the results of an investigation into such resonances
in a capillary fiber, and the effect which these have on the inelastic scattering pro-
cesses observable from a liquid in the core of such a fiber. We have concentrated our
investigation upon the laser emission observable from the liquid when it contains a
fluorescent dye, with the aim of elucidating the physical processes in microparticle
lasers in general. There are several advantages to studying such a system rather than
the better-known microdroplet laser: one of these is the permanence of our capillary
fiber when compared to a moving, volatile liquid droplet. This enables the study of
cavity features under different experimental conditions over an indefinite period of
time, and physical examination (by e.g. electron microscopy) of the sample.

The nonlinear optical properties of materials in the form of fibers are currently
of great interest, particularly in the field of optical communications, where the de-
velopment of rare earth-doped fiber lasers and fiber amplifiers has necessitated the
consideration of the effect of confinement within a cylindrical cavity upon the tran-
sition rates and fluorescent lifetimes of molecules. Some of the results of our investi-

gation will also be of use to chemists ﬁsing the analytical technique of capillary gel



electrophoresis, and to those interested in the characterization of capillary core size
and uniformity. |

This thesis begins with an introduction to optical resonances and inelastic light-
scattering from microparticles, which details the background to the current state of
knowledge and reviews the literature, concentrating upon the developments of the
past decade. Thereafter (chapter 3) we derive the solution to the boundary-value
problem of the elastic scattering of a plane wave incident normally upon an infinite
coated cylinder. We describe the implementation of this solution in FORTRAN
programs to calculate the scattering characteristics and the internal and external
near-field patterns for such a cylinder. A range of numerical results are presented
and discussed, with particular attention to parameters relevant to the experiments
to be described. We next extend a known model for inelastic light scattering from a
molecule embedded in a homogeneous fiber to describe the emissions from a molecule
in the core of a capillary fiber. Numerical results from the extended model are
interesting because they demonstrate the importance of certain modal features in
the fiber core which is not apparent from cursory examination of the corresponding
elastic-scattering results.

The main experiments ‘performed and results obtained are presented in chapter 5.
The primary spectral features of the observed laser emission are explained in terms
of the computed resonance widths and locations: the results are compared with
similar pubﬁsﬁed results for dye-doped microdroplets. Experimental values for the
laser thresholds for different fibers are compared to those predicted by a simple rate
equation analysis. We demonstrate several novel physical effects, and report the use
of laser emission from a capillary fiber for fiber core size characterization.

Finally, the important results and their implications for other whispering-gallery-
mode lasers are summarized, while we propose further research with the capillary

fiber laser.



Chapter 2

Optical resonances and their
role in inelastic light-scattering

from microparticles: a review

C 2.1 _'Overview

The scientific literature on the interaction of light with small particles is vast. In this
chapter I shall try to place our work in the proper historical context, while summa-
rizing for the reader those published results which form the immediate background
to this thesis.” It would be impossible and inappropriate to describe fully the ideas
and principles developed in the last 100 years, which have led to the comparatively
recent revitalization of the study of light and the development of modern optics; for
this, the reader is referred to one of the standard texts on the subject {20]. Instead,
this review aims to direct attention towards those aspects of the interaction of light
with microparticles which have shown novel effects not observable in bulk matter.
Unavoidably, an understanding of some of these aspects requires a familiarity with
related results, a familiarity which only a specialist in the field might be expected to
have; to keep the review to a reasonable length standard textbooks on the subject
have been referenced where appropriate. | |

I shall deal first with the application of Maxwell’s equations to solving optical



elastic-scattering problems by the boundary-value method. This is relevant not
only because the boundary-value solution enables the immediate calculation of the
internal electromagnetic fields within an absorbing scatterer (which fields serve as the
excitation source in inelastic-scattering processes) but also because the boundary-
value formalism provides valuable insight into the significant electromagnetic modes
within an illuminated microparticle. As will be shown, some of these play important
roles in nonlinear optical processes in microparticles. The detailed solutions to
boundary-value problems for simple geometries are well known, and are treated in
several standard monographs [19, 87, 169]. Consequently such work is outlined only
briefly in this review. However, the application of modern high-speed computers to
the numerical evaluation of these solutions in the last thirty years has revealed a
wealth of detail about the internal and scattered fields, while the use of the laser as
an intense, spectrally pure and directional light source has enabled the observation
of fine structure in the scattering characteristics of single circularly-symmetric fine
particles. Some of this work has particular relevance for this thesis and will be
described in some detail.

The review then moves naturally to a more modern application of the boundary-
value method: the problem of fluorescence or Raman scattering by a molecule em-
bedded in a microparticle. The microparticle boundary affects both the spectral
and the angular distribution of the emitted light, and descriptions of several exper-
iments which were performed in this regard in the late 1970’s and early 1980’s are
included. These experiments led directly to the discovery of lasing and nonlinear
optical processes in microparticles. The pioneering experiments in this regard re-
ported by Chang and colleagues at Yale University in the early 1980s have been
followed by a multitude of research publications on this and related topics over the
past decade. Some of this work will be described in detail, particularly that related
to laser emission from microparticles. The review is concluded with a description of
some suggested technological applications of the described research.

In none of the above fields is the literature exhaustively surveyed; I have tried

“to include that work which has had or may have a substantial effect upon the de-

velopment of the field, as well as that which has been found to be useful during the



course of the work to be described in this thesis. A central theme is the existence
of a series of natural electromagnetic resonant modes in circularly symmetric parti-
cles. These are traced from their first discovery (as the ‘ripple structure’ appearing
in the boundary-value solutions to elastic light-scattering problems) to their use as
high-Q cavity modes supporting nonlinear optical processes in microparticles. It
may initially seem inappropriate to have devoted so much attention to reporting
examinations of spherical particles, while this thesis concerns primarily optical pro-
cesses in cylinders, but, as will become apparent with the reading of this review,
many of the features of optical processes in spheres are significant in cylinders as
well. Indeed, if the work in this thesis on nonlinear optical processes in cylinders
contributes to the understanding of such proéesses in spheres to a fraction of the
extent to which previous studies of microspheres assisted our progress, our purpose

will have been well served.

2.2 Elastic scattering from microparticles - boundary-

value computations and modern experiments

The early development of the boundary-value solution for the scattering of a plane
electromagnetic wave of wavelength A by a spherical microparticle of radius @ and
refractive index m, known as Mie or Lorenz-Mie scattering, has been surveyed and
documented by Logan [119], to whom the reader is referred for an authoritative
account. It suffices here to mention that the mathematical tools required for the
solution, i.e. the construction of the solution to the scalar wave equation in terms
of spherical Bessel functions and spherical harmonics, were developed by Clebsch,
while Lorenz derived an exact solution to the problem based on the theory of elastic
media. An identical set of equations based upon electromagnetic theory were later
published by Mie in his much-cited 1908 paper. The corresponding solution for a
cylindrical geometry, i.e. for the scattering of plane waves incident normally upon
an infinite circular dielectric cylinder, is simpler, and predates the Mie solution by
several years; it is generally attributed to Rayleigh [144]. The corresponding solu-
tions fof sca,ttering-from a cladded cylinder were given by Tang [162]' and by Kerker



and Matijévic [88], and for a coated sphere by Aden and Kerker [5]. These solutions
are treated in several standard texts on electromagnetic theory [159], optics [20] and
light scattering [19, 87, 169]. Apart from study of the asymptotic cases (particularly
that for the far-field) and especially the efficiencies for scattering, absorption and
extinction for some selected values of the refractive index m and usually small values
of the size parameter r = 2ra/), these solutions lay largely unexplored numerically
by modern standards for the first half of the 20’th century. The expressions of inter-
est in these solutions consist of summations over the possible electric and magnetic
multipoles, each term composed of a coefficient multiplied by a Bessel function, and
these need to be evaluated for each value of size parameter and refractive index of
interest. As the summations require ~ mz terms for convergence, the computations
of the required functions become laborious, even for small values of z and large step
sizes, without the aid of electronic computing devices. The situation is well summa-
rized by Van de Hulst [169], who also makes it clear that early workers did extremely
well, considering their limited resources. A remarkable and relevant example of this
is in the paper by Mevel [125] (1958) in which the extinction efficiency of a sphere
(i.e. the extinction cross-section of a sphere divided by its geometrical cross-section)
is correctiy calculated for z < 30 with limited help from an electronic computer, and
the contribution to the curve made by the various multipoles is investigated. This
paper clarified the origin of the sharp peaks, known as the 'ripple structure’, which
appear when the extinction efficiency or the scattering efficiency of a spherical or
cylindrical pa.rtiéle is plotted as a function of the size parameter. Van de Hulst [169]
had attempted to explain this structure as being due to interference between surface
waves and the forward-scattered light. Mevel showed that each fine-structure peak
was due to a peak in a single partial wave in the Mie summation, peaks occurring
in both the electric and magnetic multipole terms. Furthermore, it was found that
more than one resonance of each type may occur in a given partial wave, and these
were traced up to z = 30. Unfortunately this paper was not widely known until
recently.

The application of high-speed digital computers to the electromagnetic boundary-

value solutions of light-scattering problems has made this topic more easily acces-



sible. In this regard, it is worth mentioning the work of three sets of authors: the
routines described by Dave [54] (1969) have had a lasting impact on light-scattering
computa.tions;v more modern and efficient implementations of the Lorenz-Mie so-
lution were described 'by'Wiscombe (171], who also suggested how these may be
implemented on vector processors; while Bohren and Huffman [19] have published
carefully-written and well-documented ‘standard’ routines for several geometries.
Probably the most important features of these routines are the fast and accurate
methods for computing values for the Bessel functions of large order and complex
argument. A related problem is that of determining the number of terms required
for convergence of the partial-wave summations. Straightforward and reliable mod-
ern FORTRAN implementations of these ideas are listed by Bohren and Huffman
for scattering from a homogeneous sphere and a normally-illuminated cylinder, as
well as the numerically more complicated case of a layered sphere. These routines
are recommended for their accessibility, reliability and wide distribution.

From the middle of the 1960’s, and particularly in the 1970’s, detailed compu-
tations of the scattering characteristics of individual spheres and cylinders became
commonplace. In the same period the use of lasers as intense and spectrally pure
sources for light-scattering experiments allowed precise tests of the numerical results.
Thus in the mid-1970’s, the ripple structure which had been noted in the calculated
extinction efficiency of dielectric spheres was investigated more thoroughly for large
values of the size parameter by P. Chylek and co-workers (41, 45], while A. Ashkin et
al. [12] observed the effects of these multipole resonances in the radiation pressure
exerted on a small sphere by a laser beam. Chylek {41] produced results similar
to those of Mevel, and introduced the now common notation of labelling each peak
by two mode numbers » and I, being respectively the number of the partial wave
in which the peak has its 6rigin and the number of the peak within that partial
wave, and a letter a or b, indicating transverse electric or transverse magnetic par-
tial waves respectively. In a given region of z, resonances occur in partial waves with
T < n < mz, the broadest (highest !) modes having n ~ z. Chylek investigated [45]
the ripple structure in the extinction efficiency of both absorbing and nonébsorbing

spheres and found that computed absorption at resonance frequencies was much



greater than at non-resonant values, reinforcing the idea, suggested by Van de Hulst
[169], that these peaks were associated with long path lengths around the surface
of the particle. A similar effect was later studied by Pluchino {135, 136] using the
Aden-Kerker solution for scattering from a coated sphere. He found that a very thin
absorbing surface layer on a sphere could play a disproportionate role in increasing
the absorption of the particle, and this was shown to be due to the surface nature
of the Mie resonances. In Chylek’s 1975 paper, and in more detail in 1990 [42],
he derived formulae for the separation in z between neighbouring resonances of the
same [ values but with n differing by 1. In its asymptotic (and most widely-used)

form, this is given by _
Az = arctan(m? —11)%
(m? - 1)}

On extending the computations to larger values of z (z > 100) [45] it was found

(2.1)

that the first-order resonances become increasingly narrow (Az/z < 1077) for large
“values of z. Such resonances were observed in the radiation pressure force on di-
electric spheres (liquid droplets) in a series of optical levitation experiments at Bell
Telephone Laboratories [11, 12, 13]. Excellent agreement was found between the
observed resonance spectrum and the calculations of Chylek et al. [44, 49]. Second
and third order modes, with half-widths Az/z ~ 10~° and 3 x 10~ respectively
were observed in the power required to stably levitate a single 4pm oil droplet,
as the wavelength of the levitating laser was varied. Similarly, for a 6um droplet,
only those modes with Az/z > 10~ were observed experimentally, being in this
case the third and fourth order modes. Furthermore, Ashkin [11, 13] confirmed the
surface-wave interpretation of the resonances by near-field photography of levitated
droplets illuminated at resonant and non-resonant frequencies. It was noted that
the observation of fine-structure resonances in radiation pressure force spectroscopy
enabled both highly accurate measurements of particle properties such as size and
evaporation and condensation rates and also constituted a most precise test of the
Mie theory. |

Ashkin and Dziedzic [13], and also Rosasco and Bennet (1978) [146], investigated

the implications of these narrow resonances for optical absorption, scattering and

10



. fluorescence by small particles. Following a survey of trends in the efficiency factors
for absorption and scattering, Rosasco and Bennet investigated the resonant internal
fields analytically, and pointing out that the internal field resonance structure mightA
be expected to affect not only elastic scattering and absorption by the particle but
also the inelastic scattering response of material in microparticle form. Ashkin and
Dziedzic noted that these sharp resonances might be expected to influence the spec-
tral dependence of Raman or fluorescent scattered light. Indeed, they speculated
(1981) that at ‘sufficiently high light intensities one can conceivably obtain lasing
on the high-@ resonances of such active particles as dye-impregnated spheres’.‘ Re-
markably this effect, which is central to this thesis, had been observed [69] some
20 years earlier (1961) in substantially larger (d = 1 — 2mm) spherical samples of
CaF2:Sm**. We shall mention this work again later in this review.

Further insight into the nature of the resonances was provided by Murphy et
al. [126]). They showed that the calculated and observed peaks in the scattering
characteristics corresponded to the excitation of the natural frequencies or eigen-
modes of the particle. These are due to circumferentially-travelling waves being ‘in
phase’ after one round trip inside the particle, leading to resonance-enhanced inter-
nal fields. They calculated dispersion curves for the phase velocities of surface waves
in a sphere, and concluded that the modes are of the ‘whispering-gallery’ type, i.e.
that they are analogous to the acoustic whispering-gallery modes first explained by
Rayleigh [145].

Internal fields within illuminated spheres and cylinders are of interest in certain
situations because they contribute towards a physical picture of Mie scattering pro-
cesses and of the fine-structure resonances, as well as providing the ‘source function’
for inelastic light scattering brocesses in the particle. The off-resonant fields inside
large illuminated spheres' and cylinders can be understood in terms of geometrical
optics: the curved illuminated surface of the particle acts as a converging lens, caus-
ing a peak in the internal electromagnetic fields near the shadow face [55, 57, 130].
The actual focus of this ‘lens’ falls in the near-field external to the particle for mod-
erate refractive indexes, at a distance which depends on the index [16]. Resonant

internal fields in illuminated homogeneous spheres were calculated by Chylek et al.
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[48], and in normally-illuminated homogeneous cylinders by Owen et al [130]. The
main features of the resonant fields were the same for both of these: substantial
enhancement of the internal fields occurred at resonant frequencies, and this en-
hancement occurred near to the particle surface. Greater enhancement resulted
from narrower resonances for a similar value of size p:;Lrameter. The significance of
the mode numbers n and [ is made clear: there are 2n peaks in the angular depen-
dence of the resonant field, and [ peaks within the particle in the angle-averaged
radial dependence. The enhanced fields are less closely confined to the particle sur-
face for higher-order modes, the broadest modes (with n ~ ) having resonant fields
extending inwards to approximately a/m. The external component of the resonant
field outside the sphere or cylinder decreases exponentially away from the surface,
particularly sharply for narrow modes. These features of the resonant fields support
the physical picture of internal waves undergoing multiple internal reflections from
the surface at grazing incidence and being in phase after a round trip. The widths
of the modes, or cavity Q-values, are determined by losses through the microparticle
walls.

To complete this section of the review on the classical features of morphology-
dependent resonances (MDR’s) in microparticles, we make brief mention of some
analytical investigations of MDRs, some asymptotic approximations, and some stud-
ies of MDRs in novel geometries. Two fascinating theoretical works are those by
Guimaraes and Nussenzveig [74], and by Agarwal and Dutta Gupta [6]. Guimaraes
and Nussenzveig use the analogy between optics and mechanics to develop a com-
plex angular momentum picture of the Mie resonances. In this picture, resonances
correspond to quasi-bound states of light, coupled to the external field by tunneling
through a centrifugal potential barrier. This interpretation has been investigated
more thoroughly by Johnson [86]. Agarwal and Dutta Gupta study the situation
where the particulate medium is strongly coupled to the cavity resonances, by al-
lowing the atomic frequency of the medium to be close to a cavity resonance; this
results in a splitting of resonances in the scattering characteristics, analogous to the
vacuum-field Rabi splitting.

Approximations of locations and widths of resonances for spherical particles '

12



based upon asymptotic expressions for the spherical Bessel functions have been
made by several authors. Probert-Jones (1984) used the approximations for large
z and n to derive expressions for the locations and widths from the expressions for
the partial-wave coefficients a, and b,, and found that these gave excellent results
for large particles and large orders / [138]. He also derived expressions for the sep-
aration of the corresponding TE and TM resonances and rederived the asymptotic
formula of Chylek for Az = z,; — zn_1,, as well as obtaining several other useful
asymptotic results. Schiller and Byer [149] begin their investigation into whispering-
gallery modes in large (d = 3.8cm) fused-silica spheres by using expansions of the
Bessel functions to express resonance frequencies of the low-/ modes. Lam and
collaborators [100] derive the same result, and a corresponding expression for the
resonance widths. They back the expressions up with a detailed comparison of the
results with the exact theory, showing good agreement for low I. Datsyuk {53} fol-
lows a rather intuitive approach based on Vainshtein’s analytical solution for the
whispering-gallery-mode frequencies. As well as formulae for resonance frequencies
and widths, he derives a physically appealing but rather simplistic alternative to
Chylek’s asymptotic formula for Az. Psarobas and Leung [139] derive an expression
similar to that of Schiller and Byer, but do so by starting with Maxwell’s equations,
and never relying explicitly on results from Mie theory.

In addition to the studies of whispering-gallery modes in homogeneous spheres
and norma.lly-illumina.ted infinite cylinders, several researchers have addressed mére
complex geometries. Resonances in the multiple scattering by two normally-illuminated
parallel fibers have been discussed by Tsuei a.nd Barber [165] and studied by Schlicht
el al [150], who have also performed experiments on the related case of a fiber near
to a plane mirror. (Here the fiber interacts with its image in the nearby mirror.)
Both sets of workers found that the resonance Spectrum was altered by the interac-
tion with the nearby fiber, broader modes being affected at greater distances. The
two-fiber calculations of Tsuei and Barber show the resonances being completely
damped when the two fibers are in contact. Another interesting effect is that the
observed and calculated scattering fluctuates as the two fibers approach one an-

other, due to the coherent addition of the light scattered by the two fibers. Similar
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effects have been investigated theoretically in microspheres by Fuller [66, 67). He
showed that the single-sphere resonances are broadened and split upon aggregation,
leading to a new resonance spectrum for the composite particle. Fuller’s 1991 paper
[67] contains an interesting historical survey of interactive scattering by spheres and
cylinders, and a discussion of methods. This paper also contains many numerical
results for different configurations of two spheres.

Fuller [68] has recently (1993) used the methods of multiple (interactive) scat-
tering to treat the problem of scattering by a coated sphere, an approach which
promises new insight into the resonant modes of such a system. Coated sphere res-
onances had previously been studied by Hightower and Richardson [77], using the
boundary-value solution of Aden and Kerker. They studied resonances in the core
and coating regions for small (a < 5um) hollow and coated spheres, and investigated
the limiting cases of small core (for coating resonances) and large coaLting (for core
resonances). As might be anticipated from the resonant modal field distributions in
a homogeneous sphere, they find that the size or refractive index of the core region
has relatively little effect upon the sphere resonances while the core is small; only
when the core is sufficiently large to overlap the resonant fields near to the sphere
surface are the modes significantly affected.

Several other researchers have investigated the effects of shape and refractive
index variations in microspheres on the resonance spectrum. These have included
studies of low-order shape deformations {10, 166], small amplitude thermal surface
fluctuations [99] and the effect of inclusions and radially dependent refractive indexes
[38, 122]. In general, these deviations from a homogeneous sphere have resulted in

either a splitting or a broadening of resonances.

2.3 Fluorescence and Raman scattering from micropar-

ticles

From 1976 onwards a series of research papers reported the use of a classical model
for fluorescence and Raman scattering from microparticles.” The model, originally

presented by Chew and co-workers for a homogeneous spherical pérticle (33], de-

14



scribes the inelastic scattering process as being due to the excitation of a collection
of single classical dipoles distributed within fhe particle, driven by the iﬂuﬁﬁnating
wave to radiate at the shifted frequency. By using the boundary-value method and
expansions in vector harmonics to §olve for the internal and external fields from a
single dipole arbitrarily positioned in the particle, th'e field scattered from a dis-
tribution of such dipoles can be computed by numerical superposition, and this
superposition can be done coherently [34] or incoherently [90]. It is assumed that
t‘he induced dipole moment of an oscillator at the shifted frequency at a given point
within the particle will be proportional to the internal electric field at the illuminat-
ing frequency at that point. The model was quickly extended to the case of a coated
sphere [32]. The solutions for molecules embedded in infinite dielectric cylinders {31]
were slightly more complex, because of the need to assume an outgoing spherical
wave at large distances. This problem was more easily addressed for a coherently
emitting line source of dipoles along the fiber. Numerical results for single dipoles
and randomly distributed dipole arrays in microparticles for small values of the size
parameter (z < 10) showed that the spectral and the angular distribution of fluores-
cence or Raman scattering might be expected to differ from those of bulk materials.
The numerical nature of the procedure made it difficult to obtain results for large
(z > 20) particles [89]. In this regard it is worth mentioning the rather different
approaches taken recently by Schweiger [153] and by Videen [170). Schweiger was
motivated to find an approximate method of predicting Raman-scattered intensities
from a microparticle (in the linear regime) and did this by assuming that the to-
tal scattered Raman intensity from a single particle would be proportional to the
integrated internal field at the pump frequency. Videen derived expressions for the
coherent light inelastically scattered from a fluorescent cylinder by integrating the
induced polarization analytically over the cylinder.

Initial experimental results obtained for small (z < 10) [94] as well as somewhat
larger (z ~ 50) [105] dye-doped latex particles showed the effects of the particle upon
the angular distribution of the emitted radiation. Soon afterwards, shafp peaks
were detected in the fluorescence and Raman spectra from dye-doped polystyrene

microspheres and silica fibers in the size range z = 20 — 100, and these peaks were
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recognized as corresponding to the natural resonant modes of the microparticle, the
same modes as had been previously observed in the elastic scattering [17, 26, 79,
127, 131). This discovery also led to a more thorough investigation of the properties
of the resonance spectrum of microparticles. It was shown that fluorescence or
Raman scattering at narrow resonance frequencies is more strongly enhanced than
that at broader resonances. The homogeneously broadened fluorescence from e.g.
a dye-coated silica fiber {128] or the broad Raman spectrum from an illuminated
microsphere [164] spans several resonance frequencies, resulting in corresponding
peaks in the fluorescence or Raman spectral profile. However, a monochromatic
exciting beam may or may not be tuned to a resonant frequency. An input resonance
would lead to enhanced internal fields in the particle at the pump frequency, and a
greater excitation efficiency for the fluorescence. Such double-resonance fluorescence
was observed from dye-coated fibers by Owen et al. [128] and in optically levitated
microdroplets by Schweiger {153, 152] and was shown to be predicted by the model
of Chew et al. [35].

More recently, the spectral peaks in the light spontaneously emitted from molecules
embedded in microparticles have been the subject of further study due to new in-
terest in the development of microlasers and the study of cavity quantum electro-
dynamic (QED) effects [21, 85, 173]. Chew computed the transition rates for atoms
in spherical dielectric particles classically [29] and showed that enhancement of the
transition rates (up to 1500 times the free-space value) is possible under certain con-
ditions. Lai, Leung and Young [98] and Ching, Lai and Young [37] investigated such
resonance effects by considering the modes of the ‘universe’ which can be treated as
Hermitian, in contrast to the leaky modes of the cavity; they showed that Fermi’s
golden rule is inadequate under certain conditions, and predicted the largest QED
enhancements of the decay rates for intermediate values of Q. They have also investi-
gated the thermal spectrum and density of states [36) and indicated their importance
in a microparticle cavity. Lin et al. [114] have made a direct observation of lifetime
modification of spornitaneous transitions in chelated europium ions in 10um diameter
droplets. They showed explicitly that emission corresponding to cavity resonances

proceeded more quickly, and off-resonant emission more slowly, than in free space.
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These modifications correspond to the altered density of final states in the cavity at

resonance and non-resonance frequencies.

2.4 Nonlinear optics in microparticles and the whispering-

gallery-mode laser.

In the past decade a variety of‘ optical processes have been observed in liquid mi-
crodroplets. Of these, the observation and subsequent careful investigation of laser
emission from dye-doped droplets is of particular relevance to this thesis. However
the richness of the nonlinear optical processes in microparticles is such that it is inap-
propriate to consider a single effect in isolation. In particular, much of the research
into stimulated Raman scattering from microdroplets has implications for the study
of whispering-gallery mode microlasers: indeed, understanding of some aspects of
these two processes has developed together. Consequently, we shall pay special at-
tention to those papers dealing with these subjects. Thereafter, we shall briefly
mention some of the other nonlinear optical processes which have been observed in
microparticles.

The years 1984-1986 saw the publication of observations of nonlinear optical pro-
cesses and laser emission from microdroplets. The first of these was the continuous-
wave 1aser emission observed by R. K. Chang and colleagues at Yale University from
dye-doped liquid droplets in the a = 20 — 40pm range falling freely in air and il-
luminated with an argon-ion laser [168]. Emissions from a stream of monodisperse
droplets produced by a vibrating-orifice aerosol generator were found to exhibit a
nonlinear response to pump power, which was interpreted as being evidence of laser
action. The spectral profile of the emissions was found to contain sharp peaks,
which for certain spectral regions were much stronger than the continuum fluores-
cence. The existence of these sharp peaks superimposed on a broadband fluorescence
background was attributed to the high Q-value of the droplet cavity at morphology-
dependent resonances, which had the effect of low'ering the threshold for laser action
at resonant wavelengths. It was noted that the spectral characteristics of the emis-

sions were different in different wavelength regions, and this was attributed to the

17



. different wavelength dependences of the absorption and gain of the Rhodamine 6G
laser dye used in the experiments. The emissions were compared to those observed
in the early 1960’s from spherical samples of CaF;:Sm** [69]; these had been at-
tributed to the optical analogue of the acoustic whispering-gallery modes.

The publication of Chang’s work was quickly followed by reports of the study of
dye-doped microdroplets illuminated with pulsed, frequency-doubled Nd:YAG laser
beams. By photographing droplets using the internally;generated pulsed laser light,
Qian and co-workers [143] showed that whispering-gallery-mode laser emission can
occur for even substantially deformed liquid droplets. Work on a similar system by
Lin et al. [117) showed that both TE and TM modes may be simultaneously observed
above threshold under certain conditions. They also noted that laser modes tended
to be observed in one or several clusters of ~ 6 modes; this was later shown {112} to
be due to the excitation of more than one order of resonance.

Simultaneously, the Yale group observed other nonlinear optical processes in
microdroplets. Interesting features were observed in the SRS signal from water,
ethanol, CS; and CCly droplets [157, 140, 141]. In general, the pump intensity
required to initiate SRS in these droplets was substantially below that required for
the bulk material. This was attributed to the focussing of the incident beam by
the illuminated surface of the droplet, and to the fact that the droplet acts as a
high-Q cavity at resonant frequencies. (More recently it has been realized that the
difference in the density of available photon states at resonant and non-resonant
frequencies may play a role in reducing the threshold under certain conditions: this
is the cavity QED effect mentioned previously [37]). SRS was found to occur at
resonant frequencies ~ as a result the SRS signal from a liquid droplet was found to
consist of one or more peaks corresponding to high-Q MDRs which fall under the
Raman gain profile of the medium. Broad Raman linewidths such as that of water
may span many MDRs, and result in several peaks in the Raman signal. It should
be emphasized that these peaks do not correspond to discrete transitions in the
particulate medium; rather they are the result of the modulation of the Raman gain
~ profile .by the sharply varying @) of the droplet cavity. Consequently, the positions

of such peaks in the SRS signal contain information about the droplet size.
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The SRS signal from CCly droplets exhibited multiorder SRS up to the fourteenth
order for the v line (the totally symmetric mode at 459 cm™!) when pumped with
a frequency-doubled Nd:YAG laser [141]. The resultant spectrum showed Stokes
peaks shifted by v;, 2vq,... up to 14u, resulting from successive first-order SRS
processes in which the (n + 1)th wave is pumped by the SRS at the nth frequency
shift; weaker v; and v, lines were also visible in the spectrum, and various multiorder
combination lines were also visible. Thus, combination lines may appear after being
succesively shifted through, e.g., »; and v4. In cc;ntfast, the SRS signal from bulk
CCly displayed only up to n = 2 SRS, and the second Stokés intensity was ~ 50Xx
weaker than the first. Again, these features were explained in terms of resonant
feedback into the droplet microcavity. Assuming that all the observed Stokes lines
correspond to droplet resonances, the nth-order circulating Stokes wave at frequency
Vpump — v, would result in a much larger internal field strength, and have a longer
lifetime, than in the bulk liquid, allowing the subsequent-order SRS to build up at
frequency vpymp—(n+1)vi. Given the narrow Raman linewidth of CCly (~ 10cm™?),
a high density of MDRs is required to ensure that there is always sufficient feedback
to pump subsequent-order processes: this issue was addressed by Hill and Benner
[78], who found that the density of modes is at least as large as that required, for
moderate values of the size parameter (z > 100).

Chen et al. [27] have reported the observation of fine structure in the angular
distribution of SRS from single ethanol drop.lets. The resonant fields inside spherical
droplets have n peaks between 0 and 180 degrees; if the SRS process is coherent,
and if a single MDR is contributing to the SRS, this angular dependence should be
visible in the transmitted light. Previous studies [133) of the angular dependence
of SRS from microdroplets observed no fine structure, apparently due to several
MDRs of different n contributing to the SRS, or to simultaneous observation of
several orders of SRS, each supported by different MDRs. The observed angular
fine structure can be used to identify the n of the MDR participating in the SRS
by measuring the angular spacing of peaks in the external field. Such mode as-
signments were also achieved using an independent method by the research group

headed by A. J. Campillo [110].- Their identification of the modes supporting non-
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linear optical processes is based upon identifying modes simultaneously observed in
the elastic scattering spectrum [63]. This ié easier than identifying modes directly -
in the nonlinear optical spectrum, as the elastic-scattering modal widths are exactly
calculable using the Mie theory. Elastic-scattering spectra were recorded by illumi-
nating a droplet stream with a helium-neon laser and ramping the driving frequency
of the aerosol generator, resulting in a controlled sweep of droplet size. Identifica-
tion of modal features in the observed elastic scattering spectrum then provides a
fiducial spectrum; other optical data acquired at.speciﬁc points in the ramp cycle
are thus easily analysed. Campillo’s group have used this technique to analyse SRS,
fluorescence and laser spectra from microdroplets [110, 115, 113, 62]. In the case of
SRS, they found that the dominant peaks in the nonlinear spectrum were likely to
be due to narrower modes (higher ¢J-values) than those dominating the correspond-
ing elastic-scattering spectrum (which have Q-values ~ 103 - 10*). Their method of
performing mode assignments in inelastic scattering processes based upon a continu-
ous wave elastic scattering spectrum assumes the absence of significant mode-pulling
[111] by the SRS gain profile, or by the dye gain profile in the case of laser emission.

Another interesting aspect of their analysis is the importance of output coupling:
in many‘cases, the effective @ of a particular mode will be limited by some physical
property of the liquid droplet, e.g. absorption or surface roughness. Hill and Benner

(78] suggested writing the effective Q as

1 1 1

Q - cht * Qabs

where Qg5 is the Q-value due to the particle medium, which may be expressed

(2.2)

in terms of the absorption coefficient a as Qqps = 27m/Aa [115], and Q.. is the
external cavity ) representing the coupling to the external field. Seeing that the
narrow resonances have very high theoretical Q. for large droplets (Qez; > 102°)(78]
and all liquids have some absorption (e.g. Qaps ~ 108 for ethanol) [115), the effective
@ of narrow modes in droplets will be governed by absofption in the absence of any
other deviation from ideal behaviour. Hence resonant emission at a narrow mode
- with Qezt >> Qabs. will be only weakly coupled to the external field, with coupling .
efficiency Q/Qes:. Light trapped in such a mode will be absorbed far faster than
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it will leak from the droplet. The situation is analogous to the theory of output
coupling in conventional CW lasers [172, 156). |

These two features of SRS spectfa. in microdroplets, viz. the appearance of nar-
rower modes in the spectrum than those dominating the elastic scattering spectrum,
and the importance of output coupling, are crucial for understanding laser spectra
from dye-doped droplets. Some experimental evidence of this is to be found in the
1989/1990 papers by Biswas et al [18, 102]; the definitive work followed the 1992
mode identifications of Eversole et al. [62]. The absorption and fluorescence bands
of Rh6G overlap to a certain degree, the absorption in the gain region decreasing
towards longer wavelengths. In this case, the absorption of the dye is likely to be
more significant than that of the solvent, if this is transparent. Hence the value for
Qabs in equation 2.2 will be dominated by the absorption of the dye and will increase
toward longer wavelengths. As a result, narrow resonances may have Qgps << @zt
on the shorter wavelength side of the spectrum and hence be only weakly coupled
to the transmitted field. Thus one observes intrinsically higher-@ modes at longer
wavelengths. Indeed, the shortest wavelength at which a given mode order (which
appears spectrally as a series of almost-evenly spaced peaks) is observed in an ex-
perimentél spectrum may be used to determine an approximate Q.r; for the mode
order, by using knowledge of the bulk absorption of the dye solution, and assuming
that modes disappear from the laser spectrum when @ /Q..: decreases significantly
below unity. These effects have been carefully studied in the fiuorescent and laser
emission from dye-doped droplets: the coupling efficiency has been decreased by
decreasing Q455 by the addition of small ima.ntities of absorbing dye to the particle
[47] and has been increased, for narrow modes, by decreasing Q.. [8, 116]. This has
been done by including small (a < 1um) scattering centres (latex spheres) in the
liquid droplets. These serve as Rayleigh scatter centres, scattering internally cir-
culating light out of the droplet and thus artificially decreasing the Q¢z¢ of narrow
modes. '

Spatial hole-burning has been investigated as a probable reason for the observa-
tion of many modes above threshold in a droplet laser [112]. Dye lasers are usually p

considered to be homogeneously broadened on a nanosecond time scale; consequently
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one might naively expect to observe only a single mode above threshold. The mode
reaching laser threshold first would grow fasfest, saturating the gain, and could be
expected to drive competing modes below threshold. However, due to the different
field patterns of different modes, several modes with different n,! values can simul-
taneously exist above threshold, each having access to an independent gain source
at some point in the droplet. This is because the field pattern of any given mode
has a number of points at which the field is effectively zero; at such points, the gain
of the medium is unaffected by the saturation due to the mode in question. Hence
unsaturated regions remain at certain points within the droplet, and this gain is
available for differgnt mgdes, which have'zeros in different places. This explanation
is very close to that of spatial hole-burning in conventional Fabry-Perot cavities [156]
and explains the observation of several modes of differing n (different angular dis-
tributions) for a single order, and of several orders ! (differing radial distributions),
above threshold. Typically, 3 or 4 orders of resonance, and 4-6 modes of each order,
have been reported above threshold in microdroplets [112].

Some confusion exists in the literature over the output-versus-input intensity
behaviour of dye-doped microdroplets, particularly for continuous-wave excitation.
H.-B. Lin et al. have reported a threshold pump intensity of 10 W/cm? for 10~4M
Rh6G water droplets in the size range ¢ = 20-30um in the case of 20-nanosecond
Q-switched pulses from a frequency-doubled Nd:YAG laser [117]. For continuous-
wave (argon-ibn laser) excitation of liquid droplets Tzeng and colleagues [168] have
demonstrated threshold behaviour at a pump irradiance of 35W /cm? by studying the
ratio of spectrally integrated emissions from the laser and fluorescent spectral regions
from 1073-10~*M Rh6G droplets, while Campillo and co-workers [23] have presented
spectra showing a non-linear response to excitation intensity in a = 7.36pm droplets.
On the other hand, K.-H. Lin and W.-F. Hsieh [118] have reported the lack of
observable threshold behaviour in the integrated emissions from Rh6G methanol
droplets of similar size excited with an argon-ion laser, and attributed this to the
enhancement and inhibition of spontaneous emission in a microdroplet. However
the apparent lack of a threshold may simply be a reflection of the very low pump

intensity required to reach threshold - their data show only two pump intensity
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readings between 0 and 250 W/cm?. The rather different method of performing the
measurements used by these workers is another possible reason for the disagreement.

The cavity QED effect described previously in relation to spontaneous emissions
from excited atoms in microdroplets also has an effect on the stimulated emission
cross-section. By equating stimulated gain to cavity losses in a lasing Rh6G ethanol
droplet, Campillo et al. [23] were able to calculate a minimum Q-value for which
modes should be able to reach threshold, for a given dye concentration, assuming
total inversion of the dye population . However, substantially lower-() resonances
were observed above threshold experimentally, and this was interpreted as being
due to the enhancement of the stimulated emission cross-sections of the excited dye
molecules at resonant wavelengths, as predicted by theory [37].

Several other stimulated scattering and nonlinear-optical processes have been
observed in microparticles. The most important of these are mentioned here, with
brief comments where neccessary.

Stimulated Raman scattering and lasing have been observed in micrometer-sized
cylindrical liquid jets, displaying many features similar to those observed in spherical
liquid droplets [134]. The laser characteristics of coated spheres have been inves-
tigated by illuminating a suspended glass sphere coated with an evaporating dye-
doped solvent with a pulsed Nd:YAG laser [60]. The resulting effects were difficult to
analyse quantitatively because of the effects of heating and bleaching of the dye by
the laser light, because of the lack of knowledge about the precise location of the solid
core within the droplet, because of the constantly increasing dye concentration as the
solvent layer evaporated and because of the difficulty of assigning observed peaks to
specific resonant modes. Certainly, however, in the extremes of thin and thick liquid
shells laser emission was observed from both modes which did and those which did
not penétrate the glass core. Whispering-gallery-mode laser emission has also been
observed from dye-doped polystyrene microspheres [95], as well as from optically
and electrically pumped semiconductor ‘thumbtack’ or microdisk lasers {108, 123].
Two-photon pumped lasing was reported from highly concentrated Coumarin and
Rhodamine solutions in liquid droplet form [96]. Electrostrictive shape distortion

by cw argon-ion laser sirradiation and by 400ns pulsed irradiation [166, 175] were
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studied using a framing camera and by observing their effect upon the fluorescence
resonance spectrum. Non-linear elastic scattering of a train of mode-locked picosec-
ond pulses from an Nd:YAG laser by a liquid droplet [82] was initially .attributed to
electrostrictive acoustic-mode excitation of the droplet although this waslater shown
to be too small an effect to account for the observations [97], which may be due to
stimulated Brillouin scattering or to the presence of nanometer-sized gas bubbles in
the droplets. Coherent Raman mixing, coherent anti-Stokes Raman scattering [142]
and stimulated anti-Stokes Raman scattering [104] have been observed in droplets il-
luminated with one or more laser beams. Competition between stimulated Brillouin
scattering (SBS) and SRS has been studied in liquid droplets using a single-mode
and a multimode Nd:YAG laser beam [176]: using a pump beam which was tightly
focussed onto the centre of an ethanol droplet to avoid the pump being coupled
to a droplet resonance, it was found that for single-mode excitation‘, the observed
SRS is pumped by an internally-generated SBS wave. This is partly because the
SBS is an MDR-enhanced process; it thus has an appropriate distribution around
the droplet rim to efficiently amplify Raman scattering at a resonant wavelength.
Third harmonic generation and third-order sum-frequency generation observed [3]
in microdroplets have led to a re-examination of phase velocities of MDR’s and their
implications for phase-matching requirements in droplets [103]. Somewhat more in-
formation about these processes and further references are in the 1990 and 1992

review articles by Chang [24, 25].

2.5 Applications of optical whispering-gallery modes

We shall now briefly describe some applications of morphology-dependent resonances
and of nonlinear optics in microparticles. Most of these relate to particle char-
acterization: light scattering has long been studied for its usefulness in conveying
iﬁformation about the size of the scatterers. However, ultra-high resolution size mea-
surements and the possibility of chemical characterization by the nonlinear Raman
method are truly novel features of particle characterization using MDRs (15, 58, 107].

_The possibility of using the narrow resonance structure in the elastic scattering from
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microdroplets to characterize the particles was realized virtually as soon as this was
experimentally observed. The method was soon applied to droplets in optical lev-
itation experiments [49], to unclad optical fibers [129] and to fluorescence spectra
from individual dye-doped polystyrene spheres [51, 80]. The spectral observation of
MDRs was also used to deduce the taper of the outer diameter of fine fibers [14], as
well as to study evaporation and condensation rates [167] and laser-induced shape
distortions [166] of dye-doped liquid droplets flowing in a stream. An interesting
variation based on the different wavelength shifts of the TE and TM modes in a
coated sphere as the coating thickness changes was used by Folan [64] to investigate
absorption of water vapour by polystyrene microparticles.

Absolute size measurements were performed by assigning observed peaks to spe-
cific resonant modes calculated using the appropriate boundary-value solution. Var-
jous methods of assignment were used, from visually fitting observed ;md computed
elastic-scattering spectra [49] to fully automated computer routines suitable for fluo-
rescent or Raman spectra [80]. Some of these fits were performed using the refractive
index as well as the size of the particle as a free parameter [49], in others the refrac-
tive index was assumed to be accurately known as a function of wavelength [51], or
was determined independently using the angular scattering pattern at a given wave-
length [129]. In most cases, the average size of the cylinder or sphere was measured
to an accuracy of a féw parts in 10%. While some fits were performed to more than
one order of resonance, nonetheless the mode assignment procedure becomes more
difficult, and the resultant size estimates less certain, for increasing particle size,
as the density of theoretically available modes increases. This is particularly true
for inelastic scattering spectra, where observed peaks may be due to modes which
are intrinsically extremely narrow (Q ~ 10%) compared to those normally observed
in elastic-scattering spectra. The exact mechanism determining the effective ) of
the narrowest available modes, and thus those modes which will dominate nonlinear
processes, has been the subject of some study [99]; without prior knowledge of a
specific experimental situation it may be impossible to estimate which modes are
most likely to be contributing to observed nonlinear processes. In such cases, some

idea of the particle size may nonetheless be easily gained from the spacing of the
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observed modes by using the Chylek formula (equation 2.1) to estimate the mode
spacing. The estimated size a = /\zAz/27rvA/\ then follows from the definition of
the size parameter, to an accuracy of a few percent. This method can be used fol-
lowing observation of only a few resonant modes in e.g. SRS spectra from water or
fuel droplets. Golombok and Pye [72] have extended this method by using spectral
analysis to determine the characteristic mode spacings in a spectrum recorded from
several simultaneously-illuminated droplets in e.g. a fuel spray.

Such SRS spectra may be simultaneously analysed to give information about
the chemical species concentrations in the scatterer. A similar technique may be
applied using spontaneous Raman scattering [137, 151, 163); however, due to the
small sample volume at least several seconds of integration time is required to obtain
a respectable signal-to-noise ratio from a single particle or droplet. In contrast. an
SRS spectrum from a single liquid droplet may be obtained using a single 15ns pump
pulse. Serpengiizel et al. [154] have shown that it is possible to gain molecular
concentration information by studying the ratio of SRS signals of salts dissolved in
water; results are expected to be reliable while the SRS gain is unsaturated.

Applications to fuel sprays have been investigated by Acker, Serpengiizel and
co-workers, and by Golombok and Pye. Serpengiizel et al. [155] used fluorescence,
lasing and SRS from droplets to image a two-dimensional cross-section of a fuel spray.
The wavelength shifts of these processes is used to distinguish different constituents
of the spray. In particular, good discrimination is achieved between the liquid and
vapour phases. Acker et al. [4] dealt with more quantitative issues in a similar
system, investigating the cavity @ value and density of modes in liquid droplets
under the extreme conditions found in internal combustion engines, and the relative
SRS signals from fuel mixtures. Both of the above sets of researchers find that SRS
is emitted primarily from the larger droplets in a polydisperse spray. Concentration
measurements of fuel mixtures in injected fuel sprays were also the subject of a study
by Golombok and Pye [71, 73]. They suggested an internal referencing system for
SRS signals from a fuel spray, based upon the observation of multimode SRS spectra
in droplets. They thereby deduced differential evaporation in a two-component spray

injected into ambient air, under ‘different pressures.
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Further potential applications of MDRs in microdroplets are their ﬁse to form
the basis for a spectral hole-burning memory and the use of microdisk lasers in in-
tegrated optoelectronic devices. Microparticle-based spectral hole-burning has been
demonstrated [9] in a collection of dye-doped polystyrene spheres of random sizes.
A medium formed by such a collection will have a white fluorescent spectrum due to
the large number of available resonances in particles of different sizes. Illuminating
the sample with a bright and Spectrally narrow light source will cause enhanced
resonant fields in those particles which resonate at the illuminating frequency, and
these fields can be sufficiently strong to bleach the dye molecules in those parti-
cles. Subsequent excitation of the broadband: fluorescence of the medium reveals a
spectral hole in the integrated fluorescence from the collection of particles; those par-
ticles bleached due to their being resonant with the bright monochromatic source
no longer contribute to the fluorescence. This effect may have application in the
development of a superdense data storage medium [65].

The microdisk semiconductor whispering-gallery-mode lasers being developed by
McCall and colleagues [108, 123] at AT&T Bell Laboratories are perceived as being
possible competitors to vertical-cavity surface-emitting lasers for use in integrated
optoelectronjc devices [109]. These small (diameter several microns) devices can
lase in the ‘silica window’ region, A = 1.3 — 1.6pum, when electrically or optically
pumped. The InGaAsP lasers were grown by metallo-organic vapour phase epitaxy.
Light propagating around the disk’s perimeter in whispering-gallery modes leaks
slowly out in the plane of the disk. The lasers can be made so as to lase in a single

mode.
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Chapter 3

EleCtromagnetic scattering
from a normally-illuminated

layered dielectric fiber

3.1 Introduction

This chapter deals with some of the features of high-frequency electromagnetic scat-
tering from a normally-illuminated dielectric fiber comprising two concentric circular
cylinders of differing refractive index. The first section is concerned with the deriva-
tion of the requisite equations by expansion of the incident, internal and scattered
fields in— terms of Beésel functions and by the use of Maxwell’s equations to apply
the appropriate boundary conditions at the refractive index discontinuities. The
next section describes the incorporation of the derived solutions into FORTRAN
routines to compute the scattering characteristics of the fiber. Routines to compute
numerical values for the internal and nearby external electromagnetic fields have
been developed, and results from these programs are presented in the third part of
the chapter. Several features of the scattering characteristics are investigated and
compared with known results from the simpler case of the homogeneous cyiinder.
Numerical results presented ha.velargely Been chosen to illustrate those features of

the electromagnetic scattering process which are significant for the experiments to
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be described later in this thesis.

3.2 Theory

In this section we present the solution to the scattering of a plane-polarized elec-
tromagnetic wave incident normally upon a dielectric concentric cylinder [88, 162].
The solution derived here is for a fiber consisting of a homogeneous, circular core
covered by a concentric, circular cladding of different refractive index. However, as
pointed out by Kerker [88], the solution may easily be extended to any number of
discrete layers on the fiber. The fiber has outer radius b and inner radius a, and
the corresponding refractive indexes m; and mg, while the refractive index of the
continuous medium is assumed to be that of free space. The fiber axis lies on the
z-axis of the coordinate system, and the incident wave travels along the ¢ = 0 axis.
The two orthogonal polarization states of the electromagnetic field of the incident

wave are:

1. the electric vector is parallel to the cylinder axis (transverse magnetic or TM

case, E = E,2), and
2. the electric vector is perpendicular to the cylinder axis (TE case).

The two cases are treated separately below.

3.2.1 Electric vector parallel to cylinder axis

The expansion of the incident plane wave polarized in the  direction and travelling
along the ¢ = 0 axis is given in terms of the Bessel function [1] in the cylindrical

coordinate system by [19]

o0

Eine = 2Eo ) i"Jn(kp)exp [i(ng — wi)] (3.1)

n=—oo
while the wave scattered from the normally-illuminated cladded dielectric cylinder

centred on the z-axis may be expressed as

[e¢]

Eoeare = 3E0 Y, (=0 H{D(kp) exp [i(n$ — wt)] (3.2)

n=-—0oo
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where the Hankel function H,(ll) = J, + 1Y, has been chosen for its asymptotic
behaviour [1] which, when coupled with the assumed time-dependence, represents
an outgoing cylindrical wave at large distances from the normally— illuminated fiber.
The coefficient b*! remains to be determined by the boundary conditions. The field

outside the fiber is given by the sum of the incident and the scattered waves,
-E-ezt = _E-im: + _Escatt (33)

The electric field inside the fiber cladding (a < p < b) may be written

Ey=2E Y [b:’:‘“Jn<m1kp>+bi““Hﬁ”(mlkp)] expli(ng —wt)]  (34)

n=—o

and the field for p < a in the fiber core is

(o]

E,=3Ey . b Jn(mskp)expli(nd — wi)] (3.5)

n=—00
where bi", 621! and bout2 are additional coefficients to be determined from the bound-
ary conditions. Only the function J,, is used in equation 3.5 as it alone of the Bessel
functions is regular at the origin.

The fact that E = 2E, for the incident wave implies that this is so for the internal
and scattered waves as well. In this case there is only a tangential component to
the electric fields, which must therefore be continuous at the boundaries p = a and

= b. This yields the following pair of equations:

Jn(kb) — b2t H{D(kb) = b3 Jn(makd) + b2 H (1)(m, kb) (3.6)
b, (maka) = b3 Jn(maka) + b2 B (m, ka) (3.7)

Now, Maxwell’s equations for periodic fields give us
VxE = tkH
We are interested in the tangential component of H

i dE,
pw dp

.E_Ita'ng = H¢ =
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which yields

e o & i1y v . |
HJ = 17095 > "k, (kp) exp [i(ne — wi)] (3.8)
and
sca E = N exr ! .
Byt = =2 30 (=6 HLY (kp) exp [i(nd - wt)] (3.9)

for the external magnetic fields. The fields inside the fiber are

E, & . in 7' . '
Hye = /—1705 Z " emabi™ J, (mokp) exp [i(ng — wt)] (3.10)

for the core region, and

Hyp = f—i "Hmak 6947, (makp) + b3 2B (k)] exp li(ng — wi)]
1% =

(3.11)
for the cladding of the fiber. Matching the Hyspng at the boundaries now yields

T (kb) = b= HV' (kb) = my (5310 (makb) + b2 B (mekb))  (3.12)

mabin T, (moka) = my (5T, (mika) + PR HY (maka))  (3.13)

where we have assumed that po = p1 = p.
Defining z, = kb and z, = ka, equations 5-6 and 11-12 may be expressed as the

matrix equation

BD(2y)  Ju(maz)  HY(miz) 0 [ pest Ju(z1)
W'(zy) mydi(mazy) my B (myzy) 0 A Jr(z1)
0 Jn(mazs) O(mzy)  —Jn(mazs) I I
0 myJ, (miz3) my H,(,l)l(mlzg) —myJ, (mazs) bin 0
(3.14)

which can be solved for the external and internal field coefficients by the application
of Kramer’s rule. This completes the solution of the scattering problem, as we now
have expressions for the electric fields at all points in space. It is worth noting that

this result is easily extended to an n-layered cylinder [87].
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3.2.2 Magnetic vector parallel to cylinder axis

In this case the electric vectors have both radial and azimuthal components. The

incident wave with polarization perpendicular to the fiber axis may be expanded as

Ee=Bo 3 #2205 i (ho)d) explitns -] (319

n=-—oo
and this sets the form for the internal and scattered fields as well. The expressions

for these are

Ean = Eo 3 i"(-a7™) [:—pﬂi”(kp)ﬂ SHY (ko) expli(ns — w0 (3.10)
o = N n outl out2 zr(1) -
_E_l = Eo n=z—°° t <m1kp [a'n. Jﬂ-(mlkp) +a, H'n. (mlkp)] p

+i a2, (makp) + a5 HY' (mykp)| @) expli(ng - wt)]  (3.17)

Z "ait (— n(makp)p +iJ, (mgkp)qS) expli(n¢ — wt)] (3.18)

n=--00
where a¢¥t, a2¥!, q2*2 and @™ are the coefficients which are to be determined.

By using the definition of the magnetic field

H="VxE (3.19)
pw

and the fact that the Bessel functions Z,(p) are the solutions to Bessel’s equation

b (ria) -

one may obtain the following expressions for the magnetic fields:

k

H, =—-—3 E Eoi"Jn(kp) expli(ne — wt] (3.20)
HoW "o
k (o]
Hoon = o8 3 Eoi"al H{(kp) expli(ng — wi)] (3.21)
0 n=-—0oo
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k

H, = 'Ffu?z,,_z_:w Eoi"my [ag! Jo(mi1kp) + a5 H{D(mikp)| expli(ng — wt)]
(3.22)
and
- ‘W,._E.w FoimamyJu(makp)expli(ng —wt)]  (3.23)

Again, defining z; = kb, z2 = ka and equating the tangential components of E

and H at the cylinder boundaries one arrives at the matrix equation

HV(z1) myda(mizy) miHD(myizy) 0 aget Ju(z1)
B (21)  Jn(maz) B (mazi) 0 R I R AEY
0 J.(myz,) H,(ll)’(mlm) —J, (mazs) | adut? - 0

0 myJn(miz2) mIH,(,l)(mlzz) —maJn(maz7) ain 0

(3.24)

which again may be solved by the use of Kramer’s rule.

Expressions for the far-field scattering characteristics, i.e. the angular scattering
pattern and the efficiencies of the cylinder for extinction, scattering and absorption
are easily derived by the use of the asymptotic approximations to the Bessel func-
tions for large argument once the scattering coefficients have been computed [169].

Evaluating the scattered electric fields equations 3.2 and 3.16 in the asymptotic

HY(2) - \/7exp z(z— —_—— —)

E,catt — 2Eo / % exp[i(kp — -—)] [be” +2 Z be=* cos n¢] (3.25)

n=1

limit of

gives

| 7 2 . T er - er
Eqyorr — ¢E0\/ ;k—peXP[i(kP - Z)] [ao t+2 Z Gn * cos "¢] (3.26)

n=1

It will frequently be convenient in numerical investigation of the scattering prop-
erties of the cylinder to study the extinction efficiency Q.z:, which is the extinction
cross-section of the particle divided by its geometrical cross-section. For a non-

absorbing particle, this is also equal to the scattering efficiency of the particle. The
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expressions for the extinction efficiencies are given here in their most common form

[169] for easy reference:

Case 1: Transverse magnetic

n=-—00

2 o0
Qezt = ; E Re(bn) (327)
Case» 2: Transverse electric

Qe:ct =% Z Re(aﬂ) (3‘28)

n=-—00

3.3 Implementation in FORTRAN routines

Modern high-speed computers have to a certain extent trivialised the numerical
computation of the scattering properties of circularly-symmetric fine particles. Con-
siderable effort has been put into developing fast, accurate and reliable scattering
routines, particularly for the well-known Lorenz-Mie theory describing the scattering
of a plane wave by a homogeneous dielectric sphere. At the same time, analytical
investigation of the Mie scattering expressions and the modelling of some of the
scattering processes in terms of geometrical and physical optics have increased the
undeistanding of some of the numerical results which come out of ‘black box’ scatter-
ing programs, and these may be extended to apply to related scattering geometries
such as the infinite homogeneous cylinder and the coated sphere. Nonetheless, the
wide range of particle size parameters which are of interest (often up to three or-
ders of magnitude in z) and the large number of terms needed for convergence in
the scattering summations (n > z), when coupled with the limited word length on
computers and the potential instability of the recurrence relations commonly used
to compute the neccesary special functions, can cause uncertainty in the results of
all but the most carefully-designed scattering programs [19, 171]. To our knowledge,
the implementation of the above solutions for the normally-illuminated concentric-
cylinder scattering problem has never been described in a practical form useful for

large values of z and complex refractive indexes m. In view of this it is deemed
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worthwhile describing the routines used in the present research, what limitations
are placed upon their use, and what checks have been applied to the resﬁlts.

The primary objectives of the routines to be described here are to compute the
internal and external field coefficients resulting from the application of the boundary
conditions for given values of the parameters z{, z2, ms and m,, and then to sum
these in the appropriate fashion in order to arrive at the physically meaningful
quantities, which may be the far-field scattering functions and extinction efficiencies,
or values for the electric or magnetic field intensities at specific points in the internal

or external near-field region.

3.3.1 Convergence of the summations

It will be noted that all the necessary expressions consist of summations over the
range of indexes —o0 < n < 00; however, it is easily shown that contributions from
terms with negative indexes are either equal to the corresponding positive-index
term, or else the two are equal in magnitude but opposite in sign, cancelling. In
practice, therefore, only the scattering coefficients with positive indexes need to be
computed: in addition, the summations converge, and terms with n > nmaz may
be neglected in the summation. The value of nmaz needs to be chosen carefully;
it is well-known that » > z is usually a sufficient condition for a convergent sum
in the case of the homogeneous cylinder. However, some of the features of interest
in the present work occur in partial waves with z, < n < myz,, and may easily
be missed by an injudicious choice of nmaz [80]. On the other hand, the functions
Jn(Z) and Y,(Z) become very small and very large respectively as n > Z, and will
eventually cause overflow and underflow problems on any computer. The problem
will be exa.cerba.ted_ if zo << z, particularly if m, is small, as the computation of
Jn(maz2) will then need to be carried out to n > z; >> mjz,, in order to calcu-
late the coefficients as they have been expressed. This numerical problem may be
circumvented by separating the contributions to the field coefficients from the inner
and outer cylinders, and neglecting contributions to the coefficients from the inner
cylinder when these become much smaller than those from the outer cylinder. A

similar approach was used by Bohren and Huffman in their routine for the scattering
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from a coated sphere [19]. The expressions are most easily derived by expanding
the determinants in the Kramer’s-rule solution of equations 3.24 and 3.14 in terms
of cofactors of the last row and column. (From here on we use a, and b, to refef
to ac®* and b¢®%.) The resulting expressions for the external field coefficients for the
problem considered here are

_ Ja(z1) [J:;,(mlzl) + Anﬂr(zl)l(mll‘l)] — myJ,(21) [Jn(mll‘l) + Anﬂv(ml)(mll‘l)]
= Hy(z1) [J,'L(mlzl) + AnH,(,l)l(mlxl)} - myH,(z1) [Jn(mla:l) + AnH,(tl)(mlxl)]

(3.29)
and
myJn(21) [J,;(mlxl) + BnH,gl) (mlzl)] — Jo(z1) [Jn(mla:l) + BnH,(,l)(mlzl)]
" myHo(o) [Ty (maz) + BnH,El)’(mlzl)] — Hy(21) [Jn(maz1) + Bp B (ma21)]
(3.30)
where , ’
_ maJ, (m1z2)Jn(mez2) — myJn(myz,)J, (maz2)
An = 20 : 7 (3.31)
: mlHn (mlxg).]n(mgil?g) - man (mlxz)Jn(m2Z2)
and , '
Bn, _ szn(mI:tg)Jn(mzxz) -m Jn(mﬂ:g)Jn(mlzg) (3.32)

mlH:,(,,l)'(m1Z2)Jn(m2Z2) - ng;‘(mzxg)Hé,l)(m1Z2)
are the contributions to the scattering coefficients from the inner cylinder, which

are neglected when they become sufficiently small. Study of the expressions for the
coefficients for the cladding region of the cylinder reveals that the second of these,
i.e. the a2**? and b2**? associated with the term involving H,(Ll)(mlkp) converge as
fast as the A, and B, above. The other cladding coefficient may be treated as the

external field coefficients above, giving

Joutl _ HD(21)Jp (1) = Y (21)Ja(21) _
" H’f(l.l)(xl) [J;,(mll‘l) + A'n,H'r(l.l) (mll‘l)] - mlH'r(Ll)l(xl) [Jn(mlih) + AnH'r(Ll)(mlzl)]
(3.33)
and
outl _ A (21) 3 (21) = B (21)Ju(21)
" mle(zl)(Zl) [J:;,(mlxl) + Bnﬁv(zl)'(mlxl)] — B (21) [Jn(mll‘l) + BnHr(zl)(mlxl)]
(3.34)

with the A, and B, as defined above. The coefficients for the core region do not
present a problem, as convergence for n > myz; is ensured by the factors J,(m2kp)

and J,(mqkp) in equations 3.18 and 3.5.
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Convergence of the summations for the calculation of the far-field scattering
characteristics depends upon the decrease in the scattering coefficients a, and b,
as n > 7;. It is known (see Wiscombe [171]) that the value of the Bessel function
Jn(Z2) is diminished and that for ¥,(Z2) increased by several orders of magnitude
when

n>Z2Z 442038 12 (3.35)

over a wide range of values of Z. On the other hand, some of the high-Q resonances
being investigated in this study occur in partial waves with n in the region z <
n < mz, and resonant features of the internal and scattered fields may be missed
for certain comBinations of m and z if equation 3.35 is used to determine nmaz
by putting Z = z;. (Equation 3.35 then does not have any dependence on m.)
Therefore we have put nmaz equal to the largest of the numbers myz;, moz, and
the n resulting from the use of equation 3.35 with Z = z;. This convergence
condition errs on the ’safe’ side, i.e. convergence is assured, but dynamic range
problems may be encountered in the computation of tI;e required functions J,,(z;1)
and Y, (z,), particularly if m is large. All programs were compiled so as to terminate
on overflow/underflow errors.

Calculating numerical values for the electric fields within the cylinder cladding
requires a different convergence criterion, as the decrease in the factor J,,(mkp) will
determine the number of terms needed to ensure convergence of the summation.
Therefore the condition 3.35 is used with 2 = nﬁkp (in the cylinder cladding) or
Z = mgykp (for points in the cylinder core). It will be noted that the coefficients 52%*2
and a2*? decrease rapidly in magnitude for n > maz; &~ m;z,, which means that
they will usually be down by orders of magnitude before the imaginary component of

,(,1)(m1kp) (f.e. iYn(mikp)) reaches the exponentially increasing regime, as p > z»
in the cladding region.

Different criteria again are required for computation of the near-field patterns
external to the cylinder. The external electric field is given by E..; = E;.. + Ecatt-
The highest order needed in computing E, ., is determined by the cylinder size

and refractive index, and a similar criterion to that used in the far-field calculations
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is applicable. For computation of E,, ., however, the required value of Z to be
substituted into equation 3.35 is Z = kp, where p is the distance from the origin of
the coordinate system. Thus an increasing number of terms is required to compute
the incident field as one moves away from the scatterer.

We cannot claim that the routines developed here are foolproof or generally
applicable; we have used them over a wide range of a,b values and over a smaller
range of complex mj,my values. However, we have used the convergence criteria
above more as guidelines than as firm rules, and have found conditions under which
they are not sufficient, particularly for large fibers. Appropriate convergence criteria
are easily found for isolated cases. Hence we have adopted a cautious attitude

towards the results of the routines.

3.3.2 Computation of values for the Bessel functions

The primary remaining problem in computing numerical values for the given solu-
tions is that of computing values for the necessary Bessel functions, which in the
general case may have complex arguments, and which need to be computed for all
positive orders up to n = nmaz. These computations also consume the major part
of the computilng time for almost a;ny application of the scattering routines. The
va.iues for the Bessel functions used in the routines described here were computed
by the use of the recurrence relations for the cylindrical Bessel functions of the first

and second kinds, viz.
2v
C,,-](Z) + CV+1(Z) - §CV(Z) (336)

A point of concern in the repeated application of the recurrence relation ( 3.36) is the
numerical instability of the relation for the computation of J,(Z) when used in the
direction of increasing order, a problem which has been pointed out by many authors.
The routine Bessel.for which is called by the scattering programs relies heavily upon
that given by Bohren and Huffman [19] and due to Bohren and Timbrell. Values
for J,(Z) are computed by the now-standard technique of downward recurrence and
renormalization, apparently first proposed by Miller [1]. The downward recurrence

to compute the intermediate function F,,(Z) is initiated with the values F,(Z) =
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0, Froe1(Z2) = 1072 and F,,,_3(2), Fin-3(Z)...Fo(Z) are then computed by the
repeated use of 3.36. The values of F;,(Z) are then related to the Bessel funcfions
Ja(Z) for n < m ~ 6, by |

In(Z) = Fo(Z)/a - (3.37)

where a is a constant to be determined. The value of §, needs to sufficiently large
that equation 3.37 is true for the maximum required order of J,. The value for 6, is
determined by iteration; starting with nmaz + 6, = 2 +42 $+2and increasing 6,
until successive values of Fynq.(2) differ by less than 1 part in 10*2. The iteration
is necessary as there is no fixed relationship betweeﬁ the argument of the Bessel
functions, which may be myz,, miz;, or 1, and the maximum order of the Bessel
functions required. The renormalization of the J,(Z) is performed with the aid of

the relation

Io(Z) 423 Im(2) = 1 (3:38)

n=1
as used by Bohren and Huffman for the homogeneous cylinder. (Care is required
in the use of equation 3.38 to eﬁsure that the summation is not terminated while
significant values of J,(Z) remain uncounted. This sometimes requires that the
value of nmaz used in the routine Bessel.for is somewhat greater than that finally
required in the partial-wave expansion, where convergence may be determined by a
Bessel function with a smaller argument.) The values for Y, (Z) are computed by
the stable upward recurrence, the recurrence being initiated with the values Yy and

Y, computed by
2 Z 2 (=)™ (2) |
Yo = — | (log(3 fﬂ 2;:1 - 639
and the use of the Wronskian Yp(2)J1(2) — Y1(Z)Jo(2) = 2/7 2.

3.3.3 Checks of the validity and limitations of the routines

Some effort has been put into checking the range of validity of the above routines,
and the accuracy of the numerical results obtained. Results from the Bessel function
routine have been compared to tabulated values [1] for a wide range of real arguments

and orders. Numerical results from the far-field programs, which also constitute a
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check on the computation of the scattering coefficients and a further check on the
Bessel functions, have been compared to published values [61] of Qe¢ for both
polarizations for the case of an air-filled (mg = 1.00) fine (21 < 6.) fiber for several
values of a/b and m;. In all cases, there was agreement to the published number
of decimal places. Furthermore, results for much larger values of the size parameter
(z ~ 400) have been obtained from the programs by putting m; = m;, and the
results then compared to those obtained by the use of a standard published code [19]
from a normally-illuminated homogeneous, circular cylinder. In all cases, excellent
agreement was obtained.

The routines for computing the internal- and near-field external functions were
checked in a similar manner. Computations using mg = m; were compared to
published results for the internal and external field distributions for a homogeneous
cylinder. Specifically, figures 1,2 and 3 in reference [130] were reproduced, as were
figures 1 and 6 in reference [16]. To our knowledge, no near field or internal intensity
functions have been published for the layered cylinder, even for small values of the
size parameter. However, we have checked that the numerical solutions do indeed
satisfy the required boundary conditions at the refractive index discontinuities for a
variety of values of a/b, 1, mz and m;. Most computations have been performed
for the physically interesting case of a glass capillary fiber (m; = 1.458 or 1.5,
corresponding to a fused-silica or Crown glass) filled with a gaseous or liquid core
(mg = 1.00 — 1.7). For parameters in the above ranges, computations can be safely
performed up to values of the size parameter z; =~ 700, corresponding to a fiber of
radius @ ~ 65um illuminated with orange light. For z; = 700, well over a thousand
terms are included in the summations and computations are exceedingly slow. For
£, > 700, we encountered dynamic-range problems using double-precision (Real*8,
Complex*16) arithmetic on the UCT VAX 6230 where these computations were
performed. A more restrictive condition may need to be applied to the computation
of the external near-fields, as these require the computation of Bessel functions
at distances from the origin implying arguments > z;. Dynamic-range problems
such as those described could probably be overcome by more careful attention to

convergence criteria.
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3.4 Some numerical results

In this section we present some numerical results which demonstrate some of the
features of the scattering from the layered fiber. We investigate first the far-field
extinctioh efficiency, which illustrates some of the general features of the scattering
for a range of values of the size parameter. After explaining these general features,
some internal and near- external field patterns are investigated at specific frequencies
corresponding to cases relevant to our experiments. We shall pay particular attention
to the nature of morphology-dependent resonances in the cladded-fiber geometry, as
these are relevant to the whispering-gallery-mode laser to be described later in this
thesis. Although our computer programmes define the refractive index as a complex
numbér, allowing for absorption or gain by the particulate medium, the numerical
results presented here are all for real refractive indexes. The effects of absorption
on the scattering characteristics and on the morphology-dependent resonances are
well documented [47, 169], and will be dealt with explicitly where relevant to our
experiments.

Several well-known [169] features of the extinction efficiency are demonstrated
in figure 3.1 showing the computed Q.,; for a homogeneous circular dielectric fiber

of refractive index m = 1.5. These are:
1. The efficiency tends to zero as z approaches zero,
2. The efficiency tends to two as ¢ — o©
3. There is a low-frequency fluctuation on the curves (‘the interference structure’)
4. There is a high-frequency structure on the curve (‘the ripple structure’).

(1) above is consistent with the theory of scattering by small particles (Rayleigh
scattering), while (2) represents the so-called ‘extinction anomaly’-that the total
extinction cross-section of a particle is twice the projected geometrical cross-section.
The interference structure, which is found in the extinction efficiencies of spheres
as well as that of ﬁsers, was first explained by the Dutch astronomer van de Hulst,

while the ripple structure, known alternatively as the ‘whispering-gallery mode’ or
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Figure 3.1: Computed extinction efficiency of a normally-illuminated homogenous

cylinder with refractive index m = 1.5, for TM illumination.

the ‘morphology-dependent resonance’ structure, has been the subject of intensive

investigation over the past decade.

3.4.1 The interference structure and anomalous diffraction theory

H. C. van de Hulst explained the low-frequency oscillations observed in the calcu-
lated extinction efficiency of spheres and homogeneous cylinders as being due to
interference between the refracted and diffracted rays [169). In the forward direc-
tion, the refracted rays are phase-shifted with respect to those which do not transit
the scatterer, and the two may interfere constructively or destructively, depending
upon the phase shift which is a function of the size and refractive index of the ho-
mogeneous scatterer. If the refractive index of the scatterer is close to that of the
continuous medium, then rays incident near-centra:lly upon the scatterer will suffer
very little angular deviation while transiting the object: in addition the effect of
reflection upon the scattering characteristics will be small. The low-frequency fea-
tures of the extinction efficiency may then be understood in terms of homologous

scattering diagrams, in which the parameters of importance are no longer the size
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Figure 3.2: Upper plot: Computed TE extinction efficiencies of several liquid filled
glass (m; = 1.5) capillaries, with parameters as indicated. Lower plot: The same
curves plotted as a function of the phase parameter y. In both cases, the curves are

offset for clarity.

parameter z and the refractive index m seperately, but the phase parameter y, given
by ,
y=2z(m-1) (3.40)

for the homogeneous sphere or fiber, and the extinction efficiencies for different
values of the refractive index have the same period when plotted as a function of y.

Figure 3.2 (upper plot) shows the extinction efficiencies of several liquid-filled
glass (m; = 1.5) capillaries with parameters a/b and m; as indicated. In analogy
with equation 3.40, we now define the phase parameter for a concentric-cylinder

geometry as

y =2z [(mz—l)%+(m1—1)b;a] - (3.41)

and the same curves, now plotted as a function of y, are shown in figure 3.2 (lower

plot). It will be noted that the period of the interference structure is now the same
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in all cases. This suggests that the anomalous-diffraction approximation may be a
useful aid to determining the main features of the scattering characteristics of the
normally-illuminated concentric-cylinder, in a similar fashion to that investigated by
Stephens [158] for the obliquely-illuminated homogeneous cylinder and by Chylek
and co—workers [46, 50] for a variety of homogeneous scatterers. Such an approxi-
mation is strictly valid only for the case m — 1, but, as has been shown by van de
Hulst [169] and by several other authors [46, 50, 158], the results are often useful
for considerably higher values of m. Assuming that m — 1, all rays falling upon
the cylinder are refracted without any angular deviation, their passage thfough the
scatterer affecting only the phase of the fay. With reference to figure 3.3, the rays
with impact parameter such that cos7 > a/b will pass only through the cladding

region, and will experience a phase shift
2r
Y=~ (ma - Lu (3.42)
where u = 2bsin 7, while those rays with cos7 < a/b will have
2r
g2 = (1 = 1)(u = v) + (mz = 1)o] (3.43)

where v = 2asin 7’ and 7/ = arccos(bcos7/a)

In the plane behind the fiber and normal to the direction of propagation of the
incident wave, the field outside the geometrical shadow region is set equal to 1:
the field in the shadow is then e~*¥, which represents the sum of the incident and
scattered waves. The forward-scattered amplitude is thus found by integrating over

the projected area A to be given by

S(0) = g—r / /A 1 - e 0]dedl (3.44)

where [ is the length of the fiber, and the extinction efficiency is given by
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Qe:t = EZA

Re(5(0))
Substitution of the phase shifts 3.42 and 3.43 yields
. k b . a . : ,
Quut = = |2 / (1— e )dt +2 / (1-e)dt| (3.45)
a 0
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Figure' 3.3: Schematic diagram showing the paths through a cladded cylinder as a
function of the impact angle 7. The illuminating plane‘wave is incident from the left
of the figure, while the anomalous-diffraction calculation is performed in the plane

on the right.

and these integrals must be performed numerically.

Some‘comparisons of results obtained by the use of equation 3.45 with the cor-
responding results from the exact solution are presented in figures 3.4 and 3.5.
Figure 3.4 shows the extinction efficiency of some normally-illuminated air-filled
(mg = 1.00) glass (my = 1.5) capillaries of differing a/b, for comparison with the
results published by Evans et al. [61] over a more limited range of z. In all cases, the
basic period of the interference structure is accurately predicted by the anomalous
diffraction approximation. However, the exact solutions, particularly for a/b = 0.5,
do not display a simple interference structure; smaller additional peaks not pre-
dicted by eqn. 3.45 appear superimposed on the curves. These may be due to
reflection of light from the internal surface of the capillary, not taken into account
in equation 3.45, or they may be due to substantial refraction of the transmitted
light out of the forward direction due to the relatively large refractive index [121].
Figure 3.5 shows a glass capillary with a/b = 0.7 for two different vé.lues of ms,

corresponding to cores composed of ethanol and benzyl alcohol. Again, the basic
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Figure 3.4: TE extinction efficiencies for air-filled normally-illuminated glass (m; =
1.5) capillaries of differing a/b computed using the exact theory (solid lines) and the

anomalous-diffraction approximation (dotted lines)

period of the interference structure is accurately predicted by the use of eqn 3.45in
all cases. In conclusion, the interference structure in the computed extinction effi-
ciency of a normally-illuminated concentric-cylinder may be understood in terms of
anomalous-diffraction theory, even for relatively large values of the refractive index.
Calculations using the anomalous-diffraction theory are extremely fast compared to
those using the exact solution, particularly for large values of the size parameter.
When there is a large discontinuity in the refractive index at the core-cladding in-
terface, additional peaks appear in the exact solution, which are not predicted by

the anomalous-diffraction theory.

3.4.2 The off-resonant internal and nearby external electromag-

netic fields

The general features of the internal and nearby external electromagnetic fields associ-
ated with normal illumination of a capillary or cladded fiber are easily demonstrated
by the numerical evaluation of equations 3.1- 3.5 and 3.15- 3.18 for some practical

values of the parameters a, b, ma, m; and A. The results presented here are for
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Figure 3.5: Comparison of anomalous diffraction approximation (broken lines) with
exact theory for extinction efficiency of a glass (m; = 1.5) capillary with a/b = 0.7

filled with ethanol (upper plot) and benzyl alcohol
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TM illumination; the results for TE illumination are, however, similar. We briefly
review the features of the fields due to a homogeneous fiber [16, 130] by present-
ing figures 3.6 and 3.7, being surface plots of the internal and near-external field
intensity E.E* associated with a fiber of radius b = 50um and real refractive index
m = 1.5, illuminated with light of wavelength A = 600nm. The dimensions of the
plots are +b and +4b for the internal and external field plots respectively, and the
external field in the former and the internal field in the latter have been artificially
set to zero in the computations. The illuminating plane wave is incident from the
upper left of the diagram. The illuminated surface of the fiber focusses the trans-
mitted light, causing a higher intensity near the shadow face of the fiber. This light
is brought to a focus outside the fiber on the shadow side at a distance of about
1.5b from the centre of the fiber. A shadow of approximately the width of the fiber
is cast by the fiber in the near field. The ray-like nature of the scattering is evident
in the plots.

We now demonstrate the effect upon the fields of introducing a core region of
different refractive index. Maintaining the external size of the fiber at b = 50um
and the refractive index at 1.5, we postulate a core region centred in the fiber, with
a radius of ¢ = 20pm. Introducing a highly refractive solvent (di-iodomethane -
mg = 1.738) into the ‘core causes the core region to act as an additional focussing
lens within the fiber (figure 3.8). Light which transits the core region of the fiber is
now brought to a focus in the cladding region, causing a increase in the local field
intensity in the fiber cladding. The maximum value of E.E* in the cladding region
is now 33.7I5. (A similar plot for parameters directly relevant to the experiments
to be described in chapter 5 is shown in figure 5.13.) A larger core region filled
with a similar solvent causes a similar effect, but the focal point of the core lens no
longer falls within the fiber cladding. Instead, the external field exhibits a second
peak, which is nearer to the surface of the fiber than the peak corresponding to
that observed in the field from a homogeneous fiber. A similar fiber filled with air
(figures 3.9 and 3.10) shows a rather different field pattern. In this case, rays which
pass through the fiber core are defocussed by their passage, and are diverted out of

the forward direction over a range of angles. This effect is clearly seen in both the
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Figure 3.12: Computed TM extinction efficiencies for two glasslcapillaries (my = 1.5)
with a/b = 0.6 and a/b = 0.8, filled with air, ethanol (m, = 1.361) and benzyl
alcohol (mg = 1.539) |

3.4.3.1 Resonances associated with reflections at the external surface

(cladding resonances)

Before investigating some of the features of MDR’s in the concentric-cylinder it is
again instructive to study the extinction efficiency {or some assumed geometries. The
cladding MDR’s are visible as the ‘ripple structure’ in figure 3.2; we now investigate
the ripple structure over a smaller region of z in more detail, again confining our
attention to the case of a glass (my = 1.5) capillary filled with air, ethanol and
benzyl alcohol. Figure 3.12 a-f shows these three cases for two different values of the
parameter a/b: a/b= 0.6 (lower plot) and a/b=0.8 (upper plot). As expected, the
low-frequency interference structure is significantly altered by the changing refractive
index, both for a/b = 0.6 and for a/b = 0.8. However, the location and widths of
the MDRs are virtually unaffected by changing the core refractive index for the

case a/b = 0.6, a strong indication that the addition‘a.lhlight scattered at resonant
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wavelengths never transits the central portion of the scatterer. In contrast, the
density of modes, their positions and halfwidths are all significantly affected by
increasing the refractive index of the core when a/b = 0.8. (Compare ripple structure
in the lower and upper plots in figure 3.12) This is easily explained in terms of the
known features of MDRs in homogeneous cylinders and spheres; the enhancement
of the internal electromagnetic fields which is associated with the excitation of the
natural resonances of the scatterer occurs close to the surface of the particle. For
a/b = 0.6 the enhancement of the fields occurs only in the cladding or glass region of
the fiber: the resonances are thus unaffected by changes in the core refractive index.
A similar effect has been studied in the scattering by a layered spherical particle
by Hightower and Richardson [77]. As a/b is increased, significant overlap of the
enhanced near-surface fields with the central core region of the fiber occurs and the
resonances become sensitive to changes in the core index. This is demonstrated by
the angle-averaged internal field intensities associated with resonant conditions in the
fiber. These may be studied by numerically averaging the internal electric source
function E.E* over all possible angles in the scattering plane, and then plotting
this as a function of the radial distance from the centre of the fiber. Similar plots
have previously been presented for homogeneous cylinders and spheres [130, 48],
where, among other things, it was demonstrated that the order of the resonance

gives the number of peaks in the radial dependence of the mode. Plots are shown
in figure 3.13 for both TE and TM resonances for the case a/b = 0.8, and for ihe
TE case for a/b = 0.6, all for m; = 1.5, my = 1.539. The incident plane wave is
assumed to be of unit intensity. The occurrence of a discontinuity in the value of
E.E* at a refractive index mismatch for the TE case, and its absence for the TM
case, previously noted to occur at the surface of a homogeneous fiber [130], is seen
here to occur at the internal boundary as well. The reason for this is that the electric
field vector in the TM case has only a tangential component, which is then required
to be continuous at the boundaries. For the TE case, the electric field has both a
radial and a tangential component. Furthermore, it is observed that the enhanced
fields associated with the resonance occur only in the cladding for a/b = 0.6, but

that significant enhancement occurs in the core of the fiber for a/b = 0.8. Loosely
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Figure 3.13: Computed angle-averaged internal field intensities corresponding to dif-
ferent resonant conditions for the fibers of the previous figure. The top curve shows
a TFE resonance for the case a/b = 0.6, mg = 1.539. The lower plots show intensities
for TE and TM modes for the case a/b = 0.8,my = 1.539. Note the appearance of

a discontinuity in the plot for the TE resonance at the internal interface.
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interpreting the value of the source function at any point as being proportional to
the probability of ‘finding’ a photon at that point at any given time leads to the
conclusion suggested above, namely that the additional light observed at resonant
frequencies never enters into the core region for the case a/b < 0.6.

For an intermediate value of a/b, we now investigate the effect of changing the
refractive index of the core upon the resonant internal field distribution. We have
seen that, if the resonant fields overlap with the core region, the density, halfwidths

"and z-—locations of the MDRs are affected by the core refractive index. We find
that for a/b ~ 0.7 such overlap occurs for high- but not for low refractive index core
materials. This is particularly true for larger fibers. Figure 3.14 shows the angle-
averaged source functions E.E™ for two resonances of similar halfwidth %5 ~ 10-°
which occur near z = 400 for the case a/b = 0.7, m; = 1.5, and for m; = 1.361
and 1.539 respectively. The core/cladding interface is marked as a dotted vertical
line on the plots. The overlap of the resonance-enhanced source function with the:
core is greatly increased by increasing the refractive index of the core material from
that of ethanol (m = 1.361) to that of benzyl alcohol (m = 1.539) and the order
of resonance having a comparable width is higher. Some insight may be gained
by adopting the laws of geometrical optics (i.e. rectilinear propagation, reflection
and refraction) if one visualises a high-@ resonance occurring by the repeated total
internal reflection of a ray from the external surface of the fiber. If the angle of
incidence upon the surface is large, many such reflections may occur, the ray being
‘trapped’ near to the fiber surface. Now consider the concentric-cylinder of interest
in the present work. It is easily shown that a ray which has been reflected from the
external surface at greater than the critical angle (i.e. totally internally reflected)
will intercept the core/cladding boundary if the condition

L
my

> (3.46)

o Q

is satisfied. Equation 3.46 gives the value a/b > 0.67 for m; = 1.5. However, if
the core index is less than that of the cladding, a ray incident tangentially upon
the internal interface will be totally ‘externally’ reflected, and will be unable to

penetrate the core. Now there is the more stringent condition that the angle of

60



©
g, m,=1539 !
g .
£ x=400.011 — T™ i
3
£ -
i
o 2 -
4 , |
0 L) v L)
0s o7 Frcctlogg radiue o3 q/ b=0.7
m1=1.500
w 4 il e

m2=1.361 i
x=400.160 — T™M

N
1
T

Angle—averoged internal fleid
»~

o

0.7 09

o
-3

Y
Froctional radius
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incidence of the ray upon the internal interface should be less than the critical angle

for the core/cladding boundary, leading to the condition

a 1
-> — 47
b > uy) (3 )

or a/b > 0.735 for an ethanol-filled glass fiber. Investigations of the angle-averaged
resonant field distributions inside a normally-illuminated concentric-cylinder for a
wide range of size parameters and refractive indexes have shown that the equations
3.46 and 3.47 can provide a reliable estimate of the conditions under which signifi-

cant resonant field enhancement will occur in the fiber core at a cladding resonance.

3.4.3.2 Core resonances in a cladded fiber

The cavity formed by the refractive index discontinuity at the core/cladding inter-
face can provide optical feedback by total internal reflection if the core refractive
index is greater than that of the cladding. If this refractive index mismatch and the
fiber core diameter are sufficiently large, this can lead to resonances and associated
enhancement of the electromagnetic fields within the fiber core. The frequencies
at which such resonances occur are virtually independent of the cladding thickness
provided that light leaving the core region tangentially to the internal interface can-
not be totally internally reflected from the external surface, i.e. if a/b < 1/m;y.
Whether or not these resonances will be observable in the elastically scattered light
depends upon the relative size of the capillary core. For smaller cores, the contri-
bution to the elastic-scattering cross-section from the fiber core may be negligable:
under these conditions, core resonances may barely be observable in the elastic
scattering. However, the enhanced fields in the core associated with the resonance
may have a dramatic effect upon those processes responding directly to the inter-
nal field, e.g. fluorescence Aand Raman scattering. If the core diameter is not too
much smaller than that of the whole fiber, core resonances may appear as a peak
or a dip in the elastic scattering characteristics, of similar magnitude to those due
to cladding resonances. As an example we present the computed extinction effi-
ciencies for TM illumina.tion of a b = 60um fused-silica capillary fiber with core

radius @ = 25um (figure 3.15). The refractive indexes used in the computations
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Figur.e 3.19: The locations of the resonant peaks appearing in the computed TM
elastic-sc#ttering spectrum of a cladded fiber (central row) when this is computed
with a step size Az/z = 1079, plotted as a function of the size parameter (bottom
scale) and the core size parameter (top scale). The modal locations were computed
for the pa.ra.méters m; = 1.458, my = 1.626 and a/b = 25/63. The upper and
lower rows of modal locations, labelled with their n,! values, are those computed for
homogeneous fibers with m = 1.458 (plotted on bottom scale) and m = my/m; =
1.11523 (plotted on upper scale). Peaks appearing in the composite-fiber scattering
characteristics correspond to resonances computed independently for the core or for

the cladding.
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Figure 3.20: Schematic diagram of a resonant cladded fiber, showing how light
leaking tangentially from the resonant core can couple back into the core region

following reflection from the external surface of the cladding.

Interference enhancement of core resonances in a capillary fiber We have
stated above that possible core resonances in a cladded fiber are independent of the
cladding thickness, provided only that b > mja. This is not strictly correct. Light
trapped at a core resonance will leak slowly out of the core region at a rate deter-
mined by the corresponding homogeneous-fiber cavity @-value. A fraction of this
light will be reflected from the external surface of the fiber, back towards the core
region. The fraction of light reflected depends on the refractive index, polarization
and angle of incidence, and may be calculated using the Fresnel reflection coeffi-
cients [84] A diagrainatic representation of the situation is shown in figure 3.20.

Depending upon the values of a, b, m;, my and A, this light may be in phase or out
of phase with the internally-propagating wave, leading to constructive or destructive
interference in the resonant core field. The composite fiber Q-values may thus be
greater than or less than those of the corresponding homogeneous-fiber resonance.
The homogeneous fiber resonances of the same order occurring in successive par-
tial waves are increasingly narrow, the associated internal field strengths increasing
monotonically as a function of size parameter. The same resonances occuring in the
core region of a capillary fiber have internal field strengths which fluctuate accord-

" ing to whether the feedback from the external surface interferes constructively or
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Figure 3.21: Compute.d values for Qe for third-order (I = 3) core resonances in
a cladded fiber (solid lines) and for the same resonances'in a homogeneous fiber of
the same relative refractive index as the cladded-fiber core (broken lines) plotted as
a function of the mode number n. inalues for the cladded fiber fluctuate around
the uncladded-fiber values, the TM modes-(open symbols) varying more than the
corresponding TE modes. Plotted symbols represent resonance §-values: the lines
are drawn only to aid the reader. The parameters used in the cbmputations were
a/b=25/60, m; = 1.626 and m; = 1.458 (cladded fiber) and m = m,/m; = 1.11523
(uncladded fiber).

destructively in the core region. From figure 3.20, the period of these fluctuations

is given by
Az = T (3.49)

miy/1 - %;- - mg%arccos(%)

The period of these fluctuations may be several times the characteristic mode spac-

ing, or it may only be a fraction of this spacing leading to quasi-random fluctuations
in the internal field strengths. This is demonstrated in figure 3.21, where we have
plotted the Q-values for the third-order resonances occurring in a number of con-
secutive partial waves. The dotted line joins the monotonically-increasing points
computed for the same resonances in the homogeneous-fiber (m = ma /m1) case.

The Q-values for the cladded fiber fluctuate regularly around those for the homo-
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geneous fiber as a consequence of the interference effect. The fluctuations are less
significant for the TE modes: this is due to the fact that that the angle of incidence
of the light on the external surface (figure 3.20) is near to the polarizing angle, hence
only a small fraction is reflected for TE modes. Indeed, for certain combinations
of the parameters the modulations disappear completely for the TE modes, while
remaining strong for the TM modes. |

This interference phenomenon affects not only the resonance @Q-values, but also
their positions. Resonance peaks are pulled away from their homogeneous-fiber
locations towards the nearest interference maximum, in a manner analogous to the
frequency-pulling of atomic resonances by an external cavity. However, this mode-
pulling shifts peak positions by at most a halfwidth from their homogeneous;ﬁber
values. It is thus only significant experimentally for comparitively broad (@ < 10%)
resonances. Although not mentioned in the text, the two effects of interference of
the core and the coating, i.e. the mode pulling and the modulation of the resonance
widths, appear to be visible in figure 8 of the paper by Hightower and Richardson
on resonant scattering by a layered sphere [77]. The effect described here has some
similarities with the interference enhancement of the internal fields described by

Lock [120] for the case when two concentric cavities are coupled together.
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Chapter 4

Model for inelastic light

scattering from a layered fiber

4.1 Introduction

This thesis concerns the observation of laser emission at frequencies corresponding to
cavity modes from a dye-doped solvent flowingin a capﬂlary fiber in the supermicron
size range. The modification of the inelastic light scattering characteristics of matter
in the presence of a dielectric microparticle can be viewed [33] as being due to
an induced polarization field which complements the usual electromagnetic field
accompanying electric dipole transitioﬁs in atoms or molecules, and which is required
to satisfy the boundary conditions at the particle surface. In this chapter this model
is extended to give expressions for the external fields inelastically scattered from a
single molecule arbitrarily positioned in a normally-illuminated cladded or capillary
fiber. Results for a collection of scattering molecules distributed in such a fiber may
then be obtained numerically by the incoherent superposition of results from single
molecules [90]. These expressions will be useful for the study of fluorescent materials
coated on the surface of a fiber [128], or of Raman or fluorescent scattering from a
liquid or a gaseous sample flowing in a glass capillary (see e.g. references [81, 70])
and possibly of cladded rare-earth doped glass fibers under investigation for use as

fiber-laser amplifiers [147]. We shall use the model to investigate how the modal field
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patterns described in chapter 3 affect radiation emitted from a dye-doped solvent
flowing in a capillary fiber. Numerical results will be presented demonstrating the
spectral characteristics of fluorescence from such a fiber. Due to the computationally
intensive nature of these calculations and the wide range of possible parameters to
investigate, the results presented have been restricted to showing some of the spectral
features directly relevant to this thesis: the predictions of the model regarding e.g.
-the angular dependence of the fluorescence investigated experimentally by Abromson
et al [2] and of interest in the development of capillary zone electrophoresis will not

be dealt with here.

4.2 Theory of inelastic optical scattering from a molecule

in a radially stratified cylinder

We shall model inelastic light-scattering from a molecule embedded in a micropar-
ticle as a two-stage process {33]. In the first stage, the molecule is raised to the
excited state by the local transmitted field at the incident frequency, the probabil-
ity of excitation being proportional to the intensity of the transmitted field at the
source pdint. The subsequent de-excitation is accompanied by the usual dipole field
as well as by an induced polarization field which is the dielectric response of the
particle medium to the dipole field, and which is required to satisfy the boundary
conditions at .the particle interfaces. The boundary conditions may be used to‘de-
rive expressions for the external scattered fields. This model has previously been
formulated for homogeneous and concentric spheres [33, 32] and for homogeneous
cylinders [31). We now derive expressions for the external fields due to an excited
molecule in a layered cylinder. Although we shall later introduce assumptions which
restrict the results to scattering in the plane of the normally-incident radiation, yet
it is convenient to initially follow closely the more general formulation of Chew et al
[31]. In what follows it is assumed that the emitting molecule lies within the core of
the cylinder; we subsequently quote the corresponding results for the case when the
molecule lies within the cladding region. The notation is largely the same as that

used by Chew [31] and by Tai [161]: we follow these two works closely.
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Assume as in chapter 3 that an infinite circular cladded cylinder lies centred
on the 2-axis. Denote the outer radius of the cylinder b and the inner radius a,
and assign to the core of the cylinder (region 2) and the cladding (region 1) the
refractive indices my and m; and corresponding propagation constants k; and k
respectively. Assume that the continuous medium is a vacuum, and that yp = € = 1.
Let the incident plane wave at angular frequency wg propagate along the z-axis with
time dependence exp(~iwot). Consider an inelastically scattering molecule at vector
coordinate 7’ inside the cylinder core. Let ¢ be the scattering angle in the z-y plane
and v the angle from the (positive) z-axis. Assume that the transmitted field E;, .,
at the incident frequency wp (which was referred to in chapter 3 as the internal
electric field) excites the molecule to oscillate at the shifted frequency w with dipole
moment P given by P = o'E;4,.,(r'). The polarizability of the molecule o' is
assumed to be isotropic, although this is not intrinsic to the model [124]. Extension
of the model to more realistic polarization mechanisms is straightforward, but offers
little additional insight. Expressions for the transmitted field E,,,, are a part of
the known boundary-value solution for \ela.stic scattering from a normally-illuminated
cladded cylinder (see chapter 3). To express the electric field at the shifted frequency

in the core region, we use the principle of scattering superposition and write
Ecore = Edip + -E_c'nd (41)

where Eg;, is the dipole field in the absence of boundaries and Ej, 4 is the induced
polarization field due to the presence of the dielectric cylinder. The dipole field at
the point 7 in the source-free region in the absence of boundaries due to the dipole

source at 7’ may be expressed in terms of the free-space dyadic Green’s function
Egip(r) = 4nk*Go(z, 1').2 (4.2)
where the dyadic Green’s function is given by [161]
~ 1 [ 22~ bn0 (1) 1
GO(I,.'C’) = '8‘;/_00 dhCX’O:nzz:%——n?—[-Mf,nn(h)Mgnn(_h)+_N.‘£,1-)q(h_)]—V-:‘,nn(_h)] | T>T
: ' (4.3)

A prime on a vector cylindrical harmonic indicates its evaluation at the source point

r’. This form of the Green’s function is appropriate for evaluation of the boundary
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conditions at the cylinder surface and at the core/cladding interface while the source

point lies within the core region. The vector cylindrical harmonics are given by:

~sinng | nZ,(kp) . cosng
_———p —

M. (h)= kZ! (kp)p| exp(ihz)  (4.4)
cosng p sin n¢g
cosng | . A —sinng | ihn
Neni(h) = ihkZy(kp)h + —Zn(kp)d

sinng cosng | P

cos ng _| exp(ihz
k1Z.(kp)2 —Bé——) (4.5)

sinng "
where h = —k cos 7, k? is chosen to be one of

n? = k2 — h?

‘1’2=k§—h2
¢ = k2 — h?

in order to satisfy the Dirichlet boundary conditions at p = a and p = b and Z,(kp)
is the appropriate Bessel function, being Jn(Kp) unless HS )(r.p) is indicated by
the use of a superscript (1) on the cylindrical harmonic function. The ¢n notation
indicates the trigonometrical function to be used with the even,odd values of n.

Following Chew et al, we substitute 4.3 into 4.2 to get

zk 2 - 6,.,
Eip= [T ary Z O logn M (h) + Benlinn(R)]  (4.6)
—o° €,0 n=0
where agn = P.Mepn, (- —h) and fen = P.N e,,,,( —h) are the dipole expansion coeffi-
cients for a dipole located at the source point. Assume that the induced field at the
shifted frequency in the cylinder core due to the presence of the cylinder may be

expanded in a similar fashion with unknown coefficients

k2 2- 5n
Eins = = /_ dhzz 219 a0 M gy + bsnNg0s] @

e,0 n=0
where a¢n, and bgn are to be determined from the boundary conditions, and the

functions J, are the appropriate Bessel functions to be used in the vector harmomcs
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(Note that equations 4.7 and 4.9 appear incorrectly in the paper by Chew et al
(31].) The field in the cladding of the cylinder, region 1, may be written

k2 n
E, =12_ thZQ no [din M, + d2 M),

e, 0 n=0

+e,nNe,,, + e NG (4.8)

where harmonic functions containing both J, and H,(,l) are needed in the expansion,
as region 1 contains no singular points.

In region 0, the externally scattered field is written

ik? 2- 5n0 ) )
Ey=— | dheza:nz_% [Agn M), + BenN o] (4.9) |

where H ,(,1) has been chosen as the Bessel function in order to satisfy the radiation
condition at infinity.
The magnetic fields in the three regions are obtained from the corresponding
electric fields by the use of
VXxE=1iH

’

Since V x M&)( = lcNSl)C and V x Ngl)( = kMSl)( etc. we get

kk 2~ 5,,
Hip = 37, / Yy A =nN£L’n(h)+ﬂgn.M_§,i’,,(h)1 (4.10)

2/mus e =
_ kk 9 _ 5n
——lﬂ : / Z E < [aCnNenn + beﬂMCnn] (4.11)
2#2 pyp o
H, = .2’“_’51 dhy 22 bno (@l gnr + a2, N0,
H1 J-o e n=0
+elnM°n‘r + e‘nM‘(in‘r] (412)
> 2-bnor 4 ) o
/ dh E ZO [Acn ilent + B"‘n_en(] (4.13)

for the magnetic fields in the three regions. To satisfy the boundary conditions, we
need to match the tangential components of E and H at the radii p = a and p = b.
This leads to two sets of eight equations in the sixteen unknown coefficients, (given
on page 76 in matrix form) which can then be so}ved to give expressions for the four

external-field coefficients which are of interest here.
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We now introduce the assumption that, instead of a single oscillating dipole, we
have an infinite line source of coherently erﬁitting dipoles, defined for all z by the
coordinates (p’, ¢'), which is excited by the normally-incident wave. In this case,
the scattered field must approach an outgoing cylindrical wave at largé distances:
effectively, only terms with h = 0 will be observed in the scattering plane. By the
use of the appropriate asymptotic approximation, the scattered field equation 4.9
may then be reduced to

______27rk exp(ikp) 5° Z i7™(2 = bno) [(AenJ) + iBen:?) cos ng
(27rzp)2 n=0
+ (AonJ) + z'Bon:?) sin hd)] (4.14)

which is a particularly simple expression. A similar result may be obtained in the
far field by the application of a saddle-point integration; the details are given in
reference [161]. The boundary conditions simplify considerably when h = 0, with
the A,’s and the B,’s uncoupling to give four sets of four equations each. The

boundary conditions reduce to

LEM (kb) — L J (kib) —1H<‘>’(k1b) 4.\ [0
HO(KD)  —LJa(kib) — 2 H(krb) d, | |0
L 74 (ksa) +;—H(1)'(k1a) — L Ji(kaa) d, Zin 1Y (kga)
L (kia) +EHD(kie) & Ja(k0) asn "‘"H(”(k a)
(4.15)
for the TE case and
AV (kb)  —LJi(kib) = HE (kyb) ;2 0
LEM(kb) — L Jn(krd) -HH,&‘)(k]b) e | _ 0
LJi(kia) +EHY (kie) —EJh(kaa) e, on gV (kya)
Lia(kia) +EHD(kia) - Jn(ks0) ben -a- D (kya)
(4.16)

for the transverse magnetic case, and these may be solved for the four external-field
coefficients A¢n and B, by the application of Kramer’s rule. It is worth noting
that the determinants of the matrices on the left of the equations 4.15 and 4.16

which constitute the denominators in the expressions for the fluorescence coefficients
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are, to within a constant, identical to those obtained in the corresponding elastic-
scattering problem. (Compare equations 4.15and 4.16 to 3.14 and 3.24.) Thus the
resonances which occur in the elastic-scattering coefficients and which correspond to
the zero-crossings of the denominators of the scattering coefficients occur at the same
values in the present solution as well. Upon substitution of a = b and m; = my
and by the use of the Wronskian, these expressions for the boundary conditions
may be further reduced and solved to give the corresponding expressions for the
homogeneous cylinder fluorescence coefficients, as given by Chew et al .

When the excited dipole lies in the cladding region of the cylinder, different
expressions result; firstly because the principle of scattering superposition must now
be applied to this region rather than the core, and secondly because the expression
for the free-space dyadic Green’s function needs to be altered for eva}uation of the
dipole field at the inner boundary, where r < r'. The details are given in the book
by Tai [161]. The boundary conditions are the same as those given in equations

4.15 and 4.16, but with the right-hand sides replaced by

Lo, BV (kyb)
ae" (1) k b
#1 o ( 1 ) (4'17)
—-—a I (k1a) :
a(,f)
—fllJn(kla)

and
Ban 1V (k1)
A Ben HV (Krb)
_‘_’EJ: ) (4.18)
u In
— &850 (kre)
respectively, where a( ) = P.M. (1) etc. By allowing the core radius to shrink to
zero, these equations too may be solved and reduced to those for the homogeneous
cylinder.
For incident light polarized either perpendicular to or parallel to the cylinder
axis, the expression eqn 4.14 may be used to integrate the fluorescent intensity over

all angles in the scattering plane to give the integrated fluorescence, a measure of
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the (unnormalized) efficiency of the dipole in the cylinder for fluorescence. We want

[ 1o = [ o s,

This involves an integral over a double summation: however, due to the orthogonal
properties of the trigonometrical functions, most of the terms give zero. We get,

after some additional cancellation,

Qftu & k2 3°(2 = 6n0)[|Aenl® + |4onl’]  TE (4.19)
n=0
and
Qgtu & k2 3 (2= 6n0)[|Benl® + 1Bonl’]  TM (4.20)
n=0 .

where Byo = Ao = 0. This is in a sense a rather artificial result, being based on the
unrealizable assumption of an infinite line source of coherently emitting dipoles in the
fiber. However it has the advantage of being quick to compute, and it demonstrates

the main spectral features of the fluorescence in a general fashion.

4.3 Numerical results

The fluorescence spectra presented here result from the numerical evaluation of equa-
tions 4.19 and 4.20 for a large number of inelastically scattering molecules regularly
distributed in the cylinder on a rectangular array in the plane perpendicular to ;he
cylinder axis. Because of the assumption of a coherently emitting line source only
molecules in the scattering plane (z = 0) need be considered. After calculation of
the external field for each dipole source these are summed incoherently to represent
the fluorescence from the cylinder. The number of dipoles used to calculate the
fluorescence at a single wavelength ranged from 2500-10000, depending on the fiber
size. This was not always sufficient to reflect every detail of the internal fields but
does show the major trends, while keeping the computation time within reasonable
limits. These results serve to demonstrate the effect of the modal field patterns de-
scribed in chapter 3 on light emitted from molecules in a cladded fiber. Evaluation
of e.g. equation 4.14 to give values for the fluorescent light scattered at a given

angle is as easily achieved, but has no particular relevance to our investigation. The
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numerical problems associated with performing the computations are largely those
a.lready encountered in the computations of chapter 3, and the methods used there
are equally applicable to the present problem. Consequently no detailed explanatioh

of the computations will be given here.

4.3.1 Resonant enhancement of emissions - homogeneous fiber

Initial results presented in this section will demonstrate the spectral features of flu-
orescence from a homogeneous cylinder using the Chew model; to our knowledge,
this has never been investigated numerically. We denote the two polarizafions of
the incident and scattered light as TM (electric vector parallel to the cylinder axis)
and TE (electric vector perpendicular to cylinder axis), corresponding to Chew’s
I; and I, respectively. It should be noted that some confusion has arisen ‘in the
literature concerning this terminology (compare e.g. Videen et al [170] and Owen
et al [130)); the above choice reflects the historical origins of the terms in waveguide
theory [159]. The free-space dipole fields are constant and vary as cos?@ in the
scattering plane for these two polarizations respectively. The integrated intensities
as functions of the size parameter for a normally-illuminated homogeneous cylinder
uniformly filled with fluorescing molecules and with real refractive index m = 1.5
have been computed using equations 4.19 and 4.20 and are plotted in figure 4.1. In
this and subsequent plots we have normalized the numerical results to those obtained
from a single oscillating dipole in free space; consequently the observed deviations
from unity are due solely to the presence of the dielectric interfaces. In order to
aid the analysis of the curves, we assume initially that the incident and fluorescent
wavelengths are identical. The integrated fluorescence intensity for TE illumination
(computed numerically using equation 4.19) is on average half that for TM illumi-
nation, as a result of the déep minimum near 90° in the angular scattering pattern
for TE polarization; however, this is also true for the free-space dipole, and so does
not show up in the normalized curves. As z — 0, the intensity of fluorescence per
dipole for TE illumination decreases sharply, while that for TM illumination re-
mains relatively constant. A similar effect has been previ.ouslly noted in calculations

of coherent fluorescence from a cylinder {170}, and in the incoherent fluorescence at
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Figure 4.1: Normalized fluorescence/dipole computed for an array of dipoles dis-
tributed in an illuminated cylinder for the special case Afiy = Apump, a5 @ functioﬁ
of the size parameter. For small values of z, the TE fluorescence is substantially
less than unity, while for the TM case, the curve oscillates around unity. For large
values of the size ;;arameter, the baseline of the curves remains just below one, while

large sharp peaks appear at values corresponding to the MDR's.
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specific angles [31] . The baseline integrated intensity per dipole remains near unity
for larger values of the size parameter, implying a fluorescent signal proportional to
the particle volume for a constant concentration of inelastic scatterers. This is in
contrast to the coherent fluorescence from a cylinder [170], for which theory predicts
the interference of the emissions from different locations in the particle, which can
cause a constant or even a decreasing fluorescent signal with increasing size. One
of the most striking features of the curves, and of particular interest in this study,
is the appearance of sharp peaks in the integrated fluorescence at specific values of
the size parameter. These first appear at z ~ 10, and thereafter appear at regular
intervals, becoming narrower and higher with increasing size parameter. The val-
ues at which these peaks occur correspond to the natural resonant frequencies of
the optical cavity formed by the cylinder surface. The internal pump fields E,. .,
at these frequencies are greatly enhanced: the emission process is also enhanced at
these same frequencies, as is revealed by a study of the fluorescence coefficients. The
origin of this enhancement of the emission process is the increase in the transition
rate when the emitted photon corresponds to a resonance [29, 30]. Investigation of
the fluorescence from an individual molecule variously positioned in the fiber shows
that the enhancement is observed only if the molecule is positioned near to the fiber
surface; similarly in figure 4.1 the peaks observed in the integrated fluorescence from
the fiber are due solely to the contribution from molecules near to the surface. As
in the elastic scattering, each peak observed in the spectrum of the emitted light is
associated With a resonance in a specific term in the partial wave expansion. The
input and output resonances occur at the same values of z in figure 4.1 because
we have assumed that the incident and fluorescent light have the same frequencies.
Similar calculations are presented in figure 4.2; however, here we have assumed that
A = 1.2)¢. Each resonance ;chus occurs twice in figure 4.2, as both an input and an
output resonance; naturally, the enhancement in the resonances here is considerably
less than in the double resonances of figure 4.1 [35]. The features in the figure are
similar to those observed experimentally in the Raman spectrum of an evaporating
spherical liquid droplet [153]. Of perhaps greater practical interest in the scattering .

from a cylinder is the variation in the inelastic scattering from a fiber of fixed size

82



N
o

Homogeneous cylinder — m=1.5
A =120
u pump
™ |

15 1

s
o
]

o
1
T

Normalised fluorescence/dipole

0 1 ) 1
0 . 10 15 20
Size parameter — x

20 . — -
o
o
a
©
15 S
£
Q
&
[
—g 10 4 TE |
©
Q
8 5 :
Q
£
2

0 T T T -

0 10 15 20

Size parameter — x

Figure 4.2: The same as the previous figure, but with Ay = 1.2Apump. Each
resonant mode now causes two peaks in the curves, one an input and one an output
resonance, while the peak enhancement of the fluorescence is significantly less than
that at the double-resonances of the previous figure. An exception to this is the

double resonance which appears for both polarizations just before z = 15.

83



v l | ] | I

5
'q—é_ Homogeneous cylinder — m=153
O4 - 20=9.833um, TE n
s z
1]
O
C
2
o
=)
=2 - "
©
(1]
2
g1— Jb\ ) = L/_\—
o
pa
0

- T T
650 655 660 665 670 675 680
Wavelength — nm

Figure 4.3: Computed fluorescence from a normally-illuminated glass capillary uni-
formly filled with fluorescing molecules, for comparison with the experimental results
of Owen et al (see text). The observed peaks are due to the third- and fourth-order
modes (as was observed experimentally), enhancement at the narrower modes being

the greater.

while either the incident or the shifted wavelength is varied. This corresponds to
the fluorescence and excitation spectra which have been observed from coated fibers
[128]. An example of such variation is shown in figure 4.3, where we have plotted the
computed integrated fluorescence observed from a fiber of diameter 26 = 9.833um
and real refractive index m = 1.53 illuminated with light of Wavelength A = 615nm,
corresponding to the fiber studied experimentally by Owen and co-workers (see ref-
erence [128], figure 2a). Two major differences between the experimental case and
the computations presented in figure 4.3 are firstly that the experiments were per-
formed with a thin layer of dye molecules coated onto the fiber surface whereas
the computations have been performed for dipoles evenly distributed through the
fiber, and secondly that the computations presented in figure 4.3 result from the

approximations made in deriving equations 4.20 and 4.19, while the observed spec-

tra were recorded by illuminating a finite length of fiber and collecting fluorescence |
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over a finite and well-defined angular range. The computed fluorescence is shown as
a function of the wavelength in the range 650-680nm for TE polarization. It should
be noted that the peaks visible in figure 4.3 originate in the third- and fourth-order
resonances. The considerably greater enhancement due to the narrower, lower-order
modes is not seen due to the finite step size used in the computations. These very
narrow modes were not observed experimentally either, being broadened beyond
recognition by fiber imperfections. Redoing the calculation with the pump fre-
quency tuned to one of the narrow third-order resonances ( i.e. simulating the input
resonance studied experimentally, not shown in figure) causes a substantial increase
in the fluorescence signal (a factor of more than twenty) particularly for the reso-
nance wavelengths. The input resonance fluorescence enhancement arises through
the increased values of « and § in equation 4.2. Because of the differences between
the experiments and our computations, it is difficult to draw any conclusions from
a comparison between this and the approximately three-fold enhancement observed
by Owen and colleagues, other than to note that the authors state that the third-
order modes were not fully supported in the experiments of Owen et al due to fiber

imperfections.

4.3.2 Resonant enhancement in a fluorescing-core fiber

We now use the theory derived above to investigate the conditions u.nder wbich
resonant enhancement of emissions may be observed from a fluorescing-core cylinder.
This is of interest in the study of inelastic light scattering from a liquid flowing in
a capillary fiber. The morphology-dependent resonances in homogeneous cylinders
occur as aresult of repeated total internal reflection of light from the cylinder surface,
which occurs for internal light at near to grazing incidence upon the surface, whether
the light is due to an illuminating wave as in elastic scattering or originates within the
fiber itself. Resonances occur at wavelengths such that the fields are in phase after
one round trip inside the scatterer, interfering constructively. Resonant enhancement
of the emissions from a fluorescing-core fiber will be observed if enhanced fields
occur in the core region containing the inelastically-scattering molecules, whether

these are resonances of the cladding or of the core. Core resonances may have only
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a small effect on the elastic-scattering characteristics of the cylinder; however, as
we will show, they can be the dominant feature of the inelastic scattering from
a fluorescing-core cylinder. We will first demonstrate the conditions under which
cladding resonances may enhance emissions fror;l a ﬂuoresciﬁg-core cylinder, and
then give an example showing core resonances.

Cladding resonances will result in enhanced emissions from molecules in the core
region if the cladding is relatively thin. In this case enhanced resonant fields at
the pump frequency will extend into the core region containing the inelastically
scattering molecules (see figure 3.13), and also the frequency-shifted radiation will
be coupled into output resonances. A numerical example of this fluorescence is
shown in figure 4.4, calculated for dye-doped benzyl alcohol (mg = 1.539) flowing
in a glass (m; = 1.5) capillary of size parameter z ~ 50 and with core/cladding
ratios a/b = 0.8 and a/b = 0.6, and illuminated with light corresponding to size
parameter z = 57.54, which does not correspond .to an input resonance in either
case. The enhanced fluorescence due to MDR’s is completely absent from the lower
curve corresponding to the smaller core diameter. Light originating in this smaller
core is incident upon the external surface at too small an angle for total internal
reflection, and is thus not coupled into the whispering-gallery modes. Consequently
the increased density of photon states at resonance which results in the enhanced
transition rates associated with MDR peaks is not accessible to a radiating molecule
in the fiber core. The larger core diameter in figure 4.4 (upper plot) shows resonance-
enhanced fluorescence, with the peak enhancement being a factor of about 5 for the
third-order modes. Narrower modes not shown in the plot result in substantially
greater enhancement. Resonant modal field patterns for several of these cases are
given in figure 3.13.

For an intermediate value of a/b, resonance enhancement of fluorescence is
greater if the core refractive index greater than that of the cladding, as may be
anticipated from figure 3.14. Fluorescence spectra corresponding to the two cases
illustrated in that figure are shown in figure 4.5. Substantial resonance enhancement
of the fluorescence is observed from the fiber if the core material has a high refractive

index (corresponding in this case to benzyl alcohol) whereas if ethanol is used as the
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Figure 4.4: Computed TE fluorescence from dye doped benzyl alcohol flowing in a
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Figure 4.5: Fluorescence spectra for a fiber with paraméters a/b = 0.7, m = 1.5,
and ms = 1.539 (upper curve) and my = 1.361, corresponding to ethanol- and benzyl
alcohol-core capillaries. Substantial resonant enhancement of fluorescence occurs for
the benzyl alcohol core, while virtually none occurs for the ethanol-core fiber. It
should be noted that the observed peaks do not correspond to resonances of the core
alone, the cavities formed by the two interfaces being in this case strongly coupled

together.
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core material, no resonant peaks are observed.

Core resonances exist independently of the cladding for large fibers if mq > m;,
and if @ < b/m; (see chapter 3). In this case the cladding resonances have no
effect on the fluorescence from the fiber core, while the core resonances result in
substantial resonance enhancement. We illustrate this with figure 4.6, being the
computed fluorescence spectra for a fiber with parameters a = 25um, b = 63um,
mq = 1.626 and m, = 1.458. The computed TM extinction efficiency for this fiber
was given in figure 3.15: peaks due to both core and cladding resonances are visible
in that curve. Modal field patterns corresponding to several of these resonances
were shown in figures 3.16~3.18. The computed fluorescence spectra (figure 4.6)
show regular series of resonant peaks, corresponding to the core resonances. The
very narrow ! = 1 modes are not visible in the plots, due to the finite step size used
in the computation: the [ = 2 peaks cause a greater than 2-fold enhancement of the
fluorescence, and the I = 3 modes cause the smaller narrow peaks. The modulation
of the resonance Q-values (due to the interference effect of page 68) is seen to cause
a modulation of the strengths of the resonance peaks in the TM fluorescence (visible

here for the / = 3 modes).

4.4 Conclusions

We have used the model of Chew et al for inelastic light scattering from molecules
embedded in fine particles to study incoherent fluorescence from large homogeneous
and layered fibers. Although this was not discussed in the original papers, the model
incorporates the effects of the high-Q resonances which occur at specific values of
the size parameter, and which have been extensively studied experimentally in both
the elastic and the inelastic scattering. We have performed a numerical study of
the effect of these resonances on the inelastic spectral scattering from a normally-
illuminated homogeneous fiber. The model previously formulated for homogeneous
fibers has been extended to allow for the presence of a layer of different refractive in-
dex on the fiber. The extended formulation of the model has been used to investigate

the conditions under which resonances due to the cavities formed by the core and
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cladding surfaces will be observed in the inelastic scattering from a fluorescing-core
fiber. We find that the model predicts that optical emissions from the core of a cap-
illary fiber should show peaks corresponding to morphology-dependent resonanceé
when the resonant modal field patterns exhibit enhancement extending into the core
region, whether these are resonances of the core or of the cladding, as might be in-
tuitively expected. Under these circumstances emissions from excited dye molecules
in the fiber core are coupled to the whispering-gallery-mode resonances. It can be
anticipated that these conclusions will hold for stimulated as well as for spontaneous

transitions in excited molecules.
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Chapter 5

A capillary-fiber
whispering-gallery-mode laser:
experiments, results and

discussion

5.1 Equipment

Our experiments were performed using a frequency-doubled beam from a single-
longitudinal-rhode Nd:YAG laser. This instrument is part of a SOPRA-Quahtel
coherent anti-Stokes Raman spectroscopy (CARS) laser table. The oscillator con-
sists of a cavity of optical path length approximately 1.1m with two etalons and
an Nd:YAG rod as the active laser material. The water-cooled Nd:YAG crystals in
the oscillator and two amplifiers are pumped By flashlamps. The cavity is passively
Q-switched using a BDN saturable absorber cell, resulting in a single 14ns pulse at
the Nd:YAG wavelength 1064nm. This pulse is passed through the two amplifying
rods before being frequency-doubled in a KDP crystal (with 30% efficiency). This
results in a 14ns green (A = 532nm) pulse of energy up to 100mJ. For the purposes of
our experiments, the laser was run at one of two calibrated settings; 0.3mJ/pulse or

0.006mJ /pulse (this latter setting corresponds to the use of the Nd:YAG oscillator
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only); intermediate and lower pump energies were obtained by the use of neutral
density filters. The laser is designed to fire at 1, 5, or 10 Hz: our experiments were
performed at repetition rates of 1 or 5 Hz. The 4 x 6mm green beam is polarized
with electric vector horizontal when it leaves the laser table, this was rotated when
required by the use of a A/2 plate. 4

The green beam was focussed using a 300mm focussing lens and the fiber under
study was placed some 260mm from the lens, on the spectrometer axis. This enabled
the illumination of a relatively short (< 1mm) length of fiber with a beam of nearly
uniform cross-section, ensuring the validity of the plane-wave approximation to cal-
culate the internal fields at the pump frequency. The length of fiber under study
was glued into a hole in a brass reservoir which held the dye-doped solvent; another
hole in the reservoir was connected to a pressurized nitrogen supply. The reservoir
was then mounted vertically on a goniometer with the free end of the fiber pointing
downwards, the goniometer allowed translation of the fiber along three mutually
perpendicular axes, and rotation about two orthogonal 'a‘xes in the optical plane.
The pressurized nitrogen ensured a steady flow of the solvent through the fiber, the
flow speed being of the order of several millimetres per second depending on the
capillary core size.

Spectral characteristics of the laser emission from the fiber were studied us-
ing a 0.75m spectrometer and a 1024-channel optical multichannel analyzer (OMA)
(EG&G PARC 1421 detector and 1461 controller). A schematic diagram of the ex-
perimental arrangement is shown in figure 5.1. The illuminated portion of the fiber
was imaged 2:1 onto the entrance slit of the spectrometer. Light passing through
the slit was dispersed using a concave holographic grating with 2100 lines/mm, and
brought to a focus on the OMA. The spectrometer was calibrated using known
atomic emission lines from Na, Hg and Ne lamps. The total spectral range covered
for a given spectrometer setting was just less than 6nm - consequently, to record a
complete spectrum from a lasing fiber which may cover up to 30nm under certain
conditions requires recofding data at several different wavelength settings and subse-
quently joining t;he spectra to one another, The output of the OMA was monitored -

in real time using an oscilloscope while data acquisition was performed under the
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Figure 5.1: A schematic diagram of the experiments described in this chapter. The

monochromator and photomultiplier were used to study the time-dependence of the

laser emissions from the fiber.
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control of a computer with an i-286 processor. The microcomputer was connected
via a GPIB interface to the detector controllér: this would send TTL pulses to the
laser control unit to fire the flashlamp capacitor banks, and synchronously acquire
data from the OMA. The detector integrated the signal for 16 milliseconds for each
spectrum, during which time thelaser would fire once. The observed spectrum thus
corresponds.to the time-integrated output of a single pulse from the fiber. The
spectra were stored on the microcomputer hard disk for later transfer to a faster
computer (386-based microcomputer, VAX 6000-330 or MicroVAX 3100-90). The
monochromator (Heath EU700) and photomultiplier tube (RCA C7151 W — 2.7ns
risetime) were used to study the time dependence of the laser emissions at different
wavelengths.

Two sets of capillary fibers were studied in our experiments. Preliminary ex-
periments into the feasibility of studying whispering-gallery-mode laser emission in
a cylindrical geometry by using dye-doped solvent flowing in a capillary fiber were
performed in 1990 using Crown glass capillaries pulled in our own laboratories. The
refractive index of this material was measured at the helium-neon laser wavelength
(632.8nm) by the immersion method to be 1.495. These fibers had thin walls, with
the inner diameter/outer &iameter ratio a/b ~ 0.5 — 0.8. However, due to variations
in the pulling procedure they were not accurately reproducible, and were rather
sharply tapered. The main experiments were performed using fused-silica capillar-
ies of various sizes given in table 5.1, and purchased commercially from Polymiéro
Technologies, Phoenix, Arizona. Table 5.1 also shows the manufacturers tolerances
on the inner diameter measurements for these fibers. The refractive index was given
by the manufacturer as n¥? = 1.458, in agreement with the accepted value for fused

silica.

5.2 Preliminary experiments on lasing cylinders

Our initial experimental investigations into whispering-gallery-mode laser emission
from dye-doped solvent flowing in a capillary fiber were performed using dye-doped

solvent flowing in thin-walled fibers pulled in our laboratories. The intention was
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Product # | Nominal core size 2a(pm) | External size 2b(um)
TSP015/150 15+ 3 125
TSP020/150 20+ 3 124
TSP025/150 25+ 3 117
TSP030/150 303 128
TSP040/150 40+ 3 130
TSP050/150 _ 50+3 128
TSP050/192 50+ 3 166
TSP050/375 50+ 3 333
TSP050/530 50+ 3 490
TSP075/150 75+ 3 125

Table 5.1: Manufacturers specified core sizes and measured external sizes for the
capillary fibers used in the experiments. The product codes refer to the fibers

covered with a protective coating, which was not applied in our case.
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Figure 5.2: Laser spectrum observed from dye-doped benzyl alcohol flowing in a

fiber of nominal parameters a/b ~ 0.71,b = 61um,.

to study the resonant modes formed in the composite-fiber cavity by reducing the
capillary wall thickness until the laser dye in the core region of the fiber overlapped
significantly with the resonance-enhanced internal fields near to the fiber surface.
The experimental results obtajned proved difficult to analyze conclusively due to the
lack of reproducibility and substantial taper in the fiber size. Consequently we shall
describe the experiments only briefly, and present only a few illustrative results.
The solvents used in the experiments were ethanol (m = 1.361) and benzyl
alcohol (m = 1.539), and these were doped with the laser dye rhodamine 6G at a
concentration of 1074 M. Theée two were also mixed together in different proportions
to obtain a solvent of intermediate refractive index when required. An example of
an observed laser spectrum is shown in figure 5.2, which was recorded from dye-
doped benzyl alcohol flowing in a fiber.with b ~ 61um and a/b ~ 0.7. (These
values were obtained by studying the fiber cross-section using an optical microscope
after the experiment.) The mode spacing is in approximate agreement with the
value computed using the boundary-value formalism: a precise comparison was not

attempted, as this would require accurate information about the core and coating
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radii. The entire spectrum was found to be polarized in the sense of the pump beam
— in the spectrum shown this was TM polarization. Different peaks were observed
when the polarization of the pump beam was rotated, corresponding to transverse
electric (TE) modes. We have traced on the spectrum what appears to be a single .
order of resonances appearing over the whole laser spectral region. Additional peaks
also appear irregularly in the region 575-580nm, a second smaller series of regular
peaks occur from 580-585nm, and another set of peaks dominate the spectrum at
the longer wavelength region 590-595nm. In retrospect, we can tentatively assign
the series of large peaks at 590-595nm as a lower order of resonance: this would be at
least qualitatively consistent with the theory of whispering-gallery-mode dye lasers
[112], which we have subsequently verified for a cylindrical laser. However, given
the taper and the possibility of a non-circular or non-concentric cross-section of the
fiber, we cannot draw any definite conclusions from observed spectral features. It
should be remembered that for such large values of the size parameter the density
of available modes is high (~ 100/nm). \

The same fiber used to produce figure 5.2 failed to exibit laser emission at pump
intensities sufficient to break the fiber when ethanol was used as the dye solvent. This
is a demonstration of the features of coating resonances described in section 3.4.3.1
and summarized in equations 3.46 and 3.47. We showed there that calculated
resonant internal fields display significant overlap with the core region for a/b >
0.67 if mg > my = 1.5, but only for a/b > 0.73 if my = 1.361. Clearly, for the
spontaneous emission and the gain from the dye to be coupled to the high-Q cavity
modes requires such overlap; this is demonstrated by the computed fluorescence
curves in figure 4.5. We have investigated this effect by studying the pump intensity
threshold required to observe laser emission from a given capillary as the solvent
refractive index was varied by mixing dye-doped ethanol and benzyl a.lcohol. together
in differing proportions. The results of such measurements on a fiber of size b >~ 60um
are shown in figure 5.3, and display a sharp increase in the pump energy required
to initiate lasing as the solvent refractive index is decreased from that of benzyl
alcohol toward that of ethanol. The increase is too sharp to be explained simply in

terms of greater focussing of the pump field by the higher refractive-index core, or
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Figure 5.3: Observed pump intensity threshold required for laser emission from dye-
doped solvent flowing in a capillary fiber with a/b ~ 0.7 as the solvent refractive

index is varied.

by a difference in the efficiency of the dye in the two solvents. Instead it reflects the
transition from mode configurations which significantly penetrate the core region of
the fiber to those which do not (see figure 3.14). Another point to note in figure 5.3
is that we do observe MDR laser emission from the fiber for my < mp (the vertical
dotted line on the diagram indicates the value of m; ). This is direct evidence that the
observed peaks correspond to resonances of the composite cavity, as core resonances

only exist for my > my.

5.3 Core resonance laser emission

5.3.1 Introduction

By using a dye-doped solvent of high refractive index flowing in a thick-walled cap-
illary fiber (see table 5.1) we have observed laser emission at wavelengths corre-
sponding to the core resonances -of the composite fiber [92]. The solvents used in

the experiments were quinoline (m = 1.626) and benzyl alcohol (m = 1.539), and
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these were doped with Rhodamine 6G. We have found this to be an ideal arrange-
ment for studying some of the fundamental features of whispering-gallery-mode dye

microlasers for the following reasons:

1. the cavity is stable and permanent, allowing the study of individual cavity
resonances under different dye concentration and pump intensity conditions
over an extended period of time. The cavity can be characterized indepen-
dently using e.g. electron microscopy. The density of high-Q cavity modes is
low, simplifying the identification of observed spectral features with resonant

modes.

9. The excitation field or source function within the cavity is uniform compared to
those in homogeneous spheres or cylinders. Consequently a uniform population
inversion is expected to build up in the cavity below threshold, and we can

analyse the resulting physical processes using a rate equation approach.

3. Cavity quantum electrodynamic effects are expected to be smaller than in
spherical liquid droplets, because of the lower dimensionality of the cavity in
the cylindrical case.

Most of our experiments were performed using quinoline as the dye solvent: this
results in a relative refractive index for the cavity of m ~ 1.115. It is frequently
convenient to refer to the Q-values and mode spacings for a homogeneous fiber
corresponding to our fiber core: as shown in section 3.4.3.2 these will be very similar
to the core resonances in our composite fiber, the differences being due to the effects
of the interference modulations described on page 68. The cavity Q-values of the
resonant modes in our fiber cores when these are filled with quinoline are plotted in
figure 5.4. These range from =~ 103 up to = 106 for the 2a = 75um fiber. These
high-Q cavity modes may be easily brought above the threshold for laser emission
by pumping the dye-doped fiber core, the internally circulating laser light leaking
tangentially out of the core in all directions in the plane perpendicular to the fiber
axis. Viewed from the outside using a microscope the laser emission appears to

6riginate from two lines on the surface of the capillary fiber, corresponding to the |
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edges of the fiber core imaged through the curved glass wall of the capillary. The
measured divergence of the laser emissions out of the laser plane is of the order
of 20mrad. Various observed features of the laser emission are now described and

analyzed.

5.3.2 Spectral profile

The wavelength regions in which laser emissions are observed depend on the absorp-
tion and gain profiles of the dye-doped solvent and on the external cavity Q@-values
of the resonant modes in the fiber under study. The absorption and emission profiles
are determined primarily by the properties of the laser dye: these are well known
[148]. The absorption.proﬁle of Rhodamine 6G has its maximum about 530nm;
it is therefore efficiently pumped by a frequency-doubled Nd:YAG beam. The ab-
sorption cross-section decreases towards longer wavelengths, although there is still
some small absorption even at A > 600nm. The gain curve of the dye peaks around
560 — 570nm, and thereafter decreases towards longer wavelengths, having a long
tail extending well past 620nm. A simplified sketch of these properties based on
that given by Svelto [160] is shown in figure 5.5. The quinoline used as a solvent
in our experiments is strongly absorbing in the short-wavelength end of the visible,
and slightly absorbing between 550 and 620nm, the absorption decreasing slowly
towards longer wavelengths. We have measured the optical aborption ofl 10-*M and
2 x 10~3M solutions of Rh6G in quinoline in a cuvette at a number of wavelengths
over a path length of several centimetres using a scanning monochromator and a
tungsten lamp, and we have plotted these in figure 5.6 as Qqps = 2rm/Aa, where o
is the measured absorption coefficient. Hill and Benner [78] and subsequent workers

have expressed the effective Q-value of a resonant mode in a microparticle as

1 1 1

= +
Q Qabs Qe::t
The resonant Q-value is thus dominated by the smaller of Qap, and Qez:- Campillo

(5.1)

and colleagues [112] have shown how this leads to a variation in the output cou-
pling of the various mode orders with wavelength (seeApage 20). We can confirm

the usefulness of these ideas in analysing our capillary-fiber laser by studying ob-
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Figure 5.5: Wavelength dependence of the cross-sections for absqrption and stimu-

lated emission for the laser dye Rhodamine 6G used in the experiments.
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Figure 5.6: Measured values for Qgps for 10~%M and 2 X 10~3M solutions of Rh6G

in quinoline, under low-intensity illumination.
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Figure 5.7: Observed laser spectra for 0.3mJ/pulse TM illumination of 10~*M Rh6G .

quinoline flowing in capillaries of nominal core radii of 10, 12.5, 15 and 20xm. With

increasing core size the first-order modes become intrinsically narrower, appearing

at longer wavelengths. The second-order (I = 2) modes appear distinctly for the

a = 20pm fiber.

served laser spectra from different fibers. Figure 5.7 shows observed laser spectra
recorded from fibers of nominal sizes b ~ 125um and a ~ 10, 12.5, 15 and 20um.
The general trend for the three smaller fibers is a shift towards longer wavelengths
with increasing size. The explanation for this lies in the wavelength dependence of
the effective Q-values for the different fibers shown in figure 5.8 and the gain profile
of the laser dye (figure 5.6). The values for Qs for @ ~ 10um (corresponding to
r =~ 160 in figure 5.4) are Qezt =~ 2 X 104. Such Q values are significantly smaller
than the absorptive () even at the peak of the gain profile at A ~ 565nm; therefor
the effective Q for these modes is approximately equal to the Q.z: - see figure 5.6.
Consequently the laser spectrum appears in the spectral region providing the great-
est gain, corresponding to the peak of the gain profile. The a > 12.5um fibers have
Qezt =~ 10° for the first-order modes, and these are seen to be substantially reduced

at A = 565nm (where @ =~ Qaps = 3 X 10%), the @-values increasing towards longer
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Figure 5.8: The approximate values for the total Q (broken curves) and the external

and absorptive Q (solid curves) for the first-order resonances for fibers of different

core sizes as a function of wavelength. The gain of the Rhodamine 6G is decreasing

towards longer wavelengths over the spectral region shown here. Laser emission

occurs at the wavelength which maximises the combination of cavity @ and gain.

The calculated Qey; values are for a homogeneous cylinder of refractive index 1.115,

corresponding to the my/m; ratio for quinoline in the hollow fused-silica fiber.

105



wavelengths as the absorption decreases. The gain profile also decreases towards
longer wavelengths, but more slowly. At A = 575nm the @’s of these modes will
be only slightly reduced by absorption, while the main effect at longer wavelengths
will be a decrease in gain. The modes therefore reach threshold first at A ~ 575nm,
where the effective Q has its maximum. Similarly for @ ~ 15um, the laser emis-
sion appears at the shortest wavelength (highest gain) for which Qqps 2 Qezt- A
new situation arises for the @ ~ 20um fiber, where two discrete sets of peaks are
observed. The longer-wavelength set which appears first as the pump intensity is
increased from zero continues the trend of the three smaller fibers, appearing at
longer wavelengths as the Q-values increase. These correspond to the first-order
modes with Qezt =~ 3 X 107. The new set of peaks occurring at A = 570nm are
the second-order modes with Qez: =~ 9 x 10%. These are not observed for smaller
fibers because they have insufficient ¢ to reach threshold under the given dye con-
centration/pump intensity conditions. Figure 5.6 shows that the absorption of the
10-*M Rh6G quinoline solution decreases only slowly for A > 590nm; this decrease
is comparable to that of the gain, and consequently the first-order modes lase at
A = 590nm, even though their Qczt > Qqbs at this wavelength. Consequently they
are less efficiently coupled out of the fiber (with efficiency Qest/Q = 0.05) than the
second-order modes (with efficiency ~ 1), and appear at reduced strength in the
observed spectrum.

In general, the spectral profile of the laser emission consists of one or more sets of
single or double peaks (depending on the degree of polarization — see page 126), each
set corresponding to a given mode order with lower-order modes occurring at longer
wavelengths. Modes appearing near the peak of the gain curve (A ~ 565nm) have
Qezt < Qabs(= 5x10* for 107*M Rh6G quinoline) at that wavelength. Peaks at the
long-wavelength end of the lga.in profile (A > 595nm for 10~*M Rh6G in quinoline)
have Qezt > Quabs (= 108 for 107*M Rh6G at A = 595nm). If Qet > Qabss these
peaks will appear at reduced strength. Peaks occurring between these two extremes
will have Qert =~ Qab,.. It should be noted that these statements are true when only
a small fraction of dye molecules is in the excited state: if a significant proportion

of dye molecules is in the excited state, the absorption of the dye will be decreased.
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Figure 5.9: Laser spectrum recorded from a 2a = 75um fiber filled with 2 x 10-3M
Rh6G-doped quinoline, pumped with a pulse energy of 0.3mJ/pulse. The smaller
set of peaks at longer wavelengths reach threshold first as the pump intensity is

increased.

We demonstrate the application of these rules to the analysis of the laser spectrum
from a large fiber by studying the spe‘ctfum shown in figure 5.9, recorded from a
fiber with nominal core size 2¢ = 75um. The dye concentration used to record
the spectrum in figure 5.9 was 2 x 10~3M; the Qs for this solution is shown in
figure 5.6. Figure 5.4 shows that for fiber with a ~ 37.5um the first-order modes
are extremely narrow, having Q.r: ~ 10'€. Such modes will be greatly broadened
by absorption and will be only very weakly coupled to the external field. The peaks
observed at A ~ 610 — 620nm in the spectrum are expected to have Qert > @aps at
that wavelength, seen in figure 5.6 to be Qa5s ~ 3 —6 x 105. Hence we may associate
these with the [ = 4 modes in figure 5.4, which have Q¢rt ~ 5 x 10%. The larger
peaks at A ~ 600nm must be due to modes with Qert < Qaps ~ 10%; this is slightly
larger than the extefna.l @) of the 5th-order modes. The fourth-order modes have
Qezt > Qabs (coupling efficiency~ 0.4), and so they appear at reduced intensity in

the emitted spectrum. By reducing the pump intensity we have confirmed that the
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longer-wavelength peaks appear at lower pump intensities than those at A ~ 600nm
and must therefore be due to intrinsically higher-Q modes, providing additional
evidence supporting the assignment of mode orders. More accurate estimates of the.
Q¢ values may be obtained by the use of the core size computed from the observed
mode spacing (next section).

A point to note about our laser spectra such as those shown in figures 5.7 and 5.9
is ‘the excellent signal-to-noise ratio. Under the conditions of figure 5.7 the typical
peak height to background ratio in a summed spectrum is perhaps 5000. This is
partly because of the different propagation characteristics of the fluorescent and
laser emissions from the fiber - the laser emissions propagate as a cylindrical wave,
their intensity decreasing approximately linearly with distance from the fiber, while
the integrated fluorescence from the fiber decreases as 1/ r2. Consequently our linear
detector array which is in the plane of the laser emission receives a relatively weak

signal from the incoherent fluorescence.

5.3.3 Mode spacing and assignment

The spacing of the resonant modes of the same polarization and order and with az-
imuthal mode number 7 differing by unity may be approximated for a homogeneous
dispersionless cylinder using the Chylek formula [134]. We have shown on page 66
how this may be extended to the core resonances in our capillary fiber. However,
in order correctly to predict the mode spacings we need to consider the effects of
the dispersion of the solvent and of the fused silica. This is most precisely done
using a priori knowledge of the particle parameters a and b and of the functions
m1(A) and my(A) to perform the boundary-value calculations. However, by assum-
ing that the dispersion is small, and that it may be modelled as linear over several
nanometres, we have derivea a simple correction factor expressing its effect. We use
the fact that the resonances correspond to circumferentially travelling waves which
are in phase with themselves after a round trip, which means that a small change
in refractive index for a given mode must result in a corresponding change in the
resonant wavelength, so that the ratio ma/X remains constant. Applying this to our

core resonances, and assuming that the dispersion of m; and m are linear, one can
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Wavelength - nm | quinoline index | fused silica index
560 1.6292 1.4595
570" 1.6274 1.4591
580 1.6258 1.4587
590 1.6243 1.4584
600 1.6228 1.4580
610 1.6215 1.4577
620 1.6202 1.4574

Table 5.2: Refractive indexes for quinoline and fused silica over the laser wavelength

range.

derive

Ky A
%) I(l ) (52)

Axc+6xC=Aa:c(1+——————
ma my

where Az, is the dispersion-free mode spacing, éz. is the correction resulting from
dispersion and K; and K, are the linear dispersion constants for media m; and m,
respectively, such that e.g. m;(A+ A)X) = my(A)+ K1AMN. Values for the dispersion
constants for fused-silica and quinoline were obtained by fitting a Cauchy formula
to known values (7, 52] of the refractive index for the two media at wavelengths
corresponding to several atomic emission lines. In the case of quinoline, the values
were checked experimentally, by measuring the refractive index at three spectral lines
using the angle of minimum deviation in a hollow prism. A summary of the refractive
index data over the wavelength range of interest is in table 5.2. To investigate the
validity of equations 5.2 and 3.48, we have plotted observed values of A2/AM\
versus the manufacturers specified core size for a range of core sizes. Laser modes
were observed using 10-*M-10"2M Rh6G quinoline at wavelengths in the range
565 — 610nm. Results are shown in figure 5.10: the solid line represents a best fit to
the data points. This fit has a slope of 5.27, giving Az, + 6z, = 0.87 if the value for
m; at 600nm is used. For comparison, equations 5.2 and 3.48 give Az.+ 6z, = 0.89,

using the values for mj,ms,K; and K, at A = 600nm. This difference of 2%
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Figure 5.10: Observed A\2/AM as a function of the manufacturers specified core sizes
for the capillaries investigated. The data points are represented by stars, the straight

line is the best fit to the points.

can be ascribed to the approximation 3.48, which overestimates the mode spacing
for narrow modes by typically a few percent [42], and to the uncertainties in the
manufacturers core sizes. Taking these into consideration agreement between the
observed slope and equations 5.2 and 3.48 is excellent.

The observed mode spacing can be used to estimate the core size of a lasing fiber:
we can then compute the Q-values of the observed laser modes. For the fibers with
nominal core sizes 2a = 15, 20 and 25um filled with quinoline (m3/m,; =~ 1.115) only
the first-order (! = 1) modes can reach threshold, as / > 2 modes have only low @s.
For example, for the 2a ~ 20um fiber used to obtain the spectrum in figure 5.7, the
observed value of A2/A) is 0.1177mm. Using equations 3.48 and 5.2, the size may
be estimated from the definition of the core size parameter and using equations 5.2

and 3.48
_ M(Az 4 bz.)

2rmoA A

to be a ~ 11.33um, or z. ~ 184.4. In fact equation 3.48 overestimates the mode

(5.3)

spacing for narrow modes, as mentioned above. Using the known relative refractive
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index of the cavity at 563nm (m = 1.116, table 5.2) we have computéd the the reso-
nance locations and {)-values in the region of z = 184: these are shown in table 5.3.
The dispersion-free mode spacing found thus is Az, = 0.9138, approximately 1.6%
less than that computed using the Chylek formula equation 3.48. Using this im-
proved value for Az, in equations 3.48 and 5.3 gives @ ~ 11.18um, or z. ~ 181.7
and z. ~ 180.8 for the two peaks observed. The azimuthal mode numbers for the

" first-order modes in this region of z, are n = 193-194 and the Q-values' Q ~3.3x104
for the TM modes (see table 5.3): ignoring the possibility of anomalous dispersion
due to the presence of gain in the fiber core, the error in these mode assignments for
n cannot be more than +1. The ! = 2 modes have @ ~ 500, and can be disregarded
as potential laser modes under our conditions.

Similar mode assignments can be made for the @ ~ 12.5 and @ =~ 15um core
radius fibers, although the uncertainty in n increases to +2 for these. For the larger
fibers, the situation is slightly more complex, as modes with orders [ > 1 also need
to be considered as potential lasing candidates. However, using the simple rule
relating the laser wavelength to values of Q4ps and Qer: Which was derived in the
previous section we can esfimate the approximate Q¢,; values and hence the order
of the observed modes, as has been demonstrated for the 2¢ = 75um fiber. The Q eyt
values can then be determined more precisely from the observed mode spacing by
performing boundary-value computations.

We have attempted to confirm the mode assignments for the smaller fiber core
sizes by studying the angular dependence of the laser emissions from a single mode
in the scattering plane, in the hope of independently verifying the assignment of the
mode number n. The smaller fibers (with core sizes a = 10,12.5um) can easily be
made to lase predominantly in a single mode by using a suitable pump irradiance:
unfortunately the light signal from a single laser shot under such conditions was
too weak to record the angular pattern on the photographic film which we used
for detection. The use of an intensified diode array might be sufficient to record
such a pattern; however there is some uncertainty about the length of fiber over
‘which emissions might be expected to be coherent, given the two-dimensional cavity

geometry.
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Polarization | Size Parameter z | Partial wave n | Order ! Q@-value
T™ 180.171 185 2 5.08 x 102
TE 180.343 185 2 4.20 x 102
™ 180.432 193 1 3.14 x 10*
TE 180.742 193 1 2.62 x 10%
™ | 181.098 186 2 5.24 x 10?
TE 181.271 186 2 4.32 x 102
™ 181.346 194 1 3.31 x 10*
TE 181.657 194 1 2.77 x 10*
™ 182.024 187 2 5.40 x 102
TE 182.199 187 2 4.45 x 102
™ 182.259 195 1 3.49 x 10*
TE 182.571 195 1 | 292x10*

" TM 182.951 188 2 | 5.57 x 10?2
TE 183.126 188 2 4.60 x 10?
™ 183.173 196 1 3.67 x 104
TE 183.485 196 1 |3.07x 10
™ 183.878 - 189 2 5.74 x 102
TE 184.054 189 2 4.74 x 10?
™ 184.086 197 1 3.87 x 10%
TE 184.399 197 1 3.24 x 10*
™ 184.805 190 2 5.91 x 102
TE 184.982 190 2 4.89 x 102

Table 5.3: Modal locations and Q-values for a cylindrical cavity with m = 1.116 in

the region of z = 184.
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5.3.4 Interference modulation of Q-values

The enhancement and reduction of the core-resonance @-values due to reflection of
resonant light from the external surface of the fiber, which we described on page 68,
plays an important role in determining the detailed structure of the observed laser
spectra [93). The fluctuations in the resonant Q). values for a single mode order as a
function of the size parameter result in a corresponding series of maxima and minima
in the strength of the observed laser peaks. This is particularly noticeable for the
TM modes, for which the effect is stronger as demonstrated in figure 3.21. This is
illustrated in figure 5.11, which shows observed laser spectra from 2 x 1073M Rh6G
quinoline in fibers with core radius ¢ = 25um and with coating radius b ~ 63um
and b ~ 83um. The interference period given by equation 3.49 calculated using the
manufacturers specified values for ¢ and b is marked on each spectrum. Spectra are
shown for both pump polarizations, the modulation of the observed lasing strengths
being more pronounced for the TM modes. Similar effects are observed for fibers
of different sizes and are a prominent feature of observed laser spectra, particularly
for larger core sizes. The modulations for the two mode polarizations ar‘e out of
phase as a result of the different boundary conditions on reflection for the two
polarizations. In a different experiment, we have studied the observed TM-pumped
laser spectra from a fiber immersed in water. This has the effect of reducing the
refractive index mismatch at the external surface, and thus the amount of internal
reflection at this surface. Thus immersion of a fiber in water might be expected
to reduce the interference effect.! Results from such an experiment using a length
of the fiber used to record the upper traces in figure 5.11 are shown in figure 5.12.
The figure shows observed laser spectra for TM pumped lasing frorﬁ the fiber in air
(lower trace) and when the same fiber is immersed in water (upper trace). The TM
laser peak heights oscillate in a regular fashion in the lower spectrum as a result of
the interference modulation of the .Q-va,lues. Immersion of the fiber in water (upper
spectrum) substantially reduces the modulations, resulting in a relatively smooth

variation in peak heights and further demonstrating that the observed modulations

T wish to thank an anonymous referee for suggesting this experiment [93].
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Figure 5.11: Laser spectra obser\}ed from Rh6G quinoline in two capillary fibers with
nominally identical core radii but with different external radii, showing the modu-
lation of the laser peak strengths caused by the interference effect. The expected
period of the modulation is indicated on the figure for the two cases. Spectra are

shown for both pump polarizations: the modulations are more visible for the TM

pump case.
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Figure 5.12: Effect on the TM-pumped laser spectrum of immersing the fiber under
study in water. The water decreases the refractive index discontinuity at the external
surface of the fiber, reducing the reflection at that surface, and hence the amplitude

of the interference modulations.

are due to the interference effect.

The @Q-value modulations will have a different effect depending on whether the
Q-values of the modes being investigated are limited by absorption or not. If the
effective Q-values are absorption-limited, an enhanced Q¢ Will serve to decrease
the output coupling Q/Qezt, while the effective Q-value will remain Q ~ Qabs-
Therefore the enhanced Q.q: value will lead to a smaller peak appearing in the
observed spectrum, and vice versa. Conversely, if Qezt < Qabs, then @ =~ Qe will
be enhanced if Q.z: is enhanced, while the output coupling will remain close to unity.
In this case, enhanced (reduced) Qz¢-values will lead to enhanced (reduced) peaks

in the observed spectra.

5.3.5 Rate equations

We have used a simplified rate equation approach to i_ﬁvestigat'e the input versus

‘output behaviour, the polarization, the time dependence and the possibility of ob-
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of the Descartes line previously observed in qylindrica.l liquid jets L134]. In practice,
this peak in the source function is further reduced due to absorption in the fiber core
at the excitation wavelength. In contrast to the typical source function enhance-
ments of several hundreds occurring in homogeneous liquid droplets [16], the source
function in the core region of our cylinder is virtually flat. Likewise, the alteration
of the transition rates due to cavity QED effects is expected to be greatly reduced
in our fiber compared to that observed in liquid droplets, due to the lower dimen-
sionality of the cylindrical cavity [21]. Studies of the rate equations for mjcrocavity
lasers [118, 173, 174] have shown that one effect of increased coupling of spontaneous
emission into a single cavity mode is to make the threshold in the input-output in-
tensity curve less well defined. Observations of the emissions from our fiber show a
well-defined laser threshold in the emissions from a given laser mode — the threshold
is easy to examine experimentally because, as we have mentioned, our spectrometer
detects the coherent emissions from the fiber preferentially due to their propagation
as cylindrical rather than as spherical waves. A demonstration of the typically sharp
laser threshold which we observe from a fiber is shown in figure 5.14, which shows
a single laser mode as the pump intensity is increased in steps of two. The pump
intensity is increased by a factor of 4x from the first to the third spectrum, while
the maximum laser signal increases by a factor of almost 60. The observation of
a sharp laser threshold implies that the coupling factor § of spontaneous emission
from excited xﬁolécules in the mode volume into the laser mode is relatively lbw.
This is to be expected because the emission profile of Rhodamine 6G is broad (per-
haps 50nm) and there is a large number of different modes which are available to an
excited dye molecule in the mode volume [21, 40, 91]. The value for § is expected
to be limited to at most the ratio of the cavity resonance linewidth to that of the
Rh6G spontaneous emission, giving an upper limit of 8 >~ 5 x 10~* for the fiber used
to record figure 5.14. We have assumed a slightly smaller value for 8 in our calcu-
lations. A factor encouraging the use of a rate-equation approach in the cylindrical
geometry is that for several reasons we see typically fewer modes above threshold
than have been reported from spherical liquid droplets [18]. Thus our cylindrical

laser offers an opportunity to uncouple to a certain extent the effects of the cavity
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Figure 5.14: A portion of the spectrum observed from a fiber with @ = 10.8um as
the pump intensity is increased, showing a sharp nonlinearity which is characteristic
of laser-threshold. The maximum signal observed at the laser wavelength increases
by a factor of 57 while the pump intensity is increased by a factor of 4. Each curve
represents the sum of thirty laser shots, which results in some smoothing of the
apparent laser threshold due to the shot-to-shot fluctuations in the pump energy.

The laser peak shown is one of two which reach threshold simultaneously.
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QED enhancement of the spontaneous emission and the observed multimode lasing
from the conventional laser physics, as a first step to quantitatively analysing laser
processes in whispering-gallery-mode dye lasers.

We initially make the following assumptions in our rate equation analysis:

1. The Rhodamine 6G solution behaves as a simple four-level laser system [76],
~ the transition probabilites for absorption, fluorescence and stimulated emission
being identical to those in the bulk medium. The use of these bulk transition
constants in our analysis, specifically the spontaneous emission lifetime and
the stimulated emission cross-section of the Rh6G dye molecule.‘, needs jus-
tification. Without a comprehensive analysis' of the density of states in a
cylindrical cavity such as that being investigated it is impossible to be sure
whether our use of these constants is valid; however we believe that the excel-
lent agreement which we find between our numefiéal analysis and the observed
pump intensity thresholds and critical dye concentrations implies that the use
of these constants is a reasonable approximation under the conditions of our

experiments.

The simplified four-level system assumes that in thermodynamic equilibrium
virtually all the dye molecules are in the ground state. The pump pulse excites
molecules into the upper excited state, whence they very quickly decay non-
radiatively to the upper lasing level. Molecules in this level decay radiatively
by ﬂuorescence. (with a lifetime 79;) or stimulated emission to the lower las-
ing level. (We ignore the possibility of intersystem crossing to triplet excited
states or of excited-state absorption, and assume that each absorbed photon
will result in an emitted photon at a later time and a longer wavelength.)
The lower lasing level again has a very short lifetime, molecules returning to
the ground state at such a speed that we may assume that the population in
the lower lasing level is zero. We assume that the gain profile of the dye is
homogeneously broadened. We ignore the possibility of stimulated emission
by longitudinal guided waves, which may act as an additional loss mechanism

for the excited-state population — we believe that this is valid because of the

119



relatively short length of fiber illuminated in our experiments.

2. The internal field intensity in the core region at the illuminating frequency is
uniform and equal to the irradiance of the pump beam: this gives the strength

of the pump field.

3. Excited dye molecules have their dipole moment parallel to the electric field

of the mode being studied.
4. Only a single mode exists above threshold.

5. The resonant Q-values may be expressed by equation 5.1, where Qb is cal-

culated from the observed attenuation coefficient measured at low intensities.

For our capillary-fiber laser we assume that the round-trip distance is 2ram; /mag;

we then easily derive

dN
dt

_ 1oy ol N
= b, (N¢—N) - huN " (5.4)

my AQ

where N, is the total number of active molecules per unit volume, N is the number

—=1c

dI o 2r N hve
dt [—N— ]+ ™7 Mg

(5.5)

T21 ™2

density of molecules in the upper lasing level, I is the laser intensity in the laser
mode, I, is the pump intensity, 72; is the spontaneous-emission lifetime for excited
dye molecules and ¢ and o, are the cross-sections for stimulated emission and pump
absorption respectively. Values for the various constants were obta.'med from the
literature: these are summarized, with sources, in table 5.4. Where several sources
give different values, perhaps measured under different experimental conditions, we
have chosen those which are near to the mean of the quoted values.

We have assumed a ga.ﬁssia.n time dependence for our pump beam, and have
solved these equations numerically using the Runge-Kutta method. The results show
typical features of laser processes in the temporal and output-versus input response
of the cavity, i.e. a low pump intensity regime where the output is dominated by
fluorescence and is linearly related to the excitation strength, a sharp threshold

discontinuity, and a high pump intensity region, with output again being linea,rly'
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Absorption cross-section 3.8 x 10~ 16cm? Ref: Hillman

0p() = 532nm) [76]

Stimulated emission cross-section | 2 x 107'%cm? (A = 560nm) | Ref: Svelto

o 1 x 10~*c¢m? (A = 600nm) [160]
Fluorescence decay lifetime 3.7ns Ref: Hillman
T21 [76]

Table 5.4: Constants for Rhodamine 6G used in rate equation analysis.

related to input. The computed results assume a value for the spontaneous emission
coupling factor B in equation 5.5 of # = 10~%; however we have used a variety of

coupling factors and find that the basic features of the observed processes remain
unchangéd as long as this coupling remains small. These featureg are demonstrated
in figure 5.15 which shows the assumed time-dependence of the pump pulse (upper
plot) and the computed population inversion and laser intensity as a function of time
for a mode with Qzt = 1.6 x 10°%, Qaps = 108, a dye concentration of 10~*M and a
peak pump irradiance of 0.5 MW /cm?. The features shown are typical of those found
in other laser systems; the population inversion builds up until the onset of laser
action whereafter it falls to the saturated value while the laser intensity in the cavity
builds up very rapidly when the gain is greater than the loss displaying relaxation
oscillations. The magnitude of the relaxation oscillations depends upon the factor
coupling fluorescence to the laser mode. However only a very small fraction of the

laser energy is emitted during the unstable oscillation period.
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Figure 5.15: Assumed time dependence of the pump pulse (upper plot) and cor-
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5.3.6 Thresholds for laser emission

The laser threshold is reached when the gain per round trip inside the laser cavity
Jjust outweighs the losses due to leakage from the cavity, absorption, scattering out
of the laser mode by imperfections in the cavity and any other loss mechanisms
present. We can include all of these losses in a single value for the cavity Q; we can

then express the condition for lasing (see equation 5.5) as

2Tmg
>
N2 AaQ)

(5.6)

N being the number density of dye molecules in the laser level. Equation 5.6 assumes
no cavity QED enhancement of the stimulated transition rate in the microcavity,
and violation of this cc;undition has previously been used to place a lower limit on
the enhancement factor in microdroplets [23]. We have investigated equation 5.6
by varying the dye concentration flowing in the laser cavity so as to determine the
minimum concentration required to observe laser peaks in the emission spectrum at
high pump intensity. The critical concentrations were determined to within a factor
of 2. We can then study the validity of equation 5.6 by assuming a total population
inversion, i.e. by equating the number density of dye molecules in the lasing level N
with Ny, the total number density of dye molecules; this is approximately valid for
a low dye concentration pumped with a short, highly intense pump beam. Results
are shown for several fibers in table 5.5; the measurements were only made for the
smaller fibers in order to ensure that Qups >> Qext, Where Qaps for the low dye
concentrations used here is dominated by the absorption of quinoline and is of the
order of 10°. By thus restricting our investigation we also avoid the possible compli-
cations arising from spatial holeburning and effective gain reduction by supernarrow
(Qext >> Qabs) modes which may lase internally, not being observed in the emitted
field due to low output coupling. We find that there is excellent agreement between
the predictions of condition 5.6 and the observed critical dye concentrations, even
for the smaller fibers. Results from the 2a ~ 15um fibers are perhaps questionable
as the high dye concentrations required to observe laser emission from the relatively
low-@Q (Q =~ 1000) resonances may lead to fluorescence quenching. The good agree-

ment between equation 5.6 and the experimental concentrations (columns 3 and
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Fiber core L:}-values Observed | Computed | Observed I, | Computed Isp
radius Cmin Crmin (C =50mg/l) | (C =50mg/])
7.2um 950 5000mg/1 | 1000mg/] — —
11.1um 2.6 x 10* 50mg/1 30mg/1 0.3MW/cm? | 0.4MW/cm?
13.2um 1.6 x 10° 12mg/1 5mg/1 0.03MW/cm? | 0.06MW/cm?
15.2um 7 x 10° 3mg/1 Img/l | 0.00lMW/cm? | 0.01MW /cm?

Table 5.5: Comparison of computed and observed minimum dye concentrations
and irradiance thresholds at 10~4M (50mg/1) for several different cavity sizes. The
measurements were not extended to the larger core sizes because of the problems
associated with determining the exact effective cavity @-value and thresholds when

solvent absorption is a significant factor.

4) imply that the bulk stimulated emission rate used in the analysis is a good ap-
proximation to the values found in a cylindrical cavity of size as small as 20um.
This is in sharp contrast to the behaviour observed in slightly smaller (a ~ 1-{um)
ethanol droplets where enhancement factors of ~ 120 have been reported for the
stimulated transition rates for fairly broad (Q ~ 10%) resonant modes. We attribute
this to the lower dimensionality of the cylindrical cavity. As an example, Campillo
et al [23] have reported evidence of lasing modes with cavity Qes: = 2600 at a dye
concentration of 10~°M from 14um diameter liquid microdroplets. In contrast, our
fiber with core diameter 14.2um and cavity Q.,; = 980 failed to lase at dye concen-
trations of 4 x 10~3M at any pump intensity. We conclude that the enhancement
of stimulated-emission transition rates in nonlinear optical processes at MDR's in a
cylindrical geometry play a far less significant role than in liquid microdroplets, the
rates appearing less by a factor of about a hundred for Q-values of the order of 103
for a 14um cavity. The possibility of enhanced emissions into guided-wave modes
affecting this result requires further investigation.

We have also compared the observed pump irradiance thresholds to thqse pre-
dicted by the numerical solution of the rate equations for two values of the dye
concentration (2 x 1073M and 10~*M) for several fibers. The results for the lower

of these concentrations are summarized in table 5.5 columns 5 and 6, while com-
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Figure 5.16: Computed values for the output energies per meter of length from
the first-order resonances of several of the different fiber core sizes under increasing
pump irradiance. These curves take the effect of output coupling into account: one
consequence of this is that the output energy at threshold for the a = 20pum core
fiber is less than for the smaller fibers, resulting in it being difficult to obtain an ac-
curate value for this threshold experimentally. Computations a.ssume. a ﬂuorescénce

coupling factor 8 = 1074

puted curves showing the output energy per unit length of fiber as a function of the
pump irradiance are shown for the different fibers in figure 5.16. A point to note
about figure 5.16 is that the curve for the @ = 20um core fiber which has a laser
threshold at the lowest pump irradiance (because of its higher Q) results in a lower
output energy than the lower-Q, smaller fibers at higher pump irradiances because
of its low output coupling. The exact values for the thresholds resulting from the
rate equation computations and shown in table 5.5 depend to a small extent on the
coupling 8 of the spontaneously emitted light into the laser mode, however this is
not significant under the conditions of our experiments. It is worth noting several
possible sources of error in the results of table 5.5; the theoretical values are de-

‘pendent on the values of o, g, and 72 and there is some uncerta.ixity about these
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values in the literature. (For example, the values for ¢ at 580nm given by Svelto
[160] and Hillman [76] vary by about 50%.) Also, the energy of the pump beam used
in the experiments was measured using an electrically-calibrated calorimeter, which
introduces some uncertainty into these values. Given these uncertainties, the agree-
ment shown in table 5.5 is good. Similar agreement was obtained for the higher dye
concentration. It is interesting to note that the thresholds observed for the larger
of our core sizes at a dye concentration of 10~4M are very similar to those reported
by Lin and colleagues [117] for 10~*M Rh6G water droplets under similar pump
conditions.

Cavity QED enhancement effects in a cylindrical geometry provide an inter-
esting alternative to studies in one-dimensional (Fabry-Perot) {75, 106] and three-
dimensional (liquid droplet) cavities; as such the effective cross-section of the laser
dye in these experiments warrants further experimental and theoretical investiga-
tion. These experiments have shown that the effect is substantially less than that
found in liquid microdroplets.

An interesting point concerning table 5.5 is that by raising the dye concentration
resonances with computed external cavity Q-values @ < 1000 may be brought above
threshold. The widths of the observed laser peaks are AA/A ~ 1.3 x 104, approxi-
mately 10x less than the computed theoretical zero-gain widths. This narrowing is

due to the presence of gain in the core medium [101].

5.3.7 Polarization of laser emissions

Polarization effects in a lasing cylinder are easily studied experimentally, because
the TM and TE modes may be isolated by the use of a linear polarizer, unlike those
in a spherical microdroplet. In addition the coupling of the exciting electric' vector
to the electric field of the resonant modes is simpler for a cylinder, particularly for
the TM case. Study of the polarization of the laser emissions from fibers of different
sizes illuminated with TM or TE pump radiation shows that the laser emissions are

polarized in varying degrees. The general features of the polarization are
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1. for small fibers (with core diameters < 40um, where the observed peaks are
due to / = 1 modes), the emissions are strongly parallel polarized for TM
pump illumination just above threshold. TM pump polarization corresponds
to what would be considered s-wave polarization in a linear cavity dye laser
[56] — the transition moments of the excited dye molecules are perpendicular
the the cavity axis, defined in this case to be a circle of radius r < a centered
on the 2-axis. The observed parallel-polarized output is consistent with that
expected and observed from such a configuration [56, 148]. Pumping the fiber
harder results in the TE (cross-polarized) modes also being observed above
threshold. The additional pump power required to bring the cross-polarized
modes above threshold depends on the fiber core size: for the smaller core
sizes a greater increase in the pump power is required. Indeed, for the smallest
fibers (diameter 2a = 15,20um) the cross-polarized modes are not observed
above threshold even at intensities sufficient to break the fiber (> 5MW /cm?),
while for the largest fibers (see below) the cross-polarized modes appear as
soon as the parallel modes. For TE pump, both TM and TE modes are
observed, as expected based upon elementary considerations [56, 148] —in at
least some portions of the mode volume the transition moments of the dye
molecules are parallel to the cavity axis and can only be available as gain after
polarization relaxation. For low intensity TE pump (just above threshold),
the cross-polarized modes are the stronger, but their relative strength quickly

decreases as the pump intensity is increased.

2. for larger fibers (2a = 50, 751m), both polarizations of resonance are observed

above threshold, for either pump polarization.

The variation in polarization ratio (Iy— 1. )/(I+I.) with increasing pump inten-
sity described in (1) above is shown in figure 5.17 for TSP020/150 and TSP030/150
filled with 10~*M Rh6G in quinoline. We have used this high dye concentration in
order to obtain a strong signal at and just above the laser threshold. The plot shows
that at the laser threshold the cross-polarized modes are actually stronger than those

with parallel polarization for TE pump orientation. Lower dye concentrations show
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Figure 5.17: Polarization ratio as a function of the pump irradiance for ¢ = 20um and
d = 30um ﬁl;ers filled with 10~2M Rh6G quinoline, for the two pump polarizations.

Error bars represent the standard deviation of the mean of thirty laser shots.
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a similar trend, but do not show the polarization ratio becoming negative before the
signal decreases beyond detection. The error bars represent the standard deviation
of the mean polarization ratio for thirty laser shots. For TM pump, the laser emis-
sions are strongly polarized parallel to the excitation field at all pump energies. The
polarization behaviour of the 20um core diameter fiber shown in figure 5.17 may be

understood, at least qualitatively, by considering the following three facts:

1. the TM modes have slightly higher Q-values than the corresponding TE modes.

2. any dye molecule in the mode volume which is excited by a TM pump beam
will by virtue of the orientation of its induced dipole moment (parallel to
the cylinder axis under the assumption of isotropic polarizability) be strongly
coupled to TM resonance modes, which have only a 2-component to their
electric field; on the other hand molecules excited by a TE pump beam which
have their induced dipole moment parallel to the electric vector of the internal
electric field may be strongly coupled to neither polarization of resonance.
This is demonstrated in ﬁgure 5.18 which shows separately the azimuthal and
radial components of the TE internal electric field corresponding to a core
resonance in a quinoline-filled fiber. Looking firstly at the resonant component
of the field, note that this is almost entirely radial, as might be anticipated
for a circumferentially travelling wave. On the other hand the off-resonant
field which serves as the source function for exciting the dye molecules is seen
toi be domina,ted by an azimuthal component in the illuminated and shadow
quadrants but by a radial component nearer the two sides of the fiber. (This
is clearer in the upper azixﬂutha.l plot where the off-resonant source function
in the core region is not obscured by the resonant field.) Thus dye molecules
near to the illuminated and shadow faces will be excited with an induced
dipole moment perpendicular to the electric vector of the resonant ﬁeld, being

consequently as strongly coupled to TM as to TE resonances.
»

3. the average excited-state lifetime of dye molecules in the mode volume de-
creases as the laser intensity increases. Below the -la.ser‘threshold this lifetime

is equal to the spontaneous emission lifetime of the excited dye molecule, of the
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Figure 5.18: E.E* for the azimuthal and radial components of the internal field
in a capillary fiber illuminated at a TE resonance frequency. The resonant fields
are seen to be almost entirely in the radial direction, while the excitation field is
azimuthally polarized in the illuminated and shadow quadrants (clearly visible in the
upper plot). This has implications for the -coupling between pump and laser fields,
discussed in the text. The plots shown are for my = 1.626, m; = 1.458, a/b = ‘25/60
and z = 380.3156, corresponding to the [ = 2, n = 402 TE core mode.
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Figure 5.19: Average lifetime of an excited-state dye molecule in the laser mode
volume resulting from the numerical solution of the rate equations for two values of
the pump intensity, corresponding to just above threshold, and a further increase
of a factor of 50. The plots show the average lifetime as the pump pulse (a 16ns -
gaussian pulse) develops as a function of time. The horizontal dotted line shows the

value for 7, given in the text.

order of 3.5ns for Rh6G. Above threshold, the lifetime decreases proportional

to the number of laser photons in the cavity.

The mechanism for depolarization of excited dye.molecules is rotational diffusion,
and the depolarization lifetime 7, for Rh6G in quinoline is not precisely known.
However, a good estimate of this lifetime can be made based on the observation that
the measured values for Rh6G in different solvents show a nearly linear dependence
on viscosity [59]. The known viscosity of quinoline (3.95 centipoise) gives a value of
the order of 0.8ns for 7, . The significance of this lifetime is demonstrated by the rate
equation results shown in figure 5.19; these show the average excited-state lifetime
for dye molecules at two different pump irradiances as the pump pulse develops.
The lower intensity corresponds to a pump beam a factor of 2 above threshold, -

while the higher-intensity pump (lower curve) is for a further increase in the pump
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by a factor of 50. For TM pump polarization, the combination of complete coupling
of excited dye molecules to TM modes and their slightly higher §)-values ensure that
these reach threshold first as the pump pulse develops. Thereafter, the excited-state
lifetime of the dye molecules rapidly decreases below 7, reducing the density of
depolarized dye molecules in the mode volume. Consequently the TE modes are
not expected to reach threshold. For TE pump, however, the cross-polarized modes
have higher ()-values. As the excited-state population approaches threshold it is
completely depolarized, the excited-state lifetime being equal to the spontaneous
emission lifetime of the Rh6G (3.5ns) and the higher-Q cross-polarized TM modes
reach threshold first. Nonetheless, due to the decreased coupling of these modes to
the population inversion, the cross-polarised modes do not effectively saturate the
gain, and the TE modes also reach threshold. As both sets of modes grow, the TE
modes increasingly have an advantage over the TM modes, due to the decreasing
time available for depolarization of excited-state molecules. At the same time for
this pump polarization there are always spatial regions in the fiber where the excited-
state lifetime is limited to a certain extent by 7, (see (2) on page 129), and the TM
modes never drop below threshold.

For the larger fibers the situation is not as well understood. In particular the ob-
servation of cross-polarized TE modes above threshold for the TM pump polarization
even for low pump intensities is surprising, as the TM pump field is strongly cou-
pled to the TM resonances at all points in the fiber. The presence of cross-polarized
modes might perhaps be explained by the fact that the Rh6G dye molecule is not

isotropically polarizable. This point requires further investigation.

5.3.8 Time dependence

We have studied the time def)endence of the laser emissions from the fiber by imaging
the illuminated fiber onto the entrance slit of a scanning monochromator, thereby
isolating a narrow spectral region which was detected using a fast (2.7ns risetime)
photomultiplier tube and a 350MHz oscilloscope. Oscilloscope traces were recorded
for later analysis using a video camera while the monochromator was scanned across

the laser spectrum. A reference pulse technique was used to measure the possible
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delay of the observed laser emissions with respect to the excitation pulse. A reference
pulse was split off the green Nd:YAG beam on the laser table and coupled into an
optical fiber delay line, before being directed, suitably attenuated, onto the PM
tube. This resulted in a double pulse being displayed on the oscilloscope when it
was triggered, the first being the dispersed signal from the lasing fiber. The delay
was calibrated using the elastically scattered light from the fiber at 532 nm. The
monochromator was then tuned so as to study the laser modes from the fiber at

longer wavelengths.

5.3.8.1 Low pump irradiances and dye concentrations

At very low irradiance, the observed time-dependence of the wavelength-shifted emis-
sions was dominated by, the fluorescence lifetime of Rh6G, resulting in a slightly
longer pulse than the reference pulse. Increasing the pump pulse energy to just
above the laser threshold (e.g. 0.02MW/cm? for 10~*M Rh6G in TSP040/150) re-
sulted in a substantial increase in the signal, and the time dependence showed the
sharp risetime characteristic of laser action, occurring near to the center but in the
first half of the pump pulse. We observed no evidence of relaxation oscillations,
which have been reported several times from liquid microdroplets [102, 18, 167);
however, the > 2.7ns resolution of our photomultiplier would probably preclude
such observations. We did observe occasional irregular fluctuations in the time de-
pendence witﬂ a period of several nanoseconds in this pumb-intensity regime which
we believe may be evidence of competition between the various modes of the same
mode order. Increasing the pump intensity further (to perhaps 20x the threshold
value) caused the time dependence of the laser emissions to follow that of the pump
pulse closely, lasing being initiated early in the pulse. This behaviour is as predicted

by the rate equation model.

5.3.8.2 High pump irradiance and dye concentration - thermal effects

Substantially increasing the pump intensity (to an irradiance ~ 5MW /cm?, 500x
the threshold value for 10~4M Rh6G quinoline in TSP040/150) resulted in a novel

and unexpected observation: more laser light was emitted from the fiber during
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the early part of the pump pulse than later on. Furthermore it was found that at
high intensities the time-integrated spectra observed using the spectrometer/OMA
displayed a small shift in peak position and asymmetrical broadening toward the
shorter-wavelength side. The apparent broadening was more noticable for high dye
concentrations (e.g. 2 x 1073M Rh6G). By studying the time delay of laser emissions
from narrow spectral regions it was established that this apparent wavelength shift
and asymmetrical broadening was a consequence of the laser frequency shifting to-
wards shorter wavelengths as the pump pulse developed. Higher dye concentrations
resulted in the laser emissions persisting further into the pump pulse and increased
the shift and broadening of peaks.

These features are demonstrated in figures 5.20-5.24. The spectra shown in
figure 5.20 were recorded with the OMA from a 30um core diameter fiber with
2 x 10~3M Rh6G under different pump irradiances. From about 100kW/cm? up-
wards the time-integrated spectra displayed here show a shift in the peak position
and an increasing apparent broadening towards shorter wavelengths. No broaden-
ing is observed on the longer-wavelength side of the peaks. The time dependence
of one of the broadened peaks is shown in figure 5.21, corresponding to the top
curve in figure 5.20. The error bars on the plot indicate the FWHM of the ob-
served pulse at different monochromator wavelength settings, while the dotted lines
indicate the FWHM of the pump pulse. During the early part of the pump pulse
the laser emissions occur at the same wavelength as do those observed under low
pump irradiance conditions. However, these are quickly shifted towards shorter
wavelengths as the pump and internal laser pulses develop. Comparing the spec-
tral and temporal plots in figure 5.21 shows that more than half of the observed
laser energy is observed during the first half bf the pump pulse. The change in
wavelength with time in figure 5.21 (upper plot) is approximately linear, while the
halfwidths of the laser pulses stay approximately constant; therefore the observed
decrease in the time-integrated spectra (lower plot) towards the shorter-wavelength
side of the peak indicates that the emissions from the fiber are decreasing as the
mode shifts towards shorter wavelengths. A further demonstration of the effects of

high pump intensity is in figure 5.22 which shows low- and high-irradiance spectra
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Figure 5.20: Spectra observed using the spectrometer/OMA for 2 x 10-3M Rh6G

quinoline in an a ~ 15um fiber under different TE illumination conditions.
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Figure 5.21: The lower plot shows a portion of the spectrum from the fiber of the
previous figure under an illumination of 10MW /cm?. The upper plot shows the
measured delay of the laser emissions with respect to the center of the pump pulse.
The error bars show representative full widths at half maximum for the observed

laser emissions; the dotted lines show the FWHM of the pump pulse.
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Figure 5.22: Laser spectra observed from a lower dye concentration (2 x 10~‘M
Rh6G) in a 2a ~ 40pm fiber illuminated at low and higher pump irradiances. Sig-
nificantly less broadening of the laser peaks is observed (although the laser enﬂssion
still occurs mainly in the first part of the pump pulse). The time-integrated spectra
show the peaks displaced towards shorter wavelengths at the higher pump irradiance.

(The two spectra are independently scaled for comparison.)

recorded using the spectrometer/OMA from a lower dye concentration (2 x 10~*M
Rh6G) in a 40um core diameter fiber. Significantly less broadening is observed but
the time-integrated spectra show a shift towards shorter wavelengths at the higher
pump irradiance. Another feature of the high-pump spectra is shown in figure 5.23,
showing spectra recorded from the same fiber as in figure 5.22, but at a higher
dye concentration (2 x 10~3M Rh6G). Two new and broader peaks appear on the
shorter wavelength side of the first-order modes. The time dependence of one of
these clusters of peaks is shown in figure 5.24, which shows that these new peaks
occur as the first-order modes are shifted to shorter wavelengths. The new peaks
do not build up from noise as separate laser modes but appear when the first-order
modes move across a spectral region where additional feedback is provided. This is

what gives the spectrum the ‘clustered’ appearance. The discontinuities in the time
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Figure 5.23: A portion of the spectra observed from a high dye concentration (2 x
10~3M) in the same fiber as the previous figure, under low and high pump irradiance.
Laser emission now occurs at a longer wavelength as a result of the higher dye
concentration. On increasing the pump irradiance two new broader series of peaks

appear on the shorter wavelength side of the / = 1 modes.
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Figure 5.24: The time dependence of the spectral region from 605 — 608nm in the
previous figure. Again most of the observed emissions occur in the first half of the
pump pulse. The original peaks and the new, broader peaks are seen to appear
consecutively as the laser emission is swept towards shorter wavelengths. The dis-
continuitites in the time dependence at 605.9nm and at 607.2nm correspond to the

positions of the cross-polarized modes appearing in the low-irradiance spectrum.
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dependence at 606nm and at 607.9nm correspond to the cross-polarized first-order
modes appearing in the low-intensity spectrum. The apparent mode broadening
under the conditions of figures 5.21 and 5.24 is such that laser light appears at all
wavelengths in the range 600-620nm.

The observed effect cannot be due to the intensity-dependent refractive index
(which would cause an increase in the effective refractive index, shifting resonances
toward longer wavelengths), and is not the result of damage to the cavity or the
catastrophic formation of a laser-induced plasma. We believe that the features
demonstrated in figures 5.20-5.24 are due to laser heating of the dye solvent as the
pump pulse and the internal laser pulse develop. Laser-induced heating of a dye-
doped liquid droplet has previously been investigated by Chen et al. [28]; however
it was found not to be a dominant process in their study of laser-induced radiation
leakage from a droplet. Numerical estimates of the heating effects in a cylindrical dye
microlaser are perhaps easier to obtain than in a liquid droplet because of the greatly
reduced QED enhancement factors in the cylindrical case, enabling more precise
estimates of the saturated population inversion for a mode of a given computed
external @-value. The heating of the dye solvent reduces the refractive index of the
solvent, shifting the resonances towards larger  (smaller wavelength) while reducing
the @-values. There are several possible sources of laser heating to be considered,
which differ somewhat depending on whether the region of interest corresponds to
the laser mode volume (near to the core surface) or not. In what follows we shall
describe the effects separately for these two regions: practically there is no clearly
defined boundary between the two but clearly the laser mode volume arguments will
apply to those regions where the radial mode function of the lasing mode order is near
to its maximum (see e.g. figure 3.17). Under the conditions in which these effects
are observed there é,re several modes with differing n above threshold, resulting in
only a radial dependence in the population inversion.

In the laser mode volume the gain is saturated, with No = 2rmqy/Ac@Q dye
molecules per unit volume in the upper lasing level. We assume that the remainder
of the dye molecules are in the ground state, absorbing pump radiation with an

absorption coefficient @ = Nyog, —s,(wp). Assume that any excited dye molecule
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05, —5,(wp) | 3.8 x 10~20m?
05,5 (wp) | 4x1072m?

05,5 (wr) | 1X% 10-21m?

Table 5.6: Cross-sections for ground-state and excited-state absorption for Rho-

damine 6G for A, = 530nm and A; = 580nm.

will eventually decay back to the ground state radiatively, with efficiency hv;/hv,.
(We neglect the possibility of decay to the triplet state as the lifetime for such decay
is far longer than the duration of the pump or laser pulses under consideration.)
The molecules in the upper laser level may be further excited by either the pump or
the laser field to the second excited state, whence they quickly decay nonradiatively
back to the laser level. The total energy per unit volume deposited in the mode

volume may thus be written
AFE = eNgas, —S, (wp)IpAt + Nz (05,8, (wp)IpAt + 05,5, (W) 1AL] (5.7)

where € is the fraction of the absorbed pump energy which is not emitted radiatively,
and which remains in the dye laser medium as heat (v, —v;/)v,. Outside of the mode
volume where the cavity @ is small the dye molecules will spend most of their time
in the upper lasing lasing level for high pump irradiance. Excited-state absorption
of the pump beam will therefore be a major contributor to thermal heating. We

express the thermal energy transferred in this region as

t
AE = eré—hupN + Nos, s, (wp) LAt (5.8)
21 '
Hence the heating rates corresponding to the lasing and non-lasing regions differ,
and modes above and below threshold will be affected differently by the heating
effect. Values for the cross-sections of Rhodamine 6G are given by Hillman [76] for

Ap = 530nm and A; = 580nm: these are shown in table 5.6. Values for the refractive
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C Ip Q Ng N, Il/Ip ATias ATﬂu Ania,

M MW /cm? m™3 m™3 °C °C
2x 1073 5 2x10° | 1.2x10%* | 0.6 x10%% | 450 3.7 2.5 —0.0019
2x10~* 5 2x10° | 1.14 x 10 | 0.6 x 10?2 | 45 0.37 0.25 | —0.00019

Table 5.7: Laser heating of the dye solvent during a single 14ns irradiating pulse.

index change upon irradiation can be calculated from equations 5.7 and 5.8 using
An = s—=—— (5.9)

Cpp for quinoline is 1.5 x 108Jm~3K ~1, while dn/dT = —5 x 10~*K~!. Some nu-
merical values corresponding to the experimental conditions of figures 5.20-5.21 are
given in table 5.7. The values for N, and I;/I, are calculated using the rate equation
approach. The calculated values for the temperature changes in the illuminated fiber
result in refractive index changes of the order of An =~ 0.002 for dye concentration
C = 2 x 1073M. The mode shifts corresponding to such a change in refractive index
are easily calculated to be of the order of 0.7nm for a homogeneous fiber; the corre-
sponding changes in mode locations and §)-values for the inhomogeneous refractive
indexes resulting from our analysis are not as easily computed, but can be expected
to be of the same order of magnitude, in excellent agreement with the observed
shifts. Exact computations would have to take into account the different tempera-
ture changes in the lasing and nonlasing regions: Chowdhury and co-workers have
shown how this can be done for a spherical particle [38]. The temperature variation
in table 5.7 scales é.pproxima,tely linearly with dye concentration for a given pump
intensity, and the lower concentration values in table 5.7 also agree well with the
observed spectral shift shown in figure 5.22. The reduction of the refractive index
decreases the cavity @)-value as well as shifting the resonant modes towards shorter
wavelengths. For the higher dye concentration above, homogeneous-fiber computa-

tions suggest that this reduction is of the order of 20%. This is not sufficient to
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explain the termination of the laser emissions from the high-@ cavity modes shortly
after the peak of the pump pulse or the fact that the emissions are already sub-
stantially reduced even before the pump pulse has reached its peak (see figures 5.21
and 5.24). This can be explained by the rapid change of the resonant wavelength
with time as the solvent heats up during the pump pulse; consequently there is in-
sufficient time for the cavity resonance to build up before the resonant frequency
changes. This will begin to be significant when the resonance wavelength changes
by about one halfwidth due to heating during an interval of one cavity lifetime.(The
lifetime of a resonant mode is 7, = Q/w [39].) For a cavity Q-value of 2 x 10° this
requires a wavelength shift of A/8t ~ 0.05nm/ns. The observed slope of the delay
in e.g. figure 5.24 is @A/dt > 0.1nm/ns, consistent with such an explanation.

Due to the fact that the temperature increase at a specific location inside the
fiber core depends on the modal field strength at that point the inhomogeneous tem-
perature distribution inside the fiber core can result in different effective refractive
indexes for modes of different order. Consequently different mode orders may be
shifted by differing amounts, those which have the highest {)-values being affected
the most. Hence as the pump pulse develops, high-Q modes may be shifted across
resonant modeé of a higher order. We believe that the additional feedback provided
when the two modes are coincident may be responsible for the appearance of broader
peaks superimposed on the asymmetrically broadened peaks from ouf larger fibers
(see e.g. figure 5.23). The appearance of two new broader peaks in the 40um core
diameter fiber is consistent with the computed modal ()-values for this fiber, for
which the ! = 2 and I = 3 mode orders have Q¢;; ~ 5 x 10? and 2 x 103 respec-
tively. Such additional peaks are not observed for small fibers, for which the second-
and subsequent-order modes have very low @s. It should be noted that the simple
heating analysis given above predicts large heating effects for lasing microdroplets
under highly intense pump irradiation, even for low or moderate dye concentrations.
Typically, pump irradiances used in the study of pulsed lasing microdroplets are

several orders of magnitude higher than those used in this study.
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5.4 Characterization of core size and taper using core-

resonance laser emission

It has been shown in section 5.3.3 that the observed mode spacing for a given
resonance order / contains information about the size of the capillary fiber core. We
have used scanning electron microscope images of several cleaved fiber tips to verify
that the fibers sizes fall within the manufacturers tolerances. Hence we have shown
that the observed mode spacings may be used with knowledge of the refractive index
and dispersion of the core and cladding media to determine the size of the fiber core.
The accuracy of this determination is limited in practice by the knowledge of the
refractive index and dispersion of the liquid solvent; in our case such uncertainties
amounted to between about one half and two percent, depending on the size. The
possibility of anomalous dispersion due to the presence of gain in the fiber core
remains to be investigated: we consider this unlikely because the saturated gain for
large-@) resonances is small, and no such effects have been observed in liquid droplets
[62]. This possibility could be investigated by more careful calibration and analysis
of electron microscopy images of the capillary fiber core.

Highly accurate measurements can be made of the variation in the core size
along a length of fiber usingvthe laser spectrum. We have done this by translating
a fiber vertically, successively imaging the laser emissions from different points on
the capillary fiber onto the entrance slit of the spectrometer. The observed shift
in the wavelengths of laser peaks with changing position on the fiber reflects the
changing cavity size. In the case of zero dispersion the fractional change in core size
is simply equal to the fractional change in laser wavelength: Aa/a = A)/), and this
relation has previously been used to monitor evaporation and condensation rates of
liquid droplets flowing in a stream. The effects of dispersion may be modelled as in

section 5.3.3; the result is

da_ad(, Ko 510

a A my
the correction factor being greater than unity for normal dispersion. A set of spectra
recorded at 2mm intervals from a length of TSP050/192 is shown in figure 5.25.
The corresponding values for the changes in the core size along the length calculated
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Figure 5.25: Spectra recorded at 2mm intervals from 2 x 10~3M Rh6G in quinoline
flowing in a length -of fiber with nominal core diameter 2a = 50pm. The observed

shifts of the modal wavelengths correspond to cha.nges'in the cavity size.
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Figure 5.26: Changes in the core diameter corresponding to the spectra shown in

the previous figure.

using the observed spectral shifts, the value for the core size computed using the
mode spacing and equation 5.10 are shown in figure 5.26. Changes of the order of
a few parts in’10%, corresponding in the present case to changes of 2 or 3nm in the
nominally 50um core diameter are easily detected. The average taper of the core
is of the order of Inm/mm - clearly such a small change must be interpreted as a
change in the average size. An interesting feature of the result shown in figure 5.26
is the change in the sign of the taper at the two ends. This piece of fiber was cut by
the manufacturers to a length of ~ 170mm. The one cut end is within a millimeter
of the zero distance point on the graph: the other end was embedded in the dye
reservoir approximately 2-3mm from the last data point. Similar changes in the sign
of the taper near to the tips of the fiber have been observed in the other lengths of
fiber supplied by the manufacturer, while no such changes are observable near the
tip of a fiber which is snapped or crushed. We believe that this effect may be due to

stresses set up in the fiber during either the manufacturing or the cutting process.
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Chapter 6

Summary, conclusions and

suggestions for further work

Elastic scattering computations We have rederived the boundary-value solu-
tion to the problem of the elastic scattering of a plane electromagnetic wave incident
normally on a layered dielectric cylinder and have developed computer programs to
evaluate the resulting equations for the internal and external electromagnetic fields
for given values of the core and cladding radii @ and b and the corresponding com-
plex refractive indexes m; and m;. The programs have been used to evaluate these
fields for size parameters up to z ~ 700; where possible results have been compared
to published values, giving good agreement in all cases. The general features of the
internal -a.nd sca.ttered fields can be understood as extensions of the known scatter-
ing characteristics of a homogeneous cylinder. The main features of the internal
and external near-field patterns have been explained using a geometrical-optics ap-
proach while the interference fluctuations in the computed extinction efficiency are
well predicted by an anomalous-diffraction theory for a range of core and cladding
indexes.

The nature of optical whispering-gallery-mode resonances in a layered fiber has
been investigated by studying resonant internal field patterns. We reach the follow-

ing conclusions:

1. For small core sizes (a < b/m;) and if my < m; the resonance spectrum of the
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composite fiber is identical to that of a homogeneous fiber with m = m;. The
resonance locations and Q-values are unaffected by the exact size or refractive

index of the fiber core.

2. If a << b/my and ﬁzg > m, additional modes may appear in the resonance
spectrum corresponding to excitation of the cavity formed by the fiber core.
These appear for increasingly smaller core sizes as the relative refractive in-
dex of the core increases. The locations and Q-values of these resonances are
approximately those of a homogeneous fiber of refractive index mq/m; and
radius a illuminated with light of wavelength A/m;. However these are modu-
lated slightly by their interaction with the low-Q feedback provided by internal

reflections from the external surface of the fiber.

3. For b > a > b/m; the resonance spectrum differs from that of a homogeneous
cylinder, the degree of change depending on the refractive index difference
between the core and the cladding. Resonances are shifted towards smaller z

and narrowed if mg > my, and vice versa.

4. For @ ~ b/m; resonances are more strongly affected for mz > m; than for
m, < my as in this case additional feedback into the cavity is provided by the

core/cladding interface.

Fluorescence from a layered fiber The model of Chew et al. for inelastic tht
scattering from a molecule in a cylindrical dielectric particle has been extended to
allow for the possibility of a layer of differing refractive index on the cylinder. We’
find that the model predicts that the signal from a collection of molecular fluores-
cent centers in a capillary core is proportional to the number of scatterers when
neither the illuminating nor the emitted frequencies are resonant. We have used the
extended model to investigate the effects of the various resonant configurations on
the fluorescence from a liquid in a capillary fiber. If the capillary has thin walls, or
if the solvent in the core region has a higher refractive index than that of the walls,
resonance enhancement of the fluorescence process can occur, resulting in large spec-

trally narrow peaks in the fluorescence spectrum. The origin of these peaks is the
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enhancement of the molecular transition rates at resonant frequencies as a result of

the increased density of final states.

Laser emission corresponding to core whispering-gallery modes By pass-
ing quinoline doped with the laser dye Rhodamine 6G through a fused-silica capillary
fiber and illuminating it normally with a frequency-doubled Nd:YAG laser beam we
have observed laser emission from the dye at wavelengths corresponding to the high-
@ resonances of the cavity formed by the fiber core. The laser emission is emitted in
all directions in a plane perpendicular to the fiber axis. The spectral characteristics
of the laser emission are well explained by the computed modal Q-values and by
the optical properties of the bulk dye solution. The spacing between modes with
the same radial mode number and with azimuthal mode number differing by one
follows from the computed resonance spacing when the effects of dispersion are prop-
erly accounted for. The effect of the interference modulation of the core resonance
@-values is to modulate the strengths of the observed laser pea.ks, particularly for
the TM modes. For large fibers more than one set of laser peaks may be observed,
corresponding to different orders of resonance with differing radial mode numbers.
We have used a simplified rate equation analysis based on a four-level laser
scheme for a dye laser to predict critical dye concentrations and pump intensity
thresholds in fibers of different core sizes. We find that the results are in good
.a.greem.ent with observations when the bulk cross-sections of the laser dye are used
in the analysis. From this we conclude that the cavity quantum electrodynamic en-
hancement of the cross-sections is not as significant in a cylindrical as in a sphérica.l
geometry, which is expected due to the lower dimensionality of the cavity. A theo-
retical treatment of the transition rates in a cylindrical cavity is needed before this
result can be fully understood - the possibility of enhanced emissions into guided-
wave modes, which would reduce the gain for whispering-gallery modes, requires
investigation. Polarization studies are simpler in a cylindrical than in a spherical
geometry both because of the better coupling of the pump and laser fields via the
induced dipole moment and because the two sets of modes are easily identifiable

experimentally by the use of a linear polarizer. Several features of the polarization
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of the laser emissions can be explained, at least qualitatively, in terms of the depo-
larization lifetime of excited dye molecules in solution, the decrease in the average
excited-state lifetime of dye molecules with increasing laser power and the differing
Q)-values of the laser modes. On the other hand the appearance of cross-polarized
modes under high-intensity TM pump irradiance is not fully understood and mer-
its further investigation. The extension of these polarization studies to the slightly
more complex case of a lasing microdroplet and a comparison of the polarization
characteristics of the lasing with those of SRS from a microdroplet would be inter-
esting. '
We have observed a shift of laser modes towards shorter wavelengths during the
evolution of the pump and internal laser pulses, particularly for high dye concentra-
tions and pump intensities. We believe that this is a manifestation of heating of the
dye solvent by the intense fields at the pump and laser wavelengths, which alters the
refractive index and hence the resonant mode frequencies of the laser cavity. The
observed spectral shift is consistent with a temperature increase of several degrees
predicted by a simple analysis of the heating effect of pumped Rh6G dye molecules.
The heating rates are different for those regions of the core which are above thresh-
old (in the mode volume near to the core surface) and those regions which are not,
resulting in a radially varying refractive index profile developing during the laser
pulse. Hence modes which are above and below threshold (with different modal
field pattterns) will be affected differently by the heating. It would be interesting to
study this effect using a train of mode-locked pulses to confirm the cumulative na-
ture of the effect. Another possibility would be to attempt to vary the heating rate
in the fiber by the addition of some suitable absorber tb the dye-doped solvent. It is
worth considering the possibility of similar effects occurring in lasing microdroplets.
We have not aftempted to explain the number of laser peaks observed above
threshold for the different fibers, pump intensities and dye concentrations. Such an
explanation would require a dynamical treatment of spatial hole-burning of modes
with different azimuthal mode numbers. However a clear trend has emerged from
our experimental data of more modes of the same radial mode number being ob-

served above threshold for the larger fibers; this may be a consequence of the larger
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azimuthal mode numbers and hence more complex resonant internal field configura-
tions for these fibers, or due to the shapes of the absorption and gain curves at the
shorter or longer wavelengths where the smaller or larger fibers respectively lase, or
simply due to the mode spacing. Another point of interest is the length along the
lasing fiber for which the internal laser field is coherent. The internal fields build
up from fluorescent noise at the laser frequency - essentially from a single photon.
- However, the internal field can only be coherent over a finite length of fiber which
may be limited by the fiber taper or by the finite time for a laser mode to spread
coherently along the length of the fiber, which might require many round trips. Our
measurements of the fiber core taper, which were easily made with a high degree
of accuracy by recording core resonance laser spectra from different points along
a length of fiber, suggest that it would limit this length to the order of 1mm for
narrow (Q = 10°) modes. However competition between laser fields at the same fre-
quency with different phases initiated at different points along the pumped length
could limit this length to substantially less than this. By isolating the emissions
from a short length of fiber such that the emissions from the length are coherent it
may be possible to detect the angular fine structure in the emissions from a single
mode. To our knowledge such fine structure has not previously been observed in the
emissions from a whispering-gallery-mode laser. Such an observation could confirm
the assignment of mode numbers to laser peaks by providing a direct measurement
of the azimuthal mode number n.

The possibility of high-@ whispering-gallery modes needs to be considered in the
design of fiber lasers and fiber laser amplifiers for optical communications, where such
modes could result in whispering-gallery-mode lasing and consequent loss of gain for
travelling waves. Such modes could be suppressed by choice of suitable parameters
for the fiber size and relative refractive index. |

The capillary-fiber laser described in this thesis provides a useful means of study-
ing the resonance spectrum of a coated microparticle experimentally, which might
be relevant in any application requiring a protective coating on a microparticle laser.
Coated microparticles might also be a means of creating a bulk medium consisting

of a large number of independent microparticle cavities. The very small amount of
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laser dye required for operation (1cm?® of dye—dop_ed solvent is sufficient for several
hours of laser operation) and the predictable and consistent laser operation might
make the system useful for investigating the laser characteristics of dyes. We believe
that further theoretical and experimental study of this cylindrical laser is warranted
as it provides an ideal test for certain aspects of laser processes in whispering-gallery-

mode lasers.
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