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ABSTRACT

This thesis investigates the experimental development of advanced solid-state lasers operating
in the 2-um region which have potential applications in medical surgery, remote sensing, and
pumping of other mid-infrared solid-state lasers. In particular, lasing characteristics and
spectroscopic properties of thulium-doped crystals and glasses in the near- and mid-infrared
have been studied.

The first part of the thesis focuses on two experiments aimed at improving the
continuous-wave (cw) operation of the thulium-doped YAIO; (Tm:YAP or Tm:YAIlO) lasers.
In the first experiment, the effect of doping (thulium or Tm®") concentration on diode-end-
pumped laser operation was investigated. Three crystals with different Tm®" concentrations of
1.5, 3 and 4 % were tested and best power efficiency was obtained with the 1.5% Tm:YAP
crystal. Main conclusion of this work is that the cross relaxation effect, which enhances two-
micron laser emission and weakens the competing 1.6-micron emission, is already effective
with 1.5 % doping level based on the fluorescence data and rate equation analysis. In the
second experiment, low-threshold operation of a cw Tm:YAP laser was experimentally
demonstrated under Ti:sapphire pumping. In the experiments, a 4% Tm:Y AP crystal was used
inside a resonator with tight focusing geometry and lasing threshold powers as low as 10 mW
have been obtained when double pumping was employed. As an application of the cw
Tm:YAP laser, fiber-coupled version of the diode-pumped system was further built on a
mobile platform and used in collaboration with a biomedical group from Bogazici University
to evaluate its potential in tissue welding. The preliminary results investigating the interaction
of laser radiation with tissues indicate that lower intensities (around 15 W/cm?) are suitable
for welding while higher intensities lead to coagulation and ablation.

Next, spectroscopic studies of two thulium-doped hosts were performed to investigate

their lasing potential in the 2-um region. These were Tm’:LuAG, a laser-active thulium-
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doped garnet and Tm,03:(0.85)TeO,-(0.15)WOs, a thulium-doped telluride-based glass which
was prepared at Istanbul Technical University. For the Tm’":LuAG crystal, it was observed
that the 1470-nm (‘H4—’F,) emission vanished for 5% Tm’" concentration due to cross
relaxation while its strength was 60% of the 1800-nm (*F4—’He) emission for the 0.5% Tm’"
concentration. We determined an emission cross section of 1.2£0.2 x 10! cm? at 2023 nm,
the free running wavelength for this crystal. For the Tm;03:(0.85)TeO,-(0.15)WO3 glass, the
fluorescence spectra of the 0.25 mol% and 1.0 mol% samples and the calculated emission
cross sections (3.73 £ 0.1 x 10?' cm? at 1460 nm and 6.57 + 0.07 x 10*' cm? at 1808 nm)
indicate that this glass is a potentially important candidate for mid-infrared emission systems,
with the 0.25 mol% Tm,O; doping concentration being suitable for fiber-optic amplifiers
operating around 1.5 um and 1.0 mol% suitable for laser systems near 2.0 um. However, to
date, lasing trials in thulium-doped samples have not been successful possibly due to
excessive passive losses or reabsorption in these samples.

To further test the lasing potential of the TeO,-WO; glass as a laser host, we
experimented with neodymium-doped samples and successfully demonstrated lasing at 1065
nm. This was the first demonstration of lasing in this novel telluride glass host. By using the
0.5 mol% sample, we obtained 11 pJ of output energy with a slope efficiency of 12% by using
114 pJ of pump energy. Hence, our studies have shown that TeO,-WOj; is a new, telluride-
based laser glass host which can be used in the development of efficient bulk glass or fiber

lasers in the infrared.
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OZET

Bu tez 2 um dalga boyu civarinda ¢alisan ileri diizeyli katihal lazerlerinin deneysel olarak
gelistirilmesi amac1 ile yapilan arastirma c¢alismalarini igermektedir. Bu lazerlerin 6nemi,
cerrahi, mesafe Olgilimleri, atmosferik goriintilleme, ve orta kizilalti dalgaboylarinda calisan
lazer ve optik parametrik osilatorlerin pompalanmasini kapsayan birgok uygulamalarinin
bulunmasindan ileri gelmektedir. Tez calismalari, 6zellikle, yakin ve orta kizilalti bolgede
1sinim yayan tulyum katkili kristal ve cam lazerlerinin gelistirilmesi ve incelenmesi, ve
tulyum katkili kristal ve camlarin spektroskopilerinin incelenmesi lizerine yogunlagmistir.
Tezin ilk kismu siirekli-dalga tulyum katkili YAIOs; (Tm:YAP veya Tm:YAIO)
lazerinin gelistirilmesi amacl iki deneysel ¢alisma iizerine odaklanmistir. {1k calismada kristal
icersindeki tulyum iyon yogunlugunun siirekli-dalga diyod pompali lazer performasi
iizerindeki etkisi tetkik edilmistir. Bu amacla %1.5, %3, ve %4 oraninda tulyum katkil1 ii¢
degisik YAP kristali kullanilmis ve en iyi verim %1.5 katkili 6rnek ile elde edilmistir. Bu
calismanin en belirgin sonucu iki-mikron dalgaboyundaki lazer verimini arttiran capraz
soniim etkisinin %1.5 katkil1 6rnekte bile etkili oldugunun tespitidir. Ikinci calismada, diisiik
pompa esik giicliyle calisan ve Ti:safir lazeri ile pompalanan siirekli-dalga Tm:YAP lazeri
gelistirilmistir. Deneylerde, %4 tulyum katkili YAP kristali ve siki odaklama igeren optik
kovuk tasarimui ile ¢ift pompalama uygulanarak 10 mW pompa esik giicii elde edilmistir.
Ayrica, diyod pompali siirekli dalga Tm:YAP lazeri, Bogazigi Universitesi biomedikal
boliimiinden bir grup ile ortak proje kapsaminda, lazer doku kaynagi potansiyelini tespit
etmek hedefi ile, hareket ettirilebilir bir platform iizerine kurulu ve optik lif ¢ikisl bir yapiya
doniistiriilmiistir. Bu proje kapsaminda lazer 1siniminin dokularla etkilesimini inceleyen
deneylerin 6n sonuglari, test edilen 151mm yogunluklarimin diisik (15 W/cm?® civarindaki)
degerlerinin doku kaynagi i¢in, daha yiliksek degerlerinin ise doku yakma ve buharlastirma

uygulamalari i¢in uygun oldugunu gostermektedir.



Daha sonraki caligsmalarda tulyum katkili iki farkli malzemenin 2 pm dalga boyu
civarinda lazer 1s1n1mmi1 yayma potansiyeli spektroskopik inceleme yontemi ile arastirilmigtir.
Bu malzemeler bilinen bir lazer kristali olan Tm®’":LuAG ve tulyum katkili teliir bazli
Tm;03:(0.85)Te0,-(0.15)WO; camudir. Cam 6rnekleri Istanbul Teknik Universitesinde yerel
imkanlarla iretilmis olup bu agidan 6zel 6nem tasimaktadirlar. Yapilan ilk caligmada,
Tm’":LuAG kristalinde, 1470-nm merkezli (CHs—°F4) 1s1ma bandinm, %5 Tm®" katkili
ornekte capraz soniim mekanizmasi sonucunda tamamen yok oldugu, halbuki %0.5 katkili
ornekte 1800-nm merkezli (*F4— Hg) 1s1ma bandinin  %60°1 biyiikliginde oldugu
gbozlenmistir. Bu calismada ayrica Tm’":LuAG kristalinin serbest lazer caligma dalgaboyu
olan 2023 nm’deki 1g1nim ara kesiti 1.2+0.2 x 10" cm? olarak belirlenmistir. Ikinci calismada
ise Tmy03:(0.85)TeO,-(0.15)WO3 caminin, 1sinim tayflarina ve hesaplanan 1smnim ara
kesitlerine (1460 nm’de 3.73 + 0.1 x 10?' cm® ve 1808 nm’de 6.57 + 0.07 x 107" cm?)
dayanarak, 0.25 mol% Tm,O; katki orant ile 1.5 pum civarinda ¢alisan fiber-optik
yiikselticiler, 1.0 mol% Tm,Os3 katki orani ile ise de 2.0 pm civarinda ¢alisan lazer sistemleri
icin giiclii bir aday olma potansiyeli tasidigi sonucuna varilmistir. Ancak, bugiline degin
yapilmis olan denemelerde tulyum katkili cam 6rneklerden lazer 1sinim1 elde edilememistir.
Bunun sebebinin 6rneklerdeki pasif kayip seviyesinin yiiksek olmasi muhtemeldir.

Tulyum katkili 6rnekleri ile lazer denemelerinin basarisiz olmasi iizerine, TeO,-WO;
caminin lazer 1g1nim potansiyeli neodymium katkilanarak 6lciilmek istenmis ve neodymium
katkilt 6rnekler ile 1065 nm’de lazer 1smmimi elde edilmistir. Boylece 6zgiin bir teliir bazli
camdan (Nd;03:(0.8)TeO,-(0.2)WO3) lazer 1simimui ilk kez elde edilmistir. Deneylerde 0.5
mol% katkili bir 6rnek 114 uJ pompa enerjisi ile uyarilarak %12 verim egrisi ve 11 uJ ¢ikis
enerjisi elde edilmistir. Sonug olarak ¢alismalarimiz TeO,-WO3; caminin kiitle ve lif yapisinda

verimli cam lazerler gelistirmeye elverisli oldugunu ortaya koymustur.
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NOMENCLATURE

g laser gain

or emission cross section

AN population inversion

ANy, threshold population inversion

n; population of active ions in the upper laser level
n; population of active ions in the lower laser level,
g5 & degeneracy coefficients

1 intensity

/ length of the gain medium

a differential loss coefficient
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Chapter 1

INTRODUCTION

A laser, where the name stands for “Light Amplification by Stimulated Emission of
Radiation”, typically requires a gain medium inside a stable resonator cavity consisting of
highly reflecting mirrors. The gain medium excited by a pump source provides optical
amplification via stimulated emission and the resulting radiation resonates inside the
cavity. Radiation is extracted from a laser with the help of a partially transmitting mirror
called the output coupler. The general classification of lasers is made according to the gain
medium. Those which have a crystal or glass as the gain medium are called solid-state
lasers. In this class of lasers, the crystal or glass which is called the host is doped with an
active ion (a rare-earth or transition-metal ion, for example). In fact, the first demonstration
of lasing was done by Maiman[1] in 1960 with a solid-state ruby laser which had a
sapphire crystal doped with chromium ions as the gain medium. Lasers are further
categorized according to the wavelength of operation and among the various wavelength
ranges the mid-infrared (mid-ir) region covers the 2-5 um (micron) range. This thesis will
be mainly based on the research work done on thulium-doped mid-infrared solid-state laser
systems operating in the 1.9-2.1 pum wavelength range. Mid-infrared systems emitting
around 2 pm have been gaining importance due to a growing number of applications in
medical surgery, atmospheric sensing and range finding, as well as pumping of other mid-

infrared solid-state lasers or optical parametric oscillators (OPO).
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The organization of the thesis will be such that a background on thulium-doped
solid state laser systems will be given in Chapter 2. This background will include a review
of laser gain mechanisms and dynamics relevant to the continuous-wave laser, energy
structure, spectroscopy and lasing characteristics of thulium-doped systems, and an
extensive overview of two-micron lasers and their applications. The following chapter will
include the study of continuous-wave (CW) operation of thulium-doped YAIO; (Tm:YAP
or Tm:YAIO) laser. Two experiments will be discussed in this section; influence of doping
concentration on the performance of diode-pumped laser operation and low-threshold
operation of Tm:YAP laser pumped by a Ti:sapphire laser. The subject of Chapter 4 is a
joint project with a biomedical group from Bogazici University to develop a surgical
system based on Tm:YAP laser. Spectroscopic characterization of laser materials will be
described in the next chapter with two specific examples; a thulium-doped garnet LuAG
(Tm:LuAG crystal) and thulium-doped telluride-based glass Tm;03:(0.85)TeO..
(0.15)WO:;. Finally, Chapter 6 will cover lasing trials with telluride-based glasses and laser

action in neodymium-doped telluride glass.
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Chapter 2

BACKGROUND

2.0 Introduction

This chapter is intended to introduce the reader to two-micron solid-state lasers and their
applications, and to provide a background for the following chapters. Following three
sections (2.1, 2.2, 2.3) of this chapter give a general description of continuous-wave (CW)
lasers discussing gain mechanism, threshold and CW operation, respectively. The next
three sections introduce the thulium-doped systems by describing the energy structure,
spectroscopy and lasing characteristics of these systems. The introduction of thulium
systems is followed by a substantial review on two-micron lasers in a historical perspective
in Section 2.7. Finally, Section 2.8 covers the applications of two-micron solid-state lasers
in three subsections: medical applications, remote sensing and pumping of other solid-state

lasers.

2.1 Gain Mechanism in Lasers

In a laser gain medium, optical amplification takes place as a directional photon
propagating inside the resonator cavity is incident on the gain medium which has been
excited by the pump source, and causes other directional photons to be emitted. These new
photons will contribute to and increase the radiation propagating inside the cavity. This
process is called optical amplification by stimulated emission of radiation. Meanwhile,
other photons are also emitted spontaneously from the excited gain medium with random

propagation directions which do not contribute to the laser radiation but are wasted away,
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and this is called spontaneous emission. Optical amplification (gain) is provided by active
elements in the gain medium which are ionized dopant atoms inside a host crystal or glass
in the case of solid state lasers. The radiative and nonradiative transitions of valence
electrons in active ions generate the laser activity. The remaining discussion in this chapter
will be in the context of solid state lasers.

Lasers can be divided into two main categories based on their gain mechanisms:
three-level and four-level. A simplified energy diagram of a three-level system is shown in
Fig. 2.1 where the lower laser level and ground level are the same. When an active ion in
the gain medium is excited from the ground state to the pump level in such a system, this
ion decays rapidly (and generally nonradiatively) to the upper laser level. Laser transition
takes place from this level to the lower laser level (ground level) with the emission of a
photon. In a four-level system (see Fig. 2.2), on the other hand, the lower laser level and
ground level are separate and the lower laser level is vacated rapidly via nonradiative
decay. So the ion population in the lower laser level will always be nearly zero in four-level
systems, while in three-level mechanisms there will always be active ions in the ground
state populating simultaneously the lower laser level. Clearly, three-level systems require
more intense pumping to generate population inversion (state of having more active
elements in the upper laser level than the lower laser level) and thereby, are less efficient

compared to four-level systems.

pump band pump band
I \fast 4 \fast
N2
N2 -
— VLl laser
Vb pump vy | laser Vp N transition

transition -

ground N4 ground / fast

Fig 2.1. Three-level gain system. Fig 2.2. Four-level gain system.



Chapter 2: Background 5

The gain coefficient of an active medium can be calculated from

g= 0 AN (2.1

where o, is the stimulated emission cross section, the material parameter indicating the
strength of the laser transition, AN= n,-(g./g;)n; is the population inversion, 7, and n;
being the population of active ions in the upper and lower laser level, respectively, and g,
g are the degeneracy factors. Stimulated emission entering the gain medium is amplified
exponentially according to I(z)= 1(0)e** where z is the distance that the radiation propagates
inside the medium The total amplification in one round-trip inside the laser cavity then
equals €’®, [ being the length of the gain medium along which the radiation (generated by
stimulated emission) propagates. The round-trip gain has to equal round-trip resonator loss
for lasing to occur. Lasing initiates when radiation inside the cavity resonates and remains
constant after one round trip so that it does not decay away. For this the resonator cavity
has to be stabilized also, meaning that laser intensity propagating inside the cavity in the
form of a Gaussian beam will resonate and not leak out. The state at which lasing starts is
called threshold, and the gain coefficient at lasing threshold is called threshold gain. The

condition for threshold in a two-mirror cavity is given by
&€= (1/(R/R)) (2.2)
where the right hand term represents total loss inside cavity. In (2.2) a is the differential

loss coefficient of the cavity accounting for all loss except transmissions of mirrors, and R;

and R, are the mirror reflectivities.
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2.2 Threshold

To reach lasing threshold, the laser has to be pumped with sufficient power so that
threshold gain is obtained which means that threshold population inversion AN, has to be
achieved (see Eq. (2.1)) since emission cross section oz is a characteristic of the gain
medium. Population inversion is a function of the pumping rate, that is the rate at which
active elements in the gain medium are excited from the ground state to the pump level and
so to the upper laser level since decay to this level from the pump level is very fast. Since
pumping rate is directly related to the pump power, using rate equations for populations of
energy levels involved in the laser activity and equations for Gaussian beam propagation,

the incident threshold pump power for three and four-level[2] systems can be derived as

_ ﬂhvp(wf +w12])(T+L+2N0'L)

> (three-level) (2.3)
42.7751 O-L
2 2
= 7y, (wy +w, )T +L) (four-level). 2.4
! 4n 7o,

In Egs.(2.3) and (2.4), several important laser parameters are employed: v, is the frequency
of the pump radiation, w; and w, are beam waist spot sizes of laser mode and pump,
respectively, T is the output coupler transmission, L is the round-trip passive cavity loss, N
is the active ion (dopant) concentration in the gain medium, 7, is the fraction of pump
power absorbed by the gain medium. 7, further equals 1 — exp(-a,/) where a,=No, is the
absorption coefficient at pump wavelength and o, is the absorption cross section at the
pump wavelength, 1 is the fluorescence lifetime of the upper laser level (see Section 2.5).
Normally, the pump beam is focused inside the gain medium and the cavity mode waist
(focus) is made to coincide with the pump waist (focus) as much as possible so that
efficient pumping of the gain medium and transfer of energy to the laser mode can take

place.
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At a first look at the above equations for threshold, one can see that tight focusing
of the pump, smaller laser mode spot size, lower loss inside cavity, higher absorption of
pump and larger emission cross section are factors that lower the threshold pump power
which is desired for practical and efficient systems. Also the three-level equation has the
extra term 2No;, which represents reabsorbtion, the absorption of photons (emitted from the
upper laser level) by the ground state ions. Since the pumping in three-level systems has to
overcome reabsorption, these systems require higher threshold pump powers and are less

efficient compared to four-level systems.

2.3 Continuous-Wave (CW) Operation

In cw operation, as the pump power is increased above threshold, more active ions are
excited to the upper laser level increasing the gain which is instantaneously saturated down
to the threshold level by the increasing stimulated emission. Remember that at the
threshold gain level, resonating laser intensity inside the cavity remains constant after one
round-trip. Hence the gain stabilizes at the threshold level instantaneously at each pump
level while laser intensity (or equivalently laser power) inside cavity stabilizes at a higher
level. This is called gain saturation and the unsaturated gain is called small signal gain. If
gain saturation did not take place, resonating power inside would blow up and cw laser
operation would not be possible. The process can be visualized with the help of Fig. 2.3
where gain saturation is described using a simplified gain versus frequency profile for a
homogeneous medium where all active ions have identical gain profiles. The straight lines
represent stabile modes of the laser cavity, and lasing occurs at the frequency v, where the

maximum region of the gain intersects a cavity mode.
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unsaturated gain
N T T
N L N | | oss
saturated gain | [}/ /// N \\
L RNAN
/( 1 N \
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Ar V
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Fig. 2.3 Saturation effect in a homogeneous gain medium

On the other hand, at the output of the laser a small portion of the internally
circulating power is extracted through a partially transmitting mirror (output coupler or
OC). As the pump power is increased above threshold, output power of laser increases
linearly with a slope 7, called the slope efficiency (also called differential efficiency by

some)as shown in Fig. 2.4.

n (o))
o o
I ]

N
o
L

Output Power (mW)

= N W
o o O O
I I I

0 T 50 100 150 200 250
Incident Pump Power (mW)
th

Fig. 2.4 Typical power efficiency curve for a cw laser

The slope efficiency for a four-level system is given by
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ns = (TAT+L)) (vi/ V) (11a)- (2.5)

In Eq. (2.5) vi/v, 1s called the quantum efficiency. (1- v;/v,) is known as the quantum
defect. Quantum defect is a limitation on the efficiency of the system exerted by the lasing-
pumping transition scheme utilized to obtain lasing. According to Eq. (2.5), efficiency will
increase at first when output coupler transmission 7 is increased from zero, the extent of
the increase depending on the relative size of L with respect to 7, but reach an optimum
level where it will begin decreasing when 7 is increased further. Also increasing T will
cause the threshold pump power to increase. So in designing a laser cavity, 7 is usually
chosen by taking into account its effect on both threshold and efficiency. In general,
threshold pump power and slope efficiency are two main performance parameters of cw
lasers and lowering the threshold and improving the efficiency are two main driving forces

of laser research.

2.4 Energy Structure of Thulium-Doped Systems

Thulium is one of the rare-earth atoms used as a doping impurity in host crystals (or
glasses) to form gain media for solid state lasers. These rare-earth atoms (Nd, Er, Ho, Tm,
YD, etc.) are also called trivalent lanthanides since they form 3" ions inside the host. Due to
the isolation by outer electron shells and weak effect of crystal field, energy structures of
the trivalent rare earth ions do not change significantly from host to host. Thus they can be
accurately approximated by the trivalent rare earth ions in aqueous or gaseous solutions.
Thulium(Tm) in ionic form replaces one of the 3" ions inside the host. Thulium atom, with

atomic number 69, has the following atomic configuration[3]

15%2572p°3s%3p°4s?3d"4p°5s24d' 5 pPes4f".
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20000 cm-1(5600Nnm) |_ =
3':2
15000 cmM-1(667Nnm) | 3E
3

14000 cm(714nm) [

12000 cmM-1(833nm) | 4
1470 nm
3H5
8000 cm-1(1250nm) 800 nm
6000 cm-1(1667Nnm) \ 4 3|:4
1800 nm
3
o L He

Fig. 2.5. Energy level diagram of 4f shell of Tm’" ion.

Trivalent Tm®" ion is formed as two 6s electrons and one 4f electron form bonds with
atoms of the host molecules. Twelve electrons remain in the 4f shell of trivalent thulium
ion. The transitions of 4f electrons among energy levels of partially filled 4f shell bring
about the fluorescence spectrum in the 700-2300 nm range. The energy diagram of the

Tm®" ion relevant to this spectroscopic range is shown in Fig. 2.5. It should be noted that

10
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the name of the *H, and F, levels are reversed in some references such as[4-6], but in this
thesis the notation accepted most commonly in laser research[7, 8] will be used. The
splitting of the energy levels of the 4f shell shown in Fig. 2.5 is dominated by coulomb
forces and spin-orbit interactions between 4f electrons which are not influenced by the host
since 4f states are isolated to a good extent by the 5s and 5p shells which are full. These
energy separations are represented by the 2000-10000 cm™ gaps among the thick bars in
the diagram. Each of the levels depicted by thick bars is associated with an electronic
energy level of the thulium atom with total angular momentum value J which is represented
by the subscript in the name of each level. For example the J value for *Hg level is six. For
a value of J, 2J+lenergy levels are allowed. The effect of the host occurs in the fine
splitting of these 2J+1 levels. So the thick bars in the diagram contain several closely
separated lines. This is called the Stark effect and occurs due to the lattice vibrations. This
effect splits an electronic energy level with a certain J value into 2J+1 vibronic energy
states called Stark levels. These levels are separated nearly equally with energy gaps on the
order of 100 cm™. A set of closely split Stark levels born from the same electronic level
designated by a J value as the subscript is called a manifold or a multiplet such as the °F,4

multiplet.

2.5 Spectroscopy of Thulium-Doped Systems

Spectroscopic characteristics of Tm-doped solid state materials are the outcome of the
radiative and nonradiative processes which take place in and among Tm’" ions which are
the active elements inside the crystal. When the ions are excited to a higher energy level by
absorbing light photons, they decay afterwards to their ground state via radiative and
nonradiative relaxation mechanisms. Transitions between electronic states and transitions
between vibronic states that are assisted by phonons, both of which emit photons, constitute

radiative relaxation mechanisms. On the other hand, transitions that involve phonon

11
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emission, energy migration and/or energy transfer via ion-ion or ion-crystal lattice
interactions make up nonradiative relaxation processes. The lifetime of an energy state
(excited state life time or fluorescence lifetime) indicates the spontaneous decay rate of that
state via radiative and nonradiative mechanisms after excitation. In equation form, the

fluorescence lifetime (or just the lifetime) of an excited state i is given by

i1t 1 (2.6)

where t;; and T, represent radiative and nonradiative lifetimes of state i respectively. The
radiative and nonradiative lifetimes of an excited state 1 in return are

1 ..
_:ZA(ZDJ)’ (27)
' J

T

ir

L = ZW(i, 7 (2.8)

mn

where A(i,j) and W(ij) denote the spontaneous emission rate (probability) and nonradiative
transition rate (probability), respectively, from excited state i to terminal level j and the
summation is over all terminal states. The branching ratio, also called the fluorescence
branching ratio, indicates the strength of a decay from an excited state i to a certain

terminal level j and is stated as

_AG, ) _ ..
B = ZA(iaj) TirA(l:])- (2.9)

12
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The luminescence quantum efficiency for an excited state given by the ratio of fluorescence

lifetime to radiative lifetime as

n=— (2.10)

indicates the strength of radiative emission in the decay of that state.

In the case of rare earth ions such as Tm’" inside a host, the Stark levels inside the
upper and lower manifolds are so closely located so that only the average lifetimes (decay
rates) for a multiplet can be measured. The spontaneous emission rate from a Stark level i

inside a multiplet a to all components j of another multiplet b is

A@M:ZA@ﬁ (2.11)

If it is assumed that equal populations reside in each level i inside multiplet a, then the

measured rate 4A(a,b) will be the average of the multiplet given by
1
A(a,b)y=———) A(i,b 2.12
(a)zwﬂz(l) (2.12)

as J is the total angular momentum value associated with the multiplet and 2J+1 are the

energy levels inside it.
2.6 Lasing Characteristics of Thulium-Doped Systems

The transitions that underlie the lasing and fluorescence activities in thulium-doped

systems covered in this thesis involve mainly *He multiplet as the ground level, °F,4

13
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multiplet as the upper laser level for the 2-micron radiation (1.8-um emission band), and
3Hy4 as the pump level which is also the upper level for the 1.5-um emission band (see Fig.
2.5). Exciting a thulium-doped gain medium at 0.8 um generates two important radiative
emissions: one band centered around 1.5 um holds a potential for developing fiber-optic
amplifiers in telecommunication systems, while the second band centered around 1.8 pm,
which produces the two-micron laser radiation, is suitable for developing lasers for medical
applications as well as atmospheric and chemical sensing. Note that the lower level for the

1.5-pum transition is the *F4 multiplet which is at the same time the upper level of 1.8-um

transition.

Tm3* Tms3*

Y Y 3H4
(1.5 um)
3H5
Pump
(0.8 um) _ 3,
(1.8 pm)

v v 3H6

Fig. 2.6 The interaction between two nearby Tm®" ions via cross-relaxation.

An important characteristic of thulium-doped systems is the cross relaxation process
which is a self quenching effect of the 1.5- pm emission that boosts the efficiency of the
1.8-um emission. Cross relaxation process becomes effective with increasing concentration
of Tm®" ions inside the host. As shown in Fig. 2.6, in this process two nearby ions interact

nonradiatively, and one of them that has been excited to the *Hy level decays nonradiatively

14
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down to the *F, level, promoting the other ion in the ground state to the *F4 level. Thus, two
ions are excited to the *F, level with one pump photon enhancing the efficiency of the 1.8-
um emission. This is an important effect that has to be taken into account in designing
thulium lasers, and especially for those operating at two-micron, doping concentration is
made high enough to quench the 1.5-um emission in favor of the laser emission.

Another important aspect of the Tm-doped systems is the quasi-three level
gain mechanism of the 1.8-um emission band which generates the lasing around 2 pm. The
quasi-three level mechanism is an outcome of the close separation in energy of the ground
and lower laser level which are Stark levels both located in the *F4 manifold. The proximity
between the lower laser level and the ground level results in a significant population of
Tm®" ions occupying the lower laser level as predicted by the Boltzman distribution. The
nonradiative relaxation rates of Stark levels inside a multiplet are much faster than other
transition mechanisms in laser crystals. Hence these closely located levels inside a
multiplet come into thermal equilibrium very quickly. Accordingly, the fraction of the
population of a multiplet a residing in a Stark level i can be approximated by the Boltzman

distribution

/, = SRS 1y

a

where E,; is the energy of level i and Z, is the partition for the multiplet a given by

Z, =Y exp(-E, /kT) (2.14)

i=1

m being the total number of Stark levels inside the multiplet a. Then, in a quasi-three level

laser system the population inversion is given by[9]

15
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AN :fgl’lg—fﬂ’l] (2.15)

where 7, and n; are the populations of the multiplets (°F4 and *Hs in the case of Tm’")
containing the upper and lower laser levels, respectively, and f> and f; are the fractions of
the manifold populations that occupy the upper and lower laser levels, respectively. Lasing
occurs when the population of ions residing in the upper laser level exceeds those of in the
lower laser level with a certain threshold difference. The fractional inversion F equals the
fraction of ground-state (*Hg) ions that needs to be raised to the excited state (°F4) so that
equal populations reside in the upper and lower laser levels. The change in F with
temperature gives an indication of the threshold pump power variation with temperature.

The fractional inversion occurs when

fon, = fin,. (2.16)
Since laser operation of concern here is around room temperature, it is safe to assume that

nytn;=N, (2.17)
meaning only the ground state and excited state are populated. Then the fractional

inversion F denoting the fraction of total ion population that needs to be excited to the *F4

state equals

P :[”_zj:_fl _ (2.18)
NJ fith

The pump threshold formula for a quasi-three level laser is similar to the three-level

system[7, 10, 11]

16
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_mh v,(w; +w)(T +L+2Nlf,0,)
4777af20L

(2.19)

th

except for the addition of f; and f>. As it is clear from (2.15) and (2.19), the close splitting
between the lower laser and ground level is a disadvantage in quasi-three level systems
which require intense pumping to obtain population inversion and to counteract
reabsorption represented by 2N/f;o;. In such systems, cryogenic cooling would be one way
to reduce the lower laser level population (or f;) and increase the lasing efficiency. The

threshold pump power can be related to the threshold inversion

AN, =(fn, - fin,), (2.20)

using the rate equation for the intracavity laser power P which is identical for all of four,

three and quasi-three level lasers

d_P:i_FLLP (2.21)
d T,

c

where 1. given by

r = 2L, (2.22)
c(L+T+2Nif,o,)

is the cavity lifetime equal to cavity round-trip time 7x=(2/./c) divided by total loss, /. is
the effective cavity length and g is the single pass fractional gain defined by Eqn. (2.1).

Using steady state approximation cji—l;):O and P=0 at threshold, it can easily be shown that

17
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_L+T+2Nlfo,
20,1

AN, (2.23)

noting that / equals crystal(gain medium) length. Substituting L +7 +2Nlif,c, = 20,IAN,,

in (2.19) the threshold inversion ANy, can be related to threshold pump power Py, as

2 257!
B mhv [(w, +w))

th — 2777a f2 th .

(2.24)

2.7 A Historical Review of Solid State Lasers Operating Around 2 pm
The mid-infrared (mid-IR) solid state lasers that utilize crystals doped with active ions can
be classified into four main groups based on the dopant ion[12]: transition-metals (Ni*",
Co*', Cr*', Fe2+,..) rare carth or lanthanides (Tm3+, Ho®", Er3+,..), actinides(U3+), and F-
centers. Among them, lasers based on rare earth ions Tm’" and Ho®" (trivalent holmium
ion) are main sources of two-micron radiation. In thulium-doped (Tm-doped or Tm’'-
doped or Tm-based or Tm or thulium) systems *F4— Hj transition produces lasing in the
1.9-2.02 pm range and in holmium-doped (Ho-doped or Ho**-doped or Ho-based or Ho or
holmium) systems °I;—"Ig transition generates lasing in the 1.95-2.15 pm range.

Due to the quasi-three level nature of holmium and thulium lasers, these systems
require intense pumping to populate the upper laser level. For the case of Ho-based lasers,
two different pumping mechanisms have been used to populate the upper laser level °I; at

1.9 um. One (see Fig. 2.7) is the co-doping of the crystal host with Tm’" ion as a sensitizer

18
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in addition to Ho>" ion (active ion or activator) and the other is the pumping directly with

other laser sources operating around 1.94 um, mainly Tm-based ones. Lasers using the first

Tm3* Ho3*
3
A H, 5
[
5
Cross- L
relaxation upconversion
5
3 [
Pump e H5 6
(0.8 um) non-rezc_ji_a_tive transfer
s + < 3F Ty J
4 7
1.8 um ‘ \2 um laser
3H6 ] 5'8

Fig. 2.7 Energy diagram of sensitized holmium laser[13].

pumping scheme will be called sensitized Ho lasers and those using the second scheme will
be called in-band pumped Ho lasers in this thesis in parallel with the common terminology
in the literature. Both cases involve energy transfer from the 3F 4 level of Tm>" ion to the I;
level of Ho™* level, except that, co-doping involves a spontaneous nonradiative mechanism,
while pumping with 1.9 micron lasers are based on radiative energy transfer via stimulated
emission. In the sensitization scheme shown in Fig. 2.7., the cross relaxation (see Section
2.6) between Tm’" ions enhances the energy transfer to the Ho® " ions by populating the °F,
level but the upconversion processes from the °I; level of Ho’* ions significantly impair the
efficiency. An upconversion process describes a transition from the upper laser level to a
higher energy level fuelled by decay to a lower level matching in energy. In each of the two
effective upconversion mechanisms in sensitized Ho lasers, the S—Is upward transition

removes a Ho'* ion from the upper laser level which is matched by a downward *F4—H
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transition in Tm>" in one and ° I7—>5 I transition in Ho’' in the other. Although in-band
pumped Ho lasers are basically free of the unfavourable upconversion effects, earlier
holmium lasers used the sensitization scheme since pump lasers were not available or
practical. On the other hand, the pumping system in thulium lasers is the excitation of the
H, level with radiation in the 780-800 nm range, varying according to the host. Earlier
systems were pumped with flashlamps in pulsed mode before laser diodes at the required
excitation wavelengths became available as intense and stabile pump sources. Due to the
wide spectral range of radiation from the flashlamps, additional co-doping with trivalent
chromium (Cr’") and/or erbium (Er’") ions, which have broad absorption bands, was
utilized to enhance pump absorption in both Tm and sensitized Ho lasers. In 60s and early
70s, first demonstrations of pulsed lasing in sensitized Ho*" and Tm®*- doped crystal hosts
CaWQ, (calcium tungstate)[14, 15], yttrium aluminum garnet (YAG)[16], yttrium
aluminum oxide (YAIO or YAP)[5, 17], yttrium gallium garnet (YGG) and yttrium iron
garnet (YIG)[18] employed cryogenic cooling (down to liquid nitrogen temperature of 77
K) of the gain medium. This was done to decrease the lower laser level population and thus
reduce reabsorption. Soon after the first demonstrations, researchers achieved room-
temperature pulsed laser operation in sensitized Ho-doped yttrium lithium fluoride (YLF)
and yttrium aluminum garnet (YAG)[19]. In later years, researchers obtained room-
temperature flashlamp-pumped lasing in other Ho-doped garnets yttrium scandium gallium
garnet(YSGQG), gadolinium scandium aluminum garnet (GSAG), yttrium scandium
aluminum garnet (YSAG), and lutetium aluminum garnet (LuAG) sensitized with Tm®"
and Cr’'[20, 21].

A critical issue with the lasers using sensitizing mechanism in the gain medium was
optimizing the concentration of the sensitizer and activator ions for best performance. In
Ho-based lasers, higher concentration of Tm®" ions was used to enhance population of the
3F, state through inter-ionic transfer mechanisms such as cross relaxation (see Section 2.6)

and lower concentration of the activator Ho" to limit reabsorption. But there was a limit to
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the increase of the Tm®" concentration since it intensified the loss due to upconversion.
Also, in both Ho and Tm lasers the concentration of the sensitizer (Er’", Cr’") for
facilitating absorption required optimizing to improve performance through a balance
between increased absorption and losses. As a matter of fact, following the early
demonstrations of lasing, studies to optimize the dopant (activator) and co-dopant
(sensitizer) concentrations resulted in enhanced performance of flashlamp-pumped
Cr,Tm,Ho:YAG (sensitized Ho:YAG)[22-24] and Cr,Tm:YAG (sensitized Tm:YAG)[25-
29] lasers.

The performance of two-micron lasers was significantly boosted with the
introduction of continuous-wave (cw) laser diodes as pump sources operating in the 780-
800 nm range in the second half of 80s. The narrow and intense spectral output of the laser
diodes matching the pump wavelength of the Tm®" ion increased the pumping efficiency
greatly in thulium-sensitized holmium and thulium lasers, as opposed to the wide spectral
distribution of the flashlamp radiation which provided poor pumping efficiency.
Specifically, GaAlAs laser diodes, which have temperature-tunable operating wavelengths,
match the pump transitions of Tm®" ion in various hosts(785 nm in YAG, 790 nm in YLF,
795 nm in YAIO, 788 nm in LuAG, etc.). While with room-temperature flashlamp-pumped
Ho[22, 24]- and Tm[26]- YAG lasers highest slope efficiencies in the 3-5% range and
lowest threshold energies in the 10-50 Joule range could be achieved, with diode-laser
pumping, efficiencies as high as 30% and thresholds below 5 mW were obtained in early
room-temperature sensitized Ho-doped YAG[30] and YLF[31], and Tm-doped YAG[32]
lasers. Early demonstrations of diode-pumped cw two-micron lasers were cryogenically-
cooled Er,Tm,Ho:YAG[33], cryogenically-cooled and room-temperature
Er,Tm,Ho:YLF[31, 34] lasers, and room-temperature Tm,Ho:YAG[30, 35, 36] and
Tm:YAG[32, 37] lasers. Soon after these early results, g-switched operation in
Tm:YAGI[38, 39], Tm,Ho:YAG[38], Tm,Ho:YLF[40], slope efficiency of 49% in
Tm:YAG[39], and output powers above 500 mW in Tm:YAG[39] and Tm,Ho:YLF[40]
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lasers were obtained with diode-pumping. Further, high average-power diode-pumped
operation in the 5-14 W output range was achieved in quasi-cw (long pulse) and g-switched
Tm:YAG[41] and thulium-sensitized Ho:YAG[41-43] lasers in the first half of 90s.
Following YAG and YLF, diode-pumped lasing performance also in other thulium
sensitized Ho-doped crystal hosts such as YAIO[S8], lutetium lithium fluoride (LiLuF4 or
LuLF)[44], and Tm-doped LuAG[45, 46], YAIO[8, 47, 48], YVO, (vanadate)[49], and
GdVO, (gadolinium vanadate)[50] was studied. More recently, Tm-doped fluoride
LuLF[51] and double-tungstates NaGd(WO4),[52] and KLu(WO4),[53] have been added to
the list of diode-pumped room-temperature lasers operating around 2 um.

Efficient operations of thulium and sensitized holmium lasers were demonstrated
also with pumping by other lasers which have the advantage of narrow spectral output as
the laser diodes and higher coherence as a superior aspect. On the other hand, stability,
small size and lower cost are the superior aspects of laser diodes. Hence lasers such as
Cr:GSAGJ54], Ti:sapphire[55], alexandrite laser[56] have been used to simulate diode
lasers. Examples to the cw two-micron lasers pumped by other lasers are: chromium-
thulium-sensitized Ho:YSGG and Ho:YSAG pumped by a krypton laser[57], thulium-
sensitized Ho:YLF pumped by an Alexandrite laser[56], Tm sensitized Ho:LuAG pumped
by a Co:MgF, laser[58], Tm:LuAG pumped by a Co:MgF, laser[59], Tm:Y AG pumped by
a Nd:YAG laser[60], Tm:YAG[61], Tm:YSGG[61], Tm:YVO449, 62], Tm:YAIO[7],
Tm:GdVO4[63, 64], Tm:CaF;[65] Tm:KGd(WO4),[66], Tm:NaGd(WO4),[52],
Tm:KY(WO4),[67], NaLu(WO4),[68] and thulium-sensitized Ho:LuAG[55, 69] pumped by
a Ti:sapphire laser. Also a pulsed thulium-sensitized Ho:YAG pumped by a flashlamp-
pumped Cr:GSAG laser was demonstrated[54]. Further, researchers have obtained mode-
locking in a Tm:YAG[70] laser pumped by Ti:sapphire, and Cr,Tm:YAG and
Cr,Tm,Ho:YAG lasers pumped by a krypton laser[71].

In-band pumped holmium lasers have the advantage of much weaker detrimental

upconversion effects compared to sensitized Ho lasers, but had to wait for thulium lasers to
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become available as pump sources. First two demonstrations in 92 were both Ho:YAG
lasers pumped by 2.01-um Tm:YAG in intracavity configuration where the gain mediums
of the pump and output laser share the same resonator cavity[72, 73]. In one of these cases,
the Tm:YAG was pumped by a cw Ti:Sapphire at 785 nm and the slope efficiency with
respect to the absorbed 785-nm power was 42%[73]. The other one was a lower efficiency
system pumped by a flashlamp-pumped Cr,Tm:YAG laser[72]. Then the Ho:YAG laser
was also pumped by diode lasers operating at 1.9-um[74], though with less efficiency
compared to the previous case owing to the deficiency of the diodes at this wavelength. In
another demonstration of a cw Ho:YAG laser intracavity pumped by diode-pumped
Tm:YAG laser, 2.1-W output power was obtained with both gain and pump medium
maintained at 10 °C[75]. In addition, Tm:YLF laser with output around 1.9 pm has been
used in intracavity pumping configurations and up to 14 W of cw power has been
demonstrated with Ho:YAG lasers[76-78]. Ho:YAG lasers has been also pumped
resonantly (or externally as opposed to intracavity) by Tm:YAIO (free running wavelength
varying in the 1.94-1.99 um according to resonator loss) and Tm:YLF (free running
wavelength around 1.9 um) lasers which match the in-band pumping wavelength closely.
As an example, a 1.8 W Ho:YAG laser was demonstrated with cw diode end-pumped 8.8
W Tm:YAIO as pump laser[79]. In cw experiments using in-band pumping by Tm:YLF
laser, up to 38 W output power and 60 % efficiency with respect to incident power has
been obtained[80, 81]. In addition, 50 mJ of Q-switched energy was achieved with a
Ho:YAG resonantly pumped by a diode-pumped Tm:YLF laser[82].

Efforts to obtain higher power operation have continued with diode-pumped two-
micron lasers. In the case of thulium sensitized holmium lasers, Tm,Ho:YLF laser has been
generally preferred for high power research[83-87], since it was shown that upconversion
effect is significantly weaker in Tm,Ho:YLF than Tm,Ho:YAGI88]. In these experiments,
Q-switched pulse energy of 600 mJ has been demonstrated with Tm,Ho:YLF laser[87].
Further, pulse energy of 1 J was obtained in another Tm,Ho-doped LuLF[89]. There has
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also been a considerable progress in power scaling experiments with Tm-based lasers.
Researchers have gradually advanced the cw output to 120 W in Tm:YAG[90-92] and 50
W in Tm:YAIO[93-96] and 36 W in Tm:YLF[80, 94, 95] lasers with diode-pumped
operation.

Finally, tunability of two-micron lasers has been demonstrated in several works.
Some of the noteworthy examples are flashlamp-pumped Cr’*-sensitized Tm®*-doped
garnets YAG (1.94-2.09 pm), YSGG (1.94-2.05 pm) and GSGG (1.92-2.04 pm)[28],
Ti:sapphire-pumped cw Tm:YAG (1.87-2.16 um)[61], Tm:YSGG (1.85-2.14 pm)[61],
Tm:KLu(WO4), (1.80-1.99 um)[53], Tm:CaF, (1.84-1.97 um), Tm:KGd(WOs), (1.79-
2.04um)[66], Tm:NaGd(WO4); (1.81-2.03 pm)[52], Tm:YAP (1.84-1.99 um)[97], diode-
pumped cw Tm:LiLuF4 (1.82-2.06 um)[51] and Tm:YAP (1.90-2.03 um)[98].

2.8 Applications of Two-Micron Lasers

In this section, applications of two-micron lasers will be reviewed in three parts: medical
applications, remote sensing and pumping of solid state lasers. Most emphasis will be given
to medical applications since two micron lasers (specifically holmium lasers) have been in
extensive use in surgical applications and thulium lasers have recently been introduced as
promising alternatives to Ho-based lasers. Also the coverage on medical applications will
build a background for the biomedical project discussed in Chapter 4. Hence, an extensive
subsection will be devoted to the two-micron lasers in medical applications. However, only
a review on laser tissue welding (fusion) will be left out on purpose, to be included in the
introductory section of Chapter 4. A second subsection will cover atmospheric and

chemical sensing, and a third one will briefly mention pumping of solid state lasers.
2.8.1 Medical Applications

The first thing to note about two-micron laser radiation is that it falls in the eyesafe

wavelength range which covers the spectrum of wavelengths longer than 1.4 um. In the
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eyesafe range, the liquid water inside cornea and vitreous humor of the eye absorbs the
incident radiation to an extent that protects the retina[13]. Further, water has an absorption
peak at 1.94 pum (see Fig. 2.8 taken from[99]) which makes two-micron lasers especially

important for medical applications.
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Fig. 2.8 Absorption spectrum of water in the 0.7-2.5 um range[99].

Visible and infra-red laser radiation interacts with tissues mainly through absorption
which is facilitated by chromophores (parts of molecules responsible for absorption of
light). In the human body major chromophores are melanin, hemoglobin (blood), and
water[100, 101]. Laser-tissue interactions in medical applications can be divided into two

groups based on the level of absorption; low penetration at a wavelength where absorption

25



Chapter 2: Background 26

is high and deep penetration at a wavelength where absorption is low[101]. As examples
for the low penetration cases, KTP (frequency-doubled Nd:YAG) emitting green light at
532 nm exploits high absorption by hemoglobin, and CO, laser (10.6 um), Er:YAG laser
(2.94 pum) and two-micron lasers utilize the high absorption by water. On the other hand,
Nd:YAG laser (1.064 pm) and diode lasers (808-980 nm range) are examples for the deep
penetration effect due to the low absorption of water.

In the mid-IR range, medical applications utilize thermal effects in tissues due to
the absorption of laser radiation by the water content in the tissues. According to the
intensity of the laser radiation and exposure time of the tissue, the following thermal effects
occur in order of increasing tissue temperature: protein denaturing, coagulation (thermally
killing pathological tissues without harming the healthy ones), necrosis (death of cells),
collagen denaturing, desiccation (extreme drying), carbonization (burning), ablation
(vaporization)[100]. Soft tissue (skin, prostate, cornea, etc.) ablation, a means for cutting
and removing tissues, is a major application of lasers used in medical surgery. Ablation
with mid-infrared lasers occur as confined steam bubbles form upon the heating up of
tissue cells and these bubbles explode by tearing apart the tissues as temperature increases
further[100]. In this surgical method, precise cutting and removal of the targeted tissues,
minimal damage to the tissues surrounding the targeted area and very good hemostasis
(termination of bleeding) are critical requirements. Ho-based lasers operating in the 2.1-
2.15 um range (mostly in the pulsed mode) have gained wide acceptance as tools for soft
tissue ablation in various fields of medicine as a result of good confinement of the radiation
facilitated by high absorption of water and excellent hemostasis. Although, CO, and
erbium lasers are also effective tools for ablation, the commercially available low-OH silica
fibers for transmitting 2-um radiation with low loss favor Ho-based lasers in terms of
compatibility with endoscopes[102]. Lasers that fulfill the requirements for soft tissue
ablation (mentioned above) and fibers that transmit laser radiation in endoscopic channels

with low loss are critical for minimally invasive (laparoscopic) surgery where the tube of
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an endoscope is inserted into the body through a small incision (2-3 cm). In minimally
invasive surgery, it has been established that holmium lasers produce rapid and precise
tissue removal (ablation) and high degree of hemostasis compared to poorer ablating
precision of Nd:YAG and often unstable surface hemostasis of CO, lasers[100, 101, 103].
For these reasons, Ho-based (especially Ho:YAG) lasers are widely used in urology for
treatment of benign prostate hyperplasia (enlargement of the prostate), lithotripsy (breaking
the stones in the kidney, ureter or bladder into small pieces), removal of bladder tumors and
cutting (incision) of bladder-ureter strictures (narrowing of channels)[104]. To be more
specific, in endourology (endoscopic urology), holmium laser prostatectomy (surgical
removal of all or part of the prostate gland), going through the steps of bladder neck
incision and resection (removal of a part) of the prostate (HoLRP), has evolved into
enucleation (removal) of the prostate (HoLEP)[105, 106]. Researchers have shown HoLEP
to be at least as effective as the standart technique of transurethral resection of the prostate
(TURP)[107] and even to have some advantages over it[105]. Another example in
endoeurology, holmium laser lithotripsy (stone treatment, stone fragmentation) has proven
itself as a safe and effective method[108] which involves mainly thermal ablation
(evaporation) leading to chemical decomposition of urinary stones[109, 110].

Although, presently holmium (Ho:YAG to be specific) lasers have the widest usage
among lasers in urology, there are also some limitations related with their usage such that
they still cause some damage to the surroundings of the targeted area in spite of the
confined effect which, on the other side, limits the size of the target for ablation[111].
Further to the limitations of holmium lasers, which commonly operate in pulsed mode in
medical applications, is that cw radiation is more suitable for soft tissue surgery as it
provides a better control of tissue heating, higher degree of hemostasis, more precise and
smoother incision[100, 101, 111, 112]. Also in lithotripsy with holmium laser, it can take
very long in cases of large stones and there is a safety matter that should be taken into

account in the case of stones of uric acid[111].
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In addition to urology, percutaneous discectomy (removal of the leaking part of the
vertebral disk, which is pressing on the spinal cord or nerves and causing pain, via a tube
inserted through the skin) in neurosurgery, arthroscopic surgery (the examination and/or
treatment of a damage inside a joint by a minimally invasive surgery), laser thermo
keratoplasty (a refractive procedure to make the central cornea steeper) in ophthalmology,
angioplasty (opening up of obstructed blood vessels) in cardiovascular surgery, are
examples of surgical applications where holmium lasers have been put into clinical

use[100].
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Fig. 2.9 Absorption depth of water in the 1.3-2.3 pum wavelength range[13].

Thulium based lasers operate in the 1.9-2.0 um wavelength range where the
absorption of water is even higher than the holmium based lasers because of the absorption
peak in the 1.92-1.94 um slot(see Fig. 2.9). To be more specific, the absorption depths of
water (length at which 90% of incident radiation is absorbed) at output wavelengths of
particular two-micron lasers are 0.35 mm at 2.097 um of Ho:YAG, 0.16 mm at 2.015 pm
of Tm:YAG, and 0.09 mm at 1.94 um of Tm:YAIO laser[7, 13]. Considerably smaller
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absorption depth results in a better confinement of radiation which means reduced damage
to the surroundings of the targeted tissues and more precise cutting performance[113, 114].
Consequently, Tm-based lasers, which are in the clinical testing stage yet, are emerging as
alternatives to Ho-based lasers in medical applications. Since laser diode pumped thulium
lasers can be either operated in cw or pulsed mode in comparison to flash-lamp pumped
pulsed holmium lasers in medical applications, most suitable mode of operation for the
particular application can be chosen. Actually, superior or at least equivalent results
compared to lasers currently in use (e.g. Ho:YAG, KTP) have been achieved in several
clinical studies of soft tissue surgery with cw or pulsed thulium lasers[102, 112-116]. In
earliest one of these studies[102], ablation by pulsed Ho:YAG and Tm:YAG lasers was
tested in vitro on fresh chicken liver and guinea pig skin, the performance of the lasers was
reported to be similar. In a later work by N. M. Fried, a 40 W Tm-fiber laser at 1.94 um
was used in cw mode to vaporize animal prostate tissue and in pulsed mode to cut animal
ureter and bladder-neck tissues[113]. He concluded that the fiber laser operated more
efficiently and cut tissues more precisely than Ho laser, but for clinical use, higher cw
power for fast vaporization and shorter pulses for more precise incision of bladder-ureter
strictures[113] were required. Subsequently, N. M. Fried and K. E. Murray demonstrated
rapid vaporization and coagulation of dead prostate tissues from a dog with a higher power
(110-W) cw thulium-fiber laser at 1.91 um[116]. In another study, T. Bach et al used a two-
micron cw Tm:YAG laser for simultaneous vaporization and resection (vaporesection) of
the prostate (equivalent of HoLRP) to treat benign prostatic hyperplasia in 54 patients with
a one-year follow-up[112]. The results indicated that the treatment was safe and
effective[112]. Further, in a bladder neck incision (cutting) experiment with a cw 70 W
Tm:YAG laser, Bach et al showed that the 2-micron laser provided smoother cutting than
pulsed Ho:YAG, in a safe and quick manner[114]. In a very recently reported clinical
study[115], G. Wendt-Nordahl et al systematically evaluated a cw thulium laser operating
at 2.013 um (Tm:YAG), testing tissue ablation and hemostasis on dead pig kidney at
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different power levels of 30, 50, 60 and 70 W. In this work, the results were compared to
ablation by 80-W KTP laser and TURP, the techniques accepted as standards in clinical
use. The researchers concluded that the thulium laser removed tissues at a 1.5 times higher
rate than KTP laser but at a significantly lower rate than TURP, and hemostasis level was

similar to KTP with much lower bleeding compared to TURP[115].

2.8.2 Remote Sensing Applications

Lidar, which is the acronym for “Light Detection and Ranging”, is the general name for
remote sensing and range finding systems using lasers. Lidar (sometimes also called laser
radar or Ladar) technology is based on detection of laser signals which are either absorbed
or reflected or scattered by targets. Different techniques such as laser range finding,
Doppler lidar, differential absorption lidar (DIAL) and differential scattering lidar (DISC)
have been developed according to the specific application[117, 118]. Laser range finding
involves measuring the distance of a target from the time it takes for a laser pulse launched
on the target to be reflected back at the emitter. Doppler lidar technique has been
developed for wind speed measurement or wind profiling based on the detection of Doppler
shift in the backscattered laser signal from the aerosols in the atmosphere[118, 119]. This
technique is used in sensing wind sheers (wind gradients) facing aircrafts which is very
critical for pilots to prevent plane crashes[119]. DIAL and DISC systems are used for
detection and monitoring of gasses, vapors and aerosols (suspended solid or liquid droplets
in air) in the atmosphere or a specific environment[117]. For example, these systems are
used for monitoring water vapor[120] and CO, concentration (an indicator of global
warming) in the atmosphere which is vital for weather and climate studies. A DIAL system
requires laser emission at minimum two wavelengths per targeted gas (or vapor, etc.), one
absorbed and the other transmitted by the target[117]. These wavelengths should preferably

be located in a transmission window free of absorption by constituents in the environment
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other than the targeted gas or gasses. DISC technique, on the other hand, is based on
differentiation of the target gas by scattering of different wavelengths from the target[117].
Eye-safe operating wavelength in a high transmission window of the atmosphere
dominated by the absorption lines of water vapor, CO, and NO,, compactness, reliability
and long lifetime have made two-micron solid state lasers attractive for ground-, aircraft-,
and space-based lidars [12, 13, 56, 58, 118, 121-124]. Remote sensing applications further
require lasers of high efficiency (to provide the power necessary for atmospheric
measuremnts and the high pulse energy required for a space based Doppler lidar)[58, 85],
long pulse (for a high resolution of the velocity of a target)[39, 125] and pulse repetition
frequency of at least 10 Hz[83]. Such requirements have motivated the research to advance
the two-micron lasers. As potential highly efficient coherent two-micron emitters, Ho:YAG
(2.09 um)[119, 123-126], Ho:LuAG (2.01 um)[58, 127], Ho:YLF (2.06 pm)[56, 83],
Ho:YSGG (2.09, 2.1 um)[122] lasers have been developed and investigated for LIDAR
systems. In addition, Tm:YAGJ[39, 45] and Tm:LuAG[45, 127] lasers have been considered
for remote sensing applications and it has been indicated that the free running output of
Tm:LuAG at 2.023 pum is in a higher and hence preferred atmospheric transmision window
compared to 2.015 pm of Tm:YAG or 2.6-2.1 um of Ho-doped lasers. Further, examples of
commercially developed systems can be given such that a Doppler lidar based on a pulsed
laser operating at 2.02 um for sensing wind speed and producing a map of the wind field,
and another one based on a Q-switched Ho:YAG laser for sensitive vibration measurement
have been built by Coherent Technologies, Inc.(CTI)[118]. CTI has also been working on
high-efficiency Ho:YAG and high power Tm:YAIO lasers for LIDAR applications[118].

2.8.3 Pumping of Other Solid-State Lasers
Two-micron lasers, especially Tm-doped systems, are also efficient pump sources for other
mid-ir solid-state lasers and optical parametric oscillators (OPOs). First of all, the output

wavelength range (1.94-1.98 um) of free-running Tm:YAIO laser falls inside the
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absorption range (1.5-2.5 um)[128] of the widely tunable (1.88-3.1 um)[129] and highly
efficient mid-ir source Cr*":ZnSe laser. As a matter of fact, efficient operation of Cr*":ZnSe
laser coherently pumped by Tm:YAIO laser has been demonstrated in several cases[117,
128, 130]. Second, as it was also discussed above in the review of two-micron lasers
(Section 2.7) thulium-doped lasers are used as efficient in-band pump sources for Ho:YAG
lasers[73, 75-82, 118, 131] which are important for medical and sensing applications. To
recapitulate beriefly, cw Ho:YAG lasers intracavity pumped by Tm:YAG lasers[73, 75],
cw and Q-switched Ho:YAG lasers end-pumped by Tm:YAIO[79, 118] lasers have been
demonstrated. Also, recently there has been a lot of interest in Ho:YAG lasers pumped by
cw diode-pumped Tm:YLF lasers operating at 1.91 um, in end-pumped configuration[79-
81, 131], intracavity end-pumped[76] and intra-cavity side-pumped[77, 78] geometries.
Third and finally, researchers have demonstrated efficient mid-ir OPOs based on ZnGeP,
(ZGP) crystal generating 3-5 um radiation pumped by Q-switched Ho:YAGJ[131, 132] and
Tm:YAIO[94, 133] lasers. In addition very recently, a mid-ir ZGP OPO pumped by Q-
switched Tm:YAG[134] laser and mid-ir orientation-patterned GaAs (OP-GaAs) OPO
pumped by a Q-switched Ho:YAG[135] laser have been presented.
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Chapter 3

STUDY OF CW Tm*":YAIO; LASERS

3.1 Introduction

Tm®": YAIO; (Tm:YAP or Tm:YAIO) laser is an efficient source of two-micron radiation
with a free-running output in the 1.94 -1.99 um range which overlaps with the absorption
peak of water (see Fig. 2.8 and 2.9). As discussed in the previous chapter (Section 2.8a),
absorption by water in the tissues is mainly responsible for the thermal effects that occur
during the interaction of infrared radiation with biological tissues, hence this laser holds an
important potential for medical surgery. The high water absorption at 1.94 pum and
tunability in the 1.9-2 pum range also make this laser attractive for applications in
spectroscopy as well as atmospheric/chemical sensing (see Section 2.8b). It is further a
useful pump source for solid-state lasers such as Ho:YAG[79, 118], Cr2+:ZnSe[128, 136]
(also see Section 2.8¢) .

In the Tm>": YAIO; laser crystal, Tm®" ions replace Y** ions in the crystal host
yttrium orthoaluminate (YAP or YAIO). Similar to the YAG host, the YAP crystal has the
advantages of high mechanical strength and large heat conductivity (0.11 W/cm-K in YAP
vs. 0.13 W/em-K in YAG)[137], which allow high-power operation with reduced risk of
fracture. Additional favorable features of this system include the availability of high-power
pump diodes that overlap with the absorption band of the crystal near 800 nm, enhanced
pumping efficiency through cross relaxation, broad tunability around 2pm, and polarized
laser emission due to the biaxial nature of the YAP host. To date, extensive studies have

been carried out to investigate the spectroscopic and lasing properties of Tm:YAP. In
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spectroscopic studies, the absorption and emission spectra were analyzed to determine the
energy-level structure [138], oscillator strengths, emission cross sections, non-radiative
decay rates, the luminescence quantum efficiencies and upcoversion[4, 6, 139, 140]. In
lasing experiments, flashlamp-pumped|5, 6], continuous-wave (cw) Ti:sapphire-pumped|[7]
diode-pumped[8, 47, 48, 93, 94, 141-144], stabilized cw[145] and Q-switched[96]
operations have been demonstrated with Tm:YAP gain media. In cw operation, output
powers of as high as 50 W[96] and tunability in the 1.9-2.3 pm range have been
reported[98, 144]. Further, researchers have performed modeling studies of Tm:Y AP lasers
in cw diode-pumped diode-pumped configuration[143], and analysis and experimental
investigation of Tm:Y AP microlasers [146, 147].

In this chapter, two experimental studies on CW Tm:YAP lasers will be covered:
influence of doping concentration on the power performance of diode-pumped laser
operation[148] and low-threshold operation of the laser pumped by a Titanium:sapphire-

laser[97].

3.2 Influence of Doping Concentration on the Performance of Diode-Pumped CW
Tm*:YAIO; Lasers

One of the crucial factors that affect the power performance of Tm:YAP lasers is the
doping concentration. Varying the active-ion concentration can change the strength of cross
relaxation, reabsorption losses, and non-radiative decay rates. Cross relaxation process
produces two photons near 1800 nm for one pump photon (arrows marked 2 in Fig. 2.6)
and increases the power efficiency of the laser. Thulium ions need to be in close proximity
in order to increase the strength of cross relaxation, which means that the doping
concentration should be relatively high. In most of the previous studies, samples with a
thulium concentration of 3-4 % have been used to increase the pumping efficiency via
cross relaxation. While cross relaxation contributes positively to output efficiency by

boosting the upper laser level population, higher doping concentrations (for the same
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crystal length) lead to more reabsorption due to the quasi-three-level nature of the Tm:YAP
medium and faster non-radiative decay resulting from energy migration between thulium
ions. In both cases, higher inversion threshold is required to achieve transparency. One
therefore expects that an optimum doping concentration exists that maximizes the
efficiency of the laser. It is important to note that the optimum concentration will also
depend on the laser geometry used, in particular, on whether the crystal is single-end-
pumped or excited from both ends, the latter enabling low lasing thresholds even in the
presence of reabsorption. In earlier studies, Kintz investigated the effect ion concentration
of the power performance of 2-um Tm:YAG lasers [149]. However, to the best our
knowledge, no such study has been carried out with Tm:Y AP lasers.

In this study, we considered continuous-wave, diode single-end-pumped Tm:YAP
lasers operating in the low- to medium-power range and investigated the influence of the
thulium ion concentration on the laser power performance[148]. Three samples with 1.5%,
3%, and 4% Tm®" concentration were examined at 18°C. Lifetime and fluorescence
measurements were also performed to assess the effect of concentration on the strength of
cross relaxation and non-radiative effects. Our results showed that the best cw power
performance was obtained with the sample having 1.5% Tm®" concentration. By using 9.5
W of incident pump power at 797 nm, a maximum of 1430 mW of output power was
obtained with a 2% output coupler. The laser performance of the samples degraded
monotonically with increasing thulium concentration due to increases in reabsorption
losses, non-radiative decay, and internal heating. Spectroscopic measurements and rate-
equation analysis further suggested that cross relaxation should already be effective in
samples with 1.5% Tm’" ion concentration. The average value of the effective gain cross
section at 1.94 um was determined to be 4.2x10™' cm” in good agreement with previous

results[7, 150].
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3.2.1 Experiment

In the laser experiments, we used three different Tm:Y AP crystals with 1.5%, 3%, and 4%
Tm®" concentration. The crystals were commercially purchased (1.5% Tm:YAP crystal
from Crytur, Inc., and 3% and 4% Tm:YAP crystals from Scientific Materials, Inc.). The
dimensions, corresponding thulium ion concentration in cm™, total absorption (1,), and the
small-signal pump absorption coefficient (ct,) at 797 nm of each sample are given in Table
3.1. The thulium ion concentrations were determined by assuming a density of 5.35 gm/cm’
3

for YAP [151]. All the crystals were normal cut and both faces had anti-reflection

coatings at 1940 nm. The pump as well as the laser beams propagated along the crystal a-

axis.
Table 3.1
Properties of the Tm:Y AP crystals used in the laser experiments
Tm®* Conc. Dimensions* Total Absorption Absorption Coeff.

7, a,

(at. %) (10* cm™) (mm) (cm'l)
1.5 2.95 Cylindirical 5x4 0.56 2.06
3 5.90 Cubic 4x4x2 0.57 4.24
4 7.86 Cubic 4x4x2 0.64 5.17

*Last dimension gives the length of the crystal.
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Fig. 3.1. Schematic of the laser setup.

The schematic of the experimental setup is shown in Fig. 3.1. The resonator
consisted of a flat input mirror (M1) and a curved output coupler (OC) with a radius of 10
cm. M1 was highly reflective around 1.94 pum and highly transmitting at 795 nm. The
Tm:YAP crystals (xtal) which were positioned near M1, were wrapped in indium foil and
held between copper holders maintained at 18 °C. Output couplers with 2% and 6%
transmission were used in the power measurements. The resonator length was 7.5 cm,
giving an estimated 160-um beamwaist inside the crystal. The Tm:Y AP resonator was end-
pumped with a fiber-coupled diode array operating at a wavelength of 797 nm. An
imaging telescope (T) was used to focus the pump beam into the crystal. By using the
knife-edge technique, the measured beamwaist and the M? of the pump were determined to
be 382um and 319, respectively. The Tm:YAP samples were characterized up to a
maximum incident pump power of 9.5 W. For each crystal-output coupler combination,
the output wavelength of the laser was also measured with a 0.25 m monochromator.

The three laser samples and a fourth Tm:YAP crystal with 5% Tm®" concentration
(absorption coefficient=" 5.89 cm™, Crytur, Inc.) were used in the spectroscopic studies.
Lasing characterization was not attempted with the 5% Tm:YAP sample due to the
presence of internal fractures inside the crystal. In fluorescence measurements, samples

were excited with a cw diode laser at 785 nm. The excitation beam propagated along the a-
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axis of the crystals. The intensity of the 785-nm pump was 1.65 W/cm?, much smaller than
the 380-kW/cm® saturation intensity for the *Hq-"Hy transition (absorption cross section=
6.7x10%', and approximate lifetime=100 ps), indicating that intensity-dependent effects
were negligible in the fluorescence spectra. The emitted fluorescence was filtered through a
0.5 m Czerny-Turner-type monochromator and the relative intensities of the 1470-nm (*Hy-
>3F4 transition) and 1800-nm (3F4—>3H6 transition) bands were measured with a PbS
detector and a lock-in amplifier to evaluate the strength of cross relaxation. The
fluorescence spectra were not corrected for the spectroscopic system response. The
estimated change in the system responsivity between 1470 and 1900 nm (due to the
wavelength dependence of the PbS detector and the diffraction gratings) was less than
15%. Due to the biaxial nature of the YAP crystal, the emission spectra of Tm’" are in fact
polarization-dependent. In our experiments, only the unpolarized emission spectra were
measured to provide a qualitative comparison of the relative band intensities at different
concentrations. In lifetime measurements, samples were excited with a 790-nm pulsed
Ti:sapphire laser generating 70-ns pulses. The lifetimes of the *Hy and °F4 levels were
measured by operating the Ti:sapphire laser at repetition rates of 100 and 1000 Hz,
respectively. As an example, Fig. 3.2 shows the time-dependent fluorescence decay (the
constant background was subtracted) from the °F, state for the 3% Tm:YAP sample.
Exponential fit to the tail of the decay curve gave a best-fit value of 4.66 msec for the
lifetime. In this case, the excitation pulse energy (220 pJ) was adjusted to be much smaller
than the saturation energy of 74 mJ for the *Hq-"Hy transition (absorption cross section=
6.7x10%" cm® and pump radius= 250 pm) to minimize intensity-dependent effects in

lifetime measurements.
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Fig. 3.2. Fluorescence decay curve of the °F; state for the 3% Tm:YAP sample.

3.2.2 Results and Discussion
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Fig. 3.3. Efficiency curves of the Tm:Y AP laser with (a) 2% and (b) 6% output coupler and
with samples containing 1.5, 3, and 4% Tm’" ion concentration
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Figs. 3.3(a) and (b) show the measured power efficiency curves of the Tm:YAP laser for
the three samples with the 2% and 6% output couplers, respectively. The best power
performance was obtained by using the 1.5% Tm:YAP crystal and the 2% transmitting
output coupler. In this case, a maximum of 1430 mW of output power was obtained with
9.5 W of pump, representing an optical-to-optical conversion efficiency of 15%. The
measured threshold pump power and the slope efficiency with respect to incident pump
power were 2.47 W and 21.1%, respectively. For both output couplers, the performance of
the laser degraded with increasing thulium concentration. For example, with the 2%-
transmitting output coupler, the slope efficiency decreased from 21.1% in the case of the
1.5% Tm:Y AP crystal to 13.9% for the 4% Tm:Y AP sample with a corresponding increase
in the threshold pump power from 2.47 W to 3.60 W. Similar results were obtained with
the 6% output coupler. The output wavelength of each configuration was also measured in
the experiments. As was thoroughly analyzed in Ref.[7], the output wavelength of the free-
running laser depends on the amount of passive loss in the resonator and jumps from 1.99
pm at low levels of loss to 1.94 um as the loss is increased. A similar trend was observed
in our experiments. For the resonator containing the 1.5% Tm:YAP crystal and the 2%
output coupler, the output wavelength of the laser was measured to be 1.99 um. All of the
other crystal-output coupler combinations produced laser radiation at 1.94 um. In the case
of the 1.5% Tm:YAP sample, beam divergence measurements were also performed with
the knife-edge method. At an output power of 1W, the M” factor of the laser output was
measured to be 1.05. Lastly, we note that higher slope efficiencies were obtained in the
experiments described in Refs[7, 96, 141]. . It should be possible to increase the output
powers obtained in our experiments by improving the mode matching of the pump and the
laser beams and by cooling the laser crystal. Also, the pump wavelength at 797 nm might
be another reason for low efficiency, since the absorption peaks of Tm:YAP are very

narrow and occur around 795 nm for b-polarization and 793 nm for c-polarization[7].
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The power measurements suggest that cross relaxation may already be effective in
the case of the 1.5% Tm:Y AP sample since the slope efficiency of the laser did not increase
going from 1.5% Tm:YAP to 4%Tm:YAP samples. We employed spectroscopic methods
to investigate this issue further. First, a rate-equation approach was used to calculate the
relative intensities of the 1470-nm and 1800-nm bands in Tm:YAP at low thulium
concentrations. Second, the fluorescence spectra of the crystals used in this study were
measured in the 1200-2200 nm range and compared with the calculations. The variation in
the relative intensities of the 1470-nm and 1800-nm bands with concentration provides a
useful measure for the strength of cross relaxation. If cross relaxation becomes dominant
with increasing thulium concentration, the non-radiative decay from 3H4 to 3F4 level also
increases, and one expects the intensity of the 1470-nm band to decrease with respect to
that at 1800-nm. At low thulium concentrations, the time evolution of the population
densities nj, ny, n3, and n4, in the respective manifolds He, °F4, *Hs, and *Ha, can be

calculated from

dn
4 _
—— =R, —wyn, = wpn, —wyn,
dt
dn
3 _
T T Wyl T Wiy — Wiyl , (3.1)
dt
dn,
a Wyplty + Wyplty = Wy 1,

where R, is the pumping rate and wj is the total decay rate (including the non-radiative
phonon-assisted decay rate at low thulium concentrations and the radiative decay rate Aj))
from the i to the j" manifold. Note that

nm+n,+n+n,=N, (3.2)
where N is the total Tm®" ion concentration. Fluorescence power at 1470 nm is due to the

radiative emission of photons after the ions decay from the *Hy to the °F; manifold and is
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given by A,,n,hvlV (A4=radiative decay rate from Hy to °F4, hv is the average energy of

the emitted photon, and V is the pumped volume). A similar expression can be written for
the fluorescence power at 1800 nm. After solving for the population densities in steady
state, the intensity ratio of the 1470-nm and 1800-nm bands is given by

Ly _ 1800 4,, n, _ 1800 4, w,, | (33)

Ligyy 1470 4y ny, 1470 4, W, + W, W

Wy, + Wy,

Radiative decay rates and branching ratios were reported in earlier spectroscopic studies for
Tm:YAP[4, 6]. The non-radiative multi-phonon decay rates w;" were calculated by using
the formula[6]

1) B/ E,

nr Ep
wy = Bexp(— aEi/ 1+ exp| E -1 , (34)

Here, k is Boltzmann’s constant, T is the absolute temperature, Ej; is the energy difference
of the manifolds i and j, and the parameters B, ¢, and E, have the respective values of
6.5x10° sec, 4.7x107 cm, and 600 cm” for Tm:YAP[6]. Lis70/lisoo comes to 0.48,
indicating that at low thulium concentrations, the intensity of the 1470-nm band is about
half as large as that of the 1800-nm band. Similarly, measurements performed in other
hosts also show that the intensity of the 1470-nm band can be comparable with that at 1800
nm at low doping concentrations(See for example Refs.[65, 152]). The results of our
fluorescence measurements taken with the four Tm:YAP samples are shown in Figs.
3.4(a)-(d). Note that in all of the spectra shown in Fig. 3.4, the 1470-nm band is very weak
compared to the 1800-nm band. Though qualitative, these fluorescence measurements
suggest that even in the case of the 1.5% Tm:YAP sample, the thulium concentration may

be sufficiently high for cross relaxation to occur. As a result, the non-radiative decay rate
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from *Hy to °F, level increases and the relative intensity of the 1470-nm band becomes very
small. Also note that the 1470-nm band completely disappears in the case of the 5%
Tm:YAP sample. However, in this case, non-radiative decay from the 3F4 to 3H6 level also
intensifies as can be seen from the lifetime measurements in Fig. 3.5. In particular, note
that the lifetime of the °F4 level shows a monotonic decrease with thulium concentration,
the reduction becoming most pronounced in the case of the 5%Tm:YAP sample. There is
an accompanying decrease in the lifetime of the *Hy level from 142ps to 21ps going from

1.5t0 5 % Tm>" concentration due to cross relaxation. The decrease of the fluorescence
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Figure 3.4. Fluorescence spectra of the Tm:YAP samples with (a) 1.5%, (b) 3%, (c) 4%,
and (d) 5% Tm’" ion concentration.
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lifetimes with concentration may also be due to impurities. However, it is beyond the
scope of this thesis to characterize the amounts and the types of impurities (if any) that may

be present in the samples.
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Fig. 3.5. Measured variation of the fluorescence lifetimes of the 3F4 and 3H4 levels as a
function of thulium concentration.

The laser efficiency data were also used to determine the effective gain cross
section f,o, (f;=upper laser level occupation fraction, oy=gain cross section) from the
measured laser efficiency data by using Eqn. (2.19) for incident threshold pump power in
the case of quasi-three level lasers (see Section 2.6). First, threshold data taken with 2%
and 6% output couplers were used to determine the total loss L+2NIf,o, at 1.94 um. Note
that the threshold data for the 1.5% Tm:YAP sample were not initially used since the
wavelength shifts from 1.99 to 1.94 um, when the output coupler is changed from 2 to 6%.
In the case of the 3% Tm:YAP sample, for example, the total round-trip loss of the

resonator was determined to be 8.1%. By using the calculated round-trip loss factor in Eq.
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(2.19), the effective emission cross section f,o, was determined to be 4.1x107" cm® at
1.94 um for the 3% Tm:YAP sample. In these calculations, the pump and laser spot sizes
were averaged over the crystal length by assuming that the beam waists are located near the
center of the crystal. Also, the measured fluorescence lifetime was used for each sample.
Table 3.2 summarizes the results of the laser measurements and lists the values of the
threshold pump power Py, slope efficiency ms, calculated round-trip total loss L+2Nif o, ,
and the effective gain cross section f,o, for different thulium concentrations and output
coupler transmissions T. As can be seen from Table 3.2, the average value of the effective
gain cross section at 1.94 pm came to 4.2x107' cm?, in good agreement with what was
reported in Refs[5, 7, 150]. In the case of the 1.5% Tm:YAP sample, the round-trip loss of
the resonator was determined by comparing the threshold pump powers of the 3% and 4%
Tm:Y AP samples with that of the 1.5%Tm:YAP for the resonator with 6% output coupler.
Using the laser data for the 6% output coupler ensures that the operating wavelength (1.94
pm) and hence the effective cross section are the same. Differences in the measured
lifetime and total crystal absorption were taken into account. This yielded an average
round-trip loss value of 7.7% (see Table 3.2). As expected, the total round-trip loss

L+2NIif,o, of the resonator is nearly the same (7.7% versus 8.1%) for the samples
containing 1.5% and 3% Tm’" concentration since the quantity 2NIf,o, , which accounts
for reabsorption loss, should remain unchanged when N is doubled and / is halved for the
same value of f,o,. The Tm:YAP sample with 4% doping concentration suffers from

larger reabsorption losses compared with the 3% doped sample (see Table 3.2). Finally,
the inversion threshold ANy, required to obtain lasing can be estimated from Eqn. (2.23)
(see Section 2.6) By using Eq. (2.19) and the measured laser threshold data, ANy, is
determined to be 1.5x10" and 2.1x10" ¢cm™ for the 3% Tm:YAP sample with the 2% and

6% output couplers, respectively.
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Table 3.2

Measured values of the laser threshold pump power Py, slope efficiency 1, total round-trip
resonator loss L+2NIf,o, , fluorescence lifetime t of the upper laser level (’F4), and the

effective gain cross section f,o, for different thulium concentrations and output coupler
transmissions (T).

L+2Nlif o,
Tm Conc. T P, 7, (A=1.94um) T 1o,
(at. %) w (%) (ms) (10" cm?)

1.5 2% 247 21.1 7.7 4.82

6% 4.47 21.7
3 2% 3.20 14.3 8.1 4.66 4.1

6% 4.47 17.1
4 2% 3.60 13.9 10.6 4.42 4.3

6% 4.74 14.2

In addition to the increase in reabsorption losses and non-radiative decay rates,
higher internal heating is another possible factor responsible for the degradation of power
performance with increasing thulium ion concentration. To assess the strength of this
effect, we estimated the average axial temperature rise for the different Tm:YAP samples.
In the temperature calculations, the heat equation was solved analytically in cylindrical
coordinates. The heat load due to the unused pump was assumed to be constant within a
cylinder whose radius is equal to the average pump spot size inside the crystal and
longitudinal heat conduction was neglected [153-155]. The heat conductivity of the YAP
medium was taken as 0.11 W/cm-K[151] and cross relaxation was assumed to double the
quantum efficiency. Our calculations show that at the maximum pump power of 9.5 W, the
average axial temperature rise is 9, 16, and 19°C for the samples with 1.5, 3, and 4%

doping concentration, respectively. This leads to an increase in the minimum fractional
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inversion F (see Eq, (2.18) in Section 2.6) required to reach transparency in the quasi-three-
level medium([13].

We calculated the variation of F as a function of temperature by using Boltzmann
statistics and the energy level structure of Tm:YAP [138]. The results are shown in Fig.
3.6 for emission at 1.94 ym. By assuming a crystal boundary temperature of 18°C, F is
calculated to be 0.087, 0.091, and 0.093 for the temperature rise of 9, 16, and 19 OC,
respectively, showing that higher internal heating will also contribute to the degradation of

the power performance with increasing concentration.
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Fig. 3.6. Calculated variation of the fractional inversion F as a function of temperature.

3.2.3 Summary

We provided a detailed investigation of the cw power performance of diode single-end-
pumped Tm:YAP lasers as a function of thulium ion concentration. Samples with 1.5, 3,
and 4% doping concentration were pumped at 797 nm with a fiber-coupled diode laser and
power efficiency measurements were made by using 2% and 6% output couplers. The best
power performance was obtained with the 1.5% Tm:YAP sample with a maximum cw

output power of 1430 mW at 9.5 W of incident pump power. The average gain cross-
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section value of 4.2x10! cm” determined from the power efficiency measurements agrees
well with the previously reported values[7, 150]. We identified increases in reabsorption
losses, non-radiative decay rates, and internal heating as the major factors that cause the
degradation of power performance with increasing thulium ion concentration. In this work,
the laser performance of Tm:YAP crystals with more than 4% Tm’" concentration was not
experimentally investigated. However, spectroscopic measurements and rate-equation
analysis suggest that cross relaxation may already be effective in samples with 1.5% Tm’*
ion concentration and that in single-end-pumped configurations, use of crystals with more
than 4% doping concentration may cause degradation in laser performance due to higher

reabsorption losses and faster non-radiative decay rates.

3.3 Low-threshold CW Tm:YAP laser

Development of low-threshold solid-state lasers, with the goal of making cost-effective and
less power consuming systems has attracted a great deal of attention in recent years[156-
162]. In order to reduce the threshold pump power, both the pump and the laser beams need
to be tightly focused inside the gain medium. This further requires short crystals with
lengths comparable to the confocal parameter of the pump. Furthermore, higher doping
levels are typically necessary to have sufficient pump absorption over short interaction
lengths. Most studies investigating low-threshold operation of solid-state lasers have so far
been limited to those operating in the near infrared[158, 160].

In this study, we achieved low-threshold operation of cw Tm®":YAIO; (Tm:YAP)
laser at room temperature[97]. Threshold pump powers in the 10 to 20 mW range were
obtained by using a z-cavity, pumped by a cw Ti:sapphire laser. Two alternative cavity
geometries were tested to investigate the role of mode matching. The first configuration
had curved high reflectors with 5-cm radius of curvature (R), whereas the second had R=10
cm high reflectors. In each case, both single and double-pumping were used and the best

performance (threshold pump power= 11 mW) was obtained with R=10 ¢cm mirrors and
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double end-pumping. The experimental results were also compared with a theoretical
model that accounted for the quasi 3-level nature of the gain medium. In general,
reasonable agreement was obtained between the experimental results and theoretical
predictions. In the case of the configuration with R=10 cm mirrors, the performance was
further improved by optimizing the polarization direction of the pump beam with a half-
wave plate. The incident threshold pump power of 10 mW, obtained in this case under
double pumping, is, to the best of our knowledge, the lowest threshold power reported to
date for cw Tm:YAP lasers. Finally, the cw laser could be tuned over a range of 150 nm

from 1842 nm to 1994 nm.

3.3.1 Experimental

Figure 3.7 shows a schematic of the z-type laser cavity consisting of the Tm:YAP crystal
placed midway between two focusing curved mirrors (M1 and M2), a high end reflector
(M3), and a 2% output coupler (OC). The 2-mm-long Tm:YAP crystal had a Tm®”
concentration of 4 at. %, 4 mm x 4 mm cross section, and was normal-cut along the a-axis.
The crystal had antireflection coating for 1940 nm on both faces. The small-signal single-
pass absorption of the crystal at the pump wavelength of 795 nm was measured to be
around 65% for the pump polarization approximately parallel to the crystal b-axis. The
crystal was wrapped with indium foil and placed inside an aluminum holder maintained at
20° C by water cooling. Two different cavity geometries were tested in the experiments.
In the first case, hereafter referred to as the R=5 cm cavity, both M1 and M2 had a radius of
5 cm and the focal length of the input focusing lens (L in Fig. 3.7) was 5 cm. In the second
configuration (R=10 cm cavity), R=10 cm for both M1 and M2, and the focal length of L
was 10 cm. M1 and M2 further had high transmission at 800 nm and high reflectivity in the
1800-2075 nm range. The coating range of the output coupler and M3 was from 1850 to

2050 nm. Each cavity configuration was symmetric with 30-cm and 90-cm arm lengths for
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the R=5 cm and R=10 cm, cavities, respectively. For double end pumping, a gold retro-

reflector (M4) with a 10.5-cm radius of curvature was used.

Fig. 3.7. Schematic of the continuous-wave Tm:YAP laser in z configuration.

The Tm:YAP laser was pumped at 795 nm by a cw home-built Ti:sapphire laser.
The pump beam waist was measured with the knife-edge technique to be 5.2 pm and 11.9
um for the R=5 cm and R=10 cm cavities, respectively. M? of the pump was 1.4 in each
case. In the first part of the experiments, a comparative study of the two cavity
configurations (R=10 cm and R=5 cm) was performed with the pump beam polarized
parallel to the crystal b-axis. Then the polarization of the pump was optimized with a half

wave plate to seek a further improvement in the best performance obtained in the first part.
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The free running wavelength and tuning range of the laser were recorded with a '%-
m Czerny-Turner-type monochromator. For the tuning measurement, a quartz birefringent
tuning plate was inserted inside the R=10 cm laser cavity with the incident pump power set
to 152 mW. With the insertion of the tuning plate, the output power of the laser decreased
from 26 mW to 18 mW at the peak of the tuning curve.

3.3.2 Results and Discussion
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Fig. 3.8. Power performance of the Tm:Y AP laser for (a) R=5 cm cavity and (b) R=10 cm
cavity with single and double end-pumping.

The laser operated at 1.945 pum in free-running mode and the output was polarized along
the c-axis of the crystal. Figs. 3.8(a) and (b) show the power efficiency data with respect to
the incident pump power for the R=5 cm and R=10 cm cavities, respectively. In each case,
the pump beam was polarized approximately along the crystal b-axis. The threshold pump
powers and the slope efficiencies 7, are given in Table 3.3. Clearly, the R=10 cm cavity
showed superior performance with lower threshold powers in both single and double end-
pumping configurations. Slope efficiencies were nearly equal for the two cases, suggesting

the same amount of total resonator loss and comparable degree of mode overlap between
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the pump and the resonator beams for both cavity geometries. The incident threshold pump
power for the R=10 cm cavity decreased from 15 to 11 mW going from single to double
pumping. A similar trend was observed for the R=5 cm cavity with relatively higher

threshold powers.

Table 3.3
Summary of the continuous-wave threshold data for the R=5 cm and R=10 cm
configurations®.
Single Pumping Double Pumping
Cavity Threshold Slope Efficiency Threshold Py, Slope Efficiency
Geometry P (mW) ns (mW) ns
(%0) (%)
R=5cm 20 16 18 21
R=10 cm 15 15 11 21

? All data are in terms of incident pump power.

A comparative threshold analysis for the two cavity configurations was performed
using Eqn. (2.19) for quasi three level systems (see Section 2.6). Note that, in the previous
study discussed in Section 3.2 above, t and f,o, (at 1.945 um and for E parallel to the
crystal c-axis) were determined to be 4.42 ms and 4.3 x 10! cm?, respectively. From the
analysis of the threshold data, the total round-trip resonator loss for both geometries was
estimated to be 10.7%. The measured values for the pump spot size @, (5.2 um and 11.9
um for the R=5 cm and R=10 cm cavities, respectively,) were used. The double-pass
absorption of the crystal was estimated from the measured single-pass absorption by
assuming that the double-pumping mirror retro-reflected nearly 100% of the transmitted

pump light.
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Parameter values used in the threshold analysis®

Parameter R=5 cm cavity R=10 cm cavity
7 (ms) 4.42
foor, (cm’) 43x107
T (%) 2
L + 2Nlf,o, (%) 10.7
w, (um)° 21.3 14.9
w, (um)° 28 31
na (%) (single-pass) 0.67 0.63
Na (%) (double-pass) 0.89 0.86
Results R=5 cm cavity R=10 cm cavity
Py (mW) (single end-pumping) 24 24
Py (mW) (double end-pumping) 18 18

“Calculated threshold powers are shown at the bottom. The analysis assumes that
the laser is operated at the center of the stability range.
°Root-mean-squared values inside the crystal.

The laser mode spot size w; was estimated from the ABCD analysis for each cavity
geometry by assuming that the laser was operated near the center of the stability region.
This would give the largest calculated threshold power since the beam waist is largest at the

center of the stability curve. Furthermore, for a more accurate determination of the

53



Chapter 3: Study of CW Tm>":YAIO; Laser 54

expected threshold powers, rms spot sizes for both the pump and laser beams (wp=21.3 um
and w;=28 um for the R=5 cm cavity and wp=14.9 um and w;=31 um for R=10 cm cavity
) were used. By using Eq. (2.19), the incident threshold power was calculated to be nearly
equal for the two cavity configurations: 24 mW for single end-pumping and 18 mW for
double end-pumping. Although the R=5 cm cavity had tighter beam waist, larger
diffractive spreading gave an rms spotsize comparable to that for the R=10 cm cavity. The
parameters used in the threshold calculation and the results are listed in Table 3.4.

Comparing the measured and calculated threshold data, we see that experimentally
achieved results for the R=10 cm cavity (15 mW for single pumping and 11 mW for double
pumping) were lower than the theoretical predictions. This suggests that the laser could be
fine-adjusted to an operating point somewhat away from the center of the stability region to
reduce the resonator mode spot size and hence to lower the threshold. As a matter fact,
setting w;= 22 um for the R=10 cm cavity yielded calculated thresholds of 15 mW and 11
mW for single and double pumping, respectively, predicting the measured values closely.
On the other hand, for the R=5 cm cavity, the experimental threshold power (20 mW) is a
little lower than the calculated one (24 mW) for single pumping, but equal to the calculated
one for double pumping (18 mW). Normally, it is expected that the R=5 cm cavity can also
be further optimized to lower the threshold, similar to the R=10 cm cavity. However, this
was not possible in the experiments due to the high alignment sensitivity of this cavity.
Note that the superior performance of the R=10 cm cavity is also indicated by the closer
match between the crystal length (2 mm) and the pump confocal parameter (1.5 mm for
R=10 cm cavity and 0.3 mm for R=5 cm cavity).

Fig. 3.9 shows the power efficiency curve of the double end-pumped R=10 cm
cavity after the polarization direction of the pump beam was further optimized with a half
wave plate. The incident threshold incrementally improved from 11 mW to 10 mW and the
slope efficiency 7, increased from 21% to 25%. This enhancement in the laser

performance is a consequence of the highly polarization-dependent nature of the absorption
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coefficient of the Tm:YAP crystal[7]. It is shown in Figure 2 of the work by Stoneman et
al. that at 795 nm, the absorption coefficient peaks sharply for pump polarization along the
crystal b-axis and becomes nearly four times larger than that for the c-axis[7]. In our case,
the pump beam propagates along the a-axis of the crystal with polarization approximately

along b-axis and the half wave plate is used to fine-tune the polarization direction to

. . . 1 )
optimize the efficiency of the Tm:YAP laser. Since n.an, and P,a— with all the
parameters of the laser remaining fixed in such a case, a 19% increase (from 21 to 25%) in

ns would imply a 19% increase in #,. This in turn would require a 19% reduction of the

threshold from 11 to 9.5 mW, which, agrees well with our experimental result of 10 mW.
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Fig. 3.9. Power performance of the Tm:YAP laser for R=10 cm cavity with double end-
pumping after optimizing the pump beam polarization.

The tuning curve of the laser is shown in Fig. 3.10. The tuning range covers more

than 150 nm from 1842 nm to 1994 nm which agrees reasonably well with that predicted
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by the laser threshold versus wavelength curves shown in Fig. 4 of Ref. [7]. The measured
tunability is also similar to that of the diode-pumped Tm:YAP lasers reported by Li et al.
[98], except for a shift of about 50 nm, and Cerny et al.[144], except for the protrusion in
the 1990-2035 nm range.
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Fig. 3.10. Measured variation of the output power as a function of the emission
wavelength.

3.3.3 Summary

We have described a continuous-wave Tm:YAP laser which can be operated at 1945 nm
with threshold pump powers as low as 10 mW. The output could be tuned in the 1842-1994
nm range. Two alternative cavity geometries with R=5 cm and R=10 cm mirrors were

tested. When the pump polarization was approximately parallel to the crystal b-axis, R=10
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cm configuration yielded a lower pumping threshold. Each configuration produced nearly
the same slope efficiency, suggesting that the amount of total resonator loss and the degree
of mode overlap between the pump and the resonator beams were similar. A theoretical
calculation assuming operation at the center of the stability range predicted nearly equal
threshold powers for the two configurations. However, alignment and optimization of the
R=5 cm configuration was much more difficult due to the narrow stability range of the
cavity in this case. We believe that low-threshold versions of the mid-IR lasers can find
widespread applications in spectroscopy as well as medicine and can be more readily

integrated into low-cost measurement systems.
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Chapter 4

BIO-MEDICAL APPLICATION OF CONTINUOUS WAVE Tm**: YAIO,
LASER

4.0 Introduction

In medical applications, thulium-based lasers operating in the 1.9-2.0 um wavelength range
are emerging as alternatives to Ho-based lasers which have been in clinical use for some
time, as was discussed in Section 2.8.1. Thermal effects of laser radiation on tissues due to
absorption by water are exploited in medical applications of two-micron lasers (see Section
2.8.1). Therefore, Tm®*:YAlO; (Tm:YAP or Tm:YAIO) laser is a strong candidate for such
applications since it has a free-running output in the 1.94-1.99 um range where water has
an absorption peak (see Fig. 2.8 and 2.9). This has led us to take on a joint project with a
biomedical group from Bogazici University with the objective of developing a surgical
system based on diode-pumped cw Tm:YAP laser. Two application areas of medical
surgery are targeted in this project. First area includes tissue coagulation (thermally killing
pathological tissues without harming the healthy ones) and ablation (vaporization). The
other surgical application is laser tissue welding (fusion). This project has had three stages
so far: conversion of the diode-pumped Tm:Y AP laser from a laboratory set-up to a robust
mobile form to be used in tissue experiments, characterizing the interaction of the laser
radiation with tissues via experiments on in vitro (dead) samples of animal tissues in order
to optimize laser application parameters for desired coagulation and vaporization effects,
and laser welding trials on in vivo (live) animal tissues to optimize laser application
parameters for high quality closures. The first phase of this project was conducted at Laser

Research Laboratory of Ko¢ University while the following phases are still going on at
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Bogazici University. The ultimate aim is to present the medical community a laser welding
system ready for clinical use. In this chapter, first a review on laser tissue welding will be
given to introduce the reader to the laser welding process and its progress through years.
The review section will be followed by the description of the reassembled laser and its
characterization. In the last part, preliminary results of dosimetry experiments on in vitro
(dead) animal tissue samples and welding trials on in vivo (alive) animal skin tissues will

be presented.

4.1 A review of Laser Welding
The laser tissue welding is the name given to the incision (cut, wound) closure technique
based on the thermal fusion of tissues upon application of laser radiation. Although the
mechanism of the process has not been completely understood yet, the general belief is that
at temperatures above 65 °C structural changes (denaturation) take place in the extracellular
proteins such as collagen and fibrinogen which form bonds upon cooling[163-165]. Laser
welding of tissues has been studied for nearly three decades as an alternative to standard
suture (stitching) method since it offers advantages such as immediate watertight closing of
incisions and wounds, strong hemostasis (termination of bleeding), and easing of the stress
and disorder experienced by the patients due to complications after surgical procedures and
reaction of the body to sutures (stitches) and clips[163-165]. Laser welding began to attract
more attention especially after the invention of laparoscopic surgery (minimally invasive
surgery) and endoscopy where indirect intervention through endoscopic channels is
required. Using suture method in laporoscopy is difficult and time consuming and actually
not possible in endoscopy[163, 164]. However, laser welding is compatible with both cases
due to the radiation transmitting capability of fibers in small and winding channels.

Various lasers including Nd:YAG (1.064 um)[166, 167], CO, (10.6 um)[168, 169],
argon (0.5 um)[170, 171], holmium (2.01-2.15 pm)[171-174], KTP (532 nm), and diode
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lasers (808-810 nm)[173, 175] have been used in tissue welding studies. The first
successful demonstration of laser welding was the closure of incisions in blood vessels of
rats with an Nd:YAG laser in 1979[166]. Next milestone in the progress of laser welding
was the introduction of solders based on albumin (a type of protein that experiences
denaturation upon heating) to prevent the damage to the surroundings of the tissues
exposed to radiation and improve the strengths of the closures[168]. Since then studies to
develop the usage of solders based on albumin and other more complex proteins have
shown that solders can improve the strength, reliability and shorten the duration of laser
welding process[163, 164]. The function of the protein-based solders have been described
as absorbing the heat to prevent thermal injury to the surroundings of the closure and
reinforcing the weld via proteins undergoing denaturation and contributing to the bonding
of tissues[163, 165]. In addition, chromophores (materials absorbing radiation) applied
onto the tissue directly or added in the solders to enhance the absorption of laser radiation
have been used to further improve the laser welding technique[163]. The chromophores
function to make the energy conversion from the laser radiation to heat more efficient,
reduce power requirement, increase reproducibility of welds and limit thermal damage to
the area surrounding the closure[163, 167]. Common chromophores are indocine green dye
with an absorption peak in albumin solution at 805 nm[173, 175] and carbon black used
with diode lasers (808-810 nm)[163], fluorescein dye used with KTP laser (532 nm)[163],
India ink used with Nd:YAG laser (1.064 um)[167, 176].

To date, researchers have successfully demonstrated laser welding of
gallbladder[174], gallbladder cystic duct[171], wurethra[168, 175], intestine
(enterotomy)[170, 172], urinary bladder[169], skin[167, 176], cornea[l77], arteries and
veins (vascular anastomosis)[166, 173, 178] in animals. However, its admission to clinical
use has been slow due to certain limiting factors such as highly operator-dependent and

thus subjective nature of the termination point (time) of the weld, difficulty with

60



Chapter 4: Bio-Medical Application of CW Tm’":YAIO; Laser 61

reproducibility of results and thermal damage in the proximity of the weld site[164]. In the
absence of a feedback system which gives an indication of which state the welding process
is in, the operator has to depend on his visual evaluation of the closure (color of tissues,
etc.) to terminate the laser radiation[169, 178]. This subjective decision can result in low
quality welds due to under or over adequate thermal energy deposition in the weld area.
Research has shown that weld quality is highly dependent on tissue temperature in the weld
site[163, 169, 178, 179]. Hence, temperature control technique has been developed to
optimize the laser welding process further and achieve high weld strength with minimum
thermal damage in a reproducible manner[163, 164, 169, 170, 172, 178, 179]. In this
technique, the maximum temperature of the welded tissue is stabilized, via feedback, in an
optimum range which is determined through measurements of weld strength and thermal
damage versus tissue temperature. In fact, using temperature control, increases in
consistency[178], quality and stability[172], and success rate[169] of the laser welding
process have been reported. Concerning the thermal damage in the vicinity of the closure,
it was also shown that when the lateral thermal damage zone is limited to about 200 pum,
the scars occurring during the healing period are reduced significantly[180]. Researchers
demonstrated that effective welding with confined lateral thermal damage to less than ~200
um could be obtained with succession of laser pulses with durations less than 100 msec and
cooling periods in between pulses long enough to bring the tissues to their initial
temperatures[167, 181]. Further optimization of the welding with pulsed radiation was
obtained with cryogenic cooling applied to the weld zone in between pulses which
increased weld strength while reducing thermal damage and the operation period for the
welding process[176].

The critical aspects of laser welding technique are the matching of penetration
depth of laser radiation with the thickness of the tissue to be welded, setting duration and

intensity of laser radiation and determination of termination point. The desired outcome is a
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strong weld covering the full depth of the incision with minimal thermal damage to the
vicinity of the closure. The usage of solders and or chromophores is generally preferred in
cases of lasers with high-penetration wavelength (Nd:YAG[167], 808 nm diode laser[163,
173, 175]) to increase the absorption in the weld zone and or minimize thermal damage
outside it, while with low-penetration lasers (Ho:YAG[172, 173], CO,[169],1.95 nm diode
laser[178]) welding with no solder or chromophore has been demonstrated in several cases.
Of course it is desirable to obtain high quality welds with no additives since it has a simpler
and less time consuming operative procedure compared to welding with solders and or
dyes. In our case Tm:YAP has a low-penetration wavelength (free-running wavelength
range of 1.94-1.98 nm) near an absorption peak of water and therefore, we aim at achieving
laser welding with no solder or dye. If it is not possible to obtain satisfactory results this

way, then addition of solders and or paints will be considered.

4.2 Reassembling and Characterization of the Laser

The diode-pumped continuous-wave (cw) Tm:YAIO laser was converted from an
experimental set-up in the laboratory to a robust stand-alone laser to be carried over to
Bogazici University for bio-medical experiments on tissues (see Figs. 4.1.-4.3.) The laser
was reassembled using two steel platforms which can be seen in Fig. 4.2. The resonator
cavity was built on top of the upper platform and the laser diode was placed on the bottom
face of the upper platform. The lower platform functioned as a base for the four isolating
legs which carried the upper platform. The laser diode pumped the Tm:YAIO crystal via
the coupling fiber connected to the imaging telescope that focused the pump beam onto the
crystal. The 1.5% thulium-doped crystal and 2% output coupler (OC) was chosen to
achieve as high a power as possible while operating below an input pump power of 10 W
(see Section 3.2.2). To make the laser more compact and also efficient, the resonator length

was reduced to 6.5 cm which resulted in a 5% increase in slope efficiency (22%) compared
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to that (21%) for the 7.5 cm long cavity (see Section 3.2.2). Figure 4.4 shows the measured

power efficiency of the laser.

Uncoated
Input 2% OC lens
mirror rc=10 cm F=3.5cm
1.5% O
pump T =
Tm:YAP A\ -
6.5 cm 78cm ! S.lem
fiber 3 14.3 cm J
Output
output coupling
Fiber M251L.02

Fig. 4.1. Schematic of the reassembled Tm:Y AP laser

o

Fig. 4.2. Picture showing side view of the reassembled laser.
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Fig. 4.3. Picture showing top view of the reassembled laser.
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Fig. 4.4. Power efficiency curve of the reassembled Tm:YAIO laser.
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4.2.1 Coupling of Laser Output into a Fiber

The output of the laser was coupled into a fiber so that laser radiation could be easily
directed on tissue samples. To this end, a 2-m long multimode fiber with a core diameter of
200-um and numerical aperture of 0.22 was used. This was a low-OH content fiber
transmitting 99% at a wavelength of 2 um. In order to efficiently couple the output of the
laser into the fiber, the laser beam was imaged with a lens of 3.5 mm focal-length in a
nearly 3:1 (object distance of 14.3 cm and image distance of 5.1 cm) configuration. Beam
waist which occurred at the flat mirror inside the laser cavity was calculated to have a spot

size of 173 um using

wolt & (4.1)
7 Vall-gg,)
Eq. (4.1) gives the spot size on the first mirror of a two-mirror cavity, L is the cavity length,
A is the laser wavelength, g,=1 - L/R,, g>=1 - L/R, where R, and R, are the radii of
curvature of the first and second (input and output) mirrors. Taking the spot size at the
beam waist as the object size, the imaged spot size at the entrance of the fiber was
calculated as 61.7 um using the imaging formula. The actual power coupling ratio into the
fiber with a 100 pm core radius was measured to be 84%. Fig. 4.5 shows the measured
power variation with incident pump power at the output of the fiber. The reassembled laser
proved to have a very stable operation after running continuously for two hours at an

incident pump-power of 8.9 W and an output of 1150 mW.
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Fig. 4.5. Measured power at the output of the coupling fiber.

4.2.2 Wavelength and Spotsize Measurement at Output of Fiber

The wavelength of operation for the reassembled laser was determined to be 1.98 nm by
using a monochromator and germanium detector. This was expected since 2% OC was
used (see Section 3.2.2).

The spot size of the laser beam and M* were measured at the output of the fiber with
the knife edge technique. The waist size w, of the beam was 100 um, equal to the core
radius of the 200-pum diameter fiber and the waist was located at the output end of the fiber
as expected. The M’ was measured to be 22.7, a reasonable outcome of the multimode
characteristic of the fiber. Using the measured w, and M’ data, the spot size w(z) of the

output beam at a distance z from the output of the fiber was calculated according to
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2
w(z)=w, 1+(/%22)2 4.5)

o

where 1 is equal to 1.98 um. Then average intensity /(z) of the laser radiation at a distance z

from the output of the fiber can be calculated according to

i) ——% (4.6)
' (2) ’

where Po is the laser output power. Hence in experiments on tissues, the average intensity of the
laser radiation incident on the tissue for a certain output power and distance of the fiber tip from the
tissue can be determined using the measured w, and M’ data and Eqns. (4.5) and (4.6). One of the
objectives of the dosimetry studies is to determine the correct average intensity level for achieving

the desired effect on the tissues.

4.2.3 Cooling of the Laser

The effect of cooling on the laser performance and cooling requirement for efficient
operation were investigated, since the laser was to be transported to Bogazici University
and a new cooling system would be required. The laser was water-cooled with the cooling
water circulating first through the copper crystal holder and then the laser diode. The
performance measurements shown in Figures 4.4 and 4.5 were taken and stability of the
laser was tested with the cooler temperature set to 20 C°. To calculate the cooling
requirement, temperature of the cooling water exiting the laser diode was measured with a
thermocouple before and during operation. The temperature settled to 3 C® above the non-
operational state while the laser was operating at an output power of 1150 mW. The non-
operational value was 22 C°. The corresponding cooling rate indicated by the temperature

change of the circulating water can be calculated from the heat dissipation rate = (heat
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capacity of water) x (water flow rate) x (change in temperature). Water flow rate was
measured to be 116 g/min. Then using 1 cal/gC° for the heat capacity of water, the cooling
rate was determined to be 5.8 cal/sec or equivalently 24 W.

The effect of cooling on the performance became apparent when the laser was
cooled by circulating city water instead of a temperature-controlled chiller. The
performance degraded nearly 40% with an output of 700 mW instead of 1150 mW with the
same pump power. Fig. 4.6 shows the power performance at the fiber output under cooling
with city water. The main reason for this decline in performance is the shift in the operating
wavelength of the pump laser diode caused by the temperature change in the cooling water.
The laser diode output wavelength is centered at 797 nm when operating at 25 C° and shifts
0.3 nm per C° with changing operation temperature. When cooled with city water,
temperature was measured to be 19 C° at the exit of the laser diode. Hence degrading

output power indicated how sensitive the laser is to the shifts in the pump wavelength.
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Fig. 4.6. Power performance of Tm:Y AlO when cooled with city water.
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4.3 Experiments on Tissues

In this section, preliminary results of experiments on tissues reported to date by the
biomedical group at Bogazici University will be presented[182, 183]. At the initial stage,
the interaction of the Tm:YAP laser radiation with tissues was studied by changing
duration and intensity of continuous wave (cw) radiation on dead (in vitro) animal tissues
of liver, heart, kidney and brain. The aim was to assess the effect of varying intensity and
duration on tissues so that the correct dose for coagulation and ablation can be determined.
In the experiments, the laser radiation was applied on tissues from a distance h of 10 mm as
shown in Fig. 4.7[182] and the size of the affected tissue spot and penetration depth were
recorded for each case. The size (radius) of the laser beam spot incident on tissues equaled
2.9 mm for h=10 mm. The results for an average incident intensity of 12.4 W/cm?® (laser
output power=0.8 W) with varying durations (5 to 120 sec) are summarized in Table
4.1[182]. A picture of the lesions (spots) formed on the tissues by irradiance of 12.4 W/cm®
at varying durations is shown in Fig. 4.8[184].

Fiber Tip

$n
Tissue Sample

Fig. 4.7. The setup for investigating the effect of laser radiation on tissues (h=10 mm)[182].
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Table 4.1
Lesion size and penetration depth for various durations t of laser radiation[182].
liver liver heart heart
h =10 mm h=10 mm h =10 mm h =10 mm
t (sec) Lesion diameter (mm) | Penetration depth (mm) Lesion diameter (mm) | Penetration depth (mm)
5 1.9 0.8 1.6 0.6
10 2.3 1.0 2.4 0.8
20 3.0 1.1 2.7 1.0
30 3.5 1.3 34 1.3
40 3.7 1.4 3.5 1.6
60 3.8 1.8 3.9 1.7
120 4.6 2.2 4.7 2.6
kidney kidney brain brain
h=10 mm h=10 mm h =10 mm h=10 mm
t (sec) Lesion diameter (mm) | Penetration depth (mm) Lesion diameter (mm) | Penetration depth (mm)
5 2.1 0.6 1.5 0.1
10 2.6 0.9 2.5 0.2
20 2.8 1.2 2.9 0.3
30 3.5 1.3 3.1 0.4
40 4.1 1.5 3.5 0.6
60 4.5 2.2 3.9 0.9
120 5.0 2.6 4.4 1.2

The results indicate that the lesion size and penetration depth increase with duration
of the radiation as can be seen from Table 4.1. The variance between the sizes of these
parameters for different tissues is caused by the different water content in each tissue
resulting in a varying level of radiation absorption. It is also reported that the carbonization
effect (undesired extreme burning of tissues) is dependent on the intensity of the incident
radiation[184]. Further, the penetration depth is still low even if carbonization is observed

on the tissue surface due to the high absorption of the radiation by the tissues[184].
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Fig. 4.8. Laser radiation spots on dead animal tissues for I=12.4 W/cm® with duration of 5

sec to 120 sec from left to right[184].

In a second set of experiments, laser welding dosimetry studies on live rat skin were
conducted. This time cw radiation of Tm:YAP laser was applied on 1-cm long incisions
(cuts) on the backs of two live Wistar rats (see Fig. 4.9). Six cuts were made on the shaved

back of each Wistar rat (see Fig. 4.9) for welding tests. The welding parameters applied on
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six incisions are given in Table 4.2. The welded incisions were investigated histologically
after a healing period of four days. Two pictures showing the cuts on the first and fourth
day after welding are shown in Fig. 4.10. Also temperature changes under the skin were
investigated during the welding process with the help of a thermocouple. For temperature
measurements, the laser output powers of 0.37 W and 0.52 W were applied to the incisions

from a distance of 2 mm to the skin for a period of 5 sec.

Fig. 4.9. 1-cm long incisions on the back of Wistar rat[183].

Table 4.2

Laser welding parameters for six incisions[183].
Incision Power Pulse Distance to Average
No. (W) Duration Tissue (mm) Intensity
(sec) (W/cm?)

5A 0.25 3 5 15.26

5B 0.25 3 5 15.26

5C 0.53 3 5 3235

6A 0.53 3 5 3235

6B 0.70 3 5 42.73

6C 0.70 6 5 42.73

72



Chapter 4: Bio-Medical Application of CW Tm®":YAIO; Laser 73

Fig. 4.10. Incisions on the first (top) and fourth (bottom) day after laser welding[183].

The results of the welding experiments show that better quality welds are obtained
with the lowest intensity (15.3 W/cm® on incisions 5A and 5B) used while a high level of
carbonization (thermal damage) on the surface is observed for the highest intensity (42.7
W/em? on 6B and 6C) and less but still some carbonization on the surface observed for the
medium intensity (32.4 W/ecm® on 5C and 6A)[183]. In temperature measurements,

increases of 5.3 C° and 14.3 C° under the skin were recorded for 0.37 W and 0.52 W
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applied to the cuts, respectively[183]. These temperature changes can only cause a

negligible level of thermal damage to the tissues under the skin[183].

4.4 Summary

A joint project has been undertaken with Bogazici University to develop a surgical system
based on the cw Tm:YAP laser. For experimenting on tissues, the diode-pumped cw
Tm:YAP laser has been reassembled and its output was coupled into a fiber for directing
radiation on target tissue samples. So far studies have been conducted to characterize the
interaction of laser radiation with tissues by experimenting on in vitro animal liver, heart,
kidney and brain tissues and laser welding of incisions on live rat skin. Based on the
preliminary results, it has been reported that incident intensity around 15 W/cm? is suitable
for laser welding while for coagulation and ablation higher intensity is required [182]. This
collaborative project is still under progress. It has been stated that experiments are planned
where histological evaluations of welding results will be performed.after varying healing
periods. Healing periods of 1, 4, 7, 14, and 21 days will be tested[183]. Also pulsed

radiation will be used to minimize damage to the surrounding tissues[183].
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Chapter 5

SPECTROSCOPIC STUDY OF LASER MATERIALS

5.1 Introduction

Spectroscopic characterization of photonic materials has a two-fold significance relevant to
laser research. It is a method for investigating the lasing potential of a new material and
also for the determination of important parameters that define lasing characteristics of
known laser materials. Spectroscopic study of a material consists of two main parts:
measurements and data analysis. Measurements include absorption and fluorescence
spectra and determination of fluorescence lifetime of excited states. The wavelength ranges
for the spectrum measurements are chosen in relevance to the lasing dynamics under
investigation. In our case, 190-2000 nm for absorption and 1000-2500 nm for fluorescence
are chosen to cover the transitions of the 4f shell electrons in Tm®" ions relevant to the
generation of two-micron radiation. Similarly, in fluorescence lifetime measurements, the
H4 and °Fy levels are targeted since they play significant roles in the dynamics of lasing
activity around 2 um. In the second part of a spectroscopic study, a Judd-Ofelt analysis is
applied to the absorption data to calculate Judd-Ofelt intensity parameters and radiative
lifetimes of the *H, and °F4 levels. Then, using the results of Judd-Ofelt analysis and
fluorescence measurements, luminescence quantum efficiencies (parameter indicating the
strength of radiative emission) of these levels and laser emission cross section at
wavelengths of interest (relevant to two-micron lasing) are determined. A more detailed

description of the data analysis will be given in the next section.
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5.2 Spectroscopic Analysis

Physicists, beginning with Van Vleck[185] and Broer, Gorter, and Hoogschagen[186] have
shown that there are three possible underlying mechanisms (electric dipole, magnetic
dipole and electric quadrupole) that can account for an absorption band in a rare-earth ion
(lanthanide or Ln*") and electric dipole is the dominant mechanism among the three for a
majority of the transitions in rare-earths[187]. On the other hand, magnetic dipole
transitions which obey the selection rules AJ<1, AL=0, AS=0 and AI=0[187, 188], play a
significant role in only few transitions of the Ln’" ions. For the spectral range used in our
analyses, magnetic dipole transitions can be neglected for the Tm®* ion[189]. Judd-Ofelt
analysis is based on the reciprocity method where absorption bands in an absorption
spectrum of a rare-earth ion can be related to the radiative parameters of that material. In
this method, first, experimental integrated absorption coefficient (spectral intensity) given

by

£,), = Juar (5.1)

band

is calculated for each absorption band by integrating the area under that band. Then,
according to the Judd-Ofelt theory[190, 191], the integrated absorption coefficient (Z,)ca
of an electric dipole transition from the ground state (SLJ) to the excited state (S’L’J’) can

be calculated from

2

SL')

=) = Bre” (142" Ay Y Q,KSLJHU(” (5.2)
t=2,4,6

3ch On (2 +))

76



Chapter 5: Spectroscopic Study of Laser Materials 77

where A4 is the mean wavelength of the absorption band or bands for overlapping cases, n
is the refractive index, c is the speed of light, 4 is Planck’s constant, J is the total angular
momentum quantum number of the ground state, N, is the rare-earth ion (Tm®" in our case)
concentration in the material, U” are the doubly reduced matrix elements of the unit tensor
operator of rank ¢, and €, are the Judd-Ofelt intensity parameters. Then (2,).., is equated to
(2,)caic for each absorption band in order to solve for the three unknown Q,. Usually the
number of absorption bands are more than three, hence an over-determined set of equations

for m bands is obtained as shown below:

m x 1 m x 3 3x1
(2)expr C1|<SL]||U <’)||S’L'J’)r Q,
| Q
4 (5.3)
(2 expm Cof(surfy e
In (5.2), C;’s are constants given by
3.2 2 2 a7

c - 8r’e” (n” +2) A N (5.4)

" 3ch 9n  (2J,+1)

where the subscript i denotes the absorption band. The set of equations can be either solved
iteratively or with an inverse matrix method with numerical means. In our studies, inverse

matrix method utilizing a command (“Pseudolnverse”) in Mathematica was used. This
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command produces the closest solution when the matrix is not invertible. With this method,
numeric solutions with equivalent precision were obtained much faster compared to the
iterative method. Since the matrix elements U” are not strongly host dependent[187, 192],
the values tabulated by Kaminskii[187] were used in the calculation. The root-mean square

€Iror

. JZ[(Z,)M ()] 55
qg-p

indicates the proximity of the approximation. In Eq. (5.5), ¢ represents the number of bands
for which line strengths are calculated (six in our case) and p the number of parameters
determined (three in our case). Once the intensity parameters Q; are determined, the
spontaneous emission probability rate 4(J,J’) for an electric-dipole transition from an SLJ

state to S'L’J’ state with a mean wave number v can be calculated using

2

4 2 2 2=3
AT = 64r"e” n(n +2)v . Z 0 (5.6)
t=2,4,6

T 3h(2J +1) 9

<SLJHU(’)

SLJ)

Then the radiative lifetime 1z of an excited state given by Eq. (2.7) (see Section 2.5) can be
determined from the spontaneous emission rates for possible transitions from that state to lower
states. The luminescence quantum efficiency # (See Section 2.5 Eqn. (2.10)) for that excited
state is further calculated by using the radiative lifetime and the measured fluorescence
lifetime. The stimulated emission cross section at a specific wavelength, which is an important
indicator of the lasing potential of a material, can be calculated with a spectroscopic analysis in

two independent ways: using the absorption data (reciprocity method) and using the emission
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data. The reciprocity method relates absorption cross section to emission cross section and
requires the energy level data for the rare earth ion-host combination under investigation as
well as the absorption spectrum. According to the reciprocity method, the emission cross

section at a certain wavelength is given by[188, 193, 194]

o,(A)= Ua(/l)éeprEZ1 —}fj/kT} . (5.7)

2

In Eqn. (5.7), Z; and Z, are the partition functions (see Section 2.6 Eqn. (2.14)) of the lower and
upper manifolds, respectively, E.; is the energy difference between lowest Stark level of upper
multiplet and lowest Stark level of lower multiplet called the zero line energy. In the other
method based on the emission data, also called the Einstein metod[194], o is calculated with

the Fuchtbauer-Ladenburg equation[137, 193, 195]:

LIA)AJ,JT)

2= :
1 4) 8’| 1(A)dA

(5.8)

where I(4) is the normalized fluorescence intensity at wavelength 4 and the spontaneous
emission rate A(J,J’) resulting from the Judd-Ofelt analysis is used. In Eqn. (5.8) the integral
applies to the emission band in which A is located and A(J,J’) belongs to the underlying
transition. In spectroscopic works detailed in this thesis, the Fuchtbauer-Ladenburg equation
was preferred because of two reasons. First, there is uncertainty on the energy levels of Tm®"
ions in the hosts (LuAG crystal and TeO,-WO; glass) investigated here, which makes the
reciprocity method unfeasible in our case. Second, it has been indicated that calculation based
on Fuchtbauer-Ladenburg equation is a more accurate method as it uses fluorescence data

directly[194].
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In the last part of our spectroscopic analysis, the critical distance parameter R, is
estimated. R, is a measure of the strength of cross relaxation and represents the distance
among active ions for which cross relaxation rate equals the radiative decay rate[152]. Cross
relaxation is an important non-radiative process in Tm-doped systems contributing to the
decay of the *Hy level (see Section 2.6) while energy transfer takes place from excited-state
(donor) to ground-state (acceptor) Tm>" ions. If the excited ions were to decay intrinsically
in the absence of non-radiative processes, then the fluorescence decay of the ion density
N(t) in the *H, level would be given by a simple exponential decay governed by the

radiative lifetime as

N@)= exp(-t/zp). (5.9)

In the presence of non-radiative energy transfer mechanisms, the decay of the excited ions
is expected to deviate from this exponential form according to the nature of the energy

transfer processes:

N(©)= exp[-t/ze-TI(D)]- (5.10)

There are three possible mechanisms for energy transfer between excited donor and
ground-state acceptor ions in non-radiative processes: direct relaxation, fast diffusion and
diffusion-limited relaxation[196]. Direct relaxation is the limiting case where there is no
diffusion (migration) of energy among donor ions and energy is transferred directly via
coupling mechanisms such as dipole-dipole, dipole-quadrupole or quadrupole-quadrupole.
Here, the fluorescence decays non-exponentially in the beginning and later intrinsically
according to Eqn. (5.9). In the limit of fast diffusion, the energy migration among donor

ions via resonant energy transfer is rapid due to high diffusion rate and high donor
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concentration, and excited state decay has a simple exponential form. Diffusion-limited
relaxation describes the case where both resonant energy transfer (diffusion) and relaxation
through coupling mechanisms between donor-acceptor ions contribute to the overall decay
of the excited state. Since cross relaxation takes place between excited and ground-state
Tm®" ions inside a host where ground-state Tm®" ions play the role of both unexcited donor
centers for energy diffusion and acceptors for energy transfer through coupling
mechanisms, diffusion-limited relaxation applies to this process[152, 196, 197]. In a
diffusion-limited relaxation process, Yokota and Tanimoto [197] showed that the deviation
term in Eqn. (5.9) for a case including energy transfer by diffusion and dipole-dipole coupling

is given by

(5.11)

4 5, s o[ 1410.87x +15.50x2
N=—n""N,C"'“t .
) 3 4 1+8.473x

In (5.11), N4 is the concentration of the acceptor ions (equal to doping concentration N in

our case), C is the interaction parameter and
x=DC"3¢"? (5.12)

is the normalized time variable with D being the diffusion coefficient. In our studies, values
for coefficients C and D were calculated for each sample by applying a non-linear least-
squares fit to the fluorescence decay curve of the *Hy level with Eqn. (5.10), where [](7) is
given by Eqn. (5.11) and calculated radiative lifetimes were used. The critical distance
parameter R, represents the separation distance at which the non-radiative donor-acceptor

energy transfer rate equals the radiative (intrinsic) decay rate as in[196]
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C(R,)"= exp(-t/zr). (5.13)

In Eqn. (5.13), s depends on the multipolar interaction between donor and acceptor ions

and s=6 for dipole-dipole coupling. Then R, can be estimated from
R,= (tC)"". (5.14)

Once R, is calculated, the corresponding doping concentration N can be determined
considering the Tm>" ions to be located at the corners of cubes each with a side of R, inside
the host lattice. So for each cube there will be 8 x (1/8)= 1 thulium ion and N= 1/(R0)3.

The following sections (5.3 and 5.4) discuss the spectroscopic studies of
Tm*"LuAG, a garnet crystal with a demonstrated lasing capacity, and thulium-doped

telluride-based glass Tm’":TeO,-WOs, a potential laser glass.

5.3 Spectroscopic Analysis of Tm*":LUAG

Lasing experiments done with thulium-doped Lu3AlsO;, (Tm:LuAG) crystals have
demonstrated their potential as versatile sources of coherent radiation at 2 pm [45, 46, 59,
127]. Also, Filer et al. showed, based on a quantum mechanical model, that LuAG has the
best figure of merit and the lowest lasing threshold for the 2-um transition among several
other thulium-doped garnets [198]. In this work, the figure of merit (FOM) was defined as
the ratio of the thulium ions in the *F4 level at the lasing threshold to the total number of
thulium ions and comes to 0.06 for the 2.07-pm emission line of LuAG. For comparison,
the calculated value of FOM is 0.08 for the YAG (2.04-um emission) and YScAG (2.03-
um emission) hosts, indicating higher lasing thresholds [198]. In free-running mode,
Tm:LuAG lasers operate at 2.023 pum, which is in one of the preferred wavelength ranges

for lidar applications [127]. Similar to other thulium-based lasers, they can be directly
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diode-pumped by using pumps operating in the 780-790 nm range [45, 46, 127]. Based on
these facts, we believe the spectroscopic characteristics of Tm:LuAG deserve a detailed
investigation which, to the best of our knowledge, has not been undertaken.

In this work, we present the results of spectroscopic measurements and analyses
carried out with two Tm:LuAG crystals with Tm’" ion concentrations of 0.5 at. % and 5 at.
% (hereafter referred to as 0.5% Tm:LuAG and 5% Tm:LuAG, respectively, in the
text)[199]. In the experiments, absorption and fluorescence spectra were recorded and
intensity parameters ({2, Q4, ¢), radiative lifetimes of the Hy4 and °F,4 levels, and emission
cross-sections of the *F4— Hg transition were calculated using the Judd-Ofelt theory (see
Fig. 5.1 which shows the energy-level diagram of for Tm®" ions). Fluorescence lifetime of
the 3H4 and 3F4 levels were measured and luminescence quantum efficiencies for the
*Hy—Hs (1470-nm band) and *F4— Hg (1800-nm band) transitions were determined.
Finally, the lifetime data were used to estimate the average critical distance parameter R,
which gives a measure of the strength of cross relaxation (see Section 5.2). Our
measurements show that the lifetime of the °F4 level decreases from 11.2 ms for the 0.5%
Tm:LuAG to 7.1 ms for the 5% Tm:LuAG sample. The measured lifetime of the SH, level
drops sharply from 851 psec for the 0.5% doped sample to 42.3 psec for the 5% doped
sample due to the effect of cross relaxation. The substantial decrease in the lifetime of the
3Hy level is also implied by the vanishing fluorescence of the 1470-nm band in the highly
doped sample. The luminescence quantum efficiency of the 1800-nm band was determined
to be 0.63+0.12 and 0.40+0.08 for the 0.5% and 5% Tm:LuAG samples, respectively;
whereas for the 1470-nm band, it was determined to be 0.82+0.11 and 0.04+0.006 for the
0.5% and 5% Tm:LuAG samples, respectively. The emission cross section for the 2023-nm
emission peak was calculated to be 1.2+0.2 x 10" cm?, and the critical distance parameter

R, was determined to be 10.2+0.8 A, both representing the average of the two samples.
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Fig 5.1 Energy-level diagram of Tm®" ions.

5.3.1 Experiment

Two samples of Tm:LuAG with 0.5 at. % and 5 at. % Tm' concentration were supplied by
Scientific Materials Corporation, USA. The density of the samples was measured to be
6.317 g/lem’ with a picnometer by using the Archimedes principle. The Tm®" (doping)
concentration N (6.7 x 10" cm™ for the 0.5% Tm:LuAG) was determined using the sample
concentration and measured density.

The absorption spectra of the samples were measured with a spectrophotometer in
the 190-2500 nm range at room temperature. In the fluorescence measurements, the
samples were excited by a continuous-wave diode laser emitting at 785 nm and the
collected fluorescence signal was fed into a Czerny-Turner-type monochromator. After
passing through the monochromator, the signal was detected with a PbS detector and sent
to an electronic amplifying and digitizing circuit. The resulting spectra were corrected for

the detector and diffraction grating response. To measure the lifetimes of the Hy4 and °F4
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levels, the crystals were excited with a pulsed Ti:sapphire laser tuned to 788 nm to
maximize the fluorescence intensity. The pulsewidth of the pump source was 70 ns. For
the *Hy lifetime, the Ti’":sapphire was operated at 1 kHz and the fluorescence decay at 823
nm corresponding to *Hs— He transition was filtered through a monochromator and
recorded with the help of a photo-multiplier tube sensitive up to 900-nm range. For the °F4
lifetime, the pump source was operated at 100 Hz, and fluorescence decay due to *F4—Hg
transition was recorded with a Germanium detector after the fluorescence from the *Hy

level was eliminated by using long-pass filters.

5.3.2 Results and Discussion

Fig. 5.2(a)-(d) show the absorption spectra (absorption coefficient versus wavelength) of
the samples for the 190-990 nm and 1000-2000 nm ranges. The absorption bands
corresponding to the ground-state (3H6) absorption of the 'D,, 'Gy, °Fa, °Fs, *Ha, *Hs and °F4
levels (See Fig. 5.1) are indicated in these graphs. It is observed that the peak absorption
wavelength for the *Hq->"H, transition is 788 nm, and an average absorption cross section
of 5.37 x 10*' cm? is calculated at this wavelength.

In order to apply the reciprocity method based on the Judd-Ofelt theory, the
integrated absorption coefficient (2 )y, (spectral intensity) (see Eqn. (5.1) in Section 5.2)
for each indicated absorption band was calculated. The Judd-Ofelt intensity parameters
were obtained by solving the over-determined system of six equations from six absorption
bands formed by equating (Z,)exp t0 (Zp)cale (Eqns. (5.2) and (5.3)) The resulting
experimental and calculated line strengths ((Z,)exp and (Z)caic) together with root-mean
square error o,,s for both samples, are listed in Table 5.1. Further, Table 5.2 lists the

intensity parameters €2, and the radiative lifetimes 7, of the ’F, and *H, states obtained from

the Judd-Ofelt analysis. Since the intensity parameters are expected to be independent of the
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Fig. 5.2. Absorption spectra of the Tm:LuAG samples with (a) 0.5% Tm’" concentration in

Chapter 5: Spectroscopic Study of Laser Materials

the range 190-990 nm, (b) 5% Tm®" concentration in the range 190-990 nm.
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Fig. 5.2. Absorption spectra of the Tm:LuAG samples with (c) 0.5% Tm’" concentration in
the range 1000-2000 nm, and (d) 5% Tm>" concentration in the range 1000-2000 nm.
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Table 5.1

Measured and calculated integrated absorption coefficients and root-mean square error for

the Tm:LuAG samples.
Transition 0.5% Tm:LuAG 5% Tm:LuAG
from Eep 10 Eac 109 E)ep (107) (Seare (107)
3H6—>
'D, 0.15 0.11 0.96 0.66
1G4 0.09 0.04 0.57 0.30
Fa3 0.86 0.84 5.48 5.22
*H, 0.58 0.55 425 3.98
*Hs 0.91 0.94 5.76 6.20
’F, 1.58 1.58 12.2 12.2
Gpms (107) 0.45 4.1

doping concentration, the average values of €, shown in Table 5.2, were used in the
calculation of 7,. Also included in Table 5.2, is the estimated error in each parameter
originating from the difference between the calculated intensity parameters for the two
samples. The uncertainty in the results is comparable to the expected accuracy limit for the

Judd-Ofelt model [200]. In calculating the lifetimes of the *F, the(1800 nm) and *H, (1470 nm)

levels, the tabulated matrix elements KSL JHU(’) *in [187] were used.

S'LJ")
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Table 5.2

Calculated values of the intensity parameters and the radiative lifetimes of the 3F 4 and 3 Hy
levels for the Tm:LuAG samples.

Tm:LuAG Q, Qu Q¢ TR (ps) TR (ms)
sample (10-21 sz) (10-21 sz) (10-21 cmz) 3H, 3F,
0.5% 4.39 8.08 10.5 917.6 14.9
5% 593 4.84 6.59 1203.8 21.7

Average 5.16£15% 6.46+25% 8.55+23% 1041.4+143" 17.7+£3.4°

*Calculated by using the average intensity parameters from Table5.2.

Figs. 5.3(a) and (b) show the fluorescence spectra of the two Tm:LuAG samples for
the 1000-2500 nm range. Disappearance of the 1470-nm (*Hy—F) emission band for the
sample with higher Tm®" concentration (Fig. 5.3(b)) indicates strong cross relaxation. A
similar effect was observed in other thulium doped materials [148, 201]. The vanishing
1470-nm band points to the evident growth in the strength of cross relaxation as the Tm’"
concentration increases ten-fold, bringing the ions closer.

The fluorescence spectra were used to calculate the stimulated emission cross

section o, for the *F;—’Hs (1800-nm) transition using the Fuchtbauer-Ladenburg

equation (Eqn. (5.8)). Calculated o, , for the two samples, at 1754, 1969 and 2023-nm

peaks inside the 1800-nm band are presented in Table 5.3. Among the three peaks, the
highest o, value of 1.2+0.2 x 10%" cm? (average of the two samples) occurring at 2023

nm is in reasonable agreement with the value (1.66 x 10%' cm?) reported in Ref [127]. It

also confirms the free-running wavelength of the Tm:LuAG laser.

&9



Chapter 5: Spectroscopic Study of Laser Materials 90

1.20

0.90

0.60

Intensity (au)

0.30

0.00
1000 1250 1500 1750 2000 2250 2500

Wavelength (nm)

1.20

0.90 +-----bme b

0.60 A

Intensity (au)

0.30

0.00 \ \
1000 1250 1500 1750 2000 2250 2500

Wavelength (nm)

Fig. 5.3. Fluorescence spectra of the (a) 0.5% Tm:LuAG and (b) 5% Tm:LuAG samples.
Emission bands corresponding to the 3H4—>3 F4 and 3 F4—>3 He transitions are indicated.
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Table 5.3

Stimulated emission cross sections for three peaks of the *F4—H, (1800 nm) transition.

Tm:LuAG Ose (10'2 ! sz)
Sample 1754 nm 1969 nm 2023 nm
0.5% 1.36+0.26 0.71£0.13 1.11+0.21
5% 0.93+0.18 0.84+0.16 1.38+0.26
Average 1.15+0.22 0.78+0.15 1.24+0.24

The recorded fluorescence decay curves of the *F4 and *Hy levels for both samples
are shown in Figs. 5.4 and 5.5, respectively. The initial rise in the decay curve of the *F,
level (see Fig. 5.4) is a result of the gradual build-up of this level, as the ions initially
excited to the *Hy level by the pump radiation decay after a finite time to populate the F,4
level. The initial build-up effect is notably more visible in the 0.5% Tm:LuAG sample in
which the decay of the *H, level is significantly slower than that in the 5% Tm:LuAG
sample. The faster decay of the *Hy level for the 5% sample is clearly observed in Fig. 5.5,
where the time scale for the decay of this level is about twenty times larger for the 0.5%
Tm:LuAG sample. The cross relaxation effect is mainly responsible for the sharp increase
in the decay rate of the *H, level with increasing concentration. The measured fluorescence
lifetimes 77 of the *Hy and °F4 levels were determined by fitting the tail of each
fluorescence decay curve to a single exponential. Table 5.4 lists for both samples the
measured lifetimes 7 and the corresponding luminescence efficiencies #. In calculating the
luminescence efficiency, average radiative lifetimes resulting from the Judd-Ofelt analysis

(see Table 5.2) were used. The decrease from 11.2 ms for the 0.5% Tm:LuAG sample to
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7.1 ms for the 5% Tm:LuAG sample in the lifetime of the 3F, level also indicates the effect
of increasing nonradiative processes with denser population of Tm®" ions inside the lattice.
Comparable variations of lifetime with Tm®* concentration have been reported for other
host crystal and glasses [148, 152, 201]. The average lifetime value determined in our
study is somewhat lower than 10.2 ms reported in [46] for the °F4 lifetime of Tm:LuAG

samples with Tm®" concentration varying from 2 to 11%.
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Fig. 5.4. Measured fluorescence decay curves of the *Fy4 level for the Tm:LuAG samples.
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Fig. 5.5. Measured fluorescence decay curves of the *Hy level for the Tm:LuAG samples.

Table 5.4

Fluorescence lifetimes zand fluorescence quantum efficiencies # for the Tm:LuAG samples

Tm:LuAG T (us) T (ms) n n
sample H, 3F, 3H, 3F,
0.5% 851 11.2 0.82+0.11 0.63+0.12
5% 42.3 7.1 0.041+0.006 0.40+0.08

Finally, we estimated the critical distance parameter R, for Tm:LuAG (see last part
of Section 5.2). Interaction parameter C and diffusion coefficient D in Eqns. (5.11) and
(5.12) were calculated by applying non-linear least-squares fit. The measured decay curve of

the * Hy level and the calculated best fit curve for the 5% Tm:LuAG sample are both shown in
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Fig. 5.6. The least-squares fit yielded C=6.74x10™* cm®s™ and D=6.05x10"? cm’s™ for the
0.5% Tm:LuAG, and C=1.70x10"’ cm®™" and D=8.66x10"? cm’s™" for the 5% Tm:LuAG
sample. Using the calculated value for C and the average radiative lifetime 7z for the *Hy
level (see Table 5.2), R, values of 9.4 A and 11.0 A were obtained for the 0.5% and 5%
Tm:LuAG samples, respectively, giving an average value of 10.2+0.8 A. This corresponds to a
Tm®" concentration of 9.42 x 10%° cm™ or nearly 7 at. %. In other studies, average R, values
of 17.9 and 7.3 A were reported for thulium-doped 0.7Te0,:0.3CdCl, glass[152] and for
thulium-doped GesoGayAseSe[202], respectively.

0.25

i
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Figure 5.6. Measured fluorescence decay of the *Hy—"F, transition and calculated best fit
to equations (8) and (9) for the 5% Tm:LuAG sample.

5.4 Spectroscopic Investigation of Tm**: TeO,-WO; Glass

Thulium doped glasses have attracted a great deal of interest for several reasons. First and
foremost, the emission band of Tm®* centered at 1460 nm holds a potential for developing
fiber-optic amplifiers in telecommunication systems, while the second band centered at

1800 nm is suitable for developing lasers for medical applications as well as atmospheric
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and chemical sensing. The ease and low cost of preparing glasses, in comparison with
crystals, further makes them an attractive candidate as host materials. Furthermore,
telluride glasses have numerous favorable optical properties such as a wide transmission
range from ultraviolet to mid infrared (0.35-5.0 um), lower phonon energy (700-750 cm™)
than other known glass hosts such as borates or silicates, high linear and nonlinear
refractive index, good stability and resistance to moisture[203-205]. This has prompted a
widespread interest in the spectroscopic investigation of thulium doped telluride
glasses[152, 201, 204-210]. In the particular case of TeO,-WO; glass host, researchers
investigated the effects of glass composition on the emission strengths in thulium (Tm;O3)
doped (1-x)TeO,-(x)WOs3 glasses[209] and concluded, based on radiative lifetime
calculations, that lower WO; content (x=0.15) favored the 1460 nm and 1800 nm emissions
compared to the higher contents of x=0.25 and x=0.30.

In this section, we present a detailed spectroscopic analysis of Tm;03:(0.85)TeO,-
(0.15)WO; glass and investigate the characteristics of the near-infarared bands centered at
1460 nm and 1800 nm[211]. In the experiments, absorption and fluorescence
measurements were performed on two glass samples; 0.25 mol% and 1.0 mol% Tm,Os
doped (0.85)TeO,-(0.15)WOs; (hereafter referred to as 0.25 mol% sample and 1.0 mol%
sample). Intensity parameters were calculated with an average error margin of 5% by
applying the Judd-Ofelt theory on the absorption spectra of the two samples. Radiative
lifetimes of 305+7.5 psec and 1.95+0.02 msec were obtained for the *Hy and °Fy4 levels
(refer to Figure 5.1 for the energy diagram of Tm’" ion), respectively, by using the
calculated intensity parameters. The measured fluorescence lifetimes yielded luminescence
quantum efficiencies of 0.72+0.02 (*H,) and 0.95+0.01 (’F4) for the 0.25 mol% sample,
decreasing to about 0.2 for both levels in the case of the 1 mol% sample. The fluorescence
spectra showed a reversal in relative strengths of the 1460-nm and 1800-nm bands with

increasing doping concentration, 1460 nm being dominant in the 0.25 mol% sample and
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1800 nm in the 1.0 mol% sample. Calculated stimulated emission cross sections (3.73+0.1
x10?" cm? at 1460 nm and 6.57+0.07 x10?' cm® at 1800 nm) suggest that the
Tm;03:(0.85)Te0,-(0.15)WO; glass is a potentially important gain medium for thulium-
based amplifiers and lasers. Finally, the average critical distance, R,, which is a measure of
the strength of cross relaxation in the material, was determined to be 9.1 = 0.8 A for the

samples.

5.4.1 Experiment

The glass samples were prepared from reagent-grade powders of TeO, (99.999% purity,
Aldrich Chemical Company), WO3 (99% purity, Aldrich Chemical Company) and Tm,O3
(99% purity, Aldrich Chemical Company). In preparing the powder mixtures for the glass
samples, we used 0.25 mole of Tm;O3 and 1.0 mole of Tm;O; to 100 moles of (0.85)TeO,-
(0.15)WO; for the 0.25 mol% and 1.0 mol% sample, respectively. The batches were mixed
and melted in an air-filled furnace at 800 °C for 1 hour by using a platinum crucible with a
closed lid. The melts were then removed from the furnace at 800 °C and quenched in air
inside a stainless steal mold at room temperature. The glass samples were annealed at 250
°C, below the glass transition temperature[212] for 1 hour to remove the internal thermal
stresses. Finally, two surfaces of the samples were polished for spectroscopic
measurements. The density of the glass was determined to be 5.82 g cm™ with the help of a
picnometer.

A spectrophotometer was used to measure the absorption spectra of the glass
samples in the 300-2000 nm range. To measure the fluorescence spectrum, each sample
was excited by a pulsed Ti:sapphire laser tuned to around 794 nm operating at a pulse
repetition frequency of 1 kHz and the emitted luminescence was recorded by a system
consisting of a collecting mirror, 0.5-m Czerny-Turner-type monochoromator, PbS

detector, and lock-in amplifier. Spectral response of the grating and the detector was taken
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into account in producing the final spectra. In measuring the lifetimes of the *H, and °F,4
levels, the pulsed Ti:sapphire laser, tuned to around 794 nm, was used again to excite the
samples, but this time with different repetition rates for each level. For the *H, level, the
laser was operated at 1 kHz and the fluorescence emitted from each sample at 823 nm,
corresponding to the 3F4—>3H6 transition, was detected with a monochromator and a
photomultiplier tube. For the °F4 level, the laser was operated at 100 Hz and the
fluorescence of the band centered at 1800 nm was selected with the help of band-pass
filters and detected with a Ge detector. The pulsewidth of the laser source was 70 ns for all

cases.

5.4.2 Results and Discussion
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Figure 5.7 (a). Absorption spectra of the Tmy03:(0.85)TeO,-(0.15)WO3 samples with 0.25
mol% Tm,O; concentration in the 300-2000 nm range.
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Figure 5.7(b). Absorption spectra of the Tm;03:(0.85)TeO,-(0.15)WO3 samples with 1.0
mol% Tm,Oj; concentration in the 300-2000 nm range.

The measured absorption spectra (see figures 5.7(a)-(b)) show four bands
corresponding to the transitions from the 3H6 ground state to 3F2 and °F 3, 3F4, 3H5 and 3H4
levels. The absorption cross section at the pump wavelength (794 nm) was determined to
be 9.7 x 10%" cm? using the spectra and calculated thulium (Tm®") concentration N which
came to 1.0 x 10 cm™ and 4.0 x 10%° cm™ for the 0.25 mol% and 1.0 mol% samples,
respectively. N was calculated using the measured density (5.82 g cm™) and the molar
weight w for the samples, where w (0.25 mol% sample)= 0.0025x385.86 (Tm,03) +
0.85x159.6 (TeOy) + 0.15x215.85 (WO3) =169.00 and w (1.0 mol% sample)= 0.01x385.86
(Tm,03) + 0.85x159.6 (TeO,) + 0.15x215.85 (WOs3)= 171.90.
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Table 5.5

Measured and calculated integrated absorption coefficients and root-mean squared error for
the Tm,03:(0.85)Te0,-(0.15)WO3 samples.

Transition 0.25 mol% Tm,03: (0.85)TeO,- 1.0 mol% Tm;,03 :(0.85)TeO,-
from (0.15)WO; (0.15)WO;
*He— Eew (109 Eac (109 E)ep (109 (Eeatc (10°)
*Fa3 1.99 2.17 8.46 9.6
°F, 2.52 2.61 10.2 10.8
*Hs 3.56 3.32 15.8 14.3
Hy 11.6 11.6 47.4 47.5
Gyms (107) 0.32 2.0

The experimental integrated absorption coefficient (X,).,, was calculated for each
one of the four bands from the absorption spectra after subtracting the background. The
over-determined set of four equations for each sample was solved approximately for the
intensity parameters £, with an inverse matrix method. In solving the equations for Q,,
host- independent matrix elements U” tabulated by Kaminskii[187] were used. As
mentioned previously in Section 5.2, the contributions of magnetic dipole transitions in the
integrated absorption coefficient were neglected. Table 5.5 shows the experimental and

calculated integrated absorption coefficients for each sample and the root-mean squared
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error which gives a measure of the uncertainty resulting from approximately solving four
equations for three unknown intensity parameters. The calculated intensity parameters £,
for both samples are listed in Table 5.6. The average error of 5% in the mean Q, values
arising from the discrepancy between the two samples is well within the uncertainty level
inherent in the Judd-Ofelt technique[200]. Table 5.6 also shows the radiative lifetimes for
the °F4 and *Hy levels obtained using the calculated intensity parameters. Note that the
average radiative lifetimes were calculated using the mean intensity parameters and the low

uncertainty (below 3%) reflects that the Judd-Ofelt analysis was consistent for each sample.

Table 5.6

Calculated values of the intensity parameters and the radiative lifetimes of the *F4 and *H,
levels for the Tmy03:(0.85)TeO,-(0.15)WO; samples.

Tm;05:(0.85)TeO,- Q Q4 Qs TR (us) TR (ms)
(0.15)WO;3 sample (10.21 sz) (10-21 sz) (10-21 sz) H, 3F,
0.25 mol% 4.54 1.77 1.22 312 1.97
1.0 mol% 4.65 2.1 1.41 297 1.94
Average 4.6+1.2% 1.93+8.6% 1.32+7.3% 305+7.5° 1.95+0.02°

*Calculated by using the average intensity parameters from Table 5.6.
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Fig. 5.8. Fluorescence spectra of the glass samples.

Figures 5.8(a) and (b) show the relative strengths of the luminescence bands centered at
1460 nm (3H4—>3 F4 transition) and 1800 nm (3F 4—>3H6 transition) at the two different
thulium concentrations. The reduction in the strength of the 1460 nm band with respect to

that at 1800 nm with increasing thulium concentration is a consequence of the cross
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relaxation effect which becomes more effective with denser population of active ions. The
fact that the 1460-nm band is dominant for the 0.25 mol% sample indicates that cross
relaxation is negligible at this doping level in (0.85)Te02-(0.15)WO; glass.

Figures 5.9 and 5.10 contain the measured fluorescence decay curves of the *H, and
’F, levels, respectively, for both samples. The fluorescence lifetimes were inferred by doing
a single exponential fit to the tails of the decay curves. Shown in Table 5.7 are the
fluorescent lifetimes 7 for the °F4 and “Hy levels and the resulting luminescence
(fluorescence) efficiencies 7. Here, average calculated radiative lifetimes from Table 5.6
were used. The decreasing efficiencies with increasing doping concentration indicate that
both levels are affected by increasing nonradiative decay. Luminescence efficiency n for an
energy level gives the ratio of total radiative decay rate to total decay (radiative plus
nonradiative) rate. Transitions to three lower levels (3H5, 3F, and 3H6) are involved in the
decay of the *Hy level and the branching ratio to °F4 level (see Table 5.8) reveals

that’Hs—"F4 transition has only a small contribution. Therefore, radiative efficiency for the

1,2
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5
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Fig. 5.9. Measured fluorescence decay curves of the *Hy level for the glass samples.

102



Chapter 5: Spectroscopic Study of Laser Materials 103

1,2

1.0 = T=300K

o
(o]
I

—o— 0.25 mol% sample

Intensity (a.u.)
o
»

= 1 mol% sample

o
~
L

o
N
!

o
o
I

Time (msec)

Fig. 5.10. Measured fluorescence decay curves of the °F4 level for the glass samples.

*H4—"F, transition should be significantly lower than the fluorescence efficiency of the *H,
level (0.17) for the 1 mol% sample due to the increasing cross relaxation effect which
boosts the nonradiative decay from *H, to *Fy4. This point is supported by the fluorescence
spectrum of the 1 mol% sample where the emission strength of the 1800 nm (3F4—>3H6)

band is three times that of the 1460 nm (3H4—>3 Fy).

Table 5.7

Fluorescence lifetimes tr and fluorescence quantum efficiencies n for the
Tm;03:(0.85)Te0,-(0.15)WO;3 samples.

Tm2032(0.85)T602— TF (us) TF (ms) n n
(0.15)WOs3 sample H, 3F, U, 3F,
0.25 mol% 218 1.86 0.72+0.02 0.95+0.01
1 mol% 51 0.35 0.17+£0.004 0.18+0.002
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Table 5.8

Calculated branching ratios f of the *Hy level

B CHs—)
Tm»01:TeQ>,-WOs *Hs °Fa *He
0.25 mol% 0.02 0.08 0.9
1 mol% 0.02 0.08 0.9

Table 5.9 lists the emission cross sections o., for the peaks in the fluorescence
spectra calculated using the Fuchtbauer-Ladenburg equation (Eqn. (5.8)). In obtaining o,
spontaneous emission rates A(J,J’) based on mean intensity parameters (see Table 5.6)
were used. Comparing the measured emission cross section value with those of other
thulium doped telluride glasses[201, 208] and thulium doped crystals[148, 199], higher
values for Tm>":(0.85)Te0,-(0.15)WOs5 reveal the potential of this glass for laser and

amplifier systems.

Table 5.9

Stimulated emission cross sections for the peaks in the fluorescence spectra.

Tm,05:(0.85)TeO,- 0 (107 cm?)
(0.15)WOs 1460 nm 1649 nm 1808 nm
Sample
0.25 mol% 3.54+0.09 5.83+0.06 5.73+0.06
1 mol% 3.9240.1 - 7.40+0.19
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The critical distance parameter R,, which is an indicator of the strength of cross
relaxation mechanism in the material, was also calculated for the glass samples using the
fluorescence decay data and the average radiative lifetime for the *H, level (see Table 5.6).
The calculation was based on the diffusion-limited relaxation model of the energy transfer
between Tm®" ions during the cross relaxation process (see Section 5.2). First, interaction
parameter C (1.10 x 10°° cm®™ for 0.25 mol% and 3.08 x 107’ cm®™ for 1.0 mol%
sample) and diffusion constant D (1.74 x 10" cm?s™ for 0.25 mol% and 1.40 x 10™"! cm’s™
for 1.0 mol% sample) were determined by applying a nonlinear least-squares fit to the tail
of the *Hy fluorescence decay curve for each sample with Eqn. (5.10) where Eqn. (5.11)
was substituted for [](t). Figure 5.11 shows the curve fitting applied in the case of the
1.0mol% sample. Using the calculated C parameter for each sample and the average value
of 7z (305 psec), a mean value of, 9.1 £ 0.8 A was computed for R,. Other examples of
mean R, determined for thulium doped materials are 7.3 A for Ges3yGayAssSs glass[202].
17.9 A for 0.7Te0,:0.3CdCl, glass[152] and 10.2 A for LuAG crystal[199].
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Fig. 5.11. Measured fluorescence decay of the 3H,—>F, transition and the calculated best
fit to equations (5.10) and (5.11) for the 1.0mol% Tm,0O3 :(0.85)TeO,-(0.15)WO3 sample.
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5.5 Summary

In this chapter, an introduction to spectroscopic study of photonic materials with a detailed
description of data analysis was provided in Sections 5.1 and 5.2. Then, spectroscopic
investigations of two different materials Tm® “LuAG crystal and thulium-doped telluride-
based glass Tm®":Te0,-WO; were described in Sections 5.3 and 5.4, respectively.

We first presented in Section 5.3 the results of spectroscopic measurements and
analyses done on two Tm:LuAG crystals with Tm®" ion concentrations of 0.5 at. % and 5
at. %. Average values of 1041+143 ps and 17.7+3.4 ms were determined for the radiative
lifetimes of the * H,4 and 3 F4 levels based on the Judd-Ofelt theory. The fluorescence lifetime
of the *Hy level was measured to be 851 ps and 42.3 ps for the 0.5% and 5% TmLuAG
samples, respectively, showing that the strength of cross relaxation increases with
concentration. The fluorescence spectra further showed that the 1470-nm (‘H4—’Ey)
emission vanished for the 5% sample, while its strength was 60% of the 1800-nm
(’F4— He) emission for the 0.5% sample, also supporting the role of cross relaxation. In
the same concentration range, the lifetime of the 3F, level decreased from 11.2 ms to 7.1 ms
due to the enhancement of the nonradiative decay mechanisms. Using the fluorescence data
and the results of the Judd Ofelt analysis, an average value of 1.240.2 x 102" cm? was
obtained for the emission cross section at 2023 nm. Finally, the average value of the critical
distance parameter R, was determined to be 10.2+0.8 A by using the diffusion-limited
relaxation model for cross relaxation.

Then in Section 5.4, we gave a detailed account of the spectroscopic properties of
the Tm,05:(0.85)TeO,-(0.15)WO; glass in the near infrared. Based on the absorption
spectra, average radiative lifetimes of 305 + 7.5 psec (*Hy) and 1.95 + 0.02 msec (°F4) were
calculated by using the Judd-Ofelt analysis. Fluorescence lifetimes of the *F4 and *H, levels

were further measured. The luminescence efficiency of both the *H4 (0.72—0.17) and °F,4
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(0.95—0.18) levels were found to decrease substantially due to an increase in the
nonradiative decay with higher doping concentration. The main conclusion of this study is
that the Tm,053:(0.85)TeO,-(0.15)WOs glass is a potentially important candidate for mid-IR
emission systems with the 0.25 mol% Tm,O3; doping concentration being suitable for fiber-
optic amplifiers operating around 1.5 micron and 1.0 mol% suitable for laser systems near
2.0 micron. This conclusion was supported by the fluorescence spectra of the 0.25 mol%
and 1.0 mol% samples and the calculated emission cross sections (3.73 + 0.1 x 10! cm” at

1460 nm and 6.57 + 0.07 x 10*' cm” at 1808 nm).
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Chapter 6

Lasing In Neodymium-Doped Telluride Glass

6.0 Introduction

Ever since the first demonstration of lasing in glass by E. Snitzer in 1961[213], a lot of
effort has gone into the development of laser glasses. These offer the advantages of lower
cost and simpler preparation in comparison with single-crystal laser hosts. If lasing can be
achieved with glasses at desired wavelengths, it will be possible to build versatile laser
sources much more easily and at a much lower cost. In addition, glasses can be drawn into
fibers to enable power scaling. To date, lasing in a thulium-doped bulk (as opposed to
fiber) glass has not been demonstrated. Telluride-based glasses have attracted increasing
attention in recent years as potential hosts for laser glass owing to several favorable
characteristics such as a wide transparency range (0.35-5.0 um), high rare-earth solubility,
lower non-radiative decay rates than silicates, phosphates or germanates, high refractive
index, high emission and absorption cross sections, good stability, and resistance to
corrosion[204, 214, 215]. This has motivated our group to experiment on thulium-doped
telluride glasses as potential 2-micron laser sources which would make such lasers much
less costly and more practical to build. As a matter of fact, our group has been investigating
the spectroscopy of thulium-doped telluride-based glasses[152, 201, 211] in a joint effort
with Istanbul Technical University (ITU) where the glass samples have been prepared. In

our studies, we have attempted to obtain lasing in thulium-doped telluride-tungstate
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(Tm’*":TeO,-WO3) bulk glass. Our trials with thulium-doped glass were not successful, but
we obtained lasing when the telluride-based host was doped with neodymium (Nd*")[216].

6.1 Lasing Trials with Tm**: TeO,-WOj; Glass

The main goal of our experiments with telluride-based glass has been to obtain home-made
laser glass. To begin with, in order to assess the lasing capacity of thulium-doped samples,
an x-cavity pumped by a pulsed Ti-sapphire laser was set-up. This cavity was tested first
with 4 % Tm:YAP crystal, which was used in cw diode-pumped and low-threshold lasing
experiments described in Chapter 3. The pump operated at 795 nm with a repetition rate of
1 kHz, pulsewidth varying from 150 ns to 60 ns with increasing power. The schematic of
the resonator is shown in Fig. 6.1. The x-cavity consisted of two curved mirrors (M1 and
M2, R=10 cm), a one-meter long folded high reflector arm consisting of two flat high
reflectors (M4, M5), and a one-meter long folded output arm made of a flat high reflector
M3 and two alternative output couplers (OC) (2% and 6%). The laser mode spot size was
estimated to be 28.5 um (assuming operation at the center of the stability region), using the
standard ABCD matrix method. The pump waist was measured by the knife edge technique
to be 26 um. As expected lasing was observed with the 4 % Tm:Y AP crystal and the power
efficiency results for both OCs are shown in Fig. 6.2. Incident threshold energy was 19 pJ
and 25 pJ for the 2% and 6% OC, respectively. Next, thulium-doped telluride-tungstate
glass samples (0.25 mol% and 1.0 mol% Tm,0O3-doped (0.85)TeO,-(0.15)WOs) were tested
in the same resonator cavity, however no lasing was observed. Then, to test the suitability
of the telluride-tungstate glass host (TeO,-WO3) for lasing, neodymium-doped samples

were prepared and used in lasing trials.
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Fig. 6.1. X-cavity set-up for lasing trials in glass.
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Fig. 6.2. Lasing performance results of 4 % Tm:Y AP inside x-cavity.
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6.2 Lasing at 1065 nm in Bulk Nd*"-Doped Telluride-Tungstate glass

Among the rare-earth-doped glasses, those doped with Nd®" ions have been most widely
investigated due to the highly efficient 4F3/2—>4111/2 transition near 1.06 pm. In fact,
neodymium-doped silicate and phosphate-based bulk laser glasses have been commercially
available for a long time. Lasing has also been obtained in various other bulk glasses
doped with neodymium such as fluorides[217, 218], chalcogenides[219],
aluminosilicates[220],  germanates[221], and  telluride-based[222-224]  glasses.
Furthermore, it has been reported that, based on the Judd-Ofelt analysis, telluride glasses
have the highest emission cross sections among the Nd**-doped pure oxide glasses[214].
To date, lasing has been reported in Nd3+[225], Er3+[226], and Tm3+[215, 227] -doped
telluride fibers as well as Nd**-doped bulk telluride glasses[222-224]. In the case of
neodymium-doped bulk tellurite glasses, Michel et al. reported lasing in the host
(0.955)Te0,-(0.45)Li,O with an absorbed threshold power of 20 mW and a slope
efficiency of 14% by using an argon-ion pump laser at 5145 A[222]. In another study, Lei
et al. obtained gain-switched operation in(0.866)Te02-(0.84)Ba0O-(0.04)Na,O by using a
Ti:sapphire pump laser at 804 nm. The corresponding threshold pump energy and slope
efficiency were 4.2 mJ and 14.7%, respectively [223].

In this study, we obtained for the first time to our knowledge, lasing in a new, Nd*'-
doped telluride-based bulk glass (Nd*-telluride) with the composition Nd,03:(0.8)TeO,-
(0.2)WOs[216]. Lasing was achieved by using samples with two different doping
concentrations: 0.5 mol.% and 1.0 mol.% Nd,O3; doped (0.8)TeO,-(0.2)WO; (hereafter
referred to as the 0.5 mol% and 1.0 mol% sample). During gain-switched operation, the 0.5
mol% sample produced 11 pJ of output energy at 1065 nm with 114 pJ of pump. In the
case of the 1.0 mol% sample, nearly the same output energy was obtained with 129 pJ of
pump energy. From the laser threshold data, the average emission cross section at 1065 nm

was determined to be 2.0+0.13 x 10° cm®. The spectroscopic properties of the samples
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were further investigated by using the Judd-Ofelt theory. By using the absorption and
emission data, the average emission cross section was determined to be 3.23+0.09 x 10™%°
cm’® at 1065 nm, in good agreement with the result obtained from the laser threshold

analysis.

6.2.1 Experiment
The glass samples were prepared by melting the powder mixtures of Nd,O3 (99.9% purity),

TeO; (99.999% purity), and WO;3 (99% purity) inside a platinum crucible in an air-filled
furnace at 800 °C. The glass melts were then rapidly quenched in a stainless steel mold in
air at room temperature. Afterwards, glass samples were annealed at 250 °C to release the
internal thermal stresses. The powder mixtures contained 0.5 mole and 1.0 mole of Nd,O3
to 100 moles of (0.8)TeO,-(0.2)WOs for the 0.5 mol% and 1.0 mol% samples, respectively.
After polishing, the lengths of the samples were 4.1 mm (0.5 mol%) and 3.7 mm (1.0
mol%). Using the measured density of 5.82 gm/cm’, the Nd®" ion concentration was
determined to be 2.02 x 10*° cm™ for the 0.5 mol% and 3.98 x 10*° cm™ for the 1.0 mol%
sample. The small-signal single-pass absorption was measured to be 92% and 99% at the

pump wavelength of 805 nm for the 0.5 and 1.0 mol% samples, respectively.

o Nd:Telluride ~ ppg L
Glass
ﬂ 0; Ti:Sapphire
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\

Fig. 6.3. Schematic of the gain-switched (Nd*":(0.8)Te0,-(0.2)WO3) glass laser.
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Fig. 6.3 shows the schematic of the laser setup. The astigmatically compensated x-
cavity consisted of two curved mirrors (M1 and M2, R=10 cm), a flat high reflector (M3),
and a flat output coupler which had a transmission of 3.3%. The threshold pump energy
was also measured by replacing the output coupler with a high reflector to estimate the
passive cavity losses. The cavity was end-pumped by a pulsed 805-nm Ti:sapphire laser
operating at a repetition rate of 1 kHz. The pump beam was focused with a lens (L) of 10-
cm focal length. The pump beam waist was measured to be 29 pm by using the knife-edge
method. The high reflector and the output coupler arms had respective lengths of 100 cm
and 54 cm, giving an estimated laser mode waist of 21 um near the middle of the stability
range. In the experiments, the output pulse profiles of the glass laser were measured with a
Si detector (response time= Ins) and a digital storage oscilloscope. Laser efficiency
measurements were made with a power meter.

For spectroscopic characterization of the glass samples, a commercial
spectrophotometer was used to measure the absorption spectra. Emission spectra were
further measured with a 2-m Czerny-Turner-type monochoromator. To determine the
fluorescence lifetime of the *Fi; level, each sample was excited at 805 nm with a
Ti:sapphire laser emitting 60-ns long pulses at a repetition rate of 1 kHz. The time-
dependent fluorescence signal was measured by using a germanium detector with a

response time of 4.5 ps.
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Fig. 6.4. Energy efficiency curves for the 0.5 mol% and 1.0 mol% Nd*":(0.8)TeO,-
(0.2)WOs glass samples. The output is at 1065 nm.

6.2.2 Results and Discussion

Fig. 6.4 shows the laser performance results for the Nd**:telluride glass samples at 1065
nm during gain-switched operation. The threshold incident pump energies were 19 pJ and
16 pJ for the 0.5 mol% and 1.0 mol% samples, respectively. The slope efficiency for the
0.5 mol% sample was 12% with respect to the incident pump energy, a little better than the
value (10%) obtained for the 1.0 mol% sample. Our results are in reasonable agreement
with the slope efficiency of 14% reported by Michel et al.[222] and 14.7% reported by Lei
et al. for other bulk telluride-based glasses[223]. When the output coupler was replaced
with a high reflector, the threshold pump energy decreased to 13 pJ for the 0.5 mol%
sample and to 12 pJ for the 1.0 mol% sample. Assuming that the threshold pump energy is
directly proportional to (L+T), (L=roundtrip cavity loss, T= output coupler transmission),
the round trip loss was estimated to be 8.1% and 9% for the 0.5 mol% and 1.0 mol%
samples, respectively. By using a 1064-nm Nd:YAG laser, the loss of the samples was
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further determined directly from transmission measurements. The results (8.5% and 8.7%
for the 0.5 and 1.0 mol% sample, respectively) were in very good agreement with those
determined from the threshold analysis.

Figures 6.5(a) and (b) show the temporal profile of the output pulses for the 0.5 and
1.0 mol% samples, respectively, at different pump energies. We note that output
pulsewidths are significantly shorter than the fluorescence lifetime which is in the
microsecond range. This is a clear indication of gain-switched laser operation. The output
pulsewidth was further found to vary with pump energy. In the case of the 0.5 mol%
sample, for example, the output pulsewidth decreased from 1270 to 270 ns as the pump
energy was increased from 24 to 118 uJ (pump pulsewidth= 60 ns). A similar trend was
observed with the 1.0 mol% sample where the pulsewidth decreased from 2006 to 327 ns
when the pump energy was increased from 18 to 115 pJ. Furthermore, Fig. 6.6 shows the
pump and output pulses together for the 1.0 mol% sample at a pump energy of 115 pJ.
Note that there is a delay of 500 ns between the two pulses.

The threshold data were used to estimate the emission cross section o; for the Nd*>'-
telluride glass at the lasing wavelength. Assuming a square-shaped pump pulse, the

threshold pump energy for a pulsed laser is approximated by[2]

Pt
E,=—""— (6.1)

-7
l—exp( ”J
T

where Py is the threshold pump power for continuous wave operation, 7, is the pump

pulsewidth and 7 is the fluorescence lifetime. In the limit where the pump pulsewidth is
much shorter than the fluorescence lifetime (which was the case in our experiment with

7,=60 ns, =142 us and 105.5 ps for the 0.5 mol% and 1.0 mol% sample, respectively),
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Fig. 6.5. Output pulse profiles of the (Nd*:(0.8)TeO,-(0.2)WOs) glass laser at different
pump energies for the (a) 0.5 mol% and (b) 1.0 mol% samples.
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Fig. 6.6. Temporal profiles of the pump and laser pulses for the 1.0 mol% sample at a pump
energy of 115 pJ. The 327-ns-wide laser pulse follows the pump pulse with a delay of 500
ns.

Ey~Pyt since exp(-1,/7)=1-( 1,/t). Then using the formula for threshold pump power for

four-level systems (Eq. (2.4)), the incident threshold pump energy will be given by

_ 7[th(Wz +w;)(T+L)
47700L ’

(6.2)

th

where hv), is the pump photon energy, w; is the laser spotsize, wp is the pump spot size, and
1, 1s the absorption at the pump wavelength. The root-mean-squared values of the pump
and laser beams (wp=30 pm, w;=23 pm) inside the gain medium were used for a more
accurate determination of the emission cross section. With Ey= 13 plJ, 7=0 (for the high
reflector), L =0.081, 7,=0.92, the emission cross section g, for the 0.5 mol% sample was

determined to be 1.87 x 10?° cm” at 1065 nm. Similarly, by using E;=12 wJ, T=0 (for the
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high reflector), L=0.09, and #,~0.99, a o, value of 2.13 x 10° cm” was calculated for the
1.0 mol% sample at 1065 nm. The average emission cross section was thus estimated to be
2.0£0.13 x 10%° cm? for the Nd,05:(0.8)Te0,-(0.2)WO; glass from the laser threshold
data.

Absorption Coefficient (cm™)

Wavelength (nm)

Fig. 6.7. Absorption spectra of the 0.5 mol% and 1.0 mol% Nd,03:(0.8)TeO,-(0.2)WO;
glass samples.

In the Judd-Ofelt analysis, the absorption characteristics of the samples were first
investigated. Fig. 6.7 shows the absorption spectra for the 0.5 mol% and 1.0 mol%
samples. As expected, the shapes and positions of the bands are similar to other Nd*'-
doped glasses[214, 228, 229]. Six separate peaks are visible in each spectrum and the
corresponding transitions from the ground state *Io;, are indicated for each one in Fig.6.7.
To apply the Judd-Ofelt analysis, the integrated absorption coefficient measured for each

peak in the spectra was equated to the theoretical expression calculated for electric-dipole
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transitions. Only the contribution from electric-dipole transitions was taken into account
since this is the dominant process in Nd*'-doped systems. The best-fit values of the
intensity parameters were calculated to be ,=4.71+0.2%, Q4=4.06+£3.7%, and
Q6=3.89+1.4%. The radiative lifetime for the 4F3/2 level was then determined to be
149.4+0.36 ps by calculating the spontaneous emission rate for electric-dipole transitions
from the *Fs), level to the lower levels by using the calculated intensity parameters. Note
that, similar values in the 141-243 ps range have been reported for the *Fs; radiative
lifetime in other Nd**-doped telluride-based glasses[214, 228, 229].

Fig. 6.8 shows the emission spectrum of the 1.0 mol% sample in the 1000-1500 nm
range. The spectrum of the other sample was nearly identical. The data from the emission
spectra and the spontaneous emission rates for the 4F3/2 level calculated by the Judd-Ofelt
analysis were used to determine the emission cross section oy at the operating wavelength
(1065 nm) of the laser. Using the Fuchtbauer-Ladenburg equation[195], o, was calculated
to be 3.23+0.09 x 10° cm? (average of the two samples) at 1065 nm. In
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Fig. 6.8. Emission spectrum of the 1.0 mol% Nd,03:(0.8)TeO,-(0.2)WO; glass sample in
the 1000-1500 nm range.
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comparison, emission cross sections of 4.7 x 10%° ecm?[222] and 3.94 x 10%° cm?’[223]
were reported for other telluride-based hosts using the Judd-Ofelt method. Overall, our
value is in agreement with the range of emission cross section values (3.1-5.1 x 10%° cm?)
determined with spectroscopic techniques for other Nd**-doped telluride-based glasses as
reported by Weber et al[214]. Furthermore, the emission cross section (2.0+0.13 x 102
cm?®) determined from the laser threshold data is in reasonable agreement with the
spectroscopic result. Finally, Figs. 6.9(a) and (b) show the recorded fluorescence decay
curves for the 0.5 and 1.0 mol% samples, respectively. The fluorescence lifetime of the
4F3/2 level was measured to be 142 ps and 105.5 ps for the 0.5 and 1.0 mol% samples,
respectively. The resulting luminescence efficiency which is the ratio of actual
fluorescence lifetime to the radiative lifetime was determined to be 0.95 and 0.71 for the
0.5 and 1.0 mol% samples. The results indicate that the rate of non-radiative decay begins

to increase as the doping concentration is increased from 0.5 mol% to 1.0 mol%.
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Fig. 6.9(a). Fluorescence decay curves for the 0.5 mol% Nd,03:(0.8)TeO,-(0.2)WO; glass
sample at 1064 nm.
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Fig. 6.9(b). Fluorescence decay curves for the 1.0 mol% Nd,03:(0.8)TeO,-(0.2)WO; glass
sample at 1064 nm.

6.2.3 Summary

We have described the first experimental demonstration of lasing in bulk Nd*"-doped
(0.8)TeO,-(0.2)WOs5 glass at 1065 nm. By using the 0.5 mol% sample, we obtained 11 pJ
of output energy with a slope efficiency of 12% by using 114 pJ of pump energy. The
corresponding incident pump threshold energy was 19 pJ. The average emission cross
section of the doped glass determined from the lasing threshold data was in good
agreement with that obtained from the spectroscopic analysis based on the Judd-Ofelt
theory. Overall, the results suggest that the new tellurite-based laser glass developed in this
study should be potentially important in the development of new efficient bulk glass or

fiber lasers.
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Chapter 7

CONCLUSIONS

In this thesis, experimental development of advanced solid-state lasers operating in the 2-
um region have been investigated with a focus on thulium-doped (Tm’*-doped) systems.

To begin with, two studies were conducted on continuous-wave Tm® " YAIO;
(Tm:YAP or Tm:YAIO) lasers which are important lasers for medical and remote sensing
applications with free running wavelengths near the absorption peak of water at 1.94 um.
The aim of our experimental studies was to optimize the power performance of end-
pumped Tm:YAP lasers. In the first case, a detailed investigation of the cw power
performance of diode single-end-pumped Tm:YAP lasers was performed as a function of
thulium ion concentration, which is a critical design parameter. Samples with 1.5, 3, and
4% doping concentration were pumped at 797 nm with a fiber-coupled diode laser and the
best performance was obtained with the 1.5% Tm:YAP sample. Using the laser threshold
data, an emission cross section of 4.2x10' c¢m” was estimated at 1.94 pm for the
Tm’":YAIO; crystal in good agreement with previously published results. Spectroscopic
measurements and rate-equation analysis indicate that cross relaxation is effective in
samples with 1.5% Tm’" ion concentration and that in single-end-pumped configurations,
use of crystals with more than 4% doping concentration may cause degradation in laser
performance due to higher reabsorption losses and faster non-radiative decay rates.

In the second experimental study on cw Tm:Y AP lasers, low-threshold operation at
1945 nm with threshold pump powers as low as 10 mW was obtained with a z-cavity under

Ti:sapphire pumping. Low-threshold operation served the goal of making cost-effective
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and less power consuming systems. The achieved threshold was the lowest result reported
to date. The output could be tuned in the 1842-1994 nm range. Two alternative cavity
geometries with R=5 cm and R=10 cm mirrors were tested and R=10 cm configuration
yielded a lower pumping threshold. Each configuration produced nearly the same slope
efficiency, suggesting that the amount of total resonator loss and the degree of mode
overlap between the pump and the resonator beams were similar. A theoretical calculation
assuming operation at the center of the stability range predicted nearly equal threshold
powers for the two configurations.

Next, a project was undertaken in collaboration with a biomedical group from
Bogazici University to develop a surgical system based on the cw Tm:YAP laser. The
ultimate aim of this project is to obtain a laser tissue welding (fusion) system exploiting the
high interaction of tissues with the laser radiation due to the absorption peak of water. For
experimenting on tissues, the diode-pumped cw Tm:YAP laser has been rebuilt in a
portable configuration and its output was coupled into a fiber for directing radiation on
target tissue samples. Stable operation was achieved where 84% of the laser output was
coupled through the delivery fiber. Based on the preliminary results of experiments testing
interaction of laser radiation with animal tissues and laser welding of incisions on live rat
skin, it has been reported that incident intensity around 15 W/cm? is suitable for laser
welding while for coagulation and ablation higher intensities are required.

In spectroscopic studies, two potentially important new laser materials were
investigated. In the first study, Tm:LuAG, which is an isotropic garnet with a demonstrated
lasing ability at the free running wavelength of 2.02 um, was characterized. Two Tm:LuAG
crystals with Tm®" ion concentrations of 0.5 at. % and 5 at. % were used in measurements.
Radiative lifetimes of 1041+143 ps (CHy) and 17.7+3.4 ms (°F4) were calculated by
employing the Judd-Ofelt technique. The fluorescence lifetime of the *Hy level sharply
decreased from 851 ps for the 0.5% sample to 42.3 ps for the 5% sample due to cross
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relaxation. The fluorescence spectra further showed that the 1470-nm (*H4—"F,) emission
vanished for the 5% sample, while its strength was 60% of the 1800-nm (*F4— Hg)
emission for the 0.5% sample, also supporting the role of cross relaxation. An average
value of 1.2+0.2 x 10! cm” was obtained for the emission cross section at 2023 nm.

In the second spectroscopic work, a detailed characterization of the
Tm,05:(0.85)TeO,-(0.15)WO; glass was performed in order to investigate its lasing
potential in the near to mid-infrared region since glasses are attractive host materials due to
the ease and low cost of preparation. In the study, average radiative lifetimes of 305 = 7.5
usec (CHy) and 1.95 + 0.02 msec (°F4) were calculated by using the Judd-Ofelt analysis. The
luminescence efficiency of both the *Hy (0.72—0.17) and 3F4 (0.95—0.18) levels decreased
substantially due to an increase in the nonradiative decay with higher doping concentration.
The fluorescence spectra of the samples and the calculated emission cross sections (3.73 +
0.1 x 10?" cm” at 1460 nm and 6.57 = 0.07 x 10>' cm® at 1808 nm) indicated the high
potential of this material for emission systems around 1.5 pym and 2.0 pm.

Lasing trials in thulium-doped Tm;03:(0.85)TeO,-(0.15)WO; glass samples were
conducted with an x-cavity under pulsed Ti:sapphire pumping. There was no success with
thulium-doped samples, so to further asses the lasing potential of the TeO,-WOs3 glass as a
laser host, neodymium-doped samples were tested and lasing at 1065 nm was successfully
demonstrated. Lasing was achieved with two samples, one with 0.5 mol% and the other
with 1.0 mol% Nd,O3 doping. By using the 0.5 mol% sample, we obtained 11 pJ of output
energy with a slope efficiency of 12% by using 114 pJ of pump energy. The emission cross
section calculated with a laser threshold analysis (2.0£0.13 x 107" cm®) was in good
agreement with that (3.23+0.09 x 10’ cm?) obtained with a spectroscopic analysis.

As a consequence of efforts in developing advanced solid-state lasers operating in
the 2-um region, better performance in cw diode-pumped operation of Tm:YAP laser was

obtained with 1.5% doping (Tm’") concentration compared to 3% and 4% and it was
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observed that cross relaxation is already effective at 1.5% Tm’" concentration. A cw
Tm:Y AP resonator which operated at a record low threshold of 10 mW under Ti:sapphire
pumping was further designed. Spectroscopic characterization of potentially important new
materials (laser crystal Tm:LuAG, potential laser glass Tm: TeO,-WO3) were performed
and lasing in a novel telluride host (0.8)TeO,-(0.2)WO; doped with neodymium was
demonstrated for the first time. Furthermore, the preliminary results of a biomedical project
indicated the high potential for a laser tissue welding system based on Tm:YAP laser.
Overall, our experiments have shown that Tm:YAP is an efficient and stable candidate for
many applications especially in medical surgery. Also, the TeO,-WOs3 glass host prepared

in our studies has potential for the development of new efficient bulk glass or fiber lasers.
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