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ABSTRACT

Abstract

This thesis reports on the development of glasedbdemtosecond laser sources
around 2 um wavelength. In order to be able togred® um radiation the dopants used
were trivalent Thulium (TA) and trivalent Holmium (H8) that could be optically
pumped with Ti:Sapphire radiation at 0.8 um andisenductor disk lasers (SDL) at
1.2 um. The samples were produced at Leeds Uniyexsd polished in house in bulk
form and deployed in free space laser cavities.

Tellurite compounds doped with Ffproduced stable continuous wave 1.94 um
radiation when pumped at 800 nm with a maximuncedficy of 28.4% with respect to
the absorbed power and maximum output power aré@0dnW when pumped using a
Ti:Sapphire operating around Qué. The radiation was broadly tunable across 130 nm.
Tm*-Ho®" doubly doped tellurite samples lased around 2.82 with maximum
efficiency of 25.9% and withdg=75 mW and a smooth tunability of 125 nm.

The fluorogermanate glass doped with *frgave an absorbed to output power
efficiency of 50%. The maximum continuous wave otifpowers obtained were around
190 mW and limited by the available pump power & im. These results together
with a very low threshold of 60 mW of incident pawerere comparable to the
crystalline counterparts to this gain medium

The Tn?"* tellurite and the TrAi-Ho** tellurite compounds were also pumped by an
SDL operating at 1215 nm to obtain an indicatiothef viability of such pump scheme.
The results were a maximum internal slope efficgeat22.4% with a highest output
power of 60 mW. The comparison demonstrated tiapuin pumping was competitive
with using 0.8 um wavelength.

The use of semiconductor saturable absorbing m{@&SAM) technology was
used for the modelocking of these lasers. The SES¥dd produced in Canada and
implanted with AS ions in order to reduce the relaxation time.

Trains of transform-limited laser pulses at 222 M&tz short as 410 fs centred at
1.99 pm were produced for the first time with akbim®**:Fluorogermanate glass. The

maximum average output power obtained was of 84 mMk¥. same SESAM deployed
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ABSTRACT

on the Tm*-Ho®*" Tellurite compounds gave trains of transform-ledipulses as short
as 630 fs at 2.01 um with a repetition rate of ¥#4& and a maximum averaged output
power of 43 mW. The regime of propagation obtairveals soliton-like and the
modelocking was self-starting. The results obtaineith bulk glass were very
promising and open interesting research pathwatlsinmihe realm of amorphous bulk
gain media.
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1. NIR SOLID-STATE FEMTOSECOND LASER

SYSTEMS

1.1 Introduction

1.1.1 The 56 anniversary of laser radiation

The laser, as we find it in some of its applicasiarowadays, has undergone huge
transformations and is now exploited in endless ewat growing sectors. Outstanding
scientific and technological advances have beereaeti over a very short time span
since its first demonstration[1]: exactly 50 yeag® in 2010. The anniversary has been
greatly celebrated by all players of an industrgtthas massively grown over the last
decades. Why has so much interest and developtoenshed around such discovery?

Since its very first demonstration[1] the light guzed by a laser has showed its
fundamental properties that makes it unique antigodar: the highly monochromatic
emission of continuous wave lasers, the spatial tsmdporal coherence and the
capability to reach very high pulse energies ardiged intensities. It is in the latter
properties that the laser became an exceptionahtsioc tool, light-peak powers as high
as giga Watts could be accessed for the first temealing a whole family of non linear
processes that had never been seen before.

Laser light owes its conception mainly to four greaentists: A. Einstein, who pre-
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-dicted the likelihood of the stimulated emissidnradiation 1917[2], A.L. Shawlow
and C.H.Townes who described its working principlas1958[3] and Theodore
Maiman in 1960[1] who showed that the mechanisntsnoe microwave oscillators
could be applied to light oscillators. In the sestithe maser, Microwave Amplification
by Stimulated Emission of Radiation, was the sdienmainstream. The journal
Physical Review Letters was overwhelmed by papbmsssions relating to the maser
and rejected T. Maiman’s work on the first openadiolaser as it was deemed too
similar to one of his previous works. His work wamlly published in Nature Journal.
While the ruby as an active material was widely duse microwave amplifiers
Maiman’s clever step was to excite the material asilash lamp thus achieving the
population inversion. The first solid-state flashfapumped laser ever was created.
The laser began a revolution in applied and quanplnysics. Its applications
nowadays are countless, they span from simple ldreeghe laser pointer, to the more
exotic ones like plasma confinement and coolingetmperatures of few nK in the
creation of the Bose-Einstein condensate[4]. Framperspective, before delving into
the motivations that underpin this work, it is mgting to introduce another very
important discovery that made the laser radiatomuuseful and unique: ultrafast pulse

generation.

1.1.2 Femtosecond pulses: applications

Pulsed laser systems have been studied sinceddption of the laser and Q-switching
is routinely used nowadays to produce extremelyh hegergy pulses. Q-switched
systems usually produce pulses on a nanosecors dwaltion which, in nature, is still
a relatively long time compared for instance witteimical reactions that happen on a
femtosecond scale. Generation of femtosecond (fispmurations has been established
over the last few decades in research labs andtnalusettings and its applications are
today countless.

The unique properties of fs-light pulses are eitptl in chemistry for the
monitoring of chemical reactions. The use of fetashas resulted in the award of the
Nobel prize for Chemistry to A. Zewail in 1999[9hdeed, a whole new branch of
Chemistry has been borrfemtochemistry,where real-time probing of chemical

reactions could be achieved[6].
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After the discovery of the optical fibers the udelasers for optical communications
became paramount and today’s internet networklygngeon multi GHz repetition rate
systems to support the Thit/sec speed required]iffafast laser pulses are used in
photonic switches[8], high-speed AD converters[9-49d in the measurements of the
relaxation processes of excitons carriers in sengigotors[11]. The high intensities that
can be reached by the pulses are exploited in am@achining[12]. In medicine the use
of ultrafast laser systems has grown across dispareanches and they all take
advantage of theold ablation effect. For fs systems, as it will be demonstrated
chapter 5, while average powers are quite low, pemakers reach the kW or the MW
range allowing the instantaneous sublimation ofmimdecules without depositing much
heat in the tissue[13]. Examples of medical techesgjare the LASIK that can be used
to correct sight defects[14] and successful bramaur removal[15]. The selective
killing of viruses with a fs system in infected lsehas also been demonstrated[16]. In
medical imaging femtosecond systems can be us@piital Coherence Tomography
(OCT) systems[17] and coherent anti-stokes Ramantsyscopy (CARS) that allows
label-free tissue analysis[18]. Furthermore, theeffont of today’s advanced laser
research has expanded to the studyatbbsecondpulses which are nine orders of
magnitude shorter than those from typical Q-switcegstems[19].

In this research project we focus on the productidnfemtosecond pulses at
wavelengths aroundu2n with amorphous bulk glasses. In section 1.2 ntloéivations
underpinning the work carried out in this projert presented while in section 1.3 and

1.4 the basics of ultrafast systems and propagatemovered.

1.2 Motivation

1.2.1 Solid-state amorphous dielectric gain media

This project is based on the development of sdhatesamorphous gain media lasers,
they are typically based on two components: thé magrix and a small concentration

of active impurities calledlopants Adapting the host composition and impurity type
and concentrations allow a wide variation of thgirlg characteristics, as the atomic
transitions and lifetimes of the dopant energiatestcan be carefully tailored. Research

in this field has led to the discovery of hundredslifferent hosts and dopants among
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countless crystals[20], some of which have beenessgfully transferred to industrial or
medical applications. Large research and developeigorts are nowadays channelled
on solid-state laser systems as they need relatii® engineering from laboratories to
market compared to other systems. They can redcintense pulse energies in bulk
crystalline media and produce kW continuous wavgh hpower systems in fiber

lasers[21].

The laser systems demonstrated during the courdbiofthesis were based on
glasses. Glasses belong to the family of matetiaslack long range ordered periodic
structure,amorphous materiajsas will be explained in-depth in chapter 2. Thare
many amorphous materials which are used for ligmegation and some examples are:
colloidal solutions of nanocrystals and polymer$[23lasses[23], and glass-
ceramics[24]. The key advantages of amorphous mktethat make them highly
suitable for a broad range of applications are ttess and an incomplete list is reported
here. They can be made inexpensively with almodepkeoptical quality, they can be
easily shaped in any form and dimension and eéalisicated with a well established
industrial technology. Furthermore they can scalbigh energy applications and have
relatively low development costs. The fact thatytisan be shaped in any form is a
unique property of the amorphous materials, sekample glasses can be used in both
bulk and fiber forms as they can be drawn withtredaease. Another advantage is their
broad and smooth emission spectra, compared toryiséalline counterparts, for their
inherent inhomogeneous broadening mechanism, dsbwilexplained in detail in

chapter 2.

1.2.2 The applications for CW and ultrafast pulsgstems at 2 um

The development of @gm solid state laser systems is of great interestadays for a
wide range of applications and in this respect maathors have recently published
interesting reviews, for example I. Sorokina[25],NB. Walsh[26], and A. Godard[27].
Owing to the high absorption of,® molecule in the 2um band, continuous wave
lasers define some of the cutting edge surgeryicagins in neuroendoscopy[28],
brain surgery[29] and urology[30] where the Thulitand Holmium laser prostate
resection (TmMLREP) and (HOoLREP) are becoming syrge&ndards[31]. Atmospheric
LIDAR[32] and pollutant probing exploit the resomanbands of N® and CQ

4
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molecules over the 2am region[33]. LIDAR setup sources comprise mid-anéd
optical parametric oscillators (OPO) and opticalapaetric amplifiers (OPA) and they
are efficiently pumped with quasi-CW high energyu® lasers[23]. Solid state high
power sources at gm have been successfully proven in several gainiandulilk
crystals and fibers[27], in bulk ZBLAN glass[23f semiconductor disk lasers[34] and
in micro-sphere lasers[35].

The generation of ultrafast lasers around then2region is of course interesting for
time-resolved spectroscopy and the nonlinear fregueipconversion to the mid and
far-IR spectral regions[36]. The molecular fingéempregion from 2 to 5 pum can be
accessed with supercontinuum generation[37] andbrib@d emission bands of ultrafast
pulses. Ultrafast 2 um lasers can be used for miaohining of semiconductor and
transparent materials[38] when the common souraesat be used. There are earlier
demonstrations of femtosecond laser sources at dytrthey had low average output
powers in the orders of few mW[39]. Remarkably, teeord to date is 108 fs pulses at
1980 nm with an average power of 3.1 W but theyewspduced with a quite complex
systems of amplification of Raman-shifted Er-dofibdr laser radiation in a Tm-doped
fiber[40]. The need of compact and reliable systéonsultrafast pulses generation at
around 2 pum is very high and Pidoped and Tri-Ho**-doped amorphous media
offer very interesting possibilities. In chaptethg generation of 410 fs pulses with an
average output power of 84 mW by a bulk glass béesst is reported, but before then
in the next section, some of the fundamental caiscigat underpin ultrafast laser pulse

generation are briefly explained.

1.3 Basics of ultrafast pulsed systems
1.3.1 Definitions

Ultrafast pulsed lasers are lasers that generate singleiois tof coherent light with
pulse durations in the range picoseconds (IHs) to attoseconds (I6s) these
physical events are extremely short and in ordegite an idea of how short these
pulses are, let us compare a femtosecond with aurgaent of distance. If we set one
femtosecond equivalent to a meter then one secaonith wf femtoseconds is equivalent

to 25 million around-the-world trips! The main pareters that characterise ultrafast
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laser pulses can be listed as follows: duratiompsh energy, peak power, repetition
rate, centre wavelength and bandwidth. Such priggeatre linked to each other so that
the improvement of one could worsen another, adrmapromise has to be found to
guarantee sustainable generation. The electrid béla pulse can be mathematically

described in space and time by the following notgd1-42]:
E(t)=D0{E, (t)expli(wt + o(t))]} (1.1)

Where By (t) is the pulse’s envelope(t) is a time-dependent phase change, @gthe
centre angular frequency. The pulse envelopg)Ehat can be generated in pulsed laser
system are usually characterised as either thes@awprofile Bexp(-«t?), with o being

the constant relative to the pulse duration, orhiaeerbolic secant profile ggBech(ttp)
where 1p is the pulse duration. If we takg(t)=9.t> which corresponds to a linear

variation of the phase the Gaussian pulse the texhgescription (1.1) becomes:

E (t) = O{E, exp(- at? )exp|i (ot + 5,t% )| (1.2)

Formula (1.2) describes the temporal evolutiorhefpiulse and its Fourier transform is:

. <w)mm{eo exp(—:’i(w—%f}exp(—iL“z(w—%fj} w9

a’+39,° a’+9,

If we then calculate the full width at half maximpyfWHM of the pulse in the time
domain and the FWHM of its transformed versioria trequency domain we obtain:

V2
2In2
Aty :( a j (1.4)
V2
1(2In2
AV e :77( : (az+z922)) (L5)

The product of these two quantities is caliiede bandwidth producfTBP. It is defined
by the bandwidth theorem and it sets the ultimateel limit for the pulse duration
given the spectrum of the pulse. In our case, f@aassian (G) and a hyperbolic secant
(hs) pulses, the time bandwidth product can beewrit
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Y2
2In?2 9 Y

TBP=At.,,. AV, =514+ 22 1.6

FWHM FWHM T ( (aj J ( )

At Av, = 0441 (1.7)

At AV, = 0315 (1.8)

The presence of periodic instabilities in the tidoenain, due to Q-switching effects, or
chirping of the pulses can generate spectral featuresiltivagtely act to degenerate the

quality of the pulses produced and increase the Vdike.

1.3.2 Linear pulse propagation in dielectric media

The study of pulse propagation and the effect chquulses on transparent media is an
extremely important issue in ultrafast laser phgisiche propagation of the pulse, as for
any other kind of EM field, through a dielectric dingm induces a polarization of the
medium and the following formula holds[43] for thrluced dipole moment per unit
volume,P:

P=gy, [E+&, [EE+ey, [EIEE+... (1.9)

Wherey, is the n-order second rank dielectric susceptybiensor of the medium and
go the dielectric permittivity. Depending on the sigéh of the EM field the polarization
is affected in different ways. The linear suscalityby, is the one that usually plays the
major role and is connected to well known effedke,| angular dispersion, phase
dispersion, interference, absorption and birefnmoge Higher-order susceptibilities can
only be accessed by very intense EM fields, sudh@se within an ultrafast light pulse,
and cause the non-linear effects explored brieflydaction 1.3.3.

The light pulse traversing the gain medium is, @m@ral, made up of electric fields
at different frequencies. In chapter 2 it is shdhat the refractive index depends on the
wavelength and therefore the pulse’s spectral commis encounter different refractive
indexes depending on their respective frequencys, Tih turn, causes different light
components to travel at different speeds in theimmedand the phase of such light

fields, (w) becomes frequency dependent[44]:
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qo(a)):%l'n(a)):%n(/]) (1.10)

where L is the length of the material transversgdhe EM wave in normal incidence
andc the speed of light in vacuum. The mathematical isogb relation that connects

the refractive index, (), with the wavelength was proposed by Sellmeidr[45

nz(A)—lng:AffA (1.11)

Where 1=1,2,3 and the coefficientséhd); are called the Sellmeier coefficients. These
coefficients are empirically derived and providedables for the different materials, or

fitted from the refractive index measured at défgrwavelengths as is shown in chapter
2. In order to highlight the various termsgé% that are relevant for the propagation

of the pulse it is useful to locally express equatil.10) with (1.11) as a Taylor series

calculated around the frequency of interest

OA®D) _ )+ OUD) (0= @) | 0°y) (@ )" | O°Plan) (W=)” (1 1)
d 0 d 1 dw? 2! o’ 3

where k accounts for higher order terms. The fost terms of the Taylor expansion

can be associated with particular physical effaot$ are reported in table 1.1:

¢(e,) Phase velocity Brings an absolute delay #(1)=38,
rg :L(ajﬂ/‘gﬁ)
O, i
—gj( b) Group Vflocfy Brings a group delay #() = 9t
bw v, = L(8w/d¢)
2
2 Brings a linear variation on the p)=9,
8 ] nd - f 9 =
Lﬁ,}“) S orqer dllspers.lon, phase of different frequencies |(1.2)is the formula of a
fsloN group velocity dispersion (linear chirp ) linearly chirped pulse
& p(e,
% TOD, third order dispersion Brings a quadratic chirp ¢(l‘) =9 r
@

Tab 1.1 The various dispersive effects on the phafsehe pulse’s components when it
transverses the active material. The first columthe representation in frequency and the final

column is an equivalent representation in time.
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Table 1.1 above highlights the different disperssfiects brought about by the linear
susceptibility tensor in a dielectric media. Tgreup velocity dispersio(GVD) acts to
spread the leading edge or the trailing edge ofpillse depending on its sign. For
instance, equation (1.2) describes, in the timealopa Gaussian linearly chirped pulse
affected by positive GVD. In fig 1.1 two pulseseddffed by positive and negative chirp
are shown. Equation (1.6) clearly links the inceeat TBP of a chirped pulse to the
chirp rated,.

Positively Chirped pulse Negatively Chirped pulse

i

0 , . \ 0
=100 -50 0 50 100 -100 -50 0 50 100
Time [fs] Time [fs]

)
N

-
3]
N
o

Amplitude [ a.u.]
Amplitude [ a.u.]

=
o
o
o

Fig 1.1 The two examples of the intensity envelopggpositive chirped and negative chirped

pulses on the left and on the right hand sidekepicture.
Several techniques to actively control and compenfest GVD in the laser system are
in use and these include diffraction grating corapoes, chirped Bragg stack mirrors
and Gires Tournois interferometers. However thérgpie that has settled over the
years to be the most used in experimental setugiseixombined use of two prisms
pairs[31], because of their low cost, simple deplemnt, high flexibility and low
scattering losses. This compensation techniqueusead throughout the course of this
PhD and it is therefore briefly presented here.

The technique exploits the angular dispersion opad& of prisms to provide

wavelength path separation:

Prism 2 Prism 3 .
Prism 1 Prism 4

Mirror

Fig 1.2 The prism pair technique as used to congierfer second order dispersion in the laser

cavities. The picture shows the double pass pathtenposition of the mirror of the laser cavity.
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In this way, longer wavelengths will have shortaths through the system and reduced
passing time, thus compensating positively chirpatses as shown in Fig 1.2. The
prisms are inserted at their minimum deviation aragid are designed for such angle to
be Brewster’s angle for the prisms material enguniear-to-zero insertion losses. There
are two pairs of prisms in Fig 1.2, but in actwedldr system one single pair is often used
within the cavity so to exploit the double passeoétl by the mirror at the end of the
resonator, represented by the dashed line. Fortecydar distance between prisms 1
and 2 a certain amount of negative GVD can be géeagr The GVD of the prisms

series can be calculated as[46]:

A 82 a%n 1Y on)| . on\’
GVD=| — |—14d —+2n—-—— | — | |sin(B)-2 — | co 1.13
[cdjaf{ TTT{GAZ [ nSIaAj } ) (Mj W @13
Where d is the averaged path length, n the ref@datidex of the material used in the
prisms,pB the divergence of the beam at the prisms exit,dangdthe tip-to-tip separation

between prisms 1 and 2. This formula has been sty used in the designing of the

laser cavities of chapter 5.

1.3.3 Nonlinear pulse propagation in dielectric rmethe Kerr effect

The high intensity of the laser pulses can prowddeess to the higher order non-linear
susceptibility terms of equation (1.9). Under higkensity fields a plethora of non-
linear effects can be observed including second #mal harmonic generation,
frequency mixing, sum and difference frequency gatien, and Raman effects. In our
laser systems the prevalent nonlinear effects experd areself-focusingand self-
phase modulation (SPMPBoth effects are fundamental in the generatiomlthshort
pulses[47] and are due to tbptical Kerr effect

In a dielectric medium the changes in refractivde are linked tgs and the EM
field by equation[48]:

)
Nror =Ny +8_n§||z(t)|2 (1.14)

Where Rot is the total equivalent refractive index andisithe linear refractive index.
As the light intensity is proportional to |Ettif can be seen that changes of the total re-

10
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-fractive index can take place for large enoughrnisities. The quantity:

_3x,
8n,

(1.15)

2

is known as th@onlinear refractive indexand is usually quoted in éfV. This allows
us to write n = gtnyl that shows thatais anintensity dependent refractive index

The self-focusingphenomenon[41] can be compared to the effectgrbded index
lens. The laser beam transversing the gain medaswatGaussian intensity profile cross
section and will have higher intensities at theecol the beam. The Kerr effect will be
stronger in such volume and the total refractivdeninor in the medium will gradually
decrease from the maximum at the centre creatingstantaneous graded index lens
leading to the focusing of the beam. The effect lbamguantified andgfis the focal
length of the equivalent Kerr lens for Gaussiarspsiiwhen considering only the phase
changes near the beam axis in a parabolic apprtxinié9]:

4
f, :% (1.16)
Where L is the length of the Kerr medium ang the peak power of the incident
radiation. This effect can be detrimental in lasedsr causing focused intensities
sufficient to overcome the damage threshold oftfeglium, but can also be used in
modelocking[50] as will be explained in the nexttgm.

Self-phase modulatipfl] is a temporal effect in comparison with theogetric
nature of the self-focusing. While the pulses tragghe medium the instantaneous total
refractive index for will increase with the leading edge of the puldewing the EM
field. Conversely for will decrease with the trailing edge thus acceiegathe EM
field. The total action will result in a self-ching of the pulse that can act as a
compressing mechanism thus counteracting the puldispersion but also as a
mechanism to expand the range of frequencies &lmila the pulse. The SPM is a
parameter which strength is dictated, once agairnthé strength of the Kerr effect and

therefore is also material dependent.

11
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1.3.4 Quasi-soliton propagation: the Haus model

In some cases the SPM can balance the dispersectsin the cavity therefoighaping

a transform limited pulse which propagates in taeity as a fundamentalblitor[51].
The theory of such propagation, which involves tbalimear Schrédinger equation, is
not explored in this report, but the effect is fdun our laser system and causeton-
like propagation as described by Haus[47]. The pulses@ntinuously shaped by the
SPM and the GVD but they always obey #irea theorerf7]:

2D
AT = 2o (1.17)
pKERR
Where A is the pulse’s amplitude; is the sech(t) time constant, D the total cavity
GVD andpkerr @ so-called Kerr coefficient. If we recall thaetbnergy of the pulses is

Er= 2As°tp then from (1.17) we can write:

I, = 1.7627ﬂ E—li (1.18)
Prerr  Ep
Where 1.7627 convertsfrom its FWHM value. Under this propagation mobe pulse
duration is inversely proportional to their enelgyya factor dependent on the dispersion
andpkerr. By measuring the pulse duration at differentaocaivity powers, the value of
pkerr €an be found. A useful formula fpkerriS[47]:

2n _ 2[L

Pxerr™ /]_L n, E (2.19)

Wherel is the lasing wavelength, L the length of thewacelement and & the laser
mode cross sectional area. Ongerr iS known it is easy to estimate the nonlinear
refractive index:

n, =%ﬂ (1.20)
Such propagation mode is verified in our experiraemtd (1.20) is used in sections 5.3

and 5.4 to calculate the value of the nonlinearlative index n

12
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1.4 Generation and measurement of ultrafast laser pulses
1.4.1 Modelocking principles

Femtosecond laser pulses are extremely short ewsntstheir generation has posed
significant challenges for many years. The use tifrable absorbers was excluded, at
first, as it was thought that their recovery timaswphysically limited[52]. Another
technique calleanodelockingwvas postulated in the 1970s[53] and it was dematest
in 1991 thatKerr lens modelockingvas one of the simplest way of generating fs
pulses[50]. The advent of semiconductor technology allowed the engineering of
saturable absorbers with highly customised charatits that has enabled their use as
initiation and stabilisation technique for the miod&ing as is presented in chapter 5.
The termmodelockingdescribes an effect that is at the heart of @stalaser pulse
generation. As is well-known, in a standing wawgeflacavity many longitudinal modes
are able to propagate within the cavity, their frecy separationv is dependent on
the length of the cavity LAv = ¢/2L. The modes that will successfully propagailé
of course, be the ones that have positive net ga&nus say, for instance, that in the
cavity 20 longitudinal modes propagate, they walvé generic phases and the laser
radiation will have an averaged noisy CW emissibhe phase relationship of such

modes is somehow locked they will interfere to eattter as shown in figure 1.3.

1.1

—Sum of 3

—Sum of 6
— Sum of 20

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Time [ns ]

Fig 1.3 The superposition of 3, 6, and 20 longitadipropagation modes locked in phase within
the laser cavity. The resulting envelope is a puibéch duration depends on the number of

locked mode. The graph has been normalised toeak’$ maximum.
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The interference is constructive with a period ikagqual to the roundtrip cavity flight
time, where the modes have fixed phase relatiodsaasingle pulse is produced. The
whole of the radiation in the cavity is then tenadlyrand spatially concentrated in the
pulse. This, of course, places technology limitshanelements of the cavity which have
to withstand extremely high powers. The number oflescthat are locked in phase at a
given time depends on a broad range of factorespecially on the gain bandwidth of
the active material that has to support their pgagian. It was therefore very useful to

work with glass compounds where the emission témtt® smooth and broad.

1.4.2 Modelocking techniques

In the previous section it was shown that lasesgailcan be generated by imposing a
fixed phase relationship among the longitudinalppigation modes of the laser system.
In order to generate and maintain such phaseagkdtips, the laser cavity must contain
a mechanism that favours the propagation of aeihigjh-intensity pulse per roundtrip,
namely, the single pulse experiences lowest lo$sdhis case, the longitudinal modes
will naturally tend to lock their respective phasasd produce a single pulse.
Modelocking is thus a resonant effect and produanglight modulation of the
intracavity power timed with the cavity round ttime introduces a low-loss time slot
that favours radiation propagating in this fashidhis modulation can be actively or
passively obtainedActive modelockingvith the use of acousto-optic modulators and
other systems produces a very reliable train ofgrithat can be easily synchronised
with external system$assive modelockingxploiting the Kerr effect in thierr lens
modelocking KLM or a saturable absorption in tlsaturable absorber modelocking
SAM are techniques capable of achieving much shptikses.

Kerr lens modelockingvas first demonstrated by Spence et al.[50], itl@igpthe
self-focusing arising from the optical Kerr effeBtue to the high intensity present, the
train of ultrafast pulses in the laser cavity exgrere a shorter focal length Kerr lens
and cause the laser mode to propagate in the oaithyslightly smaller beam waists.
KLM can be considered a fast type of saturable gbem, under the classification of
Fig 1.4 below, as the polarization of the gain mates almost instantaneous. This
allows the generation of very short pulses of thdeo of few optical EM cycles but

lacks of a self-starting mechanism. There are ihrfeany orders of magnitude between
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the noise background of the CW emission and thé&sgpearmally found in the very
short pulses. Building those pulses from the ndigekground can be very difficult
indeed. In order to facilitate the starting of tieM some cavities were tried in our
glass systems with the aid of the Magni-Cerulldgi®4-55], but no appreciable pulsing
behaviours could be observed.

Saturable absorber modelocking based on aaturable absorberSA, which is a
device that exhibits absorbance dependent on iigeris our case, the absorbance
decreases with increasing intensity before evelytgaturating. In this way, an intensity
dependent component is inserted into the cavitymodides an amplitude modulation,
where the loss decreases with increasing inpuhsitie A very important parameter of
any SA is the recovery time, which is the time remkdor the system regain its
absorbance following the propagation of a pulsefigure 1.4 the well known gain-loss
time dynamics that describe the pulse formatiorouin glass based systems[51] are
shown. The loss and gain curves are relative tdtspgrturbations of average values
while the pulses are plotted in full swing froma@emission to maximum emission. The
intensity envelopes of the pulses are all §)tas they represent the steady state

solution of the Haus master equation[47] in presesfaispersion and Kerr effect.

LOSS LOSS LOSS

PULSE

a) b) c)

Fig 1.4 The time dynamics of gain, losses and pidsmation in the presence of a a) fast SA, b)

slow SA c) slow SA and soliton formation.
In the case of fig 1.4a the saturable absorptimowery time is in the order of
magnitude of the pulse duration and it is therefermedfastand in such cases the gain
is not perturbed. In case 1.4b the saturable absasislow under the same definition
but the interplay with gain saturation creates adeiv in time where the pulse can
successfully be generated. This is mostly the chdgeolasers and is not relevant to our
solid state systems. In case 1.4c the net gainomingoses in time slower than in the

fastcase, the pulse formation is entirely shaped byirtterplay of SPM and dispersion
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effects and the slow absorber acts as stabiliseratipg in the so-calledolitonic
regimg51].

1.4.3 Continuous wave and Q-switching modelockegmes

The SAM modelocking concept dates back to the gadys of the laser[56] and its use
is often in combination with the end mirror of aéa cavity which provide the substrate.
Different substrate combinations have differentoagms for example A-FPSA
antiresonant Fabry-Pérot saturable absorber, D-Siiddersion compensated saturable
absorber mirror, and so on[57]. However the SESAMhnelogy, pioneered by
Knox[58] and Keller[57], due to the relative easgnttol on the manufacturing
parameters and development of semiconductor placanologies, brought the device
to mass use in the solid state laser industry. Thectares of such mirrors vary
depending on the desired characteristics and tttethat it can be optimised almost
independently from the gain material made the SESAMarticularly useful device.
Other than the recovery time, as previously disedissther parameters that characterise
a SESAM are: the modulation depthR, that is the maximum nonlinear change in
reflectivity of the device due to the pulse formatithe non-saturable losségs as the
static losses due to the mirror used as a substhatesaturation fluence,; that is the
minimum fluence that is required to bleach the dioand reach transparency, and
ultimately the spectral bandwidtiy\ that is the range of wavelengths where the
SESAM can act as a saturable absorber.

All five parameters have to be carefully tailored ensure a stable modelocking
regime.
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Fig 1.5 The two types of modelocking, a) continuotes/e modelocking, (CWML) and b) Q-
switched modelocking (QSML).
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The major cause of instability in SESAM modelockedstemns is due to Q-
switching[57], indeed the saturable absorbetasactoa shutter inserted in the cavity
and that makes of it a very good passive Q-swiltiere are many situations that could
turn a SESAM into a passive Q-switch, the most irtgodr one is an excessive
modulation deptm\R. In such a case, the train of pulses is supedposea slower Q-
switch pulse as shown in fig 1.5b. Other causesten found in the long lifetimes of
the lasing level that glass based lasers have hedoperation near modelocking
threshold condition[57]. It is therefore usefuldefine the following two modelocked
regimes:continuous wave modelockif@WML), represented in fig 1.5a and tRe
switched modelockin@SML represented in fig 1.5b. It is very easy denitify the
QSML: in the RF spectrum of the signal probed waitfast detector the AM modulation
sidebands can be detected. During QSML operatibasfluence of the pulses can
become very high indeed and overcome the damagshtbid of the saturable absorber.
Figure 1.6 shows the damage recorded in some BBBGAMS.

Fig 1.6 The damage due to Q-switching instabilittesst were sustained by some of the SESAM

used in this research.

1.4.4 Measurements of laser pulses

The characterisation of an ultrafast pulse is vengdrtant and to that end it needs to be
defined which properties are most relevant to @search. The parameters that fully
characterise an ultrafast pulse are: repetitioe vatp, energy [k, peak power g,
duration tp, optical bandwidth A, time-bandwidth product TBP, electric field
distribution E(tp), phase spectrumt,w). Many techniques have been developed and
refined over the years to provide details on thasueed pulses to different degrees of

accuracy. Most of the measurement systems availallee market are unfortunately
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optimised for wavelengths from 0.8 to Jub due to the emission wavelengths of the
Ti:Sapphire and to the extensive telecom applicatidihere is therefore a lack, to date,
of commercially available measurement technolofpeshe emission wavelengths of
our femtosecond laser systems around thm2egion.

In this project to get an initial characterisatioh,was necessary to provide a
measurement afrep, p, and TBP. The use of an InGaAs PIN photodiode (Haatsum
G8422-03) reversely biased could provide a fasughaesponse to be able to detect
vrep and any Q-switching instabilities, while an IntépsAutocorrelation system,
IAC[59] was built to measurep. In order to speed up the process and guarange th
same degree of accuracy for all measurements alesibgbVIEW™ program was

created. Fig 1.7 shows the screenshot of the pmagra
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Fig 1.7 The LabVIEW screenshot of the program that was created tavaitcally retrieve the
pulses’ duration and TBP from the autocorrelatiaces.
Two autocorrelation traces were loaded into the mammgand the space distance
imposed by moving the reference reflector of th€ Isystem for the calibration. The
program could then automatically produce a measirer and once the optical

spectrum was loaded also a measure of TBP.
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1.5 Conclusions and Synopsis

In this introductory chapter the BCanniversary of the invention of the laser was
remembered in section 1.1 while an overview ofdhplications of femtosecond lasers
was also given. The motivations supporting this aede were reported in section 1.2
with the description of the applications of 2 um @Wd pulsed laser systems. In section
1.3 and 1.4 some of the basic concepts neededrtmirte the work were explained..
This chapter has served as the introduction for wWosk, in Chapter 2 the detailed
spectroscopical characterisations of the laseesystare introduced and Chapter 3 and
4 report the CW characterisations of glass basdkl Iasers. Chapter 5 describes the
successful modelock characterisations and the iorgaffor the first time, of

femtosecond glass based 2 um bulk lasers.
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2. STRUCTURE AND SPECTROSCOPY OF GAIN

MEDIA AND ACTIVE IONS

2.1 Chapter Synopsis

In this chapter the materials characterisationthefdifferent samples used throughout
this thesis are presented. The introductory padts$rthe basic nature of glass as it is
important to know how glass forms and is createdriter to be able to control and
design the laser elements.

Active materials for laser generation which areoabination of glass hosts and
triply ionized rare earth ionsTm** and Tni*-Ho®*" were used in this research. The
chemical and physical characteristics of glassesimrestigated in section 2.2. The
mechanical and the electronic interaction of sudiive ions with the host are treated
fully in Section 2.3. In section 2.4 the manufactgrtechnique and the Raman spectra
for the different glasses studied are reported andlysed. Their spectroscopic
investigations are presented in section 2.5, ipgmation for the laser experiments that
are discussed in chapters 3 and 4. Finally, a cdegre between all of the Tth

samples is shown in section 2.6.
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2.2 Chemical and physical characteristics of glasses

2.2.1 Basic structure of optical glasses

We all are familiar with glass as it is used throoigt our lives. Its properties of
transparency and brittleness are easily apprecititedersatility on fabrication, shaping
and workability have pushed glass into many seatbrisdustry, from high precision
bearings to the latest consumer electronic gad@etthermore the characteristics of
chemical stability that glass possesses are appeeciin medicine and food
processing[1].

The nature of glass can be explained from mainly diferent perspectives both
equally valid. In the first, the glass is in a sthetween a liquid and a solid, namely a
highly viscous liquid. In fact one of the peculi@s of the glass materials is the lack of
a defined transition between states of the maliesifing glass results in a continuous
decrease of the viscosity, going through anneaBof@iening and finally melting points.
Shelby defines glass as “an amorphous solid [...]iketkhg a region of glass
transformation behavior” [2], such glass transitidiagram is described in the next
section and is at the basis of the fabricationn&gre we use in this PhD. On the other
hand the American Society for Testing Materialsroef glass as “an inorganic product
of fusion which has been cooled to a rigid conditiithout crystallization” [3]. The
second approach, introduced by Zachariasen ondafental paper written in 1932[4],
defines glass as a solid that lacks of long ramgstalline structure. Crystals are present
but their periodicity is somehow distorted genagtihe glassy form, this in turn brings
forth the peculiar characteristics that are desdilin the next section. The most

common example can be given in the case of 8&3ed compounds, the Silica glass.
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Fig 2.1 From the left the cristobalite crystal sture, the basic structure of Silica glass and the

structure of the Silica glass in presence of netvmodifiers.
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In its ordered state, Sydorms the cristobalite crystal which is a polymuipstate of
the quartz crystal[5], in disordered structureeppnesents the base of the Silica glasses.
In Fig 2.1 the various structures are represenie@ksses could then, in principle, be
formed by a single SiOnetwork but other components are usually addedetoease
the melting point or give the desired propertigse Bmount of disorder in the network
is caused by cations included in the compositiah faom a general point of view three
different types of ions can be distinguished[5}twak forming ions NWF)which act

as formers of the glass network and are presedmghest proportion in the composition,
network modifiers ions (NWM), which modify the neivk and aid in the glass
formation, and dopants ions (DOP), which are useddaive ions. Usually DOP take

the same places of the NWM in the network.

2.2.2 Formation of optical glasses

The immediate question is: is any inorganic compoahle to form glass structures?
The answer is no, however predications can be nwatle the Stanwortfé] glass
formation modelin this model, four different classes of anioas be identified: O for
Oxides F and CI forHalides, Br for Bromidesglasses and S, Se, Te forming the
Chalcogeniddgamilies. Any cation, combined with such aniondl wiake a good NWF

if the bonds formed are ionic and covalent in equraportions, but also cations that
tend to form more ionic bonds than covalent in petage make good NWMs. The
chemical composition can be changed widely, theirements of rigid stoichiometric
ratios found in crystals are relaxed and electmealtrality is the only property that has
to be preserved in the glassy structure, this isrermous advantage that glasses have
over the crystalline counterparts. The SciGlasalttge logs and contains over 320000
different compositions to date[7]. The thermodynapiiase transition graph presented
in Fig 2.2 shows the formation of the glass accwydio the definitions and the
experimental evidence[2]. In materials that foriystalline compounds the enthalpy, H,
decreases abruptly down the red path and at thdingelemperature J they
instantaneously form long periodic range crystiisthe case of compounds that form
glassy structures crystallization does not happefixaand a supercooled liquid is

generated on the blue path.
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Fig 2.2 The enthalpy graph of glass and crystaimdétion. The red line highlights the crystalline
phase while the blue line the path followed bydlassy compounds.
Reducing the temperature gradually increases twosity of the melt and glass starts
to form arranging ions in the typical glassy disordrhe process is gradual and at some
point the viscosity is so elevated that ions canmaive and the liquid idrozen
becoming a glass. The temperature range over whistiakes place is called tigéass
transformation rangeand T is by convention dubbed temperature of glass itrans
Heating dynamics have also to be tailored to thepmsition as the enthalpy graph is
strongly composition dependent. The quenching balset rapid enough to avoid the
crystallization of the composition and slow enoungit to generate strains and internal
stresses in the glass compound. Crystals, infiaeh in a glass with a two step process
during the supercooled liquid phase, ti®wth process and thaucleation process.
Decreasing the temperature from the material passes the grow process first and the
the nucleation one, if the passage is quick, nticledappens when very little crystals
have formed thereby favouring the glassy state. fAligker the difference xT-Tg the
more stable the glass is against crystallization[8f principal techniques used for the
forming of glass and the consequent doping of ihwvactive ions are thenelt and
guenchingmethod and thesol-gel method, the latter provides great results for the
dopant distribution but the process is long andiadit to repeat. All our research
glasses were produced by melt and quenching andillvéocus on it throughout this

chapter.
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2.2.3 Nature of optical glasses for laser applceti

The report of the first laser action in glass-basetive media dates back to 1961[9] and
the research field has become well established treeyears. The glass NWF is in fact
chosen depending on the particular application famal shape of the material. For
instance, if a short bulk glass is used as an a@pémplifier and gain is necessary its
composition has to be able to support a high canagon of active ions, chalcogenide
glasses are thus perfect for the task, converkelytical fibers have to be drawn from it
the oxides glass are the chosen ones for theiositscproperties.

Most of the commercial optical glasses producedyodre oxide based glasses,
silicates and phosphates. The kind of glasses fasddser operations is not limited to
the oxide types however, but stretches over theratiwee classes, the halides, the
oxyhalides and the chalcogenides. In this respedarge literature review has been
carried out focusing on thep@n and the infrared part of the spectrum and ihésefore
useful to report some of the previous work donssifeed by glass families.

The oxides, mostly used in conjunction with twdlmee network modifiers, include
phosphates [10], silicates [11], germanates [12-tEurites [14-15] and borates [16].
Halide network formers, namely fluorides[17] andochles[18] are extensively used
for their transparency stretching over the infraregion[19]. Obtained via a mixture of
oxides and halides elements, the main represeatafithe oxyhalide glasses are the
fluorophosphates and chlorophosphates glass. Téney low melting temperatures and
high ionic conductivity. Finally chalcogenide glassare made with Selenium[20],
Sulphur and Tellurium as NWF and Arsenic, Antimoagd Germanium[21] as
examples for NWM. Chalcogenide glasses are usuatjyressed using the atomic
percentage of the forming elements i.ezf3€e4. They show great transparency in the
infrared region up to 20m, have high refractive indexes and the lowest pg#adnon

energies among glasses.

2.2.4 Mechanical and optical properties of glassekser applications

From a pure material point of view there are qaifew properties that can be identified
and that are important for the use of glass. Howerehe context of this thesis, a range

of key properties can be identified which depend ghaiss compositionFracture
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toughnesswvhich addresses the brittleness of the materggroscopicity that is the
property of absorption of water molecules from sherounding atmospher&hermal
conductivity~1 W/m-K for glasses compared to 40 W/ m-K of $app Thermal
Expansion Coefficienthat needs to be controlled in bonds with othebpstates.
Chemical stabilityand toxicity which determines the glass formation phases, the
tendency of crystallize and the environmental inhpat the compound.Dopant
solubility, which is the property of the glass of allowing arfugeneous distribution of
the active ions over the entire batch volume.

For laser active elements, the interaction of lighh the glass is very important and
optical quality linear and nonlinear refractive indicesdispersion and transparency
play a central role. The phenomenon that most @&ffélse optical quality is the
scattering loss. Scattering by small impurities aodttering by particles much smaller
than the light wavelength is known as Rayleightscaty. This has & dependency
and cannot be avoided. The baseline of the Raykigttering is often used to roughly
assess the optical quality[22]. The refractive indegenerated by and depends on the
polarizability of the structure and it is higher for highly paable systems ( e.qg.
chalcogenide glasses ). It interferes with the heacent emission of the active ions as
will be described later in the chapter. The transpey range of glass samples is
determined by two cut off regions, the UV cut offdathe IR cut off. These depend
strongly on the E energy gap of the glass and on the phonon vibraina an extensive
treatment can be found here[2]. It is sufficienthighlight in this context that low
phonon energies glasses tends to transmit longeeiiR and less in the UV region[23]
and vice versa. The nonlinear refractive index lalsges, was introduced in section
1.3.3 and plays a fundamental role in Kerr lens ehmzking. Its value depends on the
composition and is reported in the relevant sestimeiow.

2.3 RareEarthsionsin glasses
2.3.1 Rare earths as active ions in glassy networks

Dopants suitable for laser operations must adhereseéveral properties and
characteristics. They have to have strong absorgiands for efficient excitation and

they have to demonstrate high quantum efficiencygmod energy transfer between
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pump and laser. The composition of the host mahiauld, in principle, have only a
limited effect on the lasing behaviour of the dapadl of these characteristics can be
found in elements that have inner incomplete edecshells.

The chosen active ions for our research belondh¢oléanthanide family and are
commonly calledRare Eartls (RE)[24]. RE have atomic numbers from 57 to 78 an
their electrical core is the one of Xenon, theiefprred ionisation state in condensed
matter is the third: Nf [25]. Their electrons iss and5p shell shield the electrons in the
4f shell almost completely, the result is that the thfough the IR spectra are
determined byf electrons[5, 26]. From all of the possible RE ddpave necessarily
exclude the radioactive Pfn and consider the ones with lowest energy emitting
transition around the 2m region: H3" and Tni".

The transition processes involved in RE iagtfsenergy levels were extensively
studied by G.H. Dieket alin the 1960’s [27]. Fig 2.3 below depicts the gyelevels
of the 4f electrons of HY and Tni" up to 22000 c, and the major radiative

transitions.
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Fig 2.3 The Tri and the H®' ions energy levels up to 22000 ¢miThe lowest emitting
transition is®F, for Tm*" and®l; for Ho®". Arrows highlight the main radiative transitionsda

numbers are reported in nm. Levels are weighed tivéghr respective lifetime.

30



CHAPTER?2 : STRUCTURE ANDSPECTROSCOPY OIGAIN MEDIA AND ACTIVE |ONS

The levels in Fig 2.3 are labelled following theuakquantum-mechanical notions of
Russel-Saunders coupling or LS coupling. Levels tale form of>*!L; where J is the
total angular momentum resulting from the vectosiain of L the total orbital angular
momentum and S the spin angular momentum(5].

The energy level diagram of Fig 2.3 of a rare eathincluded as an impurity is
slightly influenced by the host matrix. If the matis strongly covalent, i.e. germanate
compounds, the shielding effect on levels is steoramnd the energy levels slightly shift
down[27], conversely on fluoride compounds wheradsotends to be ionic in nature
the shielding effect is weaker and energy levesl teo be shifted to slightly higher
energies. In regard to VIS/IR absorption spectrdeme then to see absorption peaks to
longer wavelengths on germanate based compourias thtin fluoride based ones.

Furthermore, in crystalline materials Stark linditspg brings forth well defined
and resolved energy sublevels the so calemnogeneous broadenindn glass
counterparts, the disorder in the local ionic dtrice results in a wide range of local
electric fields which creates poorly resolved Staskiblevels the so called
inhomogeneous broadeninghis actually affects the optical transitionsatieg many
available sub-transitions, therefore in glassesetinéssion spectra is usually smoother
and broader and the excited state lifetimes argdothan in crystals, generally in the

ms order magnitude[28].

2.3.2 Mechanical Interactions

Phononsare the quantum-mechanical description of theatibons of the lattice in host
glasses. Their behaviour is described in classiwthanics as waves and vibrational
modes that propagates through the glass strudtomeever when quantized they can
also be seen as quasi-particles and they can &tedrey integer numbers. Phonons are
strictly connected to the nature of the glass &y interact with the photons that are
emitted and absorbed by the RE ions in the mateabnons are responsible for
macroscopic effects like thermal conductivity busoatake part in well known
scattering processes like Brillouin scattering &aanan scattering. The phonon energy
can be written adiw. Lattice phonons generate and annihilate on a nfaster

timescale than the electronic energy levels’ lifets and thus can be responsible for
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assisting absorption transitions[29] and supply r@nein quasi-resonant energy
transfers[30]. On the other hand, the process lakation of excited ions happens in
two fundamental ways, thadiative emission which will be extensively treated in the
next section and thaonradiative emission whereby phonons bridge the gap to the
lower level and conserve the energy. Phonon ergergigge on the order of 300-1000
cm® and this means that more than one phonon musiniteed to bridge large gap in
nonradiative transitions, the process is caitedti-phonon relaxationlt obviously is a
loss mechanism, decreasing the lifetime of ionallienergy lines and dumping heat in
the gain material. The Raman spectrum providehdurtinderstanding of the phonon

energy in the structure and is discussed in seétibielow.

2.3.3 Electronic Interactions

The rare earth ions suspended in the host definittract with the host but also, and
importantly, between one another. In this reseattodn,need of reducing the length of
active materials for best pump-mode beam matchleagd to the requirement for high
concentrations of dopants for effective absorptibthe pump beam. The mean distance
between active ions is then reduced and the prhbtyabi formation of clusters and of
greater energy exchanges increases. This in tuemalpes the fluorescence and the
lifetime of the energy levels. A very good exampldluorescence quenching of the 1.8
um Tn" : °F, — 3Hg transition for different dopant concentrationgdifferent glasses
was studied by Zou et al.[31]. Lifetime normallycdeases with concentration and an
example is reported by R. Balda et al.[32] in Teféuglasses for TAi. In the case of
single doped T materials an empirical model of the quenching éften be obtained
by simple equations[33].

In the presence of other active iossnsitizersvarious energy transfers take place
and the modelling can further increase in compjexilThe pump energy is transferred
to the active ions through two main self-explanatprocesses: the most important
ground state absorption (GSAnd the parasitiexcited state absorption (ESAnce
the energy is injected into the material volumesitedistributed via many different
processes, briefly depicted in Fig 2Whe Nonresonant energy transfe(BIET) that
happens between ions of different nature is aideghonons likewise in the Tth—
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Ho®" system of Fig 2.4 and the two ions take the naht®por andacceptor This type

of energy transfer is very important as the medranallows the use of a greater
number of pump sources. Resonant energy transtgrpen instead between same
levels of ions of the same nature they take theenafanergy migrations (EMand they
are ideally lossless.

Upconversion (UC) and Energy Transfer Upconversion (ETU)The UC
phenomenon is clearly visible in glasses doped Witfi* that glow blue when pumped
with infrared radiation. In a UC process an actoeis raised to a high energy state by
virtue of another ion relaxing to a lower energgtast The ETU happens when an
excited ion relaxes to a lower energy state pramgoinother ion from ground to a
higher energy state, it can be thought as the fse/eof the cross-relaxation.

Cross relaxation (CR)n CR, fundamental in T systems pumped itHs, an ion
that relaxes from a high energy state promoteshanabn from the ground state. The

CR mechanism is a gain mechanism as it can acgolate the lasing level.
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Fig 2.4 Main energy transfers in Finand Tmi*-Ho®*" systems. Solid arrows highlight the
transitions while dashed ones the phonon-assistetsitions. Nonresonant Energy Transfer,
NET, Upconversion UC, Energy Migration EM, Energyaisfer Upconversion ETU, Cross
Relaxation CR, Excited State Absorption ESA.

Many models have been developed over the yearterrergy transfer mechanisms
introduced, the most used ones are: Yokota-Tanifaé}lo Burshtein[35], Inokuti-

Hirayama[36] and the Forster-Dexter[37].
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2.3.4 Emission cross section

The emission cross section is one of the most itapbspectroscopic parameters for a
laser material and it is directly connected to glaén of the material. It expresses the
probability of photon emission from a particulavdeand it is inversely proportional to
the value of lasing threshold as was shown in féan{8.5). In order to estimate the
emission cross sections two main methods are comymaesed: the Fuchtbauer-
Ladenburg approach (FL)[38] and McCumber theory[@8jch is also known as the
reciprocity method The FL approach is cumbersome as it needs thatixalifetimes
and the branching ratios that have to be calculdexigh the Judd-Ofelt model[40-41].
Conversely under McCumber theory, the emissionscsesction and the absorption
cross section are scaled to one another by theyembiference between the lowest
Stark components of the upper and lower level noéasf Formula (2.1) uses the value
Az as an estimation of such energy and it is usualigrred as the zero-phonon line.
Az was taken from the work of Payne et al.[38] ithieds 1784 nm for TAT and 1941

o) 1o -1 n

oa is the absorption cross section, h is the Plamgistant, ¢ is the speed of light in

nm for HG" systems.

vacuum, k is the Boltzmann constant, T is the temperatut€.ihe ratio £/Z is the
ratio of the two partition functions of the lowardaupper manifolds. Partition functions
are defined in statistical mechanics[42] as thections that map the probabilities of
occupancy of the thermally created microstates ¢ladt around the Stark levels. The
value of the ratio of the partition functions isualy measured at low temperatures and
it is a pure number. In the case of our glassesahee was taken of 1.512 for Firand
0.81 for H3" systems[38].

06()= Blog()-([L-B)lo,(2) (2.2)
Once the emission cross section is known, an estimaf the gain in the material can
be given introducing the inversion facfbparameter, used in formula (2.2) that ranges
from 0 to 1. Assuming a completely inverted popolatind the absence of reabsorption
losses the maximum gain, also referred as the atatlirgain coefficiengy can be
calculated in dB/cm by[43]:
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g[dB/ cm|=10log,,(expl. [n)) (2.3)

where n is the concentration of ions in ionsi@resent in the material.

2.4 Manufacturing and nano-crystalline structur e of active glasses
2.4.1 Tellurium Oxide glasses

Tellurium oxide TeQ@ glasses have been studied for over 150 yearsf@igatensively
used for their particular characteristics. Theilque glass structure and their formation
seemed, at first, to defeat the Zachariasen gtassation rules and broad research has
been carried out on the material to fully undergtajd5].

Tellurite glasses were selected for use in thiskwmecause of their very good
properties for infrared laser generation. Theirkpphonon energy is low ~750 €m
compared to the silicate compositions, their IR ¢fitis therefore shifted to longer
wavelengths and they have a transparency windonv @5 to Sum. TeQ Glasses are
chemically and physically stable with high corrasioesistance and high linear
refractive index ~2 which in turn enhances the atnde rates and the emission cross
sections[46]. Rare earth solubility is very highdahe non linear refractive index in
these glasses is higher than other species[47]e Pab, compares some average values

of properties found for Tellurite glasses againbt&and Fluoride materials.

Refractive index 2 1.48 1.5
Abbe Number 10-20 80 60-110
Nonlinear refractive index [ cmZ/W ] 25x10™ 107 1077
Peak phonon energy [em ] 800 950 500
Transmission range [ nm ] 350-5000 200-2500 200-7000
Fractional ionic bonding character covalent-ionic ionic-covalent ionic

Tab 2.1 Some of the physical characteristics ofufigd glasses in comparison with Silica and
Fluorides from[47].
Te(Q, does not form in the glass state by itself andetieea requirement for one or more
NWM's. They are usually picked from the alkali mstand earlier work has confirmed

the reliability of Zinc, Sodium and Germanium oxsde
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In our case, glasses were formed by gt and quenchingechnique. As the name
suggests, a mixture of highly pure raw materialsrepared and thoroughly mixed, then
melted in gold or platinum crucibles, and rapidiyeqched in metal casts to room
temperature. Samples were prepared from high p(#89.99%) starting chemicals of
Te,, ZnO, NaCQO;, GeQ. The host compositions were chosen as 8QFe@ZnO —
10 N&O in mol% and 75 Te9- 10 ZnO — 10 N#& — 5 Ge@ mol% in batches of 10 to
15 g. Doping was added in the batches with@grand HeO3 in the wt% concentration
desired. Section 2.5 report the list of samplesnéat. Each batch was subsequently
mixed and thoroughly ground on a mortar before dgpemoved into respective gold
crucibles. It was then melted at 800 °C for 2 hand homogenized for 1 hour at 750
°C in an atmosphere of flowing dry,Or'he sodium carbonate M2Os; separates in CO
that is expelled by the oxygen flow and.Bathat binds in the melt. The melt was then
cast into a preheated 265 °C brass mould and tiegadéed for 3 hours at 285 °C before
being allowed to cool slowly to room temperaturethe furnace. Samples were then

roughly polished for the structural and spectrogm@@ssessments.
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Fig 2.5 The Raman spectra measured for the TZNitardeconvolution in Gaussian vibrations.

Peaks are labelled with progressive letters acongrth the order present in other literature[48].

The inset shows the two most common structurabuoiind in Tellurite glasses.
The values of ¥ and T in TZN glasses were measured at 425 °C and 290 °C
respectively for a J-Tg of 135 °C[49] by differential thermal analysis (B The
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Raman spectrum of the TZN was measured with a Rawissystem in Leeds
University and is depicted in Fig 2.5. Since Gefdd the dopants were in very low
concentration, the spectra obtained for the TZNG \ith different dopants were very
similar to the TZN one.

The deconvoluted Gaussian peaks, labelled in litte tve literature[48] as A, B, C,
D, E have maxima at 449, 596, 657, 747, 792" eespectively. They represent the
vibrational modes of the trigonal pyramidal and thgonal bi-pyramidal structural
units of TeQ, Te(Q, and TeQ.s with their binding oxygen. The inset of Fig 2.5 also
such structural units as found in tellurite glas3é® F and G peaks at 308 and 255'cm
respectively and are due to vibrations in the Zamd Sodium systems. Extensive
explanation of vibrational modes in alkali Telleriglasses was treated by McLaughlin
et al.[50] and Jha et al.[51]. The linear refragetmdex was measured by the prism
coupling technique (Metricon, model 2010) at 5323,61321, 1476, 1500 and 1560 nm
and then fitted with the Sellmeier equation (1.ITe resulting curve is plot in Fig 2.6.

=—— =183 (2.4)

2727rx10° [qn, —1)(n? + 2)°
(2 +2)(n,+v, |
6n

e

7 =574x107" [cnW]  (2.5)

n, =

ch, m{1.517+

From the linear refractive index dispersions twoapseters can be extracted, the
nonlinear refractive index and the group velociigpérsion or second order dispersion
of the glass. The nonlinear refractive indexermula (2.5)[52] can be calculated with
the Abbe number, (2.4) through the refractive indices at three vieiwgths n( 480 nm

) = 2.0635, a( 546.1 nm ) = 2.0946 and (643.8 nm ) = 2.0366. The result obtained
(5.7410"° cnf/W) is in reasonable agreement with the value 67-40"° cné/W
reported in literature[53] for tellurite networkagises and measured with three wave

frequency mixing at 1.0pm.
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Fig 2.6 The linear refractive index dispersion T#N glasses. The curve is a Sellmeier fit of
values measured at 532, 633, 1321, 1476, 1500 6@ rim.
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Fig 2.7 The second order dispersion of the TZN cmumpls as calculated by derivation of the
Sellmeier fit. The curve crosses the zero lined&®nm.
The second order dispersion of the glass was edbmliby derivation of the Sellmeier
fit as outlined in section 1 and the result is fgldtin Fig 2.7. It can be seen that the
curve crosses the zero dispersion line at 2450 muntfzat the dispersion at 1950 nm is

around 70 f@mm.
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2.4.2 Fluorogermanate Oxide glasses

Glasses based on Gglave excellent chemical durability, high valueshafdness and
very good IR transmittances[54]. Pure germanatessgk would form glasses by
themselves but melting temperatures approach 1606drthermore Geflasses tend
to have a structure similar to Si@nes and, due to the size of the Ge atoms the
interstitial space to include rare earth ions deses posing crystallization risk to the
material[2]. In order to obtain the desired chagastics it is necessary to steer the glass
composition to a multi-component one. Alkali eletsegre then added to the germanate
glasses to decrease the melting point, controbsisg55] and E[56] for fiber drawing
and increase the rare earth solubility. For inangasoncentrations of alkali ions the
refractive index and the density of the germanatapounds reaches a maximum and
then decreases. This unusual behaviour was tetineegermanate anomdfj and it is
believed to be due to changes in the concentrasitos of tetrahedron and octahedron
germanium oxide structural units shown in Fig 278[5

The composition that was chosen for our laser aaiement was derived from an
all-oxides one previously studied in Leeds Uniuvgrbly Xin Jiang et al[55]: 56 Ge&
31 Pbk — 9 NaO — 4 GaOs. Lead oxide was substituted with lead fluoridedoe very
important reason. It has been shown in fact that"Toms tend to interact with fluorides
and experience a lower local peak phonon energyedsing the multi-phonon
relaxation rates[58]. Moreover the use of Pi¥-heavily involved in the creation of
glass-ceramics and in case of successful resutiutd have opened new and interesting
research scenarios. One sample was created with gty (>99.99%) starting
chemical constituents. They were weighed and mixe& 15 g batch in ambient
atmosphere with 2 wt% of Ti®; that was added as dopant. The mixture was then
transferred to a platinum crucible and melted @012C for 4 hours under the dry
oxygen atmosphere. The melt was stirred once 2fteours and cast on a preheated
brass mould and annealed at 360 °C for 2 hoursahhealing furnace was then turned
off and the glass was allowed to cool slowly tomotemperature. Since fluorines are
very volatile and tend to escape from the compairedt care had to be taken to control
the temperature and the sample manufacturing ierdal guarantee repeatability[56].
The quality of the glass obtained was not fullyimied as lines and small casting
defects could be seen in the final samples.
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Fig 2.8 The Raman spectrum of the GPNG fluorogeateglass. Peaks are highlighted with

letters and the structural orders are showed om#es.
Also, analysis of the sample between crossed pelaishowed that some material
strains were present. The DTA returned=T575 °C and & = 425 °C and a consequent
Tx-Tg of 150 °C vouching for the good crystallizatioalkstity of the fluorogermanate
composition. The deconvoluted peaks of the Raneuetare shown in Fig 2.8. A, B, C
peaks at 284, 327 and 409 tmespectively are due to the alkali present in the
composition[59] while D and E at 524 and 596 care due to the lead fluorides[60].
Peaks F and G at 796 and 893 thelong to O=Ge=0 vibrations[61]. The refractive
index was also measured at different wavelengtdsaas 1.75 around 2m. The Abbe
number and the nonlinear refractive index calcdldtg (2.4) and (2.5) were of 42 and
9.5 - 10" cnf/W respectively. The second order dispersion was f8mm at 2um.
The material obtained was yellowish in colour as thv cut off occurs at longer

wavelengths for more covalent glasses.

2.4.3 ZBLAN Fluoride glasses

The fluorozirconate ZrfFbased ZBLAN glass has been extensively studieduaed in
the past and was adopted in this project as a aosopafor the Tellurite and the
Fluorogermanate glass systems[19]. The sample wadisd by Dr David Hollis from
the University of West Scotland[62]. ZBLAN belonigsthe heavy metal halide glasses
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and it is the most chemically stable and durableheaf family. Their most widely
appreciated characteristics are, exceptionallylamses in the IR due to their ionic bond
character, a low peak phonon energy that is ard@0@ cnm' and the ease of fiber
drawing[63]. Unfortunately ZBLAN glasses, being &dson fluorine, are inherently
hygroscopic and their manufacture has to be caaugdarefully in inert atmosphere as
reported below. Water is in fact detrimental in &l glass lasers as it binds to the
network in the form of the hydroxyl ion Ok/hich has a fundamental absorption peaks
around 2.7um[2]. Crystran grade materials, which had been edaknder dry argon
were purchased in the form of small off-cuts ofstay or powder and stored in
desiccators. Preparation of the glasses was cayaeimh a glove box through which dry
nitrogen was circulated. Part of the circulatiorsteyn consisted of two towers filled
with a copper/copper oxide catalyst, which, wheaté&, removed oxygen. Moisture
and carbon dioxide were removed with a liquid meo trap. The melting and
annealing furnaces were accessible through twa porthe flat part of the preparation
area, they both had nitrogen circulation separaim fthat of the working area. The
electric heating elements were wound onto borondeit which also formed the inner
surfaces of the furnaces. The required materiate weighed in 15 g batch and ground
with an agate mortar in the following molar propams 53.7Zrg+ 19Bakh+ S5Lak+
3AlF3;+ 19NaF with 2.0 mol% of Tmyd- They were then mixed together in plastic jars
before being placed in platinum crucibles in thdtimg furnace. The batches of powder
were melted at 7568C for 1 hour before being poured into brass mould®ey were
annealed at 276C for 20 minutes, and then cooled at 2 °C per neirtot ambient
temperature. The resulted glass had very goodamji@lity. The Abbe number and the
nonlinear refractive index of typical ZBLAN glassa® ~70 and ~2.4- 18 cnf/W[64]
respectively. The second order dispersion calcdllatéh data from[65] is of -15

fs’’mm at 2um and has a zero at ~1700 nm.

2.5 Spectroscopy of active materials

2.5.1 Tni" doped tellurite materials

Many tellurite samples were doped with ¥nfior the laser experiments out of which

only three reached lasing threshold and it is eging in this context to present their
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spectroscopic characterisation. The three sampdes doped with 1.0, 1.5 and 2.0 wt%
Tm*" and were named TygTZN, TmsTZN and TmgTZNG respectively. Their
laser characterisation is reported in section 3.2.

The first measurement that is usually taken is iiegerial density. This was
estimated by the Archimede’s Principle in methar@bmparing the result obtained
with an undoped sample allows a quick measurenfahiecactual dopant concentration
in the sample. Glasses formed with melt and quegctio not suffer from segregation,
as crystalline materials do but there is the charicedimentation on the melted glass.
As an example the density for TgiTZN was 5.4685 g/cth

The active ions concentrations arel167°, 2.5110%° and 3.35L0%° ions/cn? for
1.0, 1.5 and 2 wt% increasing concentrations reés@dyg, they are also reported in
comparison table 2.2. The room temperature absorpectra were measured with a
Perkin Elmer Lamba 950 UV/VIS spectrophotometertfer three samples and can be

seen in Fig 2.9. All graphs have been correctedrfyleigh and impurities scattering
and their baseline is therefore zero.
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Fig 2.9 The absorption coefficient spectra fortiimee Tni" doped tellurite glass samples. Peaks
are labeled with the respective transition fromugch
The absorption coefficient spectra are labelledhhie respective transition level from
ground®Hg and transition wavelength. Due to inhomogeneousdening, all spectra
are very smooth compared to their crystalline cewparts. Dividing the absorption

coefficients spectra by the concentration of*Tin ions/cni returns the value for the
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absorption cross sectiosi. This is independent of concentration as it iopasht-host
parameter. The absorption cross section is mas#y un the calculation of the emission
cross sectiome for the *F, — °Hg transition through the McCumber formula (2.1) and
the peak values are reported in table 2.2 at 1790Trhe luminescence spectra were
measured for all samples with an Edinburgh Instnisn\&LS920 Steady State and Time
Resolved Fluorescence Spectrophotometer and anAk@atector from 1300 nm to
2200 nm. The excitation source was a laser dio@®&tm. The luminescence spectra
for the Tm sTZN and Tm o TZNG are shown in Fig 2.10 and they are overlaidhe
emission cross section curve for the ;HMZN calculated with thé.z. and 4/Zy
parameters introduced in section 2.3.4. The pehlesaf the emission cross sections at
1850 nm are shown in table 2.2. The slight dispgr#60 nm) between the calculated
and the measured data in Fig 2.10 is most likely tduthe choice of parameterg/Z,

andXZL.
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Fig 2.10 The calculated emission cross section the Tm s£TZN combination and the

luminescence spectra for TgiTZN and TmTZNG overlaid. Peaks are labelled with the

respective transition.

The peak of theH, — F, transition in proportion to the peak of tfiE, — °Hs
transition is decreasing with increasing conceianaand this effect is due to a more
efficient cross-relaxation mechanism[48]. The sato gain coefficient could be

calculated with formula (2.3) and is shown in tabl2.

2000 2100 2200

Luminescence [ a.u. ]
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The lifetimestr of the Tm g TZN for the*F, level and for all samples of tHel,
level were measured at 1800 nm using the Edinbbngfiuments FLS920 spectrometer
in time-resolved mode with excitation by a lasevdgi at 808 nm. All curves obtained
had a single exponential decay and that guararsded energy transfer upconversion
(ETU), see fig 2.4, and the result are reportedab 2.2. Great care was taken in the
geometry of the experiments to avoid reabsorptiod Be-emission effects, however
incongruence was found in the data recorded forTings: TZN and TmTZNG. In
order to analyse in-depth the problem {Rg lifetime, measurements were also carried
out using the following experimental set-up. Built collaboration with Dr Robert
Thomson at Heriot Watt University, an 808 nm moteda(45 Hz, 50% duty cycle, 10
us decay time) laser diode output was launchedrmubimode silica fiber which was
brought into contact with the sample and a smaitigo of the induced fluorescence
from the sample was then collected using the s#mee. f The collected signal was then
filtered and analysed by a #m detector (New Focus Model 2034). The measured
lifetime values were found to be 1.14+0.07 ms Fer Tm 5 TZN and 1.30£0.07 ms for
the Tm o TZNG. Using this experimental configuration enslutbat fluorescence was
collected directly from the sample region wherevés generated by the pump beam
thereby reducing the susceptibility of the meas@mnto reabsorption and re-emission
errors. Although increasing dopant concentratioghihbe expected to shorten the upper
state lifetimes due to concentration quenchingcéffein fact we observed a longer
lifetime for the 2 wt% TmoTZNG compared to the 1.5 wt% TmTZN. We believe
that this behaviour was accounted for by the hietilengthening effects due to the
relative OH concentration difference between the TZN and TZ)&3ses[51].

Tmy :TZNG 20 3.35 5.3 5.3 77 1.3 - 6.9
Tmy5TZN 1.5 2.51 4.9 6.2 6.8 1.14 0.32 71
Tmq:TZN 1.0 1.67 45 55 4.0 285 0.27 15.7

Tab 2.2 The main spectroscopic parameters for Hreet Tmi* doped samples used in

combination with the tellurite networks.
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Finally, it is useful to introduce the spectrosaofigure of merit, FOM of the sample as

an indication of the likelihood of low thresholdesptions:

FOM =0, [1; (2.6)
The absorption cross section of the three sampdssanound ~ 5- 18 cnt for the three
samples and it is interesting to notice how thesemn cross section did not change
much when adding GeQn the composition as it was found to be arounsl5-10*
cn? for all Tn®" tellurite samples. The values are similar to tmesoreported in
literature[48]. Conversely the saturated peak gsimcreasing with concentration and
has a maximum at 7.7 dB/cm for the 2 wt% doped $anfhe lifetime of'F,, due to
concentration quenching decreases from JmZN to Tmy 5 TZN. Finally the FOM is
very high for the TmgTZN and this is due to the long lifetime in themgde and is
around ~ 7- 18" s- cnf for higher Tni* concentrations.

2.5.2 Tni*-Ho®" doped tellurite materials

Three doubly doped T#iHo®*" tellurite TZN samples were fabricated and the
concentration of Tiif was independently set from the ¥i@nd chosen by two main
parameters. Firstly, the successful laser chalatitsr that were obtained with the 2
wt% Tn®" singly doped TmoTZNG sample described in section 3.2. Secondly the
necessary requirement of keeping a short interadéagth between pump beam and
laser mode beam to obtain maximum mode matchingyahdbsorbing enough energy
to generate gain to overcome the losses in theéyca@n the other hand the PifHo®*
ratios were specifically chosen in the range of2® for two distinct reasons. Firstly
because of the lasing characteristics reported d&yynother authors on crystalline gain
media with Tni" sensitizing of H8" ions[66-67]. Secondly because Hns tend to
exhibit high emission cross sections in dieleda®er materials and the concentration
needs to be kept necessary low to avoid the gregh hconversion losses[68]. The
three samples therefore had a fixed*Tconcentration of 2 wt% and increasing®Ho
concentrations of 0.1, 0.2 and 0.4 wt% they wermeth Tm Ho0y 1. TZN, Ty o
Hoo2TZN and TmoHoo4TZN respectively. The laser characterisations ttoese
materials are in section 3.3. The absorption coefit spectra are shown in Fig 2.11,

corrected for Rayleigh and impurity scattering.
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Fig 2.11 The absorption coefficient spectra forttiree Tri*-Ho** doped tellurite glass samples.
Peaks are labelled with the respective ’Hmnsitions from groundls.
In the absorption coefficient spectra reportedijmZ11 only the HE absorption peaks
from ground were highlighted to show their positiaith respect to the T ones.
Density measurements returned®Hdopants concentrations of 0:18%°, 0.3410°°and
0.68-16%ions/cnt for 0.1, 0.2 and 0.4 wt% respectively.
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Fig 2.12 The luminescence spectra for the thred"Fin®* doped tellurite glass samples excited

by a laser diode at 808 nm. Peaks are labelled twittrespective Tifi and HG" transitions to

ground. Graphs are normalized to the*Tpeak emission around 1800 nm.
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The peak absorption cross section at 1945 nm dbela be calculated and the values
are reported in table 2.3. The absorption coefiica 1700 nm for the THis similar

to the one obtained for the singly Yhuoped samples presented in the previous section.
The luminescence spectra are shown in fig 2.12 wwack measured for the three
samples with the same excitation and settings fmethe Tni* doped elements. The
values obtained were then normalized to the enmissiensity of the Trif °Fy — *Hg
transition. It is evident the increase of the iie&tntensity of H3" peaking at 1950 nm
and 2010 nm with increasing Bfoconcentration. Higher luminescence does not
necessarily implies better laser performance cheniatics. In fact many other energy
transfer factors contribute to the population isi@m of a lasing level. From the
absorption cross section and the McCumber theaethission cross section could be
calculated with the parameters relative to thé'Han introduced in section 2.3.4. The
emission cross section peaked at 2010 nm andliswvare reported in table 2.3 for the
three samples. Fig 2.13 reports the absorption enision cross sections graphs

calculated for the Tey-Hog 1: TZN.

13
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Fig 2.13 The absorption and emission cross sectjoagzhs for the Tey-Hop - TZN sample. The

luminescence spectrum is also overlapped (daslirednf).

It can be immediately noticed that the calculatedission cross section and the

luminescence spectra, from fig 2.12, overlap w&he absorption cross section is

calculated for the HB ion with its ions concentration value and of ceuitsovershoots
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for typical Tnt* wavelengths below 1950 nm. The saturated peakgyaduld then be
calculated and it can also be found table 2.3.

The lifetimes of thél; level of HG" at 2010 nm and of th#&, level of Tn** at 1800
nm for the three samples were obtained as descaibedk. The curves for the Fihad
a single exponential decay withtime constants, conversely in the case of th&' ldb
curves showed a doubly exponential decay with wonestants tand §, all results are
summed up in table 2.3. In all samples, there egntransfer via non-radiative cross
relaxation from Tri" to H&®" and this is reflected in the observed doubly ermptial
decays with fast and slow components, where thiedasponent correspond to the
Tm*" — Ho™ transfer. On the other hand the probability ofkomansfer from H3" —
Tm*" increases with decreasing of the mean distancasebe the two ions. This
explains the case of the T@H0o 4 TZN where a longer lifetime for T# at 1800 nm
and HJ" at 2010 nm is due to intensified forward and bamkitransfers.

Tmgg-Hop s TZN | 2.0 0.4 5 0.68 79 7.8 23 3.08 | 0.61 3.2 250

Tmgg-Hog2TZN | 2.0 0.2 10 0.34 78 7.4 1.1 2.09 | 0.66 2.35 17.4

Tmgg-Hog +:TZN | 2.0 0.1 20 0.17 89 75 0.6 204 | 067 2.57 183

Tab 2.3 The main spectroscopic parameters fortitee tTni*-Ho®* doped samples used in TZN

tellurite glass.

The peak emission cross section at the lasing lewsl around ~ 7.5- 8 cn? for the
Tm*"-Ho®" doped glasses and the value is slightly higheoimparison with the TR
singly doped ones. Even in presence of an higheisseon cross section, the
combination with a small inverted population of tsmIgenerates low gains, as low as
0.6 dB/cm for the TmrHoo.1: TZN sample. In the case of FirHo®>" excitation gain
alone does not fully describe the capabilitieshaf taterial since upconversion losses
play a great part in them as explained in sectic33 Long lifetimes contribute to
bigger FOMs that give for these materials valuesdvas much the ones obtained for

the Tn?* samples.
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2.5.3 Tni" doped fluorogermanate materials

One fluorogermanate Tih doped sample was produced and its sample code is
Tm*":GPNG. Laser characterisation was carried out epdrted in depth in section 3.4.

In this section the spectroscopic investigationpissented. Density measurements
returned an ion concentration of 3.13li@ns/cni. The absorption coefficient spectrum

is shown in Fig 2.14, corrected for Rayleigh angmities scattering. Tii ions in this
fluorogermanate network have a peak absorptiors@estion at 1700 nm similar to the
one found for the tellurite glasses. Luminesceneasurements were also performed in
this glass under the usual 808 nm laser diode adiait and the results are reported in
Fig 2.15 where the spectrum is overlapped with dhmssion cross section spectrum
calculated with the McCumber theory.
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Fig 2.14 The absorption coefficient spectra for #e*":GPNG fluorogermanate glass. The
spectrum was corrected for Rayleigh and impuriSeattering. Peaks are labelled with the
respective transition from ground.
The two spectra in Fig 2.15 overlap very well ani$ interesting to notice that there is
a significant emission peak at 1470 nm which waudgest that there is still room to
increase the concentration of dopants and therefajey a higher cross-relaxation
efficiency in this sample. The emission cross secpeaks at 5.6- T cn? and once
again has similar values to the ones previoushonted in the TZN samples. The

saturated peak gain could then be calculated asd/viadB/cm.
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Fig 2.15 The luminescence and the emission crostiosespectra for the THIGPNG
fluorogermanate glass. Peaks are labelled with thaisition to ground.
The lifetime of the lasing level was also measumidh the time resolved
spectrophotometer and it showed a single expornesitizay with constant of 2.9 ms
which indicated a negligible energy transfer upasion (3Fs+ *F, — *Hg+ °Ha). The
FOM was 16.2-16" s-cni. A full comparison of the main spectroscopic pagters

among Tm" doped glass samples is reported in section 2.6.

2.5.4 Tni* doped ZBLAN fluoride materials

The fluoride sample chosen was a ZBLAN type andnignufacture was described in
section 2.4.3. The sample, coded*T@BLAN, was doped with 2 mol% Tifiand the
ions concentration was calculated via density measents at 3.56- ¥bions/cni. The
ZBLAN has been extensively used and reported erdture, it is therefore useful to
briefly present here the key parameters measuneth& sample in use in this PhD.
From the absorption coefficient measurements teration cross section peak at 1660
nm was of 2.7- 18" cnt as can be seen from the graph in fig 2.16. Whieabsorption
coefficient reported so far for other samples wale corrected for Rayleigh and
impurities scattering by removing the pedestashibuld be noted that the graph in fig
2.16 has been reported as measured and the pedestalrly zero proving the
outstanding optical quality of the sample usechméxperiments.
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Fig 2.16 The absorption coefficient spectra for The®*:ZBLAN fluoride glass. The spectrum

was not corrected for Rayleigh and impurities sraty. Peaks are labelled with the respective

transition and wavelengths from ground.
It is also interesting to see that the wider transpcy range of the fluoride glass allows
the detection of the absorption from ti® level at 357 nm. Absorption peaks happens
at higher energies than the ones recorded forltlmeogermanate glasses due to the
ionic character of the fluoride network former. ThieCumber theory applied to the
absorption cross section returned a peak emissams section of 2.5- ¥ cnf at 1825
nm and this value is in agreement with the onentedan literature for the same type of
glass[17]. The saturated peak gain is approximaB® dB/cm. The lifetime was
measured with the spectrophotometer and the 80&sen diode, the decay was single
exponential with a constant of 4.6 ms. Longer ilifets are expected for lower phonon
energy samples and this in turn yielded a FOM 05110** s- cnf.

2.6 Spectroscopic comparisons of Tm** doped active materials

In section 2.5 the spectroscopical investigationthef glasses used in this research
project were carried out for singly Ffrand doubly Tri-Ho** doped samples. Leaving
out the H3* emitting materials, it is interesting to compahe tharacteristics of the

Tm*" doped ones in different hosts. Table 2.4 below ssup the mechanical and
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spectroscopical characteristics of three samples, TZNG, Tnt":GPNG and
Tm*":ZBLAN.

Tm;0: TZNG 3.35 790 18 574 70 53 7.7 13 6.9

Tm*":GPNG 3.10 890 42 9.5 280 58 7.5 29 186.2

Tm?":ZBLAN 3.58 500 70 0.24 -15 25 39 48 11.5

Tab 2.4 The mechanical and spectroscopic paramietetbe three Tri doped glass different

glassy hosts as they were presented in the text.
The characteristics of the three samples comparddbie 2.4 all fall within expected
behaviour for the different hosts. The peak phommrergy is maximum for the
fluorogermanate sample that also exhibits a vegh hnonlinear refractive index
compared to the other two specimens. The GPNG saalpb maintains an emission
cross section and a saturated peak gain compai@lthee one in TZNG, which was
expected for high refractive index glasses. Tharégof merits FOMs of the three
samples are mostly connected to the lasing thrdskalues and such values are
consequently found to be smaller for higher FOMIe@scribed in Chapter 3. In the case
of the lifetimes it was expected that samples Witiher phonon energies would return
short lifetimes due to the high multi-phonon rekixa rates. Nevertheless in the case of
the fluorogermanate glass the lifetime of the lgdavel is longer than the one found in
the tellurite sample. This may be due to the lowrgy lead fluoride local environment
that the Tm" ions interact with in the GPNG sample.

2.7 Conclusions

In this chapter the basics of glassy amorphous maigeaised for laser generation have
been introduced. The physics of the glass formatad themelt and quenching
technique used in this PhD for manufacturing ofdless samples were also described.
After a brief introduction on the typical glassesed in the state of the art of solid state
glass lasers, the mechanical properties of glasees also reported.. In section 2.3 the
interactions that take place between the two fograéfements were investigated in

depth. The basic concepts of the trivalent earths ionsas active ions were described
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along with their mechanical interaction with theshenvironment and their electronic
interactions with the electric fields of the glagsgtworks. The relative influence that
the electrical and the mechanical factors haveherspontaneous emission of the active
ions can also be found at the end of section 23rdler to better explain the nano-
structural features of the glasses, the resultt@Raman spectra were reported for the
Tellurite glasses and for the Fluorogermanate glassmpounds used for the research
project and the results were described in sectiof. Most importantly the
spectroscopical performance characterisation wegied out for the Tellurite,
Fluorogermanate and Fluoride glasses doped witfi BmTnt*-Ho*" combinations in
section 2.5. Finally it is important to underlinbet necessity of spectroscopical
investigation on potential laser elements as adorehtal step prior to the commitment
to laser characterisations. The investigations rds=st in this chapter underpin the
development of all this research project and theyused in the next chapters: Chapter

3 and Chapter 4 where the continuous wave laseactesisations are presented.
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3. BuULK GLASS CONTINUOUS WAVE 2 um

L ASERSPUMPED AT 800nm

3.1 Chapter Synopsis

This chapter presents results obtained on the roomis wave laser performance
characteristics obtained from Pmand Tmi*-Ho®" doped Tellurite, Fluorogermanate
and Fluoride glass lasetid, pumped by 800 nm Ti:Sapphire laser system.

Tellurite glass samples were prepared at the Usityeof Leeds in the laboratories
of the Institute of Material Research under theesuigion and collaboration of Dr Gin
Jose and Prof Animesh Jha. Many different dopaatsentration and combinations
were spectroscopically investigated as describechapter 2 and laser behaviour was
achieved for three Tfi and three Tri-Ho®* doped samples which respective
performance characteristics are presented in se8tikand section 3.3 respectively.

Drawing from the experience and results gained ftoenTn?*: Tellurite samples, a
new class of samples based on the fluorogermaeaterk former was designed at the
University of Leeds, Tiii:GPNG. The fabrication and spectroscopy charactéoiz of
the samples were previously discussed in chaptard2laser results are presented in

section 3.4.
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In order to compare and evaluate the performaneeacteristics, many fluoride
ZBLAN samples provided by Dr D. Hollis from the Wersity of West Scotland were
also investigated. The 2 mol% Fhdoped ZBLAN was selected for lasing experiments
the results are discussed in Section 3.5. Congutmarks and a comparison of the

laser performance characteristics across hostaggeresented in Section 3.6.

3.2 Tm** Tellurite Glasses

3.2.1 Introduction and samples description

In Tm*:TZN and TniTZNG glass samples threshold was reached and laser
characteristics could be measured around a ceasiah wavelength of 1950 nm. Table
3.1 reports the detailed list of lasing glass sanplith sizes, geometries and dopant

concentrations.

Tmy o TZNG 5 3 20 TZNG
Tmy s TZN 7 4 1.5 TZN
Tmy g TZN 10.3 - 1.0 TZN

Tab 3.1 An overview of the dimensions and concéitra of the tellurite based samples where

laser characteristics performances were recordelolscaipts on the sample codes are related to

the Tn?* concentrations.
After spectroscopic characterisation, reported entien 2.5, samples were cut and
polished according to concentration and the abmwrptoefficient at the pumping
wavelength. The lengths of the active materialsevelsigned so that absorptions of the
pump radiation in excess of 70 % were possible authcompromising laser
characteristics. However for low concentrations dnerefore a long interaction of
pump and mode active volumes, as in the 1 wt%-dopeeoTZN, the resulting
thermal lensing proved to be detrimental.
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3.2.2 Continuous wave laser performance charaateis

The 2.0 wt% doped Tsy: TZNG was Brewster cut to a length of 5 mm so #afo of

the incident power was absorbed. The Ti:Sapphiregpheam, tuned to the peak of the
3H, transition at 793 nm, was focused with a 63 mnalitength lens and after the
folding mirror M1 produced a 33 um beam spot saéius measured with a beam-
profiler. The glass was wrapped in indium foil, kep 15 °C by the thermo-electric
cooler (TEC) and inserted in an asymmetric Z-foldadity as shown in Fig. 3.1. The
laser resonator allowed a stable mode beam spaisrad 30 um according to the

paraxial approximation.

M3

( Output Coupler)

580

Ti : Sapphire

A=793 nm

Tmz_o:TZNG
75

ROC -75

M4

( Output Coupler )

Fig 3.1 The Z-folded laser resonator used for the JTZNG sample. All distances are reported

in millimetres. The mode beam spot radius at thiv@material was calculated to be 30 pm.
The absorbed to output power characteristics weerded for the four different output
couplers OC, and are presented in Fig 3.2. Thedblasing threshold was measured at
134 mW of incident power with the 0.8% OC. A condznoutput coupling of 6.1 %
could also be achieved by employing simultaneobshh the 4.1 % and 2.0 % OCs in
place of cavity mirrors M3 and M4, Fig. 3.1. Theximaum output power obtained was
of 124 mW with the 6.1 % OC at a free running wawgth of 1932 nm. The efficiency
of the laser was 11.9%, 19.6%, 25.6% and 28.4%gubkim 0.8%, 2.0%, 4.1% and 6.1%
output couplers respectively[1]. In order to chézease the laser system and provide a
quantitative comparison term, from the differentput efficiencies at different output
couplers an estimation of the loss present on thiemal can be provided.
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The formula that links the efficiency with the lessreported in the work of Caird et
al[2]:

n(T) =n, GTTTa (3.1)

whered are the total roundtrip losses in the system, thestransmission of the output
couplers and independent variabigT) and no are the slope efficiency and the

maximum attainable slope efficiency respectivelye Tatter can be defined as:

Mo =1q B% (3.2)
L

where the ratioks/AL is the maximum theoretical efficiency (~40 % ) alsalled
quantum limit anchg is the quantum efficiency or quantum yield. Foran(8.1) is very
useful and has been used throughout as it caniiewin the following way:

n) e N\T
By plotting the inverse of the slope efficienciegasured for the laser against the
inverse of the output coupler transmissivities ipossible to give an accurate estimation
of the losses in the system and ultimately of thengqum efficiency. In section 3.2.3 the
value of ng found with (3.2) is explained in relation to owsér systems and its

spectroscopical definition.

130

120 | +0.8% 0OC * Neq = 28.4 %
110 | ®2.0%0C Na1=25.6%
100 | 441%0C o= 10.6%
z 9 +6.1% OC
E 80
g 70
& 60 Nos=11.9%
E._ 50
3 40
30
20
10

0

100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
Absorbed Power [ mW ]

Fig 3.2 The absorbed to output power slope effmyecurves of the tellurite sample TgirZNG
doped at 2.0 wt% for four different output coupletsen pumped at 793 nm.
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From the data shown in Fig 3.3, we can infengr 35% and = 1.5%. If we take into

account the 0.1% losses per each mirror M1, M2Madind the 0.2% roundtrip losses
due to the residual reflections at the surfacab@fctive element inserted at Brewster’s
angle we obtain final losses of approximately 1%e humber is usually reported per

cm of gain material therefor&m,.0.tzneg= 2 £ 0.2 %/cm.

10

_-""‘/./-7.
0.8% OC

sl I
- , 2.0 % OC
4t
e ¥ a190c
37 61%0C

0 1 1 1 1 1 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
117

Fig 3.3 The inverse of the slope efficiencies af Bi2 plotted versus the inverse of the output

coupler transmissivities for the 2 wt% 7 aTZNG sample, the results stand on a straight line.

The error reported is estimated by assuming anrgwpetal variation of 2% on the
values of the efficiencies measured. Fregand formula (3.2) we can infer an
approximate value for the quantum efficiency wpf = 87%. Losses and quantum
efficiencies are compared at the end of this sedboall samples tested.

The laser tunability was assessed by insertindgnénlaser cavity an infrared-grade
fused silica prism at the minimum deviation anghel &y tilting the output coupling
mirror. The data obtained were normalized and amotied in Fig. 3.4 for three output
couplers. The full width at half maximum FWHM vatuer the 0.8% OC, the 2.0% OC
and the 4.1% OC were 135 nm, 125 nm and 100 nnecésply. The emission peaked
at 1950 nm centre wavelength and was continuowsigable throughout the output

spectrum.
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Fig 3.4 The laser tunability of the tellurite samplm, :TZNG doped at 2.0 wt% for three
different output couplers measured with the ineardf a fused silica prism in the cavity. The

FWHM of the curves are reported in the picture.
The 1.5 wt% Tni"-doped TmsTZN was Brewster cut to a length of 7 mm and 8G% o
the incident power tuned at the peak of #Hg transition at 793 nm was absorbed. Once
again the Ti:Sapphire pump beam was focused wéhstime 63 mm focal-length lens
and the element was deployed in a similar type -dblded resonator configuration.
Distances between optical elements in resonataifseafivo systems changed slightly as

a result of cavity optimisation.
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Fig 3.5 The absorbed to output power slope effaiEnof the tellurite sample T TZN doped

at 1.5 wt% for four different output couplers.
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The angles of the two arms of the resonator wereeased so to compensate for the
stronger astigmatism inserted by the longer acéiament. The absorbed to output
power curves were recorded for the four differemipat coupling transmissivities and
are reported in Fig. 3.5. The maximum slope efficieof 26.6% and 86 mW of output
power were recorded for the 6.1% OC at a free-nmmvavelength of 1926 nm. The
minimum threshold was at 195 mW of incident powéhwhe 0.8% OC.

1.4
10 L e 08%oC

09 | —m-2.0%0C -——:;t"”"_, B
08 | a-41%0C Sy .
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Fig 3.6 The tunability of the sample TgirZN doped at 1.5 wit% for three different OCs

measured with the insertion of the prism. The FWbi\the curves are reported in the picture.
The tunability was once again recorded for the ehwatput couplers with the fused
silica prism inserted in the laser cavity and treximum output powers after alignment
optimization were 20 mW, 33 mW and 40 mW for th8%, 2.0% and 4.1% OCs
respectively. The normalized tunability curves depicted in Fig. 3.6, as can be clearly
noticed the laser has a narrower tuning range coedpa the 2 wt% TapTZNG. The
output power decreased for the 4.1% OC when tumd®@®0 nm exactly and that is due
to thermal lensing instability. As for the first BgTZNG sample, for the 1.5 wt%
doped TmsTZN the inverse of the slope efficiencies plottenisus the inverse of the
output coupler transmissivities, Fig 3.7, standadstraight line with Rof 0.998. From
the intersection of the straight line with the &kis the maximum attainable efficiency

value resultealy = 56% for an approximate quantum efficiencygf= 140%.
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Fig 3.7 The inverse of the slope efficiencies a Bi5 plotted versus the inverse of the output

coupler transmissivities for the 1.5 wt% TaTZN sample, the results stand on a straight line.

As explained in chapter 2, due to the cross-relamamechanism in TH systems
quantum efficiencies can theoretically reach 200%e slope of the straight line was
0.121 and that yieldedl = 6.8%. Once more, taking into account the mitosses and
the reflection losses at the Brewster surfacedlitedad.5% and quoting the number per
centimetre of active material, we obt&h:stzv= 9 £ 1 %/cm, the error is estimated
with a 2% experimental variation on the efficiersced Fig 3.7.

Finally in this series of samples, the 1.0 wt% etb@m :TZN was plane-plane
polished and cut to a length of 10.3 mm so thatln@® % of the incident power at 793
nm was absorbed. The sample was glued with thecoraductive paint to the copper
TEC surface at 15 °C and inserted on a V-cavitgraged to produce a mode spot size
of 25 um in radius. The pump beam spot size radas also of 25 um focused with a
50 mm focal-length lens. A very high threshold 602nW of incident power for the
0.8% OC was obtained. Threshold could not be rehébrehigher values of OC. The
maximum power obtained was of 16 mW and the efiicyeto the absorbed power was
of 6%. The high threshold and the low gain of ;pfZN compared to the other two
samples suggested that the sample possessed kggsland a very low efficiency
cross-relaxation process. Due to the poor chainatitsr measured for T TZN the
sample is not included in the discussion and corspampresented in the next section.
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3.2.3 Comparison of Tfhdoped tellurite glasses pumped at 793 nm

Although it is in principle very difficult to compa T o TZNG and Tm s TZN for the
characteristic laser performances as changes a®endr in both composition and
concentration of active ion, it is nonetheless Jatgresting to provide an analysis of

the results to gain a deeper understanding ofrtiner iworkings of the two systems.

Tmz 0:TZNG 20 TZNG 28.4 87 124 2 53 1.3 134

Tmy s TZN 1.5 TZN 26.6 140 86 9 6.2 1.14 195

Tab 3.2 The continuous wave laser performance ctaistics and some spectroscopic

parameters of the samples TgTZN and Tm TZNG.

In table 3.2 some of the continuous wave results @nthe spectroscopic parameters
carried over from chapter 2 and relevant to theudision below are presented. It is
straightforward to notice that TimgTZN has much higher losses, a slightly shorter
lifetime and higher peak emission cross sectiom fhay ¢: TZNG and that obviously
accounts for a higher threshold according to foex{(Bl6). This is, in turn, compensated
by a higher quantum yielhgh thus the overall optical efficiency becomes coraphe to
Tm, . TZNG for the same output coupling conditions.

It has been shown that the cross-relaxation effijencreases for increasing ¥
concentrations[3]. However it is clear from Tabl@ 3hat Tm TZNG has a lower
quantum efficiency than Tyig TZN and this is most likely to be due to an incesh
nonradiative relaxation rate from tfE, lasing level to ground due to impurities. In
order to fully appreciate the mechanism we needefme the important factors for the
quantum yieldng. For any given electronic level in a laser gairdas ng depends on
many parameters and its absolute value is estimbayethe ratio of the measured
luminescence lifetimer and the radiative timer obtained from the Judd-Ofelt (JO)
theory model analysis[4]. The quantum yield, in ¢ase of the T *F, lasing with®H,
pumping, closely connects to the cross-relaxatifficiency CHa, *He) — (Fa, °Fa)
which contributes up to a 200% g as discussed in chapter 2. In a simplified fashion

Mo can be written:
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—  Mcr
Mo =—"SR— (3.4)
© Mg Wesa

wherencr is the cross-relaxation efficienaysa is the parasitic excited state absorption
efficiency from3F; and g is the non-radiative transition efficiency thatdisectly
proportional to the multi-phonon relaxation raténeThigher the peak phonon energy
value, the highenng is and consequently the lower the overall quangtfmiency. The
processes are highlighted for clarity in the inseFig 3.8. The Raman spectra for the
two glass samples TxgTZNG and TmsTZN were reported in Fig 2.5 section 2.4.1
up to 1000 cnt energy shifts.

20
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16  — Tmy5TZN - “ﬂ\\\CR
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Fig 3.8 The Raman spectra for the JJgitZNG and the TmsTZN extended to 1800 chin the

inset the processes of Cross-relaxation CR, Exctade Absorption, ESA and Non-Radiative

relaxation NR.
However it can be seen in Fig 3.8 that with furthrerasurements extended up to 1800
cm™* two peaks are present at 1120 cand 1430 ci. These two peaks, possibly due
to heavy metals impurities, may be responsibletf@ highernyg that is found in
Tm, o TZNG. Finally it is worth commenting on the meclaah strength of the two
samples tested. Both of them sustained breakdomwntgtal damage with high pump
powers. The structural damage threshold was idedtdnd cracks started to form for
incident powers around 900 mW. Two types of damagesd be observed, a dynamic
one whereby the crack would close when the incigemter decreased, and a static one

that would permanently set in the structure.
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3.3 TnT™*-Ho*" Tellurite Glasses

3.3.1 Introduction and sample description

The Tn?*-Ho*" glass samples were also prepared at the Instfutéaterials Research
at the University of Leeds as it was presentecentign 2.5.2. In this section the laser
performance characteristics of the JfAH094TZN, Ty HOp2TZN and Tmo
Hoo1:TZN are compared. Table 3.3 summarizes the gearaktletails and dopants
concentrations of the samples used.

yAENVERT
Ty o-Hog 4 TZN 4.4 3.1 2.0 0.4 5 TZN
Ty o-Hog 2. TZN 4.5 3.1 2.0 0.2 10 TZN
Tz p-Hog 1 TZN 5 - 2.0 0.1 20 TZN

Tab 3.3 An overview of the Tellurite based sampleped with Tm" and HG" where laser

characteristics performances were recorded Emsed as a sensitizer for Ho

The Tm.H0p.4 TZN was Brewster cut, polished and wrapped inundioil while the
Tm,.-HOop 2 TZN and the TmgHO0p 1: TZN were cut and parallel polished in house and
glued to the TEC surface to be used in the lasétycdn section 3.3.2 the continuous
wave laser performance characteristics are describe the three samples in the

following order: Tm ¢-H0Op 1: TZN, Tm, ¢-HOp 2 TZN and Tm ¢-Hop 4 TZN.

3.3.2 Continuous wave laser performance charaateis

The Tm.Hop.1: TZN was cut and parallel polished in house toiekttess of 4.5 mm.
The interaction length of the pump beam with tistnig mode was approximately 5 mm
as the sample was inserted at Brewster's angleeiiaising setup. The copper substrate
was kept at 15 °C and silver paint was used to tilaeactive element to it. The system
is shown in Fig 3.9. The sample absorbed 67 % ef#3nm pump radiation. The
pump beam was focused to a 23 pum beam spot siaes nadasured after M1 via a 50
mm focal length lens and the Z-folded resonator designed to match the mode spot

size accordingly.
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Tmy.oHoo - TZN [ Tm, Hoo,: TZN = TmyoHoo 4 TZN |

Fig 3.9 The three active elements as mounted toTtEl_é: copper substrate for the laser

characterizations.
The absorbed to output power characteristics cuiivigs 3.10, were recorded for the
three output couplers 0.8 %, 2.0 % and 4.1 % aadskbpe efficiencies were found to
be 17.9 %, 25.9 % and 25.6 % respectively. The fue@ing wavelengths were 2048
nm and 2010 nm for the 0.8 % OC and for the 2.0 @d@monstrating that emission
was from thell; level of HG". The free running wavelength was 1966 nm for tie%
OC and emitted from théF, level of Tn?*. The free running emission wavelength
corresponds to the wavelength at the peak of tive gathreshold lasing condition[5].
When increasing the output coupler value and tbeeethe roundtrip losses the
threshold is reached for higher values of inver§i@md consequently in the quasi-three
level Tn*-Ho®* system emission wavelengths shorten and eventhafiyto the T
laser levePF,. The maximum output power obtained was of 74 m\EC4i0 nm with a
2.0 % OC at 715 mW of incident power.
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o0 | *08%O0C N2o = 25.9 %
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80 L11%o0c
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Fig 3.10 The absorbed to output power charactesistf the TrgrHOy i TZN sample when
pumped at 793 nm.
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The incident power was limited to prevent thermaindge and as can be seen in Fig
3.10 no rollover is present. A further confirmatiofhthe Trni* lasing in the case of the
4.1% OC comes from the fact that the threshold twedefficiency of the laser are
nearly identical to the one obtained for the singbped Ty TZNG sample that has
the same thulium concentration. The lowest threklvehs recorded at 120 mW of
incident power with the 0.8 % OC. The tunabilitytbé laser was measured for the 0.8
% OC. Prism insertion losses were negligible aral tbrmalized tunability graph is
reported in Fig 3.11.

11
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Fig 3.11 The tunability of the Tyg-Hoy :TZN sample measured the prism inserted in the lase

cavity, the FWHM is 125 nm. The gain spectrum, thlexck line, is overlapped.
The emission is limited on the blue side by the*Treabsorption losses and on the red
side by the reflectivity of the 0.8 % OC mirror theached 98% at 2080 nm. Fig 3.11
also shows the gain spectrum of the, b0y 1: TZN derived from section 2.5.2 for an
inversion factorfp = 0.13, the two curves show a reasonable oveillap. emission,
centred at 2020 nm, ranges from 1860 nm to 208@vitma bandwidth FWHM value
of 125 nm. An estimation of the losses and maxinaatmevable slope efficiency gives
value ofnpas 37 % and the losses are 0.9 %. With mirrors and Brewster’s surfaces
the total losses quoted per centimetre &fgs.on00.1:128v= 0.8 £ 0.2 %/cm. Losses are
indeed very low in this sample and they demonstieatequality of the glass and of the

polished surfaces. The quantum efficiencyés= 96 % and, in the case of ThHo™
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transition, also accounts for the Theross-relaxation efficiencyts, *Hs) — CFs, 3Fa)
and the T to HG®* energy transfer efficienciF, — °I-.

The remaining Trii-Ho** doped two samples possessed strong thermal leasihg
the measurements had to be carried out with a 5h6pper at the pump beam. Powers
reported are then renamediaterred and obtained by doubling the measured values.
This technique allows the assessment of the exgbecharacteristics of the laser
material while a solution to the thermal lensing/asnd. The reasons for the higher
thermal lensing are investigated in the next sactio

The Tmo-Hop 2 TZN was cut and parallel polished in house witthigkness of 4
mm, the element inserted at Brewster’'s angle inldser resonator had an interaction
length with the pump beam that was then 4.5 mm. Saeple was glued with
conductive paste to the copper block as shown gn3™. The TmoH0y4TZN was
Brewster cut to a length of 4.5 mm polished withgaare cross section of 3 by 3 mm,
wrapped in Indium foil and inserted in a copper mothe element can also be seen in
Fig 3.9. Z-folded resonator arrangements were fietrup and the absorbed to expected
output powers efficiencies could be recorded. Theves, reported in Fig 3.12, were
only taken with the 0.8 % OC for both samples afédi output coupling would prevent
lasing or would produce very unstable lasing as éxplained in the following section.
The maximum expected output powers were of nedrlyn¥V with a slope of 11 % for
the Tm.g-HOp 4 TZN and of 25 mW with a slope of 9.5 % for the J@iHog 2: TZN.

50

=11.0 %
45 |  m TmygHop2:TZN - 0.8 % OC flmz.oHo0.4 ’
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[
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Fig 3.12 The absorbed to expected output powereskdficiencies of the two samples T

Hoy 4 TZN and Tm Hoy 2 TZN. Powers arénferred as explained in the text.
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Thresholds were recorded around 150 mW of incigemter. In order to obtain a fuller
picture of the characteristics of these two las@n gnaterial the tunability was also
recorded with the fused silica prism inserted a thinimum deviation angle. The
tunability was smooth across the emitted wavelengtid extended from 2005 to 2095
nm peaking at 2066 nm and with a FWHM of 60 nm tlee Tny-Hoo 42 TZN. The
Tm, -Hop 2 TZN sample emission could be tuned from 1960 t602hm centred in

2045 nm with a full width at half maximum of 80 nm.

3.3.3 Comparison of TifrHo*": Tellurite glasses pumped at 793 nm

Among all the Tm*-Ho®* doped tellurite samples tested the continuous wave
performance characteristics were very different awrdmatically worsened when
increasing the HB concentration from 0.1 to higher concentrations tire Tni"/Ho>*
concentration ratio from 20 to lower values. Sinbe latter two samples Tig
Hoo2TZN and Tm.g-Hop 4 TZN did not lase or produced unstable lasing wvathput
couplers higher than 0.8 % the parameters thatb&arsignificantly compared are
summed in table 3.4. The losses that this clasawmiples showed were very low in the
order of 0.8 %/cm but they could be measured omtytHe Tm -Hoo.1:TZN as higher
output couplers would prevent lasing. In this asjtds interesting to notice that higher
output couplers in Tii-Ho*" doped systems required higher inverted populations
reach threshold and this in turn increased the mypersion losses to tHS,, °F, Ho™

levels as we demonstrated for the Tm,Ho:KYW cry6ial

Tmzo-HoosTZN | 0.4 5 11* 28+ 60 *
Tmzo-Hop2TZN | 0.2 10 95+ 26+ 80 *
Tz o-Hop TZN | 0.1 20 17.9 55 125

Tab 3.4 The continuous wave laser parameters thatampared for the three iHo>* doped
tellurite glass samples. * expected values measuigil the 50:50 chopper. The maximum

powers are reported for the same absorbed power.

Strong thermal lensing was present with the samipéeing low Tni"/Ho®** ratio, the

characteristics were therefore estimated with t®&® chopper and are highlighted in
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Table 3.5. This increased thermal lensing may Haeen caused by highly localized
heat that generates in these samples as a resugfloénergy photons that find paths to
nonradiatively relax to grounts,,’F,—°ls. The HG" concentration is in fact higher in
these samples and so is the density of photonaufi@mnvert to°S,,°F, levels, see Fig
3.13 for a simplified energy transfers scheme.

The energy transfer ET processes accounting foulpopg the H3" levels, are
mainly in the Tmi*—Ho>" direction but in the case of tH&, < °l; it is very much
bidirectional and dependent on dopants concentrafibis affects the lifetimes of the
two levels as it is explained in section 2.3.3. Plaeasitic 550 nm green upconversion
takes place from the long livetF, and the mechanism is non-trivial. lons 3R,
upconvert via UC1 iflls and then relax tdlg populating it. lons directly pumped from
3H, then via UC2 pass their energy to the populatiod upconverting them toF..

The ions ir°F; finally nonradiatively relax toF,.

+L ET
E [em] | 1G, ST 5F, 3Kg
20000 [~ 5F3
- A4
L . %S2,°F,
[ H
15000 |— ‘E,T,» 5Fs
- 3F2f3 e
3H, — ucz2 4
_ - : *ls
10000 |— I
i i CR v
L sy, Slg
» : uc1
B SF v L 4
s000 -  ° N %T) 8l
: 793 nm | Laser
B 1950 nm
0 L 3Hg hd 5'8
Tm® Ho®*

Fig 3.13 Tm*-Ho®" Energy levels diagram when pumped at 793 nm. Coatis straight lines

highlight the main radiative transitions. The manergy transfer mechanism involved are
upconversion (UC1, UC2), cross-relaxation (CR) amkrgy transfers (ET). Dashed lines
indicate phonon-assisted transitions and nonragiatinergy transfer. The energy levels are

weighed according to their radiative lifetime[8].

This process is efficient also because pump phatansdirectly promote ions fromtg
to °F, as their energy coincides with the energy diffeeshetween the two levels, the
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process in known as excited state absorption, B84 ,was not reported in Fig 3.13 for
simplicity. Furthermore, once infrared photons frahe pump or Tr{ radiative
relaxations become available to the*Himn, the UC process is very efficient and was
demonstrated as 50 times stronger than other UCepses in the tellurite network[7].
This is the reason why performance characterigf®erally deteriorate by decreasing
the Tnt*/Ho®>" ratio, tunability ranges decreases, output poweease and thermal
lensing worsen. There is a 1.5 % small differene@wben the expected slope
efficiencies of the two TawyH0p4TZN and Tm gHop 2 TZN samples which is well

within experimental error.

3.4 Tm** Fluorogermanate Glasses

3.4.1 Performance characteristics of the* I@PNG

The Tm** doped composition of germanium oxide, lead flueridodium oxide and
gallium oxide, GPNG, was extensively introducedeation 2.4 and was in turn derived
from an all-oxides composition formed at high tenapgre of 1200 °C. One
Tm*":GPNG sample was produced and was cut and papalished in St Andrews to a
thickness of 4.5 mm and inserted at Brewster's angla standard Z-folded laser
resonator. The pump beam, tuned at 792 nm wasddongh a 50 mm lens to a 25 pm
spot size radius inside the glass with an intepactength of 5.1 mm. 64 % of the
incident radiation was absorbed. Once again fotpuilcoupling sets were used and the
absorbed to output power slope efficiencies obthiwere 32.4 %, 39.6 %, 47.8 % and
49.7 % with the 0.8 %, 2.0 %, 4.1 % and 6.1 % odutmuplers respectively. The
rollover free curves are reported in Fig 3.14. Dou¢he quasi three level nature of the
lasing transition the free running wavelengths w85, 1979, 1953 and 1944 nm with
the 0.8 %, 2.0 %, 4.1 % and 6.1 % OCs respectivEle maximum output power
obtained was of 190 mW with the 4.1 % output coupled it was limited by the pump
power that was set at 750 mW at most to avoid thedamage to the glass. Once the
characterization had been completely carried oaitpilmp power was increased to the
maximum power available with the Ti:Sapphire of Q3@W and the maximum output
power reached ~ 300 mW with the 4.1 % OC.

75



CHAPTER3: BULK GLASS CONTINUOUSWAVE 2 um LASERSPUMPED AT800nm
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Fig 3.14 The absorbed to output power slope efiities for the Tri:GPNG for four different
output coupling values. The slope efficiency valaesreported on the graph.
Thermal lensing up to the incident powers tested mat experienced in this material
and an explanation is given further in the sectiocmsing threshold values were also
very low and with a minimum of 60 mW of incidentvper with the 0.8 % OC. The
lasing thresholds obtained could also be modellgtd Whe Risk model[9]. Formula

(3.5) details the parameters involved:

7hu, (AW,” + 4w, ) (S + T + 20, ()

P,(T) =
(M) 40 (Aeg) ¢

(3.5)

where hp is the energy of the pump photoisis the roundtrip scattering loss which
value is calculated below, T the transmission losdefie mirrors and wand w the
beam waist radiuses. It has to be highlightedithatder for the model to adhere do the
experimental results thég(Arr) One-pass reabsorption losses an@irr) emission
cross-section must be taken from the absorptiontsppand the emission cross-section
spectra respectivebt the free running emission wavelendtmally tx is the lifetime of
the lasing levePF,. The results obtained are plotted in Fig 3.15 amawsthat the
experimental data fit well the model within modadjierrors. The losses could also be
estimated and gave valuesmf= 52.5 % and the los8,= 0.51 % generating a %/cm
scattering 10ss§tm:cpng= 0.02 £ 0.2 %/cm. This value is very low and canfirthe

high quality of the glass specimen in use.

76



CHAPTER3: BULK GLASS CONTINUOUSWAVE 2 um LASERSPUMPED AT800nm

180

160 | 4 Calculated Thresholds
B Measured Thresholds
140

120 ?

100

Pru [ mW]

60

OQutput Coupling [ %]

Fig 3.15 The threshold values plotted against the flifferent output couplers used for the

Tm*:GPNG. The square dots represent the measuredhdtdes
From these values, the inferred quantum efficiemagng = 130 %. The tuning curve is
shown in Fig 3.16 and shows the emission peak®3® 2m and its full width at half
maximum is of 140 nm. The gain spectrum from sec®d&n3 is overlapped in Fig 3.16
for an inversion factop = 1 and smoothed with the moving average, it carclbarly
seen that the emission on the longer wavelengthsiied by the decreasing gain. The
tunability on the blue side is, as in all quasethievel laser system, limited by the

reabsorption losses.
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Fig 3.16 The tunability of the TFIGPNG measured with the prism and the 0.8 % OC. The
FWHM is 140 nm. The thin black line representsdha spectrum.
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The performance characteristics obtained with thé" T®®NG fluorogermanate glass,
and especially the efficiency to the absorbed ppwepresent the highest achieved in
the literature to date for an end pumped bulk glassrs emitting at am and the
results were accepted for publication in Optics Espr Furthermore the glass had not
reached its best performance as the quality of#ise specimen was not fully optimised.
The high quantum efficiency is allegedly due toltheer local peak phonon energy[10]
the Tn?" ions interact with, this in turn decreases thetimpilonon relaxation rates and
therefore yields improved efficiencies. The experitaé evidence that the
measurements taken were virtually free of thermeaking can be explained by one
important fact. Despite being cut to a 4.5 mm theds, parallel polished and inserted at
Brewster's angle inside the laser resonator likewike Tellurite specimens, the
Fluorogermanate sample absorbed only 65 % of ttident radiation compared to the
80 % of the Tellurite counterparts. This of coursd ha effect on the amount of heat
locally deposited in the structure and ultimately the thermal lensing. The laser

characteristics of this Fluorogermanate and obthiérs are compared in section 3.6.

3.5 TnT" Fluoride Glasses

3.5.1 Performance characteristics of the* TABLAN

The spectroscopy of the 2 mol% Yhuoped ZBLAN fluoride composition is reported
in section 2.5.4. The ZBLAN has had widespread useit® exceptional optical
qualities[11-12] and it represented a good bencknfi@ar our research project. The
optical quality of the sample was outstanding camgato the Tellurite and the
Fluorogermanate ones and, it can be seen in se2to#a Fig 2.15, that the scattering
line on the absorption spectrum was nearly zero.

The sample was machined from a disc of 25 mm in eiamit was polished to
optical quality and cut to a length of 9 mm andemed in the standard Z-folded laser
cavity under the experimental conditions formergsckibed. The interaction length of
the active sample inserted at Brewster’'s angle {88 mm and the sample absorbed
nearly 52 % of the incident radiation. The slopécedficies obtained were 19.9 %, 30.5
%, 37.7 % and 37.6 % with the 0.8 %, 2.0 %, 4.1Mb& 1 % output couplers. The free

running wavelengths were from 1944 nm to 1911 nmirfioreasing output coupling
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transmittances. The curves are reported in Fig BiiE/minimum threshold value was
measured with the 0.8 % OC and was of 80 mW ofdemi power. Lasing was
observed without appreciable thermal lensing andrailmver up to the maximum
incident powers used of 820 mW. The maximum outpyey recorded was of 145
mW with the 4.0 % OC.
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Fig 3.17 The absorbed to output power slope efiitiis of the Tri{:ZBLAN fluoride sample
measured for the four output couplers.
The output radiation was very stable once the cavég optimized and this it is likely
to be due to the long interaction length and thneslarge active volume compared to
previous experiments. The laser emission peakird®8® nm was tuneable from 1810
to 2050 nm with a record FWHM of 150 nm. The loszealysis yielded ang of 45.7
%, dtm:zLan = 0.5 £ 0.2 %/cm andg = 115 %.

3.6 Conclusions and comments

In this chapter, the continuous wave charactergidormances of different solid state
2 um bulk glass based laser systems were desaitddhe treatment was especially
focused on the Tellurite based ones. Section 3t2newely dissected the Tellurite
media doped with T as an active ion while the TfaHo*" were presented in section
3.3. It is very difficult to compare the two systemn an absolute basis because of the

difference on the dopant concentration and comisinahowever it is worth presenting
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here the relevant laser characteristics in thepeetsze of 2 um solid state Tellurite
laser sources pumped at 793 nm. Table 3.5 sumseufasing data for the best ¥
doped sample, Ty TZNG, and the best TiHo®*" doped sample, Ts-Hoo 1: TZN.

Tmz g TZNG 19.6 60 138 135 1960

Tmy g-Hop 2: TZN 25.9 74 147 125 2020

Tab 3.5 The continuous wave laser parameters thatcanpared for the two tellurite laser media

as 2um laser sources the TRTZNG and the TgHOg 1 TZN.

The internal efficiency of the two laser sourceseorted for the 2.0 % OC, the reason
is that the H®' ion in the TmgHog :TZN sample stopped lasing for higher output
couplers. It is interesting to see that an effici@m®" — Ho®>" energy transfer yields
greater internal efficiencies for the doubly dofed®*-Ho®*" sample. The output power
and the absorbed power at threshold are there&perted with the 2.0 % OC and
although the threshold values are similar the dugower is 25 % higher in the T
Ho®" sample. Spectral tunability is alike for the twangples and their peak wavelength
is characteristic to the respective lasing ions.cdn be stated then that overall
performance characteristics of the 'ilo®" doubly doped sample were better as a 2
um laser material and looked promising as a pa@&krctndidate for mode-locking.
Mode-locked results are presented in chapter 5.

In the main body of the chapter also two otherstialte were presented a ¥m
doped Fluorogermanate sample and & Tdoped Fluoride ZBLAN glass. The results
were described in Section 3.4 and Section 3.5 otispdy. As it was introduced in
Section 2.3.2 each network former, NWF, is charatd by a peak phonon energy that
is peculiar of the vibrational energy modes of tAtoms and ions nanoscale
arrangement. Even though the effect of the ion aumaton should be factored in and a
full treatment would have to be done for differenncentrations in different hosts it is
relevant in this PhD to compare the different ressabtained for the three main NWF
treated. In this respect Fig 3.18 shows the absaieutput power curves for the three
samples: Tme TZNG, TnT":GPNG and Tni:ZBLAN for the 0.8 % OC.
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Fig 3.18 The absorbed to output power curves fa TmTZNG, Tnt:GPNG and
Tm*":ZBLAN lasers tested during this PhD with the 0.83%.

The superior laser characteristics of the fluorogerate gain element is clear. Since the

pumping beam waist adopted was similar for allehmeaterials it is therefore possible

to compare threshold values and the recorded lowest for the fluorogermanate

element. High internal efficiency and output powassociated with the GPNG sample

are comparable to the values obtained for crystaliulk lasers[6, 13].
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Fig 3.19 The tunability of the Tsg TZNG, Tnt":GPNG and Tr{:ZBLAN lasers tested during
this PhD with the 0.8 % OC measured with the prism.
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This confirms that Germanium based amorphous glasspeesent an optimum
candidate for high performance solid state infrdeesbrs as presented by G. Turri et
al.[14]. All active elements had good stable outpoivers and provided for relatively
thermal lensing free operations, however from ahaeiral strength and chemical
stability Germanium based oxyfluoride compoundstaree preferred as can be read in
chapter 2. In our GPNG composition a substantiatgeage of it is Lead Oxide that
for its toxicity and environmental impact would de¢o be replaced in future
developments. The laser emission when tuned withsaapand with the 0.8 % OC for
the three elements is reported in Fig 3.19. Fothhee elements the FWHM reported in
the picture are similar and it is easy to see ldsdr elements based on NWF that had
higher gains can be tuned to longer wavelengthab&eption losses are higher in the
Fluorogermanate sample and limit the emission @ ghort wavelength tail of the
tunability more than the other networks. Nevertbglen all cases, tuning was smooth
and continuous as it is expected in an inhomogesigtumoadened material and this was
fundamental in the use of such media for the modkdd experiments introduced in

chapter 5.
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4. BULK GLASS CONTINUOUS WAVE 2 um

L ASERSPUMPED AT 1200nm

4.1 Chapter Synopsis

This chapter presents a discussion of the contsmuaave laser performance
characteristics obtained from Ffrand Tni*-Ho>* doped Tellurite glasses pumped by a
1200 nm semiconductor disk laser (SDL) system. fefbaccount of the SDL is
presented in section 4.2.

The SDL pump system was developed the Instituthaitonics, IOP at Strathclyde
University in Glasgow[1] and two different glassrgaes were tried witfiHg — °Hs
pumping, one singly Ti doped and one doubly doped ¥rrio®".

The Tn?" doped sample used for laser characterizationsruhite new pumping
scheme was the 2 wt% doped TZNG and its laser eaioces are reported in section
4.3.1. TmoTZNG was selected as it demonstrated very goaat fasrformances when
pumped at 793 nm by Ti:Sapphire. The *f#Ho*" doped element selected fiifs
excitation was the Tii 2 wt% and H3" 0.2 wt% that was named BrH0, 2 TZN the
results obtained are presented in section 4.3.fortdmately Tm ¢-Hop 2 TZN was not

the best sample in 793 nm pumping but it masonly one available at the time the
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1200 nm source could be used in St Andrews. Drafvimg the results reported in the
previous chapter, section 4.4 reports the comparegothe performances for the two
excitation mechanisn®, (793 nm pumping) antHs (1200 nm pumping) in the two
systems, the singly doped one and the doubly doped A brief explanation of the
main energy transfers that happen in the Tellurétvork in the two cases 9, and
®Hs pumping are also reported in section 4.4.

4.2 Semiconductor disk laser at 1200 nm
4.2.1 Introduction to the SDL structure

In section 2.3he different level transitions and therefore polespumping schemes for
the Tn'* ion were introduced. Many excitation paths werespnted and Ti:Sapphire
excitation of the’H, transition around 800 nm was shown to be the midely used
for pumping lasers operating arounduth. Another less frequent way of creating a
population inversion on th#, level is the excitation of th#s level around 1200 nm
pumping. Only very few commercially available pusgurces have been developed in
such region and we therefore collaborated with lsitute of Photonics, IOP at
Strathclyde University in Glasgow and the grougPobf. M. D. Dawson to obtain the
use of a Semiconductor Disk Laser, SDL[2]. SDLs peoduce very good quality laser
beams and their emission wavelengths can be cuztdmior these reasons they are

suitable for the exploitation as end-pumped buletgoump sources[3].

SR

DBR Structure GaAs Substrate

\ Quantum wells active volume

Confinement window & anti-oxidation cap
Diamond heatspreader & copper water-cooled heatsink

Fig 4.1 The SDL device layered structure sectioakethg a plane perpendicular to the device

surface. All key elements of the structure are liigited.
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The optically-pumped SDL used in this research deseloped by Ms Sharon Vetter
and Dr Stephane Calvez[1]. They are also knowhasertical-external-cavity surface-
emitting lasers (VECSEL)[4] and the working prireipoptical resonator arrangements
and laser characteristics are briefly introduce h€he SDL device, reported in detail
in Fig 4.1, is fabricated via molecular beam epitaon a Gallium arsenide GaAs
substrate. A distributed Bragg reflector DBR mirstructure is designed to be highly
reflective from 1180 nm to 1300 nm and directlywgnoon the GaAs substrate, with
30.5 layered pairs of AlAs/GaAs. The active volumas designed as a resonant\3.5
cavity with five pairs of strain-compensated (Gd#no.2dNo.01#AS0.9sd GaAS 9sdN0.011
guantum wells, QW, and\B1 Aly sGa 7As confinement window and a 10 nm GaAs cap
to prevent oxidation. The SDL chip was bonded orattype Il synthetic diamond
heatspreader using the liquid-capillary methodfsjd then mounted on to a copper
heatsink that was water-cooled to 10 °C. The diaiMmnding technique guarantees an
efficient thermal management and allows the extvacbf very high continuous wave

output powers.

140
— Photoluminescence
120 [ — Reflectivity

100

Amplitude [ a.u. ]
[=2] (=]
[=] (=]

Y
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N
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0 1 h 1 1 _Mn.._.l'\k b Lo Al p._.\llll ﬂ

1100 1130 1160 1190 1220 1250 1280 1310 1340 1370 1400
Wavelength [ nm ]

Fig 4.2 The reflectivity and surface photoluminasme spectra of the SDL structure measured at
20 °C from 1100 nm to 1400 nm.
The confinement window that sits on top of the vwehstructure is transparent to the
pump photons[6], they are therefore almost compyletesorbed by the active region as
their energy (1.534 eV) is higher than the bandgiagrgy of the active volume (~1.43
eV [7]). Electron-hole pairs are then opticallyatel in the volume, the carriers diffuse
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in the structure, the QW captures them hence agaiptical gain. The reflectivity and
the surface photoluminescence spectra measure@°&t & the device obtained are
shown in Fig 4.2.

4.2.2 SDL Laser performance characterizations

The SDL device could then be exploited asaative mirror and it was inserted in a
resonating cavity, depicted in Fig 4.3, so to pemlwptical feedback and achieve
stimulated emission around 1200 nm. The pump lased was an 808 nm diode laser
array with 10.3 W maximum output power and fibewgled to a 100 um core fiber
with numerical aperture NA of 0.22. The laser perfances were measured in
Strathclyde University but measurements were regeaince the system had been

moved to St Andrews.

Water cooled

10 W, 808 nm brass mount
Fiber coupled
laser diode
D_ __”7808 nm ‘

| SDL Device

1212 nm

M1
BRF oc

Fig 4.3 The V-cavity used to generate 1200 nm aaftenadiation off the SDL device. The BRF

is a custom-designed birefringent filter and O@hisoutput coupler.
The pump beam was, in turn, focused to a 40 pnusadiode size. The SDL gain
element was used as the end mirror of a V-cavityfigared to form a 38 pum radius
spot for the laser mode on the SDL device as shovaig 4.3. The mirrors used for the
cavity were designed to be highly reflective arour#00 nm. The insertion of the
birefringent (BRF) filter at Brewster's angle[8] aled tuning of the laser emission
centred around 1215 nm with a tuning range of 34asntan be seen in Fig 4.4. The
input to output power slope efficiency of 7.2 % veahieved for a 2 % output coupler
and a maximum output power of nearly 650 mW wasiabkt. In Fig 4.5 the incident to

output power transfers characteristics are repoAedatan be seen, thermal rollover sets
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in around 9 W of incident power.
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Fig 4.4 The tuning of the V-cavity as obtained magclyde University with the rotation of the
custom-designed birefringent filter BRF for the 206G.
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Fig 4.5 The Slope efficiency of the SDL pumped @8 &m with a 2 % output coupler OC and a
birefringent filter inserted in the cavity.
Beam quality measurements carried out on the SBérlat its maximum output power
revealed an Kof 2.1 in both sagittal and tangential planes. gbed output power and
beam quality were exploited to pump the Tellurilasges as it is reported in the

following sections and the results were publishe@ptical Materials[9].
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4.3 Tellurite glasses pumped at 1200 nm
4.3.1 Singly doped THiTellurite glass lasers

The 2.0 wt% Tri*-doped TragTZNG was selected among the samples of Tables3.1 a
it demonstrated the best lasing characteristicsnwiuemped at 793 nm. The SDL laser
exciting the *Hs transition was tuned with the birefringent filtéo the peak of
absorption at 1211 nm and was focused with a 50fomal length lens to a beam spot
radius of 25 um. Almost 70 % of the incident raidiatwas absorbed by the gain
element that was inserted in a V-type laser cadiépicted in Fig. 4.6 that could sustain
a stable mode spot size radius of 25 um. The teatyrer of the thermo electric cooler

was set at 15 °C.

M3

( Output Coupler)

700

SDL TMoo TZNG
A=1211 nm a5
]
M2
ROC -75

Fig 4.6 The V-folded laser resonator used for the JTZNG sample pumped by the 1211 nm

SDL source. All distances are reported in millirestrThe mode beam spot radius at the active

material is of 25 um.
The output laser radiation, centred around 1980was, recorded with the three output
couplers available and the absorbed to output powweves (internal efficiencies)
recorded were of 22.4 %, 16.5 % and 9 % with tHe %, 2.0 % and 0.8 % OCs
respectively, and are shown in Fig 4.7. The maxrmnauwtput power recorded with the
4.1% OC was of 60 mW with an incident power of @/ and the minimum threshold
was found at an incident power of 149 mW with th&20 OC. It is interesting to notice
that the curves do not show any onset of thermiddver and that higher incident

powers could have been used if available.
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An intracavity birefringent crystal quartz plateL@C BF254-3T) was used to measure
the tunability of the emitted laser radiation.

70

o L +08%0C .
= 2.0% OC 4 ne=224%
. 0
L s41%0C
50 o B Neo=16.5%
40

30 Noe=9.0%

Output Power [ mW]

20

10

0 " 1 1 1 1 1

100 150 200 250 300 350 400 450 500 550
Absorbed Power [ mW ]

Fig 4.7 The absorbed to output power slope effien of the tellurite sample TmTZNG

doped at 2.0 wt% for three different output couplehen pumped at 1211 nm.
The results normalized to the maximum power arsenied in Fig 4.8 for the three
different output couplers. The broadest full widthhalf maximum value was recorded
with an 0.8% OC and was of 115 nm continuously aishe from 1850 nm to 2040 nm
and centred around 1980 nm.
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Fig 4.8 The tunability normalized to the maximummeo of the tellurite sample TIgTZNG
doped at 2.0 wt% for three different output coupleshen pumped at 1211 nm. The FWHM

values are reported in the picture.
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A loss analysis was carried out by plotting theerse of the slope efficiencies against
the inverse of the mirror transmissivities as désed earlier in Chapter 3. The value
obtained fompwas of 35.7 % and the scattering and impuritiesdesvere 0b = 2.4%.

If the losses at the high reflecting mirrors andhat Brewster’'s surfaces are factored in

the total losses quoted per centimetre &xg;.o.1zne= 3.7 %/cm.

4.3.2 Tm"-Ho*> Tellurite glass lasers

The>®Hs pump of Tm*-Ho®" tellurite glasses was investigated with the, jiH0g 2 TZN

as the better performing TH0y 1: TZN had not been fabricated at the time the 1200
nm SDL pump system was available. In an attempadkle the thermal lensing issues
found in the experiments with a 793 nm pump, the, Fhioy 2 TZN was this time
Brewster cut to a length of 4.5 mm polished witbgaiare cross section of 3 by 3 mm
and wrapped in indium foil and cooled to 15 °C as be seen in the inset of Fig 3.23.
The sample absorbed nearly 70 % of the incideriatiad that was tuned at 1213 nm
and it was inserted on a V-cavity shown in Fig #A8.it was set up for the case of the
singly Tnt* doped samples the pumping beam was focused véithram lens down to
25 um in radius and the laser resonator was indasigned to be stable producing a 25

pnm mode lasing radius.

/ 640 M3
( Output Coupler )
SDL oo TmaoHoo 2 TZNG
A=1211 nm - 100
4‘.5\x_
M1
ROC -75 M2
ROC -100

Fig 4.9 The laser resonator arrangement used éotet$t of the Tay-Hog - TZN. In the inset the
picture of the sample as wrapped in Indium foil anderted in the copper substrate. All

measurements are reported in mm.
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The output couplers used in this set of experimerte the usual 0.8 % and 2.0 % ones
but also the high reflecting mirror which has ansmittance of around 0.1 % at the
lasing wavelengths. The slope efficiencies recomtere then 1.3 %, 5.3 % and 7.2 %
with the 0.1 %, 0.8 % and 2.0 % output couplerpeetvely, the three curves are
reported in Fig 4.10. The incident power had tditéed to around 470 mW as strong
thermal lensing effects would prevent lasing athbBrgpowers. The maximum output
power measured was of 11.5 mW with the 0.8 % Odenthiresholds were 170 mW
and 290 mW of incident powers with the 0.8 % ared2i® % OCs.

12 - 401%0C
al ’ " neg=53%
= 0.8% OC
10 |
[+
Eg | 42.0%0C Mo =7.2%
E8
g'f
a6
5
g5
=]
©4
3 Noa=1.3%
2
1
0

100 120 140 160 180 200 220 240 260 280 300 320 340 360 380
Absorbed Power [ mW ]

Fig 4.10 The absorbed to output power curves offthg;-Hog »: TZN when pumped at 1213 nm.
The HR mirror, used as an output coupler, hasrestnittance of 0.1 % at the lasing wavelengths.

As it was previously reported, the insertion ofi@tingent plate would allow tuning of
the emission wavelength. Tuning was smooth througtie spectrum but the low gain
of the material caused very narrow tuning rangesvshn Fig 4.11. The laser is tunable
over the expected Hbemission and centers at 2080 nm, 2065 nm, and 8666or
increasing transmittance of the OCs. Tuning istkehiby the mirror losses on short
wavelengths side and by the reabsorption losséseolonger wavelength side and has a

maximum full width at half maximum of 35 nm.
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Fig 4.11 The graph of the tunability normalizedhe maximum power for the TxgH0  TZN
when pumped at 1213 nm. The FWHM values are repamethe graph.
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Fig 4.12 The inverse of the slope efficienciestglbtagainst the inverse of the transmittances for

the Tm ¢HOy 2 TZN when pumped at 1213 nm. The two error linesoaat for a 5 % variation
on the 14 value at 0.1 % OC.

The performance characteristic analysis is repdneég 4.12. The value afyis then

8.7 % and the losses aie= 0.6 %. If the losses at the high reflecting orisrand at the

Brewster’s surfaces, totalling 0.5 %, are factarethe overall scattering and impurities

losses quoted per centimetre aign2.ono0.2:128v= 0.16 %/cm. Losses are very small in

this glass sample but the difference between the ©©f one order of magnitude and

93



CHAPTER4 : BULK GLASS CONTINUOUSWAVE 2 pm LASERSPUMPED AT 1200nm

this plays a major role on the experimental erfarit is shown in Fig 4.12 in fact, a 5
% variation on the values of the slope efficiensynaeasured for the 0.1 % output

coupler propagates to a ~ 60 % variation on the®¥salue of 0.16 %/cm.

4.4 Comparisons of pumping schemes

4.4.1 Comparison of pumping schemes i’ Tdoped tellurite samples

In section 4.3 the performance characteristichefliny ¢ TZNG glass element pumped
by an SDL system at 1211 nm were presented. Thdtsesere published in Optical
Materials[9] and it is interesting to compare theith the 793 nm Ti:Sapphire pumping
reported in section 3.2 on the same gain medidobth cases the laser performance
characteristics were recorded under the same emagntal settings, the temperature of
the sample was kept at 15 °C and the same setrodrmiand output couplers were

employed. Table 4.1 summarizes the relevant passet comparison.

793 Tmz g TZNG 2.0 TZNG 258 115 134 135 35 2

1211 Tmo g:TZNG 20 TZNG 224 80 149 115 36 3.7

Tab 4.1 The continuous wave laser performance ctaistics and some spectroscopic

parameters of the TIg TZNG sample pumped at two different wavelengths.
The output to absorbed slope efficiency recordetth wi4 % OC was of 25.6 % and
22.4 % for the 793 nm and the 1211 nm pumping tsmdy. Similar laser threshold
values are also found in the two cases. The né&trdifce around 3 % between the
efficiencies of the two lasers is low and confirthat excitation of théHs level of
thulium via 1200 nm radiation for this Ffnconcentration in this tellurite glass is
comparable tdH, Ti:Sapphire pumping[10]. The two different valusss;eznm = 2 %
andéiz11nm= 3.7 % that were found were probably due to #u that different spots of
the same glass sample may be not homogeneouslityglias also interesting to give
an explanation of the energy transfer mechanisatscttme into play in the two cases.
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Fig 4.13. Simple Tri Energy levels diagram. Continuous straight linéghlight the main

transitions afHs pumping and bjH, pumping. The main energy transfer mechanism irealv

are excited state absorption ( ESA and UC ) andserelaxation ( CR ). Dashed lines indicate

phonon assisted transitions, nonradiative eneaqsfer.

Parameters strongly connected to the host-dopanbioation and common to all types
of excitations are the lifetimes of the energy Is\and branching rations of the radiative
transitions. In section 2.5.1 the luminescencditifes of the®F, and of the®H, were
measured as 1.3 ms and 319 respectively. The two levels were highlighted
accordingly to their lifetimes in Fig 4.13. Thadiative branching ratios of théH, level

on similar Tellurite based glass[11] shows thatadt®0 % of the radiating ions excited
in ®H, will radiatively relax to ground, ~8 % would rel&x®F, and ~2 % would relax to
®Hs. As it was introduced in chapter 2, many paranseddfiect the performances of the
3F, — 3Hg laser transition and in this discussion a quaitaindication of the various
radiative and nonradiative effects in the caséeftivo pump regimes is presented.

In the case ofHs pumping of the Ti:TZNG glass sample a blue upconversion
signal was produced and its intensity appeared @&rediring lasing and vice versa.
This showed that the well known sequential excétiede absorption ESA of three pump
photons promoted ions to th€, at 480 nm, Fig. 4.13a, and that it was dependent o
the population of levelr,. Out of all the ions excited fiHs the vast majority of them
would quickly relax to the lasing level in multi-@hon aided transition, some of them

would upconvert t¢’Hs and ultimately t0'G, and a very tiny part promoted fit,
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would undergo cross-relaxation CR and populatdabieag level. Under this excitation
the laser emission is less dependent on the cetesation CR and therefore less
dependent on the dopant concentration, the limiagors are the ESA efficiency, the
concentration quenching and the lifetime quenchliescribed in chapter 2.

In the case ofH, pumping of the glass the blue upconversion wasrsely
proportional to the laser output power and alsedaradiation scattered from the pump
could be seen. The energy step frédf to *G, is 15280 crit in this glass and
corresponds to a 654 nm photon wavelength, whieettergy step frorHs to ‘G, is
12580 cni and corresponds to a 794 nm photon wavelengtlefibrerit is thought that
the blue upconversion th3, is taking place from théHs level via an upconversion
mechanism UC. The population {5 would then be supplied either by multi-phonon
relaxation from®H, or phonon assisted transitions[12] frdf as shown in Fig. 4.13b.
In steady state conditions most of the ions punip€dl, would nonradiatively relax to
the lasing levePF, or cross-relax to populat¥, once again. A small part would
upconvert to’G, and or emit to the ground levdHs. Having the correct dopant
concentration is paramount i, pumping as the CR plays the major role in the alver
efficiency of the laser. Since the CR is directtpgmortional to the concentration[13] a
tradeoff needs to be found between the CR and imméing factors such as
upconversion, concentration quenching and lifetquenching.

It would be important to define which of the twonmping schemes would perform
best and this can only be done by extensive sgadpy and laser characterisation of
samples with different combination of hosts (chaggthe phonon energh®w) and
varying dopant concentration. The relative upcosieer signal strengths would need to
be quantified and that would require the desig@aroexcitation setup where the pump
wavelengths can be easily swapped and where thenuerded luminescence can be
measured while the 2m laser is running. The upconversion signals inTid": TZNG
sample with both pump wavelengths were very weaknfany reasons. The short
lifetime of *H, compared to the tens of milliseconds of lower dbgamples would not
favor the upconversion and in the case of ¥e excitation the 1211 nm pump was
almost completely off the excited absorption ( ESgpectra as measured by Jackson et
al.[14].
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4.4.2 Comparison of pumping schemes in*Fhio**doped samples

Performance characteristics of the 0y TZN glass pumped at 793 nm were
investigated and presented in section 3.3. Themialedensing in that case was
detrimental and the measurements had to be camedith the aid of a 50:50 chopper.
In order to improve the measurements and tacklehgenal lensing when pumping at
1213 nm the sample was Brewster cut and cooledwnside surfaces by wrapping in
Indium foil and mounting on a cooled copper sultetrdhe thermal performances
improved and the 50:50 chopper could be avoidezlrdbults were presented in section
4.3.2 however it is very difficult to compare thbacacteristics as thermal effects
heavily impinge on them. It is nonetheless impdrtardescribe how the 1213 nm pump
may represent a better solution to counteract goemversion losses. It can clearly be
noticed, in comparison against 793 nm pumping degiocy Chapter 3 Fig 3.13, that the
cross relaxation CR does not play an important irol&£213 nm pumping anymore and
that the upconversion mechanism UC2 that actedpulpte®F; is not relevant as the

3H, level is no longer directly populated by the exgjtphotons.
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Fig 4.14 Tri"-Ho* Energy levels diagram when pumped at 1213 nm. Goatis straight lines

highlight the main radiative transitions. The manergy transfer mechanisms involved are
upconversion (UC1), excited state absorption (E&AJ energy transfers (ET). Dashed lines
indicate phonon assisted transitions and nonraeiatinergy transfer. The energy levels are

weighed according to their radiative lifetime[15].
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The majority of photons that reach the green emgjttS, are then brought by energy
transfers ET fromtG, that is in turn populated by subsequent ESA inTim" system

and by UC1 and ESA frofis that get to'F; and then finally nonradiatively relax 16,.

The processes are less efficient than the direconyersion UC2 experienced in the
793 nm systems and the green emission is visilsly $#&rong. In order to confirm the
substantial difference once again measurementddsbeworganised with coaxial pump
systems at 793 and 1213 nm and the necessary tpticdlect the green fluorescence

during lasing conditions.

4.5 Conclusions and comments

Two Tellurite glass samples doped with differentpaats concentrations and
combinations were tested under 1200 nm pumping BYDh laser system. It was the
first time that an SDL at such wavelength was uasda pump source for an end-
pumped bulk system, the results were publishedptic@ Materials[9].

Both systems were compared against their samerpwafce characteristics when
pumped by Ti:Sapphire at 793 nm. The singly doped*Tellurite TZNG showed that
1200 nm pumping is competitive ft1, pumping in this sample with this particular
concentration value and this size. It is importemnotice at this stage that different
concentration values would have changed the coripareesults, it was therefore
highlighted in section 4.4 that further measuremewbuld be necessary to fully
characterize the energy transfer mechanisms ttegt gignificant roles in the two
pumping systems. Such measurements would requérecdpacity of measuring the
upconverted luminescence off the samples when pdmipe one or the other
wavelength and during lasing operations.

The results obtained with the 1200 nm pump wemy yeomising, however the
system was returned to the IOP and the best 79pumped glasses, fluorogermanate
and telluride were selected for the ultrashort @ubkaracterization with the aid of the
semiconductor saturable absorber mirror, SESAM. fEsalts are presented in the next

chapter.
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5. CW-MODELOCKED FEMTOSECOND 2 um

GLASS LASERS

5.1 Introduction and chapter synopsis

In Chapters 3 and 4 the continuous wave laser ctaisations of the bulk glass laser
systems developed in this thesis were reportedhib chapter the continuous wave
mode locked (CWML) pulsed regimes, for the *ndoped fluorogermanate and the
Tm**-Ho** doped tellurite systems are presented.

The aim of the work carried out during the couré¢hes PhD was to demonstrate
femtosecond pulse operations in bulk glass laseescaund 2 um. The advantages of
such result were explained in Chapter 1 and in ¢hispter the overall femtosecond
results are presented. The technique used for taelocking of the glasses is a well
known method in ultrafast laser technology andasweriefly introduced in Chapter 1.
Semiconductor saturable absorber mirrors SESAM wiagloyed inside the laser
cavities with optimised geometries to obtain thers#st pulses and the maximum
output powers. In section 5.2, the manufacturinthefSESAM used and its consequent
post-processing is explained in detail. The depleynof the SESAM in laser cavities is
reported in sections 5.3 and 5.4 for the fluorogerate and the tellurite compounds

respectively. Pulses as short as 410 fs at 2 undem®nstrated in the case of the
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Tm*":GPNG fluorogermanate glass. In the concludingisect.6, the overall results
obtained are compared.

5.2 SESAM for modelocking 2 um lasers
5.2.1 Structure of the SESAM

The SESAM used in this research was produced applisd by Dr J. A. Gupta from
the Institute for Microstructural Sciences at thetibhal Research Council of
Canada[1].

Substrate - Te-doped GaSb(100)
Il Bragg Layer - GaSb
Bragg Layer - AlAsq 0z34Sb
HlE Quantum Wells - Ing4GaosAsS0.145bo.ss

M Confinement Layers - Alp24Gao.76AS0.0215b0.970

Fig 5.1 The structure of the SESAM used for modélag of the laser, the quantum wells along

with the Bragg Stack various layers are represented
The structure of the saturable absorber comprisesve absorbing quantum wells
grown on top of a Bragg stack mirror as illustratedig 5.1. The substrate chosen for
the structure was a 500 pum thick Te-doped GaSb(Ity Bragg reflector structure
comprises of 20 pairs of 128.65 nm thick4) GaSb and 154.52 nm thick/4)
AlAsg 0s35b layers and the reflectivity of the Bragg struetwas of 99.9 % - 98.2 % in
the 1960 to 2125 nm spectral range which is redartdig 5.8. The two quantum wells
were composed of 5.5 nm thick layers of /8& ASo.145ky g6 With separating layers of
20 nm thick Ab24Gay 76AS0.0215kh.979 layer surrounded by the same material. The
quantum wells had photoluminescence peaks aroufi@ Bfin and 2145 nm, fig 5.2.
The peak in the emission spectrum at 2145 nm caattbbuted to the quantum wells
photoluminescence enhanced by the end of the mstopband. The measured

modulation depths of the structure as manufactwe@ around 0.8 % and the recovery
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time approximately 100 ps. The long recovery tinsused relatively long pulse
durations around 3.3 ps when the SESAM was usedTim,Ho:KYW laser[1]. It was
then decided to use ion implantation to reduce¢hevery time.
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Fig 5.2 The reflectivity and the photoluminescergmectra of the SESAM structure as
manufactured and used for modelocking of the gleet®rials.

5.2.2 AS lon implantation

lon implantation is a common technique in semicaboiutechnology as it allows post
process doping of semiconducting layers. The teglmiis also used for lifetime
engineering and this is the topic of this paragrdptfact, in order to reduce the free
electrons recombination time it has been shownj2} the creation of defects, also
called recombination centresby ions or proton bombardment is effective withou
changing their density in the QW[3]. Our SESAM wasdiated with 4 MeV A%
ions[4] with different dosages, the reflectivityegsprum of the implanted device is
shown in fig 5.11. The implanted ions unfortunatalyo damage the Bragg reflector
and cause an increase of the nonsaturable losste SESAM as it is evident by the
overall reduction in reflectivity shown in fig 5&& the implantation dose increases. The
recovery time of the implanted device was not mesbas a pump-probe experiment
would be needed to create the excitons and thersureedheir recombination time.

However the proof of the effective change was giwdren the glass lasers could be
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modelocked and short pulses obtained with the imMipthSESAM as it is presented in
the next sections.
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Fig 5.3 The reflectivity of the SESAM structure impted with a dosage of 5-2@m? As" ions,

the blue line represents the reflectivity of thgimal as manufactured structure.

5.3 Modelocking of Tn*:GPNG fluorogermanate bulk glass lasers

The SESAM, implanted with an ion dose of 5°1€m? was glued to one of the end
high reflecting mirrors of a Z-folded cavity, figl®2. The mirror, M4 was mounted on a
linear translation stage so that the high refleeiod the SESAM positions could be
easily swapped. Two infrared grade fused silicarpsi with a tip angle of 55°13" were
inserted on linear translation stages about tlygmsetry axis and inserted at minimum
deviation angle to form the dispersion compensatimtem, as introduced in Chapter 1.
The insertion losses were negligible in the lagstesn. Once the SESAM was inserted
and modelocking was stabilised the cavity had tcopgmised to produce the most
stable and shortest pulses possible. The pump awi@ spot size had to be adjusted in
conjunction with the tip-to-tip distancer@ between the prisms therefore changing
GVD in the cavity and negative dispersion respetyivThe spot size on the short arm
of the cavity and the output coupling mirror hadot optimised also to make sure the
SESAM could operate in conditions of high saturatigith fluencies of few times

higher than the fluence threshold[5] but withowtatl@ng the damage threshold.
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M3

( Output Coupler )

M1 IRP

ROC -75

Ti : Sapphire
pump

Tm3*:GPNG
M2

ROC -100

Fig 5.4 The cavity used in conjunction with the $&&for the modelocking experiments with

the TM":GPNG fluorogermanate sample. All distances arented in mm. IRP — Infrared

Prism, d+r = 59 mm tip-to-tip distance between prisms,~dprism insertion distance
The laser in fig 5.4 represents the best performagty design. This design produced a
35 um mode spot size radius on the active elenmehiaeéb0 pm mode spot size radius
on the SESAM. The values of therg and the output coupler were 59 mm and 0.8 %
respectively. The Fi:Sapphire pump beam was focused with an 80 mm fecajth
lens. The laser showed stable CWML behaviour bylpeong trains of pulses with a
threshold of 37 mW of output power[6]. Pulses wse# starting and very stable over

long periods of time.

200 110

180 HR - 0.8% OC 1 100

160 | = SESAM - 0.8% OC 1 90
s 140 | {80 2
=
Ei2} 170 3
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32 8 r i
3 Negsam =19 % 1 40 ';"
o 60 | g
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Fig 5.5 The absorbed to output power curves of The" :GPNG fluorogermanate sample
recorded with the SESAM inserted. The grey thie liapresents the result with the HR in.
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Fig 5.5 depicts the absorbed to output power gdgghined with the SESAM inserted
giving a slope efficiency of 19 %. The second cushews the operation of the laser
with the HR mirror in replacing the SESAM. Whilesé& threshold remains fairly

similar in the two cases the difference in slopicieicies is due to the nonsaturable
losses of the SESAM. The RF spectrum of the pulsessmeasured with a resolution of
10 KHz and is depicted in fig 5.6, the valuevgfr was 221.9 MHz. The train of pulses
was very stable and there were no sign of Q-switgimstabilities from threshold up to

the maximum intracavity power.
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Fig 5.6 The RF spectrum of the signal detected thighinGaAs fast detector for the ThGPNG

laser with the SESAM inserted in the cavity.
With vgep, and the intracavity power at thresholgyFAt was possible to calculate the
intracavity pulse energys= Pty / vrep and consequently the fluence at threshg|d:
Er / A where A is the area of the laser mode on tB8/A&M. B = 21 nJ andp, = 265
nJ/cnfif we repeat the calculation with the maximum outpower we obtain a fluence
on the SESAM of 602 pJ/drhat is over 2 times the fluence at threshold. Fig
reports the intracavity pulse energy on the rigirichside axis. The fluorogermanate has
a positive GVD of 280 fémm and has a length of 5.1 mm. The infrared fusiica
prisms with GVD of -100 fémm around 2um, were inserted forggl= 15 mm into the

cavity. Finally the two prisms with aret of 59 mm contributed to -2220%mm of

106



CHAPTERS : CW-MODELOCKED FEMTOSECONDZ pm GLASS LASERS

second order dispersion calculated with formulal3)L. The total second order

dispersion in the cavity D was of -2306/fam.
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Fig 5.7 The shortest pulses measured for thé " BRNG, a) the autocorrelation trace with

secH(t) overlapped and b) the optical spectrum recoatetie same time.

With the IAC system the pulse duration could be snead ranging from 600 fs to 410

fs, with optical FWHM spectra ranging from 8.1 nm10.4 nm respectively, centred

around 1997 nm. The corresponding TBP ranged frd@2 @ 0.36. The pulse duration

depended on the intracavity pulse energy as pestlioy the soliton-like propagation

model. In figure 5.7 the autocorrelation trace aptical spectrum of the shortest 410 fs

pulses obtained are shown and the TBP was 0.32ispdhe pulses wergansform

limited. The output power was 62 mW and the intracavigrgyn was 35 nJ/pulse. The

intracavity peak power of 75 kW was calculated vith= 0.88Ep/tH[7].
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Fig 5.8 The pulses duration plotted vs. the putsesrgies for the THtGPNG during CWML
regime ofsoliton-likepropagation. The curve shows the best fit of ta dvith formula (1.18).
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Fig 5.8 shows the curve obtained increasing thielémt power on the laser element and
the pulse duration is plotted against the intragaemergies. The curve follows the trend
of formula (1.18) withpkerg = 2.51-1¢ W™, The value for pcalculated with formula
(1.20) was then 6.080™ cnf/W which is slightly lower compared to the value of
9.510™ cnf/W obtained in section 2.4.2. The difference maylbe to the fact that the
value obtained in section 2.4.2 was calculated aitlempirical formula that was based
on another rare earth ion in silica network. Thafqmenance obtained for the
Tm*":GPNG laser during CWML operation are comparech&t obtained for the TH

Ho®*":TZN glasses in the section 5.5.

5.4 Modelocking of Tn*-Ho®" tellurite bulk glass lasers

In this section the modelocked results obtained wie Tni*-Ho** tellurite sample are
presented. Among all the doubly doped samples theyHoy1:TZN gave best CW
results and was therefore selected for pulsed erpats. Once again after the SESAM
was inserted and the first characterisations wemducted, the system had to be
optimised and underwent three rounds of improverfiaatly yielding the results that

are here reported.
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Fig 5.9 The absorbed to output power curves ofTimg Hop : TZN tellurite sample recorded

with the SESAM inserted. The grey thin line represehe result with the HR in.
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The optimised cavity had the same cavity distamtésg 5.4 on the short arm side but
the long arm was 370 mm longer and its angle viiéhpgump beam axis was of 16°. Fig
5.9 reports the absorbed to output power curvethiotaser system when the HR mirror
and the SESAM were inserted. The CWML regime haduatput power threshold of
10.6 mW and emitted pulses up to 38 mW of outpwireyocentred around 2012 nm
were obtained. Pulses were self-starting and v@atyles over many hours of operations.
The pulse repetition frequency was 143 MHz andrtracavity pulses energies ranged
from 9.2 nJ to 34 nJ as can be seen on the segoager of fig 5.15. The fluence at
threshold could be calculated &t,=255 upJ/crh similar to that found for the
fluorogermanate case. The 5 mm long sample hasteriaigpositive dispersion at the
emission wavelength of 2012 nm of 78ifsm. The system of prisms contributed with a
total dispersion of -3700 ¥nm as their ¢rr was 59 mm and fused silica insertion in
the laser was kept at 15 mm contributing to a tdtgpersion in the cavity of -3300
fs’’mm. Pulses measured with the IAC were slighthgkemin the case of the FfaHo®*
sample ranging from 1010 fs to 630 fs with optieHM bandwidths from 4.2 nm to
6.8 nm respectively. The shortest pulses were fwamslimited with a TBP of 0.32 and
were produced with maximum average output powed&MmW, fig 5.10 depicts the
pulses autocorrelation trace and optical spectithmeir intracavity energy was of 34 nJ

with intracavity peak power of 47 kW.
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Fig 5.10 The shortest pulses measured for theyHo, : TZN, a) the autocorrelation trace with

secH(t) overlapped and b) the optical spectrum recoatatie same time.

Fig 5.11 shows a plot of pulse duration againsaggvity energy. The trend fits well an
hyperbolic curve (1.18) with parameter wiikrg = 2.33-1 W,
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Fig 5.11 The pulses duration plotted against theadavity pulses energies for the Im
Hoy 1. TZN during CWML regime ofoliton-like propagation.

The value for p calculated with formula (1.20) was then 288" cn?/W which is

again lower compared to the value of 514> cnf/W obtained in section 2.4.1. This

confirms the trend of formula (2.5) of overestimgtithe values of nin the case of

Tm*" and Tni*-Ho*" ions in fluorogermanate and tellurite networks.

5.5 Conclusions

In this chapter the CWML pulsed regimes of *mand Tni*-Ho®* bulk
fluorogermanate and tellurite glasses were invatty In section 5.2 the basics of
ultrafast phenomena were covered with particulaenséibn to the infrared 2 pm
systems. The characteristics of the linear and imeat propagation of the 2 um
femtosecond-long laser pulses into the transparsdia within the laser cavity were
introduced. Pulse formation was described withuke of SESAM mirrors implanted
with As" ions in order to reduce the recovery time anddhasi-solitonpropagation
regime was explained. The measurement of the mlussion was performed with an
IAC that was custom-built for the 2 um wavelengthe creation of ultrafast pulses is
challenging as the second order dispersion hacetodntrolled with the well-known
series of two infrared grade fused silica prismise Two laser elements THIGPNG

and Tm ¢-Hop.1: TZN were tested and produced transform-limitegsesiiwith a duration
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of 410 and 630 fs respectively around 2 pm withaicdvity peak powers from 47 kW
to 75 kW and the best pulse characteristics ohtagéme reported in table 5.1.

Tm*":GPNG 2 wt% S 6.03 2.0 410 1997 10.4 0.320 221.9 35 75 265

Tmzo-Hop 1 TZN | 2wt% | 0.1 wit% 2.93 4.2 630 2012 6.8 0.320 143.0 34 47 255

Tm®*:ZBLAN | 2 mol% - 0.24 51.1

Tab 5.1 The pulse characteristics for the shogakste durations obtained with the ¥aGPNG

and the Trpg-HOp :TZN during CWML regimes.

Both laser systems operated in the negative secala dispersion regime with values
of total D of -2300 fmm and of -3300 fémm for the TmM":GPNG and Tmqo
Hoo.1: TZN respectively and thus met the necessary comdior soliton creation[3].

As was explained the pulses are continuously shbpéhe interplay between SPM
and GVD and therefore are dependent not only omib@ulation depth of the SESAM
at the exact emission wavelength but also on the material characteristics. In this
respect it has to be noted that the same SESAMalsstried in cavities with the
Tm*":ZBLAN fluoride active material but no modelockimgas observed. The reason is
mainly due to two parameters, the lifetime of tasing level in our fluoride compound
is nearly twice the one in the other materials pgsQ-switching instabilities
problems[3] and also the, s one order of magnitude smaller than the onedoiar
fluorogermanate and tellurite networks. If we cdesiin fact that the SPM plays a great
part in the shaping of the laser pulses we can eoenghe value of the equivalent Kerr
lens focal lengthffor the three materials. If we set for instance ithtracavity pulse
energy at g = 50 kW and L = 5 mm with a laser mode radiusof 25 pm and m
calculated in Chapter 2 with the use of formuldl§}.in section 1.3.3 we obtain the
values reported in Table 5.1. It can be clearlynsmat the ZBLAN glass nonlinear
response is very much weaker than the one founthéoother network formers.
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0. SUMMARY AND CONCLUSIONS

6.1 Thesis Summary

In this thesis, the development of $hand Tni"-Ho®** doped bulk glass laser systems
emitting at 2 um in continuous wave (CW) and camiuns wave modelocked regimes,
(CWML) has been described. The use of two differeptical pump sources, a
traditional Ti:Sapphire system operating at 800 antl a semiconductor disk laser
emitting around 1.2 um allowed the comparison efrésults between the two different
pumping schemes for the first time in bulk glasets.

At the beginning of this work considerable effontere channelled on the research
and development of glasses with physical charatiesiand optical quality necessary
for the deployment as active materials in free sg@@/ML femtosecond laser cavities.
Three families of glasses were examined. These Wwased on the Tellurite (TZN,
TZNG), Fluorogermanate (GPNG) and Fluoride (ZBLAMpst matricies. The
mechanical interaction with the host environmerd #re electronic interactions of the
glassy networks of the trivalerdre earths ionsas active ions were extensively studied
and described in Chapter 2. Raman spectra weraedsoded for the Tellurite and the
Fluorogermanate compounds that provided some insigio the nano-structural

features of the glasses. Most importantly spectqaiscperformance characterisations
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were carried out for the glasses doped with®*Tor Tnt*-Ho®" combinations. The
results can be easily summarized in Table 6.1 helow

Tmy o TZNG 335 790 5.74 5.3 6.9
Tm*:GPNG 3.10 890 9.5 56 16.2
Tm**:ZBLAN 3.56 500 0.24 25 115

Tz o-Hog £ TZN 335 0.68 5 7.8 25.0

Tmy o-Hog 2 TZN 3.35 0.34 10 7.4 17.4

Tmz.o-Hog :TZN 3.35 0.17 20 75 19.3

Tab 6.1 Mechanical and spectroscopic parameterthéoni* and the Tri-Ho*" doped bulk

glasses used in this research. Values are commaintieel text.

In table 6.1 the three hosts are mechanically ceriged by the three very different
peak phonon energies that in turn impinge on thisgan properties of the doping ions
in the structures. The higher the peak phonon é&®ithe lower the emission cross-
sections. The emission cross sections are mullipligh the lifetimes, (not reported in

table 6.1) to yield the figure of merit (FOM) thgives an indication of the potential of
the materials to amplify the optical radiation axt as good laser elements for CW
laser emission.

The nonlinear refractive indexp,rprovides an indication of the materials’ capacity
to generate and sustain femtosecond pulses. llemr ¢hat the Tellurite and the
Fluorogermanate represented the better choicegulse generation. In the case of the
doubly doped Tellurite samples the figure of méoipped at 25x16* scn? but the
sample that showed the best performances was thedoped with 0.17x1I¢ cnt
where the HY emission was not self-quenched. The continuouseweharacteristic
performances of the different solid state 2 um lgldss based laser systems pumped
with the Ti:Sapphire at 800 nm were then describgdhapter 3. The results are clearly
presented in Figure 6.1 and Figure 6.2 shown beldw. graphs compare the different
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results obtained for the three main compoundseddediigure 6.1 shows the absorbed to

output power curves (internal efficiency) for théaree samples: T TZNG,
Tm*":GPNG and Tni:ZBLAN for the 0.8 % OC.
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The superior laser characteristics of the fluorogarate gain element were clear. The

maximum internal efficiency obtained was of 50% #mel maximum output power was

of 190 mW limited by the incident power. The outpoivers associated with the GPNG

sample were competitive with the values obtainedifgstalline bulk lasers[1-2].
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Fig 6.2 The tunability of the TsTZNG, Tn?" :GPNG and Tr{:ZBLAN lasers tested in this

thesis with the 0.8 % OC measured with the prism.
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All active elements had stable output powers amdiged for almost thermal lens free
operation, however from a mechanical strength amemaecal stability point of view
germanium based oxyfluoride compounds were the mhastble. Two of the tellurite
glass samples doped with different dopant conceoira and combinations were also
tested under the 1200 nm SDL pumping. This wadfiteetime that an SDL at such
wavelengths was used as a pump source for an engdgalbulk system, the results
were a maximum internal slope efficiency of 22.4%hva highest output power of 60
mwW [3].

In chapter 5 the results obtained in CWML pulsegimes of Tmi* and Tni*-Ho®*
bulk fluorogermanate and tellurite glasses weregmted. The two bulk glasses were
modelocked with a SESAM that was implanted with” Asns in order to reduce the
relaxation time[4-5]. Thegquasi-soliton propagation regime was explained and an
estimation of the nonlinear refractive indices vpasvided. The measurement of the
pulse duration was performed with an IAC that wast@m-built for 2 um wavelength.
The two laser elements FiiGPNG and Tmg-Hop 1 TZN were tested and produced
transform-limited pulses with a duration of 410 &®D fs respectively around 2 pum
with intracavity peak powers from 47 kW to 75 kWdathe best pulse characteristics

obtained are reported in table 6.2.

Tm*™:GPNG 2 wt% S 410 1997 10.4 0.320

Tmzo-Hop +:TZN | 2wt% |0.1wt% | 630 2012 6.8 0.320

Tab 6.2 The pulse characteristics for the shopakte durations obtained with the ¥oGPNG

and the Trpg-HOp : TZN during CWML regimes.
Both laser systems operated in the negative secala dispersion regime with values
of total D of -2300 f§mm and of -3300 fémm for the TM":GPNG and Tmqo
Hoo.1:TZN respectively and thus met the necessary comdior soliton creation[6].
Trains of pulses were propagating at 222 MHz in ¢hse of Tri":Fluorogermanate
glass with a maximum average output power of 84 mm®"-Ho®*":TZN Tellurite
compounds gave trains with a repetition rate of Mz and a maximum averaged

output power of 43 mW. The regime of propagatiotamted was soliton-like and the
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modelocking was self-starting. Fig 6.3 reports tive autocorrelation traces of the
shortest pulses produced in the two cases.
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Fig 6.3 The autocorrelation traces recorded indhge of the a) THtGPNG and b) Thy

Hop . TZN lasers tested with the SESAM implanted witH Ass.
No modelocking was observed in the '@BLAN fluoride active material, the reason
being mainly due to two parameters, the lifetimetlad lasing level in our fluoride
compound was nearly twice the one in the other nadde posing Q-switching
instabilities problems[6] and also the was found of one order of magnitude smaller
than the one of fluorogermanate and tellurite netao

This work showed that continuous wave modelocking femtosecond-short trains
of pulses in bulk glasses could be realised. Tipesmising results open new ideas in
the field of modelocked glass based lasers thdt lveil briefly explored in the next

section.

6.2 Futur e outlook

The results obtained demonstrated for the firsetihe successful use of bulk glasses as
gain materials for laser generation at infrared el@vwgths beyond the classic
telecommunications wavelength of 1.5 um. The netaéidvantage of working in such a
range of wavelengths is the spectroscopical distanith the Rayleigh scattering.
Emission and absorptions happen far from the UVbflutegion of the glass and active
materials tend to be very transparent. Among therenoti compositions the
fluorogermanate glass proved to perform best homnefirst improvement that needs
to be made is the substitution of the Lead fluorwigh a less toxic and more
environmentally friendly heavy ion fluoride such les~[7]. The composition and the
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process obtained would then be at a stage wheoaildl be commercialised. The system
combined with diode pumps at 793 nm, could themplbeed in the market as the first
femtosecond laser source at 2 um.

Another interesting research path is opened byéelaive good saturated gain of
the fluorogermanate glass and its mechanical ptiegeiThe material is in fact durable
enough to be machined and to be used as a testobetbvel optical circuits and
integrated optical amplifiers. Technology is moviagt towards optical memories and
optical signal processing and there is the neecredting ultrafast compact switching
devices. An attractive approach to this problernihéscreation of waveguides in optical
materials via a technique known as Ultrafast Ldsecription (ULI). Trains of high
energy ultrashort pulses are focused within theenat causing local stresses and
permanent modifications of the refractive index[Bjis can be exploited in the creation
of waveguides and waveguide lasers in three diroaakiinscribed structures. ULI
capacity was present at the nonlinear researctpgyb@rof Ajoy K Kar in Heriot Watt
University in Edinburgh and with the aid of Dr Rob&homson some waveguides were
inscribed in the Trif doped fluorogermanate glass.

ULI fabricated waveguide lasers were only demotstraising YB*, Nd®* and Ef*
doped glass and crystal substrate materials[9] lwipcovided lasing at centre
wavelengths of 1.04{dm, 1.064 um and 1.55um respectively[10], however the longest
wavelength that had been demonstrated to have sweeressfully guided by a ULI
fabricated waveguide was around 11686. As a final part of the work conducted then,
tt was therefore interesting and challenging towsbether 2um light could be guided

and amplified in such structures providing a prooprincipal of their feasibility.

The fluorogermanate glass was cut to a length ofn7 and polished to a plane-
parallel finish as shown in Figure 6.4. 32 diffdrevaveguides were written on the
material at different speeds and with differentspuénergies through the multi-scan
fabrication technique[11] in Heriot Watt University.985um light generated by the
Tm*" fluorogermanate glass was observed to guide inkiléaser modified regions and
it took place in all written structures. In ordes tonduct the waveguide laser
experiments, the sample was placed in a monolplane-plane laser cavity which
consisted of dielectric mirrors that were direchytt-coupled against the polished

waveguide facets. The input mirror had high trassion (> 98 %) at the pump
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wavelength and high reflectivity (> 99.99 %) in th800-2100 nm range. Different
output couplers were used with transmissions 0of%0,2.0 %, 4.1 % and 10 % around
1.95um.

Fig 6.4 The plane-plane polished sample where tlaweguides were inscribed via ULI
technique. The left objective is inserting the 2 fadiation during the waveguiding tests and the
right one is imaging the structure.
The waveguides were pumped with a Ti:sapphire laserd to 791 nm and Figure 6.5
shows the measured waveguide laser output powerfasction of pump power for the
optimum waveguide. The emission was centered &ufnGnd proved that lasing could
be obtained from such a structure.
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Fig 6.5 Waveguide laser output power at @3 as a function of the incident pump power for

three different output couplers (OC).
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Many other interesting ideas could derive from theearch carried out during this
project. Examples are also the generation of blpeomversion light in T doped
materials with 793 nm pumping[12] and the refinetreard development of the glasses
in the remarkable glass-ceramics[13]. Glass cemaimiwe very low thermal expansion
coefficients and are extremely durable, the reshls could be obtained in the area of
femtosecond NIR solid state lasers with the tealsgpresented in this work have great
potentialities and could generate extremely adyggdas materials from the industrial

point of view.

6.3 Conclusions

In conclusion then, the research carried out thnaihg course of this thesis has shown
that glasses belonging to Tellurite and Fluorogere ones are suitable for operation
as bulk fs lasers in the |2m spectral region. Lasers setup in free spaceieawiere
relatively big but the materials offer the necegghurability to be machined and to be
used in more compact systems in the future. Thiskwitended also to offer an
economic and reliable solution to speed up the ldpweent cycle of active materials for
laser industry. It was shown that the manufactuang testing of the active samples
could be carried out in time frames of few days #md is extremely advantageous
compared to the few months of the crystalline cerpdrts. Further optimisation of the
glasses into glass-ceramics could also allow foy hard materials with the potential of
new customisable parameters such as thermal expaosefficient and emission cross
sections. The glasses tested in this work enabldelielopment of a range of cheap and
potentially compact lasers that will have the cayao open up new applications and

underpin future developments in non-linear optics.
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