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ABSTRACT

Tm3* ions provide amplifications in a wide variety of wavelength bands,
including 480 nm, 810 nm, 1480 nm, 1900 nm, and 2300 nm. This thesis presents
the characteristics of lasers fabricated with Tm:ZBLAN fibre as the gain medium.

First, a single wavelength linear cavity fibre laser at 810 nm is presented. Dual-
wavelength lasing and bistable behaviour are demonstrated in single cavity lasers,
while dual-wavelength lasing, bistable behaviour and wavelength switching are
demonstrated in cascaded cavity lasers.

Second, single wavelengths fibre lasers at 1480 nm in linear and ring cavities
are presented. A maximum power of 340 mW at 1476 nm was obtained. Dual-
wavelength lasing at 1476 nm and 1487 nm is shown in cascaded cavity lasers.

Finally, using bi-directional pumping in a cascaded cavity, dual wavelength
lasing at 1487 nm and 1487.6 nm, with a record narrow spacing of 0,6 nm, is

achieved.
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ABREGE

Le gain des ions de Tm3" peut étre utilisé dans un variété de bandes de
longueurs d’ondes, incluant entre autres 480 nm, 810 nm, 1480 nm, 1900 nm et
2300 nm. Ce mémoire présente les caractéristiques de lasers fabriqués avec des
fibres de Tm:ZBLAN comme médium de gain.

Premiérement, un laser a fibre a longueur d’onde simple a 810 nm, fabriqué
avec une cavité linéaire est présenté. Une oscillation a longueurs d’ondes doubles
et une opération bistable sont démontrées dans des lasers a cavités simples, puis
une oscillation a longueurs d’ondes doubles, une opération bistable et une inter-
version de longueur d’onde sont démontrées dans des lasers a cavités en cascade.

Ensuite, des lasers a fibre a longueurs d’ondes simples a 1480 nm, dans des
cavités linéaires et annulaires sont présentés. Un maximum de 340 mW a 1476 nm
a été obtenu. Des oscillations a 1476 nm et 1487 nm, obtenues avec des lasers a
cavités en cascade, sont montrés.

Finalement, un laser a 1487 nm et 1487,6 nm, avec ’aide d’une cavité en cas-
cade pompée bi-directionnellement, est démontré, atteignant un écart record de

0.6 nm.
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CHAPTER 1
Introduction

Lasers have played a vital role in the development of telecommunications
during the previous decades. Lasers can emit light with a narrow linewidth and
precisely controlled wavelength and focus this light in a specific direction. A
narrow linewidth is an important parameter in establishing a coherent communi-
cation system and serves to decrease the impact of dispersion, while control over
the direction of light helps for coupling the light into a fibre and therefore improve
the energy efficiency.

More especially, lasers can be implemented using all-fibre configurations.
This of course allows for an easy integration of light sources into fibre networks.
Furthermore, single-mode fibre lasers can generate beams with a very good quality,
which propagates over long distance in free-space.

The shape of a fibre, with a very large surface to volume ratio, ensures a good
heat dissipation and therefore contributes to the high output power limit of fibre
lasers. Fibre lasers, since they provide gain through rare earth ions dissolved in a
glass host, possess a larger gain bandwidth than lasers with crystal hosts, which is
useful both for wavelength tuning and short pulse generation. The rare earth ions
which are used in the making of fibres undergo a limited influence from the host,
as the electronic transitions involved in optical interactions occur in the 4f shell,

which is partially shielded from outside influence by the electrons in outer shells.
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This work will focus more specifically on one lanthanide ion, trivalent thulium,
and its use as a doping agent in a fluorozirconate glass host called ZBLAN to pro-
vide lasing and amplification. Tm, number 69 on the periodic table, has the
electronic configuration [Xe]4 f136s? in its neutral form, and [Xe]4 12 in its trivalent
form. In the near infra-red region, it can provide gain at 810 nm and 1480 nm.

810 nm is situated in the first telecommunications window, which was used
in the 1970’s, using GaAs laser diode sources [1]. Even though attenuation in silica
glass fibres is greater in the first telecommunications window than in the third
window, i.e., at 1550 nm, fibres can be used to transmit signals in the first window
for short-reach communication applications. Dual-wavelength lasing, bistable
behaviour and wavelength switching at 805 nm and 810 nm in Tm:ZBLAN fibre
lasers are presented.

1480 nm corresponds to the S-band of the third communication window,
where the amplification provided by erbium doped fibre amplifiers(EDFAs) is
significantly lower in value. 1480 nm can also be used to excite the I3/, energy
level of the Er®* ion, which provides gain at 1550 nm through the *I;3/,—%L;5
transition. Dual-wavelegnth operation of cascaded cavity Tm:ZBLAN fibre lasers,
at 1476 nm and 1487 nm, and at 1487 nm and 1487.6 nm, which is a record narrow
spacing, are demonstrated.

The remainder of this thesis is organized as follows. First, rare earth ion
doping will be discussed in chapter 2. The chapter will focus on the properties of
glass in its first part and will discuss rare earth ions in its second part. In chapter

3, the fabrication of fibre lasers will be presented. The properties and fabrication
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methods of fibre Bragg gratings (FBGs) will first be presented, followed by a
discussion on materials that can be used for fibres. The fabrication methods for
silica and fluoride fibres will then be explained. The results of experimentation on
Tm:ZBLAN fibre lasers and amplifiers will be shown in chapters 4 and 5. Chapter
4 will focus on single and dual-wavelength lasing in the 800-820 nm band, where
amplification is provided by the 3H;—~%Hg transition, while chapter 5 will present
amplification and both single and dual-wavelength lasing in the 1460-1520 nm
band, where the gain is provided by the 3H;—3F, transition.

The results of dual-wavelength lasing have been reported in the following

conference publications:

B. Frison, A. R. Sarmani, L. R. Chen, X. Gu, S. Thomas, P. Long, M. Saad. “Dual-
wavelength lasing around 800 nm in a Tm:ZBLAN fibre laser,” in IEEE Photonics
Conference, Sep. 2012, pp. 668-669.

B. Frison, A. R. Sarmani, L. R. Chen, X. Gu, M. Saad. "Multi-wavelength S-band
Tm:ZBLAN fiber lasers,” in Photonics West, Feb. 2013.



CHAPTER 2
Ion Doping

This chapter will first describe the properties of vitreous solids, also called
glasses, and their role in fibre lasers. In the second part, the properties of rare earth
ions, which are commonly used as doping agents to provide gain in fibre lasers,
will be presented. The various phenomena that can affect their properties, such as
their spectra, will be discussed. Ion doping techniques used in the fabrication of
fibres will be introduced, followed by a few examples of lasing transitions in the
most commonly used ions.

2.1 Glasses
2.1.1 Definition

Glasses are amorphous solid materials exhibiting a glass transition [2]. They
are distinguished from crystals by the lack of long range order among their par-
ticles. However, glass particles are ordered on a local scale. For example, the
glass former for silica is a SiO} tetrahedron, which shares its oxygen corners with
its neighbours. It is the variations in length and angle of the bonds between the
elementary units of glass that disrupt long range order.

Glasses are not a thermodynamically stable state; they undergo spontaneous
crystallization, also called devitrification. The rate of crystallization of a material,
however, varies widely over temperature, i.e., it decreases as the temperature is

lowered. Below a certain temperature, no crystallization can be observed on a

4
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practical time scale. A glass is formed by cooling a liquid fast enough so that
crystallization does not have time to occur when the rate is relatively high. The
highest temperature where a mix of crystals and liquid can exist at equilibrium is
called the liquidus temperature.

Glasses do not possess a unique melting point like crystals do; the viscosity
of a glass varies gradually as the temperature is changed, in a phenomenon called
glass transition. The viscosity of a material below the liquidus point has a strong
effect on its crystallization rate. A high viscosity slows down the rate at which
the particles are able to organize themselves in a crystalline structure. The narrow
temperature region between the point where viscosity is high enough for the
material to solidify and the one where the material starts flowing at a noticeable
rate is called the glass transition temperature [2].

2.1.2 Glass Stability

Particles can act as network formers or network modifiers in a glass. Network
formers are responsible for the main structure of the glass while modifiers alter
the structure of a glass. For example, adding Al,O3 as a network modifier to
SiO, increases the viscosity of the silicate glasses and therefore decreases the
crystallization rate.

Two figures of merit can be used to describe glass stability: the minimum
critical cooling rate needed to avoid crystallization and the Hruby factor, which
corresponds to the difference between the lowest temperature at which crystalliza-
tion occurs (T) and the glass transition temperature (T,), divided by the difference

between the liquidus (T;) and the crystallization temperature:



T,-T,
Tl_Tx

Hruby factor = (2.1)

Alternatively, T, - T, can also serve as figure of merit.
2.1.3 Ion doping

Glasses and crystals possess different characteristics when used as hosts for
ions in a laser. On a local scale, the electric fields that are due to host parti-
cles and which affect ions can be modelled as crystal fields. However, the exact
characteristics of the field surrounding an arbitrary ion depend randomly on the
position of the ion in the glass. The statistical variations of the ions” environment
create an inhomogenous broadening of the ions” absorption and emission spec-
tra. The linewidth of electronic transition involving ions in suspension in a glass
host typically reach a few tens of nanometres. This property can be exploited
when designing wavelength tunable lasers. On the other hand, ions in suspension
in a crystal host are under the influence of similar fields regardless of position;
the smaller variation of local conditions mean much sharper transition spectra,
typically of the order of a few nanometres.

Active ions dissolved in a glass act either as network modifiers, or are situated
in interstitial spaces between network formers. A high concentration of ions
can cause a decrease in the lifetime of excited levels of dissolved ions through
a quenching process. This process consists in an non-radiative cross-relaxation
between ions which are situated at short distances from each other. An increase

of the crystallization rate can also be caused by a high concentration of ions in
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a glass, which ultimately leads to a decrease of the glass stability. For example,
lanthanide ions, which are larger than the SiO3~ glass former in silica, break the
amorphous structure of silica glass [3].

2.1.4 Comparison with Crystals

The broader spectra of glass lasers make them more suited for pulsed lasers,
while crystal lasers enjoy higher cross section within their narrowly defined transi-
tions, making them more suited for continuous wave applications. The generally
high thermal conductivity of crystal lasers is useful when designing high power
lasers.

The grain boundaries of a polycrystal causes scattering of light, reducing
substantially the transmission of the crystal host. Monocrystals are therefore
preferred in laser applications. However, the need for monocrystals limits the size
of the devices; for this reason glasses allow the fabrication of devices of a larger
scale.

2.2 Rare Earths
2.2.1 Introduction

According to the International Union of Pure and Applied Chemists (IUPAC),
the term rare earth is used to designate elements 57 (La) to 71 (Lu) plus Scand Y. The
term lanthanides decribes elements 58 (Ce) to 71(Lu) while lanthanoids is used for
elements 57 to 71; however lanthanides is often used in the literature to denominate
elements 57 to 71. In this thesis, lanthanides will be used with the latter meaning.
Lanthanides are known for having very similar chemical characteristics, due to

their analogous valence layer configuration. This configuration corresponds to
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[Xel4f"6s%, where n varies between different lanthanides. The same valence layer
of all lanthanides, 6s?, explain the similarity of their chemical characteristics.

The particularity of lanthanides is that they possess an incomplete subshell,
4f, which is situated closer to the core than the valence layer. The electrons in the
4f subshell are not implicated in bonding with nearby atoms; they are therefore
partially shielded from influence from the local environment. Electrons are free
to move between different energy levels of the incomplete 4f subshell and these
tranistions possess therefore sharply defined energies. In a glass host, trivalent
lanthanide ions lose the two 6s electrons plus one from the 4 f subshell. The 5s and
5p subshells stay intact and their shielding effect on 4f electrons remains effective.
The transition spectra of lanthanide ions dissolved in a glass are therefore similar
to their free ion spectra.

Transition metals (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn), on the other hand, are
not subject to the same shielding phenomenon as lanthanide ions when dissolved
in a glass. In their oxidized forms, transition metals lose their 4s valence layer
and expose directly the incomplete 3d subshell to the local crystal field. Transition
metals ions in glass hosts therefore have broader spectral lines than lanthanide
ions.

2.2.2 Electronic Transitions

According to Laporte’s selection rule, electric dipole transitions in centrosym-
metric atoms can only occur between two states if their parity is different. A state
is said to have g (from the German gerade, meaning even) if a point reflection of

the wavefunction causes no phase change, and it is said to be u (from ungerade,
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meaning odd) if a point reflection of the wavefunction would induce a 7@ phase
shift. For f states, u parity is observed. This means that according to Laporte’s
selection rule, f - f transitions are forbidden.

Van Vleck has postulated in 1937 [4] that odd order terms in the crystal field
affecting ions cause a parity mixing of 4f states with states of higher principal
quantum number 7, such as states in the 5d subshell. In other words, the cen-
trosymmetry of the electrons” wavefunctions is broken by asymmetrical fields, so
that transitions which would be forbidden in free ions are weakly allowed in such
electric fields.

Several phenomena cause the break of degeneracy between the different 4 f
electronic states in a lanthanide ion. The electrostatic repulsion between electrons
causes a split of different SL terms (S and L correspond to the values the spin
angular momentum and the orbital angular momentum, respectively) of the order
of ~ 10* em™'. The spin-orbit interaction causes further separation between the
various values of total angular momentum, represented by the letter J . This energy
split is usually of the order of ~ 103 cm™!.

The various energy levels of the 4f subshell can be designated using the
Russell-Saunders notation 25*DL;. The value of L is, under this system, written
using the letters from the notation for azimuthal quantum number I of atomic
subshell (s=0, p=1, d=2, {=3 ,g=4), but written in capital. A further split of the
magnetic quantum number M; degeneracy, of the order of ~ 10> cm™!, is caused
by the local crystal field. The magnitude of this split depends on the strength of

the crystal field; a stronger field leads to a larger split.
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2.2.3 Spectral Broadening

The amorphous structure of a glass means that ions are subject to different
fields depending on their positions. This creates a temperature independent inho-
mogenous broadening of the transition spectra. This inhomogenous broadening
causes a red-shift of the emission spectrum as well as a blue-shift of the absorption
spectrum. As electrons rapidly and non-radiatively decay within a Stark mani-
fold, the bottom level of the manifold is populated while the upper levels are left
almost empty. Electrons in the upper manifold of a transition are brought closer
to the energy of the lower manifold, hence causing a red-shift. The same thermal
relaxation creates a blue-shift in the case of absorption.

The ratio between the absorption and stimulated emission cross-sections of a

transition can be found using the McCumber relation. This relation states that:

() ee () e

where o, is the absorption cross-section, o, is the stimulated emission cross section
at wavelength A, T is the effective temperature of the medium and (%—;T) is the
thermal steady state ratio of the populations [5]. Interactions between phonons and
electrons in the 4 f subshell also cause spectral broadening, in this case temperature
dependent and homogenous.

The absorption and emission spectra of doping ions are red-shifted relative
to the free ion spectra by a phenomenon called nephelauxetic effect. The word

nephelauxetic is derived from the Greek words vepéAn meaning cloud and av&ev
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meaning expansion, and is used to describe an expansion of the wavefunction of
electrons in 5d subshells caused by the covalency of the surrounding lattice. This
phenomenon decreases the repulsion between electrons in the 5d subshell and
therefore their energy [6].
2.24 Energy Level Decay Rates

The rate of non-radiative decay of excited ions in suspension in a glass de-
pends on the phonon energy of the host. In the case of a transition involving an
energy amount greater than the phonon energy, the decay operates according to a
multiphonon process. The rate of this decay follows an exponential relationship

of the transition energy, for which the equation is [7]

Wi = B[1 +n]Pe ™AE (2.3)

where 1 is the number of thermally generated phonon per lattice mode, AE the

AE
hmluttice

energy gap to the nearest lower Stark manifold, p the number of phonons(
necessary to bridge the gap, and a and  material dependent constants. Multiple
phonon energies are possible in a given material, but the total decay rate is dom-
inated by the maximum energy, so the maximum phonon energy can be used to
estimate the multiphonon rate of decay. This multiphonon decay rate has a strong
dependence on the maximum phonon energy.

A competition exists between the various phenomena leading to the decay of

electron energy in an ion. The lifetime of an excited electron is dominated by the
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fastest of these rates, according to this equation, assuming nonradiative decay is
dominated by the multiphonon process:

Trotal = Top + Tr (2.4)

total =

where 7, is the rate of radiative decay. A low multiphonon rate of decay is therefore
wanted to obtain a high quantum efficiency.

The magnitude of the amplification that can be obtained through a given
transition depends strongly on the upper level’s multiphonon rate of decay in the
host material. For this reason, certain transitions can lase in materials with low
maximum phonon energy but not in materials with higher phonon energy. This is
particularly true of long wavelength transitions, since the energy gap is lower and
the upper level undergoes fast multiphonon decay. Lasing at shorter wavelengths
can also be limited in ions where a Stark manifold lies closely below the upper
state of that transition. For example, the 3Hs level of Tm3* lies approximately 4120
cm~! below 3H, [8]; because of this, the lifetime of the latter state varies between
1350 ps in ZBLAN and 14.2 us in silica [9]. While many instances of lasing
have occurred for 3Hy—3H;5 [10], 3Hy—3F, [11], and 3H;—3Hy [12] in ZBLAN, no
instance of lasing involving *H, as the upper level has been reported in silica.
Amplification, however, has been observed in silica for both wavelength ranges

that were investigated in this thesis: 810 nm [13] and 1480 nm[14].
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2.2.5 Doping Methods

Several methods exist to dissolve the doping ions in a glass. Among them,
there is the solution method, the dopant carrier chamber, and the frit method.

Solution Method

The solution method [15, 16] consists in first introducing the cladding in the
gas phase on the surface of a silica tube. A 1500°C flame scans the surface of the
tube, thereby depositing a glassy layer on the walls. The unsintered, and therefore
porous, core is then deposited. Following this step, the tube is soaked in a rare
earth chloride solution for a few hours. The glass is dried and oxidized in a stream
of Cl,/He/O,. Finally, it is sintered and collapsed with a flame.

Dopant Carrier Chamber Method

Alternatively, a dopant carrier chamber whose walls are covered by a layer of
anhydrous rare earth halide crystals can be attached to one end of a silica tube. The
silica tube is cleaned using SFs to remove doping ions that attached accidentally
to its surface. The cladding is deposited in the way described in the previous
paragraph. When the core is being deposited, the dopant carrier chamber is
heated to approximately 1000°C to form a rare earth halide vapour that is pushed
in the silica tube by a flow of gas and mixes with the unsintered core. The rare
earth are then oxidized and incorporated in the core [17].

Frit Method

The frit method [18] is similar to the dopant carrier method. The difference is
that rare earth ions are introduced in the silica tube by using another silica tube of

smaller radius filled with unsintered glass impregnated with a rare earth halide.
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The frit is heated to 900°C to cause the evaporation of the rare earth halide, which
then mixes up with the glass forming the core.
2.2.6 Properties of Some Ions

Erbium

Erbium doped fibres play a crucial role in modern optical fibre telecommu-
nication networks. There is a transition in Er** ions, *I;3/,>*1;5/,, which provides
gain in the third telecommunications window. Ions in the *I;3/, state have a lifetime
of approximately 10 ms in a silica host, making this state metastable and suitable
as the upper level for gain at 1550 nm. The various transitions and the energy
levels of Er3* are shown in Table 2-1 and Fig. 2-1, respectively.

A high concentration of Er3* ions in a glass host triggers a quenching process,
whereby two ions excited at the *I;3/, level combine their energy into one ion to
form a pair of one ion in the ground state and another at *Iy,. In high phonon
energy glasses, such as silica, the excited electron quickly decays back into “Iy3,.
In this case, the efficiency is compromised as two photons are needed to excite one
ion. Inlow phonon energy glasses, the effect is more drastic as ions in *Iy/, directly
decay to the ground state through a radiative process, and do not contribute to the

gain at all [19].
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Table 2-1: Electronic transitions of the Er3* ion

Wavelength (nm) | Transition
3500 1Py 4
2700 1>
1700 18,541y,
1550 iz
544 45324152
470 2P3jp—=>4Li1 2
402 2Py —=>4Li3)2
317 2Py >4115

Silica Glass Host. Er®* ions were at first pumped using 514 nm Ar ion laser,
but this scheme was inefficient [20]. The most common pumping scheme used to
excite 4133/, is using a 980 nm pump to excite *I;;, from the ground state *I;5,. Since
the 4I41/,>*113, transition corresponds to a 3660 cm™! energy drop, this transition
rapidly occurs through multi-phonon decay in a silica host.

Er3* jons” absorption at 980 nm, however, is low. It can be improved by codop-
ing the fibre with Yb*" which has a much better absorption at this wavelength.
Yb3* ions absorb light trough the ?F;/,—2Fs, transition and transfer their energy to
nearby Er®* ions, thereby exciting *I;;,,. Er®* ions quickly decay to *I;3/,, blocking

the way for a transfer back to Yb%* [21].



16

Pumping at 800 nm and 1450 nm is also possible, but in the case of an 800
nm pump, excited state absorption (ESA) diverts electron to ?Hjyy 5, so this scheme

suffers from low efficiency.

2P3/2

4F3/2
4F5/2
gF7/z
4H11/2

$3/2

470 nm

402 nm

1700 nm

4F9/2
| 3500 nm

4|9/2 v v

544 nm
4I11/2
lZ7OO nm

4I13/2

1550 nm

\ 4 \ 4

4I15/2

Figure 2-1: Energy levels of the Er3* ion.

Fluoride Glass Host. Many lasing transitions in the mid-infrared are possi-
ble in a fluoride host, due to its lower phonon energy. A transition of particular
interest is *I1;/,—>%113/2, which emits light at 2.7 ym. Emission at this wavelength
is sought because it is near the peak absorption of water at 3 um and can be used
for laser surgery. One obstacle to the pursuit of lasing at 2.7 um is the fact that the
lasing transition is self-terminating; 41,1/, has a lifetime of 6.9 ms while for #I;5/,

the lifetime is 9 ms.
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Continuous wave (CW) lasing at 2.7 um was first observed with an Ar ion
pump at 476.5 nm [22]. The laser first excites *F3, and *F/,, and excited electrons
decay down to #Iy;,. The pump depletes *I;5, by ESA. The efficiency and maxi-
mum power of 2.7 um fibre lasers can be improved by Er®*/Pr3* codoping. With
this scheme, a maximum power and slope efficiency equal to 30 mW and 13%
respectively have been achieved [23].

Pumping at 791 nm populates Iy, , through #Ig/,. This pump wavelength also
causes two ESA transitions, 4I;3,—-%S;/2 with a cross section equal to 1x10-2! cm?
and *I;1,>%F;), with 2x1072? cm?, compared to 5x10% cm? for the ground state
absoprtion (GSA) [24]. Both ESA transitions contribute to the population of 4S3),
since ions in the *F;/, state rapidly decay into the S;/; state. Colasing at2.7 ym and
850 nm, through the S3/,—%l;3), transition, saturates the output power of the 2.7
pym signal by increasing the population of the lower level state. This phenomenon
can be avoided by colasing at 1.7 um, which diverts electrons from *S;, to the *Iy,
energy level. 150 mW of output power has been observed using this method [25].

Lasing at both 1.66 ym and 1.72 um through the transitions 2Hj;/,>*Is/> and
4S5/, %19/, pumped at 514 nm, has been achieved [26].

Lasing at 3.5 um can be obtained in ZBLAN through the transition *Fg/, >*Iy,.
This wavelength is of particular interest since the absorption bands of many hy-
drocarbons and hydrochlorides are situated between 3.2 ym and 3.6 ym, and the
minimum atmospheric absorption for free-space communications is situated be-
tween 3 um and 4 ym. A room temperature 2.5 mW fibre laser, with a pump

threshold of 1 W and a slope efficiency of 2.8% has been achieved [27]. Since the
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laser is pumped at 6565 nm, and there are no powerful sources available at that
wavelength, the output power at this wavelength is very limited.

Emission at 1.55 ym in Er®* doped ZBLAN is not the subject of much inves-
tigation since lasing at this transition can be achieved more efficiently in a silica
host. A tunable laser, ranging between 1490 nm and 1620 nm has been achieved
in ZBLAN [28].

Three visible transitions, 4S3/,—>*l;5, (A = 544 nm), 2P3/,—>4L11/> (A = 470 nm),
2P3/5 %13/, (A = 402 nm) and one ultraviolet one 2P3;,—%l15, (A = 317 nm) are
possible with Er®* jons.

4S5/, can be excited by a two-photon process with an 800 nm pump. Ions are
first excited to the %Iy, level and rapidly decay to *I;1/, and Iy3/,, from where most
ions reach S;), through ESA. A 23 mW 546 nm laser with a slope efficiency of 11%
has been operated with a 801 nm pump [29]. This laser’s output saturated, and the
cause was attributed to competitive lasing at 850 nm through 4S;/,—>*I;5/,. Lasing
at 850 nm was inhibited by using a 970 nm pump, which does not depopulate
*Tipa-

Red laser sources are effective at exciting the 2P5/, level. Ouput powers above
10 mW have been demonstrated at both 402 nm and 470 nm wavelengths by using
a 638 nm laser diode as the pump [30].

Thulium

Silica Glass Host. In a silica host, Tm3* ions are used to generate light near
1.9 um, emitted through to the transition °F;—~*Hs. F, can either directly be excited

by a pump at 1575 nm, or by pumping at 790 nm to excite 3H,. The upper level of



19

the lasing transition gets populated through the cross relaxation process: *H, +3*Hg
— 3F4 + 3F,. The rate of this cross relaxation process is favoured by high doping
concentrations. Each absorbed pump photon can potentially contribute to the
emission of two photons at the signal wavelength. This lasing transition therefore
can be quite efficient. An output of more than 200 W, with a slope efficiency of
65%, has been achieved [31]. The lasing transitions and the energy levels of Tm3*
are shown in Table 2-2 and Fig. 2-2, respectively.

Fluoride Glass Host. Three lasing transitions share the upper level *Hy:
SHy—%Hs (A = 2.3 ym), 3H;—3F; (A = 1.48 ym) and 3Hy—~%Hg (A = 0.81 um). In
a silica host, the 3Hj, state’s lifetime is very short (14.2 us) due to the host’s high
phonon energy, which depletes it through a non-radiative *H,—3H5 transition. In
a ZBLAN host, a much longer lifetime can be observed (1350 us) [8]. This makes
it possible to induce lasing through the three transitions mentioned above. Low
concentrations of Tm3* ions are preferred in this case, to avoid the cross relaxation

process that depopulates *H,.
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Table 2-2: Electronic transitions of the Tm3* ion

Wavelength (nm) | Transition
2300 SH,—3Hs
1900 3F4—~%Hg
1480 SH,—3F,
810 SH,—3Hq
784 1G4—%Hs
515 'D,—~%Hs
480 1G4—~%Hg
455 'D,-3F,
365 'D,—~3Hg
350 ¢—3F4
284 1e—>3Hs

Lasing at 2.3 um has practical applications in eye-safe free-space communica-
tions, coherent radars and hydrocarbon gases detection. This wavelength, when
pumped at 790 nm through the 3Hq—3H, transition, has a saturation limit caused
by the longer lifetime of electrons in the 3F, state, which is almost five times as long
as in 3Hy [32]. This creates a bottleneck that slows down the return of electrons
to the ground level. An output power of 1 mW, with a slope efficiency of 10%
has been achieved [33]. 3F; can be depopulated either by colasing at 1.9 um [34]

or by using a 1064 nm pump [12], which excites the upper laser level through
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a two photon process (*Hg—Hs and 3F,—°F, 5, with fast multiphonon decays for
3H;5—3F, and 3F, 3—~3H, transitions).

4

6

IDZ

455 nm

1G,

284 nm

3Fz,s

*H,

2300 nm |1480 nm | 810 nm 480 nm

A 4

3H5

3F4

A\ 4 A 4

1900 nm

3H6 A 4 A 4 A 4 A 4

Figure 2-2: Energy levels of the Tm3* jon.

Lasing at 1.48 um deserves attention as it can serve to pump the “I;;, level
of Er’* ions, or provide gain in S-band amplifiers. This transition suffers from
the same bottleneck problem as the emission of 2.3 um from *H,—3Hs, and the
problem can be solved with the same solutions [35, 36]. An output power of 2.3
W has been achieved with the upconversion process [11].

The 3Hy—%H, transition can be used to emit light in the first telecommu-
nications window. Contrarily to both previous transitions, there is no need to

depopulate 3F, as electrons directly reach the ground level at the end of the lasing
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transition. 1.2 W with a slope efficiency of 37% has been achieved in a ZBLAN
fibre laser [10].

Alarge array of visible and ultraviolet transitions are also possible using Tm3*
ions. They are shown in Table 2-2. Two transitions can be used to emit blue light,
1G4—3Hg (A = 480 nm) and 'D,—~%F; (A = 455 nm). Lasing at 480 nm has been
achieved with a 1137 nm diode pump laser through a triple excitation process [37].
Lasing in the blue range in ZBLAN is limited by a photodarkening process which
creates colour centres which increase the attenuation of the fibre in the visible
range.

Lasing at 455 nm has been achieved by using two pump wavelengths simul-
taneoulsy, i.e., at 645 nm and 1060 nm [38]. While the 645 nm emission serves to
excite 'D,, the 1060 nm source depopulates 3F, to avoid self-termination.

During the experimentation for this thesis, spontaneous emission of blue light
has been observed from the Tm:ZBLAN fibre when pumped at 1064 nm, and also
at 630 nm. This can be see in Fig 2-3. Emission in Fig. 2-3b is faint as the 630 nm
pump emits only a few mW of power.

For emission at 284 nm and 350 nm, which share !I; as the upper level, a high
concentration of ion increases the rate of the !G4 + 1G4 — I + 3F, cross relaxation
process and improves the gain. A 42 yW emission at 284 nm was obtained from a

590 mW 1064 nm pump [39].
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(a) Blue emission from Tm3* ions excited by (b) Blue emission from Tm>* ions excited by
a 1064 nm pump. a 630 nm pump.

Figure 2-3: Visible emission from Tm3* ions.

Neodymium

Neodymium was the rare earth ion that was used for both the first silica fibre
[40] laser and the first ZBLAN fibre laser [41]. There are three lasing transitions
sharing the *F;, upper level: *F3/, >3/, (A = 1319 nm), *F5,>%111) (A = 1100 nm),
and *F3/,—>*1g)> (A = 946 nm). This upper level can either be directly pumped at
869 nm, or through *Fs, and 2Hy), with a 800 nm pump. The transition *F;,,>%l11
possesses a high cross section, making lasing through other transitions difficult
due to gain competition. Furthermore, lasing at 1319 nm is difficult to achieve as
ESA through *F;/,—*Gy/, reabsorb light at the signal wavelength. Lasing at 1.315
pm has been achieved in a fluorozirconate fibre [42]. The lasing transitions and

energy levels of Nd3* are shown in Table 2-3 and Fig. 2—4, respectively.
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Table 2-3: Electronic transitions of the Nd3* ion

Wavelength (nm) | Transition
1319 4F; 413
1100 43241
946 4F;3,—4g )0
412 P340
381 *Dypp—~4Li

The first silica fibre laser to be experimentally tested emitted at 1.06 um
through the transition “Fz,>*131,. A 16 mW output was obtained for a 140 mW
pump input at 514 nm, provided by an argon ion laser. In the case of the first
fluorozirconate fibre, lasing at 1.05 um has been observed with a threshold of 390
mW at 514 nm. Emission at in this wavelength range with Nd3** attract interest
since, even though it doesn’t benefit from the high quantum efficiency that emis-
sion at the same wavelength in Yb3* enjoys, it behaves as a four level system and
therefore is excited with a lower threshold than Yb3*.

A neodymium doped ZBLAN fibre laser emitting at 381 nm has been demon-
strated in 1994, with a maximum output power of 74 uW for a pump input equal to
275 mW at 590 nm [43]. The next year, violet lasing (at 412 nm) has been achieved
with a pump power equal to 320 mW at 590 nm, and a maximum ouput of 0.5 mW

[44].
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Figure 2—4: Energy levels of the Nd3* ion.

Ytterbium

Yb%, since it lacks only one electron to fill its 4f subshell, does not have
many different electronic configurations and has a simple energy diagram, shown
in Fig. 2-5. The ?F5;,—~?F;), transition provides gain near 1030 nm and can be
pumped at 940 nm. Ytterbium doped lasers are characterized by a high quantum
efficiency and can achieve high output powers. Yb3* fibre lasers display four-level
behaviour for long wavelengths. For shorter wavelengths, where there is more

overlap between absorption and emission, three-level behaviour is observed.
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Figure 2-5: Energy levels of the Yb3+ ion.
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InZBLAN, lasing at 1.02 um hasbeen achieved [45]. The emission of ytterbium
doped ZBLAN is much stronger at this wavelength than it is in a silica host. A
shift of one of the sublevels of ?Fs, in silica is believed to be the cause of the low
gain at 1.02 ym in a silica host. An emission of 80 mW for a pump input of 200
mW has been achieved.

2.3 Conclusion

In this chapter, the basic properties of glass hosts and their influence on ion
dopant particles have been presented. The necessity of low phonon energy host
to sustain certain particular lasing transition, for example with Tm3* ions, has
been established. Some of the phenomena affecting the optical properties of ion
dopants have been explained. A variety of lasing transitions and the associated
pumping schemes for four different lanthanide ions, namely Er3*, Tm3+, Nd3* and
Yb3* have been listed. The importance of the glass host can be understood from

the information delivered in this chapter.



CHAPTER 3
Fibre Fabrication

This chapter will present the principles behind fibre Bragg gratings (FBGs),
which play an important role in fibre optics. Methods of fabrication, both in silica
and ZBLAN glasses will then be introduced. Some fibre materials that are used in
fibre fabrication, and their relevant properties, will be shown in the next part. The
chapter will conclude with a description of the fabrication methods for silica and
ZBLAN fibres.

3.1 Fibre Bragg Gratings
3.1.1 Introduction

FBGs play two crucial roles in fibre laser setups; the roles of the reflector
and the wavelength filter. FBGs rely on Bragg reflection to reinject a narrow
linewidth of light at a specific wavelength back into the cavity. In a simple Bragg
reflector, a series of reflection points are situated at equal intervals. When a wave
is incident on the reflector, part of it gets reflected at each point. If the wavelength
in the transmission medium is equal to twice the grating period, constructive
interference leads to a strong reflection of the wave; if the wavelength is not equal
to twice the period, destructive interference of the reflection causes the wave to be
transmitted by the grating. It is this phenomenon that allows selective reflection

of a target wavelength.
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3.1.2 Silica based FBGs

Hill Gratings

The first fibre Bragg grating was fabricated in 1978 [46]. Contra-directionally
propagating 488 nm Ar-ion laser beams were launched into a Ge doped silica
fibre. The ensuing standing wave created a change in the refractive index at the
amplitude peaks. The periodic nature of these index changes formed a Bragg
grating inside the fibre. As the Bragg grating gradually formed inside the fibre
during the experiment, the reflectivity at 488 nm increased. The index change in
that case was later proved to be a two photon process since the grating strength
increases as a quadratic function of the beam intensity [47]. Fibre gratings that
are inscribed with a beam propagating through the core are known as Hill gratings
[48].

The change in index is due to an absorption by germanium oxygen deficient
centres, for which the absorption bands peak at 244 nm and 320 nm [49]. In-
scribing FBGs by propagating light at 244 or 320 nm rather than at 488 nm can
substantially increase the absorption of the inscribing light by relying on a simpler
single photon process. The change in refractive index caused by this photosen-
sitivity phenomenon, when appropriately annealed at temperatures 50°C above
maximum operating temperature, can last for periods of 25 years [50].

Hydrogen Loading

The photosensitivity of a fibre can be significantly improved by exposing
it to high-pressure, low-temperature (below 100°C) hydrogen before imprinting

the grating with ultraviolet (UV). This technique, called hydrogen loading, can
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permit the imprinting of gratings in fibres without any germanium doping. The
concentration of hydroxyls (OH") in the fibre, and the associated loss, is seen to
rise significantly after ultraviolet exposure in hydrogen loaded fibres.

Transverse Holographic Method

The drawback of using a beam propagating through the fibre to cause the
index change is that the grating period must be equal to half of the wavelength
being propagated. Since the wavelength in use must be resonant with the oxygen
deficient centre and cannot be tuned very much, this leaves a very narrow band
to tune the period of the gratings. This problem has been circumvented by the
transverse holographic method, demonstrated by Meltz et al. in 1989 [51].

In the transverse holographic method, the interference pattern that deter-
mines the grating period is created by two UV beams transversally incident on
the fibre. The period is in this case a function of both the angle of incidence and
the wavelength of the two beams. This allows one to fix the wavelength at the
absorption band and to tune the period by changing the angle. Using this tech-
nique, fibre gratings could be fabricated with reflection bands that extended into
the near-infrared, thus allowing applications in the telecommunication domain.

Phase Mask Method

Another method for creating in-fibre Bragg gratings is called the phase mask
technique. In this technique, the interference pattern is created by a phase mask
that is held very close to the fibre, rather than by the interference of two beams.

The advantage of this technique over transverse holographic writing is that

the precise alignment between two sources of light is not necessary for accurate



30

writing. Furthermore, it allows the fabrication of several gratings by depositing
them in parallel under the mask. Also, the requirements for the coherence of
the ultraviolet light source are less stringent than for the transverse holographic
method, which allows the use of cheaper UV laser sources, such as excimer lasers.

However, a new mask must be manufactured for every different period that
is to be written in fibre. There is some room for tuning the period using the same
mask by applying tension on the fibre during the photo imprinting process. Up to
2 nm of tuning can be achieved in this way [48].

The flexibility of the phase mask technique can be used to vary the period
and the amplitude of the index changes throughout the length of the grating. Two
applications of that flexibility are apodization and chirping.

Apodization consists in modulating the envelope of the index change through-
out the grating to control its exact reflection spectrum. Secondary maxima can be
suppressed using this method [52].

Chirping consists in introducing a gradual change in the reflection wavelength
throughout the length of the grating. This chirp creates a controllable dispersion of
the reflected wave, and can be used to compensate for other sources of dispersion
in a network [53].

FBG Types

There is a nomenclature in the literature to classify gratings according to their
fabrication methods [49]. The main two categories are Type I for gratings written
by exposure to UV under the damage threshold, and Type II for exposure above
the damage threshold.



31

The index change in Type I gratings is due to photon absorption by oxygen
deficiency centres. The oxygen deficiency centres are accessible by frequency
doubled Ar ion sources (244 nm CW), KrF (248 nm pulsed) and ArF (193 nm
pulsed) exciplex, frequency quadrupled (266 nm) and tripled (355 nm) Nd:YAG
and HeCd (320 nm) lasers. The exact nature of the defect responsible for the index
change has not been determined yet. The prevailing hypothesis in literature is
a diamagnetic oxygen site with a lone pair of electrons [54]. Type I gratings can
preserve their characteristics in temperatures up to 320°C.

In type II gratings, the exposure to UV intensities above the damage threshold
leads to the formation of fractures, voids and filaments in the glass structure. Type
IT gratings have a higher temperature stability than their type I counterparts; they
can sustain temperatures higher than 900°C. These gratings can be written using
ATrF exciplex lasers as the fibre is being drawn [55]. The damage to the fibre can
be localised by exploiting a multiphoton absorption using femtosecond pulsed
sources for writing. Most type II gratings are written point by point, rather than
presenting a sinusoidal change in index, like type I gratings. This leads to strong
lateral diffractive scattering.

3.1.3 Fluoride based FBGs

The fabrication of FBGs in fluoride fibres poses different challenges. The
intrinsic photosensitivity of ZBLAN is very low; it is not sensitive to the 248 nm
light emitted by KrF exciplex [56] laser and has a very low sensitivity to 193 nm

light [57]. It can, however, be doped with photosensitive ions.
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A survey [56] of the photosensitivity of Tm3*, Tb3*, Pr3* and Ce** doped
ZBLAN shows that Cerium offers the best photosensitivity. A grating written by
a 248 nm laser with the transverse holographic method yielded a 0.8x10-° change
in refractive index. The maximum intensity of the beams was approximately 75
mJ-cm~2/pulse, with a repetition rate of 2 Hz. The index change saturated after a
few minutes of exposure, when the beam was shut off, the index change dropped
by 10 to 35% within a minute.

The fact that the initial index change rate is a quadratic function of the beam
intensity while the saturated index is a linear function of beam intensity points to
a two-photon growth process in competition with a one-photon photo bleaching
process. This hypothesis is further supported by the fact that the gratings can
be reversed by exposure to a single beam of uniform intensity. Moreover, the
process does not seem to rely on the interaction between pairs of ion, as both
the initial growth rate and the saturated index increase linearly with cerium ions
concentration.

Taunay et al. have fabricated a Ce3* doped ZBLAN fibre grating in 1994. 246
nm lasers used in the transverse holographic method excited a 2Fs/,—5d transition
in the 10 000 ppm Ce®+ ions used as doping agents in the fibre. An index change
of An = 1.7x10~° was achieved [58].

A Bragg gratings has been inscribed in an undoped ZBLAN fibre by using

femtosecond laser at 800 nm. The index change was 3.6x10~* [59].
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3.1.4 Conclusion

FBGs are be fabricated by exploiting interference patterns in UV radiation.
The can be made in both silica and ZBLAN fibres. In silica fibres, both Ge doping
and hydrogen loading are used to increase the photosensitivity. In ZBLAN, Ce®*
doping and femtosecond lasers are both used.
3.2 Fibre Materials
3.2.1 Silica

The most common material used in fibre fabrication is silica. This is due to the
relative ease with which silica can be purified, its good mechanical qualities, its
glass stability and the availability of the material. These qualities all contribute to
the economical viability of silica as a material for the fabrication of optical fibres.
The disadvantages of silica are its lack of transmission in the mid-infrared, its low
rare earth ions saturation concentration and its high multiphonon energies.

Refractive Index

Intrinsic silica has a refractive index equal to 1.46 at 589 nm [32]. This index
can be adjusted by the addition of dopant materials. For example, TiO,, Al,O3,
P,0s5 and GeO; increase the refractive index when used as doping agents, while
on the other hand B,0O; and F decrease the refractive index. When choosing the
dopant, it is advantageous to ensure that the core’s thermal expansion coefficient
be higher than the cladding’s coefficient. In this way, a radial compressive stress is

generated which increases the threshold for crack propagation through the fibre.
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Loss

Minimal loss can be achieved in intrinsic silica at A =1550 nm, where the loss
is predicted to be 0.12 dB/km [60]. Commercial fibres can have losses as low as 0.2
dB/km [32]. Hydroxyl contamination strongly contributes to loss in silica fibres.
Its overtone absorptions, including peaks at 1240, 1380 and 1900 nm can generate
losses of the order of 1 dB/km-ppm in the 1310 to 1550 nm region [60].

Hydroxyl impurities can be removed through the use of pure reagents, dry
gases and chlorine based compounds to dehydrate the soot before sintering. Since
molecular hydrogen can react with the glass to form hydroxyl, hydrogen diffusion
must be avoided, for example by using hermetic coating.

Dispersion

The zero material dispersion wavelength is centred at 1280 nm. For this
reason, the second telecommunications window has been established at 1310 nm,
since it is easy to shift the zero dispersion to this value. A third telecommunications
window is being used in modern communication networks, at the wavelength of
minimal loss, i.e., 0.2 dB/km at 1550 nm rather than 0.35 dB/km at 1310 nm, using
fibres whose zero dispersion wavelength is shifted at or near 1550 nm.

Since the material dispersion of silica is anomalous for wavelengths higher
than 1280 nm, while step index fibres cause normal waveguide dispersion, the
latter can be used to cancel out the former at an arbitrary wavelength. The smaller
the V number of a fibre is (or the higher the wavelength is), the more power is
contained in the cladding, which has a lower index than the core, and therefore,

the faster the wave travels along the fibre axis.
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The core and NA of a fibre can be tailored to shift the zero dispersion wave-
length to 1550 nm, and therefore enjoy both a low attenuation and zero dispersion.
However, it was found out that in step index fibres whose zero dispersion wave-
length was switched to 1550 nm, the attenuation is higher than the intrinsic value
for silica [61]. This loss is believed to be due to the high concentration of Ge in
the core and stress induced defects at the core/cladding interface. More complex
index profiles can be used to control the waveguide dispersion without increasing
significantly the fibre’s attenuation. Graded index, W profile, rings, and trenches
can be used to trade-off between the various metrics of the fibre.

While setting the zero dispersion wavelength exactly at 1550 nm allows for
good transmission of single-channel fibre, this approach is less successful for mul-
tichannel fibres. Four-wave mixing, which causes crosstalk between the channels,
is strongest when the dispersion is zero. A certain amount of dispersion helps
decreasing four-wave mixing. Non zero dispersion shifted fibres (NZDSF), whose
zero-dispersion wavelength is outside the EDFA gain band, were created for this
purpose. Typical dispersion values for NZDSF at 1550 nm vary between 3 and 8
psnm-t-km1.

Phonon Energy

Silica’s maximum phonon energy, 1100 cm™! [32], considerably limits the range
of wavelengths that can be used, since its multiphonon decay rates are higher than
for many other glasses. On the one hand, the attenuation increases rapidly with
wavelength longer than 2 ym, limiting the usefulness of silica as a material for

fibres in the mid-infrared. Also, for ions in a silica glass host, only electronic states
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which possess at least 4600 cm™ of difference with the nearest lower state can be
metastable [62]. This prevents lasing at wavelengths higher than 2.2 um.
3.2.2 ZBLAN

Fluoride glass, as the name indicates, is made of fluoride compounds, rather
than an oxide like silica. Fluorine is the most electronegative element of the
halogen group. It has a strong tendency to attract one electron and complete its
valence layer, thereby forming the electronic structure of [Ne].

Fluoroberyllate

Fluoroberyllate (BeF,) glasses have been known since 1926 [63]. BeF, easily
forms a stable glass when cooled from the liquid phase. Its basic molecular
unit, [BeF4]*-, is tetrahedral in shape. The tetrahedral units link to each other
by the corners, in a structure very similar to the one observed in SiO,. [BeF,]*
can form complex three-dimensional crystalline structures. BeF, glass possess a
low refractive index (np=1.2747), a low nonlinear refractive index ((7.6+1.0)x10~2!
m?/W), and high Abbe number (v = 106.8). The infrared cut-off is situated in the
4 to 5 ym region. The low linear and nonlinear refractive indices make BeF, a
good candidate for the role of host glass in high power lasers, as they limit thermal
lensing effects. However, BeF, glass’ toxicity and high hygroscopicity limit its use.

Fluorozirconates

Fluorozirconate glasses offer the advantage of not being toxic. Their relative
glass stability, compared to other fluoride glasses, makes them a practical material
for glass lasers but still less stable than silica. For example, ZBLAN has a Hruby

factor of 0.41 and a critical cooling rate of 0.7°C/min [60]. Great care must be taken
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during casting and fibre drawing to avoid devitrification of the mix. The narrow
set of conditions under which ZBLAN glass is formed makes fusion splicing very
impractical.

The discovery that fluorozirconate based compositions can form glasses was
reported by Poulain et al in 1975 [64]. A mix of ZrF4, BaF, and NaF, doped
by NdF;, was unexpectedly found to be amorphous after an X-ray examination.
The first report of the use of the 5 compounds that form ZBLAN, the most stable
fluorozirconate glass in use nowadays, was published in 1984 [65]. The proportions
of modern ZBLAN are: 53% ZrF,, 20% BaF,, 4% LaF;, 3% AlF; and 20% NaF.

The single charge of the fluoride ion causes bonds in fluoride glasses to be
weaker than in silica glass. The most obvious results of this difference are lower
mechanical strength and chemical stability. Fluoride glasses are significantly more
fragile than silica fibres; ZBLAN’s fracture toughness is less than half of silica’s
[32]. Also, they are very vulnerable to moisture. The leaching rate of ZBLAN in
water is 6 orders of magnitude higher than for Pyrex [60].

Structure

Two views exist concerning the structure of amorphous ZBLAN glasses. Ac-
cording to one, the glass is composed of zigzag chains of ZrFg cross-linked by
BaF ionic bands [66]. Another proposed structure is a network of Zr,F;3 com-
posed by the corner sharing of ZrF; and ZrFg elementary units [67]. Ba?* cations
are randomly distributed in the glass and form strong ionic bonds, especially
with non-bridging fluorides. The presence of Ba?>* and Na* contributes to the

breakdown of the ZrF, lattices and therefore increase the glass stability. ZrF, is
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organized in a three dimensional network of ZrFg*- sharing their corners. As a
pure compound, it does not form a glass. However, mixtures of ZrF, and BaF,
have been observed to form glasses. The substitution of Na*, which has a smaller
ionic radius than Ba?* (95 and 135 pm respectively), decreases the glass transition
temperature [68].

Refractive Index

ZBLAN’s refractive index is equal to 1.499 at 589 nm. It can be tuned by
substituting fluorides in its composition. Heavy cations, such as Pb?*, Hf** and
Bi** will increase the index of the mix, while light ions, for example Li* and Al**
decrease the index. HfF, and PbF, both contribute to a decrease of the glass
stability.

Phonon Energy

The weaker bonds, added to the heavier reduced mass of cations, mean that
fluoride glasses possess lower phonon energies than silica (the maximum phonon
energy is 600 cm™! for ZBLAN compared to 1100 cm™! for silica). This has an
influence on optical properties. For one thing, it means that the infrared edge of
the transmission window extends further towards longer wavelengths. While the
transmission of silica essentially stops at 4 ym (10 dB/mm), ZBLAN'’s transmission
window extends as high as 8 um [32].

The lower phonon energy also affects the life time of excited states of dopant
ions, especially those which possess a small energy gap between them and the
next lower state. This allows some lasing transitions that are impossible in a silica

host.
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Loss
The theoretical minimum loss for intrinsic ZBLAN is much lower than for
silica. The total loss of an ideal intrinsic glass can be predicted with the following

equation [60]:

a = (AJA*) + Bie®B/Y 4 CeC/Y) (3.1)

where A, B, By, C; and C, are constants. The first term corresponds to loss
induced by Rayleigh scattering, the second term is loss due to the Urbach tail and
the third term represents the loss caused by multiphonon absorption. In the case
of ZBLAN, the wavelength of minimum loss corresponds to the intersection of
Rayleigh scattering and multiphonon losses. At this wavelength, losses due to the
Urbach tail are negligible compared to the other two sources.

The parameters C; and C, have been obtained by a fit of measurements over
ZBLAN-based glass and fibres of varying path length. The parameters were found
tobeInC; =23.2and C, = 71.6, leading to 0.007 dB/km at 2.55 um. With parameter
A measured to be 0.72 ym* dB/km, the loss induced by Rayleigh scattering is
estimated to be 0.017 dB/km, for a total loss of 0.024 dB/km.

This theoretical loss, for ideal intrinsic ZBLAN, has not been achieved in
practice. A value of 1 dB/km has been reported [69]. Extrinsic sources of loss are
very difficult to control; typical loss values for commercial ZBLAN fibres reach
values as high as 10 to 100 dB/km while commercial silica fibres can reach 0.2

dB/km [32].
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Many contaminants are responsible for extrinsic losses. OH~ shows a strong
absorption of 5000 dB-km=!-ppm™! [70] at 2.87 um, with combination bands at
2.24 ym (50 dB-km-ppm~1!) and 2.42 ym (53 dB-km-!-ppm™') for Zr-F and Ba-F
respectively [71]. A low loss window coincides with the transmission peak of
ZBLAN at 2.55 um.

Reduced Zr species, Zr** and Zr?, both absorb and scatter light. Their con-
centrations in fluorozirconate glass can be decreased by the use of an oxidizing
atmosphere during melting.

The two oxidation states of Fe are +2 and +3. Fe?* creates a loss equal to
15 dB-km~t-ppm~! at 2.55 um, but the concentration of this ion can be controlled
by melting the glass under oxidizing conditions. Fe3* contributes less than 0.1
dB-km~1t-ppm™! at this wavelength.

Co?* and Nd3* contribute strongly to the loss at 2.55 ym, 17.0 and 22.0 dB-km~!
ppm! respectively [72, 73]. HF, a byproduct of reactions between water and the
fluorozirconate melt, has fundamental abosorption bands at 2.9 ym and 2.61 ym,
whether it is associated or not, respectively. Dissolved HF is likely to be hydrogen
bonded and to contribute to the 2.87 um OH~ band [74].

While ZBLAN fibres can transmit light at longer wavelengths and can, in
some cases, sustain longer lifetimes for excited states than silica fibre, their fragility
makes them significantly harder to handle, limiting their usefulness. Moreover,

the complexity of the fabrication process leads to notably higher costs.
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3.2.3 Chalcogenides

Chalcogenide glasses are based on elements of the group XVI of the periodic
table, namely sulfur, selenium and tellurium. The glasses are formed by reacting
with other elements, such as Ge, As, Sb, Ga, La, etc. Chalcogenide glasses are
known for their high linear and non-linear refractive indices and for their trans-
mission windows extending far in the infrared. They are chemically durable both
in liquid water and open atmosphere, and are mechanically robust. Chalcogenide
glasses can be classified based on the relative ionicity of the bonds forming the
glass matrix: the more ionic gallium-lanthanum-chalcogenide and the covalently-
bonded glasses formed with p-block elements.

The maximum phonon energy for sulfide glasses is generally recognized to be
425 cm~! [75]. Selenides and tellurides have lower maximum phonon energies due
to the higher mass of their particles. The maximum phonon energies of selenides
and tellurides are situated in the 230-300 cm™! [76] range and permit transmission
for wavelengths much further in the infrared than in silica glass.

Non-radiative decay rates of the electronic levels of rare earth ions in chalco-
genides host are low due to the low maximum phonon energies of the lattices.
This permits lasing transition at long wavelengths. However, no lasing transitions
above 3 um have been observed. This may be explained by the contribution of
impurities in the chalcogenide glass, which can be substantially higher than the
lattice contribution to non-radiative decay.

The Hruby parameter of gallium-lanthanum-sulfide glass is increased by the

addition of La,Os to the mix. Large amounts of lanthanum oxide, typically up
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to 30%, are added to Ga:La:S to achieve crystal free fibres. The addition of La,O3
increases the vibrational absorption at 8.6 um (1163 cm™), therefore also raising the
maximum phonon energy to this value. Mixed sulfur-oxygen species are believed
to be the cause of this absorption [77]. If we assume that a transition that can be
bridged by 4 phonons or less will undergo fast multiphonon decay, then lasing
can only be achieved for transitions with energy 4650 cm™ (A < 2.1 m). This can
explain why no lasing has been successfully achieved above 2 um in Ga:La:S glass
fibre lasers.

In the case of p-block chalcogenide glasses, oxide compounds cause extrinsic
absorption rather than contributing to the multiphonon edge. Oxides are the most
electronegative anions in such glasses, so the real earth cations tend to form strong
bonds with O?- ions [78]. RE-O-RE bonds can contribute to relaxation processes
between ions.

A 1080 nm (*F3/,—>*111),) laser in a 22 mm fibre made of Nd** doped Ga:La:S
glass was reported in 1997. The 2Hy, and *Fs, levels were pumped at 815 nm from
the ground state *Iy/,. Electrons then decayed through a multiphonon process to
populate *F5/,, which has a lifetime of 75 us in gallium-lanthanum-sulfide glass.
A maximum slope efficiency of 0.7% was achieved for a threshold of 380 mW.
3.24 Tellurite

Tellurites glasses are materials based on the compound TeO,. The canoni-
cal composition of tellurite, called TZN75 is TeO,(75%)-ZnO(20%)-Na,O(5%) [79].
Tellurites offer the advantage of a lower phonon energy than silica glass (~ 800

cm™! for tellurite compared to 1100 cm™! for silica) while having a better glass
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and chemical stability and better mechanical properties than fluorides and chalco-
genides [80]. Tellurite glasses possess a better transmission window (0.35-5 pum)
than silica (0.2-3 um). The non-linear refractive index of tellurite is larger than sil-
ica’s by a factor of almost 25 (2.5x10-19 m?/W compared to 10-20 m?/W for silica).
Up to 50 times more RE ions can be dissolved in tellurite glass than in silica.

However, the glass transition temperature (~ 300°C) of tellurite glasses is sit-
uated much lower than silica’s (1000°C). This, combined with a low thermal con-
ductivity and damage threshold make tellurite unsuitable for high-power lasers.
3.3 Fabrication Methods
3.3.1 Silica Fibres Fabrication

Silica fibre fabrication is made in two basic steps, the fabrication of a cylindrical
preform followed by its drawing into a fibre. Three main techniques exist for
the fabrication of the preform, outside vapour deposition (OVD), vapour axial
deposition (VAD), and modified chemical vapour deposition (MCVD).

In the OVD technique, the core is first formed by depositing silica soot with
a torch to form the core on a rotating silica mandrel, and then depositing the
cladding. Subsequently, the mandrel is removed and the soot is dehydrated using
a chlorine-based atmosphere. It is then sintered and collapsed at high temperature
into a dense glass.

In VAD, the core and cladding can be simultaneously deposited using torches
of different vertical orientations. The core forms starting from a seed rod which
is later removed, and the cladding forms on the core boule. The dehydration and

sintering steps are similar to OVD. The core is formed without a central hole and
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therefore does not need to be collapsed, thereby avoiding “burn off” of volatile
components. This technique can produce fibres with very low loss.

In MCVD, ahollow cylindrical seed is used as the external part of the cladding.
The layers of soot are then deposited one by one on the inside of this cylinder, while
a torch circulates around the seed. Finally, the cylinder is collapsed with a hotter
and/or slower flame. MCVD permits a high degree of control over the index profile
since the layers are deposited one by one.

A fourth technique, called plasma chemical vapour deposition also exists. Itis
similar to MCVD, except that a low-pressure plasma is created inside the substrate
tube. In this method, deposition of vitreous layers without an intermediate soot
stage can be achieved. The thinner layers that get deposited in this technique
allow a greater control over the index profile than is possible with MCVD.

Once the preform has been prepared, the fibre in its final form can be pulled
from it. The preform is hung on a vertical feed mechanism above the draw furnace,
at the top of a draw tower. A small section of the preform protrudes below the
furnace and is kept at a temperature where the cladding glass’ viscosity ranges
between 103 to 10° Pa-s, which is 1950 to 2300°C for high silica glass.

The preform gets pulled down by the weight of the protruding section and
elongates downward. The elongated part, once pulled to approximately the fibre’s
dimensions, is fed through the coating and curing systems and then to a drive
capstan. The fibre’s dimensions are controlled by the rate of descent, which itself
is tuned through diameter monitoring data that are fed back. The final part of the

fibre is spooled at a rate ensuring minimum tension.
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3.3.2 Fluoride Glass Synthesis

The production of fluoride glasses requires very high purity of starting mate-
rial to obtain low-loss fibres. The metal fluorides can be obtained by fluorinating
metal oxides or hydroxides with ammonium bifluoride (ABF)(NH4F-HF). The
batches are typically mixed with ABF and heated slowly in a Pt or Au crucible, in
an inert atmosphere such as Ar, until they reach glass melting temperature. The
presence of H,O in the atmosphere is very detrimental for the formation of fluo-
ride glass. Three chemical reactions involving water, in three different temperature

ranges, inhibit the formation of metal fluorides [81]:

MF, + xH,O < MF, - xH,O forT < 150°C
MF, + xH,O < MF,_,(OH), + xHF for150°C < T < 250°C

MF, + xH;O < MF, 5,0, + 2xHF forT > 600°C

Hydroxyls will also react with fluoride ions, making them unavailable for
the fluorination of metals and causing the formation of metal oxides, through this

reaction:

OH +F < O* +HF
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Molecular oxygen, contrarily to water, does not contribute to the formation of
metal oxides, since the oxidation process involving oxygen is not thermodynami-
cally favourable, except when CI~ ions are present in the melt.

As the mix is heated, ABF breaks down into NH; and HE. The metal oxides
and/or hydroxides are fluorinated by the HE. The reaction with metal oxides can

be described as follows:

MO, + (n-x/2)NHHF, - MF,,-xNHF + nH,O + (n - x/2)NHj3

Water and excess NH4F and HF are volatilized during the heating cycle. This
process tends to be reducing, and chemically reduced fluoride glass shows higher
scattering. Later stages of melting expose the glass to an oxidizing atmosphere to
correct this.

The use of ABF allows for a wide variety of starting materials for the synthesis
of fluoride glasses. However, this technique leads to a large reduction in volume
from the starting batches to the final melted glass. The need for a Pt or Au crucible
exposes the glass to a risk of contamination by metal particles. Moreover, the ABF
itself can be a source of contamination in the process.

If metal fluorides are available, they can be melted under a reactive atmo-
sphere. An inert gas (Ar or N,) is mixed with a reactive gas, such as CCly [82],
a CFC [83], SF; [84] or NF; [85]. By decomposing at the melting temperature,

these gases produce halogens, thereby generating an oxidizing atmosphere. The
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oxidizing atmosphere contributes to the removal of hydroxyls and metal oxides.

The effect of CCly is represented as follows:

O* + CCly - 2CI" + COCl,

OH™ +CCly - CI” + COCl, + HCI

While reactions involving fluorides can be described by those equations:

O+ + Fy - 2F + %Oz

20H  +F, - 2F + H,O + %OZ

The use of gases containing chlorine therefore leads to the formation of ox-
ide components during melting in an oxygen atmosphere. In that respect, it is
favourable to use gases not containing chlorine.

Since those reactive gases interact strongly with Pt and Au and produce dis-
solved metal, vitreous carbon is preferred for the crucible. A thin layer of carbon
can be present at the glass surface after annealing; it can be removed by grinding,

aqueous etching or reactive plasma etching.
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3.3.3 Fluoride Fibre Fabrication

Fibre drawing from a preform is the most widespread technique used for the
production of ZBLAN fibres [32]. A variety of preform fabrication methods exist;
cladding-over-core [86], build-in-casting [87], and rotational casting [88].

Cladding-over-core

The cladding-over-core method has been demonstrated in 1981 by Mitachi
et al. It consists in pouring the cladding melt over a core rod to obtain the pre-
form. This method can attain a uniform cladding-to-core ratio, but bubbles and
impurities are trapped at the cladding/core interface, leading to high losses.

Build-in-casting

The first step of the build-in-casting method is to pour the cladding meltinto a
mould kept near the glass transition temperature. The mould is then immediately
turned upside down and the central part of the melt flows out, leaving a glassy
layer on the inside wall of the mold. The core melt is then rapidly poured into
the cylindrical void that was left. One serious disadvantage of this method is that
the preform ends up being tapered since the radius of the cylindrical hollow part
is not uniform. Also, air bubbles are trapped in the core/cladding interface and
low-pressure bubbles can be formed at the centre of the core as it contracts during
cooling.

A modified build-in-casting method [89] exists that decreases the taper in-
duced in the fibre. In this method, instead of turning the mould upside down, the

core melt is poured on top of the cladding melt. The central part of the cladding
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melt, which is still fluid, is drained from the bottom, allowing the core melt to flow
in the interstice and replace it.

An even more uniform cladding/core ratio can be obtained through the suction
casting method [90]. In this method the cladding is poured into a mould with a
bottom reservoir, and then the core melt is poured on top of it. It is the contraction
of the cladding melt as it cools down that creates the central interstice in which the
core melt can flow. The geometry of the fibre is controlled by adjusting the mould
length and the reservoir volume.

Rotational Casting Method

In the rotational casting method, the central hollow cylinder is created by a
centrifugal force obtained by rotating the mold after the cladding melt has been
poured. Once the cladding has been formed, one can either pour the core melt
in the central hole, or dip the mold with the cladding into the core melt. The
centrifugal force can create a very uniform core radius along the fibre.

Another rotational casting method, called the spin-spin-casting method, is
enacted by rotating the mould a second time, once the core melt has been poured
inside cylindrical hollow part of the cladding.

The formation of bubbles can be avoided by casting the melt in a vacuum
chamber. Outgassing from the melts removes the impurities on the cladding tube
before the core melt is cast.

Pouring the core melt onto a glassy cladding creates a risk of crystallization at
the interface, since the surface of the cladding can be reheated above the crystal-

lization temperature. The other risk that is created is that the core and the cladding
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mix at the interface. Mixing can be avoided by casting at lower temperature but
at the expense of increasing the crystallization rate.

Finally, there is the rod-in-tube method. A high-quality fluoride rod fabricated
by melting, casting and polishing is introduced inside a cladding tube obtained by
the rotational method. The interface is evacuated during collapse. This method
avoids bubbles in the core but suffers from interface defects.

Fibres can also be drawn directly from the melt. For example, in the double-
crucible method [91], a large crucible contains the cladding melt while a crucible
of smaller radius, inserted in the larger one, contains the core melt. Both crucibles
have a tapered bottom. During fibre drawing, the tip of the smaller crucible
coincides with the tip of the larger one, and the fibre is drawn from a hole in both
crucibles.

Whether drawing fibres from a preform or from a crucible, precise control
of the temperature is crucial, as the viscosity of the fibre is strongly dependent
on temperature. It is preferable to draw fibres whose viscosity lies within 102
to 10° Pa-s and above the liquidus temperature to avoid crystallization. ZBLAN
possesses a viscosity equal to 3-10-2 Pa-s at its liquidus (600°C) temperature, which
is much too low for fibre drawing. Drawing is generally done near 320°C, where the
viscosity is approximately 10* Pa-s. Since this temperature is below the liquidus,
fibre drawing must be done fast enough so as to avoid crystallization of the glass
during the process. The preform is usually lowered at a speed of a few mm/min,

and the fibre is wound around the capstan at approximately 10 m/min.
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3.4 Conclusion

In this chapter, the basic principles and fabrication methods of FBGs have been
described. The optical properties of silica, ZBLAN, chalcogenides and tellurite
glasses have been discussed. The importance of the lower phonon energy of
ZBLAN compared to silica, and the reason why it makes ZBLAN more versatile
than silica with respect to the wavelengths that can be transmitted and generated
in those glass, has been explained. A comparison between the fabrication methods
of silica and ZBLAN has been shown. The difficulties in the fabrication of ZBLAN

fibres were made evident.



CHAPTER 4
Lasing at 810 nm

4.1 Introduction

Single wavelength lasing in the 800 nm - 820 nm range through the 3H,—3H,
transition of Tm3* ions has been previously achieved in ZBLAN fibre. In [92], the
800 ppm Tm:ZBLAN fibre was resonantly pumped at 780 nm. A pump threshold
value of 13 mW and a slope efficiency of 60% have been measured for a 2 m
length. In [10], upconversion pumping at 1064 nm was used. The observed
pump threshold was 1.5 W and the slope efficiency 37%, with a 35 cm length of
Tm:ZBLAN fibre. At P, = 4.5 W, the output was 1.2 W.

Dual-wavelength lasing at 785 nm and 810 nm, corresponding to the 'G,—~3Hjs
and 3H,—%H, transitions, respectively, has also been demonstrated. With a 2 m
1000 ppm Tm:ZBLAN fibre, oscillation at 784 nm and 808 nm has been observed
when pumped at 1120 nm above the 500 mW threshold [93].

In this work, dual-wavelength lasing at 805 nm and 810 nm through the
SH;—%Hg transition in a Tm:ZBLAN fibre laser is demonstrated. Wavelength
switching capability, as well as the observation of bistable operation are reported.
4.2 Applications
4.2.1 First window of telecommunications

In the beginnings of optical fibre communications, signals were carried by

light at 850 nm, the central wavelength of the so-called first telecommunications

52
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Table 4-1: Comparison between three short-reach communications methods [94].

Plastic Glass Copper
Cost Low More-expensive | Low
Loss High - medium Low - medium High
Connections Easy Difficult, requires | High

tools

Handling Easy Requires training | Easy
Flexibility Flexible Brittle Brittle
NA High (0.4) Low(0.1-0.2) NA
Bandwidth High (I Gbps | Large (40 Gbps) | Limited to 100

over 100 m) mbps at 100 m)
Test equipment Low cost Expensive High

window. This wavelength was chosen because it could be conveniently emitted
by cheap GaAs diodes. However, it suffers from high loss and dispersion in silica
fibres. First window fibre-optic communication systems are therefore more suited
to short-reach networks.

Optical fibres compete with copper cables in short-reach communications.
They offer advantages over copper cables, namely higher data rates and the lack of
susceptibility to electro-magnetic interference. Besides glass optical fibres (GOF),
plastic optical fibres (POF) are also used in short-reach communications. The three
communication methods are compared in Table 4-1 [94].

POF are cheaper and easier to handle than GOEF. Since POF are multimode fi-
bres with a large core radius, they benefit from a large tolerance in alignment when
connected to each other, making it easy for untrained persons to install a network.
Their greater flexibility also facilitates installation. Poly(methyl methacrylate)
(PMMA) fibres operate best when transmitting red signals, making the use of this

sort of fibre eyesafe as operators are protected by the blink reflex. On the other
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hand, greater loss and dispersion limits POF to distances of hundreds of metres
[95].

GOF, when operating in the first window, display attenuations of approxi-
mately 2-3 dB/km and dispersion in the 100-120 ps/nm/km range, making them
suitable for local area networks (LAN) and metropolitan area networks (MAN) for
ranges between 3 to 10 km [13]. The glass transition temperature of silica is much
greater than the typical temperature seens for POF (1300°C versus 100-125°C [96],
making GOF more stable in high temperature environments.

The direct in-fibre generation and amplification of first window signals can
greatly simplify the fabrication of network as fibre lasers and amplifiers can be
integrated with the other fibres.

4.2.2 Terahertz Generation

Terahertz radiation, defined as radiation between 0.1 THz and 10 THz, has
applications in spectroscopy and in imaging. In spectroscopy, molecules such as
H,O, C, Ny, O,, O3, HCI, CO, SO,, CH;CN, etc, have a distinctive signature in the
THz region. THz spectroscopy can measure the carrier concentration and mobility
of semiconductor materials.

In imaging, THz radiation can expose hidden details inside certain materials
since it transmits through non-metallic and non-polarizing materials [97].

Thz radiation can be generated both by electronic and optical means. A GaAs
Schottky-diode based device succesfully generated micro Watts of power at room

temperature and can be tuned between 2.48 and 2.75 THz [98].
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One THz generation method consists in using the beat frequency of two closely
spaced laser beams to generate the THz output. THz radiation has been generated
from the difference frequency of the photocurrent induced by two optical signals
at 850 nm in a Ti/Au dual-dipole antenna on a GaAs substrate [99].

A dual-wavelength laser allows the simplification of photomixing based THz
generation systems as both pump wavelengths are generated by the same device.
Dual-wavelength radiation near 800 nm can exploit the current GaAs based tech-
nologies. For example, a 805 nm and 810 nm laser would generate a beat frequency

equal to

Co B Co
805 nm 810 nm

Fbeat =V1—Vp = =23 THz (41)

4.3 Experimental Methodology

In both chapters 4 and 5, all experiments were conducted with various lengths
of double clad 8000 ppm Tm:ZBLAN fibre, with a core diameter ~ 8 ym, inner
cladding diameter of 15 um,outer cladding diameter of 125 ym, and a numerical
aperture (NA) = 0.13.

Since fusion splicing ZBLAN fibres with silica fibre was impossible, mechani-
cal splicing was used instead to attach ZBLAN fibres to other elements of the var-
ious setups used in this work. The process consists in introducing both stripped
and cleaved ends of the fibres in a plastic conduit where the tips are held face to

face. A picture of a mechanical splice can be observed in Fig. 4-1. The Tm:ZBLAN



56

fibre is excited with light at 1064 nm in the picture, and the characteristic blue
glow of excited Tm3* ions can be seen.

The transmission value of the splice can be estimated in real time by transmit-
ting visible light through one of the fibres during the splicing process. Leakage
can be observed visually in this way. Mechanical splices are shown as “X” on
diagrams in this thesis. Tm:ZBLAN fibres are shown in blue, while silica fibres
are shown in black.

The Tm3* ions were pumped at 1064 nm by an Yb%* doped fibre, itself pumped
by a 975 nm laser diode. All pump power values indicated in this chapter are
measured directly at the output of the pump source. A power meter was used
to measure the output power as a function of the diode input current. During
experiments, pump powers are derived from the input current based on these

measurements.

Figure 4-1: A mechanical splicing between a length of SMF-28 and a length of
Tm:ZBLAN fibre.
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4.4 Amplified Spontaneous Emission

The amplified spontaneous emission (ASE) from the Tm3* ions has been mea-
sured using the configuration shown in Fig. 4-2. The pump was coupled into the
Tm:ZBLAN fibre using a translation stage. The other end of the Tm:ZBLAN fibre
was mechanically spliced to a pigtail that was connected to an optical spectrum

analyzer (OSA).

Tm:ZBLAN

Free space Mechanical
coupling splice

Figure 4-2: Configuration used to measure the ASE from the Tm:ZBLAN fibre

The ASE shown in Fig. 4-3 was obtained from a 22.5 cm length of fibre,
pumped by 17 mW of pump at 790 nm, provided by a laser diode. ASE bumps
centred at 810 nm and 1480 nm are visible, due to transitions involving *Hj, as the
upper level, are clearly visible on this graph. The peak near 1580 nm is a second
order of the diode laser emission at 790 nm.

In Fig. 44, ASE was obtained by pumping 1.1 m of fibre at 1064 nm. Both
peaks, at 810 nm and 1480 nm, are visible. Lasing at 813 nm can be seen for higher
pump powers, despite the lack of FBG in the setup. Reflection could have been
provided by the mechanical splice on one end and the cleaved facet on the other
end. The leftover from the pump and the 975 nm laser diode are seen. A longer

piece of fibre has been chosen for 1064 nm pumping than for 790 nm pumping,



58

since the absorption cross-section is lower at 1064 nm than at 790 nm (see Table

4-2).
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Figure 4-3: ASE obtained by pumping 22.5 cm of Tm:ZBLAN fibre with 17 mW at
790 nm.

Table 4-2: Cross sections of various absorption transition of Tm3* in ZBLAN host.

Transition | Wavelength (nm) | Cross section (cm?)
3He—3Hs5 1064 1.06 x 10-2 [11]
3F,—3F,3 1064 2.1045 x 102! [11]
SHg—3H,y 800 1.96 x 102! [100]

4.5 Lasing Investigation Methodology

When lasing was induced in Tm:ZBLAN fibre near 810 nm, the output con-
tained power both at the pump and the signal wavelength, since there was no
filtering method available to separate these two wavelengths. The signal out-

put power therefore could not be directly measured with a power meter. It was
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coupled from the Tm:ZBLAN fibre to a pigtail attached to an optical spectrum an-
alyzer (OSA). The two fibres were first placed close to each other at short distance
to insure good alignment, then they were moved away up to a fixed distance of 5
mm. The fixed distance was used on the translation stage to ensure a fixed loss;
this loss could then be added to the OSA measurement to estimate the output
power of the fibre laser. A long distance has been chosen since it results in a more
uniform light intensity on the surface of the pigtail which transmits the signal to
the OSA; this can minimize the impact of vibrations on the measured output.

An SMF-28 fibre, which possess very similar characteristics (core diamter =
8.3 um and NA = 0.13) to the Tm:ZBLAN fibre was used to measure the coupling
loss for a distance of 5 mm. A 790 nm laser diode was used for this purpose, since
its V parameter will be close to the V parameter of a signal at 810 nm.

First of all, the 790 nm signal was directly coupled to the OSA through an
intact SMF-28 fibre. Then, the fibre was cut and cleaved, and the translation stage
was used to bring both ends to a distance of 5 mm. The measured loss was 36.0

dB.
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Figure 4-4: ASE obtained by pumping 1.1 m of Tm:ZBLAN fibre at 1064 nm.

4.6 Single Wavelength Lasing
4.6.1 Configuration

Single wavelength lasing, using a linear cavity shown in Fig. 4-5, was
achieved at 810 nm. Feedback was provided by an FBG (reflectivity = 99.96%
at 810.58 nm) on one side and the Fresnel reflection from a cleaved facet on the
other side. The Tm:ZBLAN fibre was directly attached to the FBG by mechanical
splicing. A translation stage was used to couple the output from the cleaved facet

into an OSA.
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A=810.58 nm

R =99.96%
- @
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Figure 4-5: Linear cavity configuration used to achieve single wavelength lasing.

Sources of Loss

A mode field mismatch between (MFD) the fibre in which the FBG has been
inscribed and the Tm:ZBLAN fibre causes loss in the cavity. The FBG has a
nominal mode field diameter of 5 ym at A = 850 nm. The Tm:ZBLAN fibre has a

core diameter of 8 yum and an NA of 0.13. This indicates a V parameter equal to

Vern i NAcmx SH 013 =384
Ao 0.85 pm

and therefore the fibre supports several modes at this wavelength. The mode field
diameter of the gaussian mode is equal to [101]:
1.619 2.879

MFD =d x (0.65+ ~—— +

V3/2 7) =6.9 [Jm

which differs from the FBG’s MFD at 850 nm.

At the target wavelength, 810 nm, the V parameter is calculated to be:
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V= TciNA =4.03
A

4.6.2 Results

The configuration shown in Fig. 4-5, with a 43 cm length of Tm:ZBLAN fibre,
started to oscillate at 810 nm when provided with 460 mW of pump power at 1064
nm. A slope efficiency of 4.9% was obtained. The output power graph is shown in
Fig. 4-6. When 1 W of pump power was exceeded, a second peak appeared. The
output spectra of the laser are shown for P, = 840 mW and P,,,,, = 1220 mW
in Fig. 4-7. The free spectral range (FSR) of the cavity, if we estimate the cavity

length to be ~ 1 m, is approximately:

(Ao/n)? (810 nm/1.5)*

A =T 2x1m

=0.15pm 4.2)

The linewidth of the signal shown in Fig. 4-7a is 43 pm, which is much greater
than the FSR of the cavity. The output therefore spans several longitudinal modes.
The appearance of two lasing peaks shows that gain competition between these
two wavelengths is not pronounced enough to inhibit lasing at both wavelengths.

Gain competition may have been limited by inhomogenous broadening.
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Figure 4-6: Output power obtained with 43 cm of Tm:ZBLAN with a linear cavity.
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Figure 4-7: Spectra obtained from the laser shown in Fig. 4-5.
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4.7 Dual-wavelength lasing
4.7.1 Configurations

Two configurations have been considered for testing dual-wavelength lasing,
the single cavity configuration and the cascaded cavity configuration, shown in
Fig. 4-8.Inboth configurations, FBG; reflects 99.99% at 804.82 nm and FBG; reflects
99.96% at 810.58 nm.

FBG, FBG, Tm:ZBLAN
A, =810.58 nm A, = 804.818 nm L = 50 cm

R,=99.96% R, =99.99%
B @
[1] [1] =s

Mechanical ~ Free space

splice coupling
(a)
a6 Tm:ZBLAN Tm:ZBLAN
! L,=24cm  FBG, |, =50cm
A, =804.818 nm A, = 810.58 nm

R, = 99.99% w R, = 99.96% w
ISR RII= TR
Ik y

\ Free space
couplin,
Mechanical ping
splices
(b)

Figure 4-8: Dual-wavelength fibre laser configurations

The single cavity configuration consists in a single 50 cm length of Tm:ZBLAN
fibre that provides gain for both wavelengths simultaneously. The FBGs are placed
in succession on one side of the Tm:ZBLAN fibre. A higher loss is expected for the
wavelength corresponding to the more external FBG. Higher gain is expected at
810 nm than at 805 nm, as can be seen from the ASE graph measured witha 1.1 m

length of fibre, shown in Fig. 4-3. For this reason, FBG, was placed further from
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the TM:ZBLAN fibre. A cleaved facet serves both as a low reflectivity mirror and
an output coupler.

The cascaded cavity uses two lengths of fibre to provide gain; a 50 cm length
provides gain for both wavelengths, while the 24 cm length provides gain only for
Ay. This gain counteracts the higher loss that is present in this cavity. A similar
cascaded cavity design has been used in [102].

4.7.2 Results

Single Cavity Laser

In the case of the single cavity laser, the wavelength switching displayed
strongly bistable behaviour, as shown in Fig. 4-9. In the region between 680 mW
and 1400 mW of pump power only 810 nm oscillates when the pump power is

increased, and only 805 nm oscillates when the pump power is decreased.
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Figure 4-9: Hysteresis behaviour of the output power of the single cavity config-
uration shown in Fig. 4-8a.

A lasing signal at A, was obtained for a threshold pump power (P,,,,) of 540

mW; the output power at A, increased with increasing P,,,,, with a slope efficiency
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of 7%. When P,,,,,, reached 1400 mW, lasing at A; occurred. Once dual-wavelength
lasing was achieved, P, was then decreased. This first caused an increase in
output power at A; as this wavelength took over the gain. Next, the output at A,
stopped once P, was decreased to 1170 mW. Finally, lasing at A; stopped once
Pyump was decreased below 680 mW. A maximum total output power of 100 mW
(11.2 mW at 805 nm and 89 mW at 810 nm) was observed when P, = 1760 mW.

The spectra obtained from the single cavity laser are shown in chronological

order in Fig. 4-10.
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Figure 4-10: Evolution of the output spectrum of the single cavity as a function of
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Cascaded Cavity Laser

The hysteresis is much less pronounced in the case of the cascaded cavity
laser, as can be seen in Fig. 4-11. One can see that contrarily to the single cavity
configuration, decreasing the pump does not change the order in which the two
signal wavelengths oscillate.

The turn-on and turn off thresholds for the signal at 805 nm were both 680
mW. For 810 nm, the turn on threshold was 920 mW and the turn-off threshold
was 800 mW.

The output of the cacaded cavity when the pump was also consistently ramped
up as shown in Fig. 4-12. Wavelength switching from 805 nm to 810 nm can clearly
be observed here as the pump power is increased. The region between 920 mW
and 1120 mw of pump power oscillates at both wavelengths simultaneously. The
maximum power that is emitted by the cascaded cavity is 8.1 mW at P, = 1920

mW.
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Figure 4-11: Hysteresis behaviour of the output power of the cascaded cavity
configuration shown in Fig. 4-8b.
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The spectra shown in Fig. 4-13 were obtained from the cascaded cavity laser

while increasing Py, from 0 to 1950 mW.
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Figure 4-12: Output powers obtained for both wavelengths with the cascaded
cavity configuration.

Comparison

The cascaded cavity has significantly lower output power and has a higher
threshold than the single cavity design. The FBGs characteristics were not opti-
mized for the fibre laser designs that were tested. As a result, splices between the
FBG and the Tm:ZBLAN fibre cause significant losses. The single cavity design
has a single point where the mode field diameter changes, between the FBG and
the Tm:ZBLAN fibre. In the cascaded cavity, the wavelength that is amplified by
both lengths of fibre needs to pass through two points of mode field diameter mis-
matches, which increases the loss. The cavity for the wavelength that is amplified
by only one length of Tm:ZBLAN fibre passes through only one point of mismatch,
but the Tm:ZBLAN fibre is not directly attached to the pump. Therefore, only a

fraction of the pump can excite this length. These two phenomena decrease the
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gain to loss ratio for a given pump input, and explain the reduced performance

for the cascaded cavity.
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Figure 4-13: Evolution of the output spectrum of the cascaded cavity as a function
of Ppump.

The wavelength switching behaviour of the cascaded cavity can be explained
by observing the diagram in Fig. 4-8b. First of all, the 25 cm length of fibre is
excited by the pump, which provides gain only at 805 nm. As the 25 cm length is
saturated, the leftover pump excites the 50 cm length and 810 nm starts to oscillate.
The signal at 810 nm ends up inhibiting lasing at 805 nm since gain is higher at

810 nm, as can be seen from the ASE graph shown in Fig. 4-3.
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The results of the various laser configuration shown in this chapter are sum-

marized in table 4-3.

Table 4-3: Output characteristics of the third telecommunication window lasers

that have been tested.
Configuration Ay Threshold power (mW) | A; Threshold power (mW)
Fig. 4-5 - 460
Fig. 4-8a increasing Ppyp | 1400 540
Fig. 4-8a decreasing Py | 680 1170
Fig. 4-8b, first run, increas- | 680 920
ing Ppymp
Fig. 4-8b, first run, de- | 680 800
creasing Ppump
Fig. 4-8b, second run, turn | 720 920
on threshold
Fig. 4-8b, second run, turn | 1220 -

off threshold

4.8 Conclusion

The output of a Tm:ZBLAN fibre in the first telecommunications window has

been observed in this chapter. First of all, the ASE for two pump wavelengths,

790 nm and 1064 nm, has been shown. After this, single wavelength lasing at

810 nm with a 1064 nm pump has been achieved and the results were presented.

Dual-wavelength lasing at 805 nm and 810 nm has been demonstrated with two
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configurations, a single cavity configuration and a cascaded cavity configura-
tion. Strong hysteresis was observed in the single cavity configuration, while
the behaviour was more stable with respect to pump with the cascaded cavity

configuration.



CHAPTER 5
Lasing at 1480 nm

5.1 Introduction

A variety of pumping schemes, with the goal of achieving gain in the S-band
from a Tm:ZBLAN fibre, have been demonstrated in the literature. At A, = 1.4
pym, 24 dB of gain was obtained in a double-pass scheme in a 3 m long fibre, with
755 mW of pump power. Py, was equal to 5 dBm [103].

With a mix of 150 mW at 1410 nm and 40 mW at 1560 nm in 20 m of fibre, 32 dB
of gain was obtained with Py, = -30 dBm [104]. 110 mW at 1047 nm and 12 mW
at 1560 nm yields 32 dB in a 20 m long fibre, for P;,,,; = -30 dBm [105]. Pumping
at 1560 nm excites 3F; directly from the ground state, 1047 nm radiation pumps
electron from 3F, to F, 3 while radiation at 1410 nm directly excites electrons from
3F, to the 3H, level.

A pumping scheme based on 1064 nm radiation, with some power at 1117 nm
to help populate 3F, through 3Hs has been demonstrated in [106]. 26 dB of gain
have been obtained from a -14 dBm signal input in 12 m of doped fibre.

Using 800 nm to directly populate the gain upper level 3H,, and then 1050
nm to re-excite electrons from 3F, after stimulated emission, 27 dB were obtained
from a 15 m length of fibre and combined pump power of 180 mW [107]. Py =

-27 dBm in that case.

72
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As for lasing at 1.48 um, 3F, can be depleted by colasing at 1.9 um. This
method has been used in [35] with 0.5 m of Tm:ZBLAN, with a 780 nm pump that
directly excited ions to the *H, energy level. Lasing at 1.47 um was obtained with
a threshold of 3.2 mW and a slope efficiency of 43% while at 1.82 um the threshold
8.5 mW and the slope efficiency was 38%. At P, = 325 mW, the output was 130
mW and 115 mW for 1.47 ym and 1.82 ym.

Ions at the 3F4 energy level can be re-excited to 3H, with radiation at 1064 nm
(see Fig. 5-1 [108]). However, the *Hg—3Hj5 transition is centered at 1210 nm, and
GSA is limited at 1064 nm, as can be seen in Fig. 5-2 [109]. The overlap between
these two absorption spectra allow the excitation of H, with a single wavelength
through a two-photon process. In [11], 2.25 W of power at 1480 nm have been
obtained from a 2.8 m length of 2000 ppm Tm:ZBLAN fibre by pumping it at 1064
nm with 6.5 W.

No instance of dual-wavelength lasing as been found in the literature.

In this chapter, the gain characterization of various lengths of 1064 nm pumped
Tm:ZBLAN fibre is shown. Single wavelength lasing at 1476 nm and 1487 nm and
dual-wavelength lasing at 1476 nm and 1487 nm, and at 1487 nm and 1487.6 nm is

achieved and the characteristics of the various laser configurations are presented.
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Figure 5-1: Spectrum of the 3F;—3F, ESA in Tm:ZBLAN.
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Figure 5-2: GSA spectrum of Tm:ZBLAN.
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5.2 Applications
5.2.1 Extension of the Third Window into the S-band

EDFAs are a very widely used means to provide gain in the C and L bands
of the third telecommunications window. However, increasing demands for large
bandwidths stimulate research aimed at widening the band of carrier wavelengths
in fibre optic communication systems. The S-band allows such an extension of
the communication window, while being higher than the OH~ absorption band at
1360-1420 nm [110], but is unfortunately outside the amplification range of Er3*
ions.

Tm?3* ions provide gain that can easily be exploited to amplify signals in the
S-band and therefore improve the bandwidth of wavelength division multiplexing
systems [111]. Amplification is more effective in low phonon energy glass hosts,
as the upper level of the gain transition, *Hy, rapidly decays to *Hs in high phonon
energy hosts. Nonetheless, amplification has been achieved in Tm3* silica fibres.
11.3 dB at 1470 nm has been obtained with 2 W of pump at 1064 nm in [112].
5.2.2 Pumping EDFAs

Two main pumping schemes exist for EDFAs providing gain at 1550 nm: using
980 nm to excite *I;1, which rapidly decays to *I;3/,, or using 1480 nm to directly
pump “Iy3).

980 nm provokes no de-excitation of ions at the *I;3/, level, while pumping at
1480 nm causes the deexcitation of ions in this level through stimulated emission.
This phenomenon causes EDFA pumped at 1480 nm to have a lower saturated

power, as high levels of population inversion increase the stimulated emission
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caused by the pump as much as it decreases the absorption. It also has an effect on
the spectrum; this de-excitation lowers the gain at shorter wavelengths, flattening
the gain with respect to signal wavelength. In Fig. 5-3, the peak in gain at 1530
nm that can be observed when pumped at 980 nm is less prominent with 1480 nm

pumping [113].
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Figure 5-3: Gain spectra for EDFAs pumped at 60 mW with Pg;gs = -40 dBm [113]
OL=1m,@L=50cm: A, =980 nm
oL=1m,mL=50cm: A, =1480 nm

5.2.3 Terahertz Generation

Terahertz radiation, discussed in section 4.2.2, can be generated by the pho-
tomixing of two closely spaced wavelength. An InGaAs photomixer has succes-
fully generated 45 nW of power at 0.5 THz [114] from two wavelengths in the third

telecommunications window;, in this case at 1.55 ym.
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Two signals, at 1476 nm and 1487 nm, can generate a beat frequency equal to:

Co Co

1476 nm 1487 nm 12 THZ

Fbeatzvl_v2:

5.3 Amplification
5.3.1 Methodology

Measurements of the gain provided by the Tm:ZBLAN fibre while excited
by a 1064 nm pump have been made on 85 and 105 cm lengths. The setup used
to make those measurements is shown in Fig. 5-4. The signal was generated
by an external cavity laser (ECL). Since the ECL could not emit signals below -7
dBm, an optical attenuator has been introduced between the ECL and the input
wavelength-division multiplexer (WDM) coupler for lower signal powers. The
gain is defined as the ratio of the signal power measured at the signal port of the
output WDM coupler to the signal power measured at the output of the ECL (or
attenuator). Measured gain values include gain from the Tm:ZBLAN fibre and
splicing losses. The noise figure values of the amplifiers have not been measured.

One set of measurements was made on 85 cm and 105 cm lengths of fibre by
sweeping Agiqqa between 1460 nm and 1520 nm and Py, between 0 mW and 2090
mW. P, was set to -31.8 dBm.

Another set of spectral measurements was made on the 85 cm length of fibre
by fixing the pump power to 2090 mW and sweeping P;,,s between -57.8 dBm
and 7.6 dBm and A;ig,. between 1460 nm and 1520 nm.
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Figure 5-4: Configuration that was used to measure the gain of various lengths of
Tm:ZBLAN.

The gain characteristics of the Tm3* ions were investigated at 1460 nm on
the 85 cm and 105 cm lengths of fibre with a set measurements made by fixing
Asignar to this wavelength nm and sweeping both P;,,,; between -57.8 dBm and 3.6
dBm and P,,,, between 0 and 2090 mW. 1460 nm has been chosen since it was the
lowest wavelength available on the ECL, and ESA due to the *F;—~%H, is the most
prominent at this wavelength.

5.3.2 Spectral measurements

The gain spectra are shown in Fig. 5-5 at P;,,s = -31.8 dBm.

All graphs display a gain peak around A, = 1475 nm. An increase in
the net attenuation of unexcited fibres can be seen as the wavelength increases.
This is consistent with the absorption spectrum of of the 3H¢—3F, transition. The

absorption/emission spectrum of Tm:ZBLAN is shown in Fig. 5-6 [115].
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Figure 5-5: Gain spectra for various lengths of Tm:ZBLAN at P;;,,; = -31.8 dBm.
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When P, = -31.8 dBm, a noticeable drop in net gain can be observed at 1460
nm when P, reaches 200 mW. This drop in gain, followed by an increase for
higher P,,,,, is consistent with the two photon process that provides amplification
in the S-band. It would correspond to ESA by ions excited at the °F;4 level. This
drop is greater at wavelengths shorter than the amplification peak, just like the
absorption and emission peaks of a single transition as was explained in section

2.2.3.
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Figure 5-6: Absorption and emission spectra of Tm:ZBLAN.
a : Absorption spectrum
= : Emission spectrum

3F, has a very low occupancy at thermal equilibrium at T = 300 K, since its
energy gap with the ground state E, = 0.671 eV [8], which is significantly larger
than the thermal energy kT = 0.026 eV, while *H, has an even lower occupancy
since it lies 1.53 eV above ground state. Transitions between these two energy

levels have therefore very little influence on a signal when ions are unexcited.
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Low values of Py, populate °F; more than they populate *Hy, causing a
net decrease in gain. Higher values of P,,,, cause a net gain through popula-
tion inversion, as the stimulated emission from 3H,;—3F, exceeds absorption from
3F,—3H.,.

The spectra for P, = 2090 mW are shown at various values of P;,,,; in Fig.
5-7, for the 85 cm length of fibre. The gain as a function of Pj,,; is shown in Fig.
5-8. One can see an increase in gain, relative to the stable small signal value, for
Piypur < —40 dBm. Gain compression is observed for P;,,,; values with the highest
gain. The lowest Py, to be observed is 3.6 dBm at Ajigu = 1465 nm. At A =

1475 nm, where the gain is highest, P,;; = 4.6 dBm.
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(a) Spectrum at various Py, values controlled with an OA and Py fixed at 2090 mW

for an 85 cm length of Tm:ZBLAN fibre.
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(b) Spectrum at various P;,,; values controlled without an OA and Py fixed at 2090

mW for an 85 cm length of Tm:ZBLAN fibre.

Figure 5-7: Spectrum for the 85 cm length of Tm:ZBLAN fibre with P, fixed at

2090 mW
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Figure 5-8: Gain for the 85 cm length of Tm:ZBLAN fibre pumped at 2090 mW, as

a function of Pjpy;.
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5.3.3 Gain characteristics at 1460 nm

The gain at Ajguq = 1460 nm can be seen as a function of P, in Fig. 5-9, and
as a function of P;,,,; in Fig. 5-10. A decrease in net gain can be seen for P, < 600
mW for Py, > —47dBm.

At Piyp = -57.8 dBm, one can notice that the gain is higher than the stable
small signal gain and that contrarily to the gain for higher values of P, no net
increase in absorption is visible for low Pp.

The increase in gain is only visible for pump powers above 200 mW, and is
therefore triggered by the pump. As can be seen in Fig. 5-11, where the difference
between the gain at P;,,; = -57.8 dBm and P;,,,; = - 42.2 dBm is plotted as a function
of Asignal, this gain increase is much less wavelength dependant than the gain itself.
5.3.4 Conclusion

The characteristics of ion excitation can be observed since it is consistent in
both lengths. The data for all lengths fit with a 3F,—3H4 ESA at shorter wave-
lengths, triggered by 3Hg—~*Hs absorption followed by quick non-radiative decay
to 3F4 at low Py, values.

Higher pump values populate *Hy and cause gain at a longer wavelength
values, centred near 1475 nm, through the 3H;—%Hg transition.

The short-wavelengths edge of absorption from the 3Hg—3F, transition, cen-
tred at 1650 nm (see Fig. 5-6), is seen at longer wavelengths. The 3H—%F,

transition is a GSA, therefore it attenuates the signal at P,,,,, = 0 mW.
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(a) Gain at Agjgny = 1460 nm as a function of Py, for an 85 cm length of Tm:ZBLAN fibre.
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(b) Gain at Agjg, = 1460 nm as a function of Ppymp for a 105 cm length of Tm:ZBLAN fibre.

Figure 5-9: Gain at Agjgq = 1460 nm as a function of Py, for various length of
Tm:ZBLAN fibre.
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(a) Gain at Agjguy = 1460 nm as a function of Py, for an 85 cm length of Tm:ZBLAN fibre.
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(b) Gain at Agjguq = 1460 nm as a function of Pg;gy, for a 105 cm length of Tm:ZBLAN fibre.

Figure 5-10: Gain at As;g, = 1460 nm as a function of Pg;gu for various length of
Tm:ZBLAN fibre.



87

—=—85cm
6 —o— 105 cm|

Gain increase (dB

L
1460 1470 1480 1490 1500 1510 1520

Wavelength (nm)

Figure 5-11: Wavelength dependance of the low-signal gain increase for 85 cm
and 105 cm lengths of fibre.

5.4 Single wavelength lasing
5.4.1 Methodology

Single wavelength lasing was achieved with a variety of configurations.
Ring cavity laser configurations, for both co-propagating and counter-propagating
pumping, are shown in Fig. 5-12. The signal was filtered using a 1487 nm FBG.
Linear cavity configurations are shown in Fig. 5-13. In Fig. 5-13a, the cavity is
bound by a 1475.7 nm FBG on one side, and a combination of a 3 dB coupler and a
circulator that nominally reflects 50% of the signal back into the cavity and couples
the other 50% out for measurement. A cleaved facet served these two functions in

the setup shown in 5-13b. The pump power values for sections 5.4 and 5.5 were
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measured at the output of the WDM coupler that was used to separate A, and
Asignal-

In the both ring cavity and linear cavity configurations, all connections be-
tween the various elements of the design were made with angle polished connec-
tors (APC). In the setup shown in Fig. 5-13b, the signal output of the WDM was
connected with an APC to a pigtail whose end facet was cleaved. Both sides of
the Tm:ZBLAN fibres were mechanically spliced to pigtails with APCs so as to be

connected with the rest of the device.

Tm:ZBLAN

1064 nm M 1064|nm
WDM * WDM

V2
ZAY

1480 nm

. 1480 nm
Circulator

3 1
2

FBG

(a) Ring cavity laser configuration, with co-propagating pumping.
Tm:ZBLAN

Q/Q/Q % WDM

N

1064 nm 1064 nm
|

WDM

1480 nm
Circulator

B 1
2

FBG ——

(b) Ring cavity laser configuration, with counter-propagating pumping.

Figure 5-12: Ring cavity laser configurations.
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5.4.2 Ring Cavity Lasers

Lengths of 95 cm and 2 m of Tm:ZBLAN fibre were used in the ring cavity
configurations. The FBG reflection wavelength was 1487 nm. When using co-
propagating pumping to excite the Tm:ZBLAN fibre, a threshold of 600 mW has
been observed with the 95 cm length and 690 mW with the 2 m length. The
efficiencies were measured to be 5.3% and 1.47% for both lengths, respectively.
For the counter-propagating configuration, the thresholds were 575 mW and 655
mW for 95 cm and 2 m, and the efficiencies 11.4% and 9% respectively. The output
power graph for ring cavity laser configurations is shown in Fig. 5-14.

Tm:ZBLAN

G

(1084 rm o
1 5 WDM M
2

3

(a) Linear cavity laser configuration, with a 3 dB coupler and a circulator serving for signal
reinjection and output coupling.
Tm:ZBLAN

5 WDM M’—H—
|
. Cleaved facet

(b) Linear cavity laser configuration, with a cleaved facet serving for reinjection and output
coupling.

Figure 5-13: Linear cavity laser configurations.
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Figure 5-14: Output power obtained with the ring cavity laser.

5.4.3 Linear Cavity Lasers

Lengths of 40 cm and 95 cm of Tm:ZBLAN fibre were used in the linear cavity
configurations. The FBG reflection wavelength was 1476 nm. In configuration 5-
13a, the thresholds were 270 mW for the 40 cm length and 350 mW for the 95 cm.
The efficiencies were measured to be 7.9 percent and 5.9 percent for both lengths,
respectively. In configuration 5-13b, which provides 4% reflection back into the
cavity through Fresnel reflection, the thresholds were higher in value. They were
750 mW and 500 mW for 40 cm and 95 cm lengths of Tm:ZBLAN fibre, respectively.
We can observe that the thresholds decrease for the designs with higher reflection

atthe output coupler, as the total cavity loss is decreased. The 4% reflection showsa
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(b) Output power obtained with the linear cavity laser with a cleaved facet.

Figure 5-15: Output power obtained with the linear cavity lasers.
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higher efficiency than the 50% reflection, which shows that the optimal reflection
is lower than 50%. The output power graphs are shown in Fig. 5-15.
5.4.4 Optimized Linear Cavity Laser

A low loss design has been attempted, using the configuration shown in
Fig. 5-16, to optimize the output power of the fibre laser. The FBG reflection
wavelength was 1476 nm. The TM:ZBLAN fibre was pumped through the FBG
rather than the WDM, to minimize insertion loss. The common port of the WDM
was cut and cleaved to bypass the APC. It was then directly mechanically spliced
to a 40 cm length of Tm:ZBLAN fibre. The signal port of the WDM was also cut and
cleaved to bypass the APC, and the resulting facet was used as a low-reflectivity
mirror and output coupler. With this configuration, a threshold power of 350 mW
was achieved. A maximum Pg;g,yy = 340 mW was obtained for P, = 1360 mW.

The slope efficiency was 40%. The output power graph is shown in Fig. 5-17.
Tm:ZBLAN
Pump FBG
o ) -

Cleaved facet

Figure 5-16: Optimized laser configuration used to optimize the output power.
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Figure 5-17: Output power graphs of the optimized linear cavity laser configura-

tion.

5.4.5 Summary

The characteristics of all the above-mentioned designs are summarized in

Table 5-1.
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Table 5-1: Output characteristics of the various S-band lasers that have been tested.

Configura- | Fibre Threshold | Slope effi- | Max Ppump | Max Psigna

tion length power ciency (%) | (mW) (mW)
(cm) (mW)

RCL, 95 600 5.3 950 18.4

co-prop.

RCL, 200 690 1.47 950 3.9

co-prop.

RCL, 95 575 11.4 950 43

counter-

prop.

RCL, 200 655 9 950 26

counter-

prop.

LCL (3 dB | 40 270 7.9 1360 86

coupler)

LCL (3dB | 95 760 59 1360 60

coupler)

LCL 40 750 16.9 1360 104

(cleaved

facet)

LCL 95 500 20 1360 173

(cleaved

facet)

LCL (opti- | 40 765 40 1360 340

mized)
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5.5 Dual-Wavelength Lasing
5.5.1 Methodology

Dual-wavelength lasing in the S-band has been achieved with two pairs of
wavelength: 1476/1487 nm, and 1487/1487.6 nm. In all cases, a linear cavity using
a combination of 3 dB coupler and circulator was used at one end of the cavity to
provide both reflection and output coupling. Output powers were measured with
an OSA.

Gain competition was a greater obstacle when the wavelength separation was
0.6 nm than it was for 11 nm. Bi-directional pumping was necessary to achieve
dual-wavelength with the smaller separation.
5.5.2 Dual-Wavelength Lasing at 1476 nm and 1487 nm

Dual-wavelength lasing has been achieved with cacaded cavity designs, shown
in Fig. 5-18. In Fig. 5-18a, L; provided gain only for 1476 nm while L, provided
gain for both wavelength. L; was first excited by the pump, and as P, was
gradually increased, the leftover pump power would also excite L,. The output
power, while P,,,,, was gradually increased, is shown as a function of Py, in Fig.
5-19a. The spectrum for P,,,,, = 1950 mW is shown in Fig. 5-19b.

TmZBLAN, DOt ¢ ZBLAN FBG,
m: A =14760m m: A= 1487 nm

L1—20c =

Conﬁgura’aon with 20 cm and 40 cm lengths of Tm:ZBLAN fibre.
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Tm:ZBLAN Tm:ZBLAN FBG,

FBG,
A, = 1487 nm =
- L=30cm L, =80 cm = 1476 0m

(b) Configuration with 30 cm and 80 cm lengths of Tm:ZBLAN fibre.

Figure 5-18: S-band cascaded cavity dual-wavelength configurations.

InFig. 5-18b, L3, which was the first length of fibre to be excited at lower values
of Py, provided gain only for 1487 nm. L4 provided gain for both wavelengths.

The hysteresis behaviour of config. 5-18b can be seen in Fig. 5-20. The power
values have been measured with an OSA. The points shown in blue and green
are expressed in arbitrary units, as the laser device’s output connector has been
slightly pulled away from the OSA input connector, in such a way as to limit the
input of power into the OSA and avoid damaging it.

The values shown were all measured in one instance with constant distance
between both connectors. They are proportional to the power value measured in
dBm. The alighment between the left and right parts of the graphs is arbitrary.
P,ump was gradually increased from 0 mW to 1950 mW and then decreased back to
0 mW in one instance.

The hysteresis in the behaviour of the laser is limited. One does not see a
qualitative change in behaviour between the P,,,,, increase and its decrease. The
maximum total power that has been measured was 75 mW at 1650 mW of pump
power. The signal powers were 12 mW and 63 mW for 1476 nm and 1487 nm,

respectively.



97

—=&— 1476 nm
20 - —0— 1487 nm

15

10

Output power (mW)

-
/

0 T T T T T = r r r !
0 500 1000 1500 2000 2500
Input power (mW)

(a) Output powers from the laser in config. 5-18a.
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(b) Output spectrum of the dual-wavelength laser of config. 5-18a when P}, = 1950 mW

Figure 5-19: Output power and spectrum of the S-Band cascaded cavity laser
configuration shown in Fig. 5-18a.
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Figure 5-20: Hysteresis behaviour of the 5-18b configuration.
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5.5.3 Dual-Wavelength Lasing at 1487 and 1487.6 nm

Dual-wavelength at 1487 nm and 1487.6 nm, using bidirectional pumping,
has been achieved with the configuration shown in Fig. 5-21. In this section,
pump powers will be indicated in the format Ppuup1/Ppump2 and output powers in

the format P1487/P1487.6-

Tm:ZBLAN FBG Tm:ZBLAN FBG

L=30cm 1487nm L=45cm 1487.6 nm
.E e T Ty e

Stretched FBG

Figure 5-21: Setup for stretched FBG

Regions of Lasing

In Fig. 5-22, one can see which wavelengths are oscillating as a function of
both pump powers. The region of interest has been scanned in a raster pattern, by
increasing the input current of the second pump’s laser diode by 0.2 A per step (~
100 mW of pump), with fixed Pp,,,1. The input current of pump 1’s laser diode
was increased by 0.2 A and a new increasing scan of P,,,,,» values was made, until
the whole range P, = 0/0 mW to 950/700 mW was covered. In the graph, black
regions represent regions where no oscillation is observed, blue regions where
only 1487 nm oscillates, red regions where only 1487.6 nm oscillates, and green
regions represent simultaneous oscillation of both wavelength.

The spectrum at the lowest value of P,,;;; where dual-wavelength lasing was
achieved, which corresponds to the left tip of the green region on Fig. 5-22 is
shown in Fig. 5-23a. In Fig. 5-23b, we can see the spectrum for the highest

value of Pyyup1, when Ppy2 was adjusted to equalize both Pgigqn values as much
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as possible. Fig. 5-23c shows the spectrum when both P, are maximized. Only

1487.6 nm can be seen to lase in this figure.

I Lambda 2
[ Dual-wavelength
I Lambda 1
Il No lasing

Pump 2 (mW)
N w B ()] (2]
o o o o o
o o o o o

-
o
o

0 100 200 300 400 500 600 700 800 900
Pump 1 (mW)

Figure 5-22: Regions of oscillations as a function of both pump powers.
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(a) Spectrum for Py = 500/200 mW. (b) Spectrum for Py = 950/340 mW.
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Figure 5-23: Spectra measured during the first set of measurements done on
config. 5-21

Pump Thresholds

Fig. 5-24 shows the thresholds between the different regions of lasing for
config. 5-21, over the range P, = 0/0 mW to 2430/2050 mW. Short refers to 1487
nm and long to 1487.6 nm.

The border between lasing at 1487 nm and dual-wavelength lasing was first
measured by decreasing P,,,1. The border between no lasing and lasing at 1487.6
nm was then measured by decreasing Pp,1. The next step was measuring the
border between 1487.6 nm and dual operation by decreasing P,,,1. After that,
the border between no lasing and lasing at 1487 nm was measured by increasing
Ppumpz. With Ppypp1 = 2430 mW, P, was increased by increment of 0.5 A (~ 250
mW). The last step was to decrease Py by increment of 0.5 A when Py was

kept at 2050 mW.
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Figure 5-24: Observed thresholds for the laser configuration shown in Fig. 5-21

Three spectra obtained during the second set of measurements are shown in
Fig. 5-25. In Fig. 5-25a, we see the spectrum observed at the lowest Pp,,1 value
where dual-wavelength lasing is achieved. Fig. 5-25b shows the spectrum when
Ppump1 is increased to 2140 mW from the previous value. Fig. 5-25c shows the
spectrum where both values of P,,,,, are maximized.

Excitation Dynamics

In both sets of measurements, we can see a qualitatively similar behaviour.
If one increases P, enough to achieve lasing at 1487.6 nm, and then increases
Ppump1, dual-wavelength operation is achieved. When Py, is very high, the

highest P,,,;1 value has failed to achieve lasing, as the longest piece of Tm:ZBLAN
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fibre provides so much gain at 1487.6 nm that it inhibits lasing at 1487 nm through

gain competition.
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(a) Spectrum for Py = 410/140 mW. (b) Spectrum for Py, = 2140/140 mW.

Output power (Arbitrary units)

-70 T T T 1
1486,5 1487,0 1487,5 1488,0 1488,5

Wavelength (nm)
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Figure 5-25: Spectra measured during the second set of measurements done with
the cascaded cavity configuration at 1487 and 1487.6 nm

Spectra measured during the second set of measurements done on config. 5-21
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When P, is increased enough to achieve lasing at 1487 nm, and then P2
is increased, dual-wavelength is first achieved. For higher values of P, lasing
at 1487 nm is eventually inhibited by gain competition. Higher values of Py,
both decrease the dual-wavelength threshold and the extinction threshold of 1487
nm, with respect to Py2.

On the one hand, pump leftover from the short fibre excites the long fibre,
making it easier to achieve lasing conditions for 1487.6 nm. On the other hand, a
higher P,,,,1 value means the short length of fibre is more excited, and therefore
provides more gain only for 1487 nm, making it more resilient to gain competition.
5.6 Conclusion

In this chapter, the amplification of various lengths of Tm:ZBLAN fibre
pumped at 1064 nm has been studied. Comparison between the lengths can-
not be made since the loss induced by mechanical splices was uncontrollable.
The characteristics of the gain, with respect to wavelength and pump power, was
consistent with the theory explaining gain through the *H,—3H, transition, for
Piignar > —40 dBm.

Single wavelength lasing has been achieved at 1487 nm in a ring cavity laser,
and at 1476 nm in a linear cavity laser. An optimized configuration, where loss
was minimized, was tested and 340 mW of output at 1476 nm was obtained for a
Py = 1360 mW.

Dual-wavelength lasing was demonstrated for two pairs of wavelengths:
1476/1487 nm and 1487/1487.6 nm. In both cases, cascaded cavities were used.
Weak hysteresis was observed for the 1476/1487 nm pair. Lasing at 1487/1487.6 nm
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was more difficult to achieve due to gain competition. Bidirectional pumping was
used to control precisely the amount of excitation in both lengths of Tm:ZBLAN
fibre. The behaviour as a function of these two pump powers was recorded and

presented in this work.



CHAPTER 6
Conclusion and Future Work

This thesis has presented several fibre laser designs with Tm:ZBLAN fibre
as the gain medium. In chapter 2, a theoretical background is established. The
properties of glass hosts and how they affect ion dopant particles are described.
The advantages of ZBLAN fibres, in particular the low phonon energy, which is
necessary for lasing at both 810 nm and 1480 nm with Tm3* ions. The lasing
transitions and pumping schemes of four ions, Er¥*, Tm3*, Nd** and Yb?*, have
been presented.

In chapter 3, the writing methods of FBGs have been explained. The proper-
ties of four materials used in fibre fabrication, silica, ZBLAN, chalcogenides and
tellurites, have been exposed. This was followed by a comparison between the
fibre fabrication methods of the most commonly used material, silica, and the
material used to frabricate the fibres that were investigated in this thesis, ZBLAN,
which underlined the difficulty in fabricating ZBLAN fibres.

In chapter 4, the ASE spectra from two lengths of Tm:ZBLAN fibres, one
pumped at 790 nm and the other at 1064 nm, have been shown. The challenges
of measuring the laser output without a WDM coupler to separate the signal
and pump wavelengths are explained. Single-wavelength lasing at 810 nm with
a single cavity configuration has been achieved and the results were presented.

Dual-wavelength lasing at 805 nm and 810 nm, with both a single-cavity and a

106
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cascaded cavity configurations has been demonstrated. The cascaded cavity was
shown to have less hysteresis in its behaviour.

Further investigation, involving Tm:ZBLAN fibre that is optimized for op-
eration at 810 nm rather than 1480 nm, would improve performance. The MFD
loss between the Tm:ZBLAN fibre and FBG would be reduced. The fibre that was
used could support more than one mode at 810 nm; further work may involve
investigating the spatial modal properties of the laser’s output. Use of a 800/1064
nm coupler would allow more different configurations wot be used and tested.

In chapter 5, the gain of several lengths of fibre in amplification configura-
tion was presented. The uncontrollable loss of the mechanical splices prohibited
comparison between the various lengths. The variations in gain, relative to the
Ppump and Agignar, were consistent with the theory for the 3Hy—3H, transition when
Psignar > —40 dBm.

At 1487 nm, single wavelength lasing was demonstrated in a ring cavity laser,
and at 1476 nm in a linear cavity laser. The linear cavity configuration has been
optimized to reduce loss, and better performance was obtained.

Dual-wavelength operation was also demonstrated with cascaded cavities, for
two pairs of wavelengths: 1476/1487 nm and 1487/1487.6 nm. Weak hysteresis was
observed for the 1476/1487 nm pair. Gain competition made lasing at 1487/1487.6
nm more difficult, so bidirectional pumping was used to control the excitation
of both fibres indvidally. The effect of both pumps on the laser’s behaviour was

presented.
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Further research may involve dual-wavelength lasing involving two bands
sharing the same upper level, such as 810 nm and 1480 nm, to see how gain

competition affects the performance.
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