Chapter 2
The Modelling of Fibre Lasers
for Mid-Infrared Wavelengths

L. Sojka, T.M. Benson, D. Furniss, Z. Tang, H. Sakr,
A.B. Seddon and S. Sujecki

Abstract This chapter describes numerical investigations of some of the possibil-
ities for obtaining mid-infrared laser action in rare earth doped chalcogenide glass
fibres, starting from some basic laser physics and progressing through the develop-
ment of numerical fibre laser models and the experimental techniques for extracting
modelling parameters.

2.1 Introduction to Mid-Infrared Fibre Lasers

2.1.1 Mid-Infrared Lasers; Technology Drivers
and Potential Applications

Mid-infrared light sources are one of the most quickly developing subjects in the pho-
tonic area in recent years. The reason for this is that they can find many applications,
for example in:

e remote sensing; many gases e.g. CO,, N,O, CO have an absorption band in the
mid-infrared region [1-3].

e medicine; many human tissues have absorption in the mid-infrared region so they
respond better to treatment with a laser that works in the mid-infrared region
[1, 4] and

e security and military applications; including the sensing of toxic gases, the detec-
tion of explosives and infrared counter-measurements [1].

In order to find application in these areas sources should offer: compact dimen-
sions, robust construction, affordable price, high efficiency, high output power, vast
tuning range and good output beam quality. One of the types of lasers that can
combine all these features is fibre lasers.

L. Sojka - T.M. Benson (X)) - D. Furniss - Z. Tang - H. Sakr - A.B. Seddon - S. Sujecki
George Green Institute for Electromagnetics Research, University of Nottingham,
University Park, Nottingham NG7 2RD, UK

e-mail: trevor.benson @nottingham.ac.uk

© Springer International Publishing AG 2017 39
A. Agrawal et al. (eds.), Recent Trends in Computational Photonics,
Springer Series in Optical Sciences 204, DOI 10.1007/978-3-319-55438-9_2



40 L. Sojka et al.

2.1.2 Overview of Mid-Infrared Fibre Lasers

Over the past decades silica fibre has revolutionised optical technology. Using a
silica-based erbium doped fibre amplifier (EDFA) the signal in an optical network
can be amplified and transmitted over several hundreds of kilometres directly in the
optical domain. However, the working wavelength bands of commercially available
rare earth (RE) doped fibre lasers are from 0.5-3 wm, with a significant spectral gap
beyond 3.5 pm. One problem with obtaining higher wavelengths is connected with
the host glass material. Lanthanides possess many transitions in the mid-infrared
range. However these transitions can be quenched by the host material [5—11]. For
example, the most popular material used to elaborate fibre lasers is silica. However the
phonon energy of silica is 1100 cm ™' and this is the reason why wavelengths above
2 pwm are strongly quenched in this material. In order to construct a mid-infrared
fibre laser a suitable host material, with low phonon energy, has to be manufactured.
Lower phonon energy host glasses are required to reduce the multiphonon relax-
ation rates for mid-infrared transitions. At the time of writing the fibre laser with
the longest continuous emission wavelength, at 3.9 pm in a holmium (IIT) doped
ZBLAN (ZrF4-BaF,-LaF;-AlF;-NaF) glass fibre, was achieved by a group at the
University of Braunschweig [8]. However this result was only demonstrated for a
fibre cooled down to 77 K. Room temperature laser action was not detected [12, 13].
Recently, a ErzZBLAN continuous wave laser operating at 3.5 pm with high effi-
ciency was reported. The slope efficiency of this laser showed an order of magnitude
improvement over previous work. This was done by using a novel double pumping
scheme at 1.973 and 0.985 pum, respectively. 250 mW of output power at 3.5 pm was
produced by this laser for input powers around 2150 mW for 1.973 pwm and 200 mW
for 0.985 wm [14]. In 2015 Berrou et al. [15] reported the mid-infrared lasing at 3.9
pwm from Ho** in bulk In F3 glass. The laser system had a slope efficiency of 1.6%.
However, this laser only operates in pulse regime due to pulse pumping at 0.889 pm
[15]. Chalcogenide glasses offer significant advantages in the mid-infrared wave-
length region. These advantages include a low phonon energy, from 400 cm™! up to
230 cm™~' depending on the glass composition. Consequently, chalcogenide glasses
present low non-radiative decay rates and wide infrared transparency. These glasses
also have a high refractive index which results in higher absorption and emission
cross-sections in RE doped glasses. No laser action from rare earth doped optical
fibres at a wavelength beyond 4 pm has been reported up to date. Therefore this
chapter presents the recent research activities of the authors towards achieving the
first mid-infrared fibre laser operating above 4 wm [15].

The chapter is divided into seven sections. After this introduction, Sect.2.2
describes the physics underpinning the operation of a fibre laser. The current state-
of-the-art in mid-infrared optical fibre materials is presented in Sect. 2.3. In Sect. 2.4,
the experimental procedures that are used to obtain the spectroscopic parameters
for modelling lanthanide doped fibre lasers are described. The fibre laser numeri-
cal models are discussed in Sect.2.5. Numerical studies towards mid-infrared laser
action in rare earth doped chalcogenide glass with Dy**, Pr** or Tb** are presented
in Sect. 2.6. Finally, some conclusions are drawn in Sect.2.7.
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2.2 The Physics of Fibre Laser Systems

This section provides the Reader with necessary information for understanding the
physics underpinning the operation of a fibre laser.

2.2.1 Light-Matter Interactions in Gain Medium

In order to describe the physical process in a gain medium we examine an atomic
two level system as shown schematically in Fig.2.1. In this configuration there are
two levels corresponding to energies E; and E, such that E; <E; [16-22]. N; and N,
define the number of atoms per unit volume in each of the two states, respectively. The
atom population in thermal equilibrium is expressed by the Boltzmann distribution

[16-19].
N, E, - E;
A [ 2.1
exp( Ko ) (2.1

where kp is Boltzmann’s constant, and T is the absolute temperature (in Kelvin).
The first process that will be considered is absorption. The atom in the ground
state can make an upward transition to the upper state 2 by absorbing a photon of
energy equal to Ep; = E;— E; (see Fig.2.1). The absorption depends on the photon
energy; it needs to match the energy difference between the levels 1 and 2. Absorption
is an induced process. The probability of absorption per unit time can be given by
[16-19]:
Wi, = Bz x p(v) (2.2)

where By, is an Einstein coefficient with dimensions m? /(J x s) and p(v) is the
spectral density, defined as the radiated energy density per unit frequency interval
per unit volume [16-22]. p(v) is related to the intensity I and photon flux (¢) using
[16-19]:

n nxhxv
pw)=—-xIW)= ——xp(v) =n x hxw x ¢(v) (2.3)
c c
Fig. 2.1 Schematic absorption
representation of absorption 2 E,

in a two-level system

E,
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Fig. 2.2 Schematic (a)
representation of
spontaneous emission (a)
and stimulated emission b in
a two-level system. The
dashed line indicates
nonradiative decay
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where ¢ = # is the photon flux defined as the number of photons per area unit
area per unit time, I is the optical intensity defined as the power per unit area, n is
the refractive index of the medium, c is the speed of light in vacuum, h is Planck’s,
constant v is frequency of the wave, w = 27v is angular frequency and h = % is
the reduced Planck constant.

An atom in a higher energy state 2 can relax to the lower energy state by emit-
ting a photon. This phenomenon is called spontaneous emission (see Fig.2.2a). The
probability per second of spontaneous emission occurring is defined by another Ein-
stein coefficient, A;;. The probability of spontaneous emission, also known as the
spontaneous emission rate, can be written as

Wyt = Ay 2.4)
where A, is a rate constant with dimension s~!.

The atom can also spontaneously decay from E; to E; in a nonradiative manner
where no photon is emitted. This process can be due to the interaction between the
atoms or a vibration of the host material (see also Sect.2.2.4).

Another induced process is stimulated emission also known as the emission rate.
In stimulated emission a photon forces the atom to go from level 2 into 1 by emitting
another photon with the same phase and in the same direction as the initial photon (see
Fig.2.2b). Based on this process amplification in an active media can be achieved.
The probability of stimulated emission can be written as:

Wit = Bay x p(v) (2.5)

where By, is another Einstein coefficient with dimensions m?/(J x s) and p(v) is
the spectral density.
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Taking into account all the processes described above, the rate equation for the
two-level system is described as [16—19]:

dN
d—f = Ni x B x p() = Na x Bay x p(v) — Na x Ay (2.6)

The Einstein coefficients are related as follows [16—-19]:
By = Bp» 2.7)

and
8- m-h-v

Ay = 3 X By (2.8)
¢

The equations indicate that absorption, stimulated emission and spontaneous emis-
sion are strongly related. The relations established in this subsection will be further

used in Sect.2.2.6 and in Sect.2.5.

2.2.2 Cross—Section

In simple terms, the absorption cross-section defines the effective area over which the
atom can absorb a passing photon. The absorption cross-section depends o, (v) on
the wavelength of the light and is expressed in units of m?. The o, () multiplied by
N (number density, for example (ions/m3) can be termed as an absorption coefficient
a(v) = o,(v) x N [16-19]. Hence, the absorption cross-section can be extracted
from absorption measurements.

Emission cross-section describes the likelihood of releasing energy in the form of
a photon from an atom in an excited state. Similar to the case of o, (v’), the emission
cross-section g, (v) also depends on wavelength. The emission cross-section can be
extracted from an experimentally measured photoluminescence spectral shape using
the Fuchtbauer-Ladenburg equation [16—19]. In order to obtain a reliable result, the
emission spectrum cannot be affected by re-absorption or overlap of different fluores-
cent transitions. Further information about the experimental extraction of absorption
and emission cross-sections is given in Sect.2.4.

2.2.3 Lifetime

The fluorescence lifetime describes the probability per second that an atom in the
upper level transits to the lower state. In basic cases the spontaneous emission inten-
sity from an upper level is presented as an exponential decay with time. The decay can
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be due to radiative and nonradiative processes. The total lifetime 77 can be described
by following equation [16-19]:

1 1 1
— = AR+ Ang = — + — (2.9)
T TR TNR

where 77 is the total luminescence lifetime, A and Ay are the radiative and nonra-
diative rates respectively, and 7 and 7y are the radiative and nonradiative lifetimes.
The radiative lifetime can be calculated from Judd—Ofelt theory [18, 19]. The non-
radiative lifetime can be determined experimentally by measuring the total lifetime
from a laser transition and comparing this value with the radiative lifetime derived
from Judd—Ofelt theory. The nonradiative process is an undesirable phenomenon as
far as laser action is concerned because energy from this process is wasted as heat.
The nonradiative lifetime depends strongly on the glass composition and the vibra-
tion coupling between host and rare earth atoms [18-20].The quantum efficiency 7
is defined as the ratio of atoms that decay radiatively to the total decay rate A7. The
quantum efficiency can be expressed using the following equation [18-20]:

_Ar __ Ar (2.10)
n_AT_AR+ANR ’

The quality of the host material is often evaluated based on quantum efficiency. A high
quantum efficiency indicates that the radiative process dominates over nonradiative
ones [16-20].

2.2.4 Nonradiative Lifetimes

A situation commonly encountered is that the experimentally measured fluorescence
lifetime is smaller than the calculated one. As noted in the previous subsection, this
can be explained in the context of a nonradiative emission occurring simultaneously
with the radiative transition. The probability of nonradiative processes A yg, can be
described using the following equation [1, 18-20]:

Ang = By x n(T) + 1) x exp(—ag, x A E) (2.11)
where p is the number of phonons required to bridge the gap A E:

_ 4k (2.12)
p=7- .
hw is the energy of the phonon. Parameters B, and o in (2.11) describe the host
material, n(T) is the Bose-Einstein number, which describes the phonon population
as a function of temperature:
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(2.13)

The nonradiative transition probability is the same as the multiphonon relaxation
rate Ayg, when ion-ion interactions are neglected. The multiphonon relaxation rate
increases exponentially with decreasing energy gap AE that needs to be bridged by
the particular phonons [16-22]. The phonon energy depends on the vibrational fre-
quency of the anion-cation bonds of the glass [1, 18-20]. Usually, glasses comprised
of large anions and larger cations show low phonon energy, and consequently high
transparency in the mid-infrared region [1, 18-20]. Therefore glasses with heavier
ions in the lattice have a lower phonon energy and according to formula (2.11), a
slower multiphonon relaxation rate. Experimentally, the phonon energy /w may be
obtained using Raman Spectroscopy [1].

The constants «;, and By, in (2.11) are experimentally determined parameters
which are constant for a given host glass. They are derived from fitting (2.11) to the
experimental Ayg against energy gap (AE) data. The Ay is determinated using
Angr = A7 — Ag. The chalcogenide glasses have the lowest phonon energy amongst
optical glasses. Consequently, they have the lowest nonradiative rates in the 3—6 pm
region. Hence, they are potentially the best host materials for mid-infrared fibre
lasers.

2.2.5 Branching Ratio

The branching ratio defines the relative intensities of the transitions from an excited
level (i) to all terminated levels. In other words it is the amount of spontaneous
radiation from the actual laser transition to all lower levels. The sum of branching
ratio for all possible transitions must be unity i.e.>_; 3;; = 1.

The branching ratio is calculated using following equation [16—19]:

Bij = - = Aij X1 (2.14)

where [3;; is the branching ratio, A;; is the radiative rate for transition ij and 7 is
the total luminescence lifetime. Generally the branching ratios are determined using
Judd-Ofelt theory [18-22].

2.2.6 Gain in Active Media

Gain in an active medium depends on the balance between the two induced processes
of stimulated emission and absorption. The amplification process is illustrated
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schematically in Fig.2.3. The number of photons added per unit volume per sec-
ond can be described using [16-22]:

hotonsaage d
_photonswded__ 49 _ \ y N, = ANW @15
(volume)(time)  dz

where ¢ is the photon flux, (see Sect.2.2.1), N, and N, are the population densities of
upper and lower laser levels,W,; = 0.(\) x ¢ and Wi, = g,()\) X ¢ are probability
densities that an atom emits or absorbs a photon respectively, where o, and o, are
emission and absorption cross-sections as described in Sect.2.2.2. The probability
densities have been introduced in Sect.2.2.1. The (2.15) can be expressed in the
form:

do

= (N20e(A) = N10a(N) x ¢ (2.16)
z

The gain coefficient y(\) can be defined as [16-19]:

YA = N2o.(N) — N1og(N) 2.17)

such that 4
= YA x ¢ (2.18)

Z

The gain in an active medium depends on the population densities N and N; and
the absorption and emission cross-sections. Equation (2.17) shows that when N0, >
Nyo, we have amplification. To achieve amplification this “population inversion”
condition must be satisfied.

Inthe caseof N0, < Njo, we have attenuation, the photon-flux density decreases
on propagation. If N, — N| = 0, the medium is transparent. Considering equation
(2.17) it can be concluded that knowledge of the emission and absorption cross-
sections is very important in amplifier and laser design [1, 16-22].
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Fig. 2.4 Simplified diagram of the energy levels in a three level laser system (a) and four level
system (b)

2.2.7 Laser Systems

In the previous section the gain in an active material was explained for a two level
system. However in general, lasers operate in three or four level systems. A simplified
diagram of the energy levels for a three level system is depicted in Fig.2.4a. In this
system the atoms are excited from the ground state (level 1) into level 3 using a pump.
They rapidly decay into the long lived level 2 emitting a phonon. The long lifetime of
level 2 allows a population inversion to occur between levels 2 and 1; amplification
of a signal beam can thus occur due to stimulated emission. The disadvantage of
this configuration is that in order to achieve population inversion more than half of
the atoms need to be excited to the upper laser level (2). This requires that high
pump energy is needed i.e. the associated laser threshold is relatively high. The most
popular three level laser systems are erbium doped solid state lasers operating at 1.55
pm [16-22].

A simplified diagram of a four level laser system is shown in Fig. 2.4b. In this laser
system the atoms are excited from the ground state (level 1) to level 4 using a pump.
From level 4 they rapidly decay into level 3 emitting a phonon. A long lifetime of
the level 3 combined with a short lifetime of the level 2 allows population inversion
to build up in level 3 relative to level 2. Population inversion can be readily achieved
in this system, because the laser action is between levels 3 and 2 and not with the
respect to the ground state. Four level systems thus have low thresholds [16-22].

2.2.8 Laser Theory

In Sect.2.2.6 it was shown that light can be amplified by a stimulated emission
process. In order to make a laser, positive feedback needs to be added to the system.
This can be done by placing the active medium into a cavity consisting, for example,
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of two high reflectance dichroic mirrors or fibre Bragg gratings (FBG). A dichroic
mirror is a mirror with significantly different reflection or transmission properties at
two different wavelengths. For example in a laser cavity the dichroic mirror should
have high transmission for the pump wavelength in order to pass the pump energy into
gain medium. On the other hand it should be highly reflective for the laser wavelength
in order to provide a high degree of feedback [16-19]. A fibre Bragg grating (FBG)
can also provide wavelength dependent reflectivity controlled by forming a periodic
variation in the refractive index of the fibre core. The dichroic mirrors or FBGs, at
each end of the cavity, reflect the light backwards and forwards within the cavity
end; on every round trip, more and more photons are generated.

The dichroic mirrors or FBGs should provide sufficient feedback to ensure laser
action. The laser cavity can be also formed by Fresnel reflection from the end facets
of the gain medium and air [16-22]. There are two requirements for laser action:
a gain condition, and a phase condition. The gain condition states that in order to
achieve the laser action the round trip gain must be greater than the cavity loss [16—
22]. The phase condition states that the phase shift in a single round trip must be an
integer multiple of 27 to ensure that the phase of the signal feedback at the input
matches the phase of the original input [16-22].

Rare earth ions are key materials for development of fibre laser, therefore in the
next subsection the physical properties of rare earth ions are briefly described.

2.2.9 Rare Earth Doping

The rare earths (or lanthanides) form the lanthanide series of 14 similar elements
with atomic number in the range from 58 to 71 in the Periodic Table.

The rare earths have the following electronic configuration 1522522 p®4s234'°
4p®5524d'1°5p%6s%4 f*(5d")?, where x varies from 1 to 14 across the series. When
these elements are doped in glass fibres, they become triply ionised. Rare earth ions
are important in the development of lasers since the f electrons involved in these
optical phenomena are not greatly influenced by the crystal field of the surrounding
host material. The 4f shell is the only shell that is not complete. However, the other
shells are fully occupied. Therefore 4f electrons are shielded by the outer 5s and
5p shells. This results in 4f— 4f optical transitions which are comparatively sharp
and are only weakly sensitive to the host material [16—19]. The energy level of each
ion can be described using the Russell-Saunders notation 25 + 1L ;,where S is the
total spin quantum number, L is the orbital angular momentum quantum number,
J is total angular momentum quantum number, with J = L + S and 2J + 1 is the
degeneration of the level. More complete information about the identification of
particular transition in rare earth ions can be found in the literature [16-22].
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Fig. 2.5 Schematic diagram of a glass fibre laser

2.2.10 Fibre Lasers

The laser concept has been introduced in previous Sects.2.2.6-2.2.8 of this chapter.
This section focuses on the principle of operation of a fibre laser. A simplified diagram
of a fibre laser is shown in Fig.2.5. It is based on a rare earth ion doped core-clad
fibre. The doped core diameter is typically of the order of several microns or tens of
microns depending on the application. The pump and laser radiation are guided in the
core region of the fibre. The laser cavity is constructed using butt coupled dielectric
dichroic mirrors or inscribed in-fibre structure fibre Bragg gratings. A fibre laser
structure is very robust and simple in comparison with solid state or gas lasers. All
elements can be integrated and do not require alignment or maintaining. This is one of
the main reasons why fibre lasers have found many applications in industry [16-22].
Fibre lasers can be characterised by [16—48]:

A fully fibrerised laser cavity; this eliminates problems with optical alignment
High optical gain

Good quality of output beam, a fibre laser can work in a single mode regime
producing a beam close to diffraction limits

High efficiency, for example more than 70% for ytterbium doped silica fibre lasers
e A low threshold achieved through the use of a small core fibre. The damage
threshold power of a fibre can be controlled using a large mode area fibre

Broad tuning range

Compact size; the fibre laser can be bent or coiled

e Low cost of production, from one doped glass preform hundreds of metres of
doped fibre can be produced

2.3 Materials and Dopants

2.3.1 Short Review of Mid-Infrared Optical Fibre Materials

In order to access the mid-infrared spectral range a material with alow phonon energy
is needed. Materials with low phonon energy have two desirable properties. First they
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Table 2.1 Typical vibrational energies of bonds between ions in various glasses [1, 5-7, 18-20,
50-52]

Glasses Multiphonon energy (cm™!)
Oxides Borate 1400

Phosphate 1200

Silicate 1100

Germanate 900

Tellurite 700
Non-oxides Fluorides (e.g. ZBLAN) 550

Sulfides 425

Selenide 300

Selenide/Telluride 230

are transparent in the mid-infrared wavelength region (2 up to 20 wm). Figure2.6
presents the transmission ranges for silica, fluorides (i.e. ZBLAN) and chalcogenide
glasses, respectively. Chalcogenide glasses demonstrate good mid infrared transmis-
sion. Small bulk sulfide glasses of a few mms path length transmit light typically up to
wavelength of 10 wm selenide glasses up to about 16 and 20 wm for some telluride
glass composition (see Fig.2.6) [49]. Secondly the multiphonon absorption rate of
rare earth ions is greatly reduced in these hosts. In Table 2.1 the phonon energies for
various glasses are presented. The definition of phonon energy has been described
in Sect.2.2.4. Only a limited number of glasses have suitably low phonon energy in
order to achieve emission at wavelengths beyond 3.5 pm [1, 5-7, 18-20].

The chalcogenide glasses are good candidates for use as the host material for a mid-
infrared laser. The first reason for this can be seen from Table 2.1; the chalcogenide
glasses have the lowest multiphonon energy when compared with other materials
used to produce fibre lasers (fluorides, silicate see Table2.1) [1, 5-7, 18-20, 50—
52]. Chalcogenide glasses are based on the chalcogen elements sulfur, selenium and
tellurium, but not oxygen, from Group 16 of the new Periodic Table, along with
elements usually from the 14 and 15 Groups to form a stable glass. These glasses are
chemically and mechanically durable [5-7, 49, 50]. It is difficult to fabricate high
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purity chalcogenide glasses with low losses, but this problem can be overcome by
using special purification techniques [53-55]. The second reason that is chalcogenide
glass exhibits excellent resistance to moisture corrosion in comparison to fluoride
glasses.

2.3.2 Overview of Mid-Infrared Emission from Chalcogenide
Glasses and Fibres Doped with Pr’t, Dy3*, Th3+

In the literature we can find several publications about rare earth doped chalco-
genide glasses [5—7, 53—73]. Rare earth doped chalcogenide glass has all the neces-
sary parameters to construct an efficient laser that is: high emission and absorption
cross-sections, long lifetimes, and high quantum efficiencies [5-7, 53—73]. The mid-
infrared transitions are efficient in chalcogenide glass due to the low phonon energy
of the host. Rare earth energy level diagrams show possible mid-infrared radiative
transitions in chalcogenide glasses (see Fig.2.7). It can be seen that almost all rare
earth ions possess transitions in the mid-infrared range (except Yb** and Gd**).
In Fig.2.7 the mid-infrared emissions reported in the literature are indicated using
arrows. However, despite this promise, no successful realisation of a chalcogenide
glass based mid-infrared fibre laser has been presented in the literature. Only laser
action in a rare earth doped chalcogenide glass fibre at 1080 nm was reported. This
was achieved for a 22mm long gallium lanthanum sulphide glass fibre; but such
fibre required a lot of oxide to be added (to avoid devitrification) thus lowering their
phonon energy and lasing wavelength achievable [6]. The fibre had a 14 wm core
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Fig. 2.7 Rare earth diagram adapted from Diekie [74], with the arrows indicating mid-infrared
transitions in rare earth doped chalcogenide glasses reported in [57-73]. The notation that has been
used to label the transition in rare earth ions is briefly explained in Sect.2.2.9 [74]
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doped with 0.05% Nd, S5 with an outer diameter of 230 wm. The laser had a 0.7%
slope efficiency [56]. Several factors have to be taken into account to construct an
efficient mid-infrared laser based on a chalcogenide glass host. First, as mentioned
before, is the manufacture of high purity glass with a low optical loss level at pump
and emission wavelengths. Secondly, both the upper and lower laser manifolds pos-
sess long lifetimes in comparison to the ground state. This causes self-terminating
laser operation and makes achieving population inversion difficult [5-7, 53-73]. In
Sect. 2.6 the authors’ solution to overcome this problem will be presented. Another
problem that occurs in doped chalcogenide glass is crystallisation; it can influence
the loss via scattering [53-55].

Recently, many research groups have reported experimental emission from rare
earth doped chalcogenide glasses. However only limited numbers of papers report
on emission at wavelengths beyond 3.5 wm. Figure2.7 provides a simplified Dieke
diagram, containing only the mid-infrared transitions reported in the rare earth doped
chalcogenide glasses. A selected summary of emission at wavelengths beyond 3.5
pm reported in rare earth doped chalcogenide glasses is shown in Table 2.2. Table 2.2
includes rare earth dopant, host glass composition, pump wavelength, emission wave-
length, transition and quantum efficiency.

The limited number of research groups which has been able to achieve mid-
infrared emission from chalcogenide glass indicates that the technology of fabrication
and characterisation of these glasses is challenging.

2.4 Obtaining Spectroscopic Parameters as Inputs
to the Numerical Model

In this section we describe the experimental procedures that are used to obtain the
spectroscopic parameters for modelling lanthanide doped fibre lasers. The most
important parameters that are needed for modelling lasers are absorption cross-
section, emission cross-section and the photoluminescence lifetimes. These para-
meters are determined indirectly from measurements.

2.4.1 Absorption Cross-Section Measurements

The definition of absorption cross-section has already been given in Sect.2.2.2.
Absorption cross-section is experimentally extracted for a bulk sample by com-
paring the transmission spectra without and with the presence of the bulk glass sam-
ple. Absorption of light in a medium is described by Lambert—Beer law as follows
[16-19]:

I(L) = Ih(0) x e “F (2.19)
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where I(L) is the light intensity with the glass sample present, I is the light inten-
sity without the glass sample, « is the absorption coefficient, and L is the sample
thickness. The absorption cross-section can be calculated in the bulk sample from
the concentration doping (N) and absorption coefficient using following equation:

o

0.(v) = N (2.20)
where o,(v) is absorption cross-section, N is the number density, for example
ions/m3. Experimentally, the absorption cross-section can be directly measured using
a broadband light source (for example tungsten lamp or Globar heat sources) and
a spectrometer (for example FTIR (Fourier Transform Infrared Spectroscopy) or
grating monochromator) [16—19].

2.4.2 Emission Cross-Section Measurements

The emission cross-section can be obtained from photoluminescence spectral shape
measurements and scaled using the Fuchtbauer—Ladenburg (F-L) equation, given by
[16-19]:

)\4

= g X AjAA 2.21)

Oe

where A\ = 1(\)/ f I(M\)d\ is the line-shape of the emission band, 7(\) is the
blackbody-calibrated emission intensity, n is the refractive index, c is the speed of
light in a vacuum, A jj’ is the spontaneous emission rate of the transition and A is
the central wavelength of the emission [16-19].

Itis important to emphasise that in order to accurately calculate the emission cross-
section the photoluminescence spectral shape should be calibrated by the blackbody
response of the system. Additionally the photoluminescence spectral shape should
be free from re-absorption and contributions from other unwanted transitions. The
basic experimental setup used in fluorescence measurements is shown in Fig.2.8.
The fluorescence set-up consists of a laser pump, chopper, lock- in amplifier, optical
detector conjugate with preamplifier and also a data acquisition card and a com-
puter. Normally the fluorescence signal is very low, therefore in order to increase the
signal-to-noise ratio of the fluorescence signal it is modulated by the chopper, and
only signals with this particular modulation frequency are recorded by the lock-in
amplifier.

2.4.3 Lifetime Measurements

The definition of lifetime of rare earth doped materials has been already given in
Sect.2.2.3. In this subsection the experimental procedure of extracting the lifetime
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Fig. 2.8 Experimental setup for mid-infrared emission measurements

is briefly described. The decay lifetimes of emission are measured by exciting the
ions from the ground state to upper states using a pulsed laser diode. Most of the ions
should return spontaneously to the ground state or lower energy levels. From a
practical point of view the period when pump is off should be at least five times
longer than the measured lifetime in order to provide sufficient time for proper
sampling of the fluorescence signal. Additionally, the time response of the system
should be at least 1/10 of the lifetime which is to be measured. The value of the
lifetime can be found by fitting experimental data to a single exponential function
using a least squares algorithm. The fitting function is described by [16—-19]:

I1(t) = Iy x exp (—i) (2.22)

where, Iy is the intensity before the pump is switched off and 7 is the fluorescence
lifetime [16—19]. The experimental set-up for measuring the photoluminescence life-
time is presented in Fig.2.9. It consists of a pulsed pump laser, a monochromator
(set to the particular wavelength for which the lifetime will be measured), optical
detector connected with preamplifier and also an oscilloscope and a computer. In
order to increase signal-to-noise ratio the fluorescence decay signals should be col-
lected many times and results averaged. In our case the fluorescence decay signal
was measured 10000 times and subsequently averaged.
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Fig. 2.9 Experimental setup for photoluminescence decay measurements

2.5 Models for Fibre Lasers

Numerical modelling can be used to evaluate fibre laser parameters. Parameters like
optimum fibre length, output power, and optimum pump wavelength and pump power,
fibre waveguide geometry and laser slope efficiency can also be predicted using a
numerical fibre laser model. All this information is crucial for designing experimental
fibre lasers [75-97]. The basic properties of a fibre laser can be analysed using the rate
population equation, as introduced initially in Sect.2.2.6, and a propagation equation
for the pump and signal beams. The spectroscopic parameters of the lanthanide doped
material are needed as inputs for the numerical model. Basic parameters required
for the modelling are the absorption and emission cross-sections at pump and signal
wavelengths, the photoluminescence lifetimes and the photoluminescence branching
ratios. These parameters have been introduced in Sect. 2.2 [16—-20]. The spectroscopic
parameters can be extracted from spectroscopic measurements using the methods
described in Sect.2.4. The modelling results presented in this section are based on
the measured spectroscopic parameters.

In order to explain the laser modelling a Pr’* doped chalcogenide fibre laser
will be considered as a illustrating example. The Pr’* laser system has been chosen
because the explanation of this laser scheme should help the Reader understand the
further experimental and modelling results that will be presented in this chapter.
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Praseodymium has strong absorption bands at wavelengths around 1.55 and 2 pm.
For our purpose the band at 2 wm will be used. This band can be easily covered by
available semiconductor diodes in an (AlGaln) (AsSb) material system technology,
and also with solid state lasers doped with thulium and holmium [80-85]. The power
level generated by these sources is in the range of hundreds of Watts. In this chapter
we will propose the idea of a cascade laser pumped by 2 wm sources and based on
praseodymium doped chalcogenide glass fibre. The principal problem with pumping
praseodymium doped chalcogenide glass with a light source at 2 pm is that the level
(CF,,? Hg) —3 Hshasa long lifetime, circa 2.7 ms [7]. This causes the carrier pop-
ulation to accumulate in this level, which results a substantial depletion of the ground
state. This reduces the power that can be absorbed per unit length of fibre and con-
sequently the output power. In order to de-excite the *F,,*> Hg) —>3 Hs transition
a cascade laser structure is proposed [86—88]. In a cascade laser structure two transi-
tions, are simultaneously stimulated in the active fibre. Through simultaneous lasing
of the two wavelengths corresponding to these transitions, the upper level is suffi-
ciently depopulated so that efficient laser operation is achieved. Cascade operation
of the two laser transitions (* F»,> Hg) —>> Hs and®> Hs —>> H,, so that they occur
simultaneously, can be an alternative solution to deplete the CF,,? Hy) —3 Hs
populations [85-90]. We have proposed such a scheme for a Pr** chalcogenide glass
fibre laser.

The 3 level lasing system is presented in Fig.2.10. The laser design shown in
Fig.2.11 relies on the feedback provided by Bragg gratings inscribed into chalco-
genide glass. Another advantage of the cascade configuration is that the level
(*F,,® Hg) —>3 Hjs transitions are depopulated in a radiative way so that they do
not generate additional heat compared with a nonradiative process. This feature is
desirable in chalcogenide glass materials where the glass softening temperatures are
much lower than in silica glass [6].

(@) (b)
3F,, Hg *F2.’He
Woa | Wpe Wi3| W3 2040 nm 3700
Wsal Wscl 7 nm
*Hs s *H,
WsuZ WseZ

Wi 4890 nm

3H4 A 3H4

Fig. 2.10 a Schematic energy level scheme of Pr3*GeAsGaSe fibre, showing probabilities of
absorption (a), emission (e) and spontaneous emission (ij). The transition rates depicted in Fig. 2.10a
are defined as follows: the absorption and emission rates W pq, W pe,Wia1,Wie1, W2, Wyen of pump
and signals respectively, W3=W3+W3; the spontaneous decay rate of level 3, W5 the spontaneous
decay rate of level 2. b Simplified energy level diagram of Pr3* doped GeAsGaSe fibre, showing
cascade laser transitions
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Pump FBG  FBG FBG FBG  Qutput
Fig. 2.11 Cascade laser scheme in Pr’+ doped chalcogenide fibre with fibre Bragg gratings

2.5.1 Laser Rate and Propagation Equations

In order to calculate the laser performance one needs to know the spatial distribution
of the volume concentration of atoms in the various energy levels. The atom con-
centrations are usually calculated using a rate equations approach. For the energy
levels shown in Fig.2.10a the rate equations for the population densities N; in the
Pr3* chalcogenide glass system are given by [78, 86-88]:

dN:
d_t3 = WpaNi + Wsa1 No = (Wpye + Weer + W31 + W32) N3 (2.23)
dN,
Tl WsaaN1 — (Wee2 + W1 + Wia1)Na + (Wse1 + W32) N3 (2.24)
dN,;
7 = _(Wpa + W) N1 + (Weo + Wa) N2 + (Wpe + W31)N;3 (2.25)

The rate equations describe the rate of change of the population densities N, N;
and Nj as a result of absorption and stimulated emission, as well as radiative and
nonradiative transitions. These phenomena were described in detail in Sect.2.2. For
example the net rate of change of the atom concentration in level 3 is increased by
the pump rate W, and the stimulated absorption rate W, and decreased by the
stimulated emission rate Wy, ;, pump emission rate W, and spontaneous emission
rates W3, and W3.

In the steady state (% = 0) the (2.23)—(2.25) reduce to three algebraic equations.
The (2.23)—(2.25) are not linearly independent so each equation is determined by
all others. However they can be connected through the simple relation of particle
conservation [16-19]:

N =N;+ N, + N; (2.26)

The (2.26) follows from the principle that the sum of atom densities in all energy
levels should be equal to the total Pr’* concentration in the host glass.

In order to find a solution of the rate equation in the steady state (% = 0), these
equations can be re-written using matrix notation:
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_(Wpa + WsaZ) (WS€2 + WZI) (Wpe + W31) Nl 0
Wiaz —(Wsea + War + W) Wt + W) [ [ N2 | = | 0| (2.27)
1 1 1 N3 N

Using simple algebra Ny, N, and N3 can easily be obtained. In (2.23)—(2.27) the
stimulated emission or absorption rates are expressed by

W — Loy A (P + PY)
W Ahc

(2.28)

where I, is the overlap factor, which defines the fraction of energy that propagates
in the core to the total energy that propagates in the fibre (core and clad), oy, is
the absorption or emission cross-section for the xy transition (see Sects.2.2.2 and
2.4), P and P, denote the forward and backwards propagating signal, and pump
powers respectively, A-is the doping cross-section area, h is Planck’s constant, A, is
the wavelength of signals or pump and c is the speed of light in free space.

The spontaneous emission probability per unit time between levels i and j is
denoted by W;;. The radiative lifetime of Level 3is then 73 = 1/(W3; 4+ W3,) and the
branching ratio for the 3— 2 transition is 33, = W3, /(W31 + W3;). The branching
ratio has been described in Sect. 2.2.5. The optical power that propagates through the
doped fibre core or cladding region can be related with photon flux using [16-20]:

_ ¢chv A

P, T

(2.29)

The photon flux and intensity definitions are given in Sect.2.2.1. The propagation of
pump and signal powers P,, Py, Py respectively along the active fibre is described
by the following differential equations [16-20]:

Pi

dzf' =+1(0peNs — 0pa NPy Fap Py (2.30)
dPﬁ + +
- £151(0320 N3 — 0324 N2) P} F o1 Py (2.31)
dPs:‘Z: + +
- +12(021eN2 — 021aN1) Py F a2 P; (2.32)

where + and — refer to forward and backward travelling waves, respectively, Plf[ =
+ —.pt _ p+ —.pt _ p+ -
Pp +Pp ’Psl _Psl +PA ’PSZ - Px2+Ps2'

In order to solve the propagation equations numerically they need to be expressed

in a discrete form. According to the first order derivative the propagation equations

can be discretised into the form:
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P;(i +1) — P;(i)
dz

= I(0pe N3 — 0pa NPy (i) — i, Py (i) (2.33)

P, —1)—P;(i)
dz

= =TI (0peN3s — 0pa N1 P, (i) + p P, (i) (2.34)

Pl +1)— Ph@) . .
. i Lo = N (032 N3 — 032 N2) P (i) — a1 P (0) (2.35)

P (i —1)— P;(@i) o B
51 e S = (032 N3 — 0304 N2) P (i) + a1 Py (i) (2.36)

PG+ 1) — PL(@i) . .
2 i 2 = Io(021eN2 — 021aN1) P (i) — asa P () (2.37)

e = —T(021eN2 — 0214 N1) P, (i) + a0 P, (i) (2.38)

The propagation equations (2.30)—(2.38) describe the rate of change of pump and
signal photon flux as a function of the fibre length. The incremental number of pho-
tons gained is the difference between the stimulated emission rate and the stimulated
absorption rate. Generally the propagation equation represents the net gain in the
photon flux density per unit length (see also Sect.2.2.6). The (2.34)—(2.38) are pre-
sented in the form of the first-order Runge—Kutta equations. In such a form they can
be easy implemented.

2.5.2 Boundary Conditions

At the fibre ends boundary conditions for pump and signal fluxes need to be included.
These boundary conditions equate the forward and backward fields at either end of
the fibre, taking into consideration the output coupling fraction and the incident pump
light [75-97].

Py(0) = R, P, (0) + Ppin (2.39)
P (L) = Ry, P, (L) (2.40)
P (0) = Rix Py (0) (2.41)
P (L) = Ry P (L) (2.42)

P;g 0) = R P,(0) (2.43)
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Fig. 2.12 Schematic illustration of boundary conditions depicting the position of the input and
output mirrors at z = 0 and z = L, respectively. The input and output mirrors have reflectivities of
(Ria1,R102,R ) and (Roa1, Roxz, Ry)) respectively. The arrows show the direction of the forward
(superscript ‘+’) and backward (superscript ‘—’) pump and signals [78, 82, 83]

P5(L) = Ry P5(L) (2.44)

Here it is assumed that the length of the fibre is L and stated that:

P,y is the input pump power

Ry is the reflectivity of the input mirror at z=0 for signal wavelength A,

Ry is the reflectivity of the input mirror at z=0 for signal wavelength A,

R, is the reflectivity of the input mirror at z=0 for pump wavelength A,

Ry, is the reflectivity of the output mirror at z=L for signal wavelength A

R») is the reflectivity of the output mirror at z=L for signal wavelength A,

R, is the reflectivity of the output mirror at z=L for pump wavelength A,

The boundary conditions for signals and pump have been imposed according to
Fig.2.12.

In order to calculate optical power with respect to input pump power the (2.23)—
(2.45) have to be solved in a self-consistent manner with respect to the boundary
conditions at the ends of the fibre. In mathematical terms, we need to solve a two-
point boundary value problem. In order to resolve this problem sophisticated methods
for the numerical integration of the ordinary differential equations must be applied.
Therefore, convergence needs to be satisfied simultaneously in a multi-dimensional
space. Well-known methods for solving such a two-point boundary value problem
are the shooting method, the coupled solution method and a fixed point iteration
method [86-94].

In the present work a fixed point iteration method was used, as will be described
in Sect.2.5.3. The physical simulation parameters used in the modelling of the fibre
lasers are summarised in Table 2.3.

2.5.3 Numerical Calculation Procedure

The calculation procedure relies on solving the (2.24)—(2.45). To solve this set of
equations the fibre of length L is divided into K segments along the longitudinal axis
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Table 2.3 Fibre laser physical modelling parameters

Symbol Quantity Unit
Teore Fibre core radius pm
Telad Fibre clad radius pm
Acore Fibre core area umz
Aclad Fibre clad area pm?
L Fibre length m

N Ton concentration ions/cm?
As1 Signal 1 wavelength m
As2 Signal 2 wavelength pm
Ap Pump wavelength pm
0324 Signal 1 absorption cross-section cm?
032¢ Signal 1 emission cross-section cm?
O21a Signal 2 absorption cross-section cm?
T21e Signal 2 emission cross-section cm?
Opa Pump absorption cross-section cm?
O pe Pump emission cross-section cm?
Iy Overlap factor for singal 1

I'p Overlap factor for singal 2

ry Overlap factor for pump

T3 Lifetime of level 3 ms
™ Lifetime of level 2 ms
B3 Branching ratio for 3-2 transition

Qs Fibre loss at singal 1 wavelength dB/m
a0 Fibre loss at singal 2 wavelength dB/m
a, Fibre loss at pump wavelength dB/m
P, Pump power W

(see Fig.2.13), which then yields a spatial resolution of dz=L/K. Each individual fibre
segment contains its unique population densities, and pump and signals photon fluxes
are calculated at the ends of the segment. Initially, all populations are considered
to be in the ground-state (N; = N, N, = N3 =0). Photons fluxes are set to initial
values. Calculated population densities and photons fluxes are initial values for the
second segment of fibre. Based on these initial values the population densities and
photons fluxes are calculated. The forward and backward propagating photon fluxes
along the fibre are integrated using a Runge—Kutta (RK) routine. For example a RK
algorithm can be implemented in Matlab using the standard ode 45 function which
relies on a Dormand and Price version of the RK algorithm [78, 92]. In this manner
the calculations are carried out until the end of the fibre is reached. At the end of
the fibre a part of each of the photon fluxes is reflected by the mirror. In order to
include this behaviour in the algorithm boundary conditions are imposed and the



64 L. Sojka et al.

ds(1) ds(2) ds(z-1) ds(2)
Ru > > > > Riz
dp(1) dp(2) dp(z-1) dp(2) o
g g > g S, output
4) , inpu - >
P.input AN(1) AN(2) AN@z-DH || AN(z) Op, output
‘Zl B Zy - B Zx1 P Zy
z=0 ) ) ) z=L

Fig. 2.13 Schematic of longitudinal discretisation in fibre laser cavity [78]

population equations are recalculated based on the new values of the photon fluxes.
After reflection the beams are propagated in the counter direction in the same manner
as before. This procedure is repeated until the photon flux values converge to within
required tolerances. In the iteration procedure the convergence of the photon flux is
checked and the iterative process is terminated once sufficient accuracy is achieved
[78]. The convergence was checked using the following condition:

J+l1 J
Ps,out - Ps,out

p’

s,out

=TOL (2.45)

where TOL is the required tolerance, PY’ ju], is the output power value from the last
iteration, Py, is the output power value from the previous iteration.
It was found by numerical experiment that the tolerance should be set smaller than

10=°. The output signals powers were calculated as the fraction (1-Ryy; and 1-Rj )
of the forward signal powers.

2.5.4 Numerical Algorithm

The algorithm for modelling fibre lasers is presented below and summarised in the
following steps [78]:

1. Setup initial values (pump and signals wavelengths, the longitudinal step of cal-
culations Az = L/K, confinement factors for pump and signal wavelengths)

2. Include initial values of pump and signals powers at z = 0

3.Fori=0toK -1

Calculate N, (z) = f(P}, P}, P, P, P}, P),), Na(2) = f(P}, P}, P, P, Py, Py,
N3(z) = f(P}, P, PL, P, P{, P3,) using (2.23)~(2.29)

Calculate P%, Py}, Py using (2.30)~(2.38)

4.1If z = L apply boundary conditions defined by (2.39-2.44)
5.Fori=Kto 1
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Fig. 2.14 Numerically
calculated dependence of the
residual for different input
pump powers
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Calculate Ny (z) = f(P?, P}, P, P, Py, Py), Na(2) = (P, P, P4, P, P}, P,

sl sl
N3(z) = f(P}, P, P, P, P, Py,) using (2.23)~(2.29)
Calculate P5, Py}, Py using (2.30)~(2.38)
6. If z = 0 apply boundary conditions defined by (2.39)—(2.44)
Check convergence (2.45)
If (P{;:,l )-(PZL,T)>TOL go to step 3 and repeat until required convergence is achieved.

In order to prove that described numerical algorithm is robust the residual in
function of iteration number for different pump powers has been calculated (see
Fig.2.14). It can be observed that slightly slower convergence takes place for higher
input pump powers. However the developed algorithm converges rapidly and a self-
consistent solution can be found after only a few iterations [78].

In this section, the numerical modelling of fibre lasers has been described. Specif-
ically, the modelling of a Pr’* doped chalcogenide fibre laser was studied as an
illustrating example. The aim of this section was to introduce to the reader to the
numerical procedures used in fibre laser modelling.

2.6 Numerical and Theoretical Studies of Mid-Infrared
Laser Action in Chalcogenide Glasses Doped
with Dyt, Pr3+ or Th3+

In this section an investigation of chalcogenide glass fibre lasers doped with dyspro-
sium, praseodymium or terbium ions, that are proposed to work in the mid-infrared
wavelength range, is reported. A series of chalcogenide glass samples doped with
different concentrations of rare earth ions was manufactured. Modelling parameters
were derived from FTIR absorption measurements on the manufactured bulk glass
samples using Judd—Ofelt, Fuchtbauer—Ladenburg theory and McCumber theory
[16-20]. The modelling results indicate that, for all the dopants considered, efficient
laser action is achievable if optical losses are reduced to 1 dB/m or lower.
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Table 2.4 Calculated spectroscopic parameters (fluorescence branching ratio and radiative life-
time) of Dyt ,Pr3t Tb3t in Gejg 5As16Ga3Segs 5 glass

Quantity Dy** Pr3t Tb3+
Concentration 1000-2000 ppm 500-1500 ppm 500-1500 ppm
Lifetimes of level 3 2.2 ms 2.7 ms 5.9 ms
Lifetimes of level 2 6.1 ms 10.3 ms 11.8 ms
Branching ratio 0.0816 0.39 0.0876

for 3-2 transition

Pump wavelength 1.71 pm 2.04 pm 2.95 um
Signal wavelength (A1) 4.6 pm 4.89 pm 4.7 pm

Idler wavelength (A7) 3.20 pm 3.70 pm None

2.6.1 Parameters Used in Modelling

Table 2.4 shows radiative lifetimes and branching ratios calculated from Judd—Ofelt
method for the relevant transitions based on measured absorption spectra of Dy>*,
Pr3*, Tb?*. Other parameters presented in this Table, for example pump, signal and
idler wavelength have been discussed in detail in Sect.2.5.

From the FTIR measurements the absorption cross-sections were extracted in a
straightforward manner. The emission cross-sections were derived from the absorp-
tion cross-section spectra using the McCumber theory (see Sect.2.2.2) [16-20]. The
shape of missing absorption and emission cross-sections (for 4 um Pr**) was taken
from [7] and scaled using lifetime and branching ratio values taken from Table 2.4.
The spectral dependence of the emission and absorption cross-sections is presented
in Fig.2.15.

2.6.2 Modelling of Mid-Infrared Chalcogenide Fibre Lasers

Figure2.16 depicts the energy level diagrams for the three lanthanide ion dopants
studied (Dy**, Pr’*, Tb?*). In the case of Dy** and Pr**, obtaining mid-infrared
laser action is not simple since both the upper and lower laser levels possess long
decay lifetimes. Thus to mitigate this shortcoming a cascade laser configuration
was applied. The cascade configuration involves adding a laser signal (or idler) that
depopulates the lower or upper laser level. The cascade lasing configuration allows
simultaneous operation of upper and lower laser levels, in this way both the levels
are depopulated, mostly in a radiative way which reduces the heat generated. This
configuration was proven experimentally in the case of Er:ZBLAN and Ho:ZBLAN
fibre lasers [85, 89, 90]. The cascade fibre laser configuration is discussed in detail in
Sect.2.5 and also in [86-91]. In the case of Tb** doped chalcogenide glass the tran-
sitions from the ' Fy, " F3, " F», ' F, 7 F, levels are expected to be strongly quenched.
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Fig. 2.15 Calculated emission and absorption cross-sections as a function of wavelength for
aDy3*, b Pr’t and ¢ TH3* [86, 87]

Therefore the upper laser manifolds will relax quickly to the long-lived 7 Fs mani-
fold. A mid-infrared 3-level laser action (4.7 um) may thus be possible from the 7 Fs
to the 7 Fg level. Thus Tb>* does not need the cascade operation because an upper
laser lever is depopulated in a nonradiative way. Therefore a laser model similar to
that described in Sect.2.5 was used; however it has been assumed that the upper
transition was depopulated in a nonradiative way. Thus the idler was set to 0.

The numerical model used here, as described in Sect.2.5, is based on a self-
consistent solution of the level population rate equations and the optical propagation
equations [86-91]. The fibre structure is assumed to be a double-clad one operating
a single mode at both the signal and idler wavelengths, a core radius of 5.5 pm,
and a clad with a radius of 30 wm which is multimode for the pump wavelength.
The signal and idler wavelengths have been defined in Sect.2.5. The possibilities
of fabricating chalcogenide glass single mode fibre were proven in [49, 50]. The
pump confinement factor was evaluated under the assumption of pump power being
uniformly distributed throughout the fibre cladding. The confinement factors for the
signal and the idler were evaluated using the mode field distribution calculated for the
nominal wavelengths given in Table2.4. A fibre laser resonator structure proposed
in [86—88] is illustrated in Fig.2.11 and contains two pairs of fibre Bragg gratings
(FBG). The behaviour of a FBG in a laser cavity has been discussed in Sect.2.2.8.
One pair of gratings confines the signal, the other one the idler. The reflectivity of
the input FBG for the pump wavelength is taken to be 0.05 while for the signal and
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Fig. 2.16 Energy level diagram showing cascade laser transitions of a Dy>*, b Pr>* and ¢ Tb>*
[86, 87]

the idler it is taken to be 0.95. The output reflectivity is taken as 0.05 for the signal
and 0.9 for the idler. The fibre laser reflectivities were described in Sect.2.2.8. The
loss at all wavelengths is assumed to be 1 dB/m. (It can be noted that much lower
loss levels have been realised experimentally for simple chalcogenide glass fibres
[86-88]). In the case of Tb** doped selenide glass it has been assumed that only the
signal laser wavelength is trapped in the laser cavity. Detailed information about the
numerical modelling and modelling assumptions and parameters is given in Sect. 2.5.
The remaining modelling parameters are presented in Table2.4 and in Fig.2.15.

2.6.3 Dyt Doped Chalcogenide Glass Fibre Laser

First, chalcogenide glass doped with Dy** was investigated. The energy level dia-
gram is shown in Fig.2.16a. The doping concentration assumed in the model is
equal to 1500 ppmw (2.454 x 10" ions/cm?®). For similar doping level manufac-
tured chalcogenide bulk glass samples indicate no signs of crystallisation [54]. The
laser action at 4.6 wm in Dy>* doped glass can be achieved between the 7 H; 2 and
"Hy3)» levels by pumping the level Hjjj, with a 1.71 pm pump. The idler wave-
length (levels 7H13/2 and 7H15/2) is set to 3.2 wm. Figure 2.17a shows the calculated
signal power as a function of the fibre length and pump power. The slope efficiency
at a wavelength of 4.6 pm reaches about 9%, which is in good agreement with the
results quoted in [86—88].

2.6.4 Pr3t Doped Chalcogenide Glass Fibre Laser

The next dopant investigated is praseodymium, Pr’*. Pr3* has substantial absorp-
tion bands at 1.55 and 2 pm. In this case pumping at around 2 pwm is considered.
The main issue with pumping Pr’* doped chalcogenide glass at 2 wm is that the
(*F,,® Hg)states possess a relatively long lifetime, of about 2.7 ms. Therefore to
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Fig. 2.17 Numerically calculated signal power as a function of fibre length with different pump
power for a Dy, where signal wavelength 4.6 pm, idler wavelength 3.2 um, N = 1500 ppmw
(2.4549x 10'9 jons/cm?), & =1 dB/m, b Pr>*, where signal wavelength 4.89 pm, idler wavelength
3.7 wm, N = 1500 ppmw (2.8395x 10'? ions/cm?), @ = 1 dB/m, ¢ Tb3*, where signal wavelength
4.7 pm, idler wavelength set to 0), N = 1500 ppmw (2.51 % 10" ions/cm?), & = 1 dB/m [87]

de-excite the * F»,> Hy) level faster it is again proposed to use a cascade laser oper-
ation (see also Sect.2.5). The FBG wavelengths for the signal and the idler are
therefore fixed at 4.89 and 3.7 wm, respectively. Figure 2.17b depicts the calculated
signal power as a function of the fibre length and pump power. The slope efficiency
for 4.89 um wavelength reaches about 16%. The better efficiency than for Dy** can
be explained by Pr3*’s larger absorption cross section at 2.04 wm. This enables the
pump power to be absorbed much faster and be less impaired by the fibre losses [87].

2.6.5 Fibre Lasers Based on Tb** Doping

Here the laser action at 4.7 um appears between the levels 7 F5 and ” Fs. The pumping
wavelength is 2.95 pm and it can be obtained by commercially available Er:YAG
lasers and also by Er** and Ho?* doped ZBLAN fibre lasers [5, 12—15]. The fibre
structure is the same as in the previous cases; in the resonator structure only the
signal is trapped due to depopulation of upper laser transition in nonradiative way.
Figure2.17 presents the calculated power signal as a function of the fibre length and



70 L. Sojka et al.

a
@, O
| - 06 Z Pr 2
- 05 s
- 04 3 2
- 03 & 2
I - 02 3 |
! - 013 . 5
’ ~— I 0.0 | 0©
b FariTe - i) ¥~ 05 & 4 5.&
y R y
,‘.// —\\ - 21 @ 4;,; @
,25 A ;
0123 4567891 @@ 0123 45678 910 @@‘
fibre length/m fibre length/m
(c)
Tbs' 1 1.2
! C 1.0 %
i =
i o8 s
| f— 06 5
\/ ~_ Foa g
A 02
. [ 0.0
/_ 50.5 &
b ==
i £ 25 9
377 &
012345678910 '6‘0

fibre length/m

Fig. 2.18 Numerically calculated signal power as a function of fibre length with with different
level of fibre optical losses a Dy*>*, b Pr>* and ¢ Tb3*. The result were obtained with input pump
power P, =5 W [87]

pump power. The results prove that efficient laser action at 4.7 pwm is possible. The
slope efficiency reaches about 15%. These results show that Th®* doped chalcogenide
glass is a suitable choice for the future experimental development of the first fibre
laser working at 4.7 wm wavelength.

Figure 2.18 presents the calculated output power as a function of the fiber length
for selected values of the fibre loss. In all cases the doping concentration is 1500
ppmw and the pump power is 5 W. These results indicate that reasonable output
power can be obtained even when losses are as high as 3 dB/m.

2.6.6 Summary

In this section the possibility of attaining a mid-infrared laser based on rare
earth doped chalcogenide glass fibres was examined. Based on the experimentally
extracted parameters and numerical modelling the possibility of lasing in chalco-
genide glasses doped with Dy**, Pr** and Tb** was investigated. The results of our
numerical modelling suggest that in all cases considered efficient laser action (with
an efficiency of about 9-16%) can be obtained if the fibre losses are reduced to the
1 dB/m level.
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2.7 Concluding Remarks

The background of laser physics has been reviewed in this chapter (Sect.2.2). Fibre
lasers were introduced and reviewed in Sect.2.2.10. In Sect. 2.3 the recent progress
in mid-infrared sources has been presented. The main aim of the work described in
this chapter was to construct the first mid-infrared fibre laser. Thus the review has
been devoted to rare earth doped chalcogenide rare earth doped glasses materials as
a candidate for mid-infrared fibre lasers. Basic spectroscopic measurements used to
extract modeling parameters have been described briefly in Sect.2.4. In Sect. 2.5, the
numerical modelling of fibre lasers has been presented. Specifically, the modelling
of a Pr’* doped chalcogenide fibre laser was studied as an illustrating example.
Finally, (Sect.2.6) the possibility of realising a mid-infrared laser based on Dy3*,
Pr3* and Tb** doped chalcogenide glass fibres was investigated. In order to find the
parameters for fibre laser models a set of chalcogenide samples doped with Dy3*,
Pr3* and Tb** has been fabricated, and spectroscopically characterised. Accord-
ing to the experimental results, and numerical modelling, the feasibility of lasing in
chalcogenide glasses doped with Dy**, Pr** and Tb>* was investigated. Initial mod-
elling was used to predict optimum fibre lengths, dopant concentrations and efficient
pumping and lasing schemes. The numerical modelling results indicate that in all
cases considered an efficient laser action (efficiency about 8—16%) is achievable in
the cascade configuration provided the fibre losses are reduced to the 1 dB/m level.
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