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“If you want to find the secrets of the universe, think in terms of
enerqy, frequency and vibration.”

Nikola Tesla (1856-1943)
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Abstract

In this thesis, the feasibility investigation of different fiber lasers for mid-IR appli-
cations is accurately performed via home-made computer codes. Different host glasses
and pumping schemes are proposed. In particular, the thesis reports simulation results
referring to: i) an optimized optical source exploiting a master oscillator power ampli-
fier (MOPA) configuration, the MOPA pump and signal wavelengths being 1709 nm
and 4384 nm, respectively [1]; ii) the design of an efficient pumping scheme for a
Dy3*:GasGegySb1Ses fiber laser which provides an optical beam emission close to
4400 nm wavelength by employing two pump beams at 2850 nm and 4092 nm wave-
lengths [2[; iii) the employment of the particle swarm optimization (PSO) technique to
maximize the optical gain of an in-band pumped fiber amplifier based on a dysprosium-
doped ZBLAN glass; iv) the design of a continuous-wave (CW) fiber laser based on
the same dysprosium-doped ZBLAN glass; v) a time-dependent numerical model of a
dysprosium-doped ZBLAN glass fiber developed in order to design a pulsed laser emit-
ting at about 3 pm wavelength, by employing the gain switching technique [3]. In all
the cases, spectroscopic parameters measured on preliminary samples of chalcogenide
and ZBLAN glasses are taken into account to fulfill realistic simulations.

Chalcogenide glasses are extremely promising for innovative applications at longer
wavelengths, but further technological efforts in terms of glass purification, fiber draw-
ing and doping with rare earths are required. On the other hand, ZBLAN glasses offer
the possibility to develop novel lasers by employing available-on-the-market optical
fibers. For this reason, an experimental activity in collaboration with the research

group led by Prof. Gianluca Galzerano of the Department of Physics of Polytechnic

vii



University of Milan has been started in order to realize the set-up of a CW dysprosium-

doped ZBLAN fiber laser emitting at 3 pm.
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Introduction

In recent years, the availability of glasses with better optical properties in the
middle infrared (mid-IR), compared to silica, has opened the way for novel types of
optical sensors, lasers and amplifiers. In fact, a lot of rare earth energy transitions
with emission wavelengths greater than 2.5 pm, which are quenched in silica, could be
exploited more easily in low-phonon-energy glasses such as chalcogenide and fluoride
glasses, some of which are transparent till 15-20 pm. The mid-IR wavelength range is
important for several reasons. For example, many biological molecules and greenhouse
gases (like carbon dioxide, methane and nitrous oxide) exhibit strong absorption peaks
in this region of the electromagnetic spectrum. This is due to the existence of vibra-
tional resonances of chemical bonds such as C-H stretching (terminal alkynes, a kind
of hydrocarbons), N-H stretching (amines) and O-H stretching (alcohols, phenols). In
addition, the earth atmosphere exhibits several transmission windows, e.g. the 3—4 jnm,
4.3-5.0 pm, 8-10 pm and 10-14 pm wavelength ranges. Moreover, laser ablation surgery
can greatly benefit from the strong water absorption of biological tissues at mid-IR
wavelengths.

Mid-IR optical sources could be employed in optical sensing systems based on at-
tenuation [4,5] or fluorescence [6] measurements, whose feasibility has already been
demonstrated in the visible spectral range, finding application in the fields of chemi-
cal and biological sensing, remote sensing and earth atmosphere monitoring. Another
possible application could be in free space optical (FSO) communication, whose ma-
jor characteristics are the wide bandwidth, license-free spectrum, high bit rate, low

power and lightness [7,8]. FSO communication systems allow different optical links, e.g.



terrestrial ones within the Earth’s atmosphere, indoor, inter-satellite space, ground-
to-satellite/satellite-to-ground links [7-11]. In these systems, mid-IR optical amplifiers
play an important role by allowing light signals of different wavelengths, beyond the
third window, to be amplified simultaneously with the high efficiency typical of wave-
length division multiplexing (WDM) techniques. They could be useful in the receivers,
too. In this case, they could operate as appropriate preamplifiers before direct detec-
tion, thus enhancing the receiving station sensitivity.

Quantum cascade lasers (QCLs) are among the most popular devices with emission
in the mid-IR wavelength range. Their main advantages are the wavelength tunabil-
ity and the low cost. However, the beam quality achievable in fiber lasers cannot be
reached by QCLs. Moreover, power scaling, narrow linewidth and short pulse genera-
tion are features which can be obtained more easily and more efficiently in fiber lasers.
Therefore, this thesis has been devoted to the theoretical study, design and optimiza-
tion of optical fiber sources, i.e. rare earth-doped lasers and amplifiers, emitting in the
middle infrared. Both continuous-wave (CW) and pulsed regimes were considered.

Chapter 1 reports a brief overview of the optical materials employed in active
mid-IR fiber devices.

Chapter 2 illustrates the theoretical models developed for the design and the opti-
mization of rare earth-doped fiber lasers and amplifiers.

In chapter 3, the design of a master oscillator power amplifier (MOPA) configura-
tion for a Dy?T:GasGesnSb1oSes fiber laser is reported.

Chapter 4 reports an innovative pumping scheme, based on a double pump config-
uration, in order to further enhance the emission efficiency of the fiber laser shown in
chapter 3.

In chapter 5, the particle swarm optimization technique is exploited to optimize
the performance of a Dy**:ZBLAN fiber amplifier.

Chapter 6 reports the design of a continuous-wave fiber laser, based on the same
ZBLAN glass, emitting at 3 pm.

Finally, in chapter 7 a finite-difference time-domain (FDTD) algorithm is imple-



mented to numerically investigate the feasibility of a gain-switched Dy*+:ZBLAN fiber

laser.



Chapter 1

Optical materials for mid-IR

applications

1.1 Chalcogenide glasses

In recent years, chalcogenide glasses have been proposed as a potential host mate-
rial for rare earths to realize fiber amplifiers and lasers [1,2,5,12-16]. These glasses,
composed of elements such as sulphur (S), selenium (Se) and tellurium (Te), are char-
acterized by large absorption and emission cross sections for rare-earth ions, exhibiting
high refractive indices. Other important characteristics of chalcogenide glasses are the
absence of high-energy phonons in the vibrational spectrum and the low probability
of multiphonon relaxation of rare-earth ions. These properties increase the efficiency
of transitions between rare-earth energy levels compared to silica and fluoride glasses,
and also improve other radiative transitions useful for exploiting amplification effects in
the mid-infrared region (3-12 pm). Another important property of chalcogenide glasses,
for the manufacture of compact and efficient devices, is the capability, for many glass
compounds, to accommodate high dopant concentrations without ion clustering and
concentration quenching effects [17,18].

A classic method for the manufacture of microstructured optical fibers (MOF)

is the stack-and-draw technique. However, this technique induces high optical losses



(several dBm™') in chalcogenide glass MOFs due to the poor quality of the interfaces
between capillaries. Recently, a casting method has been proposed for the manufacture
of preforms made of chalcogenide glass [19]. Glass samples consisting of a compound
of AssgSegy and GeqgAsgsSegs are manufactured and purified using the typical sealed
silica tube method. To develop the fiber, a rather fluid liquid glass is moulded into
a silica container with aligned silica capillaries. Once the liquid has filled the empty
space, the silica container is tempered at room temperature. The operation is followed
by the dissolution of the silica capillaries by treatment with hydrofluoric acid (HF).
The mould is entirely made from a capillary wire in hexagonal silica guides. The
silica guides are prepared by cutting a preform of microstructured silica. After the
dissolution of the silica, the resulting microstructured chalcogenide glass preform is
pulled into fibers in controlled helium atmosphere. Typical diameters of fibers made
by this process range from 100 to 300 pm. During the process, the diameters of the
holes are adjusted by applying an appropriate pressure to the holes in the preform.
Fig. 1.1 reports some examples of optical fiber geometries which can be obtained by
employing this technique.

In chapters 3 and 4, the GasGegySb19Sg5 chalcogenide glass is employed to design
a master oscillator power amplifier (MOPA) laser and an innovative pumping scheme

for a photonic crystal fiber (PCF) laser, respectively.

1.2 Fluoride glasses

Fluoride glasses are a class of non-oxide optical glasses composed of fluorides of
various metals. Of particular interest are the heavy metals fluoride glasses (HMFG),
synthesized by Poulain and Lucas in 1975 at the University of Rennes in France.
HMFGs exhibit a low optical attenuation, but are very brittle and not very resistant
to moisture. They are used for the manufacture of optical fibers in the mid-infrared
band thanks to the their low intrinsic losses with respect to silica fibers, which are

transparent only at wavelengths below 2 pm. In fact, fluoride glasses are transparent
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Figure 1.1: Examples of chalcogenide glass microstructured optical fibers: (a) three
rings large core fiber, (b) small suspended core, (c) three rings small core fiber, (d)
exposed core fiber and (e) highly birefringent fiber [20].

from the ultraviolet band to the mid-infrared band, without any absorption peak.

Many families of fluoride glasses have been studied, but only some of them have
been found suitable for the manufacture of high-quality optical fibers. Zirconium flu-
oride glass, commonly known as ZBLAN (ZrF,—BaF,-LaF;—-AlF;-NaF), was the first
to be discovered and is also the most stable. Initially, fibers made from such glass were
very brittle and expensive. Fortunately, much progress has been made over the last
15 years in improving the mechanical strength of these structures. Current fibers are
very solid and flexible, with a mechanical strength ranging from 350 MPa to 700 MPa,
depending on the geometry and parameters of the fiber [21].

The major disadvantage of ZBLAN glass is the difficult manufacturing process,
mainly due to the formation of bubbles and irregularities at the core-cladding interface.
The process takes place at 310°C in a controlled atmosphere (in order to minimize
contamination from oxygen and moisture impurities which would significantly weaken
the fiber). Manufacturing is also complicated by the small difference (only 124 °C)

between the glass transition temperature and the crystallization temperature. As a



result, ZBLAN fibers often contain undesired crystallites, which can be reduced by
working the material under zero-gravity conditions [22]. If a glassy mixture solidifies
too slowly, in fact, its atoms tend to crystallize in ordered structures. Earth gravity
also has deleterious effects, stretching and mixing the fluid, and making it easier for
the crystals to form. The solution could be to produce these glasses in space, in the
absence of gravity.

The main strengths of this glass are: (i) low dispersion, (ii) low refractive index (n =
1.48 at the wavelength A = 2.88um), (iii) low and negative temperature coefficient
of refractive index dn/dT, and (iv) high emission efficiency when doped with rare-
earth ions. Moreover, unlike chalcogenide fibers, ZBLAN ones are available on the
market and are widely used for many applications: spectroscopy, sensing, lasers and
amplifiers [23-34].

In chapters 5, 6 and 7, the ZBLAN glass is employed to design a fiber amplifier, a

continuous-wave fiber laser and a gain-switched fiber laser, respectively.

1.3 Optical amplification in rare earth-doped glasses

1.3.1 Light-matter interaction

The concept of optical amplification is based on the interaction between light and
matter, i.e. between the dopant atoms inside the active medium and the photons
of the light propagating through it. Each atom has a discrete set of energy levels,
each with a well-defined energy value. Electrons can occupy only these states and can

exchange energy with their surroundings only with transitions equal to the energy

heo

difference between two levels. Since the energy of a photon is given by £ = hv = ¢,

where h = 6.626 07 x 1073* Js~! is Planck’s constant, there is the possibility of energy
exchange between atom and radiation only if the energy associated with the photons
is greater than or equal to the energy difference between the energy levels considered.

Otherwise, the system will be transparent to the incident electromagnetic radiation.



When the density of atoms is high, like in a material, the energy levels undergo
strong transformations due to interatomic interactions and energy bands are generated.
These bands are composed of many energy levels so close together that they are almost
continuous. The energy transitions that occur in a medium, given the interaction with
light radiation, are absorption, stimulated emission and spontaneous emission.

When a photon interacts with an atom, it can be absorbed causing an electron to
transition from a lower energy level E; to a higher one FEs, if its frequency is equal
tov = % If ® = L is the photon flux of the incident wave (number of incident

hv

photons per unit time per unit area), the absorption rate can be defined as follows:

W12 = 0'12(1/)(1) = 0'12(I/)hIV (11)

where the coefficient 015 is the absorption cross section for the 1 — 2 transition and has
the dimension of a surface. In general, the cross section is a function of the frequency
v.

When an electron is in the excited state E5 and the system is affected by a photon
having energy equal to the difference between that level and an underlying one FEj,
there is the stimulated emission of a further photon with energy hv = E, — Ej,
accompanying the original photon and the transition of the electron to the lowest
energy level.

The main characteristic of the stimulated emission is that the secondary photon
has the same frequency and is in phase with the primary photon, producing a coherent
emission.

In an analogous way to the case of absorption, the rate of stimulated emission can

be defined as follows:
I
W21 = 0'21(1/)(1) = 0'21(1/)% (12)

where the coefficient o9; is the emission cross section for the 2 — 1 transition and has



the dimension of a surface.

When an electron is in the excited state Es, in the absence of interactions with the
surrounding environment, it remains in that state for a certain time which is defined
as the average lifetime 7.

Excited electrons tend to return spontaneously to the lowest energy level through
transitions that can be radiative, i.e. with the emission of a photon of energy hrv =
FE5 — E; equal to the energy difference between the levels, or non-radiative, in which
there is no photon emission, but the emission of a phonon with dissipation of energy
exchanged with the glass structure in the form of heat. The latter process is also
called non-radiative decay. Photons are emitted in a stochastic manner and there are
no phase relationships between the photons emitted by the group of de-exciting atoms.
Therefore, spontaneous emission results in incoherent emission.

If N5 is the number of excited atoms at level 2 per unit volume, the decay rate or

decay probability is given by:

ANy (1)
at

— A No(1) (1.3)

where the coefficient Ay, which has units s7!, is called Einstein A coefficient for the
2 — 1 transition and indicates the probability of spontaneous emission per unit time
of the single atom. The differential equation (1.3) is well-known in literature and its

solution is:

t

Ny(t) = Na(0)e 2t = Ny(0)e 721 (1.4)

where 11 = A%l is the average lifetime of the spontaneous emission, i.e. the time

interval after which the population of excited atoms at level 2 decreases by a factor of

% ~ 36.8 % with respect to the initial value.



1.3.2 Population inversion and optical pumping

Optical amplification within a glass medium doped with rare earths is based on
the stimulated emission of photons by electrons, whose decay towards the underlying
energy level is induced by the optical signal propagating through the structure.

The first problem to face is that, at room temperature, the fundamental level is
much more populated than the excited level. Another problem is that the stimulated
emission is in competition with the phenomena of spontaneous decay, radiative and
non-radiative. These have the double negative effect of deteriorating the amplification
by reducing the population of electrons at the higher level and, in the case of radiative
decay, of superimposing noise on the signal of interest. To obtain stimulated emission,
it is then necessary to make the population of the upper energy level greater than
that of the lower level, i.e. population inversion must be achieved. The population
inversion is obtained by sending a suitable optical signal, called pump signal, having
a wavelength lower (or equivalently a higher frequency) than that of the signal to be
amplified. This operation is called optical pumping.

The probability of a stimulated transition (absorption or emission) increases with
the increase of the number of ions excitable from the ground state to the upper level by
pumping. Thus, with the same pump power and transverse dimensions of the guiding
structure, the amplification strength improves as the dopant concentration increases.
However, there is a maximum limit to the dopant concentration in the glass matrix
beyond which phenomena of interaction between the dopant ions become prevalent,

causing a deterioration of the amplification capability.

1.3.3 Rare earth elements

Rare earths are divided into two groups of 14 elements each: lanthanides and ac-
tinides. Lanthanides range from cerium (atomic number Z = 58) to lutetium (Z = 71).
Among the actinides, the best known are thorium (Th), uranium (U) and plutonium

(Pu). Only lanthanides are important for optical amplification because they have sta-

10



ble isotopes. All rare-earth atoms have the same external electronic configuration as
Xenon ([Xe] 6s?) and the number of electrons occupying the 4f internal orbitals deter-
mine their optical characteristics.

Rare-earth ionization usually results in a trivalent form (e.g. Dy*"). Two 6s elec-
trons and one 4f electron are removed, instead the 5s and 5p orbitals do not undergo
alterations. The 4f electrons are therefore partially shielded from perturbations of ex-
ternal fields, so the wavelengths of emission and absorption depend less on variations
in the external fields than other transition elements.

The main characteristics of rare earths for use in active optical devices are:
 fluorescence and absorption in small wavelength ranges;

« negligible dependence on the host glass material;

o low intensity of emission and absorption transitions;

o rather long average lifetimes of the metastable states (in the order of ms);

 high quantum efficiency (ratio between the radiative emission rate and the overall

emission rate).

Moreover, a single active medium can be doped with more than one rare earth,
allowing the exploitation of peculiar energy transfer phenomena between different rare
earths [35-39]. Fig. 1.2 reports the list of rare earth elements along with their energy
levels.

In this thesis, the optical transitions of dysprosium (Dy) rare-earth ions are ex-
tensively studied and exploited in order to design fiber lasers and amplifiers operat-
ing in the wavelength ranges around 3pm (°Hy3o — %Hyjs/0 transition) and 4.4 pm

(6H11/2 — 6H13/2 transition).

11
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Chapter 2

Theory

In this chapter, the various analytical models developed for the design and the
optimization of rare earth-doped fiber lasers and amplifiers are presented. In particular,
in the first section the devices based on the GazGegzSb1pSes chalcogenide glass are
described, whereas in the second section those based on ZBLAN glass are considered.
Finally, a brief description of the particle swarm optimization (PSO) algorithm is

presented.

2.1 Analytical models for chalcogenide glass-based

devices

2.1.1 Master oscillator power amplifier pumped at 1.7 pm
Laser Modeling

The interaction of dysprosium ions with the light is modeled as a three levels
laser system, as illustrated in Fig. 2.1. All the relevant energy transitions are taken
into account, i.e. those involved in absorption, stimulated and spontaneous emission
phenomena. The amplified spontaneous emission (ASE) is neglected for laser operation

since its contribution is low compared to the generated signal.

13



®H1112 7 ; T T , — 3
[ e e v A
6H13/2 : i y | 4 4 7
o L
W w A A
| N
Oy 5/ =t - — 1

Figure 2.1: Energy levels and transitions for Dy?.

The laser steady-state rate equations (2.1) are:

Oll C{12 C{13 Nl O
Cgl 022 023 N2 — 0 (21)
031 032 033 N3 NDy

— p — — p 1 — — 1
where 011 = W13, 012 = W2S3, 013 = —ng — W§2 o 021 = 0, 022 = —WQS?) -

T2

Chs = Wi+ 22 and Oy = Csy = Cy3 = 1, Wy = U P(2)|E(x,y,v)* are the
transition rates and o;; the cross sections pertaining to the ¢ — j transition, i the
Planck constant, v the optical frequency, P(z) = P*(z) + P~ (z) the optical mode
power (superscript + for the forward propagating beam and superscript - for the
backward propagating beam), |E(z,y,v)[* the optical mode intensity normalized by
putting its surface integral over the waveguide cross-section equal to the unit, 7; the
lifetimes and f3;; the branching ratios, N;(x,y, 2) with i = 1,2,3 are the steady-state
ion populations of the i-th Dy3* energy level.

The laser power propagation equations (2.2) are:

dp,

P 9p(2) Py (2) — a(vp) Pp(2)
U ()P E) — ) () (2.2
= 0P () el P ()

14



where g,(2) = —o13(vp)ni(2, 1) + 031(Vp)n3(z, 1) and gs(2) = —oa3(vs)na(z, vs) +
UgQ(VS)ng(Z, I/S).

P

(2) and PF(z) are the optical powers for pump and signal, respectively. The

overlap integral between the normalized optical mode intensity and the population

concentrations of the energy levels is given by the following equation:

TLZ(Z,I/) :/ﬂ Nl($,y,2’)|E(Qf,y, I/)|2d$dy (23)
d

where g is the rare earth-doped region. It is apparent that in (2.3) the overlap inte-
gral depends on the optical mode intensity, which gives the frequency dependence of
ni(z,v).

Equations (2.1) and (2.2) are integrated with the boundary conditions imposed by

the laser mirrors:

{ P (L) = RyPH(Ly)

P(0) = Ry P (0)

where L is the laser cavity length.

Amplifier Modeling

The model for the Dy3*-doped fiber amplifier is very similar to that of the laser.
In this case, ASE is taken into account in the amplifier model to include the related
noise in the signal band. The ASE wavelength range spans from A = 4200 nm to
A = 4600 nm, its is sampled with AX = 0.6 nm period.

The amplifier steady-state rate equations (2.5) are:

Ci Cro+ W53 Ciz —W3°7 1M 0
021 022 - W2a§e 023 + W;QSB N2 - O (25)
O3 Cso Cs3 N3 NDy

The transition rates for ASE noise are given by the expression Wj* = o U’;l—l(,”)
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Suse(z, V)| E(z,y,v)[> dv. Sase(2,v) is the sum of the forward S

+.(z,v) and backward

Sz, V) power spectral densities. The other parameters are the same ones defined

previously.

The amplifier power propagation equations (2.6) are:

e R B
(ZI:S = gs(2) Ps(2) — a(vs) Ps(2)
S5 (2.6)
ﬁ - [gase(Z, V) — OZ(V)]S;;e<Z, V) + asp(z7 I/)
diz_se = —[gase(2,¥) — (V)] See (2, ) — asp(2,v)
where gase(2, V) = —023(V)n2(2,v) + 032(v)ns(z, v) and asp(2,v) = 2hvosa(v)ns(z, v).

The functions g,(z) and gs(z) are defined previously.

The optical gain of the amplifier is defined as follows:

C P(Li+Ly)  PL)
=Ry T R@L) 27)

where Ly is the length of the fiber amplifier and L = L + L.

The noise factor is:

1 St (L, vg)

while the noise figure is given by

The total efficiency n of the MOPA is defined as the ratio of the amplifier output

signal power to the laser input pump power:

B PS(L1 + Lg) B PS(L)
TSR0 T B0)

(2.10)
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The previous expression can be rewritten in terms of the amplifier optical gain G and

the laser efficiency njage;:

Y
G
Ay
=

= GMaser (2.11)

2.1.2 Double pumping at 2.85 pm and 4.1 pm

The rare earth-light interaction is modeled as a three level laser system (see Fig. 2.1).
The model includes the pump absorption and stimulated emission close to the pump
wavelengths Ay = 2850 nm (pump #1) and A2 = 4092nm (pump #2), and the signal
absorption and stimulated emission to the wavelength Ay = 4384 nm.

The rate equations (2.12) are:

Ci Ci2 Ci3 [y 0
Cy1 Cog Caz | | N2 | = | 0 (2.12)
C31 Cz2 Cs3d LN3 Npy

Where CH = 0, Clg = W;3+W§3, 013 = —W§2—W§2— L 021 = —W1p2, 022 = WQpl—i‘%,

ga
Cos = [% and C3; = U5 = C33 = 1, N;(z,y,2) with i = 1,2,3 are the steady-state

ion populations of the Dy** energy levels, W;; = Uiiiy)P(z)|E(x, y,v)|? the transition

rates, 0;; the cross section pertaining the ¢ — j transition, h the Planck constant, v
the optical frequency, P(z) the optical mode power, E(x,y,v) the normalized optical
mode intensity, 7; the lifetimes and ;; the branching ratios.

The power propagation equations (2.13) are:

dﬁl = gp1(2) Po1(2) — a(vp1) Poa(2)
d(f;z = gpa(2) Poa(2) — a(vp2) Ppa(2)
o (2.13)
dzs = g:(2) P (2) — a() P (2)
e G GP () + el P ()
where g1 (2) = —012(Vp1)n1 (2, Vp1) + 01 (Vp1)12(2, Vp1)s Gp2(2) = —023(Vp2)na(2, vpa) +
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032 (Vp2)n3(2, Vpa) and gs(2) = —023(vs)na(2, vs) + o32(vs)n3(2, 15).

Py1(2), Py(z), PE(z) are the optical powers for pump #1, pump #2 and sig-
nal, respectively. Positive sign is associated with forward direction, negative one with
backward direction. The overlap integral between the normalized optical mode inten-

sity and the population concentrations of the energy levels is given by the following

equation:

ni(zay) :/ NZ(ZE,y,Z>|E($7y,V>|2dZEdy (214)
Q

d

where ()4 is the rare earth-doped region.
Equations (2.12) and (2.13) are integrated with the boundary conditions imposed

by the laser mirrors:

{P;(L) = RQP:_(L) (2 15)

PH(0) = R, P (0)

2.2 Analytical models for ZBLAN glass-based de-

vices

2.2.1 Amplifier for 3 pm optical signals

The interaction of dysprosium ions with light, for the case of in-band pumping
at 2.6-2.8pum, can be modeled by employing a two energy levels system, as shown
in Fig. 2.2. The °Hy;/5 and °Hy3/5 energy levels are the ground state and the excited
state, respectively. All the most common rare earth-light interactions, i.e. absorption,
stimulated emission, radiative and nonradiative decays, are taken into account and

also the amplified spontaneous emission (ASE) noise contribution is considered. The
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Figure 2.2: Diagram of energy levels and transitions for Dy3* ions in ZBLAN glass.

level populations N;(z,y, z,t) and No(x,y, z,t) obey the following equation system:

ON.
2.16

ON-
67; = —(Wiga + Wega + WESA) N1 + (WE + W + WE* + Ag1 + Rop )Ny

where Ay = 7—12 and Ry = T% are the radiative and nonradiative decay rates for the

%Hy3/2 — 9Hys/o transition, respectively. The pump, signal and ASE noise transition

rates are given by:

g 1% .
Wasaley,2) = 22 p oy
1%
o 1% X
Wa(w.v.2) = ) p i oy
1%
o12(Vs .
W(S}SA<:C7Z/7’Z>: l}i(y )Ps<z)zs(x>y)
021\ Vs .
Wate..2) = 20 p i o,y
+0 gio(v .
Wegaly2) = [ 22 i y) v

Wis(e,y.2) = [ P S vl y) dv

where h is the Planck constant, v, and v are the pump and signal frequencies, respec-
tively, o12(v) and o1 (v) are the absorption and emission cross sections, respectively.
P, and P represent the (forward) pump and signal powers, whereas Syse = Sy, + Siee
is the total ASE power spectral density, i.e. the sum of forward and backward ASE

noise. Finally, ¢, and ¢ are the normalized transverse intensity profiles for the pump

and signal optical beams, respectively. Since the sum of level populations must be
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equal to the total dopant concentration Npy, the system of equations (2.16) can be
simplified by discarding one equation. Moreover, in continuous-wave operation, the
time derivatives vanish. Therefore, the following system of linear algebraic equations

is obtained:
{(WGPSA + Wega + Wasa) N1 — (WE + Wg + WE™ 4 Aoy + Ry )N = 0

Ny + Ny = Npy(z,9)
whose solution is:

_ Wesa + Wesa + WS,

- Wésa + Wesa + WaSs + WE + W5 + Wi + Ay + Ry
. W]g ‘I’ WE ‘|— Wﬁse + A21 + Rgl

- Wésa + Wesa + WaSs + WE + W5 + Wi + Ay + Ry

N2<x7y7 Z) NDy(xay)

Nl(x,y,Z) NDy($7y)

The evolution of the pump, signal and ASE noise powers along the fiber is governed

by the following nonlinear ordinary differential equations (ODEs):

dp,
dz
dP;

dz
djzse = [—012(V)n1s(2) + 021 (V)nas(2) — (V)] Sk, + 2hvoa (V)nas(2)
L o1y )mi(z) — o ()n(2) + (0] — Zhwon (V)2

= [—o12(Vp)n1p(2) + 091 (p)n2p(2) — (1) B,

= [_012(V5)nls(z) + o2 (VS)nQS(z) - O‘(”S)]Ps
(2.17)

where «a(v) is the optical loss of the glass. The overlap integrals between the ion
populations and the optical modes of both pump and signal can be calculated by

means of the following integrals over the rare earth-doped region 24:

nip(z) = //Qd Ni(z,y, 2)ip(x,y) dA
Nop(2) = //Qd Ny(z,y, 2)ip(z,y) dA
nis(z) = //Qd Ni(z,y, 2)is(z,y)dA

nags(z) = //Qd No(z,y, 2)is(v,y) dA
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Figure 2.3: Schematic of the amplifier.

In order to solve the ODEs (2.17), suitable boundary conditions must be imposed (see

Fig. 2.3):
Pp(o) - PpO
P,(0) = Py
Sie(0,0) =0
Sece(L,v) =0

The optical gain G and the noise figure N F' of the fiber amplifier can be calculated as
follows:

P(L)  P(L)
P,(0) Py

+
NF = 10logy, [é (1 + S}(LL”)N
Vs

G:

2.2.2 Continuous-wave laser emitting at 3 pm

In the case of in-band pumping, the Dy3* active ions can be modeled as a two
levels laser system (see Fig. 2.2). The electronic transitions involved are the follow-
ing: i) pump absorption and stimulated emission, ii) signal absorption and stimulated
emission, iii) radiative decay and multiphonon relaxation from the upper laser level

%Hy3/. Amplified spontaneous emission (ASE) is neglected.
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The rate equations in steady-state form can be written as:

{(WGPSA + Wesa)Ni(,y, 2) = (WE + W + Aoy + Roy) No(x,y, 2)
(2.18)

Nl(xmywz) + NQ(Z‘,y,Z) - NDY(x7y>

where N; and N, are the ion populations, Npy is the dysprosium concentration, Ay =
;12 is the radiative decay rate with 7 = 13.7ms, Ry = 1539s~! is the multiphonon

relaxation rate. The transition rates can be computed as follows:

UlQ(Vp)Pp(Z)lE(:E7 Y, VP)|2
hvy
0'21(Vp)Pp(Z)|E(x7 Y, VP)|2
hvy,
0-12(VS>PS(Z)|E<:C7 Y, VS)|2
hv
021(V8>PS(Z)|E('T7 Y, VS)|2
hv

WgSA(x7 Y, Z) -

We(z,y,2) =

WCS}SA(xa Y, Z) =

Wi (z,y,2) =

where o;; is the cross section for the i — j electronic transition, h is the Planck
constant, v,/ is the pump/signal frequency, P,(2) is the pump power, Ps(z) = P, (2)+

P (2) is the sum of forward (plus sign) and backward (minus sign) signal powers and

E(x,y,vps) is the transverse profile of the normalized electric field at frequency v4,s.

The solution of the rate equations (2.18) is straightforward:

_ Wisa + Wesa

— Wega + Wega + WE + W5 + Ay + Roy
_ WE + W5+ Aai + Ra
 Wisa + Wesa + Wh + Wi + Asy + Ry

NQ(xvyv Z) NDy(x7y)

Nl(xayaz) NDy(xay)

In order to compute the evolution of the pump and signal beams along the fiber,

the following power propagation equations must be solved:

o 9p(2)Py(2) — a(vp) By(2)

= = g.(2) B (2) — a(u) PF(2) (2.19)

S = —gy(2)P;(2) + a(vs) Py (2)
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Figure 2.4: Schematic of the device.
where g,(2) = —o12(vp)n1(2, 1) + 021(Vp)n2(z, 1) and gs(2) = —or2(vs)na(z, vs) +

091(vs)n2(z, vs) are the gain coefficients for the pump and signal beams respectively,
and a(v) denotes the fiber attenuation coefficient at frequency v. The overlap integrals

n;(z,v) over the doped region €4 can be computed as follows:

nizv) = [[ Ni(x.y,2)| B,y v)|? dedy
d

Finally, in order to solve the differential equation system (2.19), the following boundary
conditions imposed by the cavity mirrors must be satisfied:

P (L) = RP(L)

S

Pr

S

(0) = Ri P (0)

where L is the fiber length, while R; and R, are the reflectivities of the input and

output mirrors at the signal frequency vs, respectively.

2.2.3 Gain-switched fiber laser
Theoretical model

In the proposed model, the rate equations coupled with the time-varying power
propagation equations for the pump and signal beams are solved by including the
time derivatives. Group velocity for all propagating waves is taken into account [41-43].
The optical behavior of dysprosium ions, for in-band pumping at A\, = 2.8 um wave-

length, can be suitably modeled by employing a two levels laser system, as shown
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in Fig. 2.2. The ®Hy5/ and ®Hyy/s energy levels are the fundamental state and the
excited state, respectively. By taking into account the typical light-rare earth inter-
actions, i.e. absorption, stimulated emission, radiative and nonradiative decays, the
following equation system for the level populations Ni(x,y, z,t) and Ny(z,y, z,t) can
be written:

(98]\25/'2 = WasaN1 — (We + Aot + Rop )Ny

ON, (2.20)

o ~WasaN1 + (We + Aot + Rot )Ny
where Wgsa = Wlga + Wiga is the total transition rate pertaining to the ground
state absorption (GSA), Wi = W + W3 is the total transition rate pertaining to
the stimulated emission (E), while Aoy = 75! and Ry = Ty ! are the radiative and
nonradiative decay rates for the °Hs /2 — 5H, /2 transition, respectively. The transition

rates for the pump (p) and the signal (s) can be calculated as follows:

012(p)

Woor = “2ULURS 2.0)+ By e
WE = 2P+ By e Olip(o)
Waon = P2 P )+ P 0t
W = PP ) 4 P it

where h is the Planck constant, v, is the pump frequency, v5 is the signal frequency,
o12(v) and o91(v) are the frequency-dependent absorption and emission cross sec-
tions, respectively, PI:—L is the forward/backward pump power and P* is the for-
ward/backward signal power, i, and i5 are the normalized transverse intensity profiles
of pump and signal beams, respectively. The previous system of differential equations

(2.20) can be simplified because the sum of level populations is equal to the total
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dopant concentration Npy(z,y,2) = Ni(z,y, z,t) + No(x,y, 2, t):

ON,
— = Ny — A N-
BN WeasaN1 — (Wg + Ag1 + Ra1)No (2.21)

Ni(z,y,z,t) = Npy(z,y,2) — Nao(z,y, 2,t)

The propagation of the pump and signal optical beams is taken into account by the

following nonlinear partial differential equations (PDEs):

oPf 1 0Pf
8; + - 8; = [gp(2,t) — a(1p)| P
OP- 1 0P7 -
5 ot eEDFa)lp;
OP+ 1 9P* (2.22)
5.t o~ 50— atIRT +ag(a)
g
P~ 1P )
% o [—gs(z,t) + a(ve)| P — asp(z,t)
g

where

gp(z7 t) = _012(Vp)n1p(z7 t) + UQl(Vp)n2p(27 t)?
gs(z,t) = —o12(Vs)n1s(2, 1) + 021 (vs)nos(2, t),

Asp(2,t) = 2hUs Baseoa1 (Vs)nas(2, 1),

are the gain coefficient for the pump, the gain coefficient for the signal and the sponta-
neous emission term, respectively, v} and v; are the group velocities for the pump and
the signal, respectively, a(v) is the frequency-dependent optical loss of the glass and
B, is the equivalent noise bandwidth for the amplified spontaneous emission (ASE).

The overlap integrals over the rare earth-doped region €23 between the ion populations
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and the pump/signal optical modes are calculated as follows:

nlp(z7t) :/Q Nl(%%%ﬂ%(%@/) dflfdy
d
nap(2,1) = /Qd Na(2,y, 2, t)ip(7,y) dedy

nlS(th) :/Q Nl(x,y,z,t)is(x,y)dxdy
d

nas(zt) = | Nola.y, 2 1)iy(x.y) dody
d

Therefore, the actual spatial distribution of both the ion population and the electro-
magnetic field is taken into account.
In order to solve the previous PDEs (2.22), suitable boundary and initial conditions

are imposed (see Fig. 2.4):

PF(0,t) = Pyl(t)
Py (L,t) = Py(t)
P(0,t) = Ry(v5) P, (0,t)

P (L,t) = Ry(vs) P (L, 1)

where z = 0 and z = L represent the endpoints of the laser cavity, PSB(t) is the input
forward /backward pump power signal, R;(vs) is the first mirror reflectivity and Ro(vs)
is the second mirror reflectivity. In addition, the system is considered to be initially at
rest, therefore all rare earth ions are in the ground state and all the signals are zero

everywhere:

N1<x7y7 Z70) = NDy(xvy»Z)
No(x,y,2,0) =0

P (2,0) = P, (2,0) = P, (2,0) = P, (2,0) = 0

p
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The time evolution of the generated optical pulses can be obtained as follows:
P(t) = [1 = Ra(v)| T (L) (2.23)

Description of the FDTD algorithm

In order to solve the PDEs (2.22) along with the rate equations (2.21), a suitable
numerical algorithm must be employed. In this case, a finite-difference time-domain
(FDTD) algorithm is chosen. First of all, the computational domain Q = [0, L] x [0, T']
is divided into a number of grid points, by choosing a space step size Az and a time

step size At:

20=0,21 =Az,...,2,=1iAz,...,zy, = N,Az =L

to=0,t1 = At,... t; = jAt,... ty, = NAt =T

Then, the partial derivatives are approximated by employing a finite difference scheme.
For example, let us consider the forward pump power P (z,t), for which it is natural
to use a first-order forward difference at position z = z;:

8P;r
0z

_ By (ziv ty) = P (2, 1)
Az

(#ist5)

On the other hand, since the function is known at the previous time step, it is conve-

nient to use a first-order backward difference at time t = ¢;.

OPf
ot

P;(Zz,t]) — P;(Zi,t]’_l)
At

~

(thj)

These expressions are put in the first equation of PDEs (2.22), yielding:

Pl (21, ty) — P (zity) 1 By (zi,t) — B (2i,t5-1)

Ao + P A7 = [gp(2i, ;) — (1) Py (2, 1)
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which can be solved for P (zi11,1;):

Az Az
P+(Zl+1, ) <1 — gAt) P+<Zz,t )"— pAtP;(Zi,tj_l)

+gp (20, 1) — a(p)I1By (2, 1) Az

In order for the algorithm to be numerically stable, the following condition on the

vg At
Az

Courant number C = must be met:

C>1 (2.24)

Intuitively, this condition means that the chosen space step size Az has to be smaller
than the distance v? At traveled by light during the time At. The discretization of the
backward pump power P (z,t) is similar, except that a first-order backward difference

at position z = z; is employed:

25 ~ Py (zi,t5) = Py (i1, t5)
82 (zitj) AZ

from which it follows that:

_ Az B Az
By (zie1, 1) = <1 - u§At> Py (i, t;) + pAth (i, tj-1)

—[=9p(zi, ) + a(p)1 Py (2, t5) Az

The discretized equations for the forward and backward signal powers are:

PGt = (1= ) Pty + P i)

+1gs(2i,t5) — a(Ve)| P (20 1) Az + asp (25, t5) Az

_ Az _ Az
P (zim1,t5) = (1 - v;At) P (i ty) + o P (i ta)

g
—[=gs(zi, tj) + a(vs)| Py (21, 1) Az + agp(2, ;) Az
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The rate equations are defined on the 4D computational domain A = [—%, g] X

[—%, %] x [0,L] x [0,T], therefore two additional space step sizes Az and Ay are

needed. The related sampling points are:

N, —1 X
T Netl,...,0_1=—Ax, 10 = =Ax,...,x, =kAx,... , TNe1 = 5 Ar = 5
2 2
N, —1 Y
y,Ny2—1>"'7yfl:_Ayvyozoayl:Aya"'ayl:lAyv"'ayNy2—1: y2 Ay:§

The only partial derivative to be approximated with a finite difference is the time
derivative of the second level population Ny(x,y, 2,t), for which it is natural to use a
first-order forward-time scheme:

aNQ ~ NQ(xkathiatj-I—l) - N2(xk7ylvzivtj)
- At

(ThsY1s2ists)
By exploiting this relation, the rate equations become:
No(Tr, i, 2iy tiv1) = Wasa (@, i, 2o t5) N1 (Tr, i, zi, ) At

+[1 — (Wg(xk, yi, 2i, t;) + Ao + Roy) At|No(xg, yi, 2i, t5)

Ni(xk, i, 2is tjv1) = Noy(xk, v, 2i) — No(zg, yis 26, tj11)

The evaluation of the transition rates is straightforward:

g 12(Vp)
hvy,
021(Vp)

hv

Wesa (e, yi, 2i,t5) = [P (20, t5) + Py (20, 4)]ip (2, 1)

W]-Iﬂ)(xk7yla Ziy tj) - [P;(Zza ) + P (ZZ) )]Zp(xka yl)
b

012(Vs)
hv [
021(Vs)

hv

W(S}SA<xk>ylvzi’tj): Ps+( )+P (Zw )]i8<xk>yl)

Wk, yi, zi,t5) = [P (2 t5) + Py (2, t5))is(xr, 1)
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Finally, the discretized boundary and initial conditions are as follows:

Py(0,t;) = Pyy(t))
Py (L, t5) = Pol(ty)
BP0, t541) = Ri(vs) Py (0, )
Py (Litj1) = Ra(vs) P (L, t)
Ni(2k, Y15 2i,0) = Npy(2k, Ui, )
No(zk, yi, 2i,0) = 0

S

P;(ZI,O) = Pp_(Zz,O) = P:(Zi,()) = P_(Z“O) =0

2.3 Particle swarm optimization (PSO) algorithm

The particle swarm optimization (PSO) algorithm is a global search numerical
method, inspired by the social behavior exhibited by a variety of animals during their
search for food, e.g. bees, fishes, birds [44-47]. In the PSO algorithm, a population
of N tentative solutions or particles corresponds to the swarm of bees. The tentative
solutions are updated in the multidimensional solution space with the aim of optimizing
a suitable fitness function. For a D-dimensional search space, the position of each
particle is identified by a D-dimensional vector p,, which constitutes the tentative
solution (a set of tentative values of the independent variables). The fitness function is
optimized (e.g. maximized or minimized) during the execution. Each particle trajectory
is updated till the convergence criterion is reached. The particle trajectory depends on
i) the location in the solution space where the best fitness value is found by the single
particle, called personal best pP'3, and ii) the best location found by the entire swarm,
called global best p“E. The movement of each particle is affected by three factors: i)
the cognitive factor, related to the location in the solution space corresponding to the
best value of objective function for the considered particle; ii) the social factor, related

to the location corresponding to the best value of objective function for the whole
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swarm; iii) the inertial factor, i.e. a suitable resistance to the change of the particle
direction. Each of these factors is weighted by an ad hoc parameter: the cognitive
parameter c;, the social parameter c; and the inertial weight w.

The change of the current particle position is obtained by applying a velocity, v;,
which depends on both the personal experience and the collective experience of the
swarm. The position and the velocity of the particle are updated at the n+ 1 iteration

according to the following equations [44]:

v;(n+1) = x[vj(n) + cir(p; (n)™" = pj(n) + car2(pF — p;(n))]

pj(n+1)=p;(n)+v;n+1)

with 7 =1,2,..., N. The constriction factor CF is given by:

o 2
F =
2 —x — vXx* — 4x|
where Y = ¢; + ¢ and x > 4. r; and ry are two random numbers uniformly

distributed in the range [0, 1], employed to obtain an efficient search. Once the conver-
gence criterion is reached, the PSO procedure ends and the global best position p&® is

the optimized solution, i.e. the position where the fitness is maximized or minimized.
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Chapter 3

Design of a Dy3t-doped
chalcogenide master oscillator

power amplifier (MOPA)

3.1 Introduction

This chapter describes the design of a middle-infrared fiber laser based on a dysprosium-
doped chalcogenide glass, Dy**:GasGeanSb19Sgs. To obtain a high efficiency, the fiber
laser is followed by an optical amplifier, exploiting a master oscillator power amplifier
(MOPA) configuration. The MOPA pump and signal wavelengths are 1709 nm and
4384 nm, respectively. Spectroscopic parameters measured on preliminary samples of
chalcogenide glasses are taken into account to fulfill realistic simulations. The MOPA
emission is maximized by applying a particle swarm optimization (PSO) approach.
For the dysprosium concentration 6 x 10* ions/m? and the input pump power of 3W,
an output power of 637 mW can be obtained for optical fiber losses close to 1dBm™!.
The optimized MOPA configuration allows a laser efficiency larger than 21 %.

Among all the rare earths, dysprosium is one of the most promising candidate for
the generation of coherent radiation at A = 4.4 pm, by exploiting the “Hyy o — “Hig)o

laser transition. However, high efficiencies cannot be easily reached since the lower
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laser level °Hy3,5 has a long lifetime [12]. Different solutions which employ an auxiliary
idler laser signal have been proposed in literature [12,48,49]. Cascade lasing, involving
both the 6H11/2 — 6H13/2 and 6H13/2 — 6H15/2 transitions, allows the 6H13/2 level
depopulation and the increase of the %Hys /2 ground state population [12]. Both these
effects are useful to increase \g; = 4.4-4.8 nm wavelength emission. Direct pumping
into the upper laser level 5Hy; s2 at Ay = 1.7nm wavelength can be used in order to
promote the dysprosium ions in the Hjy /o upper laser level. A first couple of fiber
Bragg gratings (FBGs) are designed to obtain the signal lasing As;. A second couple
of FBGs allows a simultaneous secondary lasing at As = 2.7-3.4 pm. Therefore, the
purpose of this second lasing (idler) is the increase of signal intensity at the wavelength
As1- The aforesaid approach was predicted in [12]. A similar cascade configuration
was simulated in [48]. In both cases, no experimental work definitely demonstrated
the set-up feasibility. In fact, these pumping strategies are challenging, requiring the
construction of two pairs of resonant cavities and thus two pairs of fiber Bragg gratings
and the handling of soft glasses.

Rare earth-doped chalcogenide optical fiber fabrication exhibits different types of
obstacles concerning the cross section shaping. Defects originated by glass crystalliza-
tion during their drawing can occur due to the not completely mature technology,
limiting the design of the PCF transversal microstructure. Recently, strong improve-
ments have been reached. For example, losses have been reduced to few dBm™!. While
very low losses are required for supercontinuum generation [50], efficient lasing simply
requires the loss/gain ratio reduction. A good trade-off, can be reached i) by optimiz-
ing the host material in order to obtain a good dopant solubility even with losses of
few dBm ™! and ii) by refining the laser design. Therefore, the feasibility investigation
of chalcogenide optical fiber lasers is necessary.

In [49] the authors numerically compared different pumping techniques for dysprosium-
doped chalcogenide fiber lasers. The investigated configurations included different ap-
proaches: the pumping scheme proposed in [12]; a simple dysprosium-doped fiber, by

directly launching the pump power and by exploiting Fresnel reflection at the chalco-

33



genide glass-air interface; a pumping scheme based on bulk optical elements (beam
splitter and mirrors); an all-fiber structure. A laser efficiency close to nn = 15 % was sim-
ulated for a fiber laser cavity with a dysprosium concentration Npy, = 7 x 10?® ions/m?
and close to n = 7% for a dysprosium concentration Npy, = 3 x 10% ions/m?.

In this chapter, a new approach in order to obtain efficient lasing in dysprosium-
doped chalcogenide optical fiber is proposed. A master oscillator power amplifier
(MOPA) configuration is employed. It allows high pump power absorption inside the
laser cavity and high fabrication easiness, since it requires a single pump. The long
lifetime of the 5H; /2 energy level leads to a weak population inversion, severely af-
fecting the slope efficiency of fiber cavity laser configuration, even when high pump
powers are employed. This drawback is worsened if the fiber cavity exhibits high losses.
Preliminary simulations confirm the poor performance of this approach. On the other
end, optical amplification can be obtained even if the population inversion is weak.
This suggests that, by employing a fiber amplifier of proper length, the low output of
the laser stage can be boosted to a much higher level, enhancing the overall efficiency
of the system. The MOPA configuration is ideal for this application [51]. It is com-
posed of a FBG-based fiber laser and a fiber amplifier in cascade, i.e. the amplifier is
integrated on the same fiber after the laser cavity as in [51]. The drawbacks related to
the amplifier noise are not relevant for practical mid-IR applications. The pump and
signal wavelengths are A\, = 1709 nm and A = 4384 nm, respectively. A single-mode
photonic crystal fiber, which allows good light confinement, is employed. The chalco-
genide glass allows the light propagation at the wavelength Ay = 4384 nm. The PCF
technology is considered instead of a conventional fiber fabrication process i) in order
to maximize the mode area of the pump, thus reducing the thermal load density and
avoiding nonlinear effects in the chalcogenide glass; ii) to obtain a high beam qual-
ity, not obtainable with QCL sources. This choice, for the simulated power levels, is
not strictly necessary and a similar set-up could be designed by considering a simpler
conventional fiber. This could allow to avoid potential technological drawbacks. How-

ever, the simulated fiber section geometry is pertaining to a fabricated chalcogenide
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PCF [52]. Finally, to maximize the output power, the device is optimized by means of
a particle swarm optimization (PSO) algorithm [45,53,54].

The theoretical model is described in section 2.1.1.

3.2 MOPA design

Fig. 3.1 illustrates the MOPA configuration. It is composed of a fiber laser cavity
obtained by employing two suitable FBGs mirror. A fiber amplifier is integrated after
the laser cavity, via a proper design or by a subsequent splicing [55,56]. Moreover, a
proper angle cleaving of fiber end can make negligible the Fresnel reflection at output
glass-air interface. The pump and signal wavelengths are A\, = 1709nm and Ay =
4384 nm, respectively. Pumping at 1709 nm can be performed with Er:YLF lasers [57]
or with laser diodes [58] or QCLs.

The chalcogenide glass allows light propagation for wavelengths up to A\ = 15 pm;
therefore propagation at Ay = 4384 nm occurs without drawbacks. The PCF technology
is considered instead of the conventional fiber fabrication process in order to maximize
the mode area of the pump [59]. This allows to reduce the thermal load density, avoid-
ing nonlinear effects in the chalcogenide glass. In particular, the fiber cross section is
made of three rings of air holes surrounding the rare earth-doped solid core [17,60].
The fabrication of this kind of fiber was reported in [52]. Table 3.1 reports both the
geometrical [17,52] and spectroscopic parameters employed in the simulation; nomi-
nal values for all MOPA parameters are also included. The emission and absorption
cross sections and the fiber losses refer to fabricated glass samples. Fig. 3.2 illustrates
the emission and absorption cross sections close to 1709 nm and 4384 nm, which were
both evaluated using the Futchbauer-Ladenburg relation from fluorescence measure-
ments. The 1.7 pm absorption cross-section has been calculated from the absorption
spectrum, the 4.3 pm excited state absorption cross-section has been calculated from
the emission cross-section by using the McCumber formula. Similar values were calcu-

lated for selenide matrix [12,49,61]. The fiber losses can be reduced till @ = 1dBm™!
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Figure 3.1: Schematic of the laser cavity and the following amplifier section.

Table 3.1: Spectroscopic parameters of the dysprosium ions in chalcogenide glass,
geometrical parameters of the PCF and nominal values of MOPA parameters

Parameter Value
Lifetime of level 2, 7 7.03ms
Lifetime of level 3, 73 1.48 ms
Branching ratio for 3 — 2 transition, f3 0.088
Air-hole diameter, d 3.2pm
Pitch, A 8 pm
Doped region radius, Ry 4 m
Nominal laser cavity length, L, 0.3m
Nominal amplifier length, Lo 1m
Nominal dopant concentration, Npy 6 x 10%° ions/m?
Nominal FBG1 reflectivity, R, 99 %
Nominal FBG2 reflectivity, Ry 70 %
Pump power, P,(0) 0.5-5W

via an accurate glass purification [18,62]. These loss values are considered as feasible
ones. Perfectly matched layers are used to avoid the reflections into the computational
domain of the outgoing waves. The thickness of the PML layers is tpyr, = 12 pm.

In Fig. 3.3 the fiber laser output signal Ps(L;) versus dopant concentration Npy
is shown for different input pump powers P,(0) = 0.5 W (dotted curve), P,(0) = 1 W
(dashed curve), P,(0) = 3W (dash-dot curve), P,(0) = 5W (solid curve); laser cavity
length L; = 0.3m; first fiber grating FBG; R; = 99 %; second fiber grating FBG,
reflectivity Ry = 70 %. These results refer to the laser cavity alone, without the cascade
amplification stage. Pump powers higher than P,(0) = 5W are not considered since

deleterious nonlinear effects could rise, although the PCF section allows a reduction
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Figure 3.2: Dy**:GasGegoSb1Ses glass absorption and emission cross-sections.

of pump power density. By employing the laser without cascade amplifier, even by
considering high dopant concentrations, only few milliwatts of output power Pi(L;)
can be obtained. It is worthwhile noting that an increasing behavior of the output
power Pi(L;) is more apparent for dysprosium concentrations higher than Np, =
6 x 10% ions/m?3. Unfortunately, these values should be avoided since they might cause
glass devitrification.

Fig. 3.4 shows the residual (i.e. not absorbed) pump power P,(L;) versus dopant
concentration for the same parameters of Fig. 3.3. For high input pump powers, the
residual pump power is not negligible, e.g. about 83 % of P,(0) = 5W is wasted. A
decreasing behavior of the curves is obtained for concentrations higher than Np, =
6 x 10% ions/m? (not allowed). To overcome these problems, the MOPA configuration
is exploited [51].

Fig. 3.5 shows the optical signal power P,(L) of the Dy*"-doped MOPA versus laser
cavity length L, for different input pump powers; fiber amplifier length Ly = 1m;
dopant concentration Np, = 6 x 10?° ions/m?; first mirror reflectivity Ry = 99 %;
second mirror reflectivity Ry = 70 %. For low pump powers, P,(0) = 0.5-1 W, the
output power is almost constant for the laser cavity length L; from L; = 5cm to

Ly = 25cm, while it decreases for longer cavities. For high pump powers, P,(0) =
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Figure 3.3: Output signal power P,(L;) of the Dy*"-doped fiber laser without am-
plification stage versus dopant concentration Npy, for different input pump powers
P,(0) = 0.5W (dotted curve), P,(0) = 1W (dashed curve), P,(0) = 3W (dash-dot
curve), P,(0) = 5W (solid curve). Laser cavity length L; = 0.3 m; first mirror reflec-
tivity Ry = 99 %; second mirror reflectivity Ry = 70 %.
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Figure 3.4: Residual pump power P,(L;) of the Dy*"-doped fiber laser without am-
plification stage versus dopant concentration Npy, for different input pump powers
P,(0) = 0.5W (dotted curve), B,(0) = 1 W (dashed curve), P,(0) = 3W (dash-dot
curve), P,(0) = 5W (solid curve). Laser cavity length L; = 0.3 m; first mirror reflec-
tivity Ry = 99 %; second mirror reflectivity Ry = 70 %.

2-5 W, it increases by increasing the cavity length L, and reaches the maximum close

to L1 = 30 cm.

38



1.2

o
©
T

Output signal power PS(L) [W]
o
»

Laser cavity length L1 [em]

Figure 3.5: Optical signal power P,(L) of the Dy3*-doped MOPA versus laser cavity
length L, for different input pump powers P,(0) = 0.5 W (dotted curve), P,(0) = 1 W
(dashed curve), P,(0) = 3W (dash-dot curve), B,(0) = 5W (solid curve). Fiber
amplifier length Ly = 1m; dopant concentration Npy = 6 x 10%° ions/m?; first mirror
reflectivity Ry = 99 %; second mirror reflectivity Ry = 70 %.

Fig. 3.6 shows the optical signal power P,(L) of the Dy*"-doped MOPA versus fiber
amplifier length Lo, for different input pump powers; laser cavity length L; = 0.3 m;
dopant concentration Np, = 6 x 10?° ions/m?; first mirror reflectivity Ry = 99 %;
second mirror reflectivity Ry = 70 %. For short fibers, the power increases with the
length and reaches the maximum for lengths in the range from L, = 90 cm to about
L, = 110cm. After Ly, = 110cm, the power decreases since the pump is almost
completely absorbed, therefore optical attenuation is predominant with respect to
amplification.

Fig. 3.7 illustrates the output signal power Ps(L) of the Dy*"-doped MOPA versus
laser cavity length L, and fiber amplifier length Ls. The input pump power is P,(0) =
3W, the dopant concentration is Npy, = 6 X 10% ions/m?, the first mirror reflectivity
is Ry = 99%, while the second mirror reflectivity is Ry = 70%. It allows a quick
identification of the best MOPA configuration via a three-dimensional plot in which
the origin of the axes is suitably chosen.

Fig. 3.8 depicts the optical signal power Ps(L) of the Dy**-doped MOPA versus
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Figure 3.6: Optical signal power P,(L) of the Dy*"-doped MOPA versus fiber amplifier
length Lo, for different input pump powers; laser cavity length L; = 0.3m; dopant
concentration Np, = 6 x 10%° ions/m?; first mirror reflectivity R; = 99 %; second
mirror reflectivity Ry = 70 %.
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Figure 3.7: Output signal power P,(L) of the Dy3*-doped MOPA versus laser cavity
length L, and fiber amplifier length Ly. Input pump power P,(0) = 3 W; dopant
concentration Npy, = 6 x 10%° ions/m?; first mirror reflectivity By = 99 %; second
mirror reflectivity Ry = 70 %.

dopant concentration Npy, for different input pump powers; laser cavity length L; =
0.3m; fiber amplifier length L, = 1m; first mirror reflectivity Ry = 99 %; second

mirror reflectivity Ry = 70 %. The output power increases by increasing the dopant
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Figure 3.8: Optical signal power P,(L) of the Dy*"-doped MOPA versus dopant
concentration Npy, for different input pump powers P,(0) = 0.5 W (dotted curve),
P,(0) = 1W (dashed curve), P,(0) = 3W (dash-dot curve), B,(0) = 5W (solid
curve). Laser cavity length L; = 0.3m; fiber amplifier length Ly = 1m; first mirror
reflectivity Ry = 99 %; second mirror reflectivity Ry = 70 %.

concentration. Efficiencies close to n = 8 % can be achieved for dopant concentrations
close to Npy = 5 x 10% jons/m?, below glass devitrification limit.

Fig. 3.9 depicts the optical signal power Ps(L) of the Dy*"-doped MOPA versus
second mirror reflectivity Ry, for different input pump powers P,(0) = 0.5 W (dotted
curve), P,(0) = 1W (dashed curve), P,(0) = 3W (dash-dot curve), P,(0) = 5W
(solid curve); laser cavity length L; = 0.3 m; fiber amplifier length L, = 1m; dopant
concentration Np, = 6 x 10?° ions/m?; first mirror reflectivity Ry = 99 %. The output
signal is nearly constant for all the pump powers and changes only for very low or very

high reflectivities.

3.3 Refinement of MOPA via particle swarm opti-
mization

The high number of parameters of the MOPA configuration allows excellent design

flexibility. Unfortunately, this makes the MOPA optimization very difficult if a trial-
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Figure 3.9: Optical signal power Ps(L) of the Dy*T-doped MOPA versus second mirror
reflectivity Rs, for different input pump powers P,(0) = 0.5 W (dotted curve), P,(0) =
1'W (dashed curve), P,(0) = 3W (dash-dot curve), B,(0) = 5W (solid curve). Laser
cavity length L; = 0.3 m; fiber amplifier length L, = 1 m; dopant concentration Npy =
6 x 10%° ions/m?; first mirror reflectivity Ry = 99 %.

Table 3.2: Parameters and search ranges used in PSO algorithm

Parameter Value/Solution space limits
Solution space dimension 4

Number of particles 40

Iteration limit 40

Laser cavity length L, 1-80 cm

Amplifier length Lo 1-200 cm

Dopant concentration Npy 1 x 10%-6 x 10% ions/m?®
FBGI reflectivity Ry 99 %

FBG2 reflectivity Ry 1-99 %

Pump power P,(0) 3W

and-error approach is used, i.e. by varying a single parameter at a time. In fact, the
optimization of the amplifier, i.e. of the overall source, depends nonlinearly on its
input signal and pump powers. These powers must be evaluated as output of the first
laser stage. To overcome this problem, the Particle Swarm Optimization approach is
employed to globally optimize the optical source. It is an evolutionary optimization
technique inspired by the social behavior of a swarm of bees during their food-searching

activities. It is suitable for multi-core CPU processing [45, 53, 54].
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Table 3.3: PSO optimized MOPA

Parameter Value Value Value Value Value Unit
for « = for «a = for @« = for a = for a =
1dBm™!' 1.5dBm'2dBm~!' 25dBm!'3dBm™!

Laser cavity 10.68 10.16 8.08 7.43 8 cm

length L,

Amplifier length 1.224 1.203 1.194 1.186 1.165 m

L,

Dopant concen- 6 x 10% 6 x 10*® 6 x 10%® 6 x10® 6 x 10  ions/m?
tration Npy

FBG1 reflectiv- 99 99 99 99 99 %
FBG2 reflectiv- 70.85 52.33 71.39 67.41 52.75 %
ity R2

Pump power 3 3 3 3 3 W
P,(0)

Output power 637.1 536.9 455.2 385.7 326.3 mW
P(L)

Efficiency n 21.2 17.9 15.2 12.8 10.9 %

The parameters used in PSO algorithm, reported in Table 3.2, are the laser cavity
length L, the amplifier length Lo, the dopant concentration Np, and the second
mirror reflectivity Ry, while the first mirror reflectivity and the pump power are fixed
to Ry = 99% and P,(0) = 3 W respectively. The output signal power P;(L) is the
fitness function which must be maximized by the ad-hoc implemented PSO algorithm.
A number of simulations are performed in order to investigate the goodness of the
MOPA even for optical losses larger than @ = 1dBm™!. In fact, soft glasses can

I are considered

exhibit higher losses. Propagation losses from 1dBm™' to 3dBm™
in PSO optimizations. The PSO optimized parameters and the pertaining efficiencies
n are reported in Table 3.3 for different fiber losses. The maximum output power,
obtained with the PSO optimized MOPA, is Ps(L) = 637 mW. Therefore, an efficiency
close to n = 21.2% is reached. Fig. 3.10 illustrates PSO fitness function versus the
iteration number I. It shows that I = 25 iterations are required to achieve a fitness

function value very close to the optimum Fs(L) = 637 mW calculated for I = 40. The

computation requires a time of about 7. = 19h by employing a quad-core Intel Xeon
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Figure 3.10: Global best fitness value versus iteration.

CPU.

The results of Table 3.3 also show that the output power decreases by increasing the
optical losses. For the optical losses a = 3dBm™!, it is almost halved with respect to
the case @ = 1dBm™1, the efficiency in the worst case is about = 10.9 %. This is par-
ticularly interesting since similar output powers are reported in literature, without the
MOPA scheme, by considering higher dopant concentration Np, = 7 x 10? ions/m?
and lower optical losses & = 1 dBm™!, therefore very close or beyond the technological
limits [49].

Moreover, the spectrum of the laser signal close to Ay = 4384 nm is calculated by
considering the ASE effect. It is illustrated in Fig. 3.11. A signal-to-noise ratio (SNR)
better than 40dB is simulated. To reduce the effects of ASE noise amplification on
the laser spectral purity, and thus improving the beam quality, a suitable filter after

the first stage could be implemented by means of classical approaches [63,64].

3.4 Conclusion

An efficient MOPA pumping scheme for a mid-IR laser based on dysprosium-doped

chalcogenide glass is proposed. It is composed of a laser followed by an amplifier which
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Figure 3.11: Output power spectral density S(L, ) of the PSO optimized Dy*"-doped
MOPA versus wavelength \.

can be integrated in the same PCF or, as an alternative, suitably spliced. The proposed
device is promising even for its fabrication easiness. The MOPA configuration allows
to obtain sufficiently high signal power even when the population inversion is weak,
provided that a suitable length for the amplifier stage is chosen. The simulations show
that an output signal power of P,(L) = 637mW at Ay = 4384 nm wavelength can be
achieved with a pump power of P,(0) = 3 W. Efficiencies larger than n = 21 % can be

obtained.

45



Chapter 4

Design and optimization of an

innovative pumping scheme for a
Dy3t-doped chalcogenide PCF

fiber laser

4.1 Introduction

This chapter reports the design of a novel pumping scheme for a mid-IR laser
based on a photonic crystal fiber (PCF) made of dysprosium doped chalcogenide glass,
Dy3t:GasGeggSbipSes. In order to perform a realistic investigation, the simulation is
performed by taking into account the spectroscopic parameters measured on the rare
earth-doped glass sample. The simulated results show that an optical beam emission
close to 4400 nm wavelength can be obtained by employing two pump beams at 2850 nm
(pump #1) and 4092 nm (pump #2) wavelengths. The pump beams can be provided
by commercial quantum cascade lasers (QCLs). As an example, for the pump powers
50mW (pump #1) and 1W (pump #2), input mirror reflectivity 99 %, output mirror
reflectivity 30 %, optical cavity length 50 cm, a signal power close to 350 mW at the

wavelength of 4384 nm can be generated.
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The feasibility investigation is conducted numerically. A simulated pump efficiency
of about 35 % is calculated. It is very high with respect to the literature results. The
proposed PCF laser cavity can provide very high beam quality, typical of the single
mode PCF guided light, in mid-IR wavelength range, by employing commercial QCL
pump lasers with minor quality beam characteristics at slightly shorter wavelengths.
The interest in this kind of source is motivated by the need of diffraction-limited
mid-IR laser beams, necessary in a number of technological challenges as optical free
propagation links, optical remote sensing, laser therapy and diagnostics.

The theoretical model is described in section 2.1.2.

4.2 Design of the double pumping scheme

The designed optical source employs a simple but optimized pumping scheme. Two
optical pumps, with suitable wavelengths and powers, are injected within a single-mode
photonic crystal fiber (PCF) by employing an optical combiner. An end pump combiner
has two multi-mode pump input fiber legs and a single output fiber which is spliced
to the Dy3T:GasGeynSb1oSes fiber. The Dy3+:GasGeqySbigSes PCF laser is designed
to obtain signal generation close to Ay = 4400 nm wavelength. The optical cavity is
obtained by using two suitable fiber Bragg gratings (FBG1, FBG2) inscribed in the
core. The PCF cross-section is depicted in Fig. 4.1. It allows single mode propagation at
both the pump and signal wavelengths. Three rings of air holes surround the rare earth-
doped solid core. The geometrical parameters are the following: hole-to-hole spacing
(or pitch) A = 8 um, hole diameter d = 3.2 pm, doped region radius Rq = 4pum. The
design is performed by considering the measured PCF parameters reported in [17,60].
However, both the pumps could also be launched in a single core or in a double clad
fiber. The measured refractive index wavelength dispersion of the GazGeynShioSes

chalcogenide glass [17,60] is taken into account by a Cauchy equation:

C D
Tl()\) = B+ ﬁ—i—ﬂ (4.1)
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Figure 4.1: Cross-section of the photonic crystal fiber.

Figure 4.2: Distribution of the electric field norm for the fundamental mode at signal
wavelength Ay = 4384 nm.

where B = 2.2181, C' = 0.0551 and D = —0.0003. A full vectorial finite element
method (FEM) commercial code (COMSOL Multiphysics, http://www.comsol. com/)
is employed for the PCF electromagnetic investigation. Perfectly matched layers (PMLs)
are used to avoid the numerical drawbacks due to the reflections into the computa-
tional domain of the outgoing waves. The computational domain is a square having
width w = 48 pm. The PML thickness is tpy, = 12 pm. Fig. 4.2 illustrates the electric
field norm distribution of the fundamental mode at the wavelength A\ = 4384 nm.
The emission cross-sections spectra at 3.0pm and 4.3 pum were both estimated
using the Futchbauer-Ladenburg relation from fluorescence measurements (Fig. 4.3).

The 3.0 pm absorption cross-section has been calculated from the absorption spec-
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Figure 4.3: Calculated emission and absorption cross-sections for the
Dy3+2Ga5G€20Sb10865 glass.

Table 4.1: Calculated spectroscopic parameters of the Dy3*-doped chalcogenide glass

Energy transition = Wavelength (nm)  Branching ratio  Lifetime (ms)

6H13/2 — 6H15/2 2920 100 % 7.03
6H11/2 — 6H13/2 4384 8.8% 1.48
6H11/2 — 6H15/2 1709 91.2% 1.48

trum, while the 4.3 pm excited state absorption cross-section has been calculated from
the emission cross-section using the reciprocity properties, also called the McCumber
formula. These values are in agreement with other calculated parameters in selenide
matrix [12,49,61]. Table 4.1 reports the calculated branching ratios and fluorescence
lifetimes taking into account calculated multiphonon relaxation [5]. Propagation losses
a(v) = 3dBm™! for all frequencies v are supposed [12]. In the simulation, dopant con-
centrations lower than Np, = 6 x 10%° ions/m® are considered in order to avoid the
glass devitrification.

Fig. 4.4 illustrates the optical signal power P, of the Dy?*-doped fiber laser versus
the optical cavity length L and dopant concentration Npy. The input pump #1 power
is Pp1(0) = 50mW at the wavelength A\,; = 2850 nm and the input pump #2 power
is Py2(0) = 1000mW at the wavelength A\, = 4092nm, the first mirror reflectivity

is Ry = 99 %, while the second mirror reflectivity is Ry = 30 %. The reflectivities of
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Figure 4.4: Optical signal power P, of the Dy**-doped PCF laser versus optical cavity
length L and dopant concentration Npy. Input pump #1 power P,;(0) = 50mW at

the wavelength A\p; = 2850 nm; input pump #2 power Pp(0) = 1000 mW at the wave-

length A\,2 = 4092 nm; first mirror reflectivity Ry = 99 %; second mirror reflectivity
Ry = 30%.
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Figure 4.5: Optical signal power P, of the Dy3*-doped PCF laser, versus the input
pump #1 power P,;(0) at the wavelength A\,; = 2850 nm for different input pump #2

powers at the wavelength A\ o = 4092nm, Py (0) = 50mW (dotted curve), P,2(0)
100 mW (dashed curve), P, 52(0) = 500 mW (solid

52(0) = 200mW (dash-dot curve), P,
curve), Py(0) = 1000 mW (solid curve with asterisk markers). Optical cavity length

1%
L = 0.5m; dopant concentration Npy, = 4 x 10 ions/m?; first mirror reflectivity
R1 = 99 %; second mirror reflectivity Ry = 30 %.

the mirrors at both A,; and A2 wavelengths are Ry = Ry = 0%. A laser signal close

to P, = 360mW can be obtained for the optical cavity length L = 0.4 m and dopant
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Figure 4.6: Optical signal power P, of the Dy3*-doped PCF laser, versus the input
pump #2 power Py (0) at the wavelength \,o = 4092 nm, for different input pump #1
powers at the wavelength \,; = 2850 nm, P, (0) = 20mW (dotted curve), P,;(0) =
30mW (dashed curve), P,;(0) = 40mW (dash-dot curve), P,;(0) = 50mW (solid
curve), Py(0) = 100mW (solid curve with asterisk markers). Optical cavity length
L = 0.5m; dopant concentration Npy, = 4 x 10* ions/m?; first mirror reflectivity
Ri = 99 %; second mirror reflectivity Ry = 30 %.

concentration Npy, = 5 x 10% ions/m?. This result is particularly interesting since
poor laser slope efficiencies (close to 10-15 %) are reported in literature for different
pumping schemes [49].

Fig. 4.5 illustrates the optical signal power P, of the Dy?**-doped PCF laser, ver-
sus the input pump #1 power P,;(0) for different input pump #2 powers, Pp(0) =
50mW (dotted curve), Pyy(0) = 100 mW (dashed curve), Pys(0) = 200 mW (dash-dot
curve), Pp(0) = 500mW (solid curve), Py2(0) = 1000mW (solid curve with aster-
isk markers). The optical cavity length is L = 0.5m, the dopant concentration is
Npy = 4 x 10% jons/m?, the first mirror reflectivity is Ry = 99 % and the second mir-
ror reflectivity is Ry = 30 %. All the curves exhibit a slope which strongly decreases for
input pump #1 power P,;(0) higher than 50-60 mW. For the input pump #1 power
P,1(0) = 100 mW, all the simulated signal powers are close to their saturation values
(maximum values obtained by increasing P,;(0)).

Fig. 4.6 depicts the signal power P, of the Dy**-doped PCF laser, versus the
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input pump #2 power P,2(0), for different input pump #1 powers, P,;(0) = 20 mW
(dotted curve), Py (0) = 30mW (dashed curve), Py (0) = 40mW (dash-dot curve),
P,1(0) = 50mW (solid curve), Py (0) = 100mW (solid curve with asterisk markers).
The other laser parameters are the same of Fig. 4.5. The laser characteristics are
linear with respect to P,2(0). The slope efficiency increases by increasing the input
pump #1 P,;(0) power. For input pump #1 power larger than Py (0) = 50mW the
slope efficiency slightly increases. A slope efficiency close to 36 % and a laser signal
power close to Ps = 54mW is obtained by employing the input pump powers Py (0) =
100 mW and Pys(0) = 200 mW (solid curve with asterisk markers). The slope efficiency
can be increased till about 38 % by considering an optimized cavity length close to
L = 40cm, as it can be inferred from Fig. 4.4. The slope efficiency is calculated by
considering only the pump 2 power Pyy(0). However, it is almost coincident with the
efficiency calculated by considering both P,; and P,, powers if P,;(0) is much lower
than Pyy(0) as in Fig. 4.4.

The simulations promise a feasible high beam quality laser in the mid-IR range.
Possible drawbacks could be related to the construction of the multimode combiner
which requires a good control of chalcogenide fiber fusion. Other crucial points are
related to the optimization of the effective PCF losses and of the grating writing on

chalcogenide fiber core.

4.3 Conclusion

An efficient and high beam quality laser source at the wavelength \; = 4384 nm is
simulated. It is based on a novel double pumping configuration. A slope efficiency of
about 33 % is calculated for the input pump #1 power P,; = 50mW at the wavelength
Ap1 = 2850 nm and the input pump #2 power F,o = 1000 mW at the wavelength A\py =
4092 nm, with first mirror reflectivity R; = 99 % and second mirror reflectivity Ry =
30 %. The employment of commercial QCL pump lasers at slightly shorter wavelengths

makes the system feasible and encourages the authors to construct the prototype. Since

52



possible drawbacks could be related to the construction of the multimode chalcogenide
combiner, alternative coupling technique, based e.g. on lenses and objective, could be

employed for the laser set-up implementation.
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Chapter 5

Particle swarm optimization of a

Dy31T:ZBLAN fiber amplifier

5.1 Introduction

A Dy**-doped ZBLAN fiber amplifier based on an in-band pumped configuration
is designed and optimized via an evolutionary approach. The complete amplifier model
allows the definition of the fitness function to be optimized. Realistic values for optical
and spectroscopic parameters are considered. For a fiber with dopant concentration
of 2000 ppm, by employing an input pump power of 1 W at 2.72 nm wavelength, an
optical gain of about 15.56dB at 2.95 pm wavelength is obtained.

The theoretical model is described in section 2.2.1.

5.2 Results

The PSO algorithm is based on a stochastic technique inspired by the social behav-
ior of a swarm of bees or a school of fish during their food-searching activities. Its main
strengths are the simple implementation, the low number of tuning parameters and
the ability to avoid local maxima. Moreover, it is derivative free and can be easily par-

allelized for multicore processing. It is particularly suitable for problems depending on
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Figure 5.1: Optical gain G as a function of signal wavelength A\ for different input
pump powers, Py = 0.25 W (dotted curve), P,y = 0.5 W (dashed curve), P,y = 0.75 W
(dash-dot curve), Pyy = 1 W (solid curve). Fiber length L = 2m; dopant concentration
Npy = 2000 ppm; pump wavelength A\, = 2.6 pm; input signal power Py = 1 pW.
several variables which must be varied simultaneously in order to maximize/minimize
a certain fitness function. The fitness function to be maximized, for the case of the fiber
amplifier, is the optical gain expressed in dB. Preliminary simulations are performed
in order to investigate the possibility of obtaining a positive optical gain.

Fig. 5.1 shows the optical gain GG as a function of signal wavelength A for different
input pump powers. A negative optical gain is obtained for input pump powers as
high as 0.5 W regardless of the signal wavelength, which implies that A\, = 2.6 um
is not a good choice for pumping this amplifier, i.e. the population inversion is too
weak. Fig. 5.2 shows the optical gain G when the pump wavelength is increased to
Ap = 2.7um. It can be seen that, with an input pump power of 0.5W, a positive,
although very small, optical gain is obtained. By increasing the pump power till 1 W,
the maximum optical gain increases and the peak shifts towards shorter wavelengths,
with a bandwidth of over 450 nm. Finally, the pump wavelength is increased to A\, =
2.8 ym and the results are shown in Fig. 5.3. In this case, the performance is similar, but

the optical gain begins to deteriorate, thus suggesting that the best pump wavelength

lies between 2.7 pm and 2.8 pm.
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Figure 5.2: Optical gain G as a function of signal wavelength A\ for different input
pump powers, Py = 0.25 W (dotted curve), P,y = 0.5 W (dashed curve), P,y = 0.75 W
(dash-dot curve), Pyy = 1 W (solid curve). Fiber length L = 2m; dopant concentration
Npy = 2000 ppm; pump wavelength A\, = 2.7 nm; input signal power Py = 1 pW.

Optical gain G [dB]

15} )

20lL—L M " " "
2.8 29 3.0 3.1 3.2 3.3
Signal wavelength )\s [um]

Figure 5.3: Optical gain G as a function of signal wavelength A\ for different input
pump powers, Py = 0.25 W (dotted curve), P,y = 0.5 W (dashed curve), By = 0.75 W
(dash-dot curve), P,o = 1 W (solid curve). Fiber length L = 2m; dopant concentration
Npy = 2000 ppm; pump wavelength A\, = 2.8 pm; input signal power Py = 1 pW.

Fig. 5.4 shows the noise figure N F' as a function of signal wavelength A, for different
input pump powers. The simulation parameters are the same of Fig. 5.1. It can be seen

that noise figure exhibits a decreasing behavior with respect to the signal wavelength.

The best achievable value of just above 3dB can be obtained for signal wavelengths
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Figure 5.4: Noise Figure NF' as a function of signal wavelength Ag for different input
pump powers, Py = 0.25 W (dotted curve), P,y = 0.5 W (dashed curve), P,y = 0.75 W
(dash-dot curve), Pyy = 1 W (solid curve). Fiber length L = 2m; dopant concentration
Npy = 2000 ppm; pump wavelength A\, = 2.6 pm; input signal power Py = 1 pW.
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Figure 5.5: Noise Figure NF' as a function of signal wavelength Ag for different input
pump powers, Py = 0.25 W (dotted curve), P,y = 0.5 W (dashed curve), By = 0.75 W
(dash-dot curve), P,o = 1 W (solid curve). Fiber length L = 2m; dopant concentration
Npy = 2000 ppm; pump wavelength A\, = 2.7 pm; input signal power Py = 1 pW.

longer than Ay = 3.2 pm, unfortunately where the optical gain is low or near zero.
Conversely, around the wavelength A\g = 2.95 pm, where the optical gain is maximum,

the noise figure increases to about 7dB, which is still a rather good value. Fig. 5.5

shows the noise figure NF' when the pump wavelength is increased to A\, = 2.7 um. It
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Figure 5.6: Noise Figure NF' as a function of signal wavelength Ag for different input
pump powers, Py = 0.25 W (dotted curve), P,y = 0.5 W (dashed curve), P,y = 0.75 W
(dash-dot curve), Pyy = 1 W (solid curve). Fiber length L = 2m; dopant concentration
Npy = 2000 ppm; pump wavelength A\, = 2.8 pm; input signal power Py = 1 pW.
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Figure 5.7: Pump efficiency 7, as a function of input pump power P, for different fiber
lengths, L = 0.5m (dotted curve), L = 1 m (dashed curve), L = 2m (dash-dot curve),
L = 3m (solid curve). Dopant concentration Npy, = 1000 ppm; pump wavelength
Ap = 2.7 nm; signal wavelength A\ = 2.94 pm; input signal power Py = 1 pW.

can be seen that the noise figure improves a bit for all the signal wavelengths, with the
same decreasing behavior. The trend is confirmed in Fig. 5.6 where, for A\, = 2.8 pm,

the noise figure curves for the input pump powers of 0.75W and 1W are almost

coincident.
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Figure 5.8: Pump efficiency 7, as a function of input pump power P, for different fiber
lengths, L = 0.5m (dotted curve), L = 1 m (dashed curve), L = 2m (dash-dot curve),
L = 3m (solid curve). Dopant concentration Npy, = 2000 ppm; pump wavelength
Ap = 2.7 nm; signal wavelength A\ = 2.94 pm; input signal power Py = 1 pW.

An important parameter for the design of fiber amplifiers is the pump efficiency
Np = %, which allows the identification of the operating conditions in which it is
possible to obtain the best optical gain with the least amount of pump power. Fig. 5.7
shows the pump efficiency 7, as a function of input pump power P, for different fiber
lengths and for a low dopant concentration Np, = 1000 ppm. The curves exhibit an
increasing behavior for low input pump powers and a decreasing behavior for high
input pump powers. Moreover, the pump efficiency is higher for longer fibers. The
best achievable value is 7, = 9.3dBW~!. The behavior of pump efficiency is inves-
tigated also for a higher dopant concentration Np, = 2000 ppm and the results are
illustrated in Fig. 5.8. In this case, the pump efficiency is greatly improved and can
exceed 14dB W™ for a fiber length of L = 2m. However, higher input pump powers
with respect to the case of low dopant concentration are required.

Fig. 5.9 shows the optical gain G as a function of input signal power Py, for different
input pump powers and for a short fiber with L = 1 m. The optical gain increases by

increasing the input pump power, with a maximum close to 9dB for P,y = 1W.

For input signal powers lower than 0 dBm, no saturation is observed regardless of the
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Figure 5.9: Optical gain G as a function of input signal power Py, for different input
pump powers, Py = 0.5 W (dashed curve), P,g = 0.75 W (dash-dot curve), Py = 1 W
(solid curve). Fiber length L = 1m; dopant concentration Np, = 2000 ppm; pump
wavelength A\, = 2.7 pm; signal wavelength As = 2.94 pm.
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Figure 5.10: Optical gain G as a function of input signal power Py, for different input
pump powers, Py = 0.5 W (dashed curve), P,y = 0.75 W (dash-dot curve), P,y =1W
(solid curve). Fiber length L = 2m; dopant concentration Np, = 2000 ppm; pump
wavelength A\, = 2.7 pm; signal wavelength A\s = 2.94 pm.

pump power value. However, when the input signal power is increased towards 10 dBm,
saturation occurs and the optical gain begins to deteriorate. Gain saturation curves are
also calculated for a long fiber with L = 2m. The results are illustrated in Fig. 5.10.

The behavior is similar, with a maximum optical gain which can exceed 14dB for
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Figure 5.11: Optical gain G as a function of fiber length L and dopant concentration
Npy. Pump wavelength A\, = 2.7pum; signal wavelength Ay = 2.941m; input pump
power P,y = 1 W; input signal power Py = 1 pW.

P,y = 1 W. However, saturation occurs for a lower input signal power (0 dBm).

Fig. 5.11 illustrates the optical gain G of the Dy3*-doped ZBLAN fiber amplifier
as a function of fiber length L and dopant concentration Npy. The input pump power
is Pyo = 1 W, the input signal power is Pyy = 1 pW, the pump wavelength is A\, =
2.7um and the signal wavelength is Ay = 2.94 pm. The maximum achievable optical
gain is about 14 dB. Moreover, long fibers with lower dopant concentrations provide
performance similar to that of short fibers with higher dopant concentrations. Fig. 5.12
illustrates the noise figure N F' of the Dy**-doped ZBLAN fiber amplifier as a function
of fiber length L and dopant concentration Npy, for the same parameters of Fig. 5.11.
The calculated noise figure values are between 5 and 6 dB, with longer fibers exhibiting
a worse performance. Therefore, a proper trade-off between optical gain and noise
figure is necessary.

The obtained results indicate the possibility to optimize the amplifier characteris-
tics by a slight tuning of the operating condition and the design parameters. To this
aim, the PSO is applied, by searching the global optimum in a three-dimensional solu-

tion space, via the simultaneous variation of the fiber length L, the pump wavelength
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Figure 5.12: Noise Figure N F" as a function of fiber length L and dopant concentration
Npy. Pump wavelength A\, = 2.7pum; signal wavelength Ay = 2.941m; input pump
power P,y = 1 W; input signal power Py = 1 pW.

Table 5.1: Parameters employed in the particle swarm optimization

Parameter Value Unit
Solution space dimension 3

Number of particles 30

Fiber length L 0.1-3.0 m
Pump wavelength A, 2.5-2.8 pm
Signal wavelength ) 2.8-3.2 pm
Dopant concentration Npy 2000 ppm
Input pump power P, 1 W
Input signal power Py 1 W

Ap and the signal wavelength As. The dopant concentration Npy, the input pump power
Py and the input signal power Py, are fixed to 2000 ppm, 1 W and 1 pW, respectively,
as summarized in Table 5.1. It is worthwhile noting that the signal wavelength must be
greater than the pump wavelength, i.e. As > A, in order to obtain a positive optical
gain. Fig. 5.13 shows the fitness function value as a function of iteration number.
About 15 iterations are enough to achieve convergence, thus confirming the effective-
ness of the PSO algorithm. The values of the input parameters which maximize the
optical gain are the following: L = 2.34m, A, = 2.72um and A\ = 2.95 pm. The PSO

optimized amplifier yields a maximum optical gain of 15.56 dB and a noise figure of
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Figure 5.14: Power spectral density of (a) forward and (b) backward ASE noise as a
function of position and wavelength.
5.86 dB. The power spectral density of both forward and backward ASE noise as a
function of position z and wavelength X is shown in Fig. 5.14(a) and 5.14(b). It is
apparent that ASE noise is stronger at the beginning of the fiber, where the pump
power is maximum, whereas it is weaker at the end of the fiber, where the pump is

almost depleted.
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5.3 Conclusion

In this chapter, the particle swarm optimization algorithm was applied in order to
maximize the optical gain of an in-band pumped Dy**-doped ZBLAN fiber amplifier.
For a fiber with dopant concentration of 2000 ppm and length of 2.34 m, by employing
an input pump power of 1 W at 2.72 pm, a maximum optical gain of 15.56 dB at 2.95 pm

can be achieved, with a noise figure as low as 5.86 dB.
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Chapter 6

Design of a continuous-wave

Dy3T:ZBLAN fiber laser

6.1 Introduction

In this chapter, a continuous-wave middle-infrared solid-state laser, based on a
ZBLAN fiber doped with trivalent dysprosium ions, emitting at the wavelength A\ =
3pum is designed. Single mode laser emission is obtained through in-band pumping
at A = 2.8 um. In order to accurately investigate the feasibility and the performance
of the device, realistic parameters for the fiber and the rare earth are considered.
In particular, the emission and absorption cross sections, the lifetimes, the refractive
index wavelength dispersion and the power propagation are accurately modeled. The
model is exploited to predict the laser performance in terms of slope efficiency and
power threshold. A maximum slope efficiency of about 7, = 54% and a threshold
power P, in the 150-250 mW range are predicted.

The theoretical model is described in section 2.2.2.
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Figure 6.1: Slope efficiency 7, of the Dy3*-doped ZBLAN fiber laser versus the signal
wavelength A for four different pump wavelengths, A, = 2.5 pm (dotted curve), A, =
2.6pm (dashed curve), A\, = 2.7pum (dash-dot curve), A\, = 2.8um (solid curve).
Fiber length L = 1m; dopant concentration Npy, = 2000 ppm; first mirror reflectivity
Ri = 99 %; second mirror reflectivity Ry = 50 %.

6.2 Numerical results

In order to accurately simulate the performance of the laser, realistic values for
all the physical parameters are considered. In particular, the fiber parameters are the
following: refractive index n = 1.48 at A = 2.88m, attenuation & = 0.9dBm™!,
core diameter d. = 12 pm, numerical aperture NA = 0.16. Fig. 6.1 shows the laser
slope efficiency, i.e. the slope 74 of the laser input-output characteristic, as a function
of the signal wavelength A\ for four different pump wavelengths. The maximum slope
efficiency ns = 49 % is obtained for a signal wavelength A\, = 3 um by employing a pump
wavelength A\, = 2.8 pm. A wide tuning range of about 290 nm is predicted. Fig. 6.2
shows the power threshold P, of the laser as a function of the signal wavelength A\ for
the same parameters of Fig. 6.1. The minimum threshold P, = 233 mW is obtained
for the same wavelengths of the previous case. Hence, hereafter the pump and signal
wavelengths are fixed to A, = 2.8um and Ay = 3 pm, respectively.

In Fig. 6.3, the laser slope efficiency 7, versus the fiber length L is shown for

four different dopant concentrations. In the case of low doping Np, = 500 ppm, the

66



w »
[l
©
-

3

Laser threshold Pth W]
N

2.8 29 3 3.1 3.2
Signal wavelength )\s [Mm]

Figure 6.2: Threshold Py, of the Dy3T-doped ZBLAN fiber laser versus the signal

wavelength A for four different pump wavelengths, A, = 2.5 pm (dotted curve), A, =
2.6pm (dashed curve), A\, = 2.7pum (dash-dot curve), A\, = 2.8um (solid curve).
Fiber length L = 1m; dopant concentration Npy, = 2000 ppm; first mirror reflectivity

Ri = 99 %; second mirror reflectivity Ry = 50 %.
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Figure 6.3: Slope efficiency 75 of the Dy**-doped ZBLAN fiber laser versus the fiber
length L for four different dopant concentrations, Npy, = 500 ppm (dotted curve),
Npy = 1000 ppm (dashed curve), Np, = 2000 ppm (dash-dot curve), Np, = 3000 ppm
(solid curve). Pump wavelength A, = 2.8 pm; signal wavelength A\; = 3.0 pm; first
mirror reflectivity Ry = 99 %; second mirror reflectivity Ry = 50 %.

maximum slope efficiency 1, = 7% is obtained for a fiber length longer than L = 2m.

To increase the efficiency, a higher dopant concentration Np, = 3000 ppm is required.
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Figure 6.4: Threshold Py, of the Dy3T-doped ZBLAN fiber laser versus the fiber length
L for four different dopant concentrations, Npy = 500 ppm (dotted curve), Np, =
1000 ppm (dashed curve), Np, = 2000 ppm (dash-dot curve), Np, = 3000 ppm (solid
curve). Pump wavelength A, = 2.8um; signal wavelength A\; = 3.0 pm; first mirror
reflectivity Ry = 99 %; second mirror reflectivity Ry = 50 %.

In this case, the maximum slope efficiency reached ny = 58 % for a shorter fiber length

= 60 cm. Fig. 6.4 shows the power threshold P, of the laser as a function of the
fiber length L for the same parameters of Fig. 6.3. In the case of low doping, the
minimum threshold £, = 784 mW can be achieved for almost the same configuration
of the previous case. Conversely, in the case of high doping, a different fiber length
L = 38 cm is required in order to obtain the lowest threshold P, = 181 mW.

In Fig. 6.5, the laser slope efficiency 7y versus the output mirror reflectivity R is
shown for four different dopant concentrations. In every case, the function has a maxi-
mum for an intermediate value of the mirror reflectivity Ry. The maximum achievable
slope efficiencies are 1, = 6.33% for the reflectivity Ry = 82% and dopant concen-
tration Np, = 500 ppm (i.e. low doping) and 1y = 66.2% for Ry = 12% and dopant
concentration Npy = 3000 ppm (i.e. high doping). Fig. 6.6 shows the power threshold
Py, of the laser as a function of the output mirror reflectivity Ry for the same parame-
ters of Fig. 6.5. In every case, the function is monotonically decreasing, which implies

that the highest slope efficiency and the lowest threshold cannot be obtained simulta-
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Figure 6.5: Slope efficiency 7, of the Dy**-doped ZBLAN fiber laser versus the second
mirror reflectivity Ry for four different dopant concentrations, Np, = 500 ppm (dotted
curve), Np, = 1000 ppm (dashed curve), Np, = 2000 ppm (dash-dot curve), Np, =
3000 ppm (solid curve). Pump wavelength A\, = 2.8 pm; signal wavelength Ay = 3.0 pm;
fiber length L = 1m; first mirror reflectivity Ry = 99 %.
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Figure 6.6: Threshold Py, of the Dy*"-doped ZBLAN fiber laser versus the second
mirror reflectivity R, for four different dopant concentrations, Np, = 500 ppm (dotted
curve), Np, = 1000 ppm (dashed curve), Npy, = 2000 ppm (dash-dot curve), Np, =
3000 ppm (solid curve). Pump wavelength A\, = 2.8 pm; signal wavelength Ay = 3.0 pm;
fiber length L = 1 m; first mirror reflectivity Ry = 99 %.

neously. The best laser threshold F;;, = 146 mW is reached with a mirror reflectivity

higher than Ry = 99 % for the case of dopant concentration Np, = 1000 ppm.
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Table 6.1: Parameters for the PSO optimized laser with maximum slope efficiency

Parameter Value
Fiber length L 1.45m
Dopant concentration Npy 2000 ppm

Input mirror reflectivity R 99 %
Output mirror reflectivity Ry 12.7%

Pump wavelength A, 2.8 m
Signal wavelength Ag 2.967 pm
Slope efficiency 7 57.76 %
Threshold Py, 410 mW

In order to find the configuration providing the maximum possible slope efficiency,
a particle swarm optimization (PSO) algorithm [1,14] is exploited. The PSO input
parameters are the fiber length L, the output mirror reflectivity Ry, the pump wave-
length A\, and the signal wavelength A, while the dopant concentration Npy and the
input mirror reflectivity R; are fixed. The laser slope efficiency 7y is chosen as the
fitness function. The results are reported in Table 6.1. As it can be easily seen, by
adopting the PSO algorithm, the slope efficiency of the Dy3T:ZBLAN fiber laser can
be increased till n, = 57.76 %, although a rather high power threshold P, = 410 mW
is required. This slope efficiency is comparable to that obtained for the considerably

higher dopant concentration Np, = 3000 ppm.

6.3 Preliminary experimental results

In this section, some details on the experimental laser set-up implemented at the
laboratory of the Polytechnic of Milan, IFN research group of Prof. Gianluca Galzer-
ano, in collaboration with Polytechnic of Bari, MOE research group of Prof. Francesco
Prudenzano, are reported. The developed experimental set-up is preliminary and con-
stitutes a first step towards the actual optimization of the optical sources proposed in
this thesis. Fig. 6.7 illustrates the set-up constituted by a dysprosium-doped ZBLAN
fiber of 0.6 m m length, a CaF, lens, a Brewster plate, a high reflecting plane mirror

and an output coupler. It is worthwhile noting that it is a non-optimized set-up. In
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Figure 6.7: Experimental set-up for the CW Dy**-doped ZBLAN fiber laser.
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fact, at this stage, the pump coupling is not yet refined.

Fig. 6.8 shows the folded linear resonator setup of the tunable Cr:ZnSe laser con-
sisting in a dichroic plane mirror (reflectance R > 99.5% from 2350 to 3050 nm and
transmittance 7' > 95 % at 1940 nm), a plano-concave folding mirror (R > 99.5 % from
2100 to 3000nm) with a radius of curvature of 100 mm, and a plane output coupler
with 70 % reflectivity at 2.9 pm. In the longest resonator arm (170 mm) a 2mm thick
quartz plate is inserted at the Brewster angle as an intracavity tunable birefringent
filter. The 6 mm thick AR-coated Cr:ZnSe crystal, mounted on a copper heat sink
kept at a constant temperature of 18 °C by a Peltier electric-cooler, is inserted in the
shortest resonator arm adjacent to the dichroic plane mirror. The Cr:ZnSe crystal is
pumped by a CW Tm:fiber laser (IPG Photonics, model TLR-LP-20) with a maxi-

mum output power of 20 W at 1.94 pm through the dichroic pump mirror using an
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Figure 6.9: Measured input-output characteristics of the CW Dy3*-doped ZBLAN
fiber laser.

AR-coated plano-convex lens with a focal length of 100 mm.

A pump coupling efficiency of 50 % is obtained by employing the Ge-plate reflec-
tion (R = 78 % for TE polarization state), the CaF, plano-convex lens transmission
(T = 96 % at the different pump wavelengths), and the mode-beam matching. The
characteristics of the Dy*":ZBLAN laser were measured in terms of output power ver-
sus launched pump power for different output coupler (OC) transmission values of
10%, 30 %, and 50 % and at different pump wavelengths and are shown in Fig. 6.9.
The best result in terms of output power and slope efficiency was obtained for the
highest available 50 % output coupling, with a maximum slope efficiency of about 7 %,
with respect to the launched pump power (corresponding to about 14 % efficiency
with respect to the absorbed pump power). Lower efficiencies and output powers were
achieved with the lower output couplings.

It is worthwhile noting that these results are obtained for a set-up with input and
output mirrors, fiber length, pump wavelength and pump coupling roughly chosen and
different with respect to those identified in the design reported in the previous section.

The components employed in the set-up were available in the lab and therefore

not the optimal ones. In fact, in a similar experiment reported in [65], a higher overall
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efficiency was found. Anyway, further efforts will be devoted to the development of
more performing optical sources, both CW and pulsed, by employing the proper com-
ponents. In addition, the MOPA configuration and the innovative pumping scheme
designed in chapters 3 and 4, respectively, for the chalcogenide glass will be modified

in order to be applied to the dysprosium-doped ZBLAN glass.

6.4 Conclusion

A continuous-wave Dy*T:ZBLAN fiber laser has been modeled and numerically
investigated. A maximum slope efficiency of 1, = 54 %, higher than half of the Stokes
efficiency limit of 93 %, and a power threshold as low as P; = 147mW have been
calculated. These characteristics promise high lasing efficiency as demonstrated in

similar experimental set-ups [65].
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Chapter 7

Design of a gain-switched

Dy3T:ZBLAN fiber laser

7.1 Introduction

In this chapter, a time-dependent numerical model of a dysprosium-doped ZBLAN
glass fiber is developed in order to design a pulsed laser emitting at about 3 pm wave-
length, by employing an in-band pumping scheme. The gain switching method, in
which a suitable input pump modulates the optical gain, is considered to achieve
pulsed operation. A number of design parameters are changed to optimize the laser
performance. Stable single-pulse gain-switching regime with an output signal peak
power close to 59W and a full width at half maximum (FWHM) pulse duration
shorter than 184 ns is simulated for a fiber with dopant concentration of 2000 ppm,
by employing a pulsed input pump with a peak power of 5W and a repetition rate
of 100kHz at the wavelength of 2.8 pm. These characteristics are very promising and
theoretically predict the feasibility of a laser which can find application in many ar-
eas such as chemical, biological and environmental monitoring. In fact, till now only
CW Dy?**-doped ZBLAN fiber lasers with in-band pumped configuration have been
demonstrated [65-68]. Therefore, this investigation, which employs simulation param-

eters pertaining to commercially available fluoride fibers [68], could pave the way to
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the pulsed operation for this kind of lasers.

The theoretical model is described in section 2.2.3.

7.2 Numerical results

The fiber considered in the simulation is a step-index fluoride fiber, commercially
available (Le Verre Fluoré), with core diameter de,. = 12.5um, cladding diameter
de1aa = 125 pm and numerical aperture NA = 0.16. The absorption and emission cross
sections for the pump are o13(1,) = 3.26 x 1072* m? and 09(1,) = 2.04 x 1072° m?,
respectively. The absorption and emission cross sections for the signal are o15(v5) =
9.61 x 1072m? and 9 (1) = 1.65 x 1072 m?, respectively. The 6H13/2 — 6H15/2 ra-
diative lifetime is 75 = 13.7ms and the °Hy3/2 — ®Hj50 nonradiative decay rate is
Ry = 153957 1. The equivalent ASE noise bandwidth is B, = 100nm. The glass
refractive index is n = 1.48 at the wavelength A = 2.88 pm. A suitable Sellmeier equa-
tion is considered to model the glass cladding refractive index dispersion, while keeping
constant the numerical aperture N A. The group velocities for the pump and the sig-
nal are v§ = 2.025 x 10°ms™" and v§ = 2.027 x 10*ms™", respectively. They are very
close, as expected. The optical losses are assumed to be equal to o = 0.9dBm™" at
both pump and signal wavelengths, i.e. high enough to include potential losses due
to the splicing of the different parts of the laser cavity. The dopant concentration is
Npy = 2000 ppm = 3.63 x 10%° ions/m?. The first mirror reflectivity is By = 99 %.
The pump and signal wavelengths are A\, = 2.8pm and Ay = 3.0 pm, respectively.
The input pump peak power is P}?eak = 5W. The time step size is At = 5ns and
the space step size is Az = 1cm. In the following, the excitation pump waveform is
assumed to be a square wave with variable amplitude, repetition rate and duty cycle.
The time-dependent model has been validated by considering, as particular case, input
pump power pulses with duty cycle D = 100 %, i.e. CW operation. All the parameters
of the laser experimental set-up reported in [65] have been considered. By supposing

a realistic coupling efficiency of about 30 %, an output laser power very close to the
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Figure 7.1: Input pump power pulses P (0,¢) (blue pulses) and output signal power
pulses P°"(¢) (red pulses) as a function of the time. Input pump duty cycle D =

S

40 %, laser cavity length L = 1 m, pump repetition rate fg = 100 kHz, second mirror
reflectivity Ry = 50 %.

experimental one has been obtained, with an agreement within 5 %.

As an example of time-dependent simulation, Fig. 7.1 shows the unstable output
signal pulses and the input pump pulses as a function of the time, input pump duty
cycle D = 40 %, laser cavity length L = 1 m and second mirror reflectivity Ry = 50 %.
It is apparent that a proper design of the laser is mandatory in order to obtain stable
single-pulse emission.

The output laser characteristics are investigated as a function of: i) laser cavity
length L, see Figs. 7.2-7.4; ii) second mirror reflectivity Ry, see Figs. 7.5-7.7; iii) input
pump duty cycle D, see Figs. 7.8-7.10. Only points belonging to single-pulse stability
regions are shown.

Fig. 7.2 shows the output signal peak power PP® as a function of the laser cavity
length L for different input pump duty cycles. The curves exhibit an increasing be-
havior for small cavity lengths, they reach the maximum for L = 0.8 m and then they
decrease by increasing the cavity length. In other words, for a given laser configura-
tion and dopant concentration, even by changing the average input pump power by

considering different duty cycle values, the length L = 0.8 m seems to be the optimal
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Figure 7.2: Output signal peak power PPt as a function of the cavity length L for
different input pump duty cycles, D = 25% (dotted curve), D = 30 % (dashed curve),
D = 35% (dash-dot curve), D = 40% (solid curve). Pump repetition rate fg =
100 kHz; second mirror reflectivity Ry = 50 %.

one.

Fig. 7.3 shows the output signal pulse width 7, as a function of the laser cavity
length L for different input pump duty cycles. The simulation parameters are the same
of Fiig. 7.2. For short fibers, the pulse width exhibits a decreasing behavior and reaches
a minimum at L = 0.75-0.85m, then it increases. The shortest achievable duration is
about 7, = 180ns, for D = 35%. For D = 40 %, the performance deteriorates due to
the stability region limited by non-optimal cavity lengths. The related pulse energy
E is shown in Fig. 7.4. The maximum achievable pulse energy is about Ey = 11 nJ,
for D = 35%, leading to an optical-to-optical efficiency higher than n = 60 %.

Fig. 7.5 shows the output signal peak power PP®ek as a function of the output mirror
reflectivity Ry for different input pump duty cycles. The curves exhibit an increasing
behavior for low reflectivities and a decreasing behavior for high reflectivities. The
maximum is reached around R, = 50 %, even if the pump duty cycle changes from
D =25% to D = 35%. It is worthwhile noting that, for higher pump duty cycles, the
single-pulse stability region gets narrower and narrower.

Fig. 7.6 shows the output signal pulse width 7, as a function of the output mirror
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Figure 7.4: Output signal pulse energy FE; as a function of the cavity length L for
different input pump duty cycles, D = 25% (dotted curve), D = 30 % (dashed curve),
D = 35% (dash-dot curve), D = 40% (solid curve). Pump repetition rate fg =
100 kHz; second mirror reflectivity Ry = 50 %.

reflectivity Ry for different input pump duty cycles. The simulation parameters are
the same of Fig. 7.5. The curves exhibit a monotone decreasing behavior, with a very
steep slope for low reflectivities. For reflectivities greater than R, = 40 %, the pulse

width is almost constant. Again, the best value of about 7, = 180 ns is obtained for
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Figure 7.6: Output signal pulse width 74 as a function of the output mirror reflectivity
R, for different input pump duty cycles, D = 25% (dotted curve), D = 30 % (dashed
curve), D = 35% (dash-dot curve), D = 40% (solid curve). Pump repetition rate
fr = 100 kHz; cavity length L = 0.9m.

Ry = 50 %, for the case D = 35%. Fig. 7.7 shows the related pulse energy E. Like
the previous case, the behavior is similar to that of Fig. 7.5, although the maximum
pulse energy is obtained for D = 40 %.

Fig. 7.8 depicts the output signal peak power PP as a function of the input
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Figure 7.7: Output signal pulse energy Ej as a function of the output mirror reflectivity
R, for different input pump duty cycles, D = 25% (dotted curve), D = 30 % (dashed
curve), D = 35% (dash-dot curve), D = 40% (solid curve). Pump repetition rate
fr = 100 kHz; cavity length L = 0.9m.

pump duty cycle D for different pump repetition rates. It is worthwhile noting that
these curves refer to the average signal power, defined as P*® = E fr, varying from
P = 0.04W to P*® = 1.45W and represent the regions in which stable output
pulses are generated. It can be seen that a repetition rate as high as fg = 140kHz is
feasible. Fig. 7.9 shows the output signal pulse width 7 as a function of the input pump
duty cycle D for different pump repetition rates, for the same simulation parameters
of Fig. 7.8. The curves are monotone decreasing for all repetition rate values, with a
slope less and less steep as the repetition rate increases. In addition, the pulse width
never falls below 7, = 180ns. This is probably due to an inherent limitation of this
fiber laser in gain switching operation. Also in this case, the pulse energy FEg, which is
shown in Fig. 7.10, exhibits a behavior similar to that of the pulse peak power. Energies
of about E5 = 10-111J can be achieved for each value of the repetition rate, which
provides great flexibility in the design of the device for both low and high repetition
rates applications.

Figs. 7.8-7.10 are obtained for nearly optimized cavity length L and second mirror

reflectivity Ry and allow identifying the maximum pulse peak power PPk width
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for different pump repetition rates, fr = 10kHz (dotted curve), fr = 30 kHz (dashed
curve), fr = 50kHz (dash-dot curve), fr = 7T0kHz (solid curve), fr = 90kHz (solid
curve with square markers), fr = 100 kHz (solid curve with diamond markers), fr =
120kHz (solid curve with asterisk markers), fr = 140kHz (solid curve with circle
markers). Cavity length L = 0.9 m; second mirror reflectivity Re = 50 %.

500
..... f =10 kHz
— -30 kHz
—_ —--50 kHz
2 — 70 kHz
i) 400 | -8~ 90 kHz
= -©~100 kHz
3 —¥-120 kHz
3 -©-140 kHz
@
S 300f
Q.
©
c
2
(2]
5
£ 200}
=3
o
100 ; ; ; ;
0 10 20 30 40 50

Input pump duty cycle D [%)]

Figure 7.9: Output signal pulse width 7, as a function of input pump duty cycle D
for different pump repetition rates, fr = 10kHz (dotted curve), fr = 30kHz (dashed
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markers). Cavity length L = 0.9 m; second mirror reflectivity Re = 50 %.
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Figure 7.11: (a) Input pump power pulses P, (0,t) (blue pulses) and output signal
power pulses P°"(¢) (red pulses) as a function of the time. Input pump duty cycle
D = 35%, laser cavity length L = 0.8 m, pump repetition rate fgr = 100kHz, second
mirror reflectivity Ry = 50 %. (b) Zoom of a single output signal pulse.
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and energy FEy achievable by varying the operating condition in terms of repetition
rate fr and duty cycle D.

Fig. 7.11(a) reports the generated pulses for the optimized laser, showing the stable
output signal pulses and the input pump pulses as a function of the time, input pump
duty cycle D = 35%, laser cavity length L = 0.8 m and second mirror reflectivity
Ry = 50%. After a build-up time of about ¢ = 65ps, the first pulse is generated.
Stable gain-switched pulsed regime with an output peak power of PP®k = 59 W and
a pulse duration of 7, = 184 ns, corresponding to an output energy of £y = 11pJ, is
obtained after ¢ = 110 ps. Fig. 7.11(b) depicts a zoom of a single output signal pulse.

The obtained results are promising, even with reference to the state of the art
[69-71]. As examples, the following characteristics of gain switched lasers were reported
in the recent literature: i) in [69], pulse trains at A = 2.8 pm with a maximum peak
power of PP = 68 W, a duration of 7, = 300ns and a pulse energy of E, = 20.4 1]
at the repetition rate of fr = 100kHz in an Er®"-doped ZBLAN fiber laser; ii) in
[70], pulse trains at A = 2.8 pm with a maximum peak power of PP = 3.85W, a
duration of 7, = 1.5511s and a pulse energy of F; = 5.97nJ at the repetition rate
of fr = 20kHz in the same fiber; iii) in [71], pulse trains at A = 2.98um with a
maximum peak power of PPk = 3.26 W, a duration of 7, = 1.49ps and a pulse
energy of B, = 4.871J at the repetition rate of fg = 80kHz in a Ho**-doped ZBLAN
fiber. In view of these results, the proposed ZBLAN fiber laser doped with Dy3*
ions constitutes an attractive solution since it allows the generation of pulse trains at
A = 3um with a maximum peak power of PPk = 59 W a duration of 7, = 184 ns,
a pulse energy of E;, = 11 pJ and an optical-to-optical efficiency of n = 60 % at the
repetition rate of fr = 100 kHz. Moreover, the proposed solution promises stable gain-

switching operation even at higher repetition rates, e.g. at fr = 140kHz.
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7.3 Conclusion

A Dy*t:ZBLAN fiber laser operating in gain switching regime is accurately mod-
eled and numerically investigated. By employing an input pump of 5W with 100 kHz
repetition rate and 35 % duty cycle, pulses with a peak power of 59 W and a full width
at half maximum (FWHM) width of 184 ns can be obtained. The related energy is
111J, which corresponds to an optical-to-optical efficiency larger than 60 %. The pa-
rameters of a commercially available fluoride fiber are used. Therefore, the proposed
investigation can be considered a feasibility investigation of a pulsed laser which can

be constructed by employing fluoride fibers available on the market.
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Conclusion

The feasibility investigation of different fiber lasers for mid-IR applications has been
accurately performed via home-made computer codes. The light generation/amplification
in the mid-IR wavelength range has been obtained by considering chalcogenide and
ZBLAN host glasses and different pumping schemes. The simulation results refer to
five different devices.

Firstly, an optical source exploiting a master oscillator power amplifier (MOPA)
configuration is designed and optimized. The pump and signal wavelengths are 1709 nm
and 4384 nm, respectively. The MOPA configuration overcomes the limits of a simple
laser configuration and allows a better exploitation of the pump power, increasing
the overall system efficiency. An output signal power as high as 637 mW at 4384 nm
wavelength can be achieved with a pump power of 3 W. The related efficiency exceeds
21 %.

An innovative double pumping scheme for the same Dy3*:GasGeqSbigSes is pro-
posed in order to design a fiber laser which provides an optical beam emission close
to 4400 nm wavelength by employing two pump beams at 2850 nm and 4092 nm wave-
lengths. An output signal power close to 350 mW is simulated for the input pump
#1 power of 50mW and the input pump #2 power of 1 W, therefore with an overall
efficiency greater than 33 %.

The particle swarm optimization (PSO) technique is exploited in order to maxi-
mize the optical gain of an in-band pumped Dy**-doped ZBLAN fiber amplifier. A
maximum optical gain as high as 15.56dB at 2.95pm can be achieved with an input

pump power of 1 W at 2.72 pm, for a fiber with dopant concentration of 2000 ppm and
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length of 2.34 m. The simulated noise figure is 5.86 dB.

The same Dy**-doped ZBLAN glass is employed to design and optimize a highly ef-
ficient continuous-wave (CW) fiber laser emitting around 3 pm wavelength. The model
allows the optimization of both the slope efficiency and the power threshold of the
laser. By applying the PSO algorithm, a maximum slope efficiency of 54 % has been
calculated, which is higher than half of the Stokes efficiency limit of 93 %. The related
power threshold is 147 mW.

Finally, a time-dependent numerical model of a Dy*"-doped ZBLAN glass fiber
is developed to investigate the feasibility of a pulsed mid-IR laser emitting at about
3 pm wavelength. Gain switching technique is exploited to obtain a stable single-pulse
emission. Simulations are performed by means of a modified finite-difference time-
domain (FDTD) algorithm. The laser can emit pulses with a peak power of 59 W and
a full width at half maximum (FWHM) width of 184 ns, by employing an input pump
of 5W with 100 kHz repetition rate and 35 % duty cycle. The related pulse energy is
111J, which corresponds to an optical-to-optical efficiency larger than 60 %.

In all the cases, spectroscopic parameters measured on preliminary samples of
chalcogenide and ZBLAN glasses are taken into account to fulfill realistic simulations.
The proposed feasibility investigation show that it is possible to obtain high beam qual-
ity mid-IR sources by employing both chalcogenide and ZBLAN glasses. Chalcogenide
glasses are a subject of strong interest for the research. They require further technolog-
ical efforts, from the point of view of glass purification, fiber drawing and doping with
rare earths, but are extremely attractive for their potential at very long wavelength
till 20 pm. Conversely, ZBLAN optical fibers are available on the market and allow
more feasible solutions. A first experiment pertaining to the CW dysprosium-doped
ZBLAN fiber laser has been performed by employing non-optimized components. The
aim of the future activity is the fabrication of the pulsed dysprosium-doped ZBLAN
fiber laser and the implementation of the double pumping scheme and the MOPA

configuration, suitably adapted, to the ZBLAN glass.
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