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Summary

Light propagation in matter is described by vibration eigenstates, called modes, which
characterize the light-matter interaction. In the specific case of random media, according
to the strength of the disorder, the modes can be either extended over the whole system
or spatially localized. This disorder-based confinement is called Anderson’s localization.
In the first part, we introduce basic notions used along this manuscript. In particular
the light-matter interaction requires a semiclassical approach: The electromagnetic field
is described by Maxwell’s equations while the quantum nature of matter must be con-
sidered. In this thesis open media are studied. In such systems the modal description
requires a specific analytic treatment different from closed problems. In the second part,
we focus on Anderson-localized modes in open passive random media. Any change of
the disorder induces modifications of modes. Therefore, it enables the control over the
light properties. Moreover, when inserting an emitter inside an Anderson-localized mode,
strong light-matter interaction regimes can be reached. In the third part, active random
media, commonly called random lasers, are introduced. Using our experimental achieve-
ments, characteristics of random lasers are presented. The notion of mode enables us to
describe complex mechanisms involved in the lasing emission. Last, we demonstrate both
experimentally and numerically that a non-uniform excitation of random lasers can lead
to a control of the properties of the emission. In particular a multimode spectrum for a
uniform pumping can be turned into single-mode using an adapted pumping.
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Introduction

In principle, confining light can be easily achieved by two mirrors facing each other. As
simple as it might seem, this "classical” cavity is the cornerstone of many physical sys-
tems such as Fabry-Perot spectrometer and lasers. In an ideal optical cavity, a photon
will remain trapped for ever. The system is isolated from the rest of the universe and said
hermitian. The electromagnetic field describing the light oscillates at specific frequencies:
These oscillations define the modes of the close cavity. In this ideal description, the modes
are independent vibrations. The hermitian cavity allows both to address theoretical ques-
tions and to offer interesting prospects. As an illustration, we mention Quantum Electro
Dynamic (QED) cavities, where a two-level atom is inserted between two mirrors. On the
one hand it offers elementary verification of quantum mechanics. On the other hand, it
paves the way to many interesting physical applications, in particular in quantum com-
putational processing. Unfortunately, satisfying hermitian conditions sometimes requires
tremendous efforts. For instance, Serge Haroche developed a very high-Q cavity based on
two superconducting niobium mirrors at low temperature. Wineland’s group used single
ions in ultra vacuum between to gold electrodes.

When the dimensions of the cavity are down-scaled, ensuring the hermiticity of the cavity
becomes even harder. In contrast, novel science-driven cavities with complex geometries
have risen much interest. Among them, we can mention open dielectric micro-disks and
micro-spheres or photonic crystal slab defect mode. In all these systems, because of
openness or absorption, energy leaks out of the cavity. This energy loss couples the
system to the rest of the universe: The system is said non-hermitian. Unfortunately,
different theories of hermitian physics, such as Random Matrix Theory, fail badly to
describe non-hermitian problems. In non-hermitian system, the electromagnetic field is
still described by privileged vibration, commonly referred as resonances. But unlike closed
cavity, these non-hermitian modes are no-longer independent vibrations and energy can
be transferred from one mode to another. The new Physics involved in non-hermitian
systems has triggered strong theoretical interest, raising many questions: Is it possible
the adapt or extend standard approaches of hermitian Physics to open systems? What
are the specific properties that these open systems may offer?

A random scattering medium is another example of an open system. In such a medium,
the photon dwell time is enhanced by multiple scattering. Depending on the disorder
strength, light may explore the entire system and escape from it or may be trapped for
a long time by the disordered structure. In the first case, the system is said diffusive,
whereas in the second case, diffusion is inhibited and the wave is localized. In the last
case, if the system is large enough, all the good properties of hermitian systems are
recovered. The openness is simply driven by the degree of disorder. A random system
is therefore an interesting playground to explore systems ranging from hermitian to non-
hermitian. This unique characteristic has led to the exploration of many questions related
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to light-matter interaction, such as non-linear physics, QED or lasing. In the work that
we present here, some aspects of light-matter interaction in random scattering media have
been investigated. Our aim is to exemplify how the complexity of these systems offers
new degree of freedom to explore fundamental questions as well as new applications.

The document is organized in four parts and eight chapters, that we briefly introduce.

Part I - From microscopic light-matter interaction to modes in open random
media

In Chapter I, we review the basic notions of light-matter interaction in the semiclassical
formalism. Starting from microscopic Mazwell’s equations, we derive the propagation of
light in macroscopic dielectric systems. In particular, we describe the scattering of light
by inhomogeneities. The matter is described quantum-mechanically by discrete levels of
energy. We review the different mechanisms allowing a transfer from one level to another.
More specifically, we consider the two-level and four-level atoms.

In Chapter II, we introduce the concept of modes in non-hermitian systems. Starting
from a simple example in physics, modes are defined as a resonance in non-hermitian
problems, instead of stationary wave in the hermitian case. We present some fundamental
differences between hermitian and non-hermitian modes. Then, we consider the case
of open systems. We discuss the conditions allowing to expand the electric field along
the modes and the related mathematical formalism. Finally, we introduce modes for the
specific case of disordered open systems.

Part IT - Managing light-matter interaction in passive random media

In Chapter 111, we explore mode interaction and exceptional points in a non-hermitian
system. We first derive the evolution with any variation of the dielectric constant of
modes in a 2D system. In a general 2D dielectric system, we derive the exact evolution of
modes when the permittivity distribution is modified. In the specific case of localization by
disorder, we induce the coalescence of two modes for a specific modulation of the disorder.
In the vicinity of this so-called exceptional point, we study the mechanism of coalescence
and in particular the role played by other modes. We confirm theoretical predictions by
numerical simulations.

In Chapter IV, we investigate theoretically the interaction between a two-level atom with
a localized mode. For small intensity of the electric field, the interaction is described by
a linear polarization of the atom. In contrast, a high intensity gives rise to non-linear
polarization. In the linear regime, we study the electric field evolution and recover the
strong coupling condition between the emitter and the mode. Then, we investigate the
condition of a mon-linear response of the emitter. We propose experimental observation
of both effects. Our predictions are confirmed by numerical simulations.
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Part III - Active random media: The random laser

In Chapter V, we introduce the random laser and present our experimental achievements
of microfluidic devices. Starting from a textbook description of a conventional laser, we
define the random laser and model it in the diffusion approximation. Then, after describ-
ing the technique we developed to make microfluidic lasers, we characterize 1D and 2D
devices. We explain why the diffusion model is inadequate to describe such a random laser
and conclude that a more accurate description should be based on a modal description

In Chapter VI, we analytically derive the modes of the random laser from the modes of
the underlying random structure, the so-called passive system. The presence of a thresh-
old in the lasing emission requires to consider two distinct regimes, namely below and
above threshold. Below threshold, we derive the evolution of the modes and a perturba-
tion expansion allows to investigate the linear coupling between modes. Above threshold,
we derive the lasing mode using a similar approach and exhibit the linear and non-linear
mechanisms involved in the lasing.

Part IV - Control of random lasers

In Chapter VII, we propose a new method to control random laser emission based on the
shaping of the pump profile. Using an iterative approach, the spatial distribution of the
pump profile is progressively tuned to control the random laser characteristics. We offer
some analytical insights to understand the role played by the pump profile on mode mixing
and we propose further investigations for a complete description.

In Chapter VIII, we experimentally demonstrate the control of an optofluidic random
laser. Using a spatial light modulator, the pump fluence is modulated and an iterative
procedure adjusts the pump profile to drive the multimode laser to single-mode operation
at a desired wavelength. We investigate the influence of pump profile on linear and non-
linear mixzing. Finally a similar approach to control the directivity of the random laser
emission is proposed.
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Light-matter interaction:
Semiclassical description
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4 Chapter 1. Light-Matter Interaction

The most complete description of light-matter interaction is provided by a quantum me-

chanic description, where both electromagnetic field and matter are quantized. However,
many phenomena can be understood within the framework of the semiclassical theory of
light-matter interaction, where the light is described by a classic electromagnetic field,
while the quantum nature of matter is considered.

In this chapter, we introduce basic notions of the semiclassical theory that will be used
in this manuscript. Starting from Maxwell’s equations, we first derive the propagation
equations of the electromagnetic field in media with homogeneous and inhomogeneous
refractive index at macroscopic scale. Then, we consider the propagation of the field
when scattered by a particle. Finally, we present briefly the quantum description of
matter and introduce the different mechanisms of energetic transition.



1.1. Light-Matter interaction: Light propagation in matter )

1.1 Light-Matter interaction: Light propagation in
matter

In this section, we remind the evolution of electromagnetic field in 1D and 2D dielectric
inhomogeneous media. This section is mostly based on lecture notes [11, 2]. First, we recall
the microscopic description of the electromagnetic field provided by Maxwell’s equations.
Then, we derive the Maxwell’s equations for matter at a macroscopic scale. Finally, the
Lorentz’s oscillator model is used to define the susceptibility of dielectric material and
derive the equation of propagation in 1D and 2D dielectric media, namely Helmholtz
equation.

1.1.1 Light at microscopic scale
Maxwell’s equations in vacuum
Light propagation is described by the electromagnetic field (E(r,t), B(r,t)), where r and

t stand for spatial and temporal coordinates (see Fig. [[T]). Vector electric field and
magnetic field, E and B fulfil two constitutive equations

divB(r,t) =0 (1.1)

rot E(r,t) = —aa]?(r, t) (1.2)

known as Maxwell-Thomson’s and Maxwell-Faraday’s equations [3]. For propagation in
vacuum, the electric field obeys to Maxwell-Gauss’s equation

divE(r,t) =0 (1.3)
and the magnetic field Maxwell-Ampeére equation
OE
rot B(r,t) = uoeoa(r, t) (1.4)

The universal constants g and €, are respectively the permeability and permittivity of
vacuum.

Figure 1.1: Schematic representation of light propagating in vacuum: Light is described
by the oscillations of the electromagnetic field (E(r,t), B(r,t))
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Maxwell’s equations in matter at microscopic scale

At microscopic scale, the matter is assumed to be composed of point charges g; at position
ri(t) (as sketched in Fig[L2). The corresponding density p,,(r,t) reads

Pm (1, t) = Zqzﬁ(r —14(1)) (1.5)

Figure 1.2: Electromagnetic in matter at microscopic scale: Here we consider point charges
q; located at r;.

The motion of the charges induces a current density j,,, (7, t)

1) = 0 T (050~ ri6) = 3 i D50 — (1) (16)

This charges and currents influence the evolution of the electromagnetic field by giving
rise to discrete source terms in Maxwell’s eq. (LIHIZ)

divB(r,t) =0 (1.7)
0B
rot E(r,t) = _E(T’ t) (1.8)
divE(rt) = 2 mir’ D (1.9)
rot B(r,t) = poj,, (. t) + uoeoaa]f('r’, t) (1.10)

1.1.2 Light at macroscopic scale
From micro to macroscopic scale
At macroscopic scale, we can no longer consider point charges (as sketched in Fig. [L3).

The gap between microscopic and macroscopic scales can be bridged by performing a
spatial average [Il, 2, 4]. For a function, F'(r,t), the macroscopic average reads

(F(r1)) = /w(r —YE( ) dr (1.11)

where w(r) the regularization function is
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e normalized : [w =1
e real and positive

e bounded, in such way that 2 (F(r,t)) = (£ F(r,t)) [

Macroscopic Maxwell’s equations

Maxwell’s eq. (I7)) and (L.8) are easily derived at macroscale:
div(B)(r,t) =0 (1.12)

9(B)
ot
For eq. (LY) and (LI0), macroscopic expressions are complicated by the presence of

rot (E)(r,t) = —

(r,t) (1.13)

<:0m>

(m)

Figure 1.3: Schematic representation of light propagation in matter at macroscopic scale:
The charges and currents are continuous functions.

averaged source written as (p,,) and (j,,)

div (B)(r,t) = <’;m> (1.14)
rot (B)(r,t) = po(,,) + ;LOEO%(T, t) (1.15)

Let us first consider the macroscopic charge density (p,,). We assume that the medium
is made of atoms and we focus on an atom (at) at position 74 (see Fig. [[4(a)). For
sake of simplicity, position of the charges are expressed in the atomic frame and temporal
dependency is removed. The charge density of this atom reads

Patm(T) =D qid(r — rop — 1) (1.16)

leading to a macroscopic average

(Patm)(1) = qi/w(r — (1 = 1o —ri)dr' = qw(r — ro — 1) (1.17)

!The derivative of the spatial average reads % = %:WMF(r’,t)dr’ =—7 %WF(T/,t)dT,.
Using an integration by parts, a((;:) = (%—f). Because the function is bounded w(+o0,t) = 0. As a result

o(F) _ OF
or <W>
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The regularization function w is extremely smooth at atom scale. Eq. (II7) can be
expanded at first order around the position » — r,; and reads

(Patm) (1) ~ Z G (r —Ta) — Z qir;.grad f(r —r,) (1.18)
Defining 3" ¢; = g4 the atomic charge and )" ¢;r; = p,; the atomic dipole moment
<patm>(r) ~ Qatw(r - Tat) - pat'grad.f(r - Ta) (119)

Consequently, even for a neutral atomic charge (g, = 0), if the atomic dipole moment
p,; 7 0, a macroscopic charge (pu;.,,) exists. For instance, some neutral molecules (e.g.
H,0O, CO) have permanent dipole moment or atoms can polarized when coupled to the
electric field (see example in Fig. [L4(b)).

(a)

(b) Ee;tt
—

p

Figure 1.4: (a) The atomic frame (position r,): In this example a positive nucleus at
position r,, is surrounded by electrons at position 7;. (b) Example of neutral particle ex-
hibiting a dipole moment p: An atom is placed in a external electric field E.,;. Barycentre
of positive (¢ at ry) and negative (—¢q at r_) charges are spatially separated, leading to
the appearance of a dipole moment ||p||= ¢(ry —r_) # 0.

Now, since we perform similar operation on all atoms, the total macroscopic density reads

(Pm) (1) ~ Z Qatw(r — Tar) — Z P.-grad f(r —r,)
= Z quw(r — rg) — div Zpat flr—ry)

Defining P = Y. p,,f(r — r,) as the polarization density of the medium, the averaged
charge density reads

(1.20)

(m) (r,1) = pree(r) — div P (1) (1.21)

As a result, at macroscopic scale, the charge density is the sum of two terms

® Diree(T) = 2 qarw(r — rat), referred to as the free charge density

e —divP(r) = —-Y p,.grad f(r —r,), referred to as the polarization charge density
Hence, Maxwell-Gauss’s eq. (ILI4]) reads

_ ppreelr) — divP(r 1)

div (E)(r) ”

(1.22)

In the scope of this manuscript we will consider material with zero macroscopic charge

i.e. prree = 0. Maxwell-Ampere’s eq. (I.I5]) can be derived by a similar approach and be

written

O(E)
ot

oP
rot (B)(r) = uo (jfree + — +rot M) + po€o (1.23)

ot
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where M is the magnetization of the medium.

From now on, we will only consider the macroscopic quantities and remove the average
notation: (F) = F.

1.1.3 Propagation in dielectric media

Lorentz’s oscillator model

In Fig. [L4(b) we presented an example of polarization mechanism when an atom is
placed in the electric field. This example stresses that the polarization P in eq. (L22)

is imposed by the nature of the material. In this manuscript, we will consider dielectric
media composed of atoms modelled as Lorentz’s oscillators.

(a) (b) VvV

T+ To

Figure 1.5: (a) Lorentz oscillator model: An electron (—e,m) is connected to a fixed
nucleus (e) by a spring. (b) Interaction potential between electron and nucleus. The
system evolves in the vicinity of the equilibrium position 7.

An electron of mass m and charge —e is elastically linked to the nucleus of an atom (see
Fig.[LHl(a)). This nucleus is heavy and assumed fixed. The interaction potential V (r+rg)
versus the distance nucleus/electron (rg + r) is sketched in Fig. [LH(b). The motion of
the electron is achieved in the vicinity of the equilibrium position (rg). As a result, the
force deriving from the potential in the vicinity of ry acts like a spring

F, .= —gradV ~ —muwr (1.24)

We assume non-relativistic electrons and therefore we neglect the magnetic force. More-
over, a damping force is opposed to electron motion (coefficient I'). Finally, because the
wavelength is much larger than atom size, the electric field is assumed uniform.

As a result, the dynamic relation reads

d? d
md—; = —¢E(r =0) — mwir — mFd—z (1.25)

For a monochromatic problem (single frequency w), solution of the form r(t) = r(w)e
can be used as an ansatz. The solution of eq. (L2H) reads

o) =

—twt

(1.26)
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As a result, the dipole moment reads

= ¢pap(w)E(w) (1.27)

where ag(w) is the polarizability of the particleﬁ. At macroscopic scale, for n identical
particles, the polarization density readsﬁ

P(w) = n{p)(w) = cox(w)E(w) (1.28)

where x(w) is the material susceptibility.

Helmholtz equation in a uniform dielectric media

In this manuscript, we will consider propagation of light in dielectric media, without
magnetic moment or current. First, we consider a uniform medium. In the spectral
domain, the Maxwell’s equations read

divB(r,w) =0 (1.29)

rot E(r,w) = iwB(r,w) (1.30)
divE(r,w) = —divf’o(r,w) (1.31)

rot B(r,w) = —pugiwP(r,w) — poepiwE(r, w) (1.32)

For a susceptibility x(w), eq. (L31]) reads
div (eoE(r,w) + P(r,w)) = div (eE(r,w) + éox(w)E(r,w)) = 0 = divE(r,w) =0 (1.33)

Combining eq. (L29HL33)

rotrot E(r,w) = grad divE(r,w) — AE(r,w) = iwrot B(r,w)

1.34
= iw(—poiwP(r,w) — poegiwE(r,w)) (1.34)
Hence, the electric field fulfils

AE(r,w) + pocow? (1 4+ x(w))E(r,w) =0 (1.35)

If we define the index of refraction n(w) = /1 + x(w), the field is driven by an equation
known as the uniform Helmhotz’s equation

AE(r,w) + procow*n(w)’E(r,w) =0 (1.36)

”»

2The sign ”y” on the notation of the polarizability oy means we consider the static limit w — 0 (see
Appendix [A]).

3This relation is only true in the quasi-static limit (w — 0). Otherwise, the polarizability of a single
atom and the susceptibility of the material are not proportional. A complete description requires a
correction factor we will recall in Appendix [Al
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Helmholtz equation in a non-uniform dielectric media

Now, we consider the propagation of light in 1D or 2D dielectric inhomogeneous media
characterized by non uniform susceptibilities x(r = (z,y),w) (composed of different di-
electric materials, see Fig. as example). In such systems, the zero divergence of the

electric field (divE = 0) in eq. (IL33)) is not fulfilled
div (eoE(r,w)) + div (eox (1, w)E(r, w)) =€o(1 + x(r,w))divE(r, w) (1.37)
+ eograd x(r,w).E(r,w) =0 '

We decompose the electric field into a Transverse Electric (TE) and a Transverse Magnetic
(TM) components (see Figll.6)). If we consider the TE component of the electric field
Erp = Ergp(z,y)z, where z is the direction orthogonal to the 2D system, eq. (IL37) reads

€0 (14 x(r,w))div Erg(r,w) + eograd x(r,w) Erp(r,w) = ¢(1+ x(r,w))divErg(r,w) = 0
(1.38)
Inserting eq. (L38), into Maxwell’s eq. (L29HL32) and projecting along z leads to Helmholtz
equation in non-uniform media
AErp(r,w) + pocown(r,w)’Erg(r,w) = 0 (1.39)

where n(r,w)? =1+ x(r,w).

©

Figure 1.6: Electric field E in an inhomogeneous medium composed of material of index
of refraction n; and ny: The electric field can be expanded in a TE and a TM component.

In the case of piecewise constant refractive index distribution (for instance see Fig. [LLT), a
similar equation can be derived for By, and the TM part of the electric field Ery; can be
obtained thanks to Maxwell-Faraday’s eq. (L30) [5]. As a result, the total electromagnetic
field is derived from a single scalar equation

AU(r,w) + pocow?n(r,w)*U(r,w) = 0 (1.40)
where U is the electric or magnetic field in transverse configuration.

In the scope of this manuscript, we will consider 1D or 2D dielectric media, where either
the electric field is TE or the refractive index is piecewise. Noting ey = ¢ 2, the
electromagnetic field in our media will be derived from the scalar Helmholtz equation

2

AE(r,w) + %n(r, WE(rw) =0 (1.41)
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1.2 Light scattering by a particle

We derived in section the evolution of the electric field in inhomogeneous media.
Eq. (L4I) emphasizes the influence on light propagation of a modification in the index
of refraction. In particular, when light encounters a rapid variation in the index of re-
fraction, its propagation is affected: The wave is scattered. In this section, we introduce
briefly the scattering. First we consider scattering by single particle and its effect on the
electromagnetic field. Then we focus on scattering with a large number of particles and
introduce averaged descriptions. More details can be found in [11 6] [7].

1.2.1 Introduction

We consider the case of a plane wave (characterized by an electric field Ey = Epx at
wavelength A) incident on a particle (length scale L, see Fig. [[L7(a)). When crossing the
particle, the electric field spreads in many directions: The particle scatters the incident
field. The resulting field E; is referred to as the scattered field. Far away from this
scatterer, in the far field approximation (distance > L?/)), this field reads

e’LT’/‘

E,(u) = S(u)E, (1.42)

r

where u is the scattering direction and S(u) the scattering matrix. The scattering matrix
stands for the modification of the incident polarization (x in Fig. [[7(a)). From an
electromagnetic point of view, the particle acts as a passive emitting source. When the
medium is stricken by light (see Fig. [L7(b)), the electric field induces motion of charges
(free or polarization). This displacements lead to the build-up of a current density (j,,)
(see section [LT.2) and these currents will radiate an electromagnetic field, referred to as
the scattering field. As a result, the scattered wave and the scattering matrix are set by
the geometrical shape and the material of the particle. As sketched in Fig. [[7(c), the
directional scattering pattern can be rather complex and non-isotropic.

In the Helmholtz equation we derived in eq. (LZ1]), a scatterer is represented by a rapid
change in the index of refraction. For instance, in the example provided in Fig. [[L7] the

electric field satisfies ,

AE(r,w) + w—zn(r)QE(r,w) =0 (1.43)
c
where n = 1 outside the particle and n = n,,,, inside (1, is the index of refraction of

the material).

Now, we consider the total intensity scattered on the whole space. Using eq. ([L42]), this
intensity reads

2

E
15:/ \ES\QdS:/ ]S(u)]Ql g' 12 sin 0dOde (1.44)
r—+4-00 r—400 r

where 6 and ¢ stand for angular coordinates. Noting df) = sin#dfd¢ the solid angle,

eq. (L44) reads
I,=1 [ |S(u)|*dQ (1.45)
4m
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where Iy = |Eg|* stands for the incident plane wave intensity per unit surface area.
Therefore, we can define from eq. ([L45]) a surface called the scattering cross section
I
os=—= [ [S(u)]*d (1.46)
IO 4

This scattering cross section gives an averaged quantity measuring the scattering strength
of the particle.

(a)

(b)

270

Figure 1.7: (a) The incident electric field Eq is scattered by a particle. The resulting
field E, is spread in all directions. (b) The scattered field results from the appearance of
local currents in the particle induced by Ey. (c) Scattering diagram: The scattered field
is non-isotropic.

1.2.2 Scattering media

In section [L2.], we treated the scattering by a single particle. In scattering media, the
propagation of the electric field is still described by Helmholtz equation (see for instance
eq. (L43])). Nevertheless, in media where the density of scattering is important, many
scattering events occur, which makes the scattering of the incident electric field difficult
to handle. In this section, we aim at introducing different approaches we use in Chapter [0l
instead of the Helmholtz equation.

For instance, we will consider the case of a plane wave incident on a plane interface (see
schematic drawing of Fig. [[]). In this problem, each time the light is scattered, the
intensity in the incident direction decays.

The decay is exponential and satisfies the Beer’s law
I, = Iye is (1.47)

where [ defines the scattering length or mean free path. [, stands for the typical scattering
length-scale of the incident intensity. From [, we can define the transport length or mean
free path [;.

= (1.48)
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Figure 1.8: Schematic representation of light scattering: The intensity decays according
to the Beer’s law.

This relation between both lengths includes the asymmetry coefficient g = (cos(6)) stand-
ing for the averaged angular scattering of particles constituting the medium (see for in-
stance Fig. [[L7(c)). I; stands for the length after which the direction of propagation of
the photon is randomized or the incident direction is lost. For an isotropic scattering g =
0 and for a directional scattering g — 1. In diluted systems, these lengths can be related
to the notion of cross section introduced in section [[.L2Z.1l For instance the scattering cross
section o, reads

1
= 1.49
%= (1.49)

where p is the scatterer density. As a result, in this specific configuration, the multiple
scattering is easily related to single scattering quantity.

More generally, for 3D problems with a typical length-scale L much longer than the
scattering length I, (L > ), the light propagation will be described by a diffusion
equation. If we assume no absorption, the diffusion of the intensity I(r,t) will read

gﬁ(r, t) — DAI(rt) + llc](r, t)=0 (1.50)

where c is the speed of light in the medium and D = éclt the diffusion constant (expression
only valid in 3D).

1.3 Light-Matter interaction: Matter excitation

In the first two sections, we investigated electric field evolution when interacting with
matter. In this section, we rather focus on the medium itself. First, we introduce the
discrete Bohr’s description of energy of particle [8] and the different transition mechanisms
between levels [9] [10]. Then, we investigate the static and the dynamic regimes of a two-
level atom in the electric field (see [9, [10]). Finally, we consider a four-level atom and
demonstrate how it can provide stimulated amplification (see [9} 10} [11]).
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1.3.1 Energy conversion transfer

Bohr’s hypothesis states [§] that the total energy of a particle (an atom for instance) can
only exhibit a discrete set of values. Hence, energy can only be modified by "quantum
jumps” described by Einstein’s electromagnetic/matter interaction [12]. To introduce
the different scenarii of conversion, we consider an atom with two levels of energy (see

Fig. [9).

First, as sketched in Fig. [L9(a), the atom can be excited from state 1 to state 2 via an
external input of energy. This is the pumping or external excitation. External energy can
be brought in various forms (e.g. chemical, optics, electrical).

The atom can decay from energy state 2 to 1 by spontaneous emission (see Fig. [L9(b)).
The decay of energy is subsequently converted into a photon of similar energy hvy =
Ey — E; called the resonance transition. This emission is usually isotropic and happens
randomly. However, for an initially excited system, the probability of spontaneous emis-
sion decays exponentially versus time (see section [[L3.2]).

(a) (b) (c) (d) (©)

2 —A—EQ —_— -
AVAVAVe
NN\~ AVAVAV AVAVAV.
P, hvg hv hv VYV
hv
1 — Ey —
Pumping Spont. emission  Absorption Stim. emission NR decay

Figure 1.9: Energy transfers: (a) Pumping/Excitation by an external source. (b) Spon-
taneous emission of a photon. (c¢) Absorption of an incident photon. (d) Stimulated
emission driven by an incident photon. (e) Non radiative (NR) decay.

The atom, initially in state 1, can also be excited into state 2 by absorption of an incident
photon at energy hv ~ E;— F; (see Fig.[[L.9(c)). The incident light beam is thus depleted
and looses a photon each time an absorption event occurs.

The atom initially in state 2, can also decay into level 1 by stimulated emission [13](see
Fig.[[9(d)). The incident photon energy hv ~ E;— FE; being close to resonance transition,
the atom emits a photon identical to the incident one. The photons are duplicated by
stimulated emission.

Last, the atom initially in state 2 decays to level 1 by non radiative transition (see
Fig.[L9(e)). No photon is emitted and energy can be transferred via different non radia-
tive effects (e.g. vibration, collision, phonon).
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1.3.2 A two-level atom in an electromagnetic field
Population equations

Here we consider the textbook case (e.g. [9, [10]) of a total population of N two-level
atoms placed in the electromagnetic field. With the development of quantum dots acting
like artificial two-level atoms, this model is currently used in many fields of research (e.g.
in quantum information). In particular, it will be considered in Chapter @l

The two levels are assumed non-degenerated i.e. there is one quantum state for each
energy level. This set of atoms acts like a single emitter with two energetic levels 1 and
2. No pumping is considered and we assume that all the conversion are radiative. Thus,
populations of different levels Ny and N, read

dNy

Tt = A21N2 — BuNﬂL(V) + BglNQU(V) (151)

dN: dN-
d7t2 = —7; = —A21NQ —|— BlgNl’LL(l/) — BglNQU(l/) (152)

where u(v) is the photonic density at frequency v. In eq. (L5I)) and (L52), As stands
for spontaneous decay from 2 to 1, BjoNyu(v) for absorption from 1 to 2 and Bgju(v) for
stimulated emission from 2 to 1. Moreover, the particle conservation reads

In this specific case of non-degenerated atoms, absorption and stimulated coefficients fulfil

312 - BZl (154)
Leading to population equations
dN
dTl — Ay Ny + By (Ny — Ny)u(v) (1.55)
dN. dN-
7; = _ditl = —A21N2 — BQl(NQ — Nl)lb(I/) (156)

Steady state regime

In the steady state regime, eq. (L5H) and (L56) read
0= AglNg - BlgNlu(V) + BQlNQ’LL(V) (157)

0= —dd];[l = — Ay Ny + BiaNqu(v) — Bay Nou(v) (1.58)
As a result, for a non-degenerated problem
Ast Ny + Boqu(v)(Ny — Ni) = 0 (1.59)
With conservation relation of eq. (L53)), eq. (L5Y) reads

A21N2 + 321u(1/)(2N2 - N) =0 (160)
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N1 N,

Figure 1.10: Steady state population NN;.: They evolve linearly for low energy. Both
populations converge to N/2 for high energy.

Leading to steady state expressions of the populations

Agl + leu(V)
Nigs = N 1.61
1 A21 + 23211{,(1/) ( )

Bglu(V)
Nogs = N 1.62
% A21 + 2B21u(l/) ( )

In Fig. [L10, we plot the evolution of the population in the steady state versus the photonic
density.

Fig. [LI0 highlights that, for a two-level atom, high energy population (/N;) is smaller than
lower energy population (/N7). The inversion population is negative: AN = Ny — N; <
0. Moreover, we know from eq. (L53) that stimulated emission and absorption coexist.
This is emphasized by the right-hand side term Bgju(v)(Ny — Np) in eq. (L55). Hence, to
achieve a photonic amplification with stimulated emission, we need to impose a positive
inversion population AN to compensate for the absorption. As a result, the two-level
atom cannot be used as an amplifying medium.

If at low u(v) the populations evolve linearly with the energy, Fig. [L10 also stresses the
convergence of populations at high energy. This phenomenon is called the saturation of
the emitter (see Chapter[d) and is related to the finite energy that the emitter can provide.

Dynamic regime

In Chapter (] we will investigate the evolution of a two-level emitter in a electromagnetic
field in the time domain. To give an overview of two-level atom temporal dynamic, we
consider the situation of atoms excited in the steady state regime for t < 0. At t = 0, the
field excitation is turned-off (u(r) = 0).

At initial time (¢ = 0), the high energy population reads Ny(0) = Ny After the
excitation has been switched-off, the temporal evolution of N, is given by

dN-
d7t2 = A21N2 = Ng(t) = NQ}SSB_AZN (163)
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(a) (b)

w = 2mv

Figure 1.11: (a) High energy population Ny versus time: The population decreases expo-
nentially with a characteristic time 75. (b) Atoms are emitting photons by spontaneous
emission: The resulting emission spectrum is centred in the transition frequency vy and
the linewidth is fixed by the time 7g.

As a result, the population of excited atoms will be progressively depleted by spontaneous
emission of photons. This decay is characterized by a time 7¢ = 1/Ay; (see Fig. [LTTi(a)).
As shown in Fig. [LTTI(b), the resulting spectrum has a Lorentzian shape centred at
vy (1o is the resonant frequency between the two states). The temporal decay 75 of
excited atoms population (Ny) fixes the linewidth of emission in the spectral domain
(I's = 1/75). In this particular case, we have omitted non-radiative transition. In presence
of non-radiative transitions, some atoms in population Ny decay without emitting photons.
Hence, the resulting spontaneous emission will be modified. Both radiative and non-
radiative transitions affect the spectral linewidth I's = 1/7g, which reads

s =TF+TH" (1.64)

where T'E stands for radiative decay and T'§ % for non-radiative.

1.3.3 Four-level atomic system

Achievement of laser sources relies on the duplication of photons via stimulated emission
(see Chapters BHS). We demonstrated in section [[3.2 that a two-level atom cannot be
used to perform stimulated amplification. A more complex medium is required.

In the scope of this manuscript, we will consider media composed of four-level atoms (see
for instance [9, 10, [14]). The four-level description is widely used for modelling amplifying
media (e.g. Rhodamine or Ti:Sapphire). As sketched in Fig. [[T2] the atom is described
by four levels of energy, namely levels 0, 1, 2 and 3. The system is pumped (W,) by an
external source of energy, which brings atoms from level 0 to 3. Transition from level 2 to
1 provides the stimulated emission. Transitions from 3 to 2 and 1 to 0 are assumed non-
radiative and extremely fast. Hence, levels 3 and 1 are empty. As a result, the population
of different levels read

dN:
7153 ~0= WpNO - A32N3 (165)
dN.
7752 = A32N3 — A21N2 — Bgl<N2 — Nl)U,(l/) (166)
dNy
— x~0= —A10N1 + AglNQ + Bgl(NQ — Nl)u<l/) (167)

dt
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Figure 1.12: Four-level atom: Level 0 is pumped to level 3. Transitions between 3 and 2

and 1 and 0 are non-radiative. Transitions between levels 1 and 2 are radiative.

d N
=z = —WpNo + AlONl
dt
From eq. (LG5) and Ny ~ 0 we deduce
dN:-
= WyNo = Az Np — By Nyu(v)
and AN
dito = —WpNO + A1 Ny + B21N2UJ(V)
Using the conservation relation Ny + Ny = N, eq. (L69) reads
dN.
7; = W,(N — Ny) — Ayy Ny — Boy Nou(v)

Therefore, the inversion population AN = Ny — Ny &= N, fulfils

AN 1 (ANO AN — “(”)AN>
dt T

Usat

where

T = (Wp+Ay)™"

W.
AN, = N—P
0 W, + Ay
Wp + Azl
usat - 5
By

Solution of eq. (LT2) in steady state regime reads

AN = BNy We

IR Ty oy

sat Usat

(1.68)

(1.69)

(1.70)

(1.71)

(1.72)

(1.75)

(1.76)

As a result, the inversion population is positive and its amplitude is triggered by the
pump intensity. Hence, in four-level media, stimulated amplification can be achieved.
Eq. (IL76) also highlights the inversion population saturates for high energy u(v). We will
investigate in Chapter [@ the role played by saturation on amplification process. In the
rest of this manuscript we will consider the gain media as four-level atomic systems.
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1.4 Summary

In the present chapter, we have introduced basic notions required to study light-matter
interaction in a semiclassical approach. In 1D and 2D dielectric media, the electromag-
netic field is studied in a classical way and is described by a scalar linear equation, namely
the Helmholtz equation. This equation conveniently describes electromagnetic field prop-
agation in media with homogeneous and inhomogeneous refractive index. We have also
briefly introduced the scattering of electromagnetic field by a discontinuity embedded in
the medium. We have stressed the manifestations of the scattering at particle scale and
macro-scale. Finally, we have stated that the matter is described with quantized levels of
energy and the "jumps” between levels are achieved with various mechanisms that we in-
troduced. Starting from this description, we have investigated the static and the dynamic
evolution of two-level and four-level systems. We have demonstrated that a photonic am-
plification cannot be performed on two-level atom and requires a more complex system
such as four-level atoms.
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In physics, a wave is described as a propagation of energy through time and space.
Its study is complicated by the intrinsic dependency of time and space. The aim of the
modal description is to simplify the description of wave by carrying out its expansion along
specific vibrational states of the problem. These vibrational states define the modes of the
system. The notion of mode has been widely used in quantum as well as in classical physics
[15, @]. However, the nature of modes differs when the system is energy-conservative
(hermitian) or non-conservative (because of absorption or openness). For non-hermitian
problems, the modes are associated with the resonances. Because the resonances represent
specific signatures of the system, their study is of fundamental interest in various domains
of application such as biophotonics [16], [17] for single molecule fluorescence detection,
antennas [I8, 19 and photonic crystals [20, 2I]. Hence, finding the vibrational states
of open structures with non-trivial geometries is thus of great theoretical and practical
interest.

In this chapter, we investigate the description of modes in open problem and consider the
specific case of disordered systems. First, we introduce the concept of modal expansion in
hermitian and non-hermitian systems. Because, vibrational states are of different nature,
the characteristics of the modes differ from hermitian to non-hermitian. Then, we describe
the modes in the specific case of open systems. The openness requires to define a different
mathematical formalism, which differs from hermitian physics. Finally, we consider the
specific case of disordered open systems. The study of resonances provides an interesting
tool to investigate the mechanism of wave localization by disorder, namely the Anderson
localization.
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2.1 Introduction to Modes in hermitian /non-hermitian
systems

The aim of this section is to introduce the concept of modes in hermitian and non-
hermitian systems using the guideline example of the Melde’s string. For an energy-
conservative (hermitian) system, the modes are defined as the stationary solutions of the
problem. When losses are introduced, the problem becomes non-hermitian. In other
words, stationary solutions no longer exist and the modes correspond to the resonances
of the problem. Because, hermitian and non-hermitian modes are of distinct nature, they
exhibit different properties. Among them, the mode degeneracy is a specific signature of
each case.

2.1.1 Stationary solutions of hermitian systems

The Melde’s string

To introduce the concept of mode, we consider the example of the Melde’s string (see
Fig. 2ZT)). A string of length L is excited by an electromagnet (frequency v and a small
amplitude a) at one edge and maintained static by a mass at the other. The height,
h(z,t), varies in time and space, defining a wave (see Fig. 2T]). In this academic example,
losses are neglected and energy is conserved through time: The system is said hermitian.
The corresponding relation of motion, with a wave celerity v, is given by the Alembert’s

h(z,t)

acos (2mvt)) x

Figure 2.1: Melde’s string loss free: A string of length L is excited by an electromagnet
at the one edge (z = 0). The amplitude and frequency of the excitation are respectively
a and v. A wave described by the height of the string h(x,t) propagates. The presence
of a heavy mass forces the wave to be zero at the edge x = L.

equation
d*h 1 9%h
@(xvt)—vjﬁ(xat) =0 (2.1)
This equation is a second order derivative, thus requires two boundary conditions. Because
the system is excited at one edge and clamped at the other one, these boundary conditions
read
h(0,t) = acos (2mvt) & h(L,t)=0 (2.2)

The system is loss free, thus eq. (ZI) can be solved using stationary solutions. From
a mathematical point of view, solving a problem by adopting stationary waves consists
in adopting a trial solution of the form h(x,t) = f(x)g(t), where f,g € R% Physically
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speaking, this is equivalent to considering time and space separately: The spatial distri-
bution of the wave remains identical whatever the time and wvice versa. Adopting this
approach, eq. (Z1]) can be solved in the stationary regime and any solution reads

~ sin(k(L —x)) B
h(z,t) =a Tem(kD) cos(2mvt) = |h(x)|, cos(2mvt) (2.3)

where |h(z)|, is the wave amplitude, k stands for spatial frequency related to spectral
excitation frequency by the simple dispersion relation k = 2“7” Now, we assume that the
excitation frequency v spans the frequency space. In Fig.[2.2(a), we record the response of
the Melde’s string with respect to the excitation frequency. For a discrete set of frequency

(b) he(2)

Figure 2.2: (a) Amplitude of wave |h(z)|, with respect to the excitation frequency v:
When approaching frequencies v, amplitude diverges. (b) Spatial distributions h,(z) of
the wave at specific frequencies v,.

(1), the amplitude of the wave diverges

|h()]y=y, — +00 v, = vp

- 24)

At these particular frequencies, an infinitesimal excitation of the system (a — 0) will
make the string oscillate for ever. In the spatial domain, the wave will simultaneously
describes oscillations

2mv, (L — x))

v

hy(x) = sin ( (2.5)
Hence, each couple of frequency and spatial distribution ((v,, h,(x)), see Fig. Z2)) repre-
sents an eigensolution or eigenstates of eq. (2.I]). In wave physics, these sets of stationary
solutions defined by couples of eigenvalue/eigenvector are referred to as the (hermitian)
modes of the system. These modes define privileged vibrations in time and space of the
string.

Modal expansion in hermitian problem

Now, the electromagnet responsible for the excitation is switched off. The system is
turned into a string clamped at both extremities. When a wave propagates through the
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string, it can be expanded into a sum of stationary waves solution of eq. (2I]). Hence,
any wave h(z,t) is a linear combination of the modes (v, h,(z)) described in section [5.1.1]

h(z,t) = ayh,(z) cos (2mr,t) (2.6)

where a, are expansion coeflicients. In the Fourier’s domain, eq. (2.6]) leads to a discrete
spectrum

H(z,v) =Y aphy(x)é(v — 1) (2.7)

Because the spectral components are infinitely thin, there is no spectral overlap between
the modes (see Fig. 23). In the space domain, defining the scalar product

|H(x)|, @@ az az as as G

141 1) V3 Vy Vs Vs v

Figure 2.3: Example of a hermitian wave spectrum: The spectrum is discreet and com-
posed of an infinite number of modes at frequencies v,.

(ulv) = / (@) v(z)dz (2.8)

L
it turns out that all the spatial distribution of the modes hy,(z) (see Fig.[2.2) are orthogonal
(hplhq) = 0pq (2.9)

Hence, there is neither spatial nor temporal overlap between the modes. From a physical
point of view, a wave propagating in a hermitian system can be described by a linear su-
perposition of independent vibrations. There is no exchange of energy between hermitian
modes.

2.1.2 Resonances of non-hermitian systems
The Melde’s string... with losses

When the total energy of the system is not conserved over time, the system is said non-
hermitian. For non-hermitian problems, because energy escapes from the system through
time, defining the modes as stationary vibrations (time independent) is not possible. In
this manuscript, we consider losses of two kinds

e The presence of a complex potential: energy (wave) is absorbed or amplified.

e The openness of the system: energy (wave) leaks at the edges of the system.
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To carry on with the Melde’s string experiment, we introduce absorption with a damping
coefficient «v affecting the first order in eq. (2.1)):
2 1 2

g;;($7t) - ozaa?(x,t) — zﬂngil(w’t) =0 (2.10)
Because of the absorption, waves described by eq. (2I0) can no longer be considered as
stationary solutions. We measure the amplitude of the wave versus excitation frequency v
in a similar manner to the hermitian case (see Fig.2:4(a)). The amplitude of the spectral
response no longer diverges. Because of absorption, each excitation will be attenuated
in time until it disappears: The system no longer exhibits divergences resulting from
stationary solutions. However, even if the amplitude does not diverge, some maxima
remain at specific frequencies. These frequencies also correspond to privileged oscillations
called the resonances of the system. Compared with stationary solutions, resonances are
attenuated in time. This attenuation is directly related to the broadening of resonances in
the spectral domain (see Fig. 2.4(b)). As a result, the definition of resonances differs from
stationary solutions: A resonance is defined by a spatial distribution (h,(z)), a central
frequency (v,) and a spectral linewidth (Av,). Similar to the hermitian case and the
stationary solutions, it is possible to define frequency for resonances, but these frequencies
are now complex (Q, = 27y, — ZQT(%) as initially suggested by Gamov [22]. In wave
physics, the sets of complex frequency €2, and spatial distribution h,(z), are referred to
as the quasi-modes or non-hermitian modes of the system. Hence, in hermitian systems,

(a) (b)
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Figure 2.4: (a) Amplitude of the wave |h(z)|, according to the frequency excitation
v: The response exhibits specific maxima referred to the resonances. Each resonance
is characterized by a central frequency v, and a linedwith Av,. (b) Example of wave
decomposition in the spectral domain: The spectrum is continuous. Each maximum is
related to a resonance of the system.

modes are derived from stationary solutions, while in non-hermitian systems, modes are

related to resonances. However, in both cases, the modes are related to a privileged
vibrational frequencies and thus stand for eigenstates of the problem.

Modal expansion in non-hermitian system

Similar to the hermitian case, the wave in non-hermitian systems can be expanded along
the modes of the system. But unlike the hermitian case, the modes are not independent
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and influence each other. By way of illustration, if we perform the modal expansion in
the case of the Melde’s string, any wave solution of eq. (2.I0) reads

Av.

h(z,t) = ayh,(z) cos (2mupt) ezt (2.11)

where a, are simple coefficients. Each component is now damped. Eq. (ZI1) leads to a
continuous spectrum in the spectral domain (see Fig. [Z4|(b))

1

— 2.12
tw — €Y, (2.12)

H(z,v) = Z aphy ()

Moreover, this damping also affects the spatial distribution of the modes and breaks there
orthogonality

{hp|hq) 7 Opg (2.13)

Hence, non-hermitian modes have spatial and spectral overlap.

From a physical point of view, this basic example highlights that non-hermitian modes
are not independent vibrations. Energy can be exchanged between modes, which makes
them different from hermitian modes. The field is described by a superposition of non
independent vibrations. Hence, the properties of non-hermitian modes will differ from
the hermitian case. Mathematically speaking, the non-orthogonality of modes affects the
completeness of the set of spatial distribution (h,(x)), in infinite dimension problem. In
others words, the uniqueness of the coefficients in eq. (ZI1]) is no longer guaranteed and
is problem-dependent.

2.1.3 Fingerprint of hermitian/non-hermitian systems

As stated in sections 2.1.1] and 22T.2l modes in hermitian or non-hermitian systems have
different properties. To highlight their differences, we propose to investigate a simple
example of Quantum Mechanics problem: The electron in a double quantum well.

Two-mode interaction in a hermitian system

First, we consider two independent quantum wells L and R far away from each other.
In hermitian quantum mechanics, the stationary solutions of this problem are given by
the eigenstates (eigenvalues/eigenvectors) of the energy operator called the Hamiltonian.
The two quantum wells are considered distant and independent (see Fig. 2.5(a)). Each
quantum well is characterized by a spatial distribution |®;,z) and a real energy Ey /.
Hence, the problem can be reduced in the form of a Hamiltonian Hy:

E, 0
me (52 o0

In this simple case, the eigenstates of the full problem correspond to the eigenstates of
each individual well (Ep/r, [®1/r)).

Now, the two wells are brought closer to each other (see Fig. ZH(b)). The interaction
between the two wells is introduced by adding a hermitian perturbation described by an
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Figure 2.5: (a) Two quantum wells R/L are considered independently: They define
eigenstates equivalent to stationary solutions (Eg/r, ®r/r). (b) When the two eigenstates
interact, they create new eigenstates (Ey, Py).

operator T responsible for tunnelling from one well to the other. The new Hamiltonian

H writes
- (E, 0 0 Tin
H_H0+T_<o ER)+<TRL 0)
Ep Tig
H = 2.15
<TRL ER) (2.15)

where Trp = (PL|T|PRr) € R, Trr, = (Pr|T|Pr) = Trr. In this case, the Hamiltonian
describing the electron evolution is hermitian: By extension the problem is said hermitian.
Because H is hermitian, its eigenstates are described by real energy F.

Jon + |TRL|2 €ER (216)

_EL+ER:|:\/(EL_ER>2
N 2 4

And defining the inner product
(alb) = [aja3] [bibs]" (2.17)
the eigenvectors @, are orthogonal

Trr
i\/(EL;ER)Q + |TRL‘2 _ EL;ER

@i:[ ] & (D, ]P_) =0 (2.18)

Similar to the case of the Melde’s string, the wave function of the electron will infinitely
"oscillate” at real frequencies F. along non interacting spatial distributions ®.. Thus,
the total energy of the system will be conserved over time. These eigenstates (Fi, ®.)
(see Fig. 2ZH(b)) are analogue to eigenmodes introduced in section BTl for the hermitian
problem.

Hermitian degeneracy: Diabolic Point

Carrying on the previous example of the double hermitian quantum well, we assume that
the different parameters (Fp, Fr and Txy) can be modified by playing with the depths
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of wells and the gap between them. We assume that these parameters are independent,
which means that they can be varied without influencing each other. We consider a
configuration where eigenvalues become degenerated

B, =E_ = (E, + Eg)/2 (2.19)

In the present case, the problem is non-dissipative with time-reversal symmetry, thus H
is real and symmetric [23]. We need to fix the two real parameters (e.g. for a given Ep,
we will modify Er and Trr) to achieve the degeneracy suggested in eq. (2.19)

Er=FE;, & Tr,=0= E,.=FE_ (220)

The problem is said of co-dimension 2 [23]. For hermitian but complex hamiltonian (non-
dissipative without time-reversal symmetry), three parameters are needed (co-dimension

3 [24]).

If eigenvalues can become identical at a specific point in the parameter space (Fr, Trr),
the spatial distribution of the modes remain orthogonal at degeneracy because the system
is hermitian. This specific configuration introduced by Berry and Wilkinson [25], where
eigenvalues are identical and eigenvectors are orthogonal, is called a Diabolic Point. The
origin of the appellation comes from geometry of the Riemann’s sheets of eigenvalues
E. in the parameter space. They describe a double cone (diabolo) connected at the
degeneracy [25]. As a matter of illustration, we plot in Fig. the evolution of the real
eigenvalues (F.) of the double-quantum well in the parameter space (Eg, Trr). Diabolic
Point can also appear in non-hermitian systems but its observation is hindered by the
required number of independent parameters (at least a co-dimension of 4). Hence, with
2 independent parameters, the observation of a Diabolic Point is specific to hermitian
problems.

Figure 2.6: Evolution of the real eigenvalue F. in the parameter space (Egr, Trr). The
eigenvalues evolve along Riemann’s sheet intersecting at a single point: The Diabolic
Point. The two sheets describe cones connected like a diabolo.

One of the major manifestation of the Diabolic Point is its influence on the Berry’s phase
[26]. The Berry’s phase is of geometrical origin. When a system (indifferently quantum
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or classical) undergoes an adiabatic transformation, it acquires a residual phase due to its
evolution within the parameter space. The Berry’s phase has been observed in quantum
optics [27], classical optics [28] and even microwave cavity [29]. When a Diabolic Point is
encircled within the parameter space, the Berry’s phase accumulates a 7 phase [30)].

Two-mode interaction in a non-hermitian system

The hermiticity is related to the conservation of the energy and breaks down when losses
are introduced. Here, we consider the double quantum well with complex energies K7,/ —
il'r /g, where I'; /g are due to absorption introduced within each well. The problem being
non-hermitian, its Hamiltonian is non-hermitian and Tg;, = Ty r € C:

_(EL—iT, Ty
H_< e ER_Z.FR> (2.21)

The eigenstates are now defined by eigenvalues:

p, - BrtPr) =il +Te) \/((EL — Ep) +i(C, =Tw))? T2, €R  (2.22)

B 2 4
The eigenvectors &

5. — Tir
+ \/((EL*ER)JZ(FL*FR))Q + TIQ%L _ (EL*ER)JQFZ'(FL*FR)

o — Tre
- _\/((EL—ER)+i(FL—FR))2 +T72 — (BEL—Er)+i(l'—TR) (2'23)
4 RL 2
And the scalar product between ®. is no longer zero
(@]9 £0 (2.24)

Similar to the example of the Melde’s string developed in sections 2.1.1] and 2Z.1.2], the
introduction of losses makes the eigenvalues complex and the spatial distribution non-
orthogonal. The complex eigenvalues and the spatial non-orthogonality of modes remain
valid if openness is responsible for the losses instead of absorption.

Non-hermitian degeneracy: Exceptional Point

In non-hermitian systems, varying different parameters can also bring to a degeneracy
of energies L = FE. However, unlike hermitian case, in non-hermitian systems the
eigenvectors are a priori non-orthogonal. Hence, within the parameter space, both the
eigenvalues and the eigenvectors of the Hamiltonian can become identical at a specific
position. For instance, in the eigenstates derived in eq. (Z22]) and (223))

((EL — Er) +i(l', — T'g))?
4

+Th, =0=E, =FE_ & &, =0_ (2.25)

Introduced by Kato in 1966 [31], this "non-hermitian degeneracy” is called an Excep-
tional Point. At Exceptional Point, rather than leading to a simple degeneracy, the two
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eigenstates coalesce and become indistinguishable. For complex non-hermitian Hamilto-
nian, only 2 independent parameters are required to reach this non-hermitian degeneracy.
Eq. (228) is fulfilled by imposing both the real and the imaginary parts of Tr: The
problem is of co-dimension 2.

From a mathematical point of view, at Exceptional Point, the space formed by eigenstates
is incomplete. At this specific position, both eigenstates merge to form a Jordan’s Matrix:

E 1
Happ ~ lo E] (2.26)
The paradox of this matrix is to be diagonalizable and thus to be equivalent to the identity
10
Hogp ~ E lo 11 (2.27)

Because no matrix is equivalent to the identity (except the identity itself), the Jordan’s
matrix cannot be diagonalizable. Hence, the 2 dimensional space described by the matrix
is incomplete and equivalent to a single point. For that reason, an Exceptional Point
can be understood like a topological default. To emphasize this statement, we plot the
real and imaginary parts of eigenvalues £ in Fig. 27(a) and (b). In the vicinity of an
Exceptional Point, the eigenvalues (or complex frequencies) exhibit an intricate topology.
The real and imaginary parts of the eigenvalues define intersecting Riemann’s sheets.
Thus Exceptional Point is of a totally different nature from Diabolic Point.

(a) Re(Ey) (b) Im(Ey)

Re(TRL) Re(TRL)

Figure 2.7: Riemann’s sheets described by eigenvalues E. in the vicinity of the Excep-
tional Point in the parameter space (Re(Trr), Im(Tg.)): (a) Real parts of E are identical
along a blue stripe. (b) Imaginary parts are similar along the red stripe. At Exceptional
Point, both complex eigenvalues are identical and eigenvectors are collinear.

We stressed in section that Diabolic Point could be observed in non-hermitian prob-
lems, but for a co-dimension 4 at least. Hence, we explained that in co-dimension 2 it
stands for a signature of hermitian problems. Here the situation is unambiguous: Ex-
ceptional Point cannot be observed in hermitian systems. The Exceptional Point is the
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fingerprint of non-hermitian systems. The non-trivial evolution of eigenvalues close to
the Exceptional Point (see Fig. 21) also involves a geometrical phase when encircling the
Exceptional Point in the parameter space [32] [33]. However, unlike the Diabolic Point,
four round trips are needed to restore the eigenstates. Moreover, because both eigenvalues
and eigenvectors coalesce, discerning one mode from the other becomes impossible, which
leads to problem with mode labelling |34, [35], 36].

Exceptional Points have a certain robustness, which makes them rather easy to investi-
gate than Diabolic Point. Remarkably enough, they appeared to be involved directly or
indirectly in a several physical effects. For instance, they are related to level repulsion
[37], mode hybridization [38], quantum phase transition [39] or even strong coupling [35].
In fact, Exceptional Point appears to be a convenient tool to give a new insight to many
effects.

2.2 Modes in open system

In section 2.1.2 we have introduced the concept of modes in non-hermitian problems,
where absorption was responsible for losses. In open systems, the derivation of the modes
is different because the wave is not necessarily bounded and can propagate outside the
system. This propagation inducing striking difficulties, different approaches have been
proposed to overcome them. In this section we derive the modes of an open cavity using
the Siegert’s approach, also known as quasi-bound states, quasi-normal modes or Siegert
states. Then, we emphasize the limitation of the Siegert’s description of resonances.
Finally, we introduce the biorthogonal formalism required to develop linear algebra with
Siegert states.

2.2.1 Deriving modes in open media
The Siegert states

In many physical applications, the electrical field, like many other waves, cannot be
confined spatially and propagates outside the system. In this kind of problem, the non-
conservation of the energy is due to system openness. Therefore, the standard approaches
for the introduction of modes and quantization based on eigenvectors of Hermitian op-
erators are not applicable in this situation [40]. To overcome this difficulty, different ap-
proaches have been proposed: The Fox-Li modes [41], the Siegert states [42], the modes of
the universe, the natural modes [43] or more recently the Constant Flux modes [44]. All
those sets of modes have benefits and drawbacks and their use is often case-dependent. In
the study of highly open systems, the modes are commonly derived thanks to the Siegert
states or the Constant Flux modes. In the present work, we choose the Siegert states
approac.

In his seminal paper [42], Siegert investigated the resonances in atomic and molecular
systems and proposed to describe the resonances in a way similar to field quantization in

1For Constant Flux modes, the outside propagation is characterised by a real frequency w and a
constant flux of energy. Unfortunately the frequency of oscillation w is driven by a numerical parameter.
The introduction of this parameter highly complicates the formalism we aim at developing here.
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quantum optics. To derive them, he solved the Schrodinger’s equation with a boundary
condition at infinity containing only outgoing waves and no incoming incident waves.
This outgoing condition is referred today as the Siegert’s condition or Gamov-Siegert’s
condition [22]. Noting (€2, ®,(r)) the mode corresponding to this resonance, k, = €2,/c
the wave vector and r the spatial coordinate, the Siegert’s condition reads

0P

(I) ikpr o
(r — o0) xe o —(

r— 00) =ik, P(r — o0) (2.28)

Modes of a 1D slab

As a guideline example, we consider the case of a 1D slab of index n and length L. A
perfect mirror is placed at its left edge x = 0 whereas its right edge x = L is open in
vacuum (see Fig. 2.8(a)). For such dielectric problem in dimension 1 or 2, the electrical
field E(r,t) fulfils Helmholtz equation:

AE(r,t) — n(r)? 8622 (r,t) =0 (2.29)

where r stands for spatial coordinates, n(r) the refractive index distribution and the speed
of light of vacuum is fixed to 1 for sake of notation compactness. Eq. (Z29) reads in the
frequency domain

AE(r,w) +n(r)*k*E(r,w) =0 (2.30)

where the dispersion relation imposes €2 = k¢ = k. Hence, in this one dimension problem,
each mode (§2,, ®,(z)) fulfils:

20,
dx?

With the boundary conditions enforced by the mirror and the Siegert’s condition for each
mode

(z) + n(z)*LP,(z) =0 (2.31)

D,000=0 & (OZ: - z'Qp> ®, =0 (2.32)

Eq. (231) gives the motion of modes inside the cavity @, ;,:

@3
@ 1 /\/\/\ —
-, —

N\ —

N

Figure 2.8: (a) 1D slab open medium of length L with a uniform index of refraction n.
(b) Intensity of different modes derived with the Siegert’s approch. The red ellipses point
out the divergence of intensity outside the medium.

T—00

(Dp,in(l') — Aineinﬂpm _I_Bme—insz (233)
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where A;, and B;, correspond respectively forward and backward propagation coefficients.
From eq. (232)), we can easily deduce that B;, = —A;, and

D, in(x) = 2iA;, sin(n,x) (2.34)

In this particular case, the outgoing condition is fulfilled as soon as the mode escapes
from the cavity i.e. when z > L. Hence, the mode outside the cavity ®, ., reads

(I)p,out(x) = "4outeiﬂpac (235)
To link inside and outside expressions, we use the energy continuity:
dd, ; AP, out
Ppin(L) =@y ou(L) & —22(L)=—222(L 2.36
pinl L) = pu(L) & SR (p) = et g (236)
Using expressions of mode inside and outside (eq. (2:34]) and (239)):
2i Aip sin(nQ,L) = Apue" &  2inQ, Ay, cos(nQ,L) = i, Ague™t (2.37)
leading to
A 1
tan(nQ,L) = —in & —e?Ml = n+1 (2.38)
n —
Hence, we find an infinite set of mode frequencies referred to as €2,
2p+r 1 <n+1>
Q, = - 1 \ 2.39
P 2nL ZQnL " n—1 b ( )
and the corresponding spatial distributions ®,(z):
' ;2pt)mz Lln(%) R (2p+1)mz _Lln(%)
Ppan O C e ey e (2.40)
Dpout o € i emrn=t)

The Siegert’s approach solve the eigenvalue problem defined by eq. (Z29) using a specific
boundary condition. The complex frequency €2, = k,c and related spatial distribution
®,(z) are derived for each mode.

2.2.2 Limits of Siegert’s modes
Infinite spatial energy

Carrying on the example of the 1D slab, we plot the spatial evolution of the modes inside
and outside the cavity in Fig. Z8(b). Unlike hermitian modes, the non-hermitian modes
have a complex frequency as shown in eq. (239). The imaginary part of the complex fre-
quency, standing for the linewidth of the resonance, has to be negative to ensure temporal
decay of the field intensity. The spatial amplitude of the modes is bounded inside the slab
(see Fig. 28(b)). However, because of negative imaginary part of the complex frequency,
the amplitude of all modes exponentially diverges outside the system (see Fig. Z8(b)).
Physically, this exponential divergence corresponds to a wavefront excited at past times
and propagating away from the system. The infinite energy can be understood as the
accumulation of the energy radiated from the open system to the rest of the universe.
This point stresses that space and time cannot be separately considered like in hermitian
stationary cases: The spatial divergence is compensated by a temporal "damping”. This
spatial divergence of Siegert’s modes stands for the main limitation of Siegert states and
requires specific mathematical investigations.
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Inner product

One of the major limitation of a diverging spatial energy is the impossibility of using the
conventional inner product

(ulvy = /u*(x)v(x)dx (2.41)

Because of this divergence, the integral of eq. (Z:41]) between two modes requires a special
investigation: The modes are not square integrable. To overcome that difficulty, several
solutions have been proposed. A possible solution consists in correcting the spatial dis-
tribution of the modes, by imposing for instance the outgoing condition at a well-defined
finite distance [45] [46], or considering separately the mode behaviour inside and outside
the cavity [43]. Another approach relies on carrying out a suitable mathematical trans-
form (as initially suggested by Zeldovich [47]). Zeldovich’s idea consisted in compensating
for the divergence by defining a regularized inner product. He historically proposed the
function F(x) = e~ to define a new inner product:

(ulv) = (u|Flv) = /u*(:v)F(:v)v(x)dx (2.42)

The negative exponent in 2% overcomes the divergence of the modes at infinity. To avoid
any loss of physical information, Zeldovich proposed to take the limit case where ¢ — 0.
Many other transforms have been proposed, which recast the space coordinates and per-
form what is called complex scaling (see [48] for a complete description). The basic idea
of these transforms is to use complex coordinates to compensate for the exponential diver-
gence of the mode and make the inner product integrable. In the rest of this manuscript,
we will assume that the inner products are regularized using Zeldovich’s approach

(ulv) & limeﬁo/u*(x)e*ﬁv(x)dx (2.43)

Completeness of modal expansion

In some cases, the divergence of the mode also implies the non-completeness of the Siegert
states basis. When the modal expansion requires an infinite set of modes, its coefficients
may not be unique. In such cases, the set of modes must be completed to allow a correct
modal description [49]. The study of completeness of the modes in open systems is still an
active field of research for both mathematicians and physicists and turns out to be case
dependent. In particular, Leung et al. [50, 51,52, 53] demonstrated that the completeness
of the modal expansion in dielectric open systems is ensured if

e the index distribution has a discontinuity (L in the present case), which provides a
natural demarcation of the system

e the index is constant (n = 1) outside the system (x > L), so that outgoing waves
are not scattered back into the system

In the example of the 1D slab experiment, these conditions (known as the discontinuity
and no tail conditions, respectively) are fulfilled and the modal expansion can be per-
formed. In this document, all the systems under study will respect these two conditions
and allow a complete modal expansion of the field.
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2.2.3 Biorthogonal formalism
Introduction to the biorthogonal formalism

In non-hermitian problems, the modes ®, are not orthogonal
(Bp|Pg) 7 Opg (2.44)

However, a projection operator is needed to develop linear algebra with non-hermitian
modes. In non-hermitian problems it is possible to introduce a different product known
as the biorthogonal product [54], [55]. The biorthogonal product relies on a very simple
idea: The orthogonality of left and right eigenvectors of a linear operator.

If we consider a non-hermitian matrix A, with eigenstates (\;, | X;)):

Vi AJX) = \|X) (2.45)

Eigenvectors | X;) are referred to "right eigenvectors”. Corresponding "left eigenvectors”
(Y;| are associated with similar eigenvalues and fulfil:

Vi (VilA =i (2.46)

Now we can write

(YilA|X;) = Y| X;) = A (Yi]X5) (2.47)

Hence, in the case of non degenerated eigenstates
(YilX;) = 6y (2.48)
And if A is symmetric (but non-hermitian), eq. (Z48)) becomes

(X71X5) =6 (2.49)

This biorthogonal product can replace the conventional inner product of hermitian physics,
assuming that no modes are degenerated. In particular, assuming the completeness of the
eigenstates, a closure relation can be defined

DX )X =1 (2.50)

where [ stands for matrix identity. Any vector ® can be written down as a unique
superposition of the eigenvectors

d=>" ))(i*lfﬁ (2.51)

p

A complete mathematical formalism is derived from the biorthogonal product. This
product leads to the definition of linear algebra tools for non-hermitian modes.
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The biorthogonal product in a 1D slab

We carry on the example of the 1D slab developed in section .21l In this problem, the
field fulfils the Helmholtz eq. (2.29) and each mode (£2,, ®,(x)) reads

&0,
dx?

The weak formulatior of eq. (252) along another spatial distribution ®, (p # ¢) reads

() + n(z)*Qd,(z) =0 (2.52)

L *®,
0o dx?

Using an integration by parts

()@, (z)dz + /O C (@028, (2)3, (x)dz = 0 (2.53)

v ) e = [T nwPa e 25

dd, g
- ||+ [ 0

3 0

Using a second integration by parts

- SR+ |90 G0 = [0 Rt = 0 [ (a0, o) (o)
(2.55)
Using eq. (Z52) for mode (§2,, ®,(x)), eq. (Z553) reads
d®, d®, 2 on [F 2
B, (1) ()~ T ()@, (1) = (@3- ) [ nGPe,ma,dr (250)
Using the Siegert’s condition %(L) =19,,9,,(L), eq. (Z56) reads
—i(Q, + Q) /OL n(z)*®,(z)®,(z)dr + ®,(L)®,(L) =0 (2.57)

Now, we apply to modes (€2, ®,(z)) and (£2,, ®,(z)) the biorthogonal product, with the
Zeldovich’s regularization introduced in section

(B3]) = limesg [ n(e)e By (2)B,(2)da (2.58)

Eq. (Z57) can be split into an inside and an outside integral terms

+oo

(;/2,) = [ C ()20, (2)D, (2)d + lim, o [ ey @)@, (2)dr (2.59)

Outside the system (z < L), we know that modes read ®,(z) o ¢***. Using an integration
by part, the outside integral term reads

~+o0 +oo '
limes [ €0y (@)@ (0)dw o< lime g [ et hgy
L L

676332 ei(ﬂp+ﬂq)x oo 4o 676332 ei(ﬂp+ﬂq)x ei(Qp+Qq)L

= lim._y [ . ] + e/ 20— de = ——————~  (2.60)
i + Q) L L i + ) i + Q)

2For a function f(z) = 0, whatever the function g included in a Banach space, we can write

[ f(x)g(z)dz = 0.
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Leading to
o [Fre @,(L)2,(L)
(;1%,) = [ 0l @) @y(a)de — S0 0S

Using the relation derived in eq. (Z.57)), the modes (£2,, ®,(x)) and (€2, ®,(x)) fulfil the
biorthogonal relation:

(2.61)

<®;‘q)p> = 5pq (2-62)

Application of the biorthogonal formalism

We demonstrated in section 2Z.2.3] the existence of a biorthogonal relation between modes
derived from the Siegert’s condition in a 1D uniform slab. This biorthogonal relation can
be easily generalized to non-uniform refractive index distribution and 2D problems. The
general definition of the biorthogonal product reads

(@310,) = [ n(r)*@,0, = b, (2.63)

Hence, for 1D and 2D systems fulfilling the no-tail and discontinuity condition ensuring
the completeness of the modal expansion (see section [Z2.2]), the biorthogonal formalism
developed in section can be applied. The closure relation can be defined between
modes and reads

Do) (@l =1 (2.64)
p
Any spatial distribution ®(x) reads

(®5|P)

)
O(z) = D)) = D, (x 2.65
The modal expansion of the electric field
E(z,t) =" a,®,(z)e " (2.66)
p

is complete and coefficients a, are unique. In the rest of the document, we will consider
open systems where the biorthogonal formalism can be applied.

2.3 Anderson-localized modes

We shown in section 2.2 Thow modes can be derived in any open system using the Siegert’s
condition. In this section, we consider an open system with a disordered refractive index
distribution, where the random scattering may lead to the spatial confinement of light.
First, we briefly review the history of this physical effect known as Anderson localization.
Then, using a 1D example, we show that modes can be extended or spatially localized,
depending on the strength of the disorder. Finally, we summarize the different numerical
methods that we have developed to compute these modes in disordered media.
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2.3.1 A brief introduction to Anderson localization

In his seminal paper [56], Anderson was inspired by experiments performed by George
Feher [57], where anomalous relaxation times of electron were observed in semiconduc-
tors. Using a quantum tight binding model of a lattice with a random potential in each
site, he demonstrated that diffusion of electrons can go to a zero when disorder becomes
important enough. In particular, this model has been used to explain why a metal can
turn into an insulator when the density of impurities increases. In the eighties, the gap
was bridged between quantum and classical waves. After an early prediction of existence
of localized waves in classical systems [58], Anderson localization was demonstrated for
classical waves in several experiments [59, [60} [61]. It is now recognized that Anderson
localization originates from the interference between multiple scattering paths and plays
also an essential role in classical wave physics.

A naive picture of localization mechanism is proposed in Fig. Z9(a). We consider an
incoming wave propagating in a 1D random potential. The wave is scattered each time
it encounters a step in the random potential (see explanation in Chapter [1). The wave is
spilt into a transmitted (forward-scattering) and a reflected wave (backscattering). The
amplitude of the backscattering is triggered by the height of the step in the random poten-
tial. The backscattered wave interferes with the incoming wave. If the wave encounters
many steps of various amplitudes, the backscattering leads to a localization of the wave
by constructive interference (see Fig. Z9(a)). This spatial localization, known as Ander-
son localization, differs from trapping where light is confined because of presence of walls
(see Fig. Z0(b)). Localization is rather understood as the result of many reflections of
moderate amplitude.

(a) Incoming Wave (b) Incoming Wave
T S |
o) 5
+ +
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> >
= =
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) 0
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:/\ o
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Figure 2.9: (a) An incoming wave propagates through a random potential: Each step in
the potential scatters the incoming wave. The backscattering interferes with the incoming
wave and the resulting field spatially localizes into the system. (b) Incoming wave trapped
within a well: The wave is localized because of the presence of high potentials.

Anderson localization has been observed in different areas of classical waves physics
(acoustics [62]) or quantum wave physics (e.g. Wave matter [63]). For optical waves,
if localization has been observed for 1D and 2D systems, the 3D localization of light is
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still an open issue [64]. In this manuscript we will restrict ourself to optical systems of
dimension 1 or 2.

2.3.2 Modes in localized /weakly scattering regimes

As stated in section 22311, the Anderson localization is triggered by the disorder. To em-
phasize this influence, we introduce disorder into an uniform 1D system and progressively
increase its "strength”. In this 1D example, we differentiate between two different kinds
of modes resulting from Anderson localization.

A uniform 1D problem

We consider a 1D uniform medium of index of refraction n and length L open at both
edges (see Fig. 2I0(a)). In this problem, the field’s evolution is driven by the uniform
Helmholtz equation

d*E

@(x,w) +n*PE(r,w) =0 (2.67)

Using the Siegert’s approach (see section 222.1]), we can derive the amplitude of the mode

(a) L (b) |, ()]

T

Figure 2.10: (a) A uniform 1D slab of length L and with an index of refraction n. (b)
The spatial distribution intensity of one mode |®,(z)|? inside the system: The mode has
been derived using the Siegert’s approach.

inside this cavity. The frequency of mode p reads

T 7 n+1
Q =p— - — 2.
P an nLln <n — 1) (2.68)

And the corresponding spatial distribution

D, (x)]2 X <n— 1)26xp <2$ln (n—l— 1)) + (n+1>26xp <—2xln <n+ 1))
b n L n—1 n L n—1
+2 <n2 — 1) cos (pﬂx>
n? L

As shown in Fig. 2.I0(b), the modes are extended all over the system.

(2.69)
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Introduction of disorder

To introduce disorder in the 1D slab, we randomly introduce slices of a different material
(see Fig.[2Z1Tl(a)). The system is now composed of slabs of refractive index n and n+ An.
The index of refraction becomes random and given by n?(z) = n? + An?p(z), where An
is the index difference, p(z) the location of the new material and n the average refractive
index. The evolution of the field is now driven by the non-uniform Helmholtz equation
2

lelf(:v,w) + (2% 4+ An’p(z)) QP E(x,w) = 0 (2.70)
To understand the influence of the disorder, we can write eq. (270)) in a form similar to
the Schrodinger equation

d*F

dz?
It turns out that the disorder term An?p(x)Q?* plays a role similar to the interaction
potential in the Schrodinger equation. Like a well, this "random potential” scatterers the
wave. Remarkably, the "strength” of this "random potential” is triggered by the variance
of An?p(z) [65]. Hence, the random scattering strength will be important for high index
contrast and strong fluctuations of the position p(z).

(z,w) — An’p(2) VP E(r,w) = n*Q*E(z,w) (2.71)

Extended and localized modes

As an illustration, we consider a given realization of disorder of 39 slabs of index of
refraction n and 39 slabs of index n + An. The mean thickness of the slabs is 150 nm,
and the thickness of each slab follows a uniform distribution of amplitude 50 nm (see
Fig. 2IT(a) for a schematic description). As explained by eq. (Z7T]), the strength of
the randomness is triggered by the index contrast between the two media. The modes
resulting from this non-uniform distribution of refractive index are numerically computed
using the Transfer Matrix approach (introduced in section [Z3.3]). This numerical method
rigorously derives the modes fulfilling the Siegert’s condition. In Fig. 211l we compute a
particular mode ®,, for a low and a high index contrast (respectively An = 0.1 and 1.0).

In Fig. ZIT(b), the disorder is weak and the modes are extended over the system. Nev-
ertheless, the spatial distribution is already strongly modified as compared to the case of
a system with a uniform index (see Fig. ZI0(b)). In Fig. ZITi(c), the disorder is strong
and the mode is confined within the system. The envelope of the mode is exponentially
confined around a central position

|z]

|®,|? o exp <—§> (2.72)

where ¢ defines the localization length. The modes plotted in Fig. ZIT(b) and ZTITI(c),
represent the two different regimes of disordered modes. For low disorder, the system is
in the weakly localized regime: The mode is extended over the medium but the disor-
der influences its spatial distribution. For high disorder, the system is in the strongly
scattering regime: The mode is trapped/localized by disorder inside the medium. In 1D
and 2D, a mode will be localized if the size of the system is smaller than the localization
length of the mode (here £ < L). In 3D, a mobility edge is predicted. Nevertheless, if its
existence for scalar waves was confirmed, in polarized waves however, its observation is
still an open issue [64].
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(a) I I

T
(b)

T
(c) |®,,|? oc e7%/¢

T

Figure 2.11: (a) Schematic description of the 1D random system: Superposition of slabs
of indexes n and n + An. (b) Spatial mode distribution in the weakly scattering regime
(An = 0.1): The mode is extended all over the device but differs from the uniform case.
(c) Mode in the strong scattering regime (An = 1.0): The mode is spatially localized
inside the system.

2.3.3 Numerical computation of modes

In disordered systems, the derivation of modes cannot be analytic but requires numerical
computations. In this subsection, we briefly summarize the different numerical methods
that we developed.

The Transfer Matrix approach

The Transfer Matrix approach has been widely used to study Anderson localization prob-
lems in 1D systems [66]. This technique solves Helmholtz equation in the frequency do-
main in 1D system with the Siegert’s condition. Within numerical accuracy, the Transfer
Matrix provides the exact Siegert states (®,,(2,) fulfilling

d>® d
dx;(x) +n(z)*Rd,(z) =0 & (dm - mp> P,

=0 (2.73)

r—00
The modes shown in Fig. ZTT(b) and (c) were computed with this method.

The principle of the method can be exposed using, for instance, a system made of two
materials (as in Fig. Z1T(a)). In a 1D system, the field can be expanded into a forward
P and a backward () part:

E(z,w) = lggi ‘:}ﬂ (2.74)

When propagating through the system the field can:
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Propagate through medium of index n

Cross the interface from n to n + An

Propagate through medium of index n + An

Cross the interface from n + An to n

Combining these four operations, we can derive a matrix M connecting the electric field
on the left edge F(0,w) and the right edge E(L,w):

] =l o

This matrix represents the Helmholtz equation in the 1D system. The Siegert’s condition
enforces:

P(0,w)
0

E(0,w) — & BLw)=|, (2.76)
Q(L,w)

Imposing eq. ([276) onto eq. (Z75]) can only be satisfied for a discrete set of ,,. These Q,,

and the corresponding spatial distribution ®,, define the modes of the problem fulfilling
the Siegert’s condition.

Finite Elements Method

A Finite Element Method can be used to solve Helmholtz’s. In the scope on this study,
a Finite Element Method code has been developed to solve Helmholtz equation in 2D

AE(r) +n(r)*Q*E(r) =0 (2.77)

The 2D systems are composed of circular pillars in a host medium (see Fig. [2Z12)). The

‘o...: ° O..o 0..3. :o °

Figure 2.12: 2D random system composed of pillars randomly distributed. The system is
surrounded by a numerical boundary condition.

physical system (see Fig. [Z12) is enclosed by numerical boundary conditions (Absorbing
Boundary Conditions or Perfectly Matched Layer [67]) to ensure the decay of electric
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field outside the system. The system is spatially discretized and test functions are used
to build a matrix from eq. (Z271)
A+’B=0 (2.78)

Then, a generalized eigenvalue solver is used to find the eigensolutions (2, @) of eq. (Z7])
corresponding to the modes of the 2D open system (see Fig. 213 as example). Unlike the

(@) I'm(w) Retw) (b)
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Figure 2.13: (a) Complex frequency 2, of modes computed by Finite Element Method
on system described in Fig. (b) A spatial distribution of the intensity of a mode
|®,|* computed by Finite Element Method.

Transfer Matrix method, a numerical boundary condition is imposed outside the medium
instead of the Siegert’s condition. Hence, the modes computed with the Finite Element
Method correspond to an approximation of the modes fulfilling the Siegert’s condition.
The Siegert states and the modes will be similar inside the system but will differ outside.

Finite Difference Time Domain

In this manuscript, we will also present computation of 2D systems (see Fig. [Z12) in the
temporal domain. For that matter, we use a Finite Difference Time Domain technique
allowing the resolution of Maxwell’s equation

V X E(Tu t) = _NO%(Tu t)
(2.79)

V x H(r,t) = en(r)?2E(r,t)

Using the intricate spatial and temporal sampling, the evolution of electric and magnetic
field (namely E and H) can be computed in time and space. The spatial distribution
of the modes and their complex frequency can be obtained from FE(r,t). A complete
description of the method can be find in [68].

2.4 Summary

Here, we have introduced the concept of mode and developed this notion for non energy-
conservative systems, also called non-hermitian systems.
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Generally speaking, modes are associated with privileged vibrational states of the system.
For hermitian problem, the modes correspond to the stationary solutions, where time and
space are separable. In non-hermitian problems, no stationary solution exists and the
modes are defined by resonances. In particular, we have introduced the modes of open
systems and presented an approach to derive them, using the Siegert’s radiative condition.
The resulting modes are physically relevant inside the cavity and diverge in amplitude
outside. Nevertheless, we have demonstrated the existence of a rigorous formalism to
describe the electric field using these modes. In the scope of this manuscript, we will focus
on open systems with constitutive disorder encoded in the index of refraction distribution.
We have explained in such systems the mechanism of Anderson localization, in which the
disordered leads to a spatial localization of the modes. For strong disorder, the system is in
the localized regime and the modes are confined within the system, while for low disorder
the system is in the weakly scattering regime and the modes are spatially extended. We
have briefly presented different numerical methods used to compute them.

In the rest of this manuscript, we will investigate light-matter interaction in random
systems. The electric field will be expressed in term of modes (Anderson-localized or
extended) computed with numerical techniques and the biorthogonal formalism will be
applied.
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Losses are inherent to most physical systems, either because of dissipation and/or as a
result of openness. We explained in Chapter 2 that these systems are described mathe-
matically by a non-hermitian Hamiltonian, where eigenvalues are complex and eigenstates
form a nonorthogonal set. In such systems, interaction between pairs of eigenstates, when
a set of external parameters is varied, is essentially driven by the existence of Exceptional
Points (EP)(see Chapter ). At an EP, complex eigenvalues degenerate and eigenstates
coalesce. In its vicinity, eigenvalues display a singular topology. The eigenstates become
indistinguishable [69] and encircling the EP in the parameter space leads to a residual
geometrical phase [32, [33]. Since their introduction by Kato in 1966 [31], EPs have ap-
peared to be involved in a rich variety of physical effects (e.g. level repulsion [37], mode
hybridization [38], quantum phase transition [39], lasing mode switching [70], Parity Time
(PT) symmetry breaking [71] [72] or even strong coupling [35]). They have been observed
experimentally in different systems such as microwave billiards [34], chaotic optical mi-
crocavities [73] or two-level atoms in high-Q cavities [35]. We explained in Chapter 2] that
open random media are a particular class of non-hermitian systems. Their modal confine-
ment may be solely driven by the degree of scattering. For sufficiently strong scattering,
the spatial extension of the modes becomes smaller than the system size, resulting in
transport inhibition and Anderson localization [56]. Disordered-induced localized states
or localized modes have raised much interest. They provide with natural optical cavities
in random lasers [74, [75] and recently appeared to be good candidates for quantum elec-
trodynamics cavity [76] [77], with the main advantage of being inherently disorder-robust.
These modes can also be manipulated by a local change of the disorder and can coupled
to form necklace states [78], [79, [80], which open channels in a nominally localized system
[81, B2] and are foreseen as a key mechanism in the transition from localization to dif-
fusion regime. PT symmetry has been studied in the context of disordered media and
Anderson localization [83], [84] [85], but so far, EPs between localized modes have not been
investigated.

In this chapter, coalescence at an EP between two Anderson-localized optical modes is
demonstrated in a two dimensional dielectric random system. To bring the system in
the vicinity of an EP, the dielectric permittivity is varied at two different locations in
the random system. First, we propose a general theory to follow the spectral and spatial
evolution of modes in 2D dielectric media. Then, this theory is applied in the specific case
of Anderson-localized modes. We find excellent agreement between theoretical prediction
and Finite Element Method (FEM) simulations. Finally, we demonstrate that such a
theory requires to go beyond the standard two interacting states model and to consider
N-mode interaction. This problem can be easily implemented in an actual experiment [86],
75]. We believe that the design of an EP between modes could pave the way to a control
of Anderson localization properties and could offer a new insight to its understanding.
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3.1 Manipulation of modes via the dielectric permit-
tivity

In this section we propose a general theory, which describes the evolution of modes in an
open system in which scattering is modified. This approach relies on the biorthogonal
formalism introduced in Chapter 2] and applied to modes of 2D dielectric open systems.
We stress that this approach is not limited to disordered media but can be used for any
open inhomogeneous dielectric system. First, we define modes of a non-hermitian system
and recall the condition of the use of the biorthogonal formalism. Finally, we consider
a modification of the system and investigate the evolution of modes by deriving a linear
system.

3.1.1 A 2D open dielectric medium

We first consider the general case of a finite-size dielectric medium in 2D space, with
inhomogeneous dielectric constant distribution €(r). In this chapter, for sake of notation
compactness, we will consider the dielectric permittivity €(r) rather than the index of re-
fraction n(r) (e(r) = n?(r)). The distribution of ¢(r) is indifferently ordered or disordered.
In the frequency domain, the electromagnetic field follows the Helmholtz equation:

AE(r,w) + e(r)w*E(r,w) =0 (3.1)

where F(r,w) stands for the electrical field and the speed of light, c=1. Eigensolutions of
eq. (B define the modes or eigenstates of the problem:

(Qu, [Ti))ien | Al + e(r)]P;) =0 (3.2)

Because of its openness, the system has inherent losses and is therefore described by a non-
hermitian Hamiltonian (see Chapter [2). For non-hermitian systems, modes are a priori
non-orthogonal, complex and the completeness of the expansion along the eigenvectors is
not ensured. Here, we will consider modes derived with the Siegert’s approach in open
systems with finite range potential, in which a discontinuity in the permittivity provides
a natural demarcation of the problem. We know from Chapter 2] that the completeness
of the modal expansion [51], 50, 50} 52] is ensured in such a system. Hence, the electrical
field can be expanded along the modes:

E(r,w) = Zaz(w)\%} (3.3)

where a;(w) stand for unique coefficients of the expansion along the basis. Moreover, the
biorthogonal formalism can be used provided that the eigenstates are not degenerated.
This formalism relies on a biorthogonal product between modes, which reads [87, [55]:

(Wple(r)[Wq) = dpg (3-4)

Nevertheless, the theory derived here can be extended to different set of modes (e.g
Constant Flux [44], Fox-Li modes [41]), assuming that the biorthogonal formalism can be
used.
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3.1.2 Modification of the permittivity

Now, we consider two locations Ry and Ry, where the permittivity is varied

é(r) = e(r) + Aer(r)pi(r) + Aea(r)pa(r) (3.5)

where {p;(r € R;) = 1|pi(r ¢ R;) = 0}, 5 is the location and {Aé€;(r)},c(, 5 the shape of
the variation of permittivity. Eq. (8I)) becomes:

AE(r,w) +w? (e(r) + Aer(r)pi(r) + Aea(r)pa(r)) E(r,w) = 0 (3.6)

The permittivity distribution &(r) describes a new distribution of permittivity with new
modes (€2, |¥;))ien. Nevertheless, we can still consider the basis of the original random
system, (€2, |¥;))ien, to expand the electric field as follows:

E(r,w) = Zbl(w)hﬂl) (3.7)
where b;(w) are the new expansion coefficients. Inserting eq. (87) into eq. (3.0]):

> bi(w) [ A+ (e(r) + Aer(r)pa(r) + Aea(r)pa(r))] [¥5) = 0 (3.8)

Using eq. (32)

S bi(w) [~2e(r) + & (er) + Aar(M)pr (1) + Aea(r)pa(r) ] W) =0 (3.9)

Projecting eq. (3.9)) along <\I/j|

(W33 bi() [(@? — OD)elr) + 2 (Aer (M (1) + Aea(P)pa(r))] [2) =0 (3.10)

Zbi(w) [(WQ — Q2)(Wrle(r)| W) + (U5 Aey (r)pr(r) + AEQ(T)pQ(T)’\I]i>:| =0 (3.11)
Using the biorthogonal product of eq. (B:4]) leads to

V¢bm@@ﬁ—&)zwzym@qj (3.12)

where

Cij = (V3| Aer (r)ps (r)[ i) + (V7| Aea(r)pa(r)[Ws) (3.13)

If we consider a finite set of N modes, the generalized eigenvalue problem of eq. (3.12)
can be written conveniently in a matrix form:

02 .0 1+Cy .. Ciy

0 Q%V CNl 1+CNN

The eigensolutions of eq. (FI4), (Qu, |¥;))icp.ny, are the eigensolutions of eq. (F1)) for
the permittivity distribution é(r). In eq. (814, the coupling coefficients, C;;, between
original modes ¢ and j depend on the variation of the permittivity and the spatial overlap
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of the modes at the location of the permittivity modification. Noteworthily, the coupling
integral not only depends on the spatial overlap of the mode intensity profiles but also on
the overlap of their phase profile.

Remarkably, when reducing the problem to two modes, we recover a system equivalent to
2 inductance/capacitor circuits coupled via an inductance L. (see Fig B1l). L. induces

the coupling of the two independent oscillators and the charges of each capacitor (namely
()1 and Q) fulfil

. o} Lo - .
= = 1
Q1+ 7.C I (Q1+ Q2) (3.15)
. Q, Lo - .
= = 1
Q2+ ToCy Lo (Q1+ Q2) (3.16)
which can be recast in a matrix form
1 )2 L L.
0 ) e BI[@]- e
0 (szcg) L2 L ?

Eq. (814) extends this result to a number of interacting modes N > 2 and can be under-
sood as a basic linear coupling between modes playing the role of simple L/C' oscillators.

R b
@ Q2
Cy C, =

Figure 3.1: (a) Two independent inductance/capacitor (L;/C;) oscillators uncoupled. (b)
The two systems are coupled via an inductance L..

(b) Ll L2

3.2 Application to Anderson-localized modes: Pre-
diction of Exceptional Points

Our theory is now applied to the particular case of a disordered system in the localized
regime (see Chapter [2). First, we present the numerical 2D system that we consider to
apply our theory, in which two local modifications of the permittivity distribution are
introduced. Then, we discuss the nature of the modes of the initial system, which are
computed via Finite Elements Method (FEM) and we investigate the computation of
the biorthogonal product of eq. (84]). Finally, we study the evolution of modes when the
permittivity is modulated at two distinct locations. When the parameter space is scanned,
we predict an EP between two specific modes and confirm its existence numerically.

3.2.1 The 2D open disorder dielectric medium

We consider a 2D random collection of 896 circular dielectric scatterers (radius 60 nm)
with dielectric permittivity, ¢ = 4.0, embedded in a host material of index €,,,; = 1.0, with
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a filling fraction of 40% (Fig.B2(a)). The system dimensions are L x L = 5.3 ym x 5.3
pm. The two circular regions of diameter 340 nm, Ry and Ry, are shown in Fig. B2(a).
The dielectric permittivity of the scatterers within these regions is varied from € to e+ Ae;
and € + Aey, respectively. This can be achieved experimentally by shining 2 laser beams
on the surface of the sample and take advantage of optical nonlinearity to change locally
the refractive index.

(b) ) Mode # 0

(@)L

2 SR
(c) (d)

'a";-

Figure 3.2: (a) 2D random medium: 896 scatterers of dielectric permittivity ¢ = 4
are embedded in vacuum €,,,; = 1.0, system is open at edges. The permittivity of the
scatterers is modified in two circular domains of diameter 340 nm (respectively Ry = red
circle and Ry = ). (b) Original eigenvalues (£2;);cq1,90: Computed by FEM in
absence of dielectric permittivity modulation and sorted in the complex plane according
the distance d(1,7). An inset focuses on eigenvalues of interest (namely ; and Q).
(c),(d) Original eigenvectors intensities of |W;) and |¥s) respectively.

3.2.2 Original modes and biorthogonal product

The original modes (€25, |¥;))ici1,n], which are the only input requested by eq. (3.14)), can-
not be obtained analytically in such a complex random system. Here, we have developed
a FEM routine [88], [89] to compute these modes (see Chapter [2). Boundary conditions
are placed 0.4 ym away from each edge of the system. We consider a frequency range in
which the localization length is estimated around £ ~ 1 um < Il Asa result, the modes
are strongly confined within the system.

A large number of modes (N = 90) are computed for the original system (Fig. B.2[(b))
in this spectral range. We checked that modes are not degenerated (see Fig. B2(b)),

n 2D problems, the localization length satisfies & ~ l;exp (wl;/c)[65]. Different methods can be used
to estimate £ like the spatial correlation of modes or transmission measurement, see for instance [90]
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which is one of the conditions for the application of the biorthogonal formalism. Among
these modes, we consider two localized states |¥;) and |¥s) respectively at €; and €,
spectrally close (Fig. B.2(b)) but spatially distinct (Fig. B.2((c) and (d)). We define in
the complex plane the spectral distance of mode ¢ to mode 1 as d(1,7) = | — Q;|. This
distance, color-coded in Fig. B.2l(b), is a measure of the spectral overlap between mode
¢ and mode 1. Here, mode 2 is most likely to couple to mode 1 but we will see later in
this chapter that the influence of other nearby modes cannot be neglected in the modal
interaction.

The biorthogonal product defined in eq. (B4]) corresponds to an integration over the whole
space, R?

(Dgle(r)|®p) = /RQ €(r)q(r) ®p(r)dr (3.18)
However, the computed modes are only defined over a finite spectral domain V' = [—0.1 um,

5.7 um)?. To understand the relation between integral over R? and integral over V, let us
consider the weak formulation? of eq. (3:2) along another mode (€2, |¥,))

/ A, D, + / Q2¢(r)®,®, = 0 (3.19)
v v
Using an integration by parts, eq. (B:19) reads

[ erad®,a, - /V grad ®,.grad &, + /V Q2e(r)®,®, = 0 (3.20)

where 0V stands for the boundary of V. With a second integration by parts, eq. (3.20)
reads

dcb.@—/ d o, /Acbcb /92 ®,0, = 21
/avgra 0D 8Vgra ¢-Pp + 2% g+ L SE(r)®,®, =0 (3.21)
Eq. (3:21)) leads to
2 2 —
. grad@,,.@q—/av grad ®,.9, + (Qp—Qq)/ve(T)CI)qCI)q—O (3.22)

As a result the biorthogonal relation of eq. (.I8)) reads

. 1
(@5]€(r)[@y) = [ e(r), (1)@, (r)dr + o (] erade,o, - grad,®,) =4,

(3.23)
Anderson-localized modes are non-degenerated (€2, # €2,) and have a small spatial overlap
in our case. As a result, the biorthogonal relation can be approximated by

(Bgle(r)[®p) ~ /‘/E(T)‘I)q(r)@p(r)dr = Opq (3.24)

The edge term (integral along V') in the biorthogonal product can be easily neglected.
It leads to an inaccuracy of 0.8% in the position of Epf.

2For a function f(z) = 0, whatever the function g(z), performing the weak formulation of f along g
means we consider the integral [ f(z)g(x) = 0.

3This edge term can be inserted in the eigenvalue problem provided in eq. (B.I4). It results in the
addition of extra on and off-diagonal terms in both matrices.
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3.2.3 Exceptional Point between two Anderson-localized modes
Coalescence of eigenvalues

The parameter space, (Aeg, Aeg), is sampled and eq. (.14 is solved with N = 60 interact-
ing modes inorder to compute the new eigenstates (QZ, |\~I/i>)ie[17 ~- The difference between
the two eigenvalues of interest, |Ql — QQ|, in the small range of parameter space is shown
in Fig. B3(a). This difference sharply drops to zero at (Aey, Aés)app = (0.939,0.90).
The existence of an EP at this position is confirmed by plotting the real and imaginary
parts of the eigenvalues, Qicp1 o (Fig. B(a) and (b)). The intricate topology of inter-
secting Riemann’s sheets around the singular point (A€, Aes)agrp, is the hallmark of an
exceptional point (see explanations in Chapter [2).

(a) d(1,2)ap (b)
-18 S 250

0.6 A€ 1.0

Figure 3.3: (a) The difference of eigenvalues 1 and 2 d(1,2)qs = | — Qa|qp (arbitrary
units), canceling out close to (Aey, Aes)agp. (b) Measure of the collinearity in the pa-
rameter space. At (Aey, Aes)arp, both eigenvectors are collinear.

Coalescence of eigenfunctions

We now focus on the eigenfunctions (or spatial distribution) of modes. We compute the
inner product of the two eigenstates, (U*|W,) and plot 1/(1 — |[(U%|W,)|), as shown in
Fig. B3(b). At the exact position where |Q; — Q| becomes zero, the two eigenvectors
become collinear, confirming the coalescence of the two eigenstates. The amplitude of
spatial distribution at EP is shown in Fig.B.6l(a). As a result, we have a strict coalescence
of the two eigenstates: Both eigenvalues and eigenvectors merge.

3.2.4 FEM validation

Finally, the theory is further confirmed by FEM simulation. We compute the modes of in-
terest |W;cp o) in a discretized parameter space range enclosing prediction (Aey, Aéa)app.
The resolution of the sampling is set to 0.04 along Ae; and Aey. The eigenvalues merge
at position (A€, Aeg) = (0.92,0.88) £ (0.04,0.04) and exhibit characteristic intersecting
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(a) RG(Q> (b)
15.01 : -0.015

14.99| ©
\ -0.04

Figure 3.4: (a) and (b) Respectively real and imaginary parts of eigenvalues Q; and Q.
Both real and imaginary parts are identical at (A€, Aés)agp-

Riemann’s sheets. The collinearity of the eigenvectors ensures the existence of an EP at
this specific position. The theoretical prediction falls within the errorbar of the numerical
value of the EP. Despite the assumption made on biorthogonal product in eq. (8:24]) and
inherent numerical inaccuracy, the prediction is confirmed by FEM simulation.

3.3 A complex N-mode process

The capability of our theoretical approach to predict EP between two Anderson-localized
modes has been demonstrated in the section In this section, we investigate the
properties of the modes in the vicinity of EPs. First, we demonstrate that this problem
cannot be reduced to a two-mode interaction and appears to be a N-mode process. Then,
we show the evolution of spatial distribution of modes in the vicinity of EP. Finally,
we demonstrate the presence of multiple EPs in the parameter space and propose some
applications.

3.3.1 Mulimode process

Many observations of EP are based on weak perturbation of hermitian problems. In such
problems; the study of EP can be reduced to a two-mode interaction. Here, we consider a
strongly non-hermitian system. The influence of distant modes is tested by reproducing
the computation of (Aey, Aes)arp for a number of modes, N, ranging from 2 to 60 (see
Fig. B.3). Fig. shows that the position of the EP is not accurately predicted if only
a small number of interacting modes are considered. Actually, more than 30 modes are
required to correctly pinpoint the exact position of the coalescence of mode 1 and mode
2. However, this figure shows that the method converges for N larger than 55, which
confirms that spectrally distant modes have a vanishing influence on the interaction of
the two modes. The amplitude spatial distribution of the coalescing modes is shown in
Fig.B.6l(a), namely |\i/172@Ep). Fig.B.6l(b) shows the biorthogonal projection of \@172@Ep)



58 Chapter 3. Fxceptional Point

along the original modes |¥;). It demonstrates the vanishing, though non negligible,
contribution of nearby modes. These results confirm the degree of complexity of modal
interaction in a disordered open system and the ability of our theoretical approach to
provide with a control of the disorder landscape to manipulate the N-mode interaction.

2 9
A€appsA€iapp

1.4 1.4
1.2

1.2 1
1 0.8
0.6

0.8

10 20 30 40 50 60
N: number of modes

Figure 3.5: Predicted EP position (A€, Aées)agp versus number N of original modes.
Black errors bars correspond to location of EP computed by FEM.

(a) (b)

o — 0.6 44
0.5+
204+
= 0.3 1
‘ 5021
s = 0.1 +

' 0 -
0 10

-
L
2@EP>

¢ )

30 40

20
Mode #:i

Figure 3.6: (a) Amplitude of modes ]‘ill@Ep) and |¢’2@Ep>, which are identical at EP
((A€y, Aes)app). (b) Absolute value of biorthogonal projection of |V sapp) along the
original modes | ;).

3.3.2 Modes in the vicinity of an EP

The previous section [B.3.1] highlighted the complexity of the mode mixing. Modes can
hybridize (see Fig. B.6l(a)) and form a beaded chain, which connects both ends of the
system. Hence, as already observed in [7§], the presence of EP can be used to create
necklace states [79, [80] resulting from mode hybridization.

Our calculations allows us to go further and check that |¥;) = +i|W¥,) on both sides
of the EP. In Fig. B when the EP is crossed in the parameter space, the real part of
|¥1) becomes the imaginary part of |Wy) and wice versa. This exchange is responsible
for the phase shift measured when the EP is encircled within the parameter space (see

Chapter [2).
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Figure 3.7: Pinch-line: The blue points correspond to identical real parts Re(€) = Re(€,)
and red points to identical imaginary parts Im(€2;) = Im(€s).

3.3.3 Multiple EP and potential applications

The investigation of EP can be done for different couples of modes. In Fig. B8 we
plot the position in the parameter space of the different EPs that we obtain for different
couples of modes. We find, for instance, that the original mode 1, |¥;), can coalesce with

(1/2)
i 173) 7
4
@

21 |
: ol
< (7/9)

(]
21 i
(2/7)
@
5 0 > 3

Figure 3.8: Position of different EPs in the parameter
identified by the labels of the two coalescing modes.

space (A€, Aey). Each EP is
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modes 2, 3 and 4 in the parameter range we scanned. Interestingly, we find two EPs
for the couple of original modes 1 and 2 (1/2). The two different spatial distributions
\\111,2@ gp) and complex frequencies QLQ@ ep are different. Each EP results from a different
combination of original modes |¥;). In others words, they correspond to different mixings
of modes.

Based on this first exploration of EPs between interacting localized modes, the presence of
multiple EP paves the road to various applications. As already stated, EP could be used
to hybridize modes. The presence of multiple EPs could force a multi-hybridization of
modes and open channels via necklace states in random media. By adding multiple local
modifications in this numerical experiment, we could drive the system to EP in which three
or more modes are coalescing. Moreover, we could use the high sensitivity of eigenvalues in
the vicinity of EP. We should be able to drive the frequency of modes or achieve quality
factor improvement. This could be particularly helpful in strong coupling experiment
between an emitter and a mode, in which the frequency of the mode must be as close
as possible to the resonance of the emitter (see Chapter ). We demonstrated in section
that this system forms a N-mode interaction platform. Hence, in a more prospective
view, it could provide a naturally disorder-robust network of interacting cavities, in which
we could perform quantum simulation [91) [92].

3.4 Summary

Here, we have developed a general theory to study the evolution of modes in a 2D open
dielectric media, while the permittivity distribution is modified. In the specific case of
Anderson-localized modes, this theory could be used to force the coalescence of modes at
a position called an Exceptional Point (EP).

Starting from modes of a 2D open system, we have developed the biorthogonal formalism
to derive a linear eigenvalue problem. This provides the modes resulting from a modi-
fication of the permittivity. Using an analogy based on L/C oscillators coupled via an
inductance, this linear system behaves like an infinite set of oscillators coupled via the
modification of the permittivity. We have stressed the nature of this coupling, which
relies on spatial and spectral overlap of the modes. We have applied this theory to the
specific case of Anderson-localized modes, in which two local spots modulate the per-
mittivity. Starting from a given disorder and corresponding FEM computed modes, we
have gone beyond the simple evolution of localized modes and predicted the coalescence
of two states. For a specific position in the modulation parameter space, namely the EP,
simultaneous merging of eigenvalues and eigenvectors have been observed. EP predic-
tion has been confirmed by FEM computations. Then, we have investigated the physical
mechanism involved in the build-up of EP and demonstrated that the nearby modes play
an important role. The merging of two states cannot be naively described by a two-mode
model. It has been also pointed out that this system provides multiple EPs. From this
EP density, we have proposed different applications relative to current active fields of
research.

Finally, we would like to emphasize that this numerical experiment could be easily imple-
mented in actual experiments. For instance, it could be achieved in 2D samples exhibiting
optical localized states with the simple use of two laser spots [86} 93]
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The development of optical devices at the micro and nanoscales allows to address funda-

mental quantum phenomena in practical experiments. One of the most striking examples
is probably quantum electrodynamics cavity (cavity QED), where an emitter is coupled
to a resonant cavity mode. When an emitter interacts with a resonant cavity mode, two
different regimes can occur. If the coupling is weak, the spontaneous decay of the emitter
is modified. The energy is irreversibly transferred from the emitter to the cavity and
immediately radiates to the far field. This alteration of spontaneous emission, is known
as the Purcell effect [04] and was observed in optics for the first time by Drexhage [95].
The strong coupling regime is characterized in the time domain by Rabi oscillations of
the electric field, or equivalently by a splitting in the frequency spectrum. The energy
is reversibly exchanged between the emitter and the cavity mode leading to quantum
effects [96]. Cavity QED is a major challenge of quantum optics in general and quantum
information technology in particular. Achievement of cavity QED is of a fundamental
interest e.g. for all-optical [97] and electro-optical [98] switching, many body quantum
simulation [99, [100], single photon sources [101] as well as photon blockade [102]. Never-
theless, their development is currently hindered by the sensitivity of cavities to fabrication
imperfections. To address this issue, an innovative approach was suggested by Lodahl’s
group [76], 103]. They proposed to use Anderson-localized modes as a cavity to perform
"inherently disorder-robust quantum information devices”. In a 1D disordered photonic
waveguide, with embedded semiconductor quantum dots, they observed a strong enhance-
ment of the spontaneous decay (the very signature of weak coupling). Their work was
completed by Gao et al. [77], who demonstrated the strong coupling regime with similar
samples. Recently, the strong coupling between a two-level system and localized modes
was numerically observed by Cazé et al. [104] in 2D.

In this chapter, we explore the dynamical response of an emitter (a two-level atom as
introduced in Chapter [I]) interacting with an Anderson-localized mode. We demonstrate
that Rabi regimes of two kinds may occur and co-exist, namely the linear and non-linear
Rabi regimes. First, we consider a two-level atom in vacuum excited by a monochro-
matic electric field. At low intensity, the atomic response is linear and characterized by a
monochromatic polarization. At high intensity, Stark shifts induced by the electric field
profoundly modify the energy-level structure of the atom, leading to new resonances in the
susceptibility. The polarization is composed of three frequencies forming a triplet as pre-
dicted by [105]. Second, we investigate the linear regime of a two-level atom in the steady
state interacting with a 2D Anderson-localized mode. Linear Rabi oscillations/frequency
splitting can occur when the strong coupling regime between the atom and the mode is
reached. We express the strong coupling condition and the corresponding linear Rabi
splitting amplitude, which are consistent with the work of Cazé [I04]. Then, a mode
with a high intensity is considered. The atom polarization is non-linear and exhibits non-
linear Rabi oscillation/frequency splitting. A condition as well as an expression for the
amplitude of the non-linear Rabi splitting are derived. Finally, we demonstrate that the
two regimes can co-exist and can be observed simultaneously in a temporal experiment.
Numerical computation run by Christian Vanneste with a Finite Difference Time Domain
method confirms our prediction.
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4.1 A two-level system coupled to the electric field

Here, we consider the academic case of a two-level atom excited by a monochromatic
electric field [106]. For low excitation intensity, the polarization of the atom is linear. For
high intensity, Stark shifts induce new transitions in the atomic wave function and the
polarization is non-linear.

4.1.1 Coupled levels

In this section, we consider a quantum treatment of a two-level system (as in Chapter [I).
An atom is modelled as a two-level system and characterized by a Hamiltonian Hy in free
space. Eigenstates of Hy are A = {|uy(r)), iw, } and B = {|uy(r)), hwy} respectively lower
and upper levels. The state of an electron is a linear combination of those eigenstates

U(r,t) = Coe” ™ ug(r)) + Cre™ o luy(r)) (4.1)

where |C,,|* and |Cy|? represent the probability for the particle to be respectively in state
A or B. When an electron decays from B to A a photon can be emitted at the specific
frequency wp, = wp — w,. The polarization P(w) resulting from the transition of the atom
from B to A is monochromatic and oscillates at wy,. The polarization is said to be linear.

(a) (b)
\J

@ Wy, [up(r))

(w)

C, Wa, [t (1)) J )

Wq Wh

Figure 4.1: (a) A two-level system with eigenstates A = {|u,(r)),iw,} and B =
{up(r)), hwp }. (b) Example of the realization of an electron wave function composed
of eigenstate A and B. Components at w, and w, are monochromatic and thus have a
zero linewidth.

In free space, Hy is hermitian and thus has orthogonal eigenstates:

(ua(r)|us(r)) = / U (1) un(r) = dab (4.2)

The system is excited by an electric field E (t) = Ee~™'+cc, where cc denotes the complex
conjugate. This field is real and oscillates at frequency w. The wavelength of the field is
much larger than the dimensions of the atom. The electric field E(t) is thus uniform at
the scale of the atom. Hence, the interaction of the laser light with the atomic system
can be approximated in the long-wavelength or the dipole approximation by the potential
V(t) = nE(t), where y is the transition dipole operator of the system [L06]

=] o (13
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The Hamiltonian of the system H(t) reads

H(t) = Hy+ V() = [hg’ ,m " [_W?E( ) ~Hatl) (4.4)

Therefore the expansion coefficients of the wave function along the states A and B is also
time-dependent

U(r,t) = Cy(t)e ™ ug(r)) + Cy(t)e | uy(r)) (4.5)
This wave function satisfies the Schrodinger equation
v
ihaat(r, t)=HY(rt) (4.6)

Inserting eq. () into eq. (&G):
ih (Ca@)e%aqua(r» — iwaCo(t)e™ ™ ug (1)) + Cy(t)e™ ™ uy(r)) — iwab(t)e*W|ub(r)>)

= Co(t)iwae™ " |uq (1)) +Co(t) wpe™ " Jup (1)) = p1ab Co (£) E (1) [t (1)) = pra E () Ca (8) [ (7))
(4.7)
Using the orthogonality relation of eq. (£2) and wy, = wp — w, yields

G0 = aOBe
LGl = TR e

Inserting the expression of the electric field, eq. (&F]) transforms into

ih

Cit) = —HeCL(E)(Beln 4 Breilntol)

{% = G (8)(Bemim N 4 Freilomo) (19)

Using the Rotating Wave Approximation, we neglect the fast oscillations. Introducing
the detuning A = w — wy,

Ob(t) = bl (t)Ee—iAt (4.10)

ih

{Ca(t) = —HLaCy(t)Erettt

Eigenstate distributions C;(t);cj1,2) are now coupled and time-dependent. The probability
density of the electron |C|? which was constant in free space, now fluctuates with
time.

i€a,b]’

4.1.2 Oescillation of populations
Eq. (£I0) can be readily solved by adopting a trial solution of the form C,(t) = Ke Xt

{C’a(t) = Ke Xt

Colt) = —Ppee G0 (4.11)

Co(t) = —HeC,(t)Be™A
Eq. (£11) leads to the polynomial expression

|an || £

X(X+A)= 12

(4.12)
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With solutions

1 1 :uabE]‘2
Xy = —=A+ /2 A? 4.1
S 2\/’ ho| T (4.13)
Using
E
Q:‘z“‘}fb ’ (4.14)

We can derive the expressions

_ iZAt —itVOZ+AZ i VO2+AZL
{C’a(t) = 2% (Age +A_e ) (4.15)

Cy(t) = e—i%At(B+e—i%\/Wt+B_ei%\/mt)

where Ay and By are fixed by the initial conditions. Hence, the wave function of the
electron is now made up of four components (see Fig. [4.2) [105, 107]. The atom can be
treated as a four-level system. These "virtual” electronic levels are equally spaced around
the eigenstates of the free space Hamiltonian Hy (see Fig. B.2)). From a physical point of
view, the electronic populations of states A and B read

’Ca<t)|2 — |A+6—i%\/mt+Aiei%\/mt’2 16
ICy()2 = |Bye3VTHE% | B oi3VOTEAT 2 (4.16)

Populations oscillate over time and create "virtual” states on the electronic wave function.
Hence, as sketched in Fig. [4.2] three resonance transitions are now allowed:

o (1) wpy — 2V 4+ A2
L] (2): Wha
o (3): Wiy +2vQ2 4 A2

These three transitions correspond to three different frequencies within the polarization
of the atom. They form a triplet [105]. Nevertheless, this triplet should not be mistaken
for the Mollow triplet of resonance fluorescence [I08] which requires a quantization of
the electric field. As explained in Chapter [I, these transitions have a linewidth, which is
driven by the spontaneous decay between the different levels.

(a) (b)
A AR

wb—\/QQ+A2

we + V2 + A? N
————————————— —-Waq, |ua(r)>

W, — VO + A2 Wq Wy

Figure 4.2: (a) Two-level system under an external field excitation Ee™™! + cc. Two
"virtual states” appear around the eigenstates of the free space Hamiltonian Hy. (b)
Example of the wave function ¥(w) of an electron composed of 4 different states.
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4.1.3 Linear vs nonlinear polarization
Virtual states condition

If eq. (AI5) demonstrates the appearance of several components in the atomic polariza-
tion, it is of common knowledge that the observation of a triplet is an exception rather
than the rule. In practice, to discern the appearance of the triplet, the spectral distance
between the "side frequencies” must be larger than the linewidth of the central frequency
(see Fig. E3)). The central linewidth is given by the linewidth of the emitter embed-

P(w) P(w) P(w)
4P+ A? > 2F,T, 4P+ A? > 2F,T, 4/ + A? < 2F,T,

Wha Wha Wha

E

Figure 4.3: Frequency spectrum of the polarization of the atom: Excitation field amplitude
increases from right to left. When the spectral distance between the two "side frequencies”
is smaller than the central linewidth, the triplet can no longer be observed.

ded within the medium (see Chapter [I] for explanation). Compared to free space, the
spontaneous decay of the emitter reads

2F,T, (4.17)

where I'y = T 4+ TNV is the spontaneous decay rate in vacuum of the emitter, which can
be separated into a radiative (R) and a non-radiative (NR) component. F), is the Purcell
factor standing for modification of the decay rate due to the medium [94]. The system
has no loss. Hence, for a single atom, the decay rate is purely radiative and is driven by
the transition time 7T} between the two levels of the atom

1

FS:—:
T

R
FS

For a collection of atoms, the decoherence time T4, resulting from atom interactions must
be taken into account as a non-radiative component

12
[,=—+—— =T 4VE
Tl T2p

The triplet is observable if the electric field is strong enough to satisfy

wE|?
F,T, < 2V02 + A? = 2”2”;& ’ + A2 (4.18)
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Linear and non-linear polarization regimes

As sketched in Fig. [43] the polarization of the atom has two different regimes depending
on eq. (LIS).

If eq. (EI8) is not fulfilled, the electric field amplitude is relatively small, and only one
frequency remains in the polarization. Both the polarization and the electric field are
monochromatic. The emitter is in the linear regime and its polarization reads

P(w) = xs(w)E(w) (4.19)
where ys(w) is the two-level susceptibility (see Appendix [A]).

In the non-linear regime, the polarization is made up of three components: w, w —
2v/ Q2 + A2, w+2v/Q2 + A2, This polarization can be expressed in terms of a non-linear
susceptibility [106]. However, in this chapter, we will not need the complete expression of
the polarization and therefore simply use the notation

P(w) = Pyp(w) (4.20)

4.2 Linear Rabi regime: Strong coupling

Here we consider a two-level atom interacting with a 2D Anderson-localized mode (see
Chapter [2). The two-level atom evolves in the linear regime and no external excitation
is considered. Using modal expansion and the corresponding biorthogonal formalism (see
Chapter 2]), we derive the strong coupling condition of [104] and the linear Rabi splitting.
This approach offers a new insight into the strong coupling condition and serves as a
benchmark for our approach.

4.2.1 A two-level system coupled to a 2D Anderson-localized
mode

We consider a 2D open disordered system of finite dimensions, with a position-dependent
index of refraction n(r) (see Fig. [£4]). In the absence of a source, the electric field fulfils
the source-free Helmholtz equation (see Chapter [I)

AE(F,w) — w’n* (M E(F,w) = 0 (4.21)
Modes are defined as the eigensolutions of Helmholtz eq. (£21]):

¥
Q= w; — iy | A|T;) — n?(7)QF ;) =0 (4.22)

If the scattering is strong enough, these modes are spatially localized within the system
limits, as in Fig. @4(b).

Let us now consider a two-level system of polarization P(w) embedded at the position 7,
(see Fig. [@4l(a)). No external excitation is considered. The electric field is thus driven
by Helmholtz equation with a right-hand side term

AE(F,w) — w?n* (M E(F,w) = W*P(w)§(r —r4) (4.23)
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of
o
oy

>

(b)

Figure 4.4: (a) A 2D scattering medium of refractive index distribution n(r). The system

is open at the edges.

distribution of mode M, [®y(r)).

The susceptibility of the emitter is given by (see Appendix [Al)
e

Xs(w) =

2

wrws —w — VR /2

The red dot is the location of the atom r,.

(b) The spatial

(4.24)

where ' /TNE stand for radiative/non-radiative decays of the emitter respectively and
ws is the central frequency of the mode. Hence the polarization P(w) of the emitter reads

P(w)

2

FR

C w?ws —w —iINR/2

E(w)

(4.25)

For the rest of the chapter we consider a specific localized mode (2 = wyy — 5L, | W)
(presented in Fig. 4], and assume its central frequency is equal to the transition of the

emitter:

Wt

:wS

4.2.2 Strong coupling and Rabi oscillations

Expansion of the field along the modes

(4.26)

As stated in Chapter [2 the electric field can be expanded along the modes of the system.

Thus, the electric field reads

B(w) = Y

i

a;(w)

|Ws)

Using this expansion in eq. (£23)) and ([#24]), we write

a;(w)

[Ti)—wn?(r) 3

i

A

a;(w)

;) =

orR

(4.27)

a;(w)

ws —w — iI'NVE/2

>

i

[Wi)d(r—ra)
(4.28)
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Inserting the definition of mode given by eq. ([£22), eq. (£2]) reads

oIk

ZM@?—MW(MI\P»: 3 @) g — ) (4.29)

— —iw + i€ ws —w — iTVE/2 & —jw + i)
As in Chapter 2| we define a biorthogonal product:
(W5 n(r?1 ) = [ 9 rn(r)? = by (4:30)

Using the biorthogonal product of eq. (£30) along the mode (®%,| leads to

an (w) 2 2 2’ a;(w)
Tt i S mw) = Wi(rq)V 4.31
—iw + iQM( w =) ws —w — iI'NVE/2 Z —iw ~+ i€ i(ra)¥ar(ra) (4.31)

%

Some reasonable assumptions

The modes used for the field expansion are Anderson-localized and thus have a very weak
spectral overlap. Moreover, we assume that the spectral distance between two modes is
larger than the linewidth of the susceptibility. The susceptibility of the emitter can be
considered very narrow and centred on the central frequency of mode M. Hence, on the
right-hand side of eq. (£31]) only the contribution of mode M remains

am(@) 2 o 2Tk an(w)
w4 i, - - v 4.32
—iw + iQM( =) wy — w — iTYR /2 —iw + iy n(7a) (4.32)
And if j # M »
aj w
0. 4.

Then, eq. ([A32) is now equivalent to a polynomial
(3 — w)(wy —w —iLYF/2) = 203 (r,)TE (4.34)

Eq. (£34) is simplified using the Rotating Wave Approximation

03, — w? ~ 200 (Q — w) (4.35)
Leading to
FR
(s — w)(war —w — iTVE/2) = @@(TG)Q—S (4.36)
M

Since the modes are localized, they have high Q-factor Qs

e e 1 Ik
QM=w7M>>1 = = xS (4.37)
FM QM War 1— 22627 W
As a result
. e
(s — w)(war —w — TV /2) = U3 (r,)—2 (4.38)

Wh
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Linear Rabi oscillations and splitting

Eq. (£38) is now a simple polynomial of degree 2

T FNR FR
s 92 (r,) = =0 (4.39)
W

wr—w <2wM — %(FM + FiVR)>+w]2W—wM;(FM—I—FéVR)—

Defining the discriminant A of eq. (£39):

i NR\\2 2 Z NR FMFQIR 2 Ff
A:(2WM—*(FM—|—FS )) —4 LL)M—WM*(FM—FFS )—7—\11]\/[(7“@)
9 9 4 W
_ L s PRY VR g2 (e B
——1( M+ 1 ) +lmls ™+ M(TG>E
VR T\ N
:_< 2 _2> AW () (4.40)

The two frequencies fulfilling eq. ([A39]) are:

FR (FNR _ FM)Z 1/2 i FNR FM
= + |02 (r,)— — =~/ e —_— 4.41
Wi = Wy [ 2 (r )WM 16 5 5 + 5 ( )
And defining
2 2 I
gz = V5,(ra) (4.42)
Wnp
leads to 1/2
(TNE —Ty)? i (TNE Ty
— 4+ g2 = M) —— = — 4.4
WE T WM [gc 16 2\ 72 T (4.43)

Hence, the electric field can be expressed in the temporal domain (with constants Ey) as
the superposition of two components

E(r,t) = (Epe ™ + E_em™ ) [y (r) (4.44)

We must emphasize that mode M has a high Q-factor (small leakage at the edges, see
Fig.[£4). For that reason, W3,(r,) is almost a real value and so is g?. Assuming g satisfies

NR 2
2 (Fs — FM)
> 4.45
thus, we can define a real value called the "linear Rabi splitting”
— W FNR -T 271/2
0f = <1 gg_<s16M> cR (4.46)

The envelope of the electric field oscillates over time and simultaneously the field in the
spectral domain is split into two peaks (see Fig. EH]). This phenomenon is called Rabi
oscillation (in time), or Rabi splitting (in frequency) and is the footprint of strong coupling
between an emitter and a cavity, a mode in the present case. Before going any further,
we must emphasize that eq. ([LZ3ILZ5A.A0) are consistent with the approach based on
Local Density of States (LDOS) developed in [104]. There, a similar splitting is predicted
with a different definition of g., derived from a LDOS formalism, g = %7 where F),
is the Purcell factor. In order to differentiate between linear and non-linear cases, we will

refer to this Rabi oscillation/splitting as the linear Rabi regime.
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(a) (b)
|E(t,7s)] ST |E(w, )| 20

A —-
INE 1
/ktk
\
t w
W

Figure 4.5: (a) Field amplitude at r, exhibiting linear Rabi oscillations in time: The fast
oscillation at optical frequency wy, is modulated by the oscillation of the envelope at (k.
(b) Spectral field amplitude exhibiting linear Rabi splitting: The spectrum is split into
two components.

4.2.3 Linear Rabi regime condition

As already stated, the linear Rabi regime corresponds to the very signature of strong
coupling between the emitter and the cavity. The term g2, defined in eq. (£42), directly
triggers the linear Rabi splitting, thus stands for the strength of the spatio/temporal
coupling between the emitter and the mode. Spatial coupling is efficient if the emitter is
placed at a position where the field intensity ¥3,(r,) is large. Spectrally, the radiative
rate of the emitter, I'?, needs to be sufficiently high to inject energy into the mode.

However, the condition driven by eq. (A45) is not sufficient to observe a linear Rabi
regime. For Rabi oscillations to be discernible, we must ensure the Rabi splitting is larger
than the linewidth of each peak (see Fig. 0. The linewidth is directly given by the
imaginary part of eq. (£43)). Leading to

VR4 T
o0k > s 1M (4.47)
Hence, the necessary condition for linear Rabi regime is
INE? 1Ty
P i (4.48)

8
If eq. (£49) is fulfilled linear Rabi regime is reached.

4.3 Non-linear Rabi regime

Unlike the linear Rabi regime, the two-level atom is here submitted to an intense electric
field. In this section, we derive the condition for the observation of the triplet and predict
the amplitude of the non-linear Rabi splitting. We refer to this situation as the non-linear
Rabi regime. Rather than considering a non-linear susceptibility for the atom as in Ref.
[T06], we propose a different approach. Here we use an external source to neglect the
influence of the non-linear polarization of the atom, and thus make the problem linear.
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4.3.1 A two-level atom in an Anderson-localized mode ... with
external excitation

First, we consider a two-level atom embedded in the same random medium as in section
12 (see Fig. B4). We know from section E.] that if the electric field is intense, the
polarization of the two-level atom exhibits new resonances. Consequently this polarization
is non-linear and noted Pyr. The electric field is driven by a non-linear version of the
Helmholtz equation

AE(F,w) — w’n*(F)B(F,w) = w* Py (W)d(r —1,) (4.49)

Nevertheless, the study of this problem is made more complex by the need for a non-linear
susceptibility to link the electric field and the non-linear polarization. Moreover, we know
from section [4.]] that the amplitude of the non-linear Rabi splitting is directly triggered
by the amplitude of the field at the position of the atom (eq. (£I4])). Taking into account
these two observations, we propose an alternative approach to eq. (A49).

In this section, we will insert an external monochromatic source with amplitude P,.;
at frequency we,; and positioned at ., (see Fig. L6(a)). Unlike the linear problem of
section [4.2] here we consider an emitter providing for the external excitation at r.,; and
the two-level atom at r,. Eq. (£49) is now transformed into

AE(F w) — w*n* (M E(F,w) = W Pyp(w)6(r — r4) + W Pogy0 (1 — Tezt)0(w — Wey)  (4.50)

(a) (b)
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Figure 4.6: (a) 2D scattering medium with dielectric refractive index distribution n(r).
The system is open at the edges, the red dot is the location of the atom r, and the

the location of the excitation 7. (b) Spatial distribution of Anderson-localized
mode M, |y (r)).

The amplitude of the electric field is the superposition of a first component due to the
non-linear polarization of the atom at r, and a second one due to the excitation source
at Tept

E(r,w) = Exp(r,w) + Eew(r,w) (4.51)
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where Fyp, is driven by the non-linear polarization of the atom and E,.,; by the external
excitation.

Here we consider the case where the external excitation is much stronger than the non-
linear polarization of the atom and the amplitude of the non-linear Rabi oscillations is
mostly forced by Ee.(r,w).

4.3.2 Non-linear Rabi regime
Expansion along the modes

When the non-linear polarization is neglected in eq. (£50), it reads

AE (T, w) — wn*(F) Begt (7, w) & W2, PoatO(1 — Tent) (4.52)

ext

Starting from eq. ([A52), it is possible to perform modal expansion of E.,; along the
Anderson-localized modes:

> e A - () 0)) = o Parbr — r)O — ) (159

i

As in the previous section, we consider here the localized mode M (see Fig.[dL6(b)). Using
the mode definition and the biorthogonal relation along (¥},|:

AM ex (Cd)
m(g?\/f B w2) = w2 \IJM(Te:ct>Pezt5(w - wext) (454)

ext

Some reasonable assumptions

The modes are Anderson-localized and thus their spectral overlap is weak. The external
excitation is tuned to match the central frequency of mode M

Wext = WM
As a result, only mode M is excited. The electric field reads

aM,ea;t (W)

Eel' ; e — \I/ 4
o) = ) (4.55)
Using eq. (£.54)
U s (Tewt) w3 s (et )3
Eogi(w,r) = ngz( 2 M5 (w — war) | War(r)) = pm—MZ( 'f)QM |Wa(r))  (4.56)
MW Q3 —wiy

Now, we perform the Rotating Wave Approximation
Q?\/[ — (,UJQW ~ QLUM(QM — CUM) = —szFM
We obtain the electric field driven by the external excitation

, w
Eext(w7 T) = ZPext\I]MO,ext)ﬁPIjM(r)) (457)
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Non-linear Rabi splitting/oscillations

According to eq. (EIJ)), the amplitude of the non-linear Rabi splitting Q¥’ is triggered
by the amplitude of the electric field at the position of the atom

2
ONL = 2/ 1 A2 = 2J |2’“’Eg°"> + A2 (4.58)

With the expression of the electric field derived in eq. (E51)
|E(Taa W)l ~ |Eext(7ﬂaa W)| = Pe;ttQM\IjM(Te:vt)\IIM(Ta) (459)

where QQy; = ;J—% is the quality factor of mode M. Hence, the non-linear Rabi splitting

reads in our case:

2

QgL = 2\/‘QljtgbpethM‘I/M(Text)‘;[’M(Ta) + AZ (460)
If we assume there is no detuning (i.e.) A = ws — wyr = 0:

QgL = 4%PextQM\PM(rext)\PM(Ta) (4.61)

The spectrum of the field is split (see Fig. 7). This splitting in the frequency domain is
equivalent to oscillations in the temporal domain (with constants A;)

|E(r,w)| & A_ye @985t L ggemiomt 4 A emilntQRhe (4.62)

As shown in Fig. @7T(a), the envelope of the electric field has a non-sinusoidal shape.
These oscillations differ from the linear Rabi oscillations and will be referred to as the
non-linear Rabi oscillation. In the frequency domain (Fig. E7(b)), the splitting of the
field in three components will be referred to as the non-linear Rabi splitting. Both effects
characterize the non-linear Rabi regime.

(a) (b)

[E(t,7)] x gyr |E(w, )| 205"

A —-
t J\j\‘t w
Whr

Figure 4.7: (a) Field amplitude time evolution exhibits non-linear Rabi oscillations: A
fast oscillation at optical frequency wj; is modulated by a non-sinusoidal oscillation of
the envelope at Q. (b) Spectral field amplitude exhibits non-linear Rabi splitting: The
spectrum splits into three components.




4.3. Non-linear Rabi regime 5

4.3.3 Non-linear Rabi regime condition
Existence condition

As stated in section L] the non-linear Rabi regime is effective when
E,Iy < QXF (4.63)
In the case of no detuning, referring to eq. (4.61))

FT, < 4%PthM\yM(rm)\pM(ra) (4.64)

Using [104], the Purcell factor is given by the ratio of the local density of state at the
atom’s position and the local density of state in vacuum

F,=———"=—=Im(G(rq,7a,wnm)) (4.65)

Noting that ¢ = 1 and

(4.66)

T (G(rg, ra, wps)) = Tm ( Uar(ra)” ) W)

Q?M — w%/‘, CUMFM

where G is the Green function of the system. Hence, the non-linear Rabi regime condition
reads

\IIM(TG)FS < wzxt%Pextquanxt) (467)

As predicted in section[A.T], the non-linear Rabi regime is enforced by an external excitation
(7/ €. Pextg[M(’rext)).

Linear vs non-linear conditions

Remarkably enough, existence conditions for linear and non-linear Rabi oscillations may
oppose each other. Indeed, using eq. (42445 the linear and non-linear conditions read

2
\I’%w(ra);jt > w linear (4.68)
Upr(ra)ls < w2 #2 Py Wy (repy) non-linear '

Unlike the non-linear case, the linear regime requires a large amplitude of the mode at the
position of the atom Wy,(r,). The non-linear case needs a small decay rate I'y = TE TN
while in the other regime the non-radiative must be low and the radiative part must be
important. Hence, these remarks emphasize the fact that the two regimes of oscillation
are related to different mechanisms.

In the linear regime (strong coupling), energy is reversibly exchanged between the mode
and the emitter. This exchange is possible if the radiative transfer from the emitter
(namely T'#) is well coupled to the mode intensity (namely Wj,(r,)?). This coupling
condition is exemplified by the left-hand-side term of eq. ([LG8). To be effective, this
reversible exchange must be stronger than the losses provided by the right-hand side of

eq. ([A6R) (namely TNE? 4 T)2).
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In the non-linear regime the amplitude of the splitting is driven by the amplitude of atom
population oscillations. This is triggered by the interaction potential between the atom
and the field present in the right-hand side of non-linear eq. (L.68) (namely ftapWar(7eat))-
The non-linear Rabi splitting must be larger than the linewidth of the emitter encoded
in Wy (ry)Ts.

4.4 Coexistence of both regimes in a realistic exper-
iment in the temporal domain

In this section, we consider a realistic experiment in the temporal domain. A two-level
atom is placed in a localized mode. The system is excited by a point source. When the
excitation is turned-off, the amplitude of the electric field at the position of the atom
decays. During this decay, the atom can successively exhibit non-linear and linear Rabi
regimes.

4.4.1 Setup

We consider a 2D dielectric random medium similar to the one considered in sections
and The modes are Anderson-localized and among them the mode M is excited by a
source placed at position r.,; (see Fig.[A.8(a)). The point source emits a polarization pulse

of duration T,,; oscillating at frequency w,,; matching mode M: weyy = way.
The source is located inside mode M and its duration T,,; is assumed to be long enough
so that only mode M is excited (see Fig. [A.8(b)). Numerically, instead of a single atom,
we insert a collection of N, two-level atoms in mode M at location r, (see Fig. L.8(a)).
The linewidth of the emitters is thus given by I'y = I'® + 'VE = T% + T%p as stated in
section L.1.3] The atomic central frequency ws matches the mode, and thus

WM = Wept = Wy (4.69)

4.4.2 Linear/Non-linear regimes in the transient regime
Transient regime

The linear and non-linear Rabi regimes considered in the previous sections and (.3
have been studied in their steady states. In the present case, we are investigating the
transient response when the excitation is switched off and the electric field intensity is
decaying. Intensity stored in mode M is driven by I'j;:

Tt x e .
E 2 Tart 4.70

where |E(r,t)|?,, stands for the envelope of the intensity.

Regarding the linear Rabi regime, this temporal evolution of the field intensity has no
influence. Indeed, as emphasized in eq. (£32) and (£34]), the amplitude of mode M is
suppressed from the derivation of the linear Rabi splitting Q5. From a physical point
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Figure 4.8: (a) 2D scattering medium of dielectric refractive index distribution n(r). The
system is open at the edges, the red dot is the location of the atom 7, and the

the location of the excitation . (b) Shape of the envelope of the temporal excitation
of duration and amplitude s Pegt(Tewts t)eny (c) Evolution of the envelope of the
intensity of the electric field stored in mode M, |E(r,t)|?

env’

of view, the strong coupling achieved between the two-level emitter and the mode is
similar to two coupled springs. Therefore, this coupling mechanism is only affected by
the coupling strength and the frequencies of both oscillators.

Unlike the linear regime, the non-linear Rabi splitting is directly driven by the field
intensity (see eq. (AI4) in section AT]). Hence, the amplitude of the non-linear Rabi
splitting will progressively decay whit the intensity.

Linear /Non-linear splittings

The evolution of the electric field F.i(w,r) is given by eq. (L7 in the steady state.
Therefore, we can easily derive its value in the transient regime

Eea:t(w7 ra) — Eext(ta ’ra) = iNtotPemt\I,M(rext)\IjM(ra)g e_r%t (471)
M

E("'aawlw)
The use of a collection of atoms is responsible for the factor Ny.

By inserting the field evolution in eq. (A58, it is now possible to obtain the expression
of the non-linear Rabi splitting versus time

Tt |?
ONL() = 2/ 1 A? = 2J ‘2““1’E(r“’;ﬁme N (4.72)

The linear Rabi splitting remains identical to the one derived in section 2. Assuming
there is no detuning (i.e. A =0, wyr = Wey) and if the coupling is strong (g2 > I'NE T'y),
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the linear and non-linear splittings read

L 2 FSR
Qrp = Ntot\I/M(Ta> (473)

Whr

/JlabNtotPext‘PM(rext)\I]M (Ta>wM _Fﬂt
e 2
'y

Hence, assuming that both regimes can be reached, the non-linear Rabi splitting decreases
over time while the linear one remains identical. Therefore, we must observe successively
the non-linear and the linear regime. In Fig. [£9 we plot the schematic evolution of the
spectral peaks with respect to time. When the excitation is turned-off, both regimes are
present. Then, the non-linear Rabi splitting quickly decays and only the linear regime
remains.

QRE(t) =4 | (4.74)

Whr
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Figure 4.9: Evolution over time of linear splitting % and non-linear splitting QN~. When
the non-linear splitting vanishes, the linear splitting is observed.

4.4.3 Numerical investigation
Numerical setup

To observe the prediction of section we present Finite Difference Time Domain
(FDTD) simulations (see Chapter 2]) performed by Christian Vannestd!. The 2D system
is made of a collection of circular dielectric scatterers with radius r = 60 nm and optical
index n = 2 embedded in a background medium of index n = 1. The volume fraction
is 40 % and the system size is L? = 6.6 x 6.6 um?. We insert a source at position
Text = (2.10 um, 2.78 pm) (see Fig. EI0(a)) and atoms at r, = (2.04 um, 2.80 um). The
localized mode M (wy — iT = 14.1548 — 1.95.107* pm™', with ¢ = 1) is shown in
Fig. E10(b). Mode M is excited by the external source at position r.,; during T, =
100 ps. There are Ny; = 310%* atoms, with a decay time 7} = 1 ns and a decoherence
time Ty, = 1 ns. The electric field and the population difference at the position of the
atom, namely F(r,,t) and AN(t), are computed with the FDTD method coupled to the

Laboratoire de Physique de la Matiére Condensée, CNRS UMR 3776, Université de Nice-Sophia
Antipolis, Parc Valrose, 06108 Nice Cedex 02, France
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Figure 4.10: (a) 2D random system made of dielectric pillars of index n = 2 in vacuum:
The excitation source r..; is marked by a and the atoms by a red dot. (b)
Mode M distribution |®p(r)) considered for the numerical experiment (computed by
Finite Element Method).

population equations of the two-level atomic structure [109, 110, T11] (see FiglZII). In
Fig. IT((a) we plot the envelope of the excitation at re.: ( ), the average
population difference ((AN)) in Fig. AITi(b) and the electric field envelope at the position
of the atom (| E (74, t)|eny) in Fig. EEITI(c). When the excitation is turned-off, the transient
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Figure 4.11: (a) The envelope of the excitation . (b) Averaged population

difference (AN). (c) Envelope of the electric field at the atoms’ position |E(r,t)|.
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regime starts and the average population difference decays like the intensity of mode M
(see Fig. AITI(b)). The electric field decreases and we observe oscillations of its envelope
in a temporal range (referred to as the Zone of interest in Fig. L1TI(c)).

Successive observation of non-linear and linear Rabi splittings

We now plot in Fig. f12(a) the electric field envelope in the final stage of its decay (the
Zone of interest in Fig. ITl(c)). As explained in sections and we can distin-
guish between two different regimes of oscillations corresponding to non-linear and linear
Rabi oscillations. To identify these two regimes, we compute the Fourier transform of

()

|E(ra,t)]
t
\_ J . J
Y Y
Rabi NL Rabi L
(b) (c)
|E(ra,w)|aB |E(ra,w)|aB
*. Another Anderson
NL mode also excited by
2Qp
20L
* *
N W Wy

Figure 4.12: (a) Electric field envelope at r, in the transient regime, exhibiting succes-
sively non-linear and linear oscillations. (b) Spectrum of the electric field in the non-linear
regime: Observation of the triplet. (c) Spectrum of the electric field in the linear regime:
Observation of linear Rabi splitting. The * in both spectra points out the presence of
another Anderson-localized mode excited by the external excitation. This mode has no
influence on the different Rabi regimes.

the electric field within each temporal domain (see Fig. EE12(b) and (c)). At early time,
the spectrum is made of three components in the electric spectrum forming the triplet.
Afterwards, only two components are present and characterize the strong coupling regime
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between the emitter and the mode. An extra peak is present in both spectra and corre-
sponds to another Anderson-localized mode of the system, which was also excited by the
source (its amplitude is very low and only appears because a log-scale is used in Fig. [1.12).

Spectra presented in Fig. . 12(b) and (c) validate the prediction derived in section .22
When the field intensity decreases, successively non-linear and linear Rabi regimes occur.
This observation of both regimes is made possible by exponential decay over time of the
non-linear Rabi splitting and the time independence of the linear Rabi splitting.

4.5 Summary

Here, we have investigated the interaction between a two-level emitter and an Anderson-
localized mode.

First, we have recalled the two different regimes of interaction between a two-level atom
and the electric field, namely the linear and the non-linear regimes. At low intensity of
the electric field, the polarization of the atom is linear: A monochromatic electric field
induces a monochromatic polarization of the atom. At high intensity the polarization
becomes non-linear: A monochromatic electric field induces a non-monochromatic polar-
ization characterized by three frequency components. This triplet is observable under
conditions we have recalled. Then we have considered the linear regime of interaction in
the specific case of an electric field supported by a single Anderson-localized mode. Using
the biorthogonal formalism of Chapter [2, a condition for strong coupling between the
emitter and the mode as well as the resulting linear Rabi splitting have been obtained.
Afterwards, we have investigated the non-linear regime of interaction for a similar system,
but in presence of an external excitation. In this specific configuration, the condition for
the observation of the triplet and the amplitude of the non-linear Rabi splitting have been
derived. Finally, the co-existence of both regimes in a temporal experiment has been pre-
dicted. Different decay time-scales lead to the consecutive observation of non-linear and
linear regimes. This prediction was confirmed numerically by a FDTD computation.

If the strong coupling regime between an Anderson-localized mode and a two-level emitter
was to be expected from early works [76], 103, 104, [77], the observation of three components
originating from Stark shifts can be seen as the major output of this work. We demonstrate
here the possibility of achieving strong light matter interaction using Anderson-localized
modes. Therefore, we can think of reaching different strong light matter interaction effects.
For instance, Anderson-localized could be used to force the resonance fluorescence of two-
level atoms [I0§]. The sidebands of the generated Mollow triplet are known to emit
photons with a particular statistic and specific correlation, and could be used as single-
photon sources [112, [113] 114} 115} IT6]. Moreover their brightness combined with the
easy frequency-tuning of the non-linear Rabi splitting make them good candidates for
quantum light spectroscopy.
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A laser is composed of two parts: A gain medium and an optical cavity. The role of
the gain medium is to achieve a photonic amplification using stimulated emission (see
Chapter [Il). In order to illustrate this photonic amplification mechanism, let’s consider
a flask in which was inserted a four-level system (e.g. Rhodamine diluted in ethanol).
When pumped by an external laser, photons are generated by spontaneous emission inside
the flask and are amplified before exiting the medium (the term ”Amplified Spontaneous
Emission” (ASE) is used to describe that phenomenon). The emitted intensity is isotropic
and defined by a spectrally broadband emission, which narrows with the pump excitation.
Now, let us assume that the medium is embedded in the following optical cavity: Two
parallel mirrors, one totally reflecting and the other just partially. This cavity provides
a feedback mechanism: The photons make several round trips in the amplifying medium
before exiting. The presence of the cavity deeply affects the emission properties. The light
amplification is spatially confined to the cavity (e.g. the two mirrors) and the emission
direction is fixed (e.g. by the partially reflecting mirror). We know from Chapter
that a cavity defines privileged vibrations called modes. These modes "select” photons
at specific frequencies, which are duplicated by stimulated emission: Resulting photons
are similar or coherent. Hence, only several frequencies could oscillate and the emission
intensity is characterized by sharps peaks narrowing with the pump excitation. These
peaks are observed when the stimulated emission of coherent photons is predominant,
when it compensates for the losses of the cavity (e.g. the partially reflecting mirror).
As a result, the lasing intensity exhibits a threshold according to the pump excitation.
In the late 1960s, Lethokov [I17] proposed to replace the optical cavity by a scattering
medium. Instead of creating this feedback mechanism using mirrors, he suggested to
embed scatterers within the active medium. Because of multiple scattering, the lifetime
of photons inside the gain medium is enhanced and the amplification can compensate
for optical cavity losses. He suggested that an amplification similar to “conventional
laser” could be achieved in this "random laser”. Nevertheless his approach relied on
an ASE description. In 1999, Professor Hui Cao [I18, [119] observed for the first time
characteristics similar to conventional laser (see Fig. [5.0]) in a random laser device.

In this chapter, we first introduce the model proposed by Letokhov [I17] to give a de-
scription of the random laser in the framework of the diffusion approximation. Then,
we present the optofluidic random laser, a random laser we have developed [120] and in-
tensively used in the studies presented in this document. Experimental observations will
illustrate the limitations of the diffusive model and the requirement of a modal expansion
approach as described in Chapter [
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5.1 The ”photonic bomb” model

In this section, we introduce a simple model based on the diffusion approximation to
describe the random laser. First we compare the features of a random laser with those of
a conventional laser and emphasize their characteristics. Then, we derive the diffusion of
photons in a gain medium.

5.1.1 From conventional to random laser
Conventional laser
The standard laser is composed of an externally pumped medium and an optical cavity.

In the schematic of Fig. Bl the optical cavity is formed by two parallel mirrors. One
mirror is totally reflecting while the other is only partially reflecting. A simple description

r Iout

=t

Figure 5.1: Schematic description of an ordinary laser: A gain medium (in gray) is excited
by an external pump. The cavity of length L is made of two mirrors, one perfectly
reflecting and another partially. This cavity forces the light to experience an amplification
several time before escaping. Finally, when amplification reaches the losses, the laser
intensity I,,; is emitted.

of the amplification in the steady state reads

iZ(z) = I(2)(a — g) = I(2) = Le=* (5.1)

where [ is the lasing intensity inside the medium, « the losses and ¢ the gain. The gain
g is directly related to the pump intensity while the losses depend on the openness of the
cavity. From eq. (5]), it is clear that if the gain becomes larger than the losses (g > «),
the lasing emission occurs. Let us assume that the photons make N round trips on average
on the cavity of length (L) before exiting. Thus, the average intensity of the laser output
reads

Lt = I(z = 2NL) = Ijel9~®2NL (5.2)

Eq. (B2) carries two main messages. First, the emitted intensity versus pump energy
exhibits a threshold (see Fig. 6.2(a)). Second, the amplification increases exponentially
with the time spent by photons inside the gain medium.

The stimulated emission responsible for the lasing emission is a coherent process: Photons
are duplicated. As sketched in Fig. B.2(b), because of light coherence, narrow peaks
appear in the emission spectrum. These peaks are regularly spaced in the spectrum and
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the mode spacing is fixed by the cavity length, L. These peaks also become spectrally
narrower when pumping is increased. To summarize, a lasing emission is characterized
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e

Figure 5.2: (a) Lasing output intensity I,,; versus gain. (b) Spectrum of emitted laser
intensity I,,:: It is composed of peaks regularly spaced.

by three main properties:
e A threshold of the emission intensity
e The presence of peaks within the emission spectrum

e A narrowing of peak spectral linewidth
Random laser
In his seminal paper, Letokhov [I117] suggested to fill the gain medium with scatterers (see

Fig. B.3)) to provide with feedback. In conventional lasers, the time spend by photons in
the amplification medium is critical to achieve lasing. In a similar way, in random lasers,

Figure 5.3: Schematic view of random lasing process: A gain medium (in gray) is filled
with scatterers (black dots). Photons generated (e.g. in the center of the system) are
scattered several times before exiting the medium and thus are amplified, which results
in amplification.

the presence of scatterers increases that time. Here the feedback is provided by scattering
instead of mirror reflection.
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To give a naive picture of the gain mechanism in this system (see Fig. [53)), we consider
a photon emitted by spontaneous emission at the centre of the gain medium. In absence
of scatterers, this photon will directly exit from the medium and be hardly amplified. In
the presence of scatterers, it will be scattered and therefore spend a very long time before
leaving the system [12I]. As sketched in Fig. 5.3, if the gain overcomes the losses lasing
emission occurs.

As a result, in a similar way to ordinary lasers, if the emission is coherent, this emission
should be characterized by a threshold and peaks narrowing with the pump excitation.
Unlike ordinary lasers, because the system is disordered, its peaks would be randomly
distributed.

Early achievements: Incoherent/coherent random lasers

The first experimental observation of random lasing was made by Gouedard et al. [122] in
1993, using a neodymium powder. In this system, gain and scattering were provided by
the powder. One year later, Lawandy et al. [123], in a controversial experiment [124] [125],
observed random lasing emission in a colloidal suspension (see Fig. [0.4]). Similarly to a
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Figure 5.4: First observations of incoherent random lasing in a colloidal suspension by
Lawandy et al. [123]: a Rhodamine fluoresence emission in methanol. b and ¢ Rhodamine
in methanol filled with TiO, particles below and above threshold of emission.

classical laser, they observed a threshold for the emission and a narrowing of the spectral
linewidth. But unlike standard cavity lasers, they observed a single broadband peak in
the spectrum. This type of lasing has been identified as incoherent random lasing, which
is similar to ASE.

In 1998-1999, Hui Cao et al. demonstrated coherent random lasing in disordered semi-
conductor powder and polycrystalline films [126], 18] (see Fig.[5.H). In this sample where
the disorder was frozen, they observed multiple narrow peaks in the emission. These ex-
periments show that coherent lasing emission can be achieved. In other words, disordered
media can emit lasing light with properties similar to conventional lasers.
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Figure 5.5: First observation of coherent random lasing in ZnO based disordered media
by Cao et al. [118]. (a) They measured a threshold in the emission characteristic. (b)
Above the threshold, they observed multiple randomly distributed peaks in the emission
spectrum narrower than the linewidth of the ASE.

5.1.2 A scattering process ... with gain

Different scattering regimes

The simple description of section .11l points out that the random lasing process is
based on multiple scattering. One can expect that depending on the scattering strength,
different scattering regimes can occur as well as different random lasing regimes.

Here we consider the general case of a light beam of intensity [y impinging on a scatter-
ing sample (see Fig. 5.6). When the light penetrates through the sample, photons are
scattered in many different directions. A convenient approach to investigate this problem
consists in averaging the scattering over all directions. The average scattered energy can
be described by a 1D quantity

where R is the radius of the sphere used to average the scattered intensity (see Fig. (.6]).

This scattering problem can now be treated like a 1D slab problem (similar to Chapter [).
The intensity of the incident beam decreases as a function of depth inside the sample
according to the Beer’s law, which reads

I(z) = lye s (5.4)
where [, is the scattering mean free path. In a dilute system, it reads
1
I, = (5.5)
PO

where o is the scattering cross section of the scattering particles and p their density. We
saw in Chapter [I that the transport mean free path can be defined from the scattering
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Figure 5.6: A medium is enlightened by an incoming beam of intensity Iy: Part of the
photons are scattered back at the interface while others are scattered inside the medium
within all directions.

mean free path
Ls

[, — 5
71— (cos 0)

(5.6)

where (cos ) is the average angle describing the anisotropy of the scattering.

Comparing the transport mean free path with the length of the system allows to classify
different regimes of propagation. If the characteristic size of the system L is smaller than
the transport mean free path (L < [;), the system is in the ballistic regime. Part of the
photons are scattered, while some manage to travel through the system without being
scattered. The light keeps memory of the incident direction. When \ < [, < L, the light
is in the diffusive regime (A is the light wavelength). Photons follow a random walk inside
the system before exiting. A third regime exists, in which the light is spatially localized
in the medium. As stated in Chapter 2 in 1D and 2D this regime occurs as soon as the
size of the system is larger than the localization length. In 3D, because light is a polarized
wave, the possibility of achieving Anderson’s localization is still debated [64]. Assuming
localization can be performed in 3D, it occurs if the Ioffe-Regel criterion [127, 68, 128] is

satisfied

A

The ”photonic bomb” model

In his seminal work, Letokhov [I17] considered a scattering system with a photon mean
free path much smaller than the size of the system, therefore placing his theory in the
diffusive regime. Similar to a thermal problem, the photons are driven by a diffusion
equation (see Chapter [I)

ow
ot

(r,t) = DV*W (r,t) + ”Wl(”) (5.8)

where W (r,t) is the photonic energy density, v the light celerity, D the diffusion constant
and [, the amplification length-scale within the medium. The gain is provided by the term
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M standing for the medium amplification. This gain must compensate the leakage of

g
energy due to diffusion to the outside.

The diffusion constant D fulfills in 3D

1
and the diffusion length l4¢; is defined as
vL?
laifs = 3 (5.10)

It describes the averaged length spent by a photon in the system. Eq. (510) leads to the
time scale

Lai
Tdiff = dvff (5.11)

The gain time scale 7, is driven by the length scale [,

9
Ty = — 5.12
,=2 (512
To achieve photonic amplification, the time spent by the photon inside the system (74¢f)
must be important enough to allow for the generation of a least one extra photon (7,),
which reads

Tdiff > Tg (513)
The amplification condition of eq. (B.I3) reads
L i,
> 2 =302 > 1 5.14
%Ult (% e ( )

Therefore, when the excited system reaches a critical value, the photonic energy density
explodes. This "photonic bomb” effect, occurs at a threshold limit

[l
L.= -2 5.15

This simple model similar to Letokhov’s approach [I17] defines a critical value for the
lasing to happen. It can be understood like the threshold of the random laser emission.
This resulting threshold is required in neutron scattering to observe nuclear fission [129],
hence is sometimes named "photon bomb”.

5.2 The optofluidic random laser

Various random laser devices have been proposed in the literature based on a large variety
of technical processes [130, [131]. In this section, we present microfluidic-based random
lasers developed in collaboration with Shivakiran Bhaktha and Xavier Noblin [120]. Using
routine techniques in microfluidic engineering, we achieve on-demand 1D and 2D random
lasers with controlled disorder strength. First, we recall the advantages of optofluidic
devices and introduce the fabrication process of microfluidic random lasers. Then we
present the characterization of a 1D optofluidic random laser. Finally, we perform similar
study on 2D optofluidic random lasers.
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5.2.1 Advantages of optofluidic devices

Optofluidic devices are an innovative and emerging field. Indeed, manipulating light
at micro-scale is particularly attractive for all set of lab-on-chip applications and opens
avenues for sensing applications [132, [133]. In particular, developing optofluidic lasers is
of major interest for micro-scale optical systems.

An optofluidic laser source is composed of a micro-channel filled with dye (in many ap-
plications optically pumped). Unlike solid states lasers, optofluidic lasers have great fab-
rication flexibility, which makes them experimentally convenient. For instance, because
they are produced from a mold, the bulk material can be easily changed and they can be
reproduced with a good accuracy. The circulating dye can be removed and its concentra-
tion can be adjusted by enhancing the pressure. As a result, they can be re-configured
on-demand. Moreover, their fabrication can lead to almost any 1D or 2D patterns and
such devices can be arranged to create optofluidic networks. Because a flow circulation
is enforced inside the microchannel, the dye is continuously replaced, which precludes
the bleaching of dye molecules. Finally, in the specific case of optofluidic random laser
devices, disordered is naturally achieved as a result of the limited accuracy of the pho-
tolithographic process. The scattering is fixed by the pattern and the index contrast
between the bulk material and the dye solvent. Consequently, the disorder strength can
be precisely adjusted.

5.2.2 Fabrication process

Different microfluidic channels have been fabricated following the soft lithography protocol
described by Xia and Whitesides [I34]. For instance, Fig. 5.7 shows a 1D serpentine-like
channel and a 2D random device. Two types of bulk material have been used for their
different optical properties.

First, for each pattern, a structured mask is used to form the corresponding thick negative
photoresist SU-8 mold. The mask is unlighted by a UV lamp at 365 nm. Its resolution is
of 25,400 dpi. The diffraction at 365nm and imperfect adhesion of the mask on the resin
limit the resolution of the photolithography process leading to fluctuations in the mold
vertical walls position. At the optical scale, the structures are therefore not periodic as it
may appear to the naked eye in Fig. 5.7 but totally random. The mold is used to replicate
the microstructures.

Polydimethylsiloxane (PDMS) or resin (OE-7620, from Dow Corning) is poured into the
mold and then degassed before being cured. After perforating holes in the device for the
inlets, the microchannel is bonded on glass slides by plasma treatment. Rhodamine 6G
dye solution in ethanol circulates into the microchannel through the tubes connected to
the inlets. Index of refraction of the dye is ngy. = 1.36 and refractive index of the polymer
and the resin are respectively nppys = 1.42 and npg = 1.60.

5.2.3 1D optofluidic random laser

One dimensional random lasing is achieved using the serpentine pattern of Fig. B.7(a) in
polymer PDMS filled with Rhodamine dye of concentration 2.5 mM in ethanol. The re-
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Figure 5.7: (a) and (b) A 1D serpentine pattern: The dye flows in a channel designed
into resin or PDMS bulk. An auxiliary channel (Imaginary channel) is present to collect
light emitted from the laser. (c) A 2D optofluidic random laser: The dye flows in the
central part between the pillars made in resin or PDMS. Two auxiliary channels surround
the central structure to collect light.

10 pm

sulting refractive index contrast is An = nppyrs —naye = 0.06. As sketched in Fig. 5.7(b),
the period of the pattern is 40 pum, the polymer pegs are 10 pym thick and 20 pm-long.
The microchannel is 28 pm-deep and the fluctuation on pegs thickness is + 0.65 pm.
The total length of the structure is 2.8 mm long and is much smaller than the transport
mean free path (of several Cm. The system is in the ballistic regime of scattering. The
second harmonic (@532 nm) of a Q-switched Nd:YAG laser (6 ns pulsewidth, 20Hz rep-
etition rate) is used to excite the system. A cylindrical lens turns the pump beam into
a 3 mm-long and 4 pm-thick stripe (see Fig. E.8(a)). Only one part of the serpentine
is pumped. The narrow stripe pump provides uniform illumination and forces the dye
emission along the length of the channel. The emission spectrum is recorded with the
fiber probe of a HR4000 (Ocean Optics) spectrometer having a spectral resolution of 0.11
nm. During the experiments, the random optofluidic channel is imaged with the help
of a Zeiss Axioexaminer microscope and a Hamamatsu Orca-R2 silicon CCD camera, to
ensure perfect alignment of the pump stripe with the channel (see Fig. B.8|(a)).

Due to the inherent disorder of the structure, the stimulated photons, channelized by the
pump stripe, are multiply scattered at each PDMS-dye interface and eventually exhibit
random laser action when the losses are overcome. In Fig. [5.8(b), the emission intensity
of the optofluidic random laser is plotted against the input fluence. Inset to the left
is a photograph of the emission of the dye-filled optofluidic channel when pumped by
a green laser. In Fig. B.8(c), the emission spectrum is recorded at a pump fluence of
233 uJ/mm?. The pulse to pulse variations of the spectrum and the average spectrum
are plotted. Fig. exhibits clear signatures of coherent random lasing emission. We
observe a threshold of lasing emission, which is determined to be about 80 pJ/mm?.
We point out that this threshold value is comparable with values found in the literature
for precisely designed optofluidic lasers. Single shot spectra are shown in Fig. B.8(c),

1We use a Transfer Matrix approach (introduced in Chapter []) to estimate numerically the mean free
path.
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Figure 5.8: (a) A part of a 1D serpentine channel PDMS made and filled with Rhodamine
diluted in ethanol is pumped by a stripe laser line (white line). (b) Emission occurs in the
direction of the stripe line and is collected by a fiber. The integrated intensity exhibits
a clear threshold characteristic of lasing emission. (c¢) Shot-to-shot spectra and average
spectrum: All acquisitions exhibit peaks at the same positions in the spectrum.

together with the 100-pulse averaged spectrum. The emission spectrum is composed of
randomly distributed peaks with a linewidth of about 0.3 nm. Since this corresponds to
the instrument resolution limit, the actual emission spectrum is expected to be denser
and the laser peaks to be sharper. Fig. £.8(c) shows that the spectral position of the
peaks does not vary from shot to shot. As a result, we can claim that the random lasing
emission is coherent.

5.2.4 2D optofluidic random laser

Random laser are cavity free sources, thus their emission is not spatially constrained. To
investigate the directional properties of the emission, we developed a 2D sample as shown

in Fig. B.7(c).

In this 2D device, the losses occur in all the directions and are not restricted to a line
(as in 1D device). To compensate for this increase of losses, we use a resin (OE-7620,
Dow Corning) instead of the PDMS to achieve higher scattering. The resulting refractive
index contrast is An = nog — ngye = 0.18 and the system is in the ballistic regime of
scattering.

The 2D design of Fig. B.7(c), is composed of a central part and two auxiliary channels.
The central part of diameter 500 pm contains 201 pillars of radius 10 pm, leading to
a filling fraction of ¢ = 0.32. A flow of Rhodamine dye (emitting around 565 nm) of
concentration 2.5 mM in ethanol provides for the gain. The excitation is achieved by
the second harmonic (@532 nm) of an EKSPLA diode-pumped high energy mode-locked
Nd:YAG laser (30 ps pulsewidth, 50 Hz repetition rate). The two auxiliary channels, filled
with a Nile Blue dye of concentration 2.5 mM in ethanol remain non pumped. Nile blue

567
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absorption bandwidth is centred around 625 nm (with a Full Width at Half Maximum of
80 nm) in ethanol solution. Thus the scattering of the pump (532 nm) is not absorbed
within the channels, while the emission from the random laser (=~ 565 nm) is. Hence,
light emitted in the channels is a direct signature of the random lasing emission.

The system is imaged using a Hamamatsu Orca-R2 silicon CCD camera microscope. The
emission is collected via an optical fibre connected to a Horiba iHR550 imaging spec-
trometer equipped with a 2,400 L. mm™! grating and a liquid nitrogen-cooled Symphony
IT camera (sampling rate 1 MHz, 1,024 x 56 pixels, 26 pum pixel pitch). The entrance
slit is 50 pm. The resulting spectral resolution is 20 pm. The integrating time is 1 s. In
Fig. B.9(a), the emission intensity is integrated over the spectrum plotted for different
input pump fluences. We also plot in Fig. B.9(b), the emitted spectra for different pump
fluences.
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Figure 5.9: (a) Emission intensity integrated over the whole spectrum. (b) Random laser
spectrum for different pump intensities.

Emission properties of the device are similar to the 1D system and characteristics of a co-
herent random laser. The emission intensity exhibits a clear threshold at 420 pJ/mm? (see
Fig. B9(a)). The spectrum is composed of randomly positioned peaks (see Fig. B.9(b)).
Using the auxiliary channels, images of the random lasing emission are taken below and
above threshold in Fig. B.I0(a) and B.I0(b). Below threshold, the emission within the
channel is only spontaneous emission: The emission pattern is smooth and isotropic.
Above threshold, the pattern becomes structured and exhibits rays.

Therefore, this 2D device also provides the characteristics of a lasing emission. Moreover,
it represents an interesting platform to investigate spatial properties of random lasing
emission.
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(b)

Figure 5.10: (a) Image of the random lasing system below threshold: The light absorbed
and re-emitted from the imaginary channels is isotropic. (b) Random lasing above thresh-
old: Light in the imaginary channels is non-isotropic and exhibits some stripes.

5.3 An energetic model for random laser ... an in-
complete description

Experimental observations presented in section cannot be described in the framework
of the Letokhov model of random lasing. In this section, we complete this approach by
introducing gain medium population equations (see the four-level medium description in
Chapter ). This energetic model gives an intuitive overview of the light-matter inter-
action involved in random lasing emission. Nevertheless, a complete understanding of
random lasing requires to go beyond this basic energetic approach. The wave nature of
the field and its modal expansion must be considered for an accurate description.

5.3.1 An energetic model

The "photonic bomb” model is not valid above threshold. As we observed experimentally,
the lasing intensity increases progressively with the pump intensity. Indeed, because the
gain medium only provides a finite amplification, the gain length-scale (I;) decreases above
the threshold. The gain saturates until a balance is found. Moreover, this model does
not explain the narrowing of emission peaks. To give a more complete description of
the random lasing mechanism, the gain medium saturation must be considered. Several
approaches have been proposed in the past [135], 136}, 14], 137, 138, 139] in order to model
experimental observations. Here, we consider early descriptions suggested by Wiersma et

al. [14].

In this approach, they considered a gain medium similar to a four-level system optically
pumped in the diffusive regime, able to give a simplified description of gain media (e.g.
Rhodamine, Ti/Sapphire) (see Chapter [[l and Fig. B.IT]). Populations for each level are
referred to as {N;(r,t)},c;; 4. In this medium, the transitions from (3) to (2) and (1)
to (0) are extremely fast compared to the radiative transition (2) to (1). This radiative
transition is characterized by an emitting cross section o.,,, an absorbing cross section
oaps and a spontaneous decay 7. (see Chapter [I for explanation). Noting Ny, the total
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density of carrier
Niot &= No(t) — No(t) (5.16)

and thus the population can simply be derived from the evolution of Ny(¢). They suggested

‘ T, fast E;g

Wp

Oem Oabs; Te

(1)
/ fast (O)

Figure 5.11: The gain medium described by a four-level system: The pump Wp excites
carriers from state (0) to the upper level (3). Non-radiative decays from (3)/(2) and
(1)/(0) are much faster than the radiative transition (2)/(1).

to consider two different energy densities, respectively Wp for the pump and Wy for the
random lasing emitted energy. To mimic the incoming energy due to the optical pump,
they used an incident beam I.,;. The complete set of equations reads

ON. 1
a—f(z, ) = Ous0(Niot = No)Wy = 0envNaWp — —Ny (5.17)
ow 1
atP (Z, t) = DVQWP — UabsU(Ntot — NQ)WP + mfco”(z, t) (518)
1
aav‘;p ('27 t) = DVQWF + UemUNQWF + ?N2 (519)

The model proposed in eq. (BITHR.IY) completes the Letokhov’s description. The ”pho-
tonic bomb” gain length [, introduced in eq. (5.8)) reads
1
l, = (5.20)

UemNQ

The gain is directly triggered by the density of excited atoms N5, which is linked to
the pump excitation by eq. (B.ITHZ.IR). When the lasing intensity increases, the excited
population N, decreases, leading to a longer amplification length ;. Photons need to
spend more time in the medium to be duplicated: The amplification saturates.

5.3.2 Incoherent random laser
Steady state description

In the steady state regime, the incident beam is scattered in the sample according to the
Beer’s law given in eq. (5.4)
Leou(2,t) = Ipe™ % (5.21)

The incident beam [.y; is converted into pump photons via eq. (B.I8). The pump photons
density Wp is absorbed by the gain medium o450 (Nt — Na)W,, and excites population
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N5. These excited carriers give rise to random laser photons W, by either stimulated
0emVNs W or spontaneous emission —NQ This leads to an increase in the lasing energy
density Wg. The amplitude of the 1n01dent beam [ triggers Ny, which is responsible for
the gain length. Hence, using a reasoning similar to the one developed in section (.11, we
can derive a excitation threshold Iy, for I.

The spectral narrowing observed by Lawandy et al. [123] (see section BI]), can also be
described by introducing a frequency-dependent emission cross section. More amplifica-
tion will be provided at light frequencies closest to the atomic resonance frequency, the
gain at these frequencies will be first to match the loss as the pumping rate is increased.
Outside this frequency region, amplification is still lower than the loss rate. With a max-
imum amplification close to the maximum of the gain curve, the spectral width of the
emission peak will narrow.

Dynamic description

This model allows to go beyond the steady state regime and to describe temporal oscilla-
tions of the emission density W (see Fig. [5.12). For that matter, we model the incoming
pump by a pulse

2 (t—z/v)?

Icoll(z t) — IOG_EG_ S 2 (522)
where Iy > I,
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Figure 5.12: Evolution of W over time for different input pulse intensities I, [14]: Dashed
curves No(t) and solid curves Wg(t). For high pump intensity the emission fluence oscil-
lates over time.

For large input pulse, because the laser density Wy needs some time to build-up, the
population Ny overshoots above its steady state value, inducing a sharp increase in lasing
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emission Wr. Because Wy is multiply scattered, it needs some time to exit the system,
which induces a new overshoot of N, leading to a new temporal lasing peak etc. Hence,
the lasing intensity oscillates.

5.3.3 Coherent random laser: Need of a modal description

In conventional lasers the feedback is provided by the mirrors, which reflect the electric
field. The cavity responsible for the feedback defines privileged oscillations of the electric
field called modes. The amplification of these modes by the gain medium leads to peaks
in the lasing spectrum and the emitted light is coherent.

In section 5.2, we shown that random lasers can exhibit similar peaks randomly dis-
tributed. Hence, the gain amplifies the modes of the underlying disordered system. Like
in conventional lasers, the modes of the random laser result from a feedback on the electric
field provided by the scattering. Such lasers are called lasers with coherent feedback in
contrast to random lasers with incoherent feedback (see section [B.1.T]).

The energetic model derived from eq. (BI7TH.I8) considers the total lasing energy. More
specifically, the photonic density is described by a diffusion process. It assumes that
the scattering performs an incoherent or intensity feedback. As a result, the presence of
peaks in the microfluidic spectra observed in section cannot be described with an ener-
getic approach which ignores the phase. A description of coherent feedback amplification
requires to consider the modes of the disordered system.

5.4 Summary

In the present chapter, we have introduced the concept of random laser and presented
microfluidic devices we have developed.

We have explained that in random lasers, the necessary feedback for lasing to occur is
provided by the presence of scatterers. The scattering increases the photons dwell time
inside the system leading to their amplification. A diffusion model describes the explosion
of the photon density above a certain amplification and introduces a threshold. Early
experimental achievements of random lasers have been reminded, where two distinct kinds
of random lasers emerged, namely the coherent and incoherent random lasers. Then we
have presented an innovative technique to process on-demand microfluidic random lasers.
1D and 2D structures with precisely controlled scattering have been fabricated and allow
to investigate random lasing properties (e.g. randomly distributed spectral modes, non-
directive emission). Finally, we have completed the diffusion model by studying the
saturation of the gain medium we have considered as a four-level atomic system. This
model emphasizes the necessity of a modal expansion of the electric field is required to
describe the coherent random laser emission.
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Lasing requires the combination of amplification and feedback. In random lasers, the
feedback is provided by scattering instead of optical cavity for ordinary lasers. We stated
in Chapter [ that the description of coherent random laser requires to go beyond the
simple energy diffusion process and to consider the modes of the electric field. In a
similar way to ordinary laser, the gain medium "feeds” the modes of the random passive
system. After the first historical achievement of maser and laser in the late 50’s and early
60’s [140], 141, 142], 143, 144], 145], theoretical description was developed independently
by Haken and Sauermann on one hand [146] and Lamb and coworkers on the other hand
[147, 148]. In this so-called semiclassical approach, the electric field is derived from
classical electromagnetism with Maxwell’s equation, while the medium is described by
quantum equations of motion (see Chapter[I]). The amplification of modes is achieved via a
non-linear polarization of the gain medium. The semiclassical description was consistently
used to describe both numerically and analytically many non-linear effects of standard
lasers [9]. After the pioneer work of Hui Cao and coworkers [118], this model was applied
numerically to random lasers [149] [109, 66, [110]. Effects observed in conventional laser,
such as mode competition, gain saturation and temporal oscillations, were predicted in
coherent random lasers [I50, [I51]. Nevertheless, the physics of regular and random lasers
modes is not necessarily the same. Indeed, in conventional lasers, the passive modes
of the cavity have large quality factors. Hence, these modes are "almost hermitian”,
which means that they are ”almost orthogonal” vibrations (see Chapter [2). Precluding
any pulling effect due to the gain medium, one can say that they are hardly affected
by the gain medium. By contrast, passive modes in random lasers are provided by the
disordered system, which is open and therefore non-hermitian. Consequently random
lasers naturally experiment coupling (see Chapter Bl for an illustration) and they are
highly affected by the pumping. The study of conventional lasers can be understood
as an “almost hermitian” problem in term of modes, whereas random lasers must be
investigated within the scope of non-hermitian physics. In the theoretical understanding
of random laser, the works of Deych [152} [153] [40] stands for a major step forward. Using
the biorthogonal formalism, he derived the semiclassical model in the scope of the cubic
approximation used by Haken and Sauermann in their seminal paper [146]. Tureci et al.
[44] developed a numerical /analytical description based on a set of modes, named the
constant flux states. This allowed them to go beyond the cubic approximation.

In this chapter, we carry on the original approach of Deych [152] and analytically investi-
gate the modes of random lasers. In the scope of this manuscript, we apply this approach
in the specific case where modal expansion is achieved with the Siegert states and the cor-
responding biorthogonal formalism introduced in Chapter 2l Furthermore, a perturbation
expansion is performed to derive the complex frequencies and the spatial distributions of
the modes. The results proposed in this chapter are preliminary. The purpose of that
study is to bring a theoretical insight to Chapters[lland 8l First, we stress the necessity
of considering two distinct regimes of random lasing, requiring two distinct descriptions.
When no mode is lasing, the laser is below threshold and the evolution of the electric field
resulting from light-matter interaction is described by linear coupling of passive modes.
Above threshold, the evolution of the electric field is non-linear because of hole-burning
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effect and modes couple non-linearly. Then, using the biorthogonal formalism, we inves-
tigate the evolution of mode below threshold and describe the mode mixing. Finally, we
consider the evolution above threshold in the cubic approximation. The modes couple
both linearly and non-linearly and a balance between gain and loss stabilizes the lasing
emission.
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6.1 Below and Above threshold description of ran-
dom lasers

The lasing emission is a non-linear process characterized by the presence of a threshold
in emission intensity versus pump excitation. In this manuscript, we make a distinction
between the non-lasing and the lasing modes: Modes below and above threshold are re-
ferred to as active and lasing, respectively. In the present chapter we aim at expressing
these modes in term of passive modes i.e. modes of the unpumped/passive system. In
this section, we first introduce the descriptions of random laser below and above thresh-
old. Then, we model the random laser in both regimes using the semiclassical theory as

proposed in [152], 44].

6.1.1 Introduction
Active modes, below threshold

In the "photonic bomb” model (see Chapter [2) introduced by Letokhov [I17], the random
laser was understood as a gain medium filled with scatterers. In the modal description, the
random laser is rather the superposition of a passive system amplified by a gain medium.

As a guideline example, we consider the case of a 1D random system (see Fig. [6.1]). This
passive system is composed of slabs of random size, made of dielectric components with
refractive indicee n and n + An. The electromagnetic modes of the passive system are

(a) I I

L

(b) (c) 1 Re(w)

Figure 6.1: (a) Schematic representation of a 1D random medium of length L: Superpo-
sition of slabs of indices n and n + An. (b) Spatial distribution of one specific passive
mode |®,). This mode has been computed with a Transfer Matrix Approach we present
later on in section (c) The position of the passive complex frequencies within the
complex plane.

determined by the random structure. In the example of spatial distribution and complex
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frequency proposed of Fig.[61l(b) and (c), the mode is extended as the disordered system
is weakly scattering (see Chapter [2]).

Now, within the system, we introduce some gain described by a linear susceptibility x,(w).
This linear susceptibility affects the refractive index of the system. The refractive indices
n and n + An are now complex and frequency dependent. This new distribution gives
rise to new modes referred to as active modes (see Fig. [6.2). The complex frequency Qp
and spatial distribution |®,) of active modes differ from the passive ones (see Fig. [.2).
As sketched in Fig. 6.2l(a), active modes are determined by the superposition of passive
system and gain.

( )Im(w) Re(w) Im(w) Re(w) I'm(w) Re(w)
a T e(w + 1 (W) p— T e(w
— “
PASSIVE GAIN ACTIVE
Im(w

(b) (c) T( ) Re(w)

@) SR

L

Figure 6.2: (a) Schematic description of the active modes: Gain is added to the passive
system and resulting modes are called actives modes when below threshold. (b) Spa-
tial distribution of one specific active mode |®,). (c) The position of active complex
frequencies within the complex plane.

The susceptibility of the gain medium depends on the pump excitation. When the pump
excitation is increased, complex frequency of the active modes are brought closer to the
real axis. If the complex frequency crosses the real axis, its amplitude diverges in time.
This divergence, similar to the Letokhov’s "photonic bomb” (see Chapter [l), mimics
the lasing emission for each mode. For each individual active mode, the corresponding
excitation necessary to bring the mode to the real axis defines its threshold. Below
threshold, all the modes are non-lasing and called active: The modes are free of non-
linear amplification and mode competition.

Lasing modes above threshold

Above threshold, the divergence of mode amplitude (see section [6.11]) is impeded by the
saturation of the gain. Mathematically, in the complex plane, the imaginary part of the
eigenvalue remains strictly zero when the threshold is reached. Physically, the carrier
density providing the amplification saturates and a balance between losses and gain sets
the amplitude of the mode. As a result, the gain medium can no longer be described
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by a linear susceptibility and the evolution of the mode is non-linear. In Fig. 6.3 we
draw the schematic evolution of the mode in the complex plane for an increasing pump
excitation. The modes start lasing successively and their complex frequencies remain
purely real. Therefore, the random laser will be in the above threshold regime as soon as
the first mode starts lasing. Thus, the gain is non-linear above threshold and decreases.

(a) (b)

I
- A Re(w)
! i q%) “R€<w> ;
i A Re(w)
I
0 A Rel)

Figure 6.3: (a) Schematic example of complex frequencies of modes for an increasing
excitation: When below real axis modes are not emitting and referred to as active. When
modes reach the real axis they start lasing and referred to as lasing modes. Their imag-
inary parts remain zero. (b) Schematic evolution of the emission spectrum for different
excitations.

This is the so-called saturation of the gain, due to spatial hole burning. The physical
origin of hole-burning is related to the finite density of carrier, in other words the finite
amplification that the medium can provide. The saturation affecting the thresholds of
other modes, it may either forbid modes to lase or lead to complex transient regimes
[154]. Nevertheless, the saturation is required to stabilise the lasing emission as we will
see below.

6.1.2 Modelling the random laser

The passive system

The passive system is modelled by a dielectric medium characterized by a non-uniform
distribution of the refractive index n(r) (see Fig. [6.Il(a)). In the semiclassical approach,
the electric field is considered classic and requires no quantization. As demonstrated in
Chapter [I, its evolution in 1D or 2D passive systems satisfies the Helmholtz equation

AE(r,w) +n?(r)w?E(r,w) =0 (6.1)
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The modes of the passive system are derived using Siegert’s approach developed in Chap-
ter

I d .
(B0 = =iF) | AlB)+ ) =0 & i) - e, =0
r—00

(6.2)
Furthermore, the refractive index distribution is assumed to fulfil the no-tail and disconti-
nuity conditions required to apply the biorthogonal description introduced in Chapter 2L
Hence the set of passive modes defines a complete basis and the biorthogonal product can
be used to derive the expansion coefficients along them (see Chapter [2)

— 1
E(r,t) =Y ae ™'d,) < E(rw)= Zapilﬂ — |D,) (6.3)
P

The gain

In the semiclassical model, the gain is assumed to be provided by four-level quantum
emitters (see description in Chapter [I). The introduction of gain into the system leads
to a polarization term in Helmholtz equation (6.1I), which translates the light-matter
interaction

AE(r,w) + n*(rw’E(r,w) = —w?P(r,w) (6.4)
The different population of the four levels /NV; are given by the population equations
dN3 Nj
— =P.Ny— — 6.5
dt 0 T32 ( )
ANy _ N5 Im(EPT) N (6.6)
dt T32 h To1
dN- Ny Im(EP* N
2N _ 2y Im(EP") M (6.7)
dt T21 h T10
dNy N,
— = —— PN, 6.8
dt T10 0 ( )

where P, is the pump rate, 7»; is the spontaneous emission decay, 719 and 735 are the
non-radiative decays and @ stands for the stimulated emission. The stimulated
term is both proportional to the electric field at the atom position and the polarization.
Assuming that the electric field is not too intense, the polarization is linearly derived from
the electric field using the Lorentz’s oscillator model introduced in Chapter [Tl
’p P 2w
%#+Awaaat+wZP: - h“
where, w, is the atomic frequency, d the dipole moment, Aw, the linewidth of the atomic
response and AN = Ny — N; the population difference of the radiative transition. The
evolution of the polarization can be simplified using the Rotating Wave Approximation.
In this assumption, the oscillations of the polarization are assumed close to the atomic
frequency w,. Hence, eq. (69) reads in the frequency domain

@ANE (6.9)

2w,
h(—w? —iwAw, + w?)

Waq

P - _
(r,) h(w — w + 1852

d*(AN % E)(r,w) =~ d*(AN % E)(r,w)

(6.10)
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where the symbol x is the convolution product defined by
(A% B)(t) = /A(t — W) B(u)du (6.11)
As a result, the polarization can be expressed in term of a susceptibility x,(w)
P(r,w) = x4(w).(AN x E)(r,w) < P(r,t) = (xg * (AN.E))(t) (6.12)

Because of the AN dependency, the polarization expression in eq. (6.12)) is a priori non-
linear in the frequency domain. This population difference can be derived assuming that
the non-radiative transitions are extremely fast compared to the radiative transition.
Populations N3 and N; are instantaneously depleted (see Chapter [II), leading to

dAN (r,t)

dt

= 71_ (ANO(T, t) — AN(r,t) — QW—;)(W) (6.13)

where N = N, + N is the total density of emitters, in which AN, reads

NP,

r T21

and 7 the time decay of the population difference reads

1
P+

T21

T =

(6.15)

For pump excitation fulfilling 75, P, < 1, AN, is proportional to the pump excitation
ANO ~ NT21PT (616)

Hence, the electromagnetic problem is reduced to three physical quantities £/, P and AN,
fulfilling eq. (64 [612] 6.13]), respectively.

Stationary Inversion Approximation and steady state

We consider the case of a Continuous Wave (CW) pump regime (P, is constant in time):
The system is in steady state. In a similar way to the problem studied in Chapter @ the
time-scale of population difference AN is much longer than the time scale of E and P.
As a result, the temporal fluctuations of the population difference can be neglected, and

thus eq. (6.13) reads

dAN (r,t)

el S0 = i (ANO(T, £) — AN(r,t) — 2Im(EPW> (6.17)

h
The approximation of a time-independent inversion population, originally introduced by
Haken [146] and referred to as the Stationary Inversion Approximation (SIA), is only valid

in the steady state regime: AN = cst. We also assume the pump to be uniform in time
and space, leading to a constant AN,. Hence, the population difference reads

ANy
Tm(E(xgxE)*)(r,t)
1 4 2mXe e

AN(r,t) = (6.18)
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If AN(r,t) is assumed constant in time, we can replace it by its averaged value

AN,
(AN (r,t))r = < ST I > (6.19)
142 ( (Xgh )*)(rt) .

The population difference is responsible for the lasing amplification. If some modes are
lasing, the denominator of eq. (G.I8)) and (6.19]) increases with the amplitude of the inten-
sity of the field. This leads to a reduced amplification, also referred to as gain saturation
(see section [G.I.T]). This mechanism is responsible for the non-linearity arising above
threshold. Below threshold (BT), no mode is lasing and thus the population difference
reads

ANBT = <AN(T, t)>T == ANO (620)

Above threshold (AT), it reads

AN
ANAT = <AN(T7 t)>T = < (B cgr B)) () > (621)
1+ 2 ENED [

Eq. (620) and (621 point out that the amplification is triggered by the population
difference between the two states of the radiative transition (see Chapter[Il). As expected
from Chapter [, the population difference must be positive to achieve the stimulated
amplification. Below threshold, the population difference is considered as static: The
gain is said linear. Above threshold, it is assumed triggered by the amplitude of the
lasing modes: The gain is non-linear and saturates.

6.2 Active mode, below threshold

Below threshold, the absence of gain saturation leads to a linear amplification of the
modes. Here, we expand the electric field along the passive modes of the system via the
biorthogonal formalism of Chapter 2l Using a perturbation expansion, we analytically
derive the complex frequency and spatial distribution of each active mode.

6.2.1 Modal expansion
Expansion along the passive modes

Because the passive system fulfils the no-tail and the discontinuity conditions, the passive
modes derived from the Siegert’s approach in eq. ([6.2]) form a complete set (see Chapter[2).
The electric field reads

B() = ¥ty (1) = C 0y ()0 (622

where coefficients a,(w) are introduced for sake of notation compactness. Inserting the
electric field expansion into eq. (G.4)

A Z ap(w) P, (r) + e(r)w? Z ap(w)®,(r) = —w?P(r,w) (6.23)
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Using the definition of the passive modes of eq. (6.2)) and the expression of ANpr
Z ap(w)e(r)QzCI)p(r) — e(r)w? Z ap(w)®,(r) = —w? AN, Z ap(w)®,(r) (6.24)
p p p

The biorthogonal product between passive modes reads (see Chapter [2])

(®3]2,) = [ e(r)Py(r)2,(r) = Gy (6.25)
The biorthogonal product of eq. (6.24) applied along (®5| reads
ap(w) () — w?) = wixg(W)ANo Y ag(w) /‘I)p(r)@q(T) (6.26)
q

Eq. (620) defines an eigenvalue problem, considering a finite number of passive modes
N, we can recast the system in a matrix form

0 .0 14+ ANoxg(w)Vir ... ANoxye(w)Vin
A : : (6.27)
0 ... Q% ANoxy(w)Va1 ... 14+ ANyx,(w)Van
where
Vig(@) = [ @,()24(r) (6.28)

are the spatial overlap coefficients introduced by Deych [152] 40] standing for linear cou-
pling of the modes. Now, using definition of x,(w) of eq. (€12)), eq. (6.27) reads

ANgwad? __ ANowad*
LI Hifaris) 1 e Y
o =W : : (6.29)
2 ANow,d? ANowqd?
O QN WVNl 1+h(w—w:—+%%)vNN

Therefore, the active modes of random lasers are the eigensolutions of a non-linear eigen-
value problem derived in eq. (6.29). Each active mode will be associated with a complex

frequency Q, = @, — 2% and a spatial distribution ®,.

Mode mixing

Eq. (627) and (6:29) emphasize that the active modes of a random laser differ from the
modes of the passive system. Passive modes mix to yield a new set of active modes:
Active modes read like a linear combination of the passive modes. This mixing is directly
triggered either by the spatial overlap or coupling encoded in coefficients V;;.

When the passive modes are Anderson-localized, the terms V;.; are weak because the
modes have a small spatial overlap. Hence, in the localized regime, the active modes
correspond as expected [109, 110, [155] to the passive modes of the system. As a matter
of illustration, we can consider the example of localized modes in Fig. [6.4(a), in which
we plot the passive mode and the corresponding active mode. As expected, both modes
are identical because no mode mixing is performed. However, in the weakly scattering
regime, because the modes are extended and strongly overlap, the coupling is important.
For a weakly scattering system (see Fig. [6.4(b)), the coupling between passive modes is
important. Thus, the active mode spatial distribution is very different from the passive
one.
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() (b)

R T T

Lo

Figure 6.4: (a) Spatial distribution of a passive mode ®, and the corresponding active
mode <i>p in a localized system: The coupling between passive modes is very low and no
mode-mixing is performed. (b) Similar case for a weakly scattering system: @, and <f>p
differ because the coupling of passive modes induces a linear mixing.

6.2.2 Broadband gain medium
A linear eigenvalue problem

As explained in section [6.2.7], the active modes are solutions of the non-linear eigenvalue
problem of eq. ([G.29). The non-linearity of the problem results from the frequency de-
pendence of the susceptibility of the gain medium y,(w). Many amplifying media, such
as Rhodamine (see Chapter [l) or Ti:Sapphire, are broadband (large Aw,). Thus, consid-
ering active modes with frequency close to the central frequency w,, we can assume an
almost constant susceptibility

W —we K Aw, = Xg(w) = xg(wa) (6.30)

Consequently, the non-linear eigenvalue problem of eq. (6.29) can be assumed linear

0 .0 14+ ANoxg(wa)Vi1 ... ANyxy(wa)Vin
P | = : - : (6.31)
0 ... Q% ANoxg(wa)Var .. 14+ ANyxy(wa)Vn
where o
. Wq
() % Xolasa) = —ia (6.32)

Noting A = 1/ and ANy = ANyx,(wa), eq. (E3T) reads

M1+ ANV ... NAN VN
2= : : : (6.33)

MANGVNL o A% (14 ANgViw)

Perturbation expansion

The linear eigenvalue problem defined by eq. (633]) has no analytical solution. Since
modes are normalised, |V;;| < 1. If we preclude high energy pumping, we can assume
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that AN0|VZ-]-| < 1. This excludes the case of weakly diffusive random lasers, where
high excitation is required to reach lasing [156]. Thus, we can perform a perturbation
expansion of the linear system in eq. (6.33)), which reads

A0 NVLAN, ... AViyAN,
M= o+ : : (6.34)
0 ... X} M VAN, ... A VanvAN,

Eq. (634) can be understood as a passive system perturbed by a matrix resulting from
the coupling between the passive modes and proportional to the pump. Hence, we can
derive the perturbation expansion of the active modes (see Appendix [Cl)

5 B )\2)\2
A2 =N+ A2V, AN, + ; Y qv V2 ANG (6.35)
aFp P
Leading to:
Q, = % (6.36)
\/1 + %pANO + Yot - ,\2V AN2
Approximated by:
. Vip 1 A 3
Q, ~ Q, (1 ANy =5 15 3 Vi ANG + 2V, AN2> (6.37)
qsép p
Equivalent to:
A Vb A 92 2 2 S 2
Q= Qy (1= ZFANy+ 3 mqum\f + Vo AN; (6.38)
m#n

And the corresponding spatial distribution

Q2 8
o, =0,+ Y = QQV,,qANocbq (6.39)

q#p

Eq. (638) and (6.39) show the active modes corresponding to the mode of the passive
system plus a perturbation. This perturbation, which is a linear combination of the
passive modes, stands for the mixing of passive modes. They also emphasize that the
mixing of passive modes to build active modes not only depends on a spatial overlap or
coupling (V;) but also results from a spectral overlap, namely 1/(Q7 — €3). Moreover,
this amplitude of the mixing is directly triggered by the excitation (ANy): The stronger
the pump fluence, the stronger the perturbation and thus the mixing.

In this approach of small excitation, the active and passive modes are in one-to-one
correspondence. The active mode is understood like a perturbation of the passive mode.
When higher pumping is required [I56], the coupling is more important (Vj;) and the
correspondence no longer holds.
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The lasing threshold

Eq. (638) gives the evolution of the modes in the complex plane when the excitation
of the gain medium varies. When the excitation increases, the saturation of population
inversion ANy increases too (see eq. (6I4). This leads to a diminution of the imaginary
part of the active mode in the complex plane as it gets closer to the real axis. For a given
active mode p, the threshold is reached when the pump excitation cancels the imaginary
part of its complex frequency. This threshold ANOp,th reads

ANgpin | Im(,) =0 (6.40)

Considering only first order of eq. (638) and Q, = w, — i%, we can derive the lasing
threshold of mode p

r -V
0=—-L+Im (Q,,ANM;) (6.41)
Inserting the complete expression of V,, and the relation AN, = AN, %dAQZZ’ equation
(6410 reads
Iy
0=—-2+AN, th /@2 (6.42)
Leading to
hAw,I’
ANy, in = ar 6.43
P 4 dPw,Re(Q, [ $2) (6.43)
Assuming the quality factor of mode p fulfils ), = ‘;—i >1
hAw
ANy, i ~ - 6.44
Op,th 4d2wanR€(f q:)z%) ( )

Eq. (644) simply shows that a high-Q passive mode will give rise to a low threshold
active mode. Moreover, the threshold of the mode is also triggered by its spatial extent
Re([ ®2).

6.2.3 Narrow gain medium

When the susceptibility cannot be assumed constant in frequency anymore, the eigenvalue
problem of eq. (6.29) becomes non-linear. Assuming the excitation is limited, we can
perform a perturbation expansion on eq. ([6.29).

If we consider the non matrix form of eq. ([6:29])
ap(@)(22 = &%) = WPANY 3 y(w)xy () [ @p(r)D (1) (6.45)
q

where we assume ANy to be small. Under this assumption, frequencies @, of the active
modes will remain close to the frequencies of the passive ones w,. Thus, we can perform
a Taylor expansion of x,(w) close to the passive frequency, and eq. (6.45) reads

ap(w) (2 — w?) & w? AN, Zaq (Xg(wp) + ANoaaAN (w )) Vg (6.46)
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As a result, eq. (648) is recast in the form

Q% 0 1+AN0X9(W1)‘/11 AN()Xg(wN)‘/lN
P | = : :
0 e Q?\f ANoxg(CL)l)VNl o1 —+ ANOXg(wN)VNN
aixszo (w)Vi ... aixﬁfo (wn)Vin
+ W?AN? : : (6.47)
S (W) Vvt - 5 (wn)Vivw

The perturbation to first order of eq. (6.47) reads for complex frequency

. v,
0, ~Q, ( - gpANoxg(wp)> (6.48)

And the corresponding spatial distribution

2
Py By + D o s VX (wp) AN P, (6.49)
q p

q#p
It is thus possible to derive the threshold of modes

r, 1
~— (6.50)
Im (€2, Vppxg(wp) QpIm(Vppxg(wp))
The threshold in eq. (650) differs from the one derived for a broadband gain medium
(eq. G37). The susceptibility in the denominator y,(w,) being not purely imaginary,
this will affect the threshold value and induce some shift in the real part of the complex
frequency.

ANgp, = —

6.2.4 Numerical computation

As stated in eq. (633), the derivation of active modes (below threshold) relies on a
non-linear eigenvalue problem. To solve it numerically, we have developed a numerical
code based on the Transfer Matrix Approach (see Chapter 2]). In passive system, this
method numerically derives the modes using the Siegert’s condition in 1D structure (see

Chapter [2). For instance, if we carry on the example of section .1}, the passive modes
(®,,2,) fulfil

20,
dz?

() + n(z)’Ld,(z) =0 & (dd - mp> ®, =0 (6.51)

X

T—00

Below threshold, the gain is modelled by a linear susceptibility, which reads

d?w,
Xqlw) = 6.52
o) h(w—wa +i8) (652

As a result, the active modes (®,,(2,) are numerically derived from

d;j;p(x) + (n(x)2 + ANoxg(w)) 23,(2) =0 & (CZ: B iQp> 5,

=0 (6.53)

T—00
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where, ANy mimics the pump excitation. Eventually, the active modes can be either
defined by a complex frequency €, = @, + i or by (@, ANgpm), where AN, is the
threshold fulfilling

ANopen | Im(Q,) =0 (6.54)

The spatial distributions of Fig. 6.1 and have been computed with a Transfer Matrix
approach.

6.3 Lasing modes, above threshold

In this section, we derive the evolution of modes above threshold by performing the modal
expansion of the field. Using a perturbation approach, we derive complex frequency and
spatial distribution of the active modes. Then, assuming that the number of lasing modes
is known, we write the expressions of the lasing modes. Finally the single-mode and
two-mode regimes are investigated.

6.3.1 Modal expansion
The expansion along the passive mode

Above threshold, the electric field evolution is driven by eq. (6.4]) and reads
AE(r,w) + e(r)w?E(r,w) = —w?xy (W) ANar E(r,w) (6.55)

where AN 47 reads

(6.56)

ANy — < AN, >

1+ %Im(E.(Xg * E)*(r,t))

In a similar way to section [6.2] the electric field is expanded along the passive modes of
the system

mwm§thlm%mzz%m%m & B(rt) =Y ae ', (r)

(6.57)
Inserting expansion of eq. (G.57) into eq. (656) reads

AN,y
ANar = . . 6.58
AT < 14 2Im(>,, ap@i @y (1) P (1) e Wt (et % xy(1)*)) >T (6.58)

Eq. (658) can be simplified assuming
e—iﬂpt(eiﬂqt % Xg(t>*)) — TF! (TF <e—ith(€qut % Xg(t)*))>

~ TF (0(w — wp) * (8(w — we) Xy (w)*)) = T (8(wy — W)Xy (we)") = dpg Xg(wq)”
(6.59)
As a result, eq. (6.58) reads

ANy

ANAT =
1+ % Zp |apq)p(7ﬂ)|21m(Xg(Wp)*)

(6.60)
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Using the electric field expansion of eq. (657)) in (655

2 2 > ap(w) Py(r)
A %:%(W)@p(ﬂ +e(r)w Ep:ap(w)‘bp(ﬂ = —wxy(w)ANy 1+ %Zp |a,®, () [2Im (x4 (w,)*)
(6.61)
Inserting passive mode definition of eq. (6.2)), eq. (6.61]) reads
Zp CLp(LU)q)p(’I”) (662)

2 ap(w)e(r) (e, =) y(r) = (W) AN T e T

The passive modes conserve the biorthogonal relation of eq. (6:25]). Using the biorthogonal
projection along (®5|, eq. (6.62)) reads

(I)p(r)q)q(r)
Do) =) =AM Y [ 1 z,|alq>l< Pimbgey) 6

In a similar way to the regime below threshold, the electric field is described by a non-
linear eigenvalue problem. However, the non-linearity arises here via non-linear wave
mixing function of the intensity of each mode (|a,|?). This system is similar to a Non-
Linear Schrodinger equation.

Linear versus non-linear mode mixing

Eq. (663) emphasizes the complexity of the modal description above threshold. The
appearance of hole burning and the resulting saturation of the gain is responsible for
non-linear mixing of passive modes. To simplify eq. (6.63]), we choose to carry on the idea
of Haken and Sauermann [I146] and perform a Taylor expansion of the saturation term at
third order: The so called cubic approximation. For small intensity of the lasing intensity
we can assume

Zap Q —w?) = Ww? Xg(w ANOZ/aq O, (r)P,(r)

= (@)ANG Y [ a(w)®y(r Z|az<1>l )PIm(x,(w))  (6.64)

Under this assumption, eq. (6.64]) shows that we can separate the linear and non-linear
wave mixings. The linear contribution results from the expression below threshold. Thus,
the gain saturation and the regime above threshold can be understood like a non-linear
correction. Moreover, eq. (6.64]) can be recast in a matricial form

o ...0 1+ ANoxg(w)Vir ... ANoxg(w)Vin
o | =wW? : :
0 ... O% ANoxg(w)Va1r ... 14+ ANoxy(w)Van
>p |%’2A11pp ce 2p |ap‘2A1Npp
2 2xg(w) . . .
— W ANOT : . : (665)
>p ’%|2AN1pp ceo 2 |ap|2ANNpp

where non-linear coupling coefficients A,,.s [152] reads

Apaps = [ @p(r)0, (1)@ (1) @4 () Tl ()") (6.66)
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Therefore, the saturation induces the apparition of non-linear coupling, characterized in
eq. ([E60). The combination of passive modes resulting from these coefficients will be
called non-linear mixing.

6.3.2 Perturbation expansion

As for below threshold, we perform a perturbation expansion of eq. (6.65) to derive the
modes of the random laser. Noting A = 1/w eq. (G.65)) reads

A0 Axg@)Vir . Axg(w)Vin
N=|: .. | +AN, : . :
0 oo )‘?V A?VXQ(W)VNI oo ANXg( )vNN
2y, (w) )‘% 2p ’ap|2A11pp e )‘% 2p |%’2A1Npp
_ ANOXHT : : (6.67)
)‘?\f 2p ’CLPPANU’P e )‘%\7 2p |ap’2ANNpp

At first order (see Appendix [C), eigenvalues of eq. (6.67) read
5 2Xg(wp)
)‘12> - )‘127 (1 + ANOXg(wp)V;)p o ANO% Z |ap|2Aqqpp> (6.68)
p

Leading to a complex frequency of mode p

~ ANyxy(w ANyx,(w
Q= 0, (1—029( ”)Vwi‘) e pl2Aqqpp> (6.69)

where we will note
° \ap\QApppp the self-saturation term
® 3,2 lap|*Aggpp the cross-saturation term

and spatial distributions of the modes read

- 0?2
¢, =), + ANOXg(Wp) Z Qg qQQ ( Z |%|2Aqqpp> (6.70)
q#p

Complex frequency derived in eq. (6.69]) gives an insight into the role played by satura-
tion in the lasing emission. Below threshold, no mode is lasing and the amplification in

increased by the term %M%p. When the threshold is reached, modes start lasing

and increase the saturation term %9(“?) >y |ap|* Aggpp- Physically, the saturation term
compensates for the amplification and leads to an balance between the energy required
by modes to lase and the energy the medium can provide. Mathematically, the saturation
enforces a zero imaginary part of complex frequency. In others words, the saturation is
required to stabilize the lasing emission. Moreover, the cross-saturation will also forbid
some modes to reach their threshold. The spatial distribution of eq. (6.70) emphasizes the
influence of the pump excitation (mimicked by ANp), which triggers the mode mixing.
Here, in addition to the linear mode mixing below threshold, a non-linear mixing of modes
is performed.
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6.3.3 Lasing modes

Method

Here, using a common method used in conventional lasers, we derive intensity of lasing
modes above threshold. Expressions of the modes proposed in eq. (6.69) and (6.70) made
no distinction between the modes below and above threshold, namely the active and lasing
modes. Lasing modes have a real frequency and a non-zero intensity, whereas active mode
have a complex frequency and zero intensity. We note I, = |a,|* the intensity of each
mode, and we sort the modes to fulfil

lasing modes: p < Ny = I, >0 & Im(Q,) =0

active modes: p > N, = I, =0 & Im(f,) <0
where /N, is the number of lasing modes. Inserting the definition of the lasing modes into
eq. ([6:69)
AN, AN,
Vp < N | 0=1Im (Qp B onég(wp)%p + onég(%)) Z Iqupqq) (6-71)

q<N;

Using the complex frequency definition €2, = w, — i%, eq. (671 is equivalent to

. | |
ngz\0:—p+A%&«%WWMWJ—A%&«%WﬁMjzg@m>

2 2 q<N;
(6.72)
Noting
&:mcﬂ&y%@ (6.73)
And ()
1Xq(w
D,, = Re (Qp gh £ Appqq> (6.74)
We can derive a linear system
Dy ... Dy, I By — QX}VO
: . : = : (6.75)
Dny ... Dy |1, By I

[ 2A Ny

By solving the system of eq. (6.70), we obtain the intensity of each mode to achieve the
balance required by lasing in the steady state. Then, we insert the intensities of the
different lasing modes in complex frequency and spatial distribution given in eq. (6.69)
and (6.70). Thus, we can fully characterize the modes above threshold: The different
non-linear effects (e.g. mode competition, hole burning) are encoded in eq. (G.75).

Application to the single-mode regime

If we consider the case of one lasing mode, the linear system of eq. (G.75]) reads

D11[1 = Bl -

(6.76)
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Hence the steady state intensity of the lasing mode reads

1 Iy
L =— (B — —— 6.77
' D11< ' 2AN0> (6.77)

The self-saturation in eq. (6.77) is encoded in Dp; and is necessary in this description.
As already stated, the pump strength drives AN,. Because the mode intensity must
fulfil I; > 0, the mode intensity exhibits a threshold according to the pump strength.
According to eq. (6.77) the threshold ANy 14, can be derived

I

ANy

Figure 6.5: Mode; intensity I versus ANy mimicking the pump excitation: The threshold
corresponds to the one obtained in the below threshold regime.

Fl - F1
2B, Re (Qlng(wl)‘/ll)

ANy 1 = (6.78)

In the case of a single-mode laser, the threshold is similar to the one derived below
threshold (see eq. (650) and Fig. [6.5). It emphasizes that the approach used below
threshold assumes the modes to be independent. If the quality factor of the mode is high

enough @ > 1, eq. ([6.78) reads

B, 1
Ii(ANy) = — - 6.79
1( 0) Dy, QlRe(@Xg(wl)Alnl)ANo ( )

Hence the slope of mode intensity versus the excitation (AN 14,) is directly triggered by
the quality factor of the passive mode and the non-linear coupling term Ajqq;.

Application to the two-mode regime

Now, we consider the case of two modes lasing simultaneously. Eq. (6.75]) reads

Dy Dio| | By — 2£711Vo
= 6.80
[Dm D22] [-72] [32 - QBVO ( )

The steady state evolutions of the two lasing modes read

1 DyoI'y — Dyol'y
I = — | DyyBy — D13 By — 81
1 A ( 22801 122 QAN() ) (68 )
1 D'y — Dy T
L= % <D1132 — Dy B, — =2 22AN0 21 1) (6.82)
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where
A = D1 Doy — Di9Doy (6.83)
As expected, the thresholds are modified compared to the single mode (or below threshold)
because of the cross-saturation terms encoded in D5 and Doy
Doyol'y — D1al'y
2(Dgp By — D132By)

D'y — Doy
2(D11By — Dy By)
As sketched in Fig. [6.0, the saturation also affects the slopes with regards to the single-
mode case. The system described by eq. (6:80]) gives an interesting insight on mechanisms

I ’
7/
7/

7/

ANO,lth - (684)

ANy o =

(6.85)

ANy 1th ANy

Figure 6.6: Mode; and Mode, intensities (1;,l3) versus ANy mimicking the pump excita-
tion: When the second mode reaches the threshold, the slope of the first mode is modified
because of cross-saturation terms.

above threshold in conventional and random lasers. The off-diagonal terms D5 and Do
(driven by the cross-saturation) couple intensities /; and I5. For a system with no cross-
saturation, Dy = Do; = 0 and the two modes evolve independently.

Moreover, these off-diagonal terms are directly triggered by the hole-burning cross-saturation
Ani2e and Agoy:

h

In conventional lasers, because the system is “almost hermitian”, the mode coupling
between passive modes is weak and their spatial distribution is almost real

Appaq /CI) |Im Xg ws)* /|<I) | |(I) ) |Im(Xg(Wq)*) = WAWW

(6.87)
The non-linear coupling between modes is thus almost symmetric. In the case of ran-
dom laser, the modes in the weakly scattering regime are highly non-hermitian and thus
complex

Appgq = /(I) ’Im(Xg(Ws #/@ ‘ D, (r ) Im(xy(w,)*) = mAqqpp
T 6.8%)

Therefore, the non-hermiticity breaks down the symmetry of the cross-saturation terms.
In other words, in an hermitian system, there is a mutual competition between modes
which cross-saturate each other with the same strength. By contrast, in non-hermitian
systems, one mode can saturate other modes while remaining unaffected by the presence
of these other modes (see Chapter [7]).

iX(wp)
Dyg = Re <Qp S Appqq> (6.86)
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6.4 Summary

Here, we have derived an analytical expression of the complex frequency and spatial
distribution of random laser modes below and above threshold. This has been achieved
by using the modal expansion along the Siegert states of the disordered passive system in
the semiclassical approach. These results are only preliminary and will be used to offer
an analytical insight to Chapters[7 and Rl

Emission threshold enforces two distinct regimes, namely below and above threshold. No
mode can lase below threshold, while increasing the amplification modifies the modes
of the random laser (referred to as active modes). Above threshold, at least one mode
is emitting. The emitting modes are referred to as lasing modes. We have modelled
the electric field evolution in the scope of the semiclassical theory (similar to [152] [44]).
Below threshold, the population inversion, which triggers the amplification, is assumed
static. Above threshold, the lasing modes lead to a saturation of the population difference.
Then, we have carried on the approach developed in [152, [44] and expanded the electric
field along the Siegert states of the passive random system. We have proposed to go
beyond this description and have derived the modes by using a perturbation expansion.
The passive modes linearly combine/mix to make up the active modes. This mixing is
triggered by the linear coupling between the passive mode. Finally, above threshold, we
have considered the cubic approximation, where four-wave mixing between passive modes
may come into play. The modes have been also derived via a perturbation expansion. It
turns out that the modes are the result of the linear and non-linear mixing of the passive
modes. The non-linear mixing is induced by a non-linear coupling coefficients. Then,
we have presented an approach common in laser physics to derive the intensity of lasing
modes. It highlights that the threshold and the spatial distribution of active and lasing
modes are strongly affected by the non-linear mixing. This approach stresses the existence
of physical differences in non-linear mechanisms in conventional and random lasers.






Part 1V

Control of random lasers






Chapter 7

Adaptive pumping for the control of
random lasers: Numerical
investigation

Table of Contents

7.1 Early achievements of local pumping . . . . . .. ... ... .. 127
7.2 Taming random laser emission through the pump profile:
Threshold optimization . . . . . ... ... ............

7.2.1 Numerical system . . . . ... .. ... oo, 124
7.2.2 Optimization in the localized regime . . . . . . . ... ... ..
7.2.3 Optimization in the weakly scattering regime . . . . . . .. ..

7.3 Below threshold modal expansion . .. ... ..........
7.3.1 Principle of the below threshold pump profile optimization . . @
7.3.2 Threshold optimization . .. ... ... ... .......... [ﬁ
7.3.3 Directivity optimization . . . . . .. ... ... @

T4 SUMINATY « ¢ v v v v v v v o ot v v e e s o ot oo oo o o s e [139




126 Chapter 7. Numerical Adaptive Pumping

Designing lasers at nano or microscale is extremely challenging, while assembling several
nanometer particles makes a perfect random laser. Therefore, random lasers offer many
potential applications. Random lasers can be used for medical application or as a unique
and irreproducible coding key [157, 130]. Moreover, it was demonstrated recently that
they could serve as speckle free lasing source [I58]. They also offer surprising possibilities
in bio-imaginary as a powerful and coherence-manageable source. However, since random
lasers are highly multimode with unpredictable lasing frequencies and polydirectional
output, their prospects are strongly hindered by the absence of emission control. Ma-
nipulation of the underlying random structure [159, [160, 161} 162], 163] and recent works
constraining the range of lasing frequencies [164], [165] resulted in significant progress to-
ward possible control. However, these different approaches do not allow the choice of a
specific frequency in generic random lasing systems. In Chapter [0 we demonstrated the
role played by linear and non-linear mixing of passive modes in the build-up of random
lasers emission. The use of a non-uniform spatial profile for the pump is an interesting
degree of freedom to modulate this mode-mixing and thus paves the road to a possible
control of laser emission. In a regime of very strong scattering where the modes of the
random system are spatially localized [56], local pumping allows the selection of spatially
non-overlapping modes [109, 110]. In weaker scattering media (e.g. [166], 167, 168]),
several hurdles appear toward achieving fine control. Selecting modes is hampered by a
narrow distribution of lasing thresholds [169, [170] and spatial mode overlap. Increased
pumping required in these lossy systems begins to alter the random laser itself. More-
over, modifying the shape of the pump introduces changes to both spatial and spectral
properties of lasing modes [I71], 172, [I73]. Such difficulties are typically absent in more
conventional lasers, which employ pump shaping (both electrically [174, [175] and optically
[T76]) to select favorable lasing modes. This raises the question whether the shaping of
the incident pump field can achieve some degree of control of random lasers?

In this chapter, we exercise control over the distribution of lasing thresholds via the pump
geometry to choose the random laser emission frequency. The numerical work we report
here was published in [I77]. First, the early achievements on partial pumping are reviewed.
Then, the method is applied to 1D random lasers both in the weakly scattering and in
the localized regimes to select specific mode in the emission spectrum. Optimization in
the localized regime confirms that modes can be addressed by local pumping and serves
as a benchmark for our method [109, 110]. In the weakly scattering regime, where modes
overlap and spatial selectivity is no more possible, similar mode selection is achieved
with a non-trivial pump profile. Finally, we explain this method in terms of mode-
mixing. Using the analytical approach developed in Chapter [6, we give some insights
to the optimization mechanism and propose some research perspectives we will aim at
pursuing in future works.
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7.1 Early achievements of local pumping

After Hui Cao’s pioneer work [118], many numerical approaches were developed to inves-
tigate the nature of random laser modes [149] [109]. In random lasers, the pump excita-
tion is not geometrically constrained. In the localized regime, Sebbah et al. [I10] used
this property to address the lasing modes individually via a local pumping (see Fig. [[1]).
They demonstrated the weak spatial and spectral interactions between Anderson-localized
modes (see Chapter [6land [155]). In turn, random lasers are shown to be good candidates
for the investigation of localized modes. Following a preliminary work of Wu et al. [172],

(a) ‘0*.0.:.:'%0!..:.:;":::.0.::..‘:.' %% o0 (b)

s

S8% &4 A .
SRR (&
SRR ot
i ’ O

Figure 7.1: (a) 2D random laser in the localized regime Sebbah et al. [110]. (b) Selectively
excited individual modes with local pump spots (circles).

the idea of local pumping was extended to the weakly scattering regime by Andreasen
et al. [I71]. They computed the modes of a 1D random laser using a Transfer Matrix
Method (see Chapter 2l and [6)) and investigated the evolution of the active modes in case
of a gradual reduction of the extension of the pump (see Fig.[[.2]). The authors observed
modifications in the complex frequency and the spatial distribution of the active modes.
Finally, they demonstrated that this partial pumping performed a linear-mixing of the
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Figure 7.2: (a) 1D random medium (in the weakly scattering regime) used by Andreasen
et al. [I7I]. Partial pumping was achieved with a uniform stripe of variable length: (1)
red curve: A mode for a full pumping of the system and black curve: the corresponding
mode for a pumping restricted to 0 < z < 14 pm (14 pm large pump stripe) (2) Trav-
elling components of previous modes (see Appendix [Bl) (3) Stationary components. (b)
Evolution of modes within the complex plane for an increasing size of the pump. The
color-scale maps the pump stripe length.



128 Chapter 7. Numerical Adaptive Pumping

passive modes. This is highlighted in Fig. where they expanded the active modes ob-
tained in Fig. along the passive modes. The complete excitation of the system leads to
an active mode close (but not similar) to a passive mode, while the partial pumping leads
to the presence of several passive modes. In other words, the partial pumping achieves a
different linear combination or mixing of the passive modes.

Coefficient amplitude

Passive mode number m

Figure 7.3: Decomposition along the passive mode of the system: Crosses stand for the
decomposition of the mode obtained for a uniform pumping (Red curve on Fig. [[2(a)).
Dots stand for the decomposition of the mode obtained for a partial pumping (Black curve
on Fig. [[2(a)).

7.2 Taming random laser emission through the pump
profile: Threshold optimization

In this section we extend the previous achievements on partial-pumping and present the
first control of a random laser through the optimization of the pump excitation [177].
The pump profile is iteratively shaped to select one mode in the spectral emission. The
threshold of this targeted mode becomes lower than others thresholds, thus achieving a
single-mode emission. The modes are computed with a Transfer Matrix Approach. As this
method is, strictly speaking, only valid at or below threshold, non-linearities are neglected.
First, we present the numerical model and the influence of the pump profile. Then, we test
our method on a random laser in the localized regime. Finally, we demonstrate emission
control in the more difficult case of a random laser in the weakly scattering regime.

7.2.1 Numerical system
A 1D random random laser

We consider a one dimensional random laser represented by a stack of 161 dielectric layers
(optical index n;) separated by air gaps (ng) (see Fig. [[4]). Randomness is introduced
in the thickness of each layer dy; = (dp1)(1 + n¢), where (dy1) is the average thickness,
0 < n < 1 the degree of randomness, and ( is a uniformly distributed random number.
The position along the system is x € [0, L], where L is the total length. We impose (d;)
= 100 nm for the dielectric layers and (dy) = 200 nm for air, giving a total average length
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(L) = 48.1 pm. The degree of randomness is set to n = 0.9. The scattering strength is
directly triggered by the contrast index An = n; — ng. Depending on the value of the
index contrast, the studied random laser can either be in the strongly scattering regime,
where light is confined within the random system, or in the weakly scattering regime (see
Chapter [2), where modes are extended.

Pump‘
Spatial light modulator

W N
ahs

Active random medium

Figure 7.4: Principle of a 1D random laser pump profile optimization. The black slabs
represent the dielectric material, which is also the gain medium. The optical pumping
(small arrows) is transverse to the structure and amplitude modulated. In real experiment,
this spatial modulation may be provided by a Spatial Light Modulator. Lasing (red
arrows) occurs along the structure and will depend on the pump profile.

The gain is inserted into the dielectric medium. The dielectric medium is thus described
by a frequency dependent susceptibility (see Chapter [6])

d?w,

Mw — we + 1 242)

Xg(W)ANy = AN (7.1)

where d? is a material-dependent constant, ANy is the density of excited atoms when the
system is uniformly pumped, w, is the atomic transition and Aw, is the spectral linewidth
of the atomic resonance. For numerical reasons, the light celerity is fixed unitary (¢ = 1),
thus w = ke = M. The electric field is described by the below threshold equation

AE(r,w) + n*(r)w?E(r,w) & —wx,(w) ANy (r) E(r,w) (7.2)
As a result, eq. (7.2)) satisfies a non-linear eigenvalue problem
AE(r,w) +n?(r,w)w*E(r,w) =0 (7.3)

where the index of refraction n(r,w) is now frequency dependent, with value ng in air and
1

\/ n? + xg(w)ANy in dielectric. We fix the transition frequency w, = 10.25 um™! (typical
of a solution of Rhodamine 590) and the spectral linewidth Aw, = 0.25 um™! (598-628
nm). We use a Transfer Matrix Method (see Chapters 2] and [6]) to compute the active
modes. As stated in Chapter [0, rather than the complex frequency of each active mode
(wy + iw;), we equivalently consider its real frequency and threshold (w,, AN;).

!The numerical routine we propose in this section relies on an optimization algorithm. Such algorithm
needs an important numerical precision on w to converge. Fixing ¢ = 1 provides more significant digits
on w and a better convergence.
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Introduction of the pump profile

The pump profile fg(z) spatially modulates the density of excited atoms ANy. The
non-uniform density of excited atoms reads

where z is the position of the layer. The function fg(x) fulfils the constraint
0< fe(z) <1 (7.5)

to mimic, for instance, the amplitude modulation of the pump beam by a spatial light
modulator (see Fig. [[4). In the present case, for numerical reasons, fg(z) is discretized
in 161 pixels in one-to-one correspondence with the dielectric slabs. The value of each
pixel stands for the amplitude of fr within the slab. This pump profile changes the gain
provided by each dielectric layer, giving possible control over the active modes of the
random laser.

Optimization algorithm

Here, we aim at selecting a particular active mode by optimizing the pump profile (as
proposed in section [[3.7]). Experimentally, a lasing mode Mode; will be selectively excited
if its threshold, /V;, is sufficiently low and significantly lower than that of all other modes.
Hence, we introduce the rejection rate
min i (N;)

N;
which compares the threshold of Mode; with the lowest threshold min 4 (N;).

RR; = (7.6)

Selection of Mode; is achieved when RR; > 1 provided its threshold, NV; remains reasonably
low. We therefore modify the pump profile fr to minimize
1

RR;
with a properly chosen to balance each term. This optimization of the criterion C' defined
in eq. (Z7) is performed using an algorithm based on a projected gradient method. At
each iteration, the gradient of C' is computed with respect to the pump profile fr(z). In
the present case, we estimate the derivative of C' with respect to the 161 pixels of the
pump profile. Then, the pump profile is tuned along the direction where the previous
derivative is maximum. Finally, the resulting pump profile is projected into [0, 1] to fulfil

the constraint of eq. (.h). Convergence is reached if its relative variation is less than
1074,

C= + al; (7.7)

7.2.2 Optimization in the localized regime
A random laser in the localized regime

We consider a disorder induced by an index contrast An = 0.6. Over the spectral range
10.0 um™' < w < 10.5 um~", we find a localization length® ¢ = 1.7 um < L. The system

2In 1D systems, the localization length and the mean free path are identical [65]. As a result, the
transmission 7' depends on the system length L and . More precisely, T « exp(—L/£). Since & only
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is therefore in the localized regime and the active modes are spatially confined within
the system (see Chapter [). As explained in section [l mode selection is achieved by
local pumping at the location of modes of the passive system [109, 110]. The localized
case serves here as a test case for our iterative algorithm, to check whether modes can be
selected without any prior knowledge of their spatial location.

The pump profile is initialized with a uniform profile, which is the natural pumping scheme
for broad area gain lasers. The threshold and optical frequency of the active modes are
thus computed with the profile, fg(x) = 1. Ten active modes are found in the spectral
window of interest. They are positioned in the frequency-threshold plane and represented
as crosses in Fig. [[H(a). Four active modes with reasonably low thresholds and partial
spatial overlap are chosen for demonstration. Their spatial profiles are shown Fig. [.5(b),
together with the profile of a higher threshold active mode at w = 10.4 um ™!, associated
with a lossy mode confined on the left end of the sample.
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Figure 7.5: (a) Frequency vs threshold of the active modes at successive iterations, when
the optimization routine is applied to select Mode,. Crosses represent initial positions for
uniform pumping. (b)(1) Spatial distributions of five modes. The mode profile on the
left edge corresponds to the leaky mode with the highest threshold at w = 10.4 um=" (2)
Spatial distribution of Mode, after optimization (3) Resulting optimized spatial pump
profile fg(z).

Optimization

We consider Modey (w = 10.22 um™!). Tts rejection rate for uniform pumping is RRy =
0.45 < 1, meaning it would not lase first at threshold. We now apply the iterative process
to select this active mode, with v = 10. Its rejection rate increases rapidly as shown in
Fig. [L7(b). It is larger than unity after 10 iterations and converges to RRy = 5.4 after
57 iterations. The relative increase of threshold of Mode, is less than 50%. In contrast,

depends on the refractive index contrast, we vary L (by adding layers) to find T' and we use it to find
£. 1-For each L, we generate 10000 random structures. 2-For each structure, we find T" as a function of
frequency T'(w) for the passive system by computing the field at both edges with the Transfer Matrix
Method. 3- We take the natural logarithm of each spectrum separately to get in(T(w)). 4-We average
In(T(w)) over all structures to obtain (In(T(k))) for each L. 5-We use a linear fit to get the slope
(¢=-1/slope). 6-In the end, we obtain &(w).
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for all other modes, the threshold increases by at least one order of magnitude. This is
illustrated in Fig.[Z.H(a) showing the evolution of the spectrum in the frequency-threshold
plane. Mode, is efficiently selected and will be the first to lase above threshold. Single
mode operation is robust even at relatively high pumping rate since RRs is large. The
optimization algorithm has been successfully applied to all computed modes (respectively

Mode;epi—q), see Fig. [0)

Mode; Mode; Modes Modey
RR; 0.02 0.45 0.76 1.51
RR; 2.1 5.4 50.9 30.3
N; 0.031  0.012 0.007  0.005
Niso 0.057  0.017  0.013 0.01
Chin 0.67 0.82 0.77 0.76

Figure 7.6: Values of the rejection rate (respectively threshold) before optimization (uni-
form pumping), RR;o (respectively Nyo), and after convergence, RR;, (respectively N;o),
as well as the correlation, Cy, , with the final pump profile, fg(z), when the iterative
process is applied successively to each mode, Mode;e[1_4. Values in second column cor-
respond to the optimized case of figure [Tl

Interpretation of the pump profile

The optimized pump profile, fg(z), obtained for Mode, is shown in Fig.[75(b)(3). As ex-
pected [109] [110], it is similar to the active mode spatial distribution (see Fig.[T.5(b)(2)).
The degree of similarity is measured by the spatial correlation between the pump profile
and the spatial distribution of ®;(x)

Cri = ((f5 = (fB))(Di — (P3)))

where fr and ®; have been normalized by their variance. For Modes, the correlation is
close to one since Cpy = 0.82 at the last iteration. The solution reached by the algorithm
is therefore consistent with the predicted efficiency of a local pumping in the localized
regime, even in the presence of moderate overlap [109] 110]. It is also worth to note that
the change of pump profile barely affects the frequency (see Fig.[[.5(a)) and spatial profile
(see Fig. [LH(b)(2)) of the active modes, as expected in the localized regime [178].

(7.8)

To give a better insight into the optimization process, we examine the evolution of the
correlations C'ie1—4) relative to the number of iterations. As the optimization routine is
applied, C'yo consistently increases, while correlations of the other modes tend to zero, as
shown in Fig. [[7(a). This results in increased thresholds for these modes. The crosses
in Fig. [[7(a) indicate the mode with the lowest threshold, min;.o(N;), entering the
calculation of RRy at a given iteration. After having worked alternatively on Modes
and Modey, the algorithm works exclusively on the rejection of Modes. This mode has
the largest overlap with Mode,y; a fine tuning of the pump profile is therefore required
to increase its threshold without greatly increasing the threshold of Mode;. Actually,
this optimization mechanism emphasizes that the modes can be addressed individually in
the localized regime. For that matter, the pump profile must correlate with the spatial
distribution of the targeted mode.
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Figure 7.7: (a) Spatial correlations functions, C},, between pump profile and Mode;.
Crosses indicate the mode with lowest threshold entering the calculation of RR,. (b)
Rejection rate, RRy, and threshold N, for selected mode.

7.2.3 Optimization in the weakly scattering regime
A random laser in the weakly scattering regime

We now consider the more difficult case of a weakly scattering random laser. For an index
contrast of An = 0.05, the localization length is £ ~ 200 um > L over the frequency
range 10.0 um™ < w < 10.5um™t. The threshold and optical frequency of the active
modes are thus computed with the profile, fr(z) = 1. Twelve active modes are found
in the spectral window of interest. They are positioned in the frequency-threshold plane
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Figure 7.8: (a) Frequency vs threshold of the active modes at successive iterations, when
the optimization routine is applied to select Modey. Crosses represent initial positions for
uniform pumping. (b)(1) Spatial profile of Mode; (envelope) and Mode, (full) (2) Sta-
tionary component of Mode, before (envelope) and after optimization (full) (3) Resulting
optimized spatial pump profile.

and represented as crosses in Fig. [[§(a). As in the localized regime, we consider four
active modes with reasonably low thresholds, namely Mode;c[;_4. Spatial distributions
of Mode; and Mode, are shown in Fig. [ T0(b)(1). Modes are now overlapping over the
whole system precluding spatial selection of the mode by local pumping.
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Optimization

The optimization procedure is applied to the Modey, with o = 0.3. For a uniform pump
profile, this mode is characterized by a rejection rate RRy = 0.86 and a frequency w =
10.23 pm 1.

The algorithm converges after 320 iterations with a final rejection rate RRy = 2.47.
Although more modest than in the localized regime, this increase is significant enough
to consider single-mode operation of the random laser at this selected frequency. Similar
results are obtained for all other modes tested (see Fig. [.9))

Mode; Mode; Modes Modey
RR; 0.75 0.86 1.17 0.74
RR;. | 1.26 2.11 2.53 1.24
N; 0.70 0.12 0.53 0.72
Niso 0.81 0.28 0.74 0.81
Chin 0.20 0.28 0.21 0.31

Figure 7.9: Values of the rejection rate (respectively threshold) before optimization (uni-
form pumping), RR;y (respectively Nyo), and after convergence, RR;., (respectively N;s),
as well as the correlation, Cy, , with the final pump profile, fg(z), when the iterative
process is applied successively to each mode, Mode;e[1—4. Values in second column cor-
respond to the optimized cases of Fig. [[.8

Fig. [[8(a) shows the impact of the iterative process on Modey. As the thresholds in-
crease, this active modes experience a spectral shift as well as a spatial deformation (see
Fig. [T8(b)), in contrast to the localized regime.

Interpretation of the pump profile

Fig. [.8(b)(3) shows that the optimized pump profile is rather unpredictable.
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Figure 7.10: (a) Spatial correlation functions, Cy,, between pump profile and station-
ary part of Mode;. Crosses indicate the mode with the lowest threshold entering the
calculation of RRy. (b) Rejection rate, RRs, and threshold N, for selected mode.

A small but significant correlation Cs = 0.28 (see Fig. [[I0(a)) is found only when com-
paring the stationary component of Mode, (see Fig. [[.8(b)(2)) and the pump profile
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(see Appendix[Bl). The subtlety of the optimization process, which is successfully demon-
strated for all modes, is exemplified in Fig. [[I0(a). The ceaseless switching between
modes Mode;e;3,4 (crosses) forces reduced correlation, and even anticorrelation between
the rejected modes and the pump profile.

7.3 Below threshold modal expansion

In section [(.2] we numerically demonstrated the optimization of random lasing emission.
However, if the optimized pump profile obtained in the localized regime is well understood,
its shape in the weakly scattering regime is rather unpredictable. In this section, we
investigate the previous optimization in term of mixing of passive modes. First, we
include the non-uniform pump profile in the below threshold modal expansion that we
derived in Chapter [fl We highlight the influence of mode mixing in localized and weakly
scattering regimes. The observations made in the following paragraphs will be further
studied in future work. Finally, we explain that similar control can be achieved on spatial
distribution of modes as recently shown numerically [179].

7.3.1 Principle of the below threshold pump profile optimization
Introduction of the non uniform pump profile

In Chapter [6, we demonstrated that the electric field for a uniform pumping reads
AE(r,w) + e(r)w?E(r,w) ~ —w?x, (W) AN E(r,w) (7.9)

As stated in section [[.2] the non-uniform pump profile fg(r) modulates the density ANp.
Hence, eq. (Z9) reads

AE(r,w) + e(r)w?E(r,w) &~ —w*x,(w) ANy fr(r)E(r, w) (7.10)
The electric field is expanded along the passive modes (€2;, ®;)

B(r,w) = Y ay(w)®,(r) (7.11)
p
Using the biorthogonal product between the passive modes, eq. ((T.I0) reads
2 2 _ 2
ay(w)(2 = &?) = WXy (W) AN 3 ay(@) [ fo(r)@y(r)0,(r) (7.12)
q

Eq. (CI2)) defines a non-linear eigenvalue problem. Considering a finite number of passive
modes N, we can recast the system in a matrix form

0 .0 14+ ANoxg(w)Vi1 ... ANoxy(w)Vin
. . . 2 . .

: .. . = W : : (713)
0 c. Q?V ANOXg(W)VNl o1+ AN()XQ(W)VNN

where

Vi = [ For) @, (r)2,(r) (7.14)
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are referred to as spatial overlap coefficients. These coefficients stand for the interaction,
the coupling between the passive modes. The active modes of the random laser are the
eigenmodes of the non-linear eigenvalue problem derived in eq. (CI3). Each active mode

will be associated with a complex frequency Q =Wy — z 2 and a spatial distribution (ID

Perturbation expansion

We perform the first order perturbation expansion of eq. (ZI3)). This expansion of the ac-
tive modes is similar to the one performed in Chapter[@. For a non-constant susceptibility,
the complex frequency at first order reads

~ 92
Q, ~Q, (1 — ANV, + ANG ; ST — V> + ANQVQ) (7.15)
q7p

And the corresponding spatial distribution reads

2

d, ~ ¢, + ANy > QQQ Q2xg wp) (/fE (U)‘I)q(u)dlb) O, (r)

q#p

2

Q
=&, + AN, Z QQ QQ 5 o Xo(wWp) Vg @y (1) (7.16)
q#p

We stated in Chapter [0l that eq. (TI5) and (7.I6) emphasize that the linear mixing
is responsible for the active modes. A non-uniform pump profile affects the coupling
coefficients V},, and in turn changes the mixing of passive modes thus giving rise to the
active modes. Hence, different non-uniform pump profiles achieve different linear mode
mixing.

Managing the mode mixing

Eq. (TI3) and (16) offer an interesting insight to the optimization process.
Im(w)
b) —

- Re(w)
. N

(a) A

- |:||:| |:|n0! (C) +\/\/\/\/\/\N

NANNNNAAS

Figure 7.11: (a) A 1D random laser below threshold with a non-uniformly pumping. (b)
Complex frequencies when the pumping is uniform. The arrows mimic their evolution
when the pump profile is modified. (c) The spatial distribution results from a linear
mixing of modes obtained for a uniform pumping.
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A non-uniform profile fgz, as sketched in Fig. [[.11], is responsible for new coefficients
Vpq- These new coefficients induce a new linear mixing of the passive modes. As shown
in Fig. [[1Tl(a) and (b), the complex frequencies and spatial distribution of the active
modes are changed. Therefore, an adapted pump profile consists in finding the "good”
coefficient V), to change the active mode toward a certain criterion.

7.3.2 Threshold optimization
Localized regime

In the localized regime, the spatial overlap between modes is weak
Vg X Opq (7.17)

System described by eq. (.I3]) has no off-diagonal terms, the coupling between passive
modes is null. Hence, according to eq. ((C.I6]), the spatial distribution of the active modes
is identical to the passive one .

o, =0, (7.18)
In the localized regime, active modes are similar to passive modes and are not affected

by the pump profile (as expected from Chapter [f]). This absence of mode coupling is also
observed in Fig. [[Hl(a), where the different modes are not frequency shifted.

Performing a derivation proposed in Chapter [@] the threshold of each mode can be derived

from eq. (TI5)
r

Tm (,X(2) [ fr ()2 () dc)

For localized modes, because the losses are weak, both the passive complex frequencies
and the spatial distributions are almost real. Thus, equation (Z.I9) reads

1/Q,
J Fe(w)®2(u)du) Tm (x, ()

Eq. (T20) emphasizes the fact that in the localized regime, the threshold of the mode
is directly triggered by the correlation between the pump profile fz(z) and the intensity
of the mode <I>f,. The energy is transferred from the pump to the mode via the intensity
of the field. As a result, because modes do not overlap, the optimization of one specific
threshold consists in correlating the pump profile with the intensity of the mode. For
instance, during optimization in the localized regime of section (see Fig. [[7), the
correlation of the pump profile with Mode, intensity increases to a value close to one. In
the same time, the correlation of mode profile with other modes converges to zero.

ANop,in = — (7.19)

(7.20)

NOp,th ~ _(

Weakly scattering regime

In the weakly scattering regime, the presence of spatial overlap induces a coupling of the
passive modes responsible for non zero V,,,. This coefficients ensure a mixing of passive
modes to build-up active modes. The spatial distributions of the active modes read

2

- Q
P, = @, + ANy Z rqng(Wp)quq)q(T) (7.21)
a#p "4 p



138 Chapter 7. Numerical Adaptive Pumping

Hence, when the pump profile is modified, the mixing between the passive modes changes.
For instance, as shown in Fig. [T.5(b) in section [[.2], during the optimization of Mode, the
shape of its spatial distribution is strongly altered.

Like in the localized regime, the threshold of the different active modes reads

Ly (7.22)

1 (2X() [ fi(u) @2 (w)du)

ANOp,th ~ —

However, unlike localized case, the passive modes have important leakage in the weakly
scattering regime. As a result, spatial distributions and complex frequencies of passive
modes are complex. If we consider the example proposed in section[7.2], the quality factors
of the passive modes are ~ 10 and (2, = w,. Assuming modes are close to the center of
the gain curve x,(w) &~ —i|xy(w,)|. Threfore, the thresholds read

1/0, _ 1/Qy
o (Q)IRe (J fo(w)@2(uw)du) — Po( )T fu(w)Re(@3(u))du

ANopin ~ (7.23)

The threshold of active mode in the weakly scattering regime is triggered by the overlap
between the pump profile and the real part of the complex intensity Re((I)z) = Re(®,)* —
Im(®,)? instead of the intensity itself (|®,|*> = Re(®,)* + Im(®,)?). The RR of Mode, in
the weakly scattering regime reads

Re (J [ (u) 7 (u)du)

RR, x
Re ([ fio(u)®3(u)du)

(7.24)

where Mode; is the mode with the lowest threshold apart from Mode,. Eq. (7.24) high-
lights the complexity of the optimization. In the same time the pump profile must correlate
with Re(®2(u)) and decorrelate with Re(®7(u)). Moreover, in the numerical experiment
we presented in section [[.2 this optimization is complicated by the presence of a non-
uniform gain curve.

Future work

Sections and provide preliminary observations made via the formalism intro-
duced in Chapter [6l In these two sections, we only aimed to propose some analytical
insights. In particular we wanted to stress the difference between the optimization of
quasi-hermitian modes (localized system) and highly non-hermitian modes (weakly scat-
tering system).

In future work, we will try to adapt this approach to 1D and 2D optimizations. This
analytical approach, could be helpful to address reverse problems and thus achieve a strong
control of random laser properties. We could also try to investigate the minimal number
of "pixels” (the discretization steps in the numerical pump profile of section [.2]) which
are needed in order to optimize a pump profile. Otherwise, more exotic optimizations
could be tried (e.g. two modes, a single-mode laser with a control of the frequency of the
mode).
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7.3.3 Directivity optimization

When modifying the mode coupling, the pump does not only affect the complex frequen-
cies of active modes, it also affects its spatial distribution. According to eq. (ZI0), the
spatial distribution of mode reads

2

b=, + AN 3 o) ([ Fe)@ (00 wdn) @(r) (7.5

In a similar way to threshold optimization, the pump profile can be adapted to select
a specific spatial emission. Hence fg can be iteratively shaped to constrain the spatial
distribution ®,,, via the coupling terms [ fg(u)®,,.

Such control of the emission directivity was achieved in 2013 by Hisch et al. [I79]. Using
Finite Element Method computation, they iteratively shaped emission pattern of a specific
mode (see Fig. [[12) and consequently forced emission in a given direction.

Pump source

Dielectric scatterers

Spatial light
modulator

Figure 7.12: Schematic view of the directivity optimization of a random laser emission:
A 2D circular random laser is modelled via FEM computation (below threshold compu-
tation). The linear mixing of modes modifies the emission pattern to emit in a particular

direction [I79].

7.4 Summary

We have demonstrated numerically the possibility of controlling random laser properties
by adaptive shaping of the pump profile.

Starting from early observations relative to local pumping, we have stressed the possibility
of controlling the linear-mixing between the modes of the passive system. By iteratively
shaping the pump profile, different properties of random lasing emission can be tuned
and controlled. We have applied this approach in a numerical experiment, where a 1D
multimode random laser has been computed using a Transfer Matrix Approach. We have
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investigated the possibility of achieving a single-mode emission via a control of mode
thresholds based on an optimization routine. For localized modes, we have obtained pump
profiles overlapping with the spatial extent of the selected mode. In the weakly scattering
regime, despite the strong spatial overlap between modes, we have demonstrated that such
optimization is still possible. Nevertheless, the adapted pump profile is rather complex.
We have brought an analytical insight to this mechanism by inserting the pump profile
within the modal description of random laser proposed in Chapter [6l As expected from
numerical observations, the optimization of localized mode consists in correlating with its
spatial distribution. In the weakly scattering regime, the pump profile results in a subtle
mechanism.
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The modes of random lasers result from a mixing/combination of the modes of the
passive system (see Chapter [6). Chapter [ shown that a non-uniform distribution of the
gain affects the mode mixing. The influence of the pump profile on mode mixing was
used to control the active modes (i.e. below threshold) in a numerical experiment. In
particular, an adapted pump profile can be designed to force single-mode emission of a
random laser. This control can be extended to other characteristics of the modes, offering
meanwhile interesting prospects and potential applications. We aim in the present chapter
at demonstrating this laser control in an actual experiment.

Nevertheless, this optimization faces many challenges in practice and differs from the
numerical approache developed in Chapter [l For instance, the single-mode optimization
will be performed on spectral peaks of the intensity rather than on mode thresholds. The
optimization algorithm used in Chapter [7 cannot be used here. Indeed, in addition to
experimental fluctuations, the intensity peaks naturally fluctuate because of the chaotic
nature of random lasers [I80]. Moreover, we must propose a solution to achieve a robust
and precise modulation of the pump excitation. We also have to ensure that the laser is
above threshold, whatever the pump profile. From a theoretical point of view, the modes
observed experimentally differ from the ones considered numerically. Indeed, Chapter
hightlights the difference between active and lasing modes, below and above threshold,
respectively. We stated that above threshold, the lasing modes result from complex linear
and non-linear mixing of the passive modes. Therefore, the optimization that we intend
to perform here relies on a different mechanism, where non-linear effects play a major
role.

In this chapter, the control of spectral and spatial emissions is achieved using an optofluidic
random laser similar to the laser described in Chapter Bl First, we perform the spectral
control of a 1D random laser by modulation of the pump intensity via a spatial light
modulator (SLM) [I81]. By actively shaping the optical pump within the random laser,
single-mode operation at any selected wavelength is achieved with spectral selectivity
down to 0.06 nm and more than 10 dB side-lobe rejection. The analytical development
of Chapter [0l is used to give a simple description of the optimization and to highlight the
crucial quantities to consider for further investigations. Finally, we present preliminary
experimental results concerning the control of the directivity of a 2D optofluidic source.
Using similar approach, we force the direction of the emission.
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8.1 1D optimization

The purpose of this section is to achieve the control of the spectral emission of a 1D
microfluidic random laser. We show that the method proposed in the case of the numerical
optimization presented in Chapter [ is adapted to experimental conditions. First, the
experimental setup and the numerical routine of optimization are presented. Then, we
show an experimental optimization and discuss the reliability of the method. Finally,
the description of Chapter [(] is used to offer an insight of the mechanism involved in the
optimization.

8.1.1 Experimental Setup
1D random laser

We consider the optically pumped one-dimensional (1D) random laser described in Fig. 81l
This laser is inspired from the device introduced in Chapter Bland published in [120] for an
easy integration of lasers into complex optofluidic structures [I82]. The gain medium is a
2.5x1073 M ethanolic solution of Rhodamine 6G circulating in a 2.8 mm-long PDMS mi-
crochannel made of a linear chain of randomly distributed rectangular pillars (see Fig. RT]).
This alternation of 70 layers, with two different indices of refraction (n,oymer =1.42 and
Naye =1.36), provides multiple scattering and necessary feedback to achieve random las-
ing emission. As sketched in Fig. Bl(c), the microchannel is 80 pym wide and 15 pm
deep. The pillars are 12 pm thick and 40 pgm long. Their random positions are uniformly
chosen in the range +£6 pum around an arrangement having a period of 40 pm. Actually,
this spatial disorder is not mandatory and artificial: Indeed, the limited accuracy of the
photolithographic process results in a 1 ym tolerance in the position and thickness of the
pillars, providing the necessary disorder at the optical scale (as explained in Chapter
and [120]). Because the random structure is static and the dye solution flows continu-
ously within the microfluidic channel, dye-bleaching is reduced, making the lasing modes
stable and the results reproducible over several hours. An auxiliary microchannel circu-
lated by another dye (5.0x1072 M ethanolic solution of Nile Blue) serves to image laser
radiation scattered out by the structured channel (see Fig. BIl(d) and (e)). The small
index contrast between the polydimethylsiloxane (PDMS) pillars and the dye solution,
An = 1.42 - 1.36 = 0.06, results in weak scattering. From numerical simulations (see
Chapter 2)) we find a localization length £ = 22 mm at 560 nm, much longer than the
sample size (2.8 mm). In this regime, modes are extended over the whole system and
therefore strongly overlap with each other. This is confirmed in Fig. BIl(e), in which light
is emitted all along the structure. Therefore, we are investigating optimization of random
lasing emission in the weakly scattering regime.

Pump modulation and acquisition

As sketched in Fig. B2 the pumping is achieved by a laser beam from a frequency-
doubled Q-switched Nd:YAG laser (Quantum Ultra: @532 nm, 10 ns pulse duration,
maximum output energy 30 mJ, repetition rate 10 Hz). The pump beam is expanded
to uniformly illuminate the surface of the SLM (Holoeye LC 2002), in order to perform
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(a)

(c) 7%

80

(e)

Figure 8.1: (a) 3D partial view of the microchannel device, (b) complete top view. (c)
The microchannel is structured into a 1D-random distribution of 12 pm-thick rectangular
pillars separated on average by 28 um gaps. Geometrical dimensions are given in pm. A
dye solution (Rhodamine 6G in ethanol) flows through the structured PDMS microchan-
nel, which is plasma-bonded on a glass slide partially represented in (a). A pressure
differential at the two outlets forces dye flow between the scattering pillars and prevents
dye bleaching. The structure is pumped by a Q-switched Nd:YAG laser at 532nm shaped
into a 1.4mm-long stripe line (green line in (b)). (d) Imaging of the in-plane scattered
laser emission. Dye (Nile blue) solution circulates in an 80 pum-wide auxiliary microchan-
nel parallel to and at a distance of 10 pm from the structured channel and fluoresces at
the laser emission wavelength. (e) Laser emission along the whole auxiliary channel.

spatial modulation of the excitation. The SLM itself, which sits between crossed polarizers
to work in amplitude modulation, is placed in the object plane of a telescope with 5x
reduction and is imaged on the sample after compression through a cylindrical lens with
focal length f = 6 mm. This setup provides a 1.4 mm-long, 4 pum-thick laser stripe
line with nearly diffraction-free modulation down to 1 pm-large rectangular pixels (see

Fig. BIl(b)).

We chose to tightly focus the pump beam to a narrow line in order to enforce single
transverse mode laser operation. The length of 1.4 mm has been chosen to limit the
amplified spontaneous emission (ASE) and to provide a manageable modal density. We
checked experimentally that doubling the length increases the ASE by a factor of three and
the number of modes by a factor of two. The microchannel is precisely aligned with the
laser stripe line under a Zeiss Axioexaminer microscope and imaged using a Hamamatsu
Orca-R2 silicon CCD camera microscope. The laser emission is collected via an optical
fiber connected to a Horiba iHR550 imaging spectrometer equipped with a 2,400 1.mm™*
grating and a liquid nitrogen-cooled Symphony II camera (sampling rate 1MHz, 1,024 x 56
pixels, 26 pm pixel pitch). The entrance slit is 50 pm for a resulting spectral resolution of
20 pm and the integrating time is 1 s. An example of emission spectrum is illustrated in
Fig. B4 Measured spectral linewidth is 0.03 nm (full-width at half-maximum) and not
limited by the 20 pm-resolution of the imaging spectrometer.



8.1. 1D optimization 145
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Figure 8.2: Experimental setup: The pump laser is polarized (P;) and expanded on the
SLM by a beam expander (BE;). The SLM is imaged into the sample via a second
beam expander (BE,). A second polarized (P3) performs the amplitude modulation. A
cylindrical lens (CLy) is used to compress the image in 1D and achieves the pump profile
fe(z). Random lasing light (Red arrows) is guided by the 1D structure, collected by the
monochromator (iHR550) and the sample is imaged via a CCD camera protected by a
notch filter (@ 532 nm) mounted on a Zeiss microscope.

Optimization method

In this work, we control the random lasing emission by enforcing a single mode emission
and therefore confirm the numerical optimization proposed in Chapter [[l The 1D pump
profile, fg(z), is made up of 32 lines (as sketched in Fig. B2). Each line is grey-scale-
coded on 256 levels and imaged onto the sample to form a 46 um-long, 4 pm-thick pixel.
We chose the 32-column vectors X; of the 32x32 binary Hadamard matrix [I83] as the
initial vertices to initiate the optimization procedure (see Fig. B3] and Appendix [D]).
Consequently, the pump profile is expressed as a linear combination of 32 basis elements
proposed in Fig. B3l Starting from any other basis on which an arbitrary pump profile
can be decomposed should lead to convergence. We tested the alternate "stripe basis”
with vectors formed by contiguous on-pixels, all others being off. The algorithm also
converges, but to a different solution. Our choice of the Hadamard basis is practical, as
all elements (except the first one) have the same mean amplitude. Therefore, they require
a constant and reasonable pump fluence to reach threshold. Furthermore, to preclude any
below threshold pumping, we set a minimum uniform background illumination (ag). The
pump profile is written as

1
55 132

where the «; take discrete values in the range [0,135] and the uniform background oy =

120. Each vector (X;);eqi,39 corresponds to a particular pump profile associated with a

particular emission spectrum I(\).
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Figure 8.3: The Hadamard basis: Each column stands for a vector of the basis, X;. For
each pixel of the X, black squares stand for unitary value and white for zero value.
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Figure 8.4: Rejection rate definition R(\g): The intensity of targeted mode I()\g) is
divided by the highest other intensity ().

To achieve single-mode operation at a targeted wavelength, Ay, we need to find the coef-
ficients (;)icp,32) which maximize the rejection rate defined as

(8.2)

where \; corresponds to the wavelength of the lasing mode with highest intensity, apart
from the mode at Ay (an illustration is proposed in Fig. B4)).

To perform optimization of eq. (82), we use the Nelder-Mead simplex (direct search)
method implemented in the fminsearch function of Matlab (see Appendix [Dl). We mod-
ified this function by setting the initial step (usual__delta parameter in fminsearch)
to 0.5 to explore a large region of the 32-dimensional space. Because of inherent strong
fluctuations of the random lasing emission, we chose this derivative-free algorithm to pre-
clude any derivative computation. The number of pixels (32) has been determined for
the best trade-off between sensitivity and computation time. A power of two has to be
chosen for the definition of the Hadamard basis.
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8.1.2 Optimization results
Optimization procedure

Experimentally, five spectra integrayed over ten shots are acquired every second and then
averaged for a given pump profile fg(z). The typical shot-to-shot variance of the lasing
peaks is around 10%. Hence, averaging over 50 shots reduces spectrum fluctuations to
roughly 1.4. Such accuracy is needed when the denominator in

R(Xo) = (8.3)

becomes small. Between successive acquisitions, the system is uniformly pumped (fg(z) =1)
to "clean up” the gain medium from any memory effect due to possible residual thermal
perturbation from previous pump profiles. A typical optimization lasts 20 min.
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Figure 8.5: (a) Laser emission spectrum for uniform pumping above threshold. Symbols
correspond to the modes shown in Fig. B4l (b) Emission spectrum after the optimization
process to select laser emission at A\g = 561.77nm. Single-mode operation is achieved after
228 iterations. The corresponding non-uniform pump profile as displayed on the spatial
light modulator (SLM) is shown in the inset. The grey scale ranges from 0 (black) to 255
(white).

The random laser is initially pumped uniformly in the multimode regime. The spectrum
is shown in Fig. RH(a). The optimization algorithm is then performed on the targeted
mode A\g = 577.11 nm marked by a red dot in Fig. 85l(a). This lasing mode is not the
first to lase under an uniform pumping, R(Ag)init =0.4.

After 228 iterations (see Fig. BH(b)), the algorithm has converged to an optimized pump
profile. We obtain R()\g) = 13.1 after optimization, which corresponds to a sideband
rejection of 11.4 dB.
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We also check that no mode-hoping between laser lines occurs during the optimization
process. Therefore, we ensure that the mode selected corresponds to the mode initially
targeted at A = 577.11 nm (see Fig. B.6l). Indeed, because the optimization procedure
constantly explores new regions of the parameter space, it is not possible to assert that no
other mode has been selected instead of the mode initially targeted. Starting from the final
pump profile of Fig. B5|(b), we progressively increase the baseline value og. Therefore,
we obtain the spectral emission from optimized to uniform pumping. The evolution of
the modes (marked by dots in the plan frequency/peak intensity) is plotted in Fig. 8.6l
The crosses stand for the uniform profile and the red marks for the optimized one. The
targeted mode is clearly progressively optimized without any frequency shift, precluding
any mode hoping. Actually, it is possible by this method to optimize almost any of the
lasing modes present in the multi-mode spectrum measured with uniform pumping.
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Figure 8.6: (a) Intensity of modes when the pump profile baseline decreases from agy =
255 (blue) to 120 (red): The pump profile is shaped from uniform profile to adapted
profile (optimization presented in Fig. BH). The arrows point out that the intensity
of the targeted mode increases, while other intensities progressively decrease. (b) The
different pump profiles when the baseline is decreased (down, ag = 255) (up, ap = 120).

Convergence and reliability

In Fig. B(a), we plot the evolution of R()Ag) and the correlation of the pump profile dur-
ing the optimization proposed in section R.I.2l The correlation is measured between the
pump profile at the current iteration 7 and the previous iteration ¢ — 1. A unitary corre-
lation means that convergence has been reached. During the optimization, the algorithm
explores the parameter space and progressively moves in the direction of highest R(\o).
At iteration i = 103, a large value of R()¢) is reached. The corresponding pump profile
is chosen and progressively shaped to increase the rejection rate. Beyond 200 iterations,
the optimization has converged.

To test the reliability of our method, we perform optimization over the whole emission
bandwidth (see Fig. B7((b)). After several hours, ethanol infiltrates the PDMS and spec-
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tral shift becomes significant relative to the spectral precision of the measurement. This
explains why different data sets are collected in Fig. B7(b). Remarkably enough, high
R()\g) are found in the whole spectrum. Optimization is efficient even away from the
centre of the Rhodamine gain curve (typically &~ 562 nm), where modes are provided with
less gain. Moreover, even with extremely small initial amplitude for uniform pumping
(Rinit = 0.3 %), modes are optimized significantly (see Fig. B7(b)).
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Figure 8.7: (a) Convergence characteristics of optimization presented in Fig. BAl Solid
blue curve is the evolution of the criterion R()g) and red dots stand for correlation between
two successive pump profiles. (b) R(\g) versus wavelength before (open symbols: R(\g) <
1) and after (full symbols: R()\g) > 1) optimization of 15 lasing modes. The logarithmic
representation gives R()g) in dB. The different symbols correspond to different sets of
experiments.

Spectral selectivity

The optimization procedure allows to address the modes individually as soon as a mode
is associated to a distinct peak in the spectrum. Hence, spectrally, the technique is only
limited by the resolution of the spectrometer. To illustrate the spectral selectivity of
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Figure 8.8: Optimizations at respectively Ao = 561.08 nm (a) and A\g = 561.14 nm.
(b) The corresponding optimized pump profile is plotted versus position and the pattern
displayed on the spatial light modulator is shown on a grey scale.
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our method, we independently select two lasing modes separated only by 0.06 nm, as
shown in Fig. B8 The optimization process clearly leads to two distinct pump profiles,
associated with two different modes at Ay = 561.08 nm and A\g = 561.14 nm. This example
emphasizes that all the modes can be addressed individually.

8.1.3 Optimization mechanism
The complexity of optimization mechanism: Influence of non-linear mixing

In Chapter [, similar optimization was investigated with a numerical approach below
threshold. We neglected gain non-linearities (also referred to as non-linear mode mixing)
and restricted the description to linear mixing of modes. In this case, optimization was
expressed in terms of mode threshold. To emphasize the difference between our previous
numerical work and the current experimental optimization, we plot in Fig. the thresh-
olds characteristics for both a uniform pump profile and the pump profile obtained from
the optimization presented in Fig. B3l(b).
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Figure 8.9: Uniform pumping (a) and optimized pumping (b) for the optimization routine
carried out at \g = 561.77 nm. The pump profile as displayed on the spatial light
modulator is shown above each plot. For the targeted mode at A\g = 561.77 nm (full red
circles), the threshold increased slightly from 21 to 28 pJ.mm™2. For the mode which lases
first under uniform pumping at A; = 562.50 nm (blue squares), the threshold doubled
from 21 to 50 pJ.mm=2, stars indicate another mode at Ay = 563.4 nm. Lines are a
linear fit to the stimulated regimes. (b) The x-axis shows the actual fluence impinging on
the sample (which is different from the fluence of the incident pump beam when pumping

is not uniform).

As expected from our numerical investigation, the threshold of the optimized modes re-
mains at similar value while others are significantly increased. Threshold of the targeted
mode (red dots, \g = 561.77 nm) increases from 21 to 28 uJ and threshold of the highest
intensity mode apart from A (blue dots, \; = 562.20 nm) is increased from 21 uJ to
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50 pd. Nevertheless, the mode selection is rather due to slope efficiency than threshold
inversion. As stated in Chapter [0 this slope efficiency is imposed by non-linear mixing
provided by the hole burning effect. Moreover, it is worth noting the influence of adapted
pump profile on cross-saturation. In Fig.[R9(a) all the modes saturate more or less simul-
taneously close to 100 pJ.mm™!. This effect is totally removed for an adapted pumping
in Fig. B9(b).

The observations made in Fig. highlight the difference between below threshold op-
timization and the present case. The optimization achieved in the present experiment
cannot be explained exclusively in terms of linear mixing. The non-uniform pump profile
has an important influence on non-linear mode mixing.

Analytical investigation

Here, we give preliminary theoretical insights on the physics of non-linear mode mixing
involved in the optimization. Chapter [0l approached this issue analytically. The model
below is more qualitative than quantitative and paves the road to further investigations.

For uniform pumping, the intensity of the modes can be derived from a non-linear problem
(see Chapter [a])

Dy ... Dy, I By~ QAF}VO
S D= : (8:4)
Dy - D) [In] (B, — s
where linear coupling terms B, read
iXg(wp)
B, = Re (Qp 92 2 V;?p> (8.5)
non-linear coupling terms D,, read
iXg(wp)
Dpq = Re (Qp gh - Appqq) (8.6)

and AN is proportional to the pump fluence. In a similar way to the optimization below
threshold (developed in Chapter [M), the non uniform pump (fr) modulates the spatial
overlap between passive modes. This overlap is expressed in terms of linear mixing

Vip = [ fo()®,(w)du (8.7)

and non-linear mixing coefficients

Appag = [ Fi0)®y ()21 () Ty () )l (5.5)

where ®,(u) are passive mode spatial distributions, w, frequency of the passive mode and
Xg(w) the medium susceptibility. For sake of simplicity we will consider two lasing modes.
Their intensities read (see Chapter [)

_ 1 DBy — D12B>
A AN, 1

1 Dool'y — Dol
A AN,

(ANg — ANy1) = (ANy — ANy,1)  (8.9)
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1 DLy — Dy T
(AJ\fO—AJ\@W):E 1 A2N2 2L (ANy — ANy,)  (8.10)
th,2

I, ~ anBz — Dy By
‘TA T ANy

where the threshold ANth’iie[l 2 read

D22F1 - D12F2

ANy, = 8.11
"1 9(Dyy By — D1y Bs) (8.11)
Dy Ty — Dy Ty
ANypa = 8.12
"2 (D1 By — Dy By) (8.12)
and
A = Dy Doy — D13Dyy (8.13)

In this two-mode regime, we assume I; to be the intensity of the optimized mode (targeted
mode \g = 561.77 nm in Fig. BH]) and I the intensity of another mode (for instance
A1 = 562.50 nm in Fig. BH)).

First, eq. (89- BI2) highlight that the threshold and the slope of each mode are strongly
related. When the slope is increased (or decreased), the threshold is decreased (or in-
creased). Therefore, this confirms the validity of the numerical optimization made in
Chapter [ The mode with the lowest threshold will give rise to the highest intensity.

Nevertheless, the optimization cannot be restricted to a linear description. We observed
in Fig. B9(b) that the optimization strongly decreases the slope of . This diminution
cannot be explained by the simple increase of threshold. Indeed, the slope of I, is reduced
by approximatively a factor 20 and its threshold is only doubled. Therefore, the pump
profile satisfies

DBy — Dy By — 0 (8.14)

From eq. (8I4) we deduce that the slope reduction responsible for the optimization is
driven by a subtle relation between non-linear coupling terms (D;;) and linear ones (B;;).
As a result, we cannot separate the influence of linear and non-linear effects in the opti-
mization process.

Finally, we observed in Fig. (b) the absence of break in the slope of I;. These breaks
result from cross-saturation effects (see Chapter [f]). When a mode starts lasing, it uses
part of the gain and reduces the slopes of already lasing modes. Therefore, the cross-
saturation of I on I is zero (see eq. (8.9))

Dy~ 0 (8.15)

This absence of cross-saturation leads to an "important” slope for I;.

To summarize, the pump profile is shaped to satisfy eq. (814 in order to decrease Is.
Simultaneously, it fulfils eq. (810) in order to ensure a large intensity I;. As a result, the
pump profile disymmetrizes the cross-saturation terms which read D1 &~ 0 and Dy =
D11 By/ By, respectively.

In future works, we will aim at pursuing this preliminary investigations. For instance, we
wish to use a numerical model above threshold (e.g. FDTD) to confirm the evolution of
the different coupling terms.
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8.2 2D optimization

Below threshold, the control of the directivity of the emission was demonstrated numeri-
cally by Hisch et al.[I79]. In this section, we briefly present a work in progress, where we
aim at performing similar optimization in 2D optofluidic random laser (see Chapter ().
First, we explain the experimental setup and the pump modulation that we perform.
Then we present some preliminary results of optimization.

8.2.1 Experimental setup
2D optofluidic random laser

Here, we consider the 2D random laser introduced in Chapter [ (see Fig. BI0). The
sample is composed of a 500 um central part, where 201 pillars of radius 10 um are
embedded for a filling fraction of ® = 0.32. The scattering forces an in plane lasing [161]
and the problem can be assumed 2D. The gain is provided by an ethanolic solution of
Rhodamine 6G dye at concentration 2.5x1073M. The bulk is made of a resin of index
Nresin = 1.60 and the resulting index contrast between dye flow and pillars is An =
Nresin — Ndye = 1.54 — 1.36 = 0.18. The central part of the sample is surrounded by
two auxiliary channels filled with Nile blue dye at concentration 2.5x1073M to perform
imaging of the emission pattern (see explanation in Chapter [Hl). The index contrast and

Figure 8.10: 2D microfluidic random laser: The central part of the sample is filled with
Rhodamine, while Nile blue dye circulates into auxiliary channels. These channels are
used to image the emission path. We define two angular domains, respectively Afy and
AbOpoer.. Aby is direction where the emission must be enforced. Af,. serves to preclude
obvious solutions.

the 2D geometry ensure that the system is operating in the weakly scattering regime. In
the present section, we aim at completing control performed below threshold in [I79] and
presented in Chapter [7l
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Pump modulation and acquisition

For 2D samples, the losses are significantly increased and modes have higher thresholds.
Hence, the pump excitation is performed by a picosecond source providing higher instan-
taneous power: 532 nm Q-switched Nd:YAG laser (30 ps pulsewidth, 50 Hz repetition
rate). The modulation of the pump is achieved by a similar setup as the one proposed in
Fig. in section 8 I.1] in which the cylindrical length used to compress the SLM image
in 1D has been removed. The sample, as well as the auxiliary channels, are imaged by a
Hamamatsu Orca-R2 silicon CCD camera fixed on a Zeiss Axioexaminer microscope.

Optimization method

To perform the directivity optimization of our 2D system, the pump profile is modulated
using a set of 100 Zernike polynomials (see Fig. BIT]). This basis is used to study optical
aberrations in 2D lenses [I84]. Unlike Hadamard basis used in 1D, Zernike polynomials
are continuous functions particularly adapted to the “circular” shape of the problem.
Thus, the pump profile is a linear combination of these 100 vectors grey-scale-coded on
256 levels. To ensure the lasing emission for all the different modulations, we enforce a

Z Z, Zy
Zs Z, Zs

Zg Z; Zsg
Figure 8.11: Zernike basis vector: The nine first elements of the basis. Their circular
symmetry is used to modulate efficiently the pump profile.

background illumination (ag). As a result, the pump profile reads

f(r)=a0+ Z a; Zi(r) (8.16)

1—100

where r is the 2D spatial coordinate.

We aim at selecting the set of coefficients a; enforcing the emission in a specific angular
direction A6y (see Fig. BI0). For that matter, we define a directivity criterion D, reading

Ingy  Ior

a; — Do) — (8.17)

-[271' IAé’buck
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where Iag, is the emission in the angular range Afy and Iag,,., in the range Ay, (see
Fig.BI0). The intensity I, corresponds to the intensity integrated over the whole angular
space and is used to normalize the different intensities. In eq. (8.I6]) the presence of Iag,, .,
precludes obvious solutions (e.g. stripe line or any symmetric solution).

The optimization of eq. (8IT) is achieved using the Nelder-Mead simplex (direct search)
method proposed in section 8] for 1D optimization. Like in the 1D optimization, the
number of polynomials used for the optimization results from a trade-off between compu-
tation time and sensitivity.

8.2.2 Experimental results

Experimentally, images are integrated over 1 second and averaged over 10 times. Between
two consecutive pump profiles, we apply a uniform pumping to clean up any undesired
effects. Optimizations are performed for angular range of 30° and take approximatively
15 minutes.

We first consider the uniform pumping of Fig. B.I2 The pump diameter is voluntarily

Figure 8.12: 2D random laser emission for a uniform pump profile: The central part of
the image has been removed and replaced by the pattern printed onto the SLM.

chosen smaller than random laser size to preclude the obvious solution of a local pumping
close to the edge. We define the criterion function D(6y) of eq. (8IT) to enforce the
emission around 6y = - 45°. The final pump profile and the resulting emission pattern
are provided by Fig. BI3l(a). As expected, the optimization is forced in the angular
range imposed by the criterion. In Fig. BI4(a) and (b), we plot respectively the criterion
evolution and the correlation for the pump profile during the optimization. The correlation
is defined as the correlation product between two successive pump profile patterns. The
optimization converges after approximatively 250 iterations.

Remarkably enough, the final pump profile is non trivial. The pumping energy is spread
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(a) (b)

Figure 8.13: (a) Emission for an adapted pettern to for 6y = —45° and Afy = 30° . (b)
Emission for an adapted pettern to for 8y = 0° and A6y = 30°

over the whole system. The pumping along the edges does not create emission in specific
direction. This suggests that the emission pattern results from mixing of the modes.

(a) (b)
0.6 1.0 —
0.5 +

;_s/ 0.4 - g
< 031 <05 +
S0 aadnd
0 i — 0 i i
0 100 200 0 100 200
iteration iteration

Figure 8.14: (a) Inverse criterion evolution during the optimization: The criterion pro-
gressively converges. (b) Evolution of the correlation between two successive pump profile.
A unitary correlation points out the convergence of the optimization.

Fig. BI3[(b) shows another optimization performed for 6, =0° with an angular range
Ay =30°

8.2.3 Remarks and further work

In the work of Hisch et al. [I79], the optimization was performed for a single mode emis-
sion and below threshold. In the present experiment, the random laser is multimode.
Therefore, in further work we will record the evolution of the spectrum during the opti-
mization. In particular, we wish to understand if the spatial distribution of the modes
is modified by the pump profile as in [I79]. We want to investigate the mode mixing as
expected from Chapter [0l and aim at exploring the role played by non-linearities. Finally
we wish to investigate the performances of the method (e.g. the minimal angular range,
the required number of modes).
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8.3 Summary

Here, we have performed experimental optimization of the emission of microfluidic based
random lasers.

For 1D devices, we have developed an experimental setup, in which the pump excitation
is modulated via a SLM and a simple cost function is defined from spectral acquisition.
The optimization of the cost function turns the multimode random laser into single mode
with more than 10 dB sideband rejection. This method is efficient, reliable and applicable
over the whole spectrum. We have also investigated the relation between the actual
experiment and the numerical optimization of Chapter [[l The threshold characteristics
of uniform and adapted pump profiles highlight the complexity of the mechanism. From
these observations, we have deduced that the linear description of Chapter [7] does not
provide a complete understanding of the optimization. The analytical model developed
in Chapter [6l emphasizes the simultaneous effect of linear and non-linear mixing. We wish
to investigate this subtle mechanism in a future work. Finally, our preliminary results
show that this method can be extended to 2D devices. Using two auxiliary channels,
the spatial emission of lasing light is recorded by a camera. The pump is modulated
by a different spatial decomposition and a simple cost function is defined from camera
acquisition. From isotropic for a uniform pumping, the random lasing emission is forced
into a particular angular range for an adapted profile.

The method proposed here is very general. We demonstrated its application to spectral
and spatial control. However, it could be extended to other random laser characteristics
(e.g. brightness or pulse duration). Moreover, this method could find nice applications
in regular lasers. For instance it could reduce filamentation problem in broad-area lasers
in which strong injection leads to filamentation issue [I85]. Finally, it is noteworthy that
our approach has already been applied for the control of semiconductor microdisk lasers
[186].






Conclusion

In this thesis, we have developed theoretical, numerical and experimental approaches to
address few issues on light-matter interaction in open random media. The light in such
systems is supported by modes, either localized or extended according to the strength
of the disorder. Based on the non-hermitian nature of these systems, we have explored
both regimes and demonstrated that the modes provide an interesting platform to manage
light-matter interaction in disordered media. Here, we summarize the main results and
present some perspectives and potential applications.

e In Chapters I and II, we have recalled basic notions of light-matter interaction in
the semiclassical description. More precisely, we have introduced the concept and
the properties of modes in non-hermitian systems. In particular, we have focused on
open systems and proposed a method to derive their modes. The complete biorthog-
onal formalism related to these modes as well as its application conditions have been
reviewed. This approach can be applied to the specific case of disordered media. In
such systems, since random multiple scattering may confine spatially all or part of
the field, the resulting modes are either Anderson-localized or extended.

e In Chapter III, we have shown that the light-matter interaction in disorder media
can be controlled by local manipulations. For that matter, a theory predicting the
mode-coupling induced by any variation of the permittivity in open systems has been
developed. This theory has been applied in the particular case of Anderson-localized
modes, in which the merging of two states can be forced at a specific position called
an exceptional point. Remarkably, this coalescence results from a complex multi-
mode interaction. In the parameter space, the modes are characterized by a singular
topology in the vicinity of an exceptional point. The density of exceptional points
provided by this system offers interesting perspectives. Spectrally, the repulsion
close to an exceptional point could be used to match the mode frequency with an
emitter or to enhance mode confinement. Spatially, the hybridization of modes
could serve to create necklace states and reach non-trivial transport regimes. The
generality of the theory paves the road towards an experimental achievement.

e In Chapter IV, it has been shown that Anderson-localized modes could be used
as high-Q cavities and induce regime of strong light-matter interaction. For small
intensity of the electric field, the strong coupling regime can be reached between a
two-level atom and a mode. Based on the biorthogonal formalism, we have derived
both the strong coupling condition and the amplitude of resulting linear Rabi oscil-
lations of the polarization. For high intensity, the electric field induces Stark shifts
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in the energy levels of the atom and the apparition of a triplet in the polarization.
Using an external source to excite the modes, we have derived the condition of ob-
servation and the amplitude of the corresponding non-linear Rabi oscillations. Con-
ditions of simultaneous observation of both regimes being not incompatible, we have
predicted different oscillations in an experiment confirmed by FDTD simulations.
If strong coupling with Anderson-localized modes was expected, the formation of a
triplet originating from Strak shifts is a major result. This observation confirms that
Anderson-localized modes can serve as a playground to study strong light-matter
interaction problems. For instance, purely quantum-mechanical effects such as reso-
nance fluoresence (characterized by a Mollow triplet) should be achieved using such
modes. This paves the road to many practical applications since the sidebands of
the Mollow triplet are known to behave like non-classical sources. As a perspective,
the manipulation of Anderson-localized modes proposed in Chapter III could be
used to create controllable non-classical light. More generally, this theoretical work
suggests that Anderson-localized modes may replace high-Q cavities, with the main
advantage of being intrinsically disorder-robust.

In Chapter V, lasers based on disordered systems, the so-called random lasers, have
been presented. The concept of random lasers has been introduced in parallel to
the academic description of conventional lasers. A model based on diffusion in gain
medium has been derived and explains the presence of a threshold in the random
laser emission. We have presented a particular laser developed in collaboration with
Xavier Noblin in Nice: the microfluidic random laser. 1D and 2D geometries have
been characterized and appear to be interesting platforms for the study of emission
properties. The diffusion model of the random laser has been completed to consider
the saturation of the amplifying medium. From observations of microfluidic random
lasers, it has been deduced that a complete understanding requires a modal expan-
sion of the electric field.

In Chapter VI, a modal description of random laser based on semiclassical descrip-
tion has been proposed. In random lasers, like in conventional lasers, the presence
of a threshold in the emission requires to consider two distinct regimes, namely be-
low and above threshold. Below threshold, the modes of the random laser satisfy a
system of equations derived from the linear coupling of the passive modes. We have
performed a perturbation expansion to derive their complex frequency and spatial
distribution in term of mixing of passive modes. Above threshold, the modes result
from combination of linear and non-linear mixing of passive modes, described by
a non-linear Schrodinger system of equations. Using a perturbation expansion has
allowed us to obtain the complex frequency and spatial distribution of the modes
and to highlight the role of saturation terms. Finally, a method to derive the inten-
sity of lasing modes has been proposed and applied to the case of single-mode and
two-mode lasers.

In Chapter VII, the control of the random lasing emission has been achieved via an
adapted profile of the pump excitation. We have considered a numerical 1D random
laser, in which the gain is spatially modulated. An optimization has been performed
to select one mode by increasing the difference between its threshold and others.
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This routine has been successfully applied to random laser in both localized and
weakly scattering regime. In the localized regime, in which the spatial overlap is
weak, the mode is selected when the pump profile matches the spatial distribution
of the mode. In the more challenging case of extended modes, optimization remains
possible but the optimal pump profile is rather unpredictable. We have proposed
preliminary interpretations in term of linear mode-mixing based on the model of
Chapter VI.

e In Chapter VIII, the numerical method proposed in Chapter VII has been exper-
imented on microfluidic random lasers introduced in Chapter V. A spatial light
modulator has been used to shape the intensity profile of the pump laser. This
pump profile has been iteratively modulated to drive the multimode random laser
to single-mode lasing. This mode selection can be achieved for all modes of the
multimode spectrum. Remarkable spectral discrimination is achieved between very
close-by modes. The two-mode model of Chapter VI has been used to identify the
origin of the process. It points out a subtle compromise between linear and non-
linear mixing of the passive modes. Further investigations are needed for a complete
understanding. We have also presented preliminary results concerning the control
of spatial distributions of the modes. Similar shaping of the pump for 2D optoflu-
idic devices allows to control the directivity of the emission. We believe that this
method could be extrapolated in many applications for different laser sources. For
instance, in high energy lasers, filamentation of the gain medium may be hindered
by a non-uniform pumping.

In passive media, the theory developed in Chapter III and its application to localized
modes offer nice perspectives. From a fundamental point of view, this theory is an in-
teresting playground to investigate the influence of exceptional point in Anderson’s lo-
calization. Thus, different questions can be addressed: Does the density of exceptional
points influence the confinement by disorder? Could we obtain exceptional point for weak
disorder and extended modes? What is the role of coupling in localization? For practical
applications, the exceptional point repulsion in complex frequency plane could be used
either to increase Q-factor of modes or match the frequency of a mode with the resonance
of an emitter. Hybridization resulting from multiple exceptional points could create neck-
lace states, open channels in highly disordered media and reach non-trivial light transport
regimes. The observation of a triplet originating from Strak effect is another application
of Anderson-localized modes in passive media. We stated that disorder should be used to
achieve interesting source of light. In further work, we will investigate the development
of a pure quantum approach to demonstrate the possibility of creating a Mollow triplet
emission with Anderson-localized modes.

In active media, the control of random lasers also offers theoretical and practical prospects.
It could be used to optimize different properties of random lasers (e.g. brightness, tempo-
ral response) and could be extended to any kind of laser. In terms of theoretical question,
a controlled pump profile would allow us to investigate the influence of non-linearities on
Anderson-localized modes. We might achieve mode locking between modes, by controlling
their spectral positions. Moreover, it could be used to explore non-hermitian physics (e.g.
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exceptional points in random lasers). In further work, we aim at investigating the role
played by pump profile on non-linearities (cross and self-saturations). We will also pursue
our experimental work related to directivity optimization in 2D random media.
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Appendix A

Polarizability and susceptibility of a
particle in 2D

In Chapter [Il we explained that the dipole moment p of a particle at microscopic scale
and the polarization density P at macroscopic scale read respectively

p(w) = egap(w)E(w) (A.1)

P(w) = np(w) = eoxs(w)E(w) (A.2)

where n is the total number of particles, ag(w) the polarizability of the particle and xg(w)
the material susceptibility. However, we stressed that eq. is only true in the static
limit (w — 0).

In this appendix we aim at deriving the dynamic polarizability a(w) of the particle and
the dynamic susceptibility ys(w) of a material composed of such particles. We consider
a 2D problem with a T'E electric field (similar to the system studied in Chapter H). We
know from the Lorentz’s oscillator model introduced in Chapter [l that the polarizability
reads

1/w
wi —w? —ilw

(A.3)

a(w) o

In the Rotating Wave Approximation, we assume the optical frequency w close to the
resonant frequency of the particle wy

wi — w? = 2w(wy — w) (A.4)

Hence, eq. (A.3) reads
1

w?(wo — w — %)

a(w) o (A.5)
If we consider the specific case of a two-level atom in a 2D problem with a T'E electric
field excitation, we can complete eq. ([A.D]) [I87, [188] and the polarizability reads

alw) = 25 (A.6)

w?(wp — w — iL8)

where I's = TE + 'Y is the atomic linewidth, I'% the radiative part of this linewidth and
Y% the non-radiative part (see Chapter [II).
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In the dynamic regime, the static assumption made in eq. (A.2) must be corrected, this
is the so-called "radiative correction” [187, [I88]. In our 2D problem with a T'E electric

field, the dynamic version of eq. (A.2) reads

From eq. (A.6) and (A7), we derive

2 Tg w? R
W (wo —w =i Xs(w) = 1—zzxg(w) 2l

We can recast eq. (A.8) in the form
T 2
Xs(w) <w2 (wo —w— 225) + ijZF?) =orf

Eq. (A.9) reads
FNR
xs(w)w? <w0 —w—i ‘; > = or%

Therefore, the susceptibility of the material reads

E(w) = nea(w)E(w) &  ap(w) o« xs(w)

(A.11)



Appendix B

Transfer Matrix Approach:
Stationary and Travelling
components

In this appendix, we present a method which enables to decompose numerically modes
into stationary and travelling components. The stationary wave stands for the part of
the mode remaining trapped inside the system. The travelling wave stands for the leaky
part of the mode.

To introduce this method, we consider the case of a 1D open passive system (without
pumping) shown in Fig. [B.Il(a). It can be very easily extended to active medium by
considering a complex index of refraction. We know from Chapter 2 that each mode
(Qn, ¥,,) reads

\I’n(I) _ pn(x)eiﬁnn(:p)m + qn(x)e—mnn(z):p (Bl)

where z is direction of propagation, n(x) = n or n + An the refractive indices and p,
and ¢, respectively the forward and backward propagation coefficients. Let us consider
the field within a single layer and fix the index of refraction arbitrarily to 1 in order to
simplify the notation. The following results will be valid within any layer. Inside the
layer the forward and backward coefficients p, and ¢, are constant and eq. (B.Il) reads

(1) = paci® + oo (B.2)

We now introduce
Pn = Pn€i¢ (B?))
dn = Qneiw (B4>

where P, /@, are the real amplitudes and ¢/¢ the phases of p, and g,, respectively.
Hence, eq. (B.2) reads

W, (1) = 7 (P @) 4 Q, e (Onet) (B.5)

where ® = (¢ +1)/2 and A = (¢ + ¢)/2. Within each layer, we can fix arbitrarily the
phase and enforce ® = 0 in order to simplify notation. As a result, eq. (B.5) reads

U, (z) = e3P, pilwns+d) 4 Qne_%n””e_i(“’"”A) (B.6)
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(a) I I

(b)

(c)
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Figure B.1: (a) Schematic description of the 1D random system: Superposition of slabs
of indices n and n + An. (b) Spatial mode distribution in the weakly scattering regime
(An =0.1). (c) The stationary part of the mode. (d) The travelling part of the mode.

The first term of the right-hand side of eq. (B.6), namely e 3" P,el@n+2) diverges at
x — 400. The second term diverges at z — —oc.

We can artificially define two standing components from eq. (B.6]), namely

\Ijs,pn — Pne%x (ei(wnx—i-A) + (ei(wnx—I—A))*) _ 2Pn€FTnx COS(anZ + A) (B7)

Tn

‘Ijs,qn . QnefTw (efi(wnerA) + (e*i(wnerA))*) _ anefrT"x cos(wnx+A) (BS)

In a similar way, we can define travelling components as the remaining part of the mode

Vip, = Un—Vsp, = (Qne_%nz - Pne%nm) e i wne+A) (B.9)
\Ijtvqn = \:[In - ‘1157(1n = (Pne%x - Qne_%$) ei(wnw+A) (B]_O)

We see that eq. (B.9) stands for a left-going propagation, while eq. (B.I0) stands for a
right-going one. Consequently, to numerically build the travelling part of the mode (i.e.
exiting the system), we consider the left-going propagation when the backward amplitude
coefficient (),, prevails over the forward amplitude P, and wvice versa. Simultaneously we
deduce the corresponding stationary part.



Appendix C

Perturbation Expansion of
non-hermitian eigenvalue problem

In the scope of Chapter [6] we need to perform perturbation expansion of linear and non-
linear eigenvalue problems. In this appendix we derive the perturbation expansion in both
cases.

C.1 Perturbation expansion in the below threshold
regime: Linear eigenvalue problem

For a broad gain curve, the below threshold regime is described by a linear eigenvalue
problem reading

A0 NVLAN, ... AViyAN,

A= : . : : :
0 ... X} M VAN, ... A VanvAN,

Eq. (C1)) can be understood as a passive system perturbed by a matrix resulting from the
coupling between the passive modes. We assume this perturbation to be weak Ny < 1.
For sake of notation compactness we note \? = X;, and eq. (C.1]) reads

X ... 0 XiVin ... XiVin
0 ... Xun XyVni ... XnVan

We are looking for the eigenvalues of the matrix

H = Hy+ ANyH, (C.3)

The set of eigenvalues and eigenvectors in perturbation expansion read
10,) = |00 + ANG|TWY + ANZ| @) 4 . (C.4)
X, = X9 4+ANXD + ANZX® 4 (C.5)

where n € [1, N]. Eigensolutions satisfy

(Ho + NoH:)|¥,) = X,,|¥,,) (C.6)
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Using the perturbation expansion, eq. (C.6) reads
(Ho + NoH1) (W) + No|wil) + NG [U) + ...)

= (X0 4+ No X+ N2XE 4+ (1090 + No|wD) + N2[e@)y + ) (C.7)
By expanding eq. (C.2), the identification of different Ny orders read
N Holwl®y = X0y (C.8)
Ny (Ho— XO)wWMy = — [, |0 ) + XV w0y (C.9)
Ny o (Ho = XHWP) = —H W) + X W) + X2 |0 (C.10)

First order N/:

Using N{} relation of eq. ((C8) and the biorthogonal projection along <\I/,(3)*|
Vil () Hy = XONO0) = (U U)X D0 ) (C.11)
Moreover, the left eigenvectors <\I/n, *| fulfil
(WO | Hy = x (w0 (C.12)
Hence, if n = n/, eq. (C.1I) reads
(W [Ho = XV W) = 0= — (0" [H W) + X (00 ) (C.13)
As a result
X = (0 | H ) (C.14)

Otherwise, if n’ # n, eq. (C.I1)) reads
(X3 = XY@ 0y =~ 0 0) + XD 00y =~ e 0)

(C.15)
Therefore "
* (0)
/ (0)x* 1)\ <\Iln’ |H1|\Ijn >
vn' #En o (0,7 |8,) = X0 0 (C.16)
Using the biorthogonal normalization
(U |W,) =1 = <\11*<°> + No@ D 0 © 4 N )
=1+ No((T:O[p >+<\If;§ N + N§ + ... (C.17)
Noting the symmetry of the biorthogonal product
(WO = [wOu = [w w0 w) (C.18)
Hence, eq. (C.I7) reads i
1~ 1+ 2Ny (W w0 (C.19)
and we deduce
(W) =0 (C.20)
We obtain the first order component of the eigenvector
(W ey (o
VY = T w1 07) (C.21)
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Second order NZ:
Projecting the second order eq. (C.IT)) along (¥(9*| reads
(U |(Ho — X\ W) = —(W [ Hy [ WD) + XU WD) + X (W w) (C.22)
Using definition of left eigenvectors
0= —(U* Hi W) + XD (e ) + X2 (C.23)

Using previous expression of [U(1) in eq. (C:23)) reads

0)*
X2 = (00|, (" | 7, |w©)
n n 1n'7£n X7(7,0) . X((/))

n

w0y (C.24)

n

As a result
(U 1w ) () | 99
X = Yn 1X§o>_X<9> — (C.25)
And corresponding eigenvector reads
(W 1 H ) | (0
[T) = st WN’&A (C.26)

For sake of clarity, we will only consider eigenvector at first order.

C.2 Perturbative approach above threshold: non-linear
case

In the above threshold regime, for a broadband gain curve, the lasing modes are the
eigenvalues of a non-linear eigenvalue problem. This problem is equivalent to a Non-
Linear Schrodinger equation system, which reads

A0 v A
N=11t o | HAN |
0 ... A\ ANVt oo XV
9 )‘% >p |%|2A11pp cee )‘% >op |ap|2A1Npp
— ANy~ : - 5 (C.27)
X 2p |ap[* ANty - AR 2p |ap > An g
where Ny = Nyx,(w). Noting X; = A2, eq. (C.27) reads
Xy ... 0 XV oo XiVin
X=1|: . |+AN :
0o ... XN XNVNl XNVNN
9 Xy Zp |%|2A11pp Xy Zp |%|2A1Npp
— ANy> : : : (C.28)

XN 2p |ap|2AN1pp o XN |ap|2ANNpp
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Eq. (C28) is equivalent to
H = Hy+ No(Hy + H(}_|U,,))) = X (C.29)

The perturbation reads
<H0 + AN, (Hl + H3 (O |00) + No Wity + Ng|w) + )))
q

(120) + No|T D) + N [w?) + ..
= (X0 + NoXD + NZXP + (1) + No o) + N2y + ) (C.30)

By expanding eq. (C30), the identifiaction of different Ny orders read

NY: Holu®) = XOwl0) (C.31)
NE o (Ho— X)Wy = —(Hy + HP|[WO) + X090y (C.32)
where
0
HY = Hy(3 [w)) (C.33)
p

First order N}:

Performing the projection of eq. (C:32) along (¥(9*| reads

(U Ho YY) + (U W) + (U7 HEY [0) = X0+ XU [wil) - (C.34)

n n n

Leading to:

X = (WO H, + 7w ) (C.35)

n

In the scope of this manuscript, we do not use the eigenvectors.
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Optimization via Simplex Algorithm

Here, we introduce the non-linear Simplex algorithm used in Chapter [ for the opti-
mization of random laser emission. This algorithm aims at minimising or maximising a
non-linear function f, which reads

x— f(x) | RY >R (D.1)

where x is the parameter space of dimension N. Main advantage of this algorithm, also
called Nelder-Mead algorithm, is to be derivative free. Deriving the gradient or comput-
ing its estimate is not required. As a result, this routine is often used in optimization
procedure in which the noise is important. As guideline example, we will consider the
function f provided by Fig. [D.Il(a). In this example, we aim at maximising f.

The Simplex relies on N +1 initial vertices, namely ng)[l, N+ For instance, in Fig. [D.1l(a),

three vertices ng)[l 5 are distributed in the parameter space. At each iteration the function

f is evaluated for all the vertices. These evaluations are sorted and the smaller value is
removed (for a maximization). Then, the algorithm derives a new vertex to replace the
previous one (Fig. [D.I(a)). As a result, the algorithm converges in the direction of the
vertices providing the highest values of f.

The cornerstone of the method is the choice of the new vertex at each iteration. For
instance, we carry on the example of Fig. [D.I(a) and consider the distribution provided
in Fig. [D.Il(b). The vertices are sorted to fulfil

f(x1) > f(x2) > f(x3) (D.2)

Hence, x3 is the vertex to be replaced. Now, we introduce x*, the barycentre of the N
best vertices, which reads

1
X' =5 > ox; (D.3)

1€[1,N]

In our guideline example, x* is placed at mid-distance between x; and x5. If the new
vertex is chosen along the line (x3x*), four operations (positions) are possible

e The Reflection: x3 — xp = 2x* — x3
e The Expansion: x5 — xp = 3x* — 2x3

*

e The External Contraction: x3 — Xpc = %X — =X3

N[
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Figure D.1: (a) Example of optimization procedure. (b) Different transformations used
to compute the new vertex. (c) When no choice of vertex is satisfying, the distribution
is shrink.

e The Internal Contraction: X3 — X;c = %x* + %Xg

Otherwise, because no new vertex offers an increase of f, the initial vertex distribution
Xie[1,N+1] is shrink as sketched in Fig. [D.1(c). The distribution is shrink in the direction
of the best position x;. This transformation reads

X — X1

Shrink : Vi € [I, N +1] x; = x; — 5

We note n the current iteration of the algorithm, 7 the convergence required and 7,4,
the maximal number of iteration. At each iteration, the new vertex is chosen among the
four positions previously introduced. The algorithm can be written formally



Initialization of the Simplex: Choice of x@

1,N+1]

while iteration n < nmm and f(:z:]{,lll) f( ") > 7 do

end

if f( R> f(2") then
if f(a) < f(:,;(")) then
R
else
) =)
end
if f({") < f(}’) < f(af’) then
| X<n+1>_x(n>
N+1 R
end
if f(2)) < f(a)) < f(aly),) and f(25) < f(al
| X<n+1>_x<n>
N+1 EC
end
if f(afy)) > f<wNH> and f(2p) < f(a),) then
‘ (n+1) _
XN+1 XIC
end
else
|  Shrink
end

) then

Algorithm 1: Non-linear Simplex algorithm
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