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Zusammenfassung

Diese Arbeit beschäftigt sich mit den optomechanischen und optoakustischen Wech-

selwirkungen in mikrostrukturierten optischen Fasern. Der Schwerpunkt liegt auf

der Analyse von neuen Aspekten der optomechanisch induzierten Nichtlinearität,

die in einem neuen Typ von mikrostrukturierten Quarzglasfasern auftritt, den so-

genannten Doppelnanoweb-Fasern. Diese Struktur wurde als ein Glasfaserwellen-

leiter mit ultradünnen optisch gekoppelten planaren Glasmembranen (“Webs”),

die an den Wänden der Glasfaserkapillare befestigt sind, konzipiert. Diese Webs

können miteinander in einer hoch nichtlinearen Weise über die sich überlappenden

evaneszenten Felder wechselwirken.

Das in der Doppelnanoweb-Faser geführte Licht kann eine anziehende oder ab-

stoßende optische Kraft auf die Webs ausüben und somit dazu führen, dass diese

aneinander gepresst oder auseinander gezogen werden. Die elastische Auslenkung

der Webs ist wiederum an die Verteilung des elektromagnetischen Feldes gekoppelt

und resultiert in einer nichtlinearen Änderung des effektiven Brechungsindex der

Faser. Dieser optomechanische Effekt kann die Nichtlinearitäten, die im Falle des

elektrischen Kerr-Effekts ausgelöst werden, um mehrere Größenordnungen übertref-

fen. Im Vergleich zu den etablierten siliziumbasierten optomechanischen Mikroele-

menten, bietet die Doppelnanoweb-Faser den Vorteil, dass die nichtlineare Antwort

kumulativ verstärkt wird, weil die Webs die komplette Länge der Faser durchziehen.

Weiterhin wird vorhergesagt, dass die optomechanische Wechselwirkung zu trans-

versalen Selbstfokussierung ( “Self-trapping”) der optischen Moden innerhalb der

Faser führen kann. Ein sich in einem planaren dielektrischen Wellenleiter ausbreiten-

der Strahl ist aufgrund der totalen inneren Reflektion in der Richtung senkrecht zur

Ebene des Wellenleiters eingeschlossen, während er entlang dieser Ebene der Beu-

gung ausgesetzt ist. Im Falle einer Doppelnanoweb-Faser induziert der Strahl eine

nichtlineare Brechungsindex-Änderung aufgrund der optomechanischen Kopplung
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während der Propagation - ein Effekt der auch im Zusammenhang mit räumlichen

Solitonen bekannt ist. Es wird verifiziert, dass die optomechanische Wechselwirkung

in der Doppelnanoweb-Faser zur Bildung stabiler selbstfokussierter (“self-trapped”)

Strahlen führen kann, was eine neue Art optischer Solitonen repräsentiert.

Die Doppelnanoweb-Faser wird aus Quarzglas-Kapillaren hergestellt, wobei das

“Stapel - und Ziehverfahren” speziell erweitert wurde, das zuvor zur Herstellung

von Single-Nanoweb-Fasern genutzt wurde. Aufgrund der Flexibilität des Herstel-

lungsprozesses beim Faserziehen können Doppelnanoweb-Fasern mit verschiedenen

strukturellen Parametern hergestellt werden. Von besonderem Interesse sind Fasern

mit einem leicht konvexen Dickenprofil, da es sich hierbei um intrinsische Wellen-

leiter handelt. Die vorhergesagte optomechanische Nichtlinearität wird für eine so

hergestellte Doppelnanoweb-Faser demonstriert und die experimentellen Ergebnisse

werden durch eine theoretische Analyse bestätigt.

Eine weitere Art von Licht-Materie Wechselwirkung, die hier untersucht wird, ist

die optoakustische Wechselwirkung durch Elektrostriktion im Kern einer photoni-

schen Kristallfaser. Es wird gezeigt, dass die kohärenten optisch-getriebenen akusti-

schen Wellen, die eng im Kern geführt werden, die faserbasierte dynamische optische

Isolierung und das rein-optische Schalten (“all-optical switching”) ermöglichen und

somit eine neue Funktionalität eröffnen, die in verschieden Typen von optischen

Systemen von Nutzen sein kann.



Abstract

This work is concerned with the optomechanical and optoacoustic interactions in

microstructured optical fibers. The main focus lies on the study of novel aspects

of the optomechanically induced nonlinearity that occurs in a new type of a mic-

rostructured silica fiber - the so-called “dual-nanoweb” fiber. This structure was

conceived as a fiber waveguide with two ultra-thin optically coupled planar glass

membranes (webs) suspended in air and attached to the walls of the fiber capillary.

These webs can interact with each other in a highly nonlinear way through the

overlapping of their evanescent fields.

Light guided in the dual-nanoweb structure can exert attractive or repulsive

optical pressure on the webs, causing them to be pushed together or pulled apart.

The elastic deflection of the webs is, in turn, coupled to the electromagnetic field

distribution and results in a nonlinear change in the effective refractive index within

the fiber. This optomechanical effect can exceed the nonlinearity induced by the

electronic Kerr effect by many orders of magnitude. In comparison to the established

silicon-based optomechanical microdevices, the dual-web fiber offers the advantage

of accumulating the nonlinear response as the webs are running along the entire

length of the fiber.

Furthermore, it is predicted that the optomechanical interaction can lead to a

transverse self-trapping of the optical modes inside the fiber. A propagating beam

in a planar dielectric slab waveguide is confined in the direction perpendicular to the

slab due to the total internal reflection, while it is subject to diffraction within the

slab plane. In the case of a dual-web fiber the beam induces a nonlinear refractive

index change via the optomechanical coupling as it propagates, thus creating a

channel for itself - an effect known in the field of spatial solitons. Indeed, it is

verified that the optomechanical interaction in dual-web fiber can lead to formation

of stable self-trapped beams that represent a novel kind of optical solitons.
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The dual-web fiber is fabricated from fused silica capillaries by adapting the

“stack-and-draw” process previously used to make single nanoweb fibers. Owing

to the flexibility of the fiber drawing process dual-web fibers with various struc-

tural parameters can be fabricated. Of special interest are fibers with a slightly

convex web thickness profile, as they are intrinsic waveguides. The predicted op-

tomechanical nonlinearity is demonstrated in a fabricated dual-web structure, and

the experimental results are confirmed by the theoretical analysis.

Another type of light-matter interaction studied here is the optoacoustic inter-

action via electrostriction in the core of a photonic crystal fiber. It is shown that

coherent optically-driven acoustic waves, tightly guided in the core, can facilitate

in-fiber dynamic optical isolation and all-optical switching, thus providing a new

functionality that is beneficial in various types of all-optical systems.
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Chapter 1

Introduction

Optical forces have their origin in the axial transfer of photon momentum or in the

transverse gradient of a propagating electromagnetic field. The concept of forces in-

duced by electromagnetic radiation was established by James C. Maxwell [1]. Clas-

sical by nature, these forces are closely related to the Casimir force of quantum

electrodynamics [2–4]. Whereas the optical gradient force is imposed by real pho-

tons, the Casimir force is mediated by virtual photons.

Although the radiation pressure was observed experimentally more than a cen-

tury ago [5,6], it was not before the invention of laser in the early 1960-ies, that the

available light intensities became sufficient to actively manipulate material objects.

Furthermore, in the course of recent advances in the microstructure fabrication,

macroscopic devices (such as mirrors, cavities, waveguides) could be made so small,

that their motion and mechanical properties could be influenced by optical forces

acting on them. Particular interest has been raised by optical cavities with small

movable mirrors, in which the motion of the mirror would be influenced by the cavity

field and vice versa [7]. The coupling of optical and mechanical degrees of freedom

by radiation pressure inside high-finesse optical cavities is the founding principle

behind the growing field of cavity optomechanics [8–10]. Owing to the prolonged

photon lifetime in a cavity, the coupling between mechanical motion of the mirror

and the radiation stored in the cavity gives rise to a dynamic back-action effect, as

coined by Vladimir Braginsky [11], a pioneer of this field. When the photon lifetime

exceeds the period of the mechanical oscillation, the amplification [12] or damp-

ing (cooling) [13–15] of mechanical motion through photon - phonon coupling can

be achieved. Recently, extensive research has been performed in microscale struc-
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tures and on-chip microtoroids1, ultimately leading to the demonstration of the

optomechanical ground-state cooling of a mechanical resonator [16]. Another phe-

nomenon observed in this context is the “optomechanically induced transparency”

(OIM) [17,18].

While the optomechanical coupling in cavities is provided by the radiation pres-

sure on the cavity walls (axial force), the gradient optical force, arising from the spa-

tial variations in the electromagnetic field, has been utilized in the “optical tweezers”

- setups in which micron-sized particles or cells are manipulated (trapped, acceler-

ated) using laser radiation - starting from the early 1970-ies [19]. The same force is

responsible for trapping of particles in the evanescent field close to dielectric inter-

faces [20]. Recently, attractive and repulsive optical gradient forces were predicted

and studied theoretically in a system of two coupled dielectric waveguides [21–24].

Depending on the relative phase of the electromagnetic field propagating in two cou-

pled waveguides, they can either be pushed together or pulled apart by the transverse

gradient forces acting on them. So far, experimental observations of these forces

and optically-induced elastic bending have been reported in devices fabricated on

silicon-on-insulator wafers, such as a nano-structured waveguide beam [25], stacked

ring microcavities [26], a periodically patterned “zipper” cavity [27] and coupled

waveguide beams [28, 29]. An extended review on optomechanical devices actuated

by gradient forces is presented in [30]. Much like the axial optical force, the gradi-

ent force can be associated with manifold novel effects. One of them is the so-called

“mechanical Kerr effect” [31, 32]. It is based on the fact, that optical forces can

cause transverse deformations in coupled waveguide systems and therefore change

their effective refractive index. As the force depends on the intensity inside the

waveguide, the change of the refractive index is extremely power-dependent - an

optomechanical analogue of the electronic Kerr nonlinearity.

Apart from the steadily developing field of silicon-based photonic devices, there

has been a boost of research and development in the field of fiber optics, associated

with the realization of the photonic crystal fiber (PCF) in 1996 [33]. Microstructured

optical fibers can be produced using the established stack-and-draw technique for

fused silica or extrusion technique for soft glasses [34,35]. High purity fused silica is a

unique optical material with a very low absorption coefficient in the visible and near

infrared spectral range. It allows fabrication of ultra-low-loss microstructured op-

1see references in the review articles [8–10]
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tical fibers, offering the possibility of enhancing nonlinear light-matter interactions

through tight field confinement along the propagation distances of many meters.

Examples of such interactions include particle trapping and acceleration in hollow

core PCF [36] and optoacoustic nonlinearities, such as stimulated Brillouin scatter-

ing (SBS) in solid core PCF [37,38].

In this thesis, a novel kind of microstructured optical fiber is introduced, that

displays tunable optomechanical interaction via optical gradient forces. The fiber

core comprises two closely-spaced ultra-thin glass membranes (nanowebs) suspended

in air and attached to the inner walls of a fiber capillary (see Fig. 1.1). Light guided

in this dual-web fiber can exert attractive or repulsive pressure on the webs, causing

them to be pushed together or pulled apart, depending on the symmetry of the

optical mode profile perpendicular to the nanoweb plane. The elastic deflection of

the webs is, in turn, coupled to the electromagnetic field distribution and results

in a change in the effective refractive index within the fiber - a distinct manifes-

tation of the mechanical Kerr nonlinearity, mentioned above, as the corresponding

optomechanical nonlinear coefficient can exceed the Kerr-induced nonlinear coef-

ficient in conventional fibers by several orders of magnitude [39]. In contrast to

the optomechanical cavities, that rely on resonant effects, the nonlinearity of the

dual-web fiber does not involve an optical resonator and is therefore intrinsically

broadband, allowing operation at a broad range of optical wavelengths.

Figure 1.1: (a) Scanning electron micrograph (SEM) of the dual-nanoweb fiber
cross-section (outer diameter 100µm). (b) Core region consists of two closely-spaced
ultra-thin glass webs acting as coupled optical waveguides.
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The optomechanically induced effective refractive index change in dual-web struc-

ture is not uniform, but varies laterally, as deflection of the webs displays a char-

acteristic bending profile of a thin plate strip with clamped edges. These elastic

boundary conditions, imposed by the design of the structure, together with the op-

tomechanical nonlinearity give rise to a unique phenomenon - the “optomechanical

self-channeling of light” [40] - i. e. self-trapping and localization of optical modes in

the central region of the waveguide due to the optomechanically induced effective

index profile. In addition, the self-trapped modes in dual-web fibers represent a

novel kind of nonlocal spatial solitons [41]. The work presented here comprises a

detailed theoretical study of the optomechanical interaction in dual-web structures

as well as an experimental realization of this novel fiber type and demonstration of

the predicted nonlinearities [42,43].

Whereas the main focus of this work is on optomechanical interactions in dual-

web fibers, a separate Chapter will be dedicated to the optoacoustic nonlinearities

in solid core PCF. Dynamic optical isolation and all-optical switching can be ex-

perimentally realized by optical excitation of a gigahertz guided acoustic mode via

stimulated Brillouin scattering [44, 45], which provides new functionality that is

useful in various types of all-optical systems.

The thesis is organized as follows:

In Chapter 2 the theoretical foundation, necessary for the analysis of a dual-web

structure, is established. Chapter 3 presents an extensive theoretical study of a

planar dual-web waveguide with emphasis on both static and dynamic aspects of the

self-channeling phenomenon. Furthermore, a connection to the nonlocal nonlinear

effects is established and the propagation and nonlinearity of the self-trapped optical

modes are described in the framework of spatial soliton theory. Fiber fabrication

technique and details of the experimental setup are described in Chapter 4, and in

Chapter 5 the experimental observation of optomechanical nonlinearities in dual-web

fibers is demonstrated, and possible ways of enhancing the nonlinear response of the

experimental structures are discussed. Chapter 6 is a self-contained short overview of

the realization of the optoacoustic isolation via SBS process in PCF. Conclusions and

outlook, containing suggestions for further experiments and analysis, is presented in

Chapter 7.



Chapter 2

Theoretical background

In this Chapter a theoretical formalism is set up to describe the electromagnetic and

elastic properties of a system of two coupled planar waveguides, which represents a

natural model for the dual-nanoweb fiber. Starting with a uniform dual-slab wave-

guide, the optical modes are classified, and the electromagnetic gradient forces on

the slabs are calculated. Bending of the slabs upon the action of the radiation-

induced pressure is then modelled using the deflection equation of an elastic plate

strip. Subsequently, the local mode approach is presented, which allows to analyze

the nonuniform two-dimensional dual-slab waveguide. Ultimately, the propagation

of light inside a medium with Kerr-like nonlinearity is described, and a generalized

nonlinear wave equation is presented, that can be used to analyze light propagation

inside the dual-slab structure. SI units are used throughout the analysis.

2.1 Supermodes of a planar dual-slab waveguide

A waveguide composed of two parallel planar dielectric slabs in air is illustrated in

Fig. 2.1. Thickness of the slabs and distance between them are denoted as wu (upper

slab), wl (lower slab) and h, respectively. The z-axis is defined as the propagation

direction. This waveguide can be treated as a five layer system with refractive

indices n1 = n3 = n5 = 1 and n2 = n4 = ns. Light can be guided in a dielectric slab

by means of total internal reflection. The ray optics description of this guidance

mechanism can be found e. g. in [46]. Considering the sub-wavelength dimensions of

the system (web thickness and air gap size of a few 100 nm), the wave optics theory

is required to find the solutions of the guided modes.
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Figure 2.1: Geometry of a dual planar waveguide. Light propagates in the z-direc-
tion. The electric field of the TE mode and the magnetic field of the TM mode
point parallel to the x-axis.

2.1.1 Linear wave equation: TE and TM polarization

The electromagnetic fields obey the well-known Maxwell’s equations [47]:

∇× Ẽ = −∂B̃

∂t
(2.1a)

∇× H̃ =
∂D̃

∂t
+ J̃ (2.1b)

∇ · D̃ = ρ (2.1c)

∇ · B̃ = 0 (2.1d)

where Ẽ and H̃ are the electric and magnetic fields, D̃ is the electric displacement,

B̃ is the magnetic flux density, ρ is the charge density and J̃ is the current density.

In a charge- and current-free dielectric medium ρ = 0 and J̃ = 0. The fields are

related to each other through the constitutive relations

D̃ = ε0Ẽ + P̃ (2.2)

B̃ = µ0H̃ (2.3)

with dielectric vacuum permittivity ε0, magnetic permeability µ0 (assuming non-

magnetic material) and the light induced polarization P̃.

Using the time-harmonic ansatz for the electromagnetic field:
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Ẽ(r, t) = Re{E(r) e−iωt} (2.4)

H̃(r, t) = Re{H(r) e−iωt}, (2.5)

and the relation D̃ = εẼ for an isotropic linear medium with dielectric permittivity

ε = ε0εr, Maxwell’s equations can be written in the form

∇× E = iωµ0H (2.6)

∇×H = −iωε0εrE (2.7)

or in the component representation

∂Ez
∂y
− ∂Ey

∂z
= iωµ0Hx (2.8a)

∂Ex
∂z
− ∂Ez

∂x
= iωµ0Hy (2.8b)

∂Ey
∂x
− ∂Ex

∂y
= iωµ0Hz (2.8c)

∂Hz

∂y
− ∂Hy

∂z
= −iωε0εrEx (2.9a)

∂Hx

∂z
− ∂Hz

∂x
= −iωε0εrEy (2.9b)

∂Hy

∂x
− ∂Hx

∂y
= −iωε0εrEz (2.9c)

In what follows, a planar one-dimensional waveguide is assumed, which is uniform

in x- and z-direction. The derivative of the field with respect to the z coordinate

can be replaced with ∂/∂z = iβ, corresponding to E(r) = E(x, y) exp(iβz), where

β is the propagation constant. The ratio of the propagation constant in medium and

the vacuum wave number k0 is referred to as the effective refractive index neff :

neff =
β

k0
(2.10)

Since the waveguide is uniform, there is no field variation along the x-axis, i. e.

∂/∂x = 0. The electromagnetic modes can now be separated into Transverse Electric

(TE) polarization state with purely transverse electric field (Ez = 0), and Transverse

Magnetic (TM) polarization state with purely transverse magnetic field (Hz = 0).

TE mode: Substituting Ez = 0 and ∂/∂x = 0 in (2.9c) yields ∂Hx/∂y = 0, so Hx

is constant and can be set to zero. Furthermore Hx = Ez = 0 in (2.8a) means that

∂Ey/∂z = 0 and Ey = 0. Thus three field components vanish:

Hx = Ey = Ez = 0 (2.11)
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With ∂Ex/∂z = iβEx in (2.8b) we get the Hy component, and Hz can be extracted

from (2.8c):

Hy =
β

ωµ0

Ex , Hz = − 1

iωµ0

∂Ex
∂y

(2.12)

By putting (2.12) in (2.9a) the wave equation (also referred to as the Helmholtz

equation [48]) is obtained for the Ex field component:

d2Ex
dy2

+ k20
(
n2 − n2

eff

)
Ex = 0 (2.13)

with k0 = ω
√
ε0µ0 = ω/c and εr = n2. The continuity boundary conditions require

that the tangential components of the electric and magnetic field are equal across

the interfaces between adjacent media, which in this case means:

Ex = continuous and Hz ∝
∂Ex
∂y

= continuous. (2.14)

TM mode: The field components and the wave equation for the case Hz = 0 can

be retrieved from (2.8), (2.9) in an analogous manner:

Ex = Hy = Hz = 0 (2.15)

Ey = − β

ωε0n2
Hx , Ez =

1

iωε0n2

∂Hx

∂y
(2.16)

d2Hx

dy2
+ k20

(
n2 − n2

eff

)
Hx = 0 (2.17)

The main field component Hx is continuous across the layers, the boundary condition

for its derivative, however, is different from that in the TE case, as it includes factor

1/n2:

Hx = continuous and Ez ∝
1

n2

∂Hx

∂y
= continuous. (2.18)

2.1.2 Field distribution and dispersion relation

General formulas describing field distributions of the TE and TM modes in planar

multilayer waveguides can be found in [49]. In the following, an ansatz is made,

which allows both TE and TM cases to be treated in a single analysis (after [50]).

Field wavefunction f represents the principal x-component of the field (Ex for TE
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mode and Hx for TM mode) and can be written in the form (see Fig. 2.1):

f(y) =



a1 exp
(
−g
(
y − wu − h

2

))
layer (1)

a2 cos
(
p
(
y − wu

2
− h

2

))
+ b2

ξ2p
sin
(
p
(
y − wu

2
− h

2

))
layer (2)

a3 cosh(gy) + b3
ξ3g

sinh(gy) layer (3)

a4 cos
(
p
(
y + wl

2
+ h

2

))
+ b4

ξ4p
sin
(
p
(
y + wl

2
+ h

2

))
layer (4)

a5 exp
(
g
(
y + wl + h

2

))
layer (5)

(2.19)

where aj, bj are the field amplitudes and p = k0
√
n2
s − n2

eff and g = k0
√
n2
eff − 1

are the wavevector components in dielectric slabs and in air, respectively. Parameter

ξj contains polarization dependence:

ξj = 1 (TE), ξj =
1

n2
j

(TM) (2.20)

Note, that in TM case ξ1 = ξ3 = ξ5 = 1 and ξ2 = ξ4 = 1/n2
s. Function f includes

the even and odd eigenmodes, vanishes for y = ±∞ and satisfies the wave equation

in each layer. The boundary conditions at the interfaces are:

f1
(
h
2

+ wu
)

= f2
(
h
2

+ wu
)
, ξ1

df1
dy

(
h
2

+ wu
)

= ξ2
df2
dy

(
h
2

+ wu
)

(2.21a)

f2
(
h
2

)
= f3

(
h
2

)
, ξ2

df2
dy

(
h
2

)
= ξ3

df3
dy

(
h
2

)
(2.21b)

f3
(
−h

2

)
= f4

(
−h

2

)
, ξ3

df3
dy

(
−h

2

)
= ξ4

df4
dy

(
−h

2

)
(2.21c)

f4
(
−h

2
− wl

)
= f5

(
−h

2
− wl

)
, ξ4

df4
dy

(
−h

2
− wl

)
= ξ5

df5
dy

(
−h

2
− wl

)
(2.21d)

Putting the ansatz (2.19) into (2.21) results in a linear system of eight equations,

which can be expressed in matrix form as:

m1,1 m1,2 · · · m1,8

m2,1 m2,2 · · · m2,8

m3,1 m3,2 · · · m3,8

...
...

. . .
...

m8,1 m8,2 · · · m8,8


·



a1

a2

b2
...

a5


= 0 (2.22)

with the coefficient matrix m, which includes the unknown effective index neff . As

the number of unknowns is 9 (eight field amplitudes and neff ), a1 = 1 can be used
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without loss of generality. Non-trivial solutions are obtained when the determinant

of m is set to zero:

det(m) = 0 ⇒ neffTE/TM
(2.23)

The characteristic equation (2.23) for neff is solved numerically, and the eigenmodes

of the dual-slab system are found for both TE and TM polarizations.

For the general case of an asymmetric dual waveguide one can define a parameter

s, so that the web thicknesses become w + s and w − s. In this case the dispersion

relation can be written in the following implicit analytical form [40]:

pw = arctan

A(1 + tanh gh)±
√

(1 + A2 −B4 cos2 2ps) tanh2 gh+ A2 + A4

A2 − (1 +B2 cos 2ps) tanh gh


−mπ (2.24)

where A and B are given by A = 2gpξ̃/(g2− p2ξ̃2) and B = (g2 + p2ξ̃2)/(g2− p2ξ̃2).
The parameter ξ̃ = 1 for TE and ξ̃ = 1/n2

s for TM polarization. The integer mode

number m ≥ 0 specifies the number of nodes of the field distribution inside each slab.

Furthermore, for each value of m two modes can exist, one (+ sign in Eq.(2.24))

corresponding to an even mode with 2m field nodes across the whole structure and

the other (- sign) to an odd mode with 2m+1 nodes.

Figure 2.2 shows the Ex field component (TE) of the eigenmodes of dual-slab

waveguides with different slab thicknesses at λ = 1.55µm. Only the fundamental

(even m = 0) optical mode exists in a waveguide with w = 200 nm and h = 400 nm at

this wavelength (singlemode waveguide, Fig. 2.2(a)). As the slab thickness increases,

more modes can be accomodated in the waveguide (multimode waveguide, Fig. 2.2(b)

and (c)). The field of the odd modes changes sign across the air gap, whereas that

of the even modes does not. The m = 0 modes have no zero crossing of the field

inside the slabs, while m = 1 modes have one node inside each of the slabs.

In a symmetric waveguide with wu = wl = w the even and odd modes represent

the symmetric (f(y) = f(−y)) and antisymmetric (f(y) = −f(−y)) field distri-

butions, and the dispersion relation (2.24) can be simplified and split up into two

relations for the symmetric and antisymmetric modes, respectively [23]:
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pw = arctan

(
g

ξ̃p

)
+ arctan

(
g

ξ̃p
tanh

(
gh

2

))
−mπ (symm.) (2.25a)

pw = arctan

(
g

ξ̃p

)
+ arctan

(
g

ξ̃p

1

tanh
(
gh
2

))−mπ (antisymm.) (2.25b)

Figure 2.2: Electric field distribution (TE) of optical eigenmodes (λ = 1.55µm, h
= 400 nm, wu = wl = w): (a) Singlemode dual-slab waveguide with w = 200 nm.
(b) Even (TES) and odd (TEA) m = 0 modes of a waveguide with w = 500 nm. (c)
Even (TES1) and odd (TEA1) m = 1 modes appear in addition to m = 0 modes as
the slab thickness is increased to w = 1µm.

2.2 Electromagnetic gradient forces

As discussed in Chapter 1, light forces can originate from two different mechanisms:

axial transfer of photon momentum and transverse gradient of a propagating elec-

tromagnetic field. The gradient forces in a coupled dual-slab structure arise from

the near-field components of the guided waves [21, 22]. As one can see in Fig. 2.2

the field amplitude on the outer side of each slab is different from that on the inner

side, this results in an optical force acting on the slabs transversely to their plane

and to the direction of light propagation.
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2.2.1 Optical power and normalization

Optical forces are proportional to the light intensity in the waveguide mode, therefore

the field amplitudes (a1, a2, · · · ) must now be related to the optical power. This is

done using the Poynting vector S = Ẽ× H̃, which represents the energy flow of the

electromagnetic field per unit area and time [51]. The total optical power P and the

power density p per unit length in x-direction are calculated from the flux of the

Poynting vector through the cross-sectional area of the waveguide:

P =

∫∫ ∞
−∞

S̄zdxdy (2.26a)

p =

∫ ∞
−∞

S̄zdy (2.26b)

where S̄z is the z-component of the time averaged Poynting vector 〈S〉

〈S〉 =
1

2
Re{E×H∗}. (2.27)

By evaluating the fields in the TE case (eq.2.11, 2.12) and TM case (eq.2.15, 2.16)

the S̄z-component in the layer j is obtained as:

S̄zj =
1

2

β

ωµ0

|Exj |2 (TE) (2.28a)

S̄zj =
1

2

β

ωε0n2
j

|Hxj |2 (TM) (2.28b)

Solution of (2.22) is used to calculate the integral in (2.26a), and the field ampli-

tudes (aj, bj) are multiplied with a normalization constant CN , so that the integral

becomes equal to the total optical power P (details of the calculation will be given

in Section 2.4).

2.2.2 Maxwell stress tensor approach

The electromagnetic force acting on each slab can be calculated by means of the

Maxwell stress tensor (MST) [51, 52]. Conservation of linear momentum requires

that the electromagnetic force F on a body is equal to the integral of the MST over

a closed surface A enclosing the body. The surface can be chosen arbitrarily, its

normal vector n̂ points in the outward direction. In Fig. 2.3 such a surface enclosing

a section of the upper slab is depicted. The x-component of the force vanishes
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due to the reflection symmetry with respect to the yz-plane (assuming uniform

waveguide): Fx = 0. At the same time, as the system also exhibits reflection

symmetry with respect to the xy-plane and time-reversal symmetry (assuming non-

absorbing dielectric medium): Fz = 0 [23]. The light force acting on the slabs is

therefore directed along the y-axis

Fy =

∮
A

∑
β=x,y,z

T̄yβ nβ da (2.29)

with time-averaged MST elements (α, β = x, y, z):

T̄αβ =
ε0
2

Re

{
EαE

∗
β + c2µ2

0HαH
∗
β −

1

2

(
E · E∗ + c2µ2

0 H ·H∗
)
δαβ

}
(2.30)

where δαβ is Kronecker delta.

Figure 2.3: Illustration of the surface integral: Maxwell stress tensor is evaluated at
surfaces y = a above the upper slab and y = b between the slabs (marked in red) in
order to calculate optical gradient pressure acting on the slab.

The optical gradient pressure σ on the upper slab is obtained by evaluating the

time-averaged yy-element of MST at surfaces y = a and y = b above and below the

slab, respectively

σ = T̄yy(y = a)− T̄yy(y = b) (2.31)

and T̄yy element reads:

T̄yy = − ε0
4

(
|Ex|2 − c2µ2

0

(
|Hy|2 − |Hz|2

))
(TE) (2.32a)

T̄yy = − ε0
4

(
c2µ2

0|Hx|2 −
(
|Ey|2 − |Ez|2

))
(TM) (2.32b)
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In Fig. 2.4 electromagnetic pressure and effective index for a fused silica dual-slab

waveguide (wu = wl = w) are displayed as function of the spacing h for two different

values of the slab thickness: w = 500 nm and w = 200 nm. Further parameters are:

λ = 1.55µm, ns = 1.44 and power density p = 1mW/µm. Fig. 2.4(a) and (b) show

the pressure on the upper slab of the dual waveguide (pressure on the lower slab

has the same value and acts in the opposite direction, as the overall force on the

dual waveguide structure is zero). For even modes the radiation-induced pressure

is always attractive (negative sign), whereas odd modes exhibit repulsive pressure

(positive sign).

Furthermore, the force in the case of even TE and TM modes becomes increas-

ingly stronger when distance h between the slabs is reduced. The odd modes,

however, can experience cut-off when the waveguide spacing decreases to a certain

value. The confinement of the TM modes inside the slabs of a dual-slab waveguide

is weaker than that of the TE modes. Therefore, for the silica waveguide with thick-

ness w = 200 nm and λ = 1.55µm (Fig. 2.4(b) and (d)) the antisymmetric (odd) TE

mode (labelled as TEA) is cut off at spacings smaller than ca. 430 nm, whereas the

TMA mode ceases to exist in waveguides with air gap sizes below ca. 1.2µm. At cut-

off the effective index of the respective mode approaches 1, as shown in Fig. 2.4(d)

for the TEA mode, while the electromagnetic pressure is falling to zero (Fig. 2.4(b)).

When both slabs eventually touch at h = 0, the surviving modes become the modes

of a single planar waveguide with double thickness 2w.

At large distances both attractive and repulsive forces decay exponentially as a

function of h [23], until, the even and odd modes of each of the both polarization

states become degenerate and the optical force on the slabs vanishes. This situation

corresponds to two isolated (uncoupled) planar waveguides of thickness w. The

limit of two uncoupled waveguides with w = 500 nm is approached as air gap grows

beyond 1µm (Fig. 2.4(a), (c)).

The effective index of the even modes grows when spacing h gets smaller, indi-

cating stronger confinement of the even modes at shorter distances. At the same

time the force on the slabs grows. In contrast to that, in the case of odd modes, the

effective index rises when the slabs are pushed further apart, and with increasing air

gap the optical pressure initially grows (in the vicinity of the cut-off point) and then

falls monotonically at larger distances, as indicated by the TEA curve in Fig. 2.4(b).
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Figure 2.4: (a) Optical pressure and (c) effective refractive index as function of
waveguide separation h for slab thickness w = 500 nm. (b) Pressure and (d) effective
index for w = 200 nm. Even (subscript ‘S’) and odd (subscript ‘A’) m = 0 modes
are depicted with solid and dashed lines for TE and TM polarization, respectively.
Negative (positive) sign of the electromagnetic pressure corresponds to attractive
(repulsive) force on the slabs. Further parameters: λ = 1.55µm, ns = 1.44 and
power density p = 1mW/µm.

The fact, that for both even and odd modes optical pressure is pushing the slabs

in such a way, that the effective refractive index of the coupled waveguide increases,

is a necessary condition for the localization of the optical modes in flexible dual-

waveguides with fixed edges. This effect and the associated phenomena will be

discussed in detail in Chapter 3.

2.3 Elastic deflection of a thin plate

The value of the electromagnetic pressure calculated in the previous section (typi-

cally of the order of some pN/µm2 for the power density of 1mW/µm) might seem

very small, however, it can induce a considerable deformation of the waveguide slabs

with a typical thickness of only a few 100 nm. The deflection δ of a thin uniform

plate with thickness w subjected to a lateral load distribution q can be calculated
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(in the linear elasticity regime where δ . w/10) using the differential equation [53]

d4δ

dx4
+ 2

d4δ

dx2dz2
+
d4δ

dz4
=
q(x, z)

D
(2.33)

with flexural rigidity D=Y w3/[12(1−ν2)], Young’s modulus Y and Poisson’s ratio ν.

This equation can be simplified, if the plate and the applied load can be assumed

invariant in z-direction. The plate then becomes a plate strip and its deflection

becomes a function of x only, as the derivatives with respect to z are zero.

2.3.1 Plate strip with uniform thickness

Figure 2.5: Deflection of a plate: (a) Forces and moments on a small element of a
bent plate (after [54]). (b) Bent plate strip with fixed boundaries.

The deflection of a plate can be derived considering the equilibrium condition under

the action of all the forces and torques exerted on it. Fig. 2.5(a) illustrates the load

q, shear forces V and V +dV and bending moments M and M +dM acting at both

ends of a small plate section between x and x + dx. Balancing the forces on the

element in the vertical direction yields

q(x)dx+ dV = 0 ,
dV

dx
= −q (2.34)

The counterclockwise bending moment dM is balanced by the clockwise torque V dx:

dM = V dx ,
dM

dx
= V (2.35)

Substituting (2.35) in (2.34) yields

d2M

dx2
= −q (2.36)
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The bending moment M is related to the curvature of the plate by

M = −Dd2δ

dx2
(2.37)

Thus the deflection equation of a plate strip can be written, using the definition of

D in (2.33) as:
d4δ(x)

dx4
=

12(1− ν2)
Y w3

q(x) (2.38)

The boundary conditions for the fixed edges at x = ±L/2 (see Fig. 2.5(b)) are δ = 0

and dδ/dx = 0.

2.3.2 Plate strip with nonuniform thickness

In order to take into account the nonuniformity of the experimental structures, the

case of a plate with varying thickness along the x-direction has to be regarded as well.

The deflection equation is derived in the same way as before, but when substituting

(2.37) in (2.36) one must consider that the thickness w (included in D) is a function

of x:
d2

dx2

(
w3(x)

d2δ(x)

dx2

)
=

12(1− ν2)
Y

q(x) (2.39)

2.4 Effective index method and local mode ap-

proach

When light is launched into the dual-slab waveguide, the optical pressure causes

transverse deformation of the slabs. They are pushed together in the case of the

even mode and pulled apart in the case of the odd mode, as described in Section 2.2.

The structure is then no longer invariant along the x-axis. In order to analyze a wave-

guide with varying refractive index profile (e.g. due to varying air gap size, as in case

of a bent dual-slab structure, or due to nonuniform thickness of the slabs) effective

index method can be used, which allows to analyze a two-dimensional waveguide by

simply applying the one-dimensional approach to both x- and y-coordinates [48,55].



18 Theoretical background

Figure 2.6: Sketch of a bent dual-slab waveguide (width L) with fixed edges. For
numerical analysis the waveguide is divided into discrete sections of width ∆x at
positions xi.

Consider the scalar wave equation for a field component Φ (Φ represents Ex for TE

case and Hx for TM case):(
∂2

∂x2
+

∂2

∂y2

)
Φ(x, y) + k20

(
n2(x, y)− n2

m

)
Φ(x, y) = 0 (2.40)

where nm is the modal refractive index and n(x, y) the waveguide’s refractive in-

dex distribution. The basic assumption of the effective index method is that the

electromagnetic field can be expressed, with the separation of variables, as

Φ(x, y) = e(x) f(y) (2.41)

Substituting (2.41) into (2.40) and dividing the result by Φ yields

1

e

d2e

dx2
+

1

f

d2f

dy2
+ k20

(
n2(x, y)− n2

m

)
= 0. (2.42)

Setting the sum of the two y-independent terms in eq.(2.42) equal to −k20 n2
eff (x)

results in:

1

e

d2e

dx2
− k20n2

m =: −k20 n2
eff (x) (2.43a)

1

f

d2f

dy2
+ k20n

2(x, y) = k20 n
2
eff (x) (2.43b)

which after minor transformation can be written as a system of two wave equations
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d2f

dy2
+ k20

(
n2(x, y)− n2

eff (x)
)
f = 0 (2.44a)

d2e

dx2
+ k20

(
n2
eff (x)− n2

m

)
e = 0 (2.44b)

where neff (x) is the effective index distribution along the x-axis, obtained by solving

(2.44a) with ansatz (2.19) and boundary conditions (2.21) at different positions xi

(see Fig. 2.6) using the local value of the air gap h(xi) = h+ δu(xi) + δl(xi), δu and

δl being the deflection profiles of the upper and lower slabs (δ < 0 for attractive

forces). The x-dependent field distribution e(x) and the modal index nm can then

be found by numerically solving the equation (2.44b) using the following ansatz

e(x) =


c1 exp

(
|γ1|

(
x+ L

2

))
i = 1

ci cos (γi(x− xi)) +
di
γiζi

sin (γi(x− xi)) 1 < i < l

cl exp
(
−|γl|

(
x− L

2

))
i = l

(2.45)

where ci, di are (arbitrary) field amplitudes, γi = k0
√
n2
i − n2

m, ζi = 1/n2
i (TE) and

ζi = 1 (TM) with ni = neff (xi). Here, exponential decay of the electromagnetic

field for |x| ≥ L/2 is assumed. The continuity boundary conditions applied to the

tangential field components at the vertical section interfaces xi±∆x/2 require [55]:

e(x) and
1

n2
eff (x)

de

dx
= continuous (TE) (2.46a)

e(x) and
de

dx
= continuous (TM) (2.46b)

and thus, the fields and their derivatives at the boundaries between sections i can

be written in the notation of (2.45) as

ei = ei+1 and ζi
dei
dx

= ζi+1
dei+1

dx
(2.47)

Note, that the boundary conditions (2.21) for function f(y) and its derivatives re-

main valid, but the horizontal layer boundaries at every position xi have to include

the deflection δi at this point.

It needs to be pointed out, that the modes of a nonuniform waveguide are, strictly

speaking, hybrid rather than being pure TE or TM. However, as long as the vari-
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ation of the effective index neff (x) is smooth (i.e. the index change is small on a

length scale of one wavelength), the local mode approximation can be justified, and

in each of the sections i along the x-axis the electromagnetic field can be expressed

in terms of the eigenmode (TE or TM) of a uniform waveguide.

The normalization constant for field amplitude CN is chosen such, that the in-

tegral over the Poynting vector component S̄z (2.28) becomes equal to the total

optical power P :

P =
l∑

i=1

Pi with (2.48)

P1 = C2
N θ

∫ ∞
−∞

ξ|f
(
−L

2
, y
)
|2dy ·

∫ −L/2
−∞

|e1(x)|2dx

Pi = C2
N θ

∫ ∞
−∞

ξ|f(xi, y)|2dy · |ei(xi)|2∆x 1 < i < l

Pl = C2
N θ

∫ ∞
−∞

ξ|f
(
L
2
, y
)
|2dy ·

∫ ∞
L/2

|el(x)|2dx

where θ = β/(2ωµ0) for TE case and θ = β/(2ωε0) for TM case, ξ is defined in

(2.20) and β = k0nm is the propagation constant.

The power fraction Pm between the edges of the waveguide is a measure of the

localization of the mode (exponential decay of the field is assumed beyond the edges):

Pm =

∑l−1
i=2 Pi
P

= 1− P1 + Pl
P

(2.49)

In order to determine the radiation-induced x-dependent pressure profile on the

deflected waveguide slabs, the MST element (2.32) is evaluated in the segments i

using Ex[Hx] = CN e(x)f(y) and (2.12) [(2.16)] for the remaining field components

in TE [TM] case. The pressure σi at position xi is then expressed as

σiTE
=
ε0
4
C2
N e

2(xi)

[(
ξ2n2

m − 1
)
f 2 − ξ2

k20

(
df

dy

)2
]y=h/2+w+δi
y=h/2+δi

(2.50a)

σiTM
= c2µ2

0 σiTE
(2.50b)

In Chapter 3 it will be demonstrated that even small deformations δ . 1 nm can

already lead to a strong transversal localization (self-trapping) of optical modes.
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2.5 Beam propagation inside nonlinear medium

The linear wave equation (2.44) provides a set of guided modes as solutions. In y-

direction the light is confined in the slabs, whereas in x-direction it can be localized,

if the deflection of the slabs is sufficient to form a guiding effective index profile. In

an unperturbed dual-slab waveguide propagating light is subject to diffraction along

the x-direction. However, in nonlinear medium diffraction can be compensated by

the nonlinear change of the refractive index and spatial solitons can form [56, 57]

and propagate with undistorted shape over long distances. In this context, spatial

solitons inside a nonlinear medium can be regarded as an analogue of the guided

modes in a waveguide. In Chapter 3 the concept of the optomechanical nonlinearity

will be introduced, based on the fact, that in dual-slab waveguide the intensity

distribution induces a refractive index change via the deflection of the suspended

slabs.

In this Section, the nonlinear propagation equation for a continuous wave (CW)

beam inside a medium with local Kerr-like nonlinearity is derived first, which then

will be generalized in order to describe the situation inside a medium with nonlocal

nonlinear response, as in case of the dual-web waveguide.

2.5.1 Local nonlinear response

The following wave equation for the electric field can be obtained directly from

Maxwell equations (2.1) with the constitutive relation (2.2) [58,59]:

∇2Ẽ− 1

c2
∂2Ẽ

∂t2
=

1

ε0c2
∂2P̃

∂t2
(2.51)

In the transparency region (0.5µm - 2µm for silica), the induced polarization P̃ can

be split in two parts:

P̃(r, t) = P̃L(r, t) + P̃NL(r, t) (2.52)

where the linear and the nonlinear part are related to the electric field by

P̃L(r, t) = ε0

∫ t

−∞
χ(1)(t− t′) · Ẽ(r, t′)dt′ (2.53a)

P̃NL(r, t) = ε0

∫∫∫ t

−∞
χ(3)(t− t1, t− t2, t− t3)

× Ẽ(r, t1)Ẽ(r, t2)Ẽ(r, t3)dt1dt2dt3 (2.53b)
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with the first- and third-order susceptibility tensors χ(1) and χ(3). The relations

(2.53) are valid in the electric-dipole approximation for a medium with inversion

symmetry, such as fused silica, where all even-order susceptibility terms (χ(2), χ(4), . . . )

vanish. Higher odd-order susceptibilities (χ(j), j ≥ 5) can be neglected, as their

values scale like χ(j) ∼ χ(j−1)/Eat, where Eat is the atomic electric field strength

(Eat ∼ 1011 V/m) [58]. Note that local response of the medium is assumed in (2.53).

If, in addition, the nonlinear response can be regarded as instantaneous (neglecting

the contribution of molecular vibrations), the χ(3) relation simplifies to:

P̃NL(r, t) = ε0χ
(3)Ẽ(r, t)Ẽ(r, t)Ẽ(r, t) (2.54)

The slowly varying envelope approximation can be employed, and under further sim-

plifying assumptions (small nonlinear perturbation, polarization maintaining propa-

gation, quasi-monochromatic optical field, (for details see [56])) the solution of (2.51)

can be written in the form Ẽ(r, t) = 1/2 ê[A(x, y, z) exp(i(β0z − ωt)) + c.c.], where

ê is the unit vector of polarization, β0 = k0 n0 = ωn0/c, n0 is the linear refractive

index of the medium, and A(x, y, z) represents the evolution of the beam envelope.

When the envelope A is assumed to be varying slowly with z, compared to the

wavelength scale (in the paraxial approximation), the second derivative ∂2A/∂z2 can

be neglected and the envelope function satisfies the Nonlinear Schrödinger Equation

(NLSE):

2iβ0
∂A

∂z
+

(
∂2

∂x2
+

∂2

∂y2

)
A+ 2β0k0nnl(|A|2)A = 0 (2.55)

The nonlinear refractive index nnl(|A|2) represents the part of the refractive index

n = n0 + nnl, which depends on the beam intensity. It can be introduced as a

generalization, whereas in the case of the Kerr medium nnl = n2 |A|2 [56]. The first,

second and third term of (2.55) describe the envelope propagation along the z-axis,

the diffraction, i. e. beam spreading perpendicular to the direction of propagation

and the intensity-dependent nonlinearity, respectively. Without the nonlinear term

eq. (2.55) reduces to the paraxial equation [60], which has been extensively studied

in the frame of scalar diffraction theory [61].

The NLSE in the form of (2.55) is referred to as (2+1)-dimensional, where 2 is

the number of the transverse directions and +1 refers to the propagation direction.

The dimensionality reduces to (1+1) in the case of a planar waveguide, where the

light is confined in y-directon, while it is subject to diffraction along the x-axis. In
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such a waveguide the field can be expressed as Ẽ(r, t) = 1/2 ê[A(x, z)f(y) exp(i(kz−
ωt)) + c.c.], where f(y) is the guided mode profile in y-direction, k = k0 ne and ne is

the corresponding effective index of the planar structure. In the case of Kerr-induced

nonlinear response the envelope A(x, z) satisfies [56]

2ik
∂A

∂z
+
∂2A

∂x2
+ 2k2

n2 |A|2

ne
A = 0 (2.56)

This is the simplest form of the NLSE and can be solved exactly using the inverse

scattering method [62].

Whereas Kerr-induced nonlinear spatio-temporal effects, such as pulse splitting,

spectral broadening, supercontinuum generation and self-focusing in planar glass

waveguides have been studied extensively under excitation with ultrashort laser

pulses [63], the contribution of Kerr nonlinearity in the case of a CW laser beam

propagation inside such a waveguide is negligibly small, and no Kerr-induced self-

focusing or self-trapping can occur at realistic intensities. A simple estimation shows

that the peak intensity of a pulsed laser system is many orders of magnitude higher

than the intensity of a CW beam with the same average power. Kerr-related self-

focusing has been reported to occur at pulse intensities of ∼ 104 W/µm2 [63]. For

the pulse duration of 130 fs, repetition rate of 250 kHz and an illuminated area of

ca. 50µm2 this corresponds to an average power of ∼16 mW. A CW laser beam with

the same power focused down to 50µm2 has an intensity of only ∼ 3×10−4 W/µm2.

Although no Kerr-related self-trapping can be expected at these intensities, the

optomechanical nonlinearity can give rise to self-channeling of light in dual-slab

waveguides at even lower powers, as will be discussed in detail in Chapter 3.

2.5.2 Nonlocal nonlinearity model

In Section 3.2 the stability and propagation of the self-trapped CW beams inside a

dual-web waveguide will be analyzed. The nonlinear effect responsible for this self-

trapping will be identified as a novel type of the so-called “nonlocal” nonlinearity.

In 1997, A. W. Snyder and D. J. Mitchell presented a spatially nonlocal model of

nonlinearity, in which the NLSE was reduced to the equation of the linear harmonic

oscillator, and coined the term “accessible solitons”, as the solitons of the highly

nonlocal medium, that obey the simplest equation of linear physics [64].

In what follows, the nonlocal NLSE is introduced phenomenologically and dif-
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ferent regimes of nonlocality are discussed.

Nonlocality occurs in various areas of nonlinear physics, such as plasma physics

[65], Bose-Einstein condensates (BEC) [66] and nonlinear optics, where it can be

associated with temporal [67] or spatial effects, as e. g. in photorefractive [68] and

liquid crystals [69], and in thermal nonlinear media [70]. It is common to transfer

the nonlinear wave equation into a dimensionless form using appropriate scaling

factors, in the (1+1)-dimensional case of a planar waveguide with nonlocal response

it can be written as: [56]:

i
∂u

∂z̃
+
∂2u

∂x̃2
+ u

∫
V (x̃− x̃′)|u(x̃′)|2dx̃′ = 0 (2.57)

where u is the envelope of the scaled electric field, x̃ and z̃ are the dimensionless

coordinates, and V (x̃−x̃′) is the nonlocal response function. The scaling factors and

the exact form of the response function depend on the specific nonlocal system. The

degree of nonlocality can be defined as the relative width of the response function

and the wave packet [71].

Figure 2.7: Illustration of the intensity profile and the response function for different
degrees of nonlocality (after [72]): (a) local response, (b) weakly nonlocal response
and (c) highly nonlocal response.

In the case when the response function is given by a delta function V (x̃− x̃′) =

δDirac(x̃ − x̃′), the nonlinear response is local (see Fig. 2.7(a)), and the system is

described by (2.56), as discussed in previous Section. When the response of the

medium to the intensity |u(x̃)|2 is not limited to x̃, but spreads over a symmetric

area in the proximity of x̃, with a radius much smaller than the beam width, as

shown in Fig. 2.7(b), the medium is considered as weakly nonlocal.



2.5 Beam propagation inside nonlinear medium 25

In the highly nonlocal limit the response function is much broader than the beam

waist (see Fig. 2.7(c)). By expanding the response function (to the second order)

one obtains: ∫
V (x̃− x̃′)|u(x̃′)|2dx̃′ ≈ P̃ (V0 + V2x̃

2) (2.58)

where P̃ =
∫
|u(x̃)|2dx̃ is the scaled power and expansion coefficients are given by

V0 = V (0) and V2 = 1
2
d2V
dx̃2

(0) (a symmetric response function is assumed).

It is easy to see that by inserting (2.58) in (2.57) a harmonic oscillator-like

equation is obtained. The evolution of a beam inside such a highly nonlocal medium

was studied in [64]. The general case of a nonlocal medium, where the width of

the response function and the beam waist are comparable in size, was treated in

[71], where a comprehensive analysis of localized waves propagation revealed the

stabilizing effect of nonlocality, and proved that the beam collapse is prevented not

only in the weak and strong nonlocal limit, but also in the general case of a finite

nonlocality.

So far, of all the potential nonlocal nonlinear media, the accessibility of the

(mathematically simple) highly nonlocal regime could be verified only for a system

containing aligned nematic liquid crystals (NLC) in a planar cell [69] and in ther-

mal nonlinear lead glasses [73]. In Section 3.2 it will be proved, that the dual-web

waveguide represents an intrinsically highly nonlocal nonlinear system, where the

derivation of the harmonic oscillator-like equation and study of the corresponding

soliton behaviour can be accomplished in an elegant and straightforward way, much

different from the previously studied cases.
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Chapter 3

Analysis of optomechanical

phenomena in dual-web fibers

In this Chapter, a novel optomechanical phenomenon the self-channeling of light

is described and studied in detail. First, an iterative scheme, based on the theore-

tical formalism of Chapter 2, is developed to analyze the nonlinear optomechanical

properties of the dual-nanoweb fiber. It is then applied to a fiber structure with

realistic geometrical parameters. Steady-state field distributions and mechanical

deformation profiles are obtained, demonstrating that self-channeling is possible at

launched powers as low as a few mW. The differential optical nonlinearity of the self-

trapped mode is compared to the electronic Kerr nonlinearity and found to be many

orders of magnitude higher than the Kerr effect. Broadband behaviour of the self-

channeling is discussed, as well as its tolerance of structural asymmetry. The second

part of this Chapter deals with the dynamic aspects of self-channeling. A connection

between spatial nonlocality of the mechanical deflection and the formation of self-

trapped beams is established, and their dynamics is analyzed in the framework of

nonlocal spatial solitons.

3.1 Self-channeling of light

The concept of the optomechanical self-channeling of light is introduced here, and

its steady-state aspects are studied [40].

Figure 3.1 shows a sketch of a dual-nanoweb fiber. The webs act as a pair of coupled

waveguides. The structure supports both TE and TM polarized modes.
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Figure 3.1: Sketch of a dual-web fiber structure: the webs have width L, thickness
wu and wl and spacing h.

3.1.1 Iterative technique

When an optical mode is launched into the nanowebs, optical gradient forces cause

them to bend inwards or outwards depending on the symmetry of the optical mode.

This mechanical deflection increases the effective refractive index of the mode, caus-

ing self-focusing of light within the nanoweb plane and altering the radiation-induced

pressure distribution. Using the formalism of Chapter 2, an iterative cycle of nu-

merical calculations is established, in order to obtain self-consistent static solutions

of the electromagnetic field distribution, optical pressure profiles and deflection of

the webs. In what follows, the procedure is described step by step:

� Start with a trial pressure profile σ0(x), it can be for example a uniform

pressure distribution or a line force applied at the center of the webs.

� Calculate the deflection δ(x) using eq. (2.38) for webs with uniform or (2.39) for

webs with non-uniform thickness profile and σ0(x) as applied load distribution.

� Solve (2.44) to obtain the mode index nm and the transverse field distribution

e(x)f(y).

� Calculate a new pressure profile σ1(x) with the MST approach using (2.50)

and restart the cycle.
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During the iteration the total optical power P is kept constant, i. e. for each succes-

sive field distribution the normalization constant CN in (2.48) is chosen so that the

power is conserved. The procedure is iterated until it converges to a self-consistent

steady-state solution. Fig. 3.2 illustrates the cycle of calculations.

Figure 3.2: Cycle of calculations in order to obtain steady-state solutions.

For the structural parameters used in the analysis presented in this Chapter, con-

vergence is typically reached after ∼10 or less iterations.

Figure 3.3: (a) Evolution of the modal refractive index of the fundamental TE
mode during iteration with different starting conditions: overestimated (blue dots)
and underestimated (red dots) initial deflection amplitude. (b) Logarithmic plot of
the numerical error (|nmi − nmfin|). Precision within 10−9 can be achieved after 5
iterations.

In Fig. 3.3(a) the modal index of the fundamental (even) TE mode calculated in

succesive iteration steps is plotted for two different starting conditions. The pa-

rameters are w = 200 nm, h = 300 nm, L = 70µm, ∆x = 1µm, λ = 800 nm and

P = 100 mW. In one case, the initial deflection is smaller than the final deflection,
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resulting in the successive increase of the mode index (red dots), and in the other

case, it is initially too large and the index is getting smaller with every step (blue

dots). Naturally, both iterations converge to the same final value of the modal index.

The number of iteration steps depends on the required precision, e. g. the loop can

be terminated when in two successive steps the modal index is not changing up to

the 9-th decimal place. This precision can already be achieved after 5 iterations, as

shown in Fig. 3.3(b).

3.1.2 Steady-state solutions

In what follows, a dual-web structure is considered with w = 200 nm, h = 300 nm

and L = 70µm, made from fused silica (ns = 1.45 at λ = 800 nm). Figs. 3.4(a)

and (b) show the self-consistent solutions of deflection δ(x), effective index neff (x)

and optical pressure σ(x) in the case of the m = 0 even and odd TE modes. The

wavelength is λ = 800 nm, Young’s modulus Y = 72.5 kN/mm2, Poisson’s ratio ν =

0.17 [74] and the optical power was set to P = 100 mW.

Figure 3.4: Self-consistent solutions of deflection, effective index and optical pressure
profile: (a) Even m = 0 mode and (b) odd m = 0 mode for w = 200 nm, h = 300 nm,
L = 70µm, λ = 800 nm, P = 100 mW. Webs are bent inward in the even case and
pushed outward in the odd case. For both even and odd modes a guiding effective
refractive index profile is created with the index being higher at the center of the
waveguide.
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Self-channeling causes the nanowebs to be attracted for even modes and repelled

for odd modes. When the air gap gets smaller, the index increases for even modes

and reduces for odd modes. Thus both modes can be localized (channeled) in the

central region of the waveguide. The maximum deflection amplitude is 1.4 nm for the

even mode (webs bent inward) and 2.5 nm for the odd mode (webs pushed outward).

These relatively small deflections are sufficient to create a guiding index profile in

the x-direction. The optical pressure at x = 0 is −2.5 pN/µm2 (attractive) for the

even mode and 5.4 pN/µm2 (repulsive) for the odd mode. In the steady-state regime

optical force is balanced by the elastic force. Note, that in both cases the radiation

pressure distribution is much narrower than the deflection and the effective index

profiles. In Section 3.2.4 it will be shown that the dynamics of these modes can

be accurately described in the regime of high nonlocality, where the waist of the

intensity distribution is smaller than the waist of the optically induced response

function (in our case the deflection).

Figures 3.5(a) and (b) show the corresponding intensity distribution of the m =

0 even and odd TE modes. The 1/e2 waist (half-width in x-direction) of the m = 0

TE mode is 14.4µm (even) and 10.9µm (odd). Thus, both modes are well-localized

(power fraction within the waveguide Pm = 100%, see (2.49)).

Higher-order self-channeled modes can also exist. Figure. 3.5(c) shows a self-

trapped mode with two lobes in x-direction. In a thicker waveguide with parameters

w = 400 nm, h = 300 nm and λ = 600 nm, a self-channeled m = 1 mode appears

with two lobes across each nanoweb (Fig. 3.5(d)).

It is interesting to enquire how sensitive the self-channeling is to fabrication

imperfections, such as unequal nanoweb thicknesses. In Fig. 3.5(e) and (f) the even

and odd mode profiles are plotted for a structure with web thicknesses wu = 220 nm

and wl = 180 nm (at λ = 800 nm). The deflection of each web is different in this

case, the upper (thicker) web being deflected by 0.9 nm and the lower (thinner) web

by 1.6 nm in the case of the even mode. For the odd mode the amplitudes are 1.7 nm

and 3 nm, respectively. The intensity distribution of the even mode is concentrated

in the thicker waveguide, whereas the odd mode is mainly trapped inside the thinner

web. It can be seen that the self-channeling is robust against quite large degrees of

asymmetry.
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Figure 3.5: Normalized Poynting vector distributions of selected TE self-channeled
modes at a power of 100 mW. (a) Even m = 0 mode and (b) odd m = 0 mode for
w = 200 nm, h = 300 nm, L = 70µm, λ = 800 nm, P = 100 mW. (c) Higher order
self-channeled TE mode with two lobes in the x-direction (w = 200 nm). (d) Higher
order self-channeled TE mode with two lobes in each nanoweb in the y-direction (w
= 400 nm, h = 300 nm, λ = 600 nm). (e) Even and (f) odd m = 0 mode for the
asymmetric structure with wu = 220 nm and wl = 180 nm.

3.1.3 Optomechanical nonlinearity

The refractive index of the self-channeled mode turns out to be highly sensitive to

small changes in the optical power. The differential change of modal index with vari-

ations in power can be regarded as a measure of nonlinearity of the system. In this

Section the optomechanical nonlinear coefficient is introduced and quantitatively

compared to the Kerr nonlinearity. Furthermore, its dependence on wavelength and

structural parameters is discussed.
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3.1.3.1 Power dependence of the modal index and nonlinear coefficient

The power dependence of the modal index for the m = 0 even and odd self-channeled

TE modes (w = 200 nm, h = 300 nm) is presented in Fig. 3.6(a) and (b) for three

different values of L. The lower limit of P in the calculations is determined by the

need for the self-channeled mode to be confined tightly enough in the x-direction,

so as not to be affected by the presence of the supporting fiber capillary. By appro-

priate choice of parameters, powers as small as 10 mW can be sufficient to achieve

optomechanical self-channeling in a realistic structure.

Figure 3.6: Power dependence of the modal index ((a)&(b)) and the differential
optomechanical nonlinearity ((c)&(d)) in a structure with w = 200 nm, h = 300 nm,
λ = 800 nm and three different values of width L: 60µm (dashed), 70µm (solid)
and 80µm (dash-dotted line). (a) Mode indices of the even m = 0 TE mode for
a range of powers up to 300 mW. The indices converge to the same value at zero
power. (b) the same for the odd m = 0 TE mode. (c) Optomechanical nonlinear
coefficient γOM as function of power for the even and (d) for the odd m = 0 TE
mode.
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For both even and odd modes the modal index increases monotonically with

power, the slope being steeper for wider, i.e., mechanically more compliant, struc-

tures. A differential optomechanical nonlinearity γOM can be defined as:

γOM = k0
∂nm
∂P

(W−1m−1) (3.1)

Its value is plotted as a function of the optical bias power in Fig. 3.6(c) for the even

and (d) for the odd m = 0 TE modes. In order to apprehend the seemingly large

values of order ∼ 104 − 105 W−1m−1 the optomechanical γOM coefficient has to be

compared to the Kerr-induced nonlinear coefficient in silica fibers.

Comparison with Kerr-induced nonlinearity: The intrinsic (i.e., electronic)

γ-coefficient is defined as the nonlinear phase change of the guided mode per Watt

of optical power per meter of propagation and can be calculated from the nonlinear

refractive indices of the composite fiber materials and their effective nonlinear mode

areas [75]:

γ = k0
∑
j

nj2
Aj

, with Aj =
nm
(∫∫

Φ2(x, y)dxdy
)2∫∫

uj(x, y)Φ4(x, y)dxdy
, (3.2)

where nj2 is the nonlinear refractive index of material j, Aj its nonlinear effective area,

nm the modal phase index, Φ the transverse field amplitude profile and uj(x, y) the

refractive index distribution, which equals nj in regions made from material j and

zero elsewhere. For the dual-web structure analyzed above, the Kerr nonlinearity

is calculated with nonlinear refractive index of silica ns2 = 2.5 × 10−20 m2 W−1 and

air na2 = 2.9 × 10−23 m2 W−1, it is ∼ 1 × 10−3 W−1m−1, lying between the values

typical of a micron-sized-core PCF (∼ 0.2 W−1m−1) and that of a hollow-core PCF

(∼ 2× 10−5 W−1m−1) [35]. With peak values of order ∼ 105 W−1m−1 for considered

parameters (see Fig. 3.6), γOM can exceed the intrinsic Kerr nonlinearity by up to 8

orders of magnitude.

Although asymmetry causes dephasing and weakens the interaction between the

waveguides, it turns out that even when it is strong (e.g., wu = 250 nm, wl = 150 nm)

the nonlinear coefficient γOM remains very high, dropping to roughly one third its

value in the symmetric structure for the even and to two thirds for the odd m = 0

TE mode, which means that fabrication tolerances for these structures can be quite

relaxed.
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3.1.3.2 Broadband behaviour

The even and odd modes exhibit different types of self-channeling behaviour. In

Fig. 3.7 γOM is plotted as a function of h and wavelength for L = 70µm, w =

200 nm and P = 300 mW. The maximum value of the nonlinearity for the given

range of parameters reaches ∼ 106 W−1m−1 for the even m = 0 TE mode (Fig. 3.7

(a)) and ∼ 5×105 W−1m−1 for the odd mode (Fig. 3.7 (b)). Furthermore, the optical

gradient force increases as the web separation decreases [21]. The m = 0 odd mode,

however, cuts off when h falls below a certain value, for example at w = 200 nm

and λ = 1.3µm the odd TE mode disappears at h . 250 nm. This cut-off spacing

decreases with wavelength, as indicated by the red curve in Fig 3.7(b). Modal cut-

off enables singlemode operation of the waveguide. A structure in which only the

even mode is self-channeled is potentially very interesting experimentally, since the

measurements and their analysis will become much more straightforward.

Figure 3.7: Contours of constant optomechanical nonlinear coefficient γOM as a
function of gap width h and wavelength (in units of 103 W−1m−1). The Kerr-induced
nonlinear coefficient is only ∼ 1× 10−3 W−1m−1. (a) Nonlinearity of the even m =
0 TE mode of the dual-nanoweb waveguide with web thickness w = 200 nm, width
L = 70µm and optical power P = 300 mW. (b) Nonlinearity of the odd m = 0 TE
mode, red curve showing the cut-off condition for the odd mode at given parameters.

Due to weaker confinement in the y-direction, the odd mode shows maximum

nonlinearity at longer wavelength compared to the even mode. Note that at shorter

wavelengths the modes are more tightly confined in the y-direction, causing the
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nonlinear coefficient to fall off more rapidly with increasing web distance h.

The TM modes show qualitatively similar behaviour, except that at very small

spacings (h< 100 nm) the m = 0 even TM mode experiences higher radiation pres-

sure than the even TE mode [23] (compare Fig. 2.4). When the web distance is

decreased further, or alternatively the optical bias power is increased, the webs will

touch (in case of even modes), causing a discontinuity in the nonlinearity γOM .

Approaching nanogap limit: It is worth mentioning, that when the gap between

waveguides gets small (typically h � 100 nm), another short range electrodynamic

force comes into play - the Casimir force [2]. It has been known to cause stiction

and affect the fabrication and dynamical performance of microelectromechanical

systems (MEMS) [3,76–78]. Finite-difference time-domain (FDTD) calculations for

silicon dual-beam waveguides by W. Pernice et al. [79] show that the Casimir force

offsets the gradient force in the regime of strong coupling, and that it decays super-

exponentially with increasing gap between the two waveguides. Furthermore, in the

case of the odd modes of waveguides with gaps well below 100 nm substantial power

levels (in the mW range) are needed to overcome the attractive Casimir pressure.

Whereas balancing and controlling Casimir forces with optical gradient forces is one

of the rising topics of current research on optomechanical devices [80], the dual-web

structures theoretically and experimentally studied in this work exhibit gaps well

above 100 nm, and thus, the contribution of the Casimir forces can be neglected.

3.1.4 Estimation of thermal effects

Down scaling of optomechanical devices makes them susceptible to thermal effects.

In the following, thermal vibration of the webs, which can potentially deteriorate

stability of the self-channeling process, is estimated and the influence of the thermo-

optical effect is briefly discussed.

3.1.4.1 Thermal vibration

Thermally induced fluctuations can be seen in the signal output of optomechanical

cavities and used for calibration [27]. In this context, it is necessary to estimate the

amplitude of the vibrations induced thermally in a single nanoweb supported inside

a fiber of length Lf .
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Since kBT � hfvib at ambient temperature in these structures (typical resonant

frequencies fvib are in the (sub-) MHz range [42]), thermal energy per oscillation

mode can be expressed as

Eth =
1

2
kBT (3.3)

where kB is Boltzmann’s constant. The mean vibrational energy of a mode can be

calculated as

Evib =
1

2
kst 〈δ2〉 (3.4)

with stiffness kst and rms-amplitude
√
〈δ2〉. The stiffness of a nanoweb can be

estimated as kst = F/δ0 where δ0 is the maximum deflection of the web subjected

to an arbitrary force F at its center (evenly distributed over the fiber length):

δ0 =
FL3(1− ν2)

16LfY w3
(3.5)

Thus the vibrational energy reads

Evib =
8LfY w

3

L3(1− ν2)
〈δ2〉 (3.6)

Equating (3.6) and (3.3) yields a thermal vibration amplitude of a mechanical mode:

√
〈δ2th〉 =

√
kBTL3(1− ν2)

16Y w3Lf
(3.7)

which is proportional to 1/
√
Lf . In what follows it is shown that the number of

mechanical modes oscillating along the z-axis is proportional to Lf .

The lowest order antisymmetric flexural wave on a thin plate (acoustic wave-

length � w ) has the phase velocity [81]:

νac =
√
ωacw

(
Y

12ρ(1− ν2)

)1/4

=

(
D

ρw

)1/4√
ωac (3.8)

where ωac is the (angular) acoustic frequency, ρ is plate density and D is flexural

rigidity defined in (2.33). Quantization of acoustic resonances results from finite

width and length of the fiber and the acoustic wavevector reads1

1For simplicity it is assumed that all four edges are supported, plates with other boundary
conditions are treated in [82]
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K2
ac = K2

nm =
(nπ
L

)2
+

(
mπ

Lf

)2

=

(
ωac

νac

)2

=

(
D

ρw

)−1/2

ωnm (3.9)

where n and m are the orders of resonances in the transverse (x-) and axial (z-)

directions, respectively. Thus, the vibrational eigenfrequencies are calculated as

ωnm =

√
D

ρw
K2
nm (3.10)

For the fundamental transverse mode n = 1, and the corresponding axial resonances

are given by

ω1m =

√
D

ρw
π2

(
1

L2
+
m2

L2
f

)
= ω0

(
1 +

m2L2

L2
f

)
= ω0 + ∆ω (3.11)

Solving (3.11) for m yields

m =
Lf
L

√
∆ω

ω0

=
Lf
L
√
Q

(3.12)

which equals the number of modes supported by a mechanical resonance of quality

factor Q. Experimentally measured Q factors in dual-web structures are of the order

Q ≈ 100 [42].

The thermal vibration amplitude can be calculated as a superposition of the

thermally excited modes, it can be estimated using√√√√〈( m∑
i=1

δth,i

)2 〉
≈
√
m 〈δ2th〉 =

√
kBTL2(1− ν2)

16Y w3
√
Q

(3.13)

For T = 293 K, Q = 100, L = 70µm and w = 200 nm this yields ≈ 15 pm, indicating

(since we have shown above that deflections of order 1 nm occur at an optical power of

100 mW) that the self-channeling process might be disrupted by thermal vibrations

at powers of 1 mW and below.

3.1.4.2 Thermal nonlinear optical effect

Thermal self-focusing in lead glasses has been demonstrated decades ago [83]. Fur-

thermore, thermal effects can actuate optomechanical systems [84–87]. An exten-



3.2 Dynamics of the self-channeled optical modes 39

sive analysis of the dynamic thermal behaviour and stability of microcavities can

be found in [88]. Whereas in silicon the thermo-optical effect is dominant [89], the

temperature coefficient of the refractive index of fused silica dn/dT ∼ 10−5 K−1 [90]

is ca. 10 times lower than that of silicon.

The refractive index change due to the absorption-induced heating of the material

can be estimated as [58]:

∆nth =
dn

dT

αIR2

κth
(3.14)

where α is the linear absorption coefficient, I is the (average) intensity, R is the

beam radius and κth is the thermal conductivity of the material. Taking κth =

1.4 Wm−1K−1, α = 5 × 10−7 cm−1 (corresponding to ∼ 0.2 dB/km absorption loss

at 800 nm [91]), R = 10µm, I = P/(πR2) and P = 100 mW, eq. (3.14) yields

∆nth ≈ 1 × 10−11. The optomechanically induced modal refractive index change

for the structure discussed in Section 3.1.3 at similar powers is of the order ∼ 10−4

(see Fig. 3.6(a)). Thus, the thermal nonlinear effect is negligibly small compared

to the optomechanical nonlinearity. This is also proved by the fact, that extensive

experiments on Kerr-related self-focusing in single nanoweb fibers, at similar average

drive powers, have shown no evidence that thermal effect plays any role [92].

3.2 Dynamics of the self-channeled optical modes

In this Section the stability and dynamics of the self-channeled beams that form via

optomechanical interaction in dual-nanoweb fibers are theoretically investigated2

[41]. It is demonstrated, that the optomechanically self-trapped beams represent a

novel class of nonlocal spatial solitons, which we call “optomechanicons” 3.

3.2.1 Mathematical model and nonlocality

In the dual-waveguide structure shown in Fig. 3.1 the light is confined in the y-

direction by total internal reflection at the glass-air interface, but it is free to diffract

in the x-direction. When light is launched into the structure, optical gradient forces

cause the slabs to deform, changing the effective refractive index distribution of

2The analysis presented here was performed in collaboration with Professor Claudio Conti from
the University Sapienza in Rome

3Inspired by other curious soliton names, like “gaussons” [93], “linearons” [94], “azimuthons”
[95], “nematicons” [96], just to name a few
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the guided optical mode. The nonlinear response is highly nonlocal: A tightly

focused light beam creates a refractive index change, that extends far beyond the

beam waist (see Fig. 3.4). As a consequence, the nonlinear response depends on the

integrated beam intensity, i. e. the total optical power. Indeed, self-channeled modes

in systems with a highly nonlocal response are an example of spatial “accessible”

solitons, introduced in [64].

Spatial nonlocality is known to favor stable self-trapping [71]. In order to study

the dynamics and verify the stability of the self-channeled solutions, a paraxial

nonlinear wave equation is used (as discussed in Section 2.5). By introducing the

nonlinear refractive index perturbation ∆n = n(x)−ne, the coupled wave equations

for the dual-web waveguide can be written in the form [97]:

d2f

dy2
+ k20

(
n2 − n2

e

)
f = 0 (3.15a)

2ik
∂A

∂z
+
∂2A

∂x2
+ 2k2

∆n

ne
A = 0 (3.15b)

where |A|2 is the power density (power per unit length along the x-axis), k = ωne/c

and ne is the effective index of one of the eigenmodes of the undeformed dual-web

structure with field distribution f(y) along the y-axis. For example, for the TE mode

the x- component of the electric field is written as Ex = A(x)f(y)
√

2Z0/ne, where

Z0 =
√
µ0/ε0 is the vacuum impedance, and the mode profile f(y) is normalized so

that
∫
f 2(y)dy = 1.

At optomechanical equilibrium, when optical forces are balanced by the elastic

forces at a given pump power, the field-induced deflection δ(x) induces a refractive

index perturbation ∆n, which in the first-order approximation can be expressed as:

∆n =
∂n

∂δ
δ (3.16)

For symmetric eigenmodes ∂n/∂δ < 0 and the spacing between the nanowebs re-

duces as the power is increased, i. e., δ < 0 ; conversely, for antisymmetric eigen-

modes ∂n/∂δ > 0, δ > 0 and the two nanowebs are pushed apart. Thus, as discussed

before, for both mode symmetries the effective index increases with power. That

means, the nonlinear term is always positive and the solutions of (3.15) represent

bright spatial solitons [56].
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In order to establish a direct relation between the intensity and the elastic de-

flection of the webs, following approximation for the optical pressure σ is used (see

eqs. (2.31, 2.32)) :

σ = − ε0
4

[(
|Ex|2 − c2µ2

0

(
|Hy|2 − |Hz|2

))]y=h/2+w
y=h/2

(3.17)

≈ − ε0
4

[
|Ex|2

]y=h/2+w
y=h/2

Neglecting the H-field components (in TE case) still gives a good agreement, the

approximated optical pressure lies within ca. 90% of the exact value for both even

and odd modes. In TM case E-field components are neglected. This simplifies

further analysis significantly: σ approximated with (3.17) is inserted in the deflection

equation (2.38) and, using the power normalization P =
∫
|A|2dx, the relation

connecting the deflection and the optical power density is written in the form

∂4δ

∂x4
=

6(1− ν2)
cY w3wpne

|A|2 = κ|A|2 (3.18)

where wp is a characteristic length given by:

1

wp
= f 2

(
h
2

+ w
)
− f 2

(
h
2

)
(3.19)

and κ is the coupling constant between the field and the optically induced deflection.

Equations (3.15b) and (3.18) can be transformed into dimensionless form and

written as a system of coupled equations:

i
∂ψ

∂z̃
+
∂2ψ

∂x̃2
+ χψ = 0 (3.20a)

∂4χ

∂x̃4
= |ψ|2 (3.20b)

where x̃ = x/W0, z̃ = z/(2kW 2
0 ), ψ = A/A0 and χ = δ/δ0, with A2

0 = δ0/(κW
4
0 ) and

δ0 = ne/(2k
2W 2

0 ∂n/∂δ). Eq. (3.20) is completed by appropriate boundary conditions

for the normalized deflection χ:

χ(±˜̀) = 0 and
∂χ

∂x̃
(±˜̀) = 0 (3.21)

with ˜̀ = L/(2W0) being the normalized fiber transverse width (W0 is a reference

waist).
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A Green’s function G(x̃) can be found for (3.20b), defined by

d4G

dx̃4
= δDirac(x̃) (3.22)

with boundary conditions

G(±˜̀) = 0 and
dG

dx̃
(±˜̀) = 0 (3.23)

A straightforward calculation yields:

G(x̃) = − 1

12

(
˜̀− |x̃|

)3
+

˜̀

8

(
˜̀− |x̃|

)2
(3.24)

which is a third order polynomial in |x̃|, as indicated by the red curve in Fig. 3.8

Thus the solution of (3.20b) can be written as

χ(x̃) =

∫ +∞

−∞
G(x̃− x̃′)|ψ(x̃′)|2dx̃′ (3.25)

3.2.2 Highly nonlocal limit

In what follows, the highly nonlocal limit is analyzed. By expanding the Green’s

function to the lowest order in x̃, the governing equation system (3.20) is transformed

into a harmonic oscillator-like equation. The solutions are presented in the form of

Hermite-Gaussian functions. Furthermore, the optomechanical nonlinear coefficient

is deduced and compared to the numerical steady-state solutions of Section 3.1.3,

and the characteristic breathing dynamics of the beam propagation are revealed.

3.2.2.1 Harmonic oscillator-like equation

Green’s function (3.24) is continuous up to the second derivative (the third derivative

is discontinuous). In the limit of high nonlocality, when the nonlinear response is

wider than the beam waist, it can be approximated by the series expansion to the

second order:

G(x̃) ≈
˜̀3

24

(
1− 3x̃2

˜̀2

)
(3.26)

The exact Green’s function and its parabolic approximation are shown in Fig. 3.8

as black and green lines, respectively. The parameters used here are L = 70µm,
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W0 = 10µm, so that ˜̀ = 3.5. The approximation is valid as long as |x̃| . ˜̀/3.

An example of a self-trapped mode, which can be described in the highly nonlocal

limit is the mode depicted in Fig. 3.5(a), its popagation dynamics will be modelled

in Section 3.2.4. Clearly, the parabola becomes a weak approximation of the Green’s

function as |x̃| approaches ˜̀, and thus, it fails to describe the mechanical deflection

of weakly localized modes with waists W0 ≈ L/2.

Figure 3.8: Green’s function after eq. (3.24) for ˜̀= 3.5 (black curve) and its parabolic
approximation after (3.26) (green curve).

In the highly nonlocal limit the self-trapped beam solutions in the form ψ =

a exp(iβ̃z̃) are calculated as the solutions of the harmonic oscillator-like equation:

d2a

dx̃2
+ P̃

[
G0 −G2x̃

2
]
a = β̃a (3.27)

where β̃ is the (dimensionless) nonlinear correction to the wavevector, P̃ =
∫
|ψ|2dx̃

is the scaled optical power and the expansion coefficients are given by G0 = ˜̀3/24

and G2 = ˜̀/8.

The elegant form of eq. (3.27) turns out to be the simplest case in nonlocal nonlinear

optics, allowing power-dependent constitutive relations to be derived explicitly. The

only other known example is the liquid crystalline medium, where it is much less

straightforward to derive this kind of expression [69].

Eq. (3.27) admits Hermite-Gaussian solutions (q = 0,1,2,...)

aq =
π−1/4ψ0√

2qq!
Hq

(
x̃

x̃0

)
e−x̃

2/(2x̃20) (3.28)

where Hq are the Hermite polynomials defined as Hq(x) = (−1)qex
2 dq

dxq
e−x

2
[98] and
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ψ0 is a normalization constant. Thus, a whole set of solutions, including fundamental

and higher-order spatial solitons can be retrieved.

3.2.2.2 Nonlinear phase shift

The fundamental Gaussian soliton is obtained for q = 0 (H0 = 1):

a0 = π−1/4ψ0 e
−x̃2/(2x̃20) (3.29)

By putting a0 in (3.27) following expression for the nonlinear wavevector correction

is found:

β̃0 =
P̃ ˜̀3

24
−

√
P̃ ˜̀

8
(3.30)

The nonlinear wavevector correction for aq - the Hermite-Gaussian solution of order

q - can be identified as:

β̃q =
P̃ ˜̀3

24
−

√
P̃ ˜̀

8
(1 + 2q) (3.31)

Furthermore, by putting the fundamental soliton solution a0 in (3.27) and setting

both zero-order and second-order terms in x̃ to zero, the so-called existence curve is

obtained:

x̃40P̃c = 8/˜̀ (3.32)

where P̃c is the critical power, at which the beam diffraction is balanced by the beam-

induced nonlinear refraction [64]. Thus, the soliton waist is given by x̃40 = 8/(˜̀P̃c),

implying that the wider the structure the more confined are the beams, for a fixed

power.

Comparison of analytically and numerically obtained γOM: The deriva-

tive of the nonlinear wavevector (3.30) with respect to power yields the effective

nonlinear coefficient, as discussed in Section 3.1.3. It is interesting to compare the

nonlinear coefficient derived here with the one calculated using numerical iteration

technique. In order to compare them quantitatively, the wavevector correction factor

is expressed in SI units as:

β = k0κ
∂n

∂δ

P

24

(
L

2

)3

−
√
κ
∂n

∂δ

PL

32ne
(m−1) (3.33)
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The corresponding optomechanical γ-coefficient is then calculated as γOM = ∂β/∂P .

In Fig. 3.9 γOM -values calculated using (3.33) (solid lines) are compared to the values

obtained in the frame of the numerical steady-state analysis (dash-dotted lines, see

also Fig. 3.6(c) & (d), Section 3.1.3). The parameters are w = 200 nm, h = 300 nm,

λ = 800 nm and the derived parameters: κ = −7.98 × 10−6 W−1µm−2, ∂n/∂δ =

−0.2646µm−1, ne = 1.2166 for the even mode and κ = 1.38 × 10−5 W−1µm−2,

∂n/∂δ = 0.458µm−1, ne = 1.1492 for the odd mode. Good quantitative agreement

is obtained for both even and odd modes at low powers (for the chosen parameter

set the self-trapped modes are well-localized even at powers below 100 mW). At

higher powers the analytically derived γOM -coefficients saturate and underestimate

the effective nonlinearity in the case of the even mode and overestimate it in the

case of the odd mode. The mismatch between analytical and numerical values at

higher powers grows with increasing width L.

Figure 3.9: Comparison of the effective nonlinear coefficient γOM calculated in the
frame of the highly nonlocal nonlinear limit (solid curves) and using the steady-state
iteration technique (dash-dotted lines). (a) Power dependence of the optomechani-
cal nonlinearity of the even m = 0, q = 0 TE mode in a structure with w = 200 nm,
h = 300 nm, λ = 800 nm and three different values of width L: 60µm, 70µm and
80µm for a range of powers up to 300 mW. (b) the same for the odd mode.

This trend is a result of the approximations used in the derivation of (3.33), it

stems mainly from the linear approximation of the effective refractive index change

in (3.16). In general, the index change as function of the web spacing is nonlinear

(compare Fig. 2.4). With increasing optical power the deflection gets larger, and the

webs are pushed closer together in the case of the even mode. As a consequence,
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the gradient of the effective refractive index becomes steeper and the field-induced

attraction increases. Thus, the actual effective nonlinearity does not saturate, as

suggested by the linear approximation, but continues to grow until, at even higher

powers, the webs eventually touch. The opposite is true for the odd optical modes.

As the web separation increases at higher powers, the effective index change slows

down and the nonlinear interaction gets weaker.

3.2.2.3 Breathing dynamics

In a lenslike parabolic index medium the waist of a Gaussian beam can oscillate

sinusoidally as it travels in a straight path [99]. Similar “breathing” dynamics was

predicted to occur when a Gaussian beam propagates in highly nonlocal nonlinear

medium: above the critical power P̃c the nonlinearly induced refraction overcomes

diffraction and the beam waist initially contracts. Below P̃c the opposite happens

and the beam initially expands [64]. Breathing soliton dynamics in NLC has been

analyzed in [100], and a comprehensive study of a generalized nonlocal system ex-

hibiting pulsating dynamics was performed in [101].

Following ansatz is used for a Gaussian beam:

ψ(x̃, z̃) = π−1/4

√
P̃

w̃(z̃)
exp

[
iP̃G0z̃ −

x̃2

2w̃2(z̃)
+ ic(z̃)x̃2 + iθ(z̃)

]
(3.34)

where the waist w̃(z̃), the phase-front curvature c(z̃) and the Gouy phase θ(z̃) are

allowed to vary with propagation distance. The beam obeys the differential equation

i
∂ψ

∂z̃
+
∂2ψ

∂x̃2
+ P̃

[
G0 −G2x̃

2
]
ψ = 0 (3.35)

Inserting (3.34) in (3.35) and sorting the coefficients yields:

−θ′ − 1

w̃2
+ i

(
− w̃

′

2w̃
+ 2c

)
= 0 (3.36a)

−c′ + 1

w̃4
− 4c2 − P̃G2 + i

(
w̃′

w̃3
− 4c

w̃2

)
= 0 (3.36b)

where ′ denotes the derivative with respect to z̃. The real and imaginary parts of

(3.36) are set to zero separately and the following nonlinear differential equation is
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obtained for the waist parameter w̃(z̃):

d2w̃

dz̃2
=

4

w̃3
− P̃ ˜̀

2
w̃ (3.37)

Eq. (3.37) can be viewed as the equation of motion of a one-dimensional particle with

velocity dw̃/dz̃ upon action of an equivalent force F = 4/w̃3 − P̃ ˜̀w̃/2, in analogy

to Newton’s second law in classical mechanics. The first term of F represents the

expansion of the beam due to the diffraction. The second term with the opposite sign

represents the contraction of the beam due to the nonlinearly induced refraction.

Obviously, when the diffraction term is exactly balanced by the refraction, the force

is zero and the beam waist remains constant (dw̃/dz̃(0) = 0 is assumed). This is

a spatial soliton. By setting F = 0 the critical input power P̃c = 8/(˜̀w̃4) for the

soliton propagation is obtained. The force F can be expressed as F = −∂V/∂w̃,

where the equivalent potential V (w̃) is given by (see Fig. 3.10)

V (w̃) =
2

w̃2
+
P̃ ˜̀

4
w̃2 + const. (3.38)

For small deviations ∆ around the position of the potential minimum w̃0 a straight-

forward calculation yields:

∆′′ + Ω2∆ = 0 (3.39)

with Ω =
√

2P̃c ˜̀ and the oscillation period is given by Z̃w = 2π/Ω = π
√

2/(P̃c ˜̀).

Figure 3.10: Sketch of the equivalent potential V (w̃).

The beam intensity is calculated as

|ψ|2 = P̃ /(
√
πw̃(z̃)) exp

(
−x̃2/w̃2(z̃)

)
(3.40)
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It is normalized so that P̃ =
∫
|ψ|2dx̃. In Section 3.2.4 the breathing dynamics of

Gaussian beams inside a dual-web waveguide will be displayed for various values of

the initial waist and optical power.

3.2.3 Regime of finite nonlocality

In the highly nonlocal limit one can predict the formation of self-trapped beams

and analyse their propagation dynamics and nonlinear phase shift. While the self-

trapped optical modes of a dual-web waveguide, found and studied in this Chap-

ter can be well described in the highly nonlocal regime (as will be proved in Sec-

tion 3.2.4), in order to investigate additional effects, inherent to bright solitons, such

as modulational instability (MI), it is useful to consider the complementary regime of

a finite nonlocality [69,71,72]. This Section offers a brief excursus to the theoretical

description of the finite nonlocality regime4, before in the next Section the highly

nonlocal nonlinear approach is resumed and used to study propagation dynamics of

self-trapped beams.

3.2.3.1 Hamiltonian and variational approach

A common approach to solve the equation system (3.20) makes use of the variational

method [102]. In the frame of this method the Hamiltonian H is determined

H =

∫ ∣∣∣∣∂ψ∂x̃
∣∣∣∣2 − χ|ψ|2 +

1

2

(
∂2χ

∂x̃2

)2

dx̃ , (3.41)

such that using H the eqs. (3.20) can be derived from Hamilton’s equations

q̇i =
∂H

∂pi
, ṗi = −∂H

∂qi
(3.42)

where the generalized coordinates qi and momenta pi are chosen as (q, p) = (ψ, iψ∗)

and the dot denotes the derivative with respect to z̃.

For χ a variational ansatz is used:

χ(x̃, z̃) =
G(x̃)

G(0)
ϕ(x̃, z̃) (3.43)

which satisfies the boundary conditions and is such that ϕ = χ in the vicinity of

4 for more details see [41]
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x̃ = 0 (close to the beam center). The variational deflection ϕ is assumed to be

localized near to the optical field, and when used in (3.41), ϕ is taken as a sampling

function for G(x̃) and its derivatives. The resulting approximate Hamiltonian takes

the form:

Ha =

∫ ∣∣∣∣∂ψ∂x̃
∣∣∣∣2 − ϕ|ψ|2 +

1

2

[
∂2x̃G(0)

G(0)
ϕ+

∂2ϕ

∂x̃2

]2
dx̃ (3.44)

By minimizing Ha, and using the Green’s function (3.24) the approximate equation

system is found:

i
∂ψ

∂z̃
+
∂2ψ

∂x̃2
+ ϕψ = 0 (3.45a)(

∂2

∂x̃2
− 6

˜̀2

)2
ϕ = |ψ|2 (3.45b)

which turns into (3.20) when ˜̀→ ∞, and allows to describe the finite nonlocality

regime. By introducing the degree of nonlocality σ2 = ˜̀2/6 and the scaled field

η = σ2ψ, eqs. (3.45) can be written as:

i
∂η

∂z̃
+
∂2η

∂x̃2
+ ϕη = 0 (3.46a)(

σ2 ∂
2

∂x̃2
− 1

)2
ϕ = |η|2 (3.46b)

The case σ → 0 corresponds to a local Kerr medium (˜̀→ 0), while in the highly

nonlocal regime σ → ∞ (˜̀→ ∞). Eq. (3.46) reveals that the system can exhibit

nonlocality with a structure factor :

S(k̃x) =
1(

σ2k̃x
2

+ 1
)2 (3.47)

in which S(k̃x) is obtained as the Fourier transform of the Green function of eq. (3.46b)

3.2.3.2 Modulational instability

Modulational instability describes the growth of weak pertubations of a propagating

wave [56], and represents one of the fundamental effects of wave propagation in

nonlinear media. The MI can occur in various physical systems [103, 104]. It has

also been investigated in nonlocal nematic LC [105].
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In contrast to the highly nonlocal regime, the model (3.46) admits MI with gain:

g(k̃x) = |k̃x|
√

2η20S(k̃x)− k̃x
2

(3.48)

where η0 is the amplitude of the plane-wave solutions of (3.46). In Fig. 3.11(a) the

MI spectrum for various optical powers is shown, and in Fig. 3.11(b) the maximum

MI gain is plotted for increasing nonlocality σ2, indicating that for higher degrees

of nonlocality the onset of MI is suppressed as the gain is lowered.

Figure 3.11: (a) MI gain vs. wavenumber for various powers (σ2 = 10), (b) Maxi-
mum MI gain plotted as function of the degree of nonlocality σ2 (input intensity η20
= 10).

3.2.4 Soliton formation and dynamics of propagation

In this Section the dynamics of propagation of Gaussian beams inside dual-web

fibers is studied in the regime of high nonlocality. Fig. 3.12(a) shows the normalized

deflection and intensity profile of the self-channeled m = 0 even TE mode of a

structure with parameters: w = 200 nm, h = 300 nm, L = 70µm, λ = 800 nm

and P = 100 mW (compare Fig. 3.4(a) and Fig. 3.5(a)). The 1/e2-half-width of

the intensity profile is We = 14.4µm, whereas the waist of the deflection profile is

almost twice as large: ∼ 28µm - proving that the regime of high nonlocality is a

valid approximation in this case.

The evolution of the beam waist is described by the nonlinear differential equa-

tion (3.37). It needs to be pointed out, that owing to the definition (3.40), the

intensity drops by factor 1/e2 when x̃ =
√

2w̃, and as a result the 1/e2 beam half-

width in SI units, denoted in the following as We, is given by We =
√

2W0 (W0 is
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the reference length defined after eq. (3.20)). Furthermore, the dimensionless critical

power P̃c can be transferred to SI units as (w̃ = 1):

Pc = P̃cA
2
0W0 =

8
˜̀
A2

0W0 =
16W 2

0A
2
0

L
=

8W 2
eA

2
0

L
(Watt) (3.49)

Taking We = 14.4µm and A2
0 = 4.23 mW/µm (A2

0 is calculated using parameters

κ = −7.98 × 10−6 W−1µm−2, ∂n/∂δ = −0.2646µm−1 and ne = 1.2166 for the

even mode, see Section 3.2.2.2) yields the critical power Pc = 100 mW. Note, that

this critical power corresponds to the exact power at which the steady-state solu-

tion of the self-channeled even mode with the waist We = 14.4µm was obtained

(Fig. 3.5(a)). Thus, the self-channeled modes indeed represent “optomechanicons” -

nonlocal spatial solitons propagating in the dual-web structures5.

Figure 3.12: (a) Self-channeled fundamental TE mode (w = 200 nm, h = 300 nm, L
= 70µm, λ = 800 nm, P = 100 mW and We = 14.4µm). Comparison between the
width of the intensity profile (red line) and deflection (black line) indicates that the
propagation of this mode can be described in the regime of high nonlocality. (b)
Propagation dynamics of the self-trapped fundamental TE mode at different powers:
initial expansion of the beam waist below the critical power at P = 60 mW, followed
by an oscillation with a period of 3.3 mm (green curve). Soliton propagation at Pc
= 100 mW (black line). Initial beam contraction followed by an oscillation with a
periodicity of 2.15 mm above critical power at P = 140 mW (purple curve).

In Fig. 3.12(b) the waist We, calculated by solving (3.37) numerically with initial

conditions w̃(0) = 1 and dw̃/dz̃(0) = 0, is plotted as function of the propagation

distance for the parameters listed above.

5The degree of nonlocality σ2 ≈ 2 in the case discussed here
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Figure 3.13: Normalized intensity distribution of propagating Gaussian beams (rep-
resenting fundamental optical modes) with various initial beam waists at different
powers (w = 200 nm, h = 300 nm, L = 70µm, λ = 800 nm).(a)-(d) Beams with
initial waist We = 14.4µm: (a) Soliton propagation at critical power Pc = 100 mW.
(b) Initial expansion of the beam below critical power at P = 60 mW. (c) Initial
contraction of the beam above critical power at P = 140 mW. (d) Irreversible diffrac-
tion of the beam at low power: P = 5 mW. (e)-(f) Propagation at P = 100 mW
with varying start waist: (e) We = 11µm, and (f) We = 16µm.

Three scenarios can be distinguished: at critical power Pc = 100 mW the beam

propagates as soliton and the waist is not changing (black line). Below critical power

at P = 60 mW the beam first expands due to the diffraction and then oscillates with

the period Zw = 3.3 mm (green curve). Above the critical power at P = 140 mW

(purple curve) the nonlinear refraction initially overcomes the diffraction and the
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beam waist contracts with subsequent oscillation. The breathing period Zw equals

2.15 mm in this case. Note, that the oscillation period and amplitude are power-

dependent.

The corresponding (normalized) intensity distribution of the propagating self-

trapped beams is shown in Fig. 3.13(a) - (c). In addition, Fig. 3.13(d) shows that at

a sufficiently low power (P = 5 mW) the nonlinearity is too weak to compensate for

the diffraction and the beam waist steadily increases (in a dual-web fiber the field

can leak into the cladding region surrounding the waveguide). Figures 3.13(e) and

(f) depict the characteristic breathing dynamics for the cases when the launched

beam waist is smaller and larger than the self-channeled waist.

In Fig. 3.14(a) the beam waist after propagation distance of z = 6 mm is plotted

as function of the input power, and Fig. 3.14(b) shows the ratio between the peak

intensity at the output and the input peak intensity |A|2(0, z)/|A|2(0, 0). The typical

oscillatory behaviour at the output could be used as a “fingerprint” of self-trapped

beams to prove their existence in the experiment.

Figure 3.14: (a) Output waist after propagation distance of z = 6 mm as function
of power, plotted for two different starting waists: We = 14.4µm (blue line) and We

= 7.2µm (red line). (b) Ratio between the peak intensity at the output and the
input peak intensity |A|2(0, z)/|A|2(0, 0).

It is worth noting, that as the oscillation period of the waist (Zw ∼ a few mm

in the cases studied here) is reduced further, e. g. at higher optical powers or in

structures with larger width L, neglecting z-derivatives in the deflection equation

(3.18) may no longer be justified and the full elastic plate equation (2.33), accounting

for the boundary conditions in the z-direction, should be considered.
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Time constant of the optomechanical response: As discussed above, the

stability of the self-channeled modes and the very large optomechanical nonlinear

coefficient is a consequence of the extreme nonlocality of the mechanical response.

Although the self-channeling nonlinearity is much stronger than the electronic Kerr-

nonlinearity of the glass, it is, of course, much slower. The time constant of the

optomechanical nonlinear response is limited by the mechanical resonant frequen-

cies of the dual-nanoweb [42] ((sub-) MHz range, response time ∼0.1 10µs), which

nevertheless are considerably faster than in other nonlocal media such as liquid

crystals (∼1 ms, [106]) and photorefractive materials (∼1 s, [68]). Furthermore, the

nonlinear response can be further enhanced by modulating the light at the acoustic

resonant frequency, as will be demonstrated in Chapter 5.

3.3 Summary of Chapter 3

The existence of self-trapped optical modes, forming via optomechanical interaction

inside planar dual-web waveguides, was predicted. An iterative numerical tech-

nique was developed in order to analyse the steady-state properties of these modes

and a concept of a differential optomechanical nonlinearity was introduced. This

nonlinearity was shown to exceed the Kerr effect in silica fibers by many orders

of magnitude. In Chapter 5 an experimental proof of the strong optomechanical

nonlinearity will be delivered. Furthermore, dependence of the self-channeling on

symmetry of optical modes, structural parameters and wavelength has been explored

and the influence of thermal effects was estimated.

In addition, an extensive study of the propagation dynamics of the self-channeled

modes has been performed in the framework of the nonlocal NLS equation. A

system of coupled equations for the field and deflection distributions was derived,

that formed the basis of a semi-analytical analysis. In the highly nonlocal regime a

typical harmonic oscillator equation could be obtained, that revealed the existence

of a whole set of Hermite-Gaussian solutions, corresponding to the fundamental and

higher-order self-trapped beams, which had previously been found by the iterative

numerical approach. An analytical expression for the power-dependent nonlinear

phase shift was obtained and compared to the nonlinear behaviour calculated in the

numerical steady-state approach, revealing good quantitative agreement within the

limits of used approximations.
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In the frame of highly nonlocal regime a characteristic breathing behaviour of

the beam waist at powers in the vicinity of the critical power could be shown. The

self-channeled mode profiles obtained in the steady-state analysis could be identified

as spatial solitons propagating with an unaltered beam waist at exactly the critical

power.

Furthermore, a model for describing the finite nonlocality regime was developed,

that admits existence of modulational instability, common in the field of bright

solitons.
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Chapter 4

Experimental techniques

In this Chapter the fiber fabrication process is described and examples of exper-

imental dual-web structures are presented. The influence of different fabrication

parameters on the fiber geometry is discussed. The characterization of the optical

and structural properties of the fibers is accomplished using optical and scanning

electron microscopes. Furthermore, a technique of measuring optical loss in the fiber

is described.

In the second part of this Chapter the experimental setup is introduced, that

is used to measure the nonlinear phase shift in the dual-web fibers. It consists

of an actively stabilized Mach-Zehnder interferometer and utilizes a pump-probe

technique.

4.1 Fiber fabrication and characterization

The fabrication of novel fibers is an important and challenging aspect of the optical

fiber research. Whereas in conventional optical fibers, used in telecommunication,

the core is surrounded by a (solid) cladding made of a material with a slightly lower

refractive index [91], the microstructured optical fibers are mostly fabricated from a

single glass material, and the light guidance in these fibers is in general achieved by

a high-contrast variation of the refractive index between glass and air-filled regions.

Simply structured single-material fibers comprising a silica strand inside a hollow

capillary were first demonstrated in [107]. Photonic crystal fibers are a special

type of microstructured optical fibers, where the fiber cladding is formed as a two-

dimensional photonic crystal consisting of a periodic array of air holes, with either a
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solid core in the center [33] or a hollow core [108]. Whereas the guiding mechanism

of a solid-core PCF can be described as modified total internal reflection, the light is

confined in the air-filled hollow core PCF by means of photonic bandgap guidance,

thus making it a “photonic equivalent of a semiconductor crystal” [34].

In what follows, the fabrication of microstructured silica fibers (specifically dual-

web fibers) by means of the “stack-and-draw” procedure will be described in detail.

Another fabrication technique is extrusion, in which molten glass is pushed through

a die [109]. While extrusion would allow fabrication of arbitrary-formed fiber struc-

tures, it can unfortunately only be applied to soft-melting glasses. Compared to

silica, soft-glasses have higher optical loss and their uniformity and mechanical sta-

bility is much more difficult to control.

4.1.1 Stack-and-draw technique

A schematic of the fiber fabrication process is shown in Fig. 4.1.

Figure 4.1: The fiber fabrication process: First, capillaries are arranged to a stack
preform. Then the preform is mounted vertically on top of the drawing tower (typical
height 5 - 10 m) with its lower end in the furnace. Pressure and vacuum can be
applied at the top end of the preform. A tractor system underneath the furnace
consisting of several wheels is used to pull the fiber.
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The first step is assembling a stack : glass capillaries of variable sizes and thicknesses

and (if required) glass rods are manually arranged in a pattern, that reflects the

structure of the desired fiber. The preform is obtained by inserting the stack into a

glass tube.

The actual drawing process usually involves two steps. First, the preform is

drawn into a cane, i.e., it is softened and fused in the furnace (at ca. 1900 ◦C

- 2000 ◦C) and by pulling it with a tractor system its diameter is reduced from

typically ∼10 - 15 mm to ∼1 - 2 mm. In this process vacuum is often applied to

certain regions of the structure in order to close the interstitial holes between the

capillaries. The cane is then inserted into another glass tube and drawn to a final

fiber. During the fiber drawing process pressure and/or vacuum can again be applied

to different regions of the structure in order to achieve the desired fiber geometry.

The properties of a fiber can be optimized by varying the structural parameters

of the preform, as well as by choosing the appropriate drawing parameters, such

as temperature, drawing speed, tension, applied pressure and vacuum. To improve

mechanical strength the fiber is coated with a polymer jacket.

Figure 4.2: Microstructured silica fibers: preforms (top row) and scanning electron
micrograph (SEM) images (bottom row, the scale bar is 10µm): (a) nanoweb fiber,
(b) Mercedes fiber, (c) dual-nanoweb fiber.
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The flexibility in arranging capillaries allows fabrication of versatile fiber struc-

tures. Figure 4.2 shows three fiber types with suspended glass membranes inside a

hollow capillary fiber. The preform geometry is depicted in the top row and the

corresponding SEM images of the drawn fibers are shown in the bottom row.

The (single) nanoweb fiber (Fig. 4.2(a)) represents the simplest form of a mi-

crostructured fiber. Its preform contains two thin-walled capillaries. As the intersti-

tial holes are collapsed in the furnace by applying vacuum inside the preform while

applying pressure to both capillaries, a thin glass web is formed. The nanoweb fiber

can be used as a low-loss planar waveguide enabling the study of nonlinear effects,

such as the Kerr-induced self-focusing and supercontinuum generation [63,110].

The so-called “Mercedes”1 fiber (Fig. 4.2(b)) is drawn from a preform consisting

of three capillaries, arranged in a triangular pattern. During drawing the interstitial

holes are closed by applying vacuum and a suspended index-guiding core is formed

in the middle, where the walls of the three capillaries touch. This fiber type has

been used for sensing applications [111,112].

The dual-nanoweb fiber though requires a more sophisticated stack to start with

(Fig. 4.2(c)). It consists of three main capillaries, arranged in a row, and four sup-

porting capillaries (shaded in grey), which are needed to keep the main capillaries

in place. The short supporting capillaries are inserted at both ends of the stack, so

that in the central part of the preform only the main (structural) capillaries remain.

Figure 4.3: Dual-web cane drawing process: (a) fused main and supporting capillar-
ies , (b) collapse of the supporting capillaries, (c) final cane structure. Explanation
in the text below.

Figure 4.3 shows the metamorphose of the dual-web preform during the cane

drawing process. As the preform is slowly pushed into the furnace (the feeding

1The geometry of this fiber resembles the Mercedes-Benz sign
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speed is ca. 10 - 30 mm/min), first the lower end of the preform with supporting

capillaries passes the furnace (Fig. 4.3(a)). Then vacuum is applied to the interior

of the preform, while the main capillaries are kept at atmospheric pressure. In

Fig. 4.3(b) the beginning collapse of the supporting capillaries and the inflating

of the main capillaries can be seen. Finally, when the part of the preform with

supporting capillaries has passed the furnace, only the three main capillaries remain

in the preform. During this phase of the drawing the canes are collected, from which

the dual-web fiber can be drawn (Fig. 4.3(c)).

4.1.2 Influence of preform geometry and drawing parame-

ters on dual-web fiber structure

The canes tend to become elliptical, as the central capillary, welded on the walls of

the outer tube, prevents the cane from extending in this direction, whereas in the

other direction the holes, formed by the two outer capillaries, are inflated. However,

during fiber drawing process, as pressure (ca. 100 - 300 mbar) is applied to the cane,

the structure can be stretched in the direction parallel to the webs, thus removing

the ellipticity present in the cane.

An important preform parameter is the wall thickness of the main capillaries.

In this context, the d/Λ ratio is often used, which defines the quotient between the

inner and outer diameter. By trial and error one finds out that the central capillary

should be thicker than the outer capillaries, in order to ensure that the distance

between the webs in the final fiber structure is not too large (remember, that the

evanescent coupling between webs gets weaker with increasing distance).

In Fig. 4.4 some examples of fabricated fiber structures together with their canes

are presented. The cane shown in Fig. 4.4(a) was drawn from a preform, in which the

central capillary had d/Λ ratio of 0.4. Two different fiber structures were drawn from

this cane. One of them is depicted on the right-hand side of Fig. 4.4(a). The outer

diameter of this fiber is 125µm, the width of the webs is L ≈ 20µm and the web

thickness w ≈ 500 nm. By reducing the fiber drawing speed (typically 10 - 40 m/min)

at constant preform feeding speed, the diameter of the fiber can be increased. The

fiber diameter is monitored underneath the furnace (see Fig. 4.1), and the speed of

the tractor rotation is adjusted via a proportional-integral-derivative (PID) control

loop to keep this diameter constant during drawing. The dual-web fiber in Fig. 4.2(c)

was drawn from the same cane, its diameter is 200µm, the width of the waveguide
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L ≈ 50µm, while the web thickness w ≈ 500 nm could be preserved by applying

higher pressure to the structure (ca. 300 mbar instead of ∼200 mbar in the case of

the fiber in Fig. 4.4(a)). Thus, by adjusting the fiber diameter and applied pressure

a mechanically more flexible waveguide could be fabricated.

Figure 4.4: Examples of dual-web structures: canes (on the left) and corresponding
fibers (on the right, the scale bar is 10µm). Fibers with a small air gap (a) and a
large air gap (b) as well as structures with two suspended cores (c) can be fabricated.

Figure 4.4(b) shows a cane - fiber pair drawn from a preform, in which a middle

capillary with d/Λ = 0.6 was used. Obviously the gap between the webs is too large

(h ≈ 4.5µm in the center). Even by applying different pressures to the inner hole
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(∼250 mbar) and the outer holes (∼330 mbar) during drawing, the air gap could not

be reduced. When the overpressure on the outer holes was increased further by a

few mbar, the webs would immediately touch and stick together, thus deteriorating

the dual-web structure.

When in addition to the stack capillaries two glass rods are fused inside the preform,

a structure with two suspended cores can be obtained (similar to the structure

in [107] but with two glass strands instead of one), as shown in Fig. 4.4(c). In this

structure four small interstitial holes can be seen at the edges of the webs. These

holes remain open when the vacuum is not sufficient during the cane drawing process.

4.1.3 Guiding vs. antiguiding web thickness profile

Much like in the case of a single nanoweb fiber [63], the thickness profile of the webs

in a dual-web fiber is of crucial importance for the linear and nonlinear guidance

characteristics.

Antiguiding profile: The fiber samples depicted in Figs. 4.2(c) and 4.4(a) and (b)

exhibit webs that are thinner in the middle and gradually become thicker towards

the edges. This thickness profile corresponds to the antiguiding profile in the case

of a single nanoweb fiber.

Figure 4.5: Antiguiding thickness profile: (a) the contours of the dual-web structure
in Fig. 4.2(c) (black lines) and the contours of the same structure with a pressure of
150 mbar applied to the webs from outside (shaded in red). Deflection of the webs
in the center is 235 nm. (b) Effective refractive index profile calculated for the even
TM mode at λ = 1.55µm without the external pressure (black curve) and with
150 mbar pressure applied (red curve).
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Figure 4.5(a) depicts the contours2 of the dual-web fiber shown in Fig. 4.2(c), and

in Fig. 4.5(b) the corresponding effective refractive index profile, calculated for the

fundamental TM mode at λ = 1.55µm as described in Section 2.4, is shown (black

lines). The effective index is lowest in the middle of the structure and steadily

increases towards the edges. Thus, no light could be launched and transmitted

through this fiber, as there are no optical modes confined in the dual-web region.

However, as discussed in Chapters 2 and 3 for the case of planar waveguides, it

is possible to achieve optical mode confinement by bending the dual-web structure.

It can be bent either by means of the electromagnetic gradient pressure or e. g. by

applying external pressure to the outer holes of the fiber. When an overpressure of

150 mbar is applied to the outer holes of the fiber (at room temperature), the webs

are bent inwards (red shaded contours in Fig. 4.5(a)) and the effective index at x =

0 raises from 1.132 to 1.166 (red line in Fig. 4.5(b)). Therefore, it can be possible to

turn an intrinsically non-guiding dual-web structure into a waveguide by applying

external pressure.

Figure 4.6: Guiding dual-web structures used in the experiment: (a) dual-web
fiber #1, (b) dual-web fiber #2.

2the contours were extracted from the SEM image and idealized as to make the structure
symmetric with respect to the y-axis
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Guiding profile: Fortunately, intrinsically guiding fibers with a convex thickness

profile can also be fabricated. Figure 4.6 shows guiding dual-web fibers and their

canes. These structures are discussed in detail in the next Section.

4.1.4 Experimental structures and their characterization

Here the guiding dual-web fibers, that have been used to experimentally demonstrate

optomechanical interaction effects, are described.

4.1.4.1 Guiding dual-web fiber #1

First guiding dual-web fiber was drawn in Erlangen in June 2011 (see Figs. 4.6(a)

and 4.7). The webs of this fiber are relatively thick (w ≈ 900 nm) and exhibit a

slightly convex profile that enables optical modes to be confined in the x-direction

(Fig. 4.7(b)). This mode confinement is a linear effect, based on the thickness re-

lated effective refractive index variation, in contrast to the nonlinear self-trapping

of the modes in planar waveguides discussed in Chapter 3. Nevertheless, the power-

dependent nonlinear change of the refractive index via the optomechanical interac-

tion was for the first time demonstrated in this fiber [42].

Figure 4.7: (a) SEM image of the fiber cross-section. The fiber diameter is
ca. 200µm. (b) Confocal near-field image of the guided mode (TM polarization).
(c) The waveguide consists of two nanowebs ∼900 nm thick and ∼25µm wide, with
an air gap ∼450 nm wide.

4.1.4.2 Guiding dual-web fiber #2

In Chapter 5 the experimental observation of the optomechanical nonlinearity in the

dual-web fiber #2 will be presented (Figs. 4.6(b) and 4.8). This fiber was drawn in

December 2011 and has an advantage over the first experimental structure of having



66 Experimental techniques

thinner (and thus more compliant) webs. Furthermore, the fiber #2 has lower optical

losses than its precursor (loss measurement is shown further below).

Figures 4.8(a) and (c) show SEM images of the fiber microstructure. The nanowebs

are ca. 440 nm thick and 22µm wide, with a pronounced convex thickness profile,

and the air gap size is ∼550 nm. An optical transmission microscope image of the

near-field emerging from the fiber end-face is shown in Fig. 4.8(b).

Figure 4.8: (a) SEM image of the fiber cross-section. The fiber diameter is 100µm.
(b) White light guided in the dual-nanoweb core, as seen under an optical transmis-
sion microscope. (c) The core region with two suspended silica nanowebs ∼440 nm
thick and 22µm wide, with an air gap ∼550 nm wide.

Figure 4.9: Normalized intensity distribution of the fundamental TM mode of the
fiber #2 at λ = 1.55µm. The intensity in the lower web is higher, as it is ca. 20 nm
thicker in the middle than the upper web.

An intensity distribution of the fundamental TM mode at λ = 1.55µm is shown in

Fig. 4.9. It was calculated employing the iterative numerical technique presented
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in Section 3.1.1, based on the structure boundaries extracted from the SEM in

Fig. 4.8(c). The optical power for this calculation was set to 2 mW.

In the experiment it is advantageous to study a singlemode system, as it makes

the analysis of the optomechanical response much more straightforward. Although

apart from the fundamental mode also the m = 0 odd optical mode is supported

by this structure, its excitation can be suppressed by careful alignment of the light

launching to ensure that the phase across the webs is constant. Experimentally it

could be found that the use of a lens with a numerical aperture (NA) of 0.6 also

helped suppress the higher order mode, which has an estimated NA of 0.7 (in the

y-direction) compared to 0.5 for the even fundamental mode.

The transmission power loss in the dual-web fiber was measured using the stan-

dard cut-back technique: the fiber is successively cut back from the end and the

transmitted optical power is measured after each cut. Figure 4.10 shows the result

of a cut-back measurement. The fundamental TM mode was excited in the fiber at

1.55µm.

Figure 4.10: Cut-back loss measurement in the dual-web fiber #2 for the fundamen-
tal TM mode at λ = 1.55µm. Dots are the measured values and the red curve is
the exponential fit.

The red line is an exponential fit yielding the decay rate α = 0.081 cm−1, which

corresponds to a loss of 35 dB/m. This loss value is three times lower than that of the

guiding fiber #1 (& 100 dB/m), and further reduction of the loss should be possible

by careful analysis and reduction of loss sources (e.g. absorptive and scattering

impurities) during fabrication.

The experimental observation of the optomechanical interaction in the dual-web
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fiber #2 will be discussed in detail in Chapter 5, and in Section 5.3 the optome-

chanical properties of the fiber will be analyzed theoretically and compared to the

experimental findings.

4.2 Experimental setup

An interferometric setup was used in order to detect the nonlinear phase change due

to the optomechanical interaction in the dual-web fibers. Its schematic is shown in

Fig. 4.11.

Figure 4.11: (a) Experimental setup: an amplitude-modulated pump and a
coaligned CW probe wave at different wavelength are coupled into a Mach-Zehnder
(MZ) interferometer. (P)BS: (polarizing) beamsplitter, P: polarizer, L: lens, SMF:
single-mode fiber, TBF: tunable band-pass filter, PD: photodiode, PM: piezo-driven
mirror. (b) Schematic of the interferometer output: probe beam exhibits nonlinear
induced modulation with the amplitude Ŝm and a phase delay ΨOM relative to the
driving pump wave.

4.2.1 Mach-Zehnder interferometer

The fiber sample is placed in one arm of an actively stabilized Mach-Zehnder (MZ)

interferometer (Fig. 4.11(a)). The read-out of the nonlinear phase change inside the
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fiber is possible by employing the pump-probe technique.

As laser source an external cavity diode laser (ECDL) tunable from 1500 nm

to 1630 nm (Santec TSL-510) is used. The pump beam is amplitude-modulated

sinusoidally using an electro-optic modulator (EOM) connected to a function gen-

erator (tunable up to 80 MHz). The modulated pump wave is then amplified with a

conventional Erbium-doped fiber amplifier (EDFA), and used to optomechanically

excite vibrations in the nanowebs. As previously discussed, the effective refractive

index of the guided mode changes with nanoweb spacing. A weak probe beam at

a slightly different wavelength can then retrieve the cumulative phase change along

the fiber.

Polarizers and λ/2 - waveplates are used to control the polarization state and

power in the sample and reference arms. At the output of the interferometer the in-

terfering beams were spatially overlapped by coupling to a single-mode fiber (SMF),

followed by a fiber-coupled tunable band-pass filter that allowed selection of pump

or probe signal before transmission to a photodiode.

A feedback loop programmed in LabVIEW, consisting of a piezo-mounted mirror

with a controller and a detector at the interferometer output, was used to adjust and

stabilise the MZ at quadrature, so as to ensure maximum phase sensitivity at the

probe wavelength. The 3 dB roll-off frequency of the control loop is ∼10 Hz, much

lower than the resonant frequencies of the fiber (MHz range, see Chapter 5) in order

to correct for slow drift and environmentally induced low-frequency fluctuations in

the MZ without deteriorating the fast nonlinear signal.

4.2.2 Interferometric phase change

Figure 4.11(b) illustrates a schematic of the output signal, as monitored by the

oscilloscope. As the nanowebs oscillate, driven by the modulated pump beam, the

induced refractive index variation results in a phase change in the sample arm. The

amplitude of this phase change and its phase delay with respect to the driving pump

wave can be determined by monitoring the probe signal at the interferometer output.

The detected signal at the output of the MZ interferometer (assuming the same

linear polarization in the sample and reference arms and taking into account the
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50:50 beam splitter) can be written as:

S(φ) =
1

2
|s1i e−αLf/2 ei(k1L1+φ) + s2i e

ik2L2|2

=
1

2

(
s21i e
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−αLf/2 ei(k2L2−k1L1+φ) + s1i s2i e
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)
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)

+ e−αLf/2 s1i s2i cos (k2L2 − k1L1 + φ)

=
1

2

(
s21f + s22f

)
+ s1f s2f cos (k2L2 − k1L1 + φ) (4.1)

where s i is the signal amplitude at the first BS and s f is the signal amplitude at

the second BS (indices 1 and 2 referring to sample and reference arms, respectively),

Lf is the length of the sample fiber, α is the power loss per meter in the sample and

φ is the nonlinear phase change.

The losses at the optical components of the MZ are neglected. The expression

(4.1) admits the possibility of an unbalanced interferometer: s21f 6= s22f . In the

following, the subscript f will be omitted for simplicity and the signal amplitudes

at the second BS are written as s1 and s2 (see Fig. 4.11(b)).

The signal can be normalized to half the total power leaving the second beam-

splitter, and expressed as follows

Ŝ(φ) =
S(φ)

1
2

(s21 + s22)
= 1 +

2 s1 s2
s21 + s22

cos (k2L2 − k1L1 + φ) (4.2)

At quadrature k2L2 − k1L1 = π/2 and (4.2) can be written

Ŝ(t) = 1 +
2 s1 s2
s21 + s22

sin (φ0 sin Ωt) (4.3)

for a sinusoidal modulation of the phase φ = φ0 sin Ωt. Since, as will be demonstrated

in Chapter 5, the phase modulation amplitude φ0 can reach values of 0.5 rad and

more, the modulated part of the signal can not be simply linearized (assuming

sinφ ≈ φ), but it is necessary to expand the time-dependent term in a series of

Bessel functions

sin (φ0 sin Ωt) = 2
∞∑
n=1

J2n−1(φ0) sin ((2n− 1)Ωt) (4.4)
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and considering only the first frequency sideband yields:

sin (φ0 sin Ωt) ≈ 2J1(φ0) sin Ωt (4.5)

which leads to

Ŝ(t) ≈ 1 +
2 s1 s2
s21 + s22

2J1(φ0) sin Ωt = 1 + Ŝm sin Ωt (4.6)

so that if the measured signal power is scaled to have an average value of unity, the

modulation amplitude of the nonlinear phase change will be given by:

φ0 = J−11

(
Ŝm

s21 + s22
4 s1 s2

)
(4.7)

where the inverse Bessel function J−11 is evaluated in its first cycle.

Therefore, the nonlinear phase shift in the fiber can be deduced from the exper-

imentally measured phase modulation amplitude of the probe wave, knowing the

powers s21 and s22 in the sample and reference arms at the second BS. In practice,

the interferometer will be adjusted such that s21 ≈ s22, in order to achieve optimum

phase sensitivity.
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Chapter 5

Observation of nonlinear

optomechanical interaction in

dual-web fibers

In this Chapter the experimental observation of optomechanically induced nonli-

nearity in a fabricated guiding dual-nanoweb fiber is presented. Some typical inter-

ferometric measurements are shown, and a method of analysing these measurements

and retrieving the interferometric phase change and the optomechanical nonlinear

coefficient is introduced. The frequency-dependent optomechanical response is in-

vestigated, revealing a Lorentz-shaped response function, typical of a driven damped

harmonic oscillator. Measurements at different pump intensities are reported. Fur-

thermore, by scanning a broader frequency span (in MHz range) several higher-order

resonances are found beside a strong fundamental resonance. In order to understand

the resonant behaviour of the fiber, mechanical eigenfrequencies are modelled using

finite element (FE) method. Comparison between modelled resonances and mea-

sured response peaks reveals a considerable degree of frozen-in tension inside the

fiber, that results in the upshift of the mechanical resonances.

Ultimately, the optomechanical nonlinearity of the fiber is analyzed using the

numerical technique presented in Section 3.1.1. The experimental findings are thus

confirmed by the theoretical analysis and, in addition, possible ways of enhanc-

ing the optomechanical response of dual-web fibers with regard to their structural

parameters are discussed.
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5.1 Interferometric measurements and their in-

terpretation

Here, the experiments conducted at 1.55µm wavelength in the fiber structure #2 (see

Fig. 4.8) will be discussed in detail. In comparison to the dual-web fiber structure #1

(Fig. 4.7)1 it offers higher elastic compliance (thinner webs), and therefore yields

stronger optomechanical interaction.

An interferometric setup, described in Section 4.2, is used to detect the nonlinear

phase change inside the fiber (Fig. 4.11). A sinusoidal amplitude-modulated pump

wave with tunable frequency excites vibrations of the nanowebs. As already dis-

cussed, the effective refractive index of the guided mode changes with nanoweb

spacing resulting in a nonlinear phase change inside the fiber, which is detected

with a (weaker) probe beam.

Pump (1550 nm) and probe (1543 nm) beams, polarized perpendicular to the plane

of the webs (TM polarization), were launched into a fiber sample of length Lf

= 97 mm, yielding an effective length of Leff = (1 − exp (−αLf ))/α = 67 mm,

with the exponential decay rate α = 8.1 m−1 extracted from the loss measurement

(Fig. 4.10). The fundamental (even) optical TM mode was predominantly excited

in the experiments, whereas the excitation of the odd mode could be prevented to

a large extent by careful alignment, as discussed in Section 4.1.4.2.

By tuning of the fiber-based bandpass filter at the interferometer output, either

pump or probe beam can be transmitted to the detector. Figure 5.1 shows a typical

output signal, monitored by the oscilloscope. When the nanowebs begin to oscillate,

driven by the amplitude modulated pump beam (Fig. 5.1(a)), the nonlinear induced

interferometric phase change can be detected in the probe signal (Fig. 5.1(b)). The

modulation of the (normalized) interferometer signal Ŝ(t) obeys eq. (4.6). Its am-

plitude Ŝm and the delay ΨOM with respect to the modulated pump wave depend

on the modulation frequency, and can be used to retrieve the nonlinear γOM coef-

ficient, as will be discussed in what follows. Note that Pm denotes the modulation

amplitude of the pump power launched into the fiber.

1Preliminary experimental results reported in [42]
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Figure 5.1: (a) Oscilloscope trace of the driving pump wave modulated at 7.0 MHz
with modulation amplitude Pm = 28 mW launched into the sample fiber (detected
at the MZ output with the reference arm blocked). (b) Traces of the CW probe
wave at the MZ output (interference between sample and reference arms): Nonlinear
phase modulation (driven by the pump wave at 7.0 MHz) with the amplitude Ŝm and
the phase delay ΨOM with respect to the pump wave. Minimum (labelled “min”)
and maximum (labelled “max”) of the interferometer response in absence of the
pump beam, corresponding to zero and π phase difference between the arms.

5.1.1 Retrieving optomechanical nonlinear coefficient

The interferometer was balanced, using a combination of λ/2-plate and polarizer in

each arm, so that the signals from the sample and reference arms were co-polarized

and equally strong at the second beam splitter, therefore |s1| = |s2| = |s| can be

assumed (see Fig. 4.11).

Following the analysis in Section 4.2.3, the modulation of the normalized probe
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power at the output of the MZ interferometer takes the form:

Ŝ(t) = 1 + sin (φ0 sin Ωt) ≈ 1 + 2J1(φ0) sin Ωt = 1 + Ŝm sin Ωt (5.1)

where Ω is the angular modulation frequency and J−11 is the inverse Bessel function

(only the first frequency sideband is considered in the Bessel function expansion).

As a result, the amplitude of the sinusoidally modulated phase is given by

φ0 = J−11

(
Ŝm/2

)
(5.2)

Assuming that the launched pump power in the sample is modulated as P (t) =

Pav + Pm sin Ωt, the cumulative phase change inside the fiber can be expressed as

φ(t) =

∫ Lf

0

γOM P (t) e−αz dz = γOM P (t)
1− e−αLf

α
= γOM P (t)Leff (5.3)

with the phase modulation amplitude

φ0 = γOM Pm Leff (5.4)

By equating (5.2) and (5.4) the nonlinear coefficient is obtained

γOM(Ω) =
1

Pm Leff
J−11

(
Ŝm(Ω)/2

)
(5.5)

Thus, the optomechanical nonlinear coefficient can be evaluated from the experi-

mentally measured phase modulation amplitude of the probe beam, the effective

sample length and the modulation amplitude of the pump power inside the sample.

5.1.2 Lorentz-shaped resonant response

Elasticly deformable parts (mirrors, waveguides) of the optomechanical devices be-

have like (damped) harmonic oscillators with Lorentz-shaped response curves (e.g.

[27, 28]). Assuming a series of Lorentzian resonances the amplitude and phase of

γ̄OM(Ω) relative to the sinusoidal pump can be written as:

γ̄OM(Ω) =
∑
i

γiOM(0)

1− (Ω/Ωi)2 + i Q−1i (Ω/Ωi)
(5.6a)

γOM(Ω) = |γ̄OM(Ω)|, ΨOM(Ω) = arg [γ̄OM(Ω)] (5.6b)
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where Ωi is the resonant (angular) frequency, Qi the quality factor and γiOM(0) the

nonlinear coefficient of the i-th resonance at zero frequency.

In Fig. 5.2 the phase modulation amplitude φ0, measured at three different pump

powers, is plotted as a function of the modulation frequency f = Ω/(2π) in the range

from 4.5 MHz to 9.5 MHz. A distinct resonance peak can be seen at 7 MHz.

Figure 5.2: Phase modulation amplitude φ0 as function of modulation frequency at
different pump powers: Pm = 4, 12 and 28 mW. The dots are the measured values
and the full lines are a fit to a single Lorentzian resonance.

Figure 5.3 shows the corresponding coefficient γOM (evaluated after eq. (5.5))

and the phase delay ΨOM as function of the drive frequency at a pump power of

Pm = 28 mW. The phase ΨOM varies from zero well below the mechanical res-

onance frequency (i.e., in the quasi-static regime when the web deflection is in-

phase with the drive signal) to ΨOM = −π/2 at resonance and ΨOM = −π well

above resonance, as expected of a driven harmonic oscillator. Fitting the response

curves in Fig. 5.3 to the Lorentzian function (5.6) yields f1=7.0 MHz, Q1 = 20.6,

γOM(f1) = 294 W−1m−1 (corresponding to φ0 = 0.545 rad, see Fig. 5.2) and γOM(0) =

γOM(f1)/Q1 = 14.3 W−1m−1 (φ0 = 26.5 mrad).

The γOM values (at resonance) calculated for the pump powers Pm = 4 mW and

12 mW are γOM (7.0 MHz) = 280 W−1m−1 and 295 W−1m−1, respectively. Thus,

within the experimental uncertainties (ca. 5%), the optomechanical nonlinear coef-

ficient remains constant in the measured power range. In Section 5.3 the numerically

modelled optomechanical nonlinear coefficient of the structure will be presented, that

shows very good agreement with the measured values.
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Figure 5.3: Frequency response of γOM (blue) and ΨOM (red) in the vicinity of the
fundamental resonance at 7.0 MHz. The dots are the measured values and the full
lines are a fit to a single Lorentzian resonance.

5.2 Investigation of mechanical properties of the

fiber

Figure 5.4(a) shows the measured response of the dual-web fiber in the frequency

range from 1 MHz to 75 MHz. Beside the strong fundamental resonance at 7.0 MHz,

two further weaker peaks are visible at 30 and 68.2 MHz. To clarify the origin of

these peaks, the mechanical resonances were calculated using COMSOL2 Structural

Mechanics Module.

5.2.1 FE modelling of mechanical resonances

The FEM simulation was carried out based on a high-resolution SEM image of

the sample (Fig. 4.8), and the elastic parameters of fused silica [113]. The results,

shown in Fig. 5.4(b), suggest that the upper and lower webs have non-degenerate

resonant frequencies due to slight structural asymmetry, but that nevertheless there

is a degree of mechanical coupling between them.

2COMSOL is a multiphysics software package for performing finite-element-method (FEM)
simulations. See http://www.comsol.com/

http://www.comsol.com/
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Figure 5.4: (a) Nonlinear optomechanical coefficient as a function of drive frequency
in the range from 1 MHz to 75 MHz, showing higher-order mechanical resonances,
measured for Pm = 49 mW. The corresponding deflection amplitude of the nanoweb
per Watt of power modulation can be read out using the scale to the right. (b) Fi-
nite element modelling of the mechanical resonances of the sample: non-degenerate
modes with one to five lobes are shown, for which the webs can oscillate either in-
phase (left column) or out-of-phase (right column). The mismatch between modelled
and experimentally measured fundamental (out-of-phase) resonance is attributed to
tension in the webs, created during the drawing process (see discussion in Sec-
tion 5.2.2.

The mechanical resonances can be classified according to the number n of oscil-

lating lobes along the web. Furthermore, there are mechanical modes where both
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webs oscillate in phase (left column of Fig. 5.4(b)) and ones with the webs oscillat-

ing out-of-phase (right column). The motion of the upper web dominates in even

(in-phase) modes, whereas in odd (out-of-phase) modes the motion of the lower web

dominates and the upper web only plays a minor role.

The comparison between modelled resonances in Fig. 5.4(b) and measured re-

sponse peaks in Fig. 5.4(a) indicates, that not all of the possible mechanical eigen-

modes can be optically excited (and detected). This is because optical gradient

forces cause either attraction or repulsion of the webs, depending on the symmetry

of the optical modes, as discussed in detail in Chapter 3. As a consequence, acoustic

modes with odd symmetry (i.e., webs oscillating out-of-phase) and odd number of

oscillating lobes (n = 1, 3, 5) are preferentially excited in the experiment, whereas

even modes (webs oscillating in-phase) and those with an even number of lobes (n

= 2, 4) are suppressed, because their overlap integral with the fundamental optical

mode (see Fig. 4.9) is small. In a perfectly symmetric structure this overlap integral

would be zero.

5.2.2 The effect of frozen-in tension

The mismatch between the modelled (5.4 MHz) and measured (7.0 MHz) frequencies

of the n = 1 resonance can be attributed to the frozen-in tension in the webs, created

during the drawing process as the fiber rapidly cools to room temperature after being

drawn. This tension causes an increase in the resonant frequency, akin to the tuning

of a stringed instrument. Following the analysis in [114], the eigenfrequencies of a

plate of width L with clamped edges (sample length Lf � L) can be written as:

fn =
1

2π

√√√√ 1

ρw

[
D

(
π(n+ 1/2)

L

)4

+ T

(
π(n+ 1/2)

L

)2
]

(5.7)

where ρ is the density, w the plate thickness, T the tension per unit width, and

the flexural rigidity D is defined in (2.33). Taking the values ρ = 2203 kg/m3,

Y = 72.5 × 109 N/m2, ν = 0.17, L = 22µm and w = 0.44µm, the fundamental

(n = 1) plate resonance without tension is at 5.4 MHz. Applying tension of T =

16 N/m raises the resonant frequency to 7.0 MHz. The tension-induced frequency

mismatch gets smaller for higher-order modes, as expected from eq. (5.7), and indeed

the modelled frequency of the n = 5 resonance agrees well with experiment.
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Furthermore, the effect of the fiber tension on the resonant frequency could be ex-

perimentally verified. A fiber sample was heated at 1160 ◦C (annealing temperature

of silica glass is 1120 ◦C [74]) for 5 hours in order to release the tension. After the an-

nealing the resonant optomechanical response of the sample was measured (Fig. 5.5).

The fundamental resonance of the annealed fiber shifted down to ∼6.2 MHz, as the

tension in the webs was released. At the same time the dual-web structure, heated

above the annealing temperature, became slightly thicker, as the glass slowly began

to flow.

Figure 5.5: The fundamental resonance of the thermally annealed fiber sample at
6.2ṀHz compared to the 7.0 MHz resonance of the untreated sample.

FEM modelling of the mechanical resonances of the annealed structure (again

based on the SEM image) was performed and showed a fundamental resonance with

odd (out-of-phase) symmetry at 6.29 MHz. Thus, the resonance of the annealed

sample agrees well with the modelled mechanical eigenfrequency. Therefore it could

be confirmed, that the inner tension inside the fiber does indeed play a role.

5.3 Analysis of the optomechanical response

In this Section, the measured optomechanical nonlinearity in dual-web fiber is com-

pared to the Kerr-induced nonlinearity. Furthermore, the experimental results are

analyzed by comparing them to the theoretical predictions based on the iterative

technique, developed in Chapter 3. In addition, a study on the influence of the struc-

tural parameters (such as width and thickness of the webs) on the optomechanical

response is performed.
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Confirmation of experimental results by numerical modelling: The non-

linear γOM coefficient can be calculated employing the iterative numerical approach

presented in Section 3.1. The results, based on a full model taking account of the

exact structure (Fig. 4.8(c)), are γOM(0) =13.8 W−1m−1 for the non-resonant and

γOM(f1) = 284 W−1m−1, agreeing well with the experimental data (compare Sec-

tion 5.1.2).

Comparison of optomechanical and Kerr-induced nonlinearities: The non-

linear coefficient based solely on the Kerr effect γKerr is calculated using eq. (3.2).

It takes the value γKerr ∼ 0.014 W−1m−1 in the experimental dual-web structure

(for comparison γKerr for an air-silica PCF with a 1µm diameter glass core is

∼ 0.2 W−1m−1 [35]). Thus the non-resonant optomechanical nonlinearity is ∼1000

times larger than the Kerr-induced nonlinearity, and the γOM value at resonance is

even 20,000 times larger.

Discussion of structural parameters and possibilities of enhancing op-

tomechanical response In Fig. 5.6(a) the ratio γOM(f1)/γKerr, calculated for

the structure used in the experiment, is plotted against the drive power amplitude

Pm (solid line with label 1), and the measured values are shown at Pm = 4, 12,

28 and 49 mW (red dots). The γOM value remains nearly constant as the drive

power increases. In contrast to the planar dual-web structure theoretically treated

in Chapter 3, the experimental dual-web structure exhibits a slight convex thickness

profile along the webs, so that the optical mode can be well localized even at low

powers (Fig. 4.9). When the power is increased, deflections of the order of some nm

can be obtained at resonance (see Fig. 5.4(a)), but the optical mode distribution

does not change significantly, so that the dependence of the modal index on drive

power remains linear and the γOM coefficient remains constant, as confirmed by the

experiment.

The optomechanical response can be further enhanced by making the structure

more flexible, e.g., by reducing the thickness of the webs and bringing them closer

together (the optically induced pressure falls exponentially with increasing web spac-

ing [23]). The structural parameters of the fiber can be controlled and adjusted

during the drawing process by changing the fiber diameter and applied pressure, as

discussed in Chapter 4. For example, when the actual structure is scaled by a factor

1/2 across the webs (structure with label 2 in Fig. 5.6(b)), the corresponding reso-
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nant γOM value (assuming a constant Q factor of 21) is ∼ 2700 W−1m−1, while the

Kerr coefficient is ∼ 0.009 W−1m−1. As a result, the γOM(f1)/γKerr ratio increases

to ∼ 3× 105 (dashed line in Fig. 5.6(a)).

Figure 5.6: (a) The ratio of the resonant nonlinear optomechanical coefficient
γOM(f1) to the effective Kerr coefficient γKerr as a function of power calculated
for three different structures: the actual dual-web structure as shown in Fig 4.8 (la-
belled 1), the same structure scaled by factor 1/2 in the direction perpendicular
to the webs (labelled 2) and a structure reduced by a factor of 2 in the direction
perpendicular to the webs, and increased by a factor of 2 along the webs (labelled
3). Dots show the measured values for Pm = 4, 12, 28 and 49 mW. (b) Schematic of
the corresponding dual-web structures (note that the y-axis is stretched for better
visualization).

The optomechanical response is enhanced further if structure with label 2 is

stretched horizontally by a factor of 2 (corresponding to L = 44µm, w = ∼220 nm

and air gap width h =∼280 nm), so that γOM(f1) ≈ 2.4× 104 W−1m−1 and γKerr ≈
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W−1m−1 yielding a ratio of ∼ 3.5 × 106 at drive powers in the mW range and

showing a steady linear increase with power as expected of a strong optomechanical

nonlinearity (dash-dotted line in Fig. 5.6(a)).

In conclusion, by optimising the structural parameters, such as web thickness,

separation and width, the optomechanical response can be further enhanced, per-

haps eventually leading to formation of optomechanically self-channeled modes as

predicted in Chapter 3.

5.4 Summary of Chapter 5

First experimental observation of optomechanically induced nonlinearity in a guiding

dual-nanoweb fiber has been presented. A method of analysing the interferometric

measurements and retrieving the interferometric phase change and the optomechani-

cal nonlinear coefficient has been worked out. Frequency-dependence of the optome-

chanical response was investigated, revealing a set of multiple peaks. These peaks

could be verified as the fundamental and higher-order mechanical eigenfrequencies

of the structure. The comparison of the measured resonances and FE modelling

suggested, that there might be a frozen-in tension inside the webs that leads to an

upshift of the resonances. This tension could be released to a large extent by ther-

mally annealing the structure, and the agreement between the measured and the

calculated eigenfrequency improved considerably.

Furthermore, the optomechanical nonlinearity of the fiber was compared to the

Kerr-induced nonlinearity revealing ∼1000 times larger static (non-resonant) and

∼20,000 times larger resonant response. Finally, the experimentally obtained values

of the optomechanical nonlinear coefficient were theoretically confirmed employ-

ing the numerical technique presented in Section 3.1.1. In addition, possible ways of

enhancing the optomechanical response of dual-web fibers with regard to their struc-

tural parameters (web width, thickness, air gap) were discussed using the examples

of some hypothetical structures.



Chapter 6

Reconfigurable light-driven

optoacoustic isolators in photonic

crystal fibers

This Chapter presents a self-contained report on the experimental demonstration

and study of a unidirectional propagation of optical signals, based on optical excita-

tion of a guided acoustic mode in a solid-core PCF [45]. Whereas the optomechanical

coupling of the webs in a dual-web fiber is mediated by the optical gradient force,

the optoacoustic interaction is caused by electrostriction. Tight confinement of the

acoustic wave inside a small-core PCF raises the resonant frequency up to a few

GHz (in comparison: mechanical vibrations of the webs in a dual-web fiber are in

the MHz range).

First the motivation behind this project is explained and the principle of oper-

ation of an all-optical in-fiber isolator is discussed. Then the experimental setup is

described and the measurement results in the static and dynamic regime are pre-

sented. A theory of the dynamic switching is developed, and its main findings are

summarized.

6.1 Motivation

Dynamic optical isolation with all-optical switching capability is in high demand in

advanced optical communications and all-optical signal processing systems. While

conventional optical isolators are based on the Faraday effect in magneto-optical
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crystals [115–117], a number of alternative more compact schemes based on dif-

ferent physical principles have been recently proposed, avoiding the need for in-

tegration of magneto-optical elements. Examples, mostly still far from practi-

cal realization, include indirect interband transitions in integrated waveguide sys-

tems [118], micro-optomechanical devices with flexible Fabry-Pérot cavities [119],

Kerr-nonlinear photonic crystal micro-devices [120] and periodic structures with

spatial asymmetry [121–123].

Among these schemes, those using ultrahigh-frequency coherent acoustic waves

[118, 122] have a wider tuning range and faster switching speeds than their passive

counterparts, which is advantageous in advanced optical signal processing. In this

type of device, the optoacoustic interactions are strongly enhanced if both light

and acoustic vibrations can be confined to a small volume, as shown in micro-

optomechanical systems based on microring resonators [124] or Fabry-Pérot cavities

[14], photonic-phononic crystals [125] and air-silica PCF with a micron-sized solid

core [37, 38].

In the following it will be shown, that coherent optically-driven acoustic waves,

tightly guided in a solid glass PCF core, can cause highly unidirectional optoacoustic

interactions. Created through electrostriction by the polarization beating of two co-

propagating, frequency-shifted, orthogonally polarized, guided optical modes, these

acoustic vibrations satisfy phase-matching conditions for efficient optoacoustic inter-

modal coupling in the forward direction only. The resulting process, called forward

stimulated inter-polarization scattering (SIPS) [38], permits dynamic optical isola-

tion as well as allowing demonstration of a novel all-optical unidirectional variable

optical attenuator/amplifier.

6.2 Forward stimulated Brillouin scattering

The nonlinear process of stimulated Brillouin scattering (SBS) was first observed

in 1964 [126]. In general, it can be distinguished between forward and backward

SBS, depending on whether the amplified Stokes wave is propagating in the same

direction as the pump wave or in the backward direction.

Whereas the backward SBS has been extensively studied in conventional fibers

since the 1960-ies (see [58, 59] and the references therein), the forward scattering

process was first discovered in 1985 [127]. This process originates in the guided
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nature of the acoustic wave, therefore the name guided-acoustic-wave Brillouin scat-

tering (GAWBS) was coined for it. However, back then, only a weak spontaneous

(thermally excited) forward scattering could be observed.

As photonic crystal fibers emerged (starting from 1996), the electrostrictive

sound-light interaction could be dramatically enhanced by the tight confinement

of both acoustic vibrations and light in a small micron-sized core of a PCF. Stim-

ulated forward Brillouin scattering could be observed, that was further classified

into the intra-polarization scattering or the forward stimulated Raman-like scatter-

ing (SRLS) [37] and inter-polarization scattering (SIPS) [38]. Both processes are

briefly discussed in what follows.

Figure 6.1: Principles of unidirectional optoacoustic interactions. Dispersion di-
agrams of the optical and acoustic modes of PCF are shown. In forward SIPS
(a) and SRLS (b) processes, the ARs created by the forward-pump (F-pump) and
forward-Stokes (F-Stokes) waves do not cause efficient coupling of the backward-
pump (B-pump) wave to any other optical mode.
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SIPS vs. SRLS: An all-optical process, forward SIPS occurs between orthog-

onally polarized pump and Stokes waves, generation of higher-order Stokes and

anti-Stokes bands being strongly suppressed (Fig. 6.1(a)) [38]. In this respect it

differs from the related process of SRLS between co-polarized waves, which pro-

duces many higher-order sidebands at higher pump powers (Fig. 6.1(b)) [37]. In

SIPS, a guided acoustic resonance (AR) is excited by beating between orthogonally-

polarized, forward-propagating pump and Stokes waves, automatically scattering

light from pump to Stokes. The dispersion diagram in Fig. 6.1(a) shows that the

backward-propagating waves will not be coupled by this AR because its frequency-

wavevector combination is inappropriate, i.e., the effect is unidirectional. Although

unidirectionality is also seen in SRLS (Fig. 6.1(b)), SIPS has the advantages of both

being a pure two-wave interaction and permitting easy separation of co-propagating

pump and Stokes waves using simple polarization optics.

6.3 Setup and operation principle

6.3.1 Principle of reconfigurable operation

The principle of device operation is illustrated in Fig. 6.2. When two co-polarized

optical signals (SP
+ and SP

−) at frequency f0 propagate in opposite directions along

the PCF, there is no excess loss in either direction, apart from normal fiber attenu-

ation. When, however, a control signal CS
+ at frequency (f0−fAR) is launched into

the orthogonally polarized fiber mode via a polarizing beam splitter (PBS), forward

SIPS causes the SP
+ wave to be attenuated by coupling to CS

+, the attenuation

rate being dependent on the CS
+ power, while the transmission of the SP

− wave is

unaffected (Fig. 6.2(a)). It should be noted that backward SBS plays no role in this

process because the AR momentum is much too small for back-scattering, the AR

frequency is too small (a few GHz compared to ∼10 GHz for backward SBS) and

the control signal power is far below the threshold for backward SBS [128]. The CS
+

signal is separated from the remaining SP
+ at a second PBS. The SP

+ attenuation

can be rapidly modulated by turning the CS
+ on and off. Unlike a conventional

optical isolator, the device has the advantage of reversibility, i.e., when a CS
− signal

is launched, only the SP
− is attenuated, leaving SP

+ undisturbed. When a control

signal CP
+ at higher frequency (f0 + fAR) is launched, the device acts as a unidirec-
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tional optical amplifier, where the SS
+ wave is amplified by taking power from the

CP
+ wave (Fig. 6.2(b)).

Figure 6.2: Schematic diagrams of the optically-controlled unidirectional optical
devices based on forward SIPS: (a) unidirectional optical attenuator, (b) unidi-
rectional optical amplifier (Subscripts P: pump and S: Stokes. Superscripts +:
forward-propagating and −: backward-propagating). When a control signal CS

+

(CP
+) is co-launched into the PCF with the forward-propagating signal SP

+ (SS
+),

the SP
+ (SS

+) wave can be highly attenuated (amplified) via forward SIPS, while
the transmission of the backward-propagating signal SP

− (SS
−) is unaffected. The

C+ wave can be combined with or separated from the S+ wave using a polarizing
beam splitter (PBS).

6.3.2 Fiber-based experimental setup

The experimental setup is shown in Fig. 6.3. The output of a single-frequency

external-cavity diode laser oscillating at 1550 nm is divided at a fiber coupler.

The first wave is frequency-shifted using an electro-optic single-sideband modulator

(SSBM) and acts as the CS
+ wave. It can be intensity-modulated using an electro-

optic intensity modulator. The second wave is amplified using an Erbium-doped

fiber amplifier (EDFA) and split into SP
+ and SP

− waves at another fiber coupler.

After amplification by two EDFAs, the CS
+ wave is combined with the SP

+ at a

fiber coupler and both waves are launched into the PCF. The polarization states of

all the different waves can be independently controlled by adjusting the polarization

controller in each optical path. Optical circulators are used at both ends of the PCF

to route the transmitted signals to fast photodetectors and a scanning Fabry-Pérot

interferometer.
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Figure 6.3: Fiber-based setup configuration. ECDL: external-cavity diode laser,
FC: fiber coupler, PC: polarization controller, SSBM: single-sideband modulator,
IM: intensity modulator, EDFA: Er-doped fiber amplifier, TF: tunable filter, OC:
optical circulator, VOA: variable optical attenuator, SFPI: scanning Fabry-Pérot
interferometer, PBS: polarizing beam splitter, PD: photodetector. Zoom of the
PCF core region is shown in the inset. The white scale bar is 1µm.

6.3.3 Characteristics of the used solid-core PCF

A 15-m-long PCF with a core diameter of 1.8µm was used (see the inset of Fig. 6.3).

The experimental fiber supports a torsional-radial TR21-like core-guided AR, and

has a forward SIPS gain of 1.0 m−1W−1 at 1.5015 GHz frequency shift and a for-

ward SRLS gain of 0.65 m−1W−1 at 1.497 GHz frequency shift1. Both gain spectra

have a bandwidth of 7 MHz. To suppress Fresnel back-reflections at the ends of

the PCF (which can significantly impair the measurements) a conventional step-

index single-mode fiber (Corning SMF-28) was spliced to the PCF, incorporating

an ultrahigh-numerical-aperture (UHNA) step-index fiber (Nufern UHNAF #4) as

an intermediate fiber [130]. The splice losses were 0.4 dB between SMF-28 and

UHNA fiber and 1.0 dB between UHNA fiber and PCF, yielding an overall splice

loss of 1.4 dB.

1Detailed optoacoustic characteristics of this fiber can be found in [38], whereas a general
classification of the acoustic modes of a cylindrical rod is presented in [129].
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6.4 Experimental results

The measurements of a static optical attenuation and amplification as well as dy-

namic switching are presented in this Section. Furthermore, the optical isolation

mediated through SIPS process is compared to that of the SRLS process.

6.4.1 Static optical attenuation and amplification

Figure 6.4: Input and output spectra of forward- and backward-propagating sig-
nals. (a) Forward input spectrum containing the F-pump (SP

+) and F-Stokes (CS
+)

waves. (b) Forward output spectrum affected by SIPS. The inset is the zoomed-in
spectrum around the pump frequency indicated by the green dashed square, show-
ing -20 dB attenuation of the F-pump. (c) Forward output spectrum affected by
SRLS. The red and grey downward-pointing arrows indicate the pump and Stokes
frequency. (d) Backward input spectrum containing the B-pump (SP

−) wave. (e)
Backward output spectrum in the presence of SIPS (b). (f) Backward output spec-
trum in the presence of SRLS (c). In the figures, the optical powers are normalized
to the input power of the F-pump (for (a - c)) or B-pump (for (d-f)).
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First the unidirectionality was measured in the steady-state regime by monitoring

the transmission spectra of SP
+ and SP

− waves in the absence and presence of a CW

CS
+ control wave. Figure 6.4 shows that, even though the transmitted SP

+ spectrum

is significantly affected by the presence of the CS
+ wave, the transmission of the SP

−

wave remains unchanged regardless of its polarization state and optical power. The

transmission difference between the SP
+ and the SP

− was 20 dB for SIPS at a CS
+

power level of 227 mW (Figs. 6.4(b) and (e)). On the other hand, the SRLS process

generates higher order Stokes and anti-Stokes waves in the same polarization state

(Fig. 6.4(c)), making them very difficult to separate except using a high-resolution

spectrometer.

These results suggest that SIPS can be used as the basis of a unidirectional

variable optical isolator. To explore this we focus on the system in Fig. 6.2, exam-

ining two different situations. First the CW isolation was tuned by increasing the

CS
+ power up to 230 mW, at the same time monitoring the transmitted SP

+ and

SP
− power for launched powers of 57 mW and 113 mW. In this case the CS

+ wave

had a lower frequency than the signal waves, resulting in attenuation of the SP
+

wave, while the SP
− wave remained unchanged. This unidirectional variable optical

attenuator has an isolation of up to 20 dB (Fig. 6.5 lower).

Figure 6.5: Dependence of the signal transmission of the device on the input con-
trol power. The dependence was measured for two input S+ powers (57 mW and
113 mW). For attenuation (amplification) the frequency of the C+ wave is set fAR
lower (higher) than that of the S+ wave. The symbols are experimental results and
the curves are theoretical predictions based on eq. (6.1).

In the next step the frequency of the C+ signal was switched from f0−∆f to f0+∆f
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(∆f = 1.5015 GHz) by changing the DC bias applied to the SSBM. The control wave

CP
+ then had a higher frequency than the signal waves, resulting in amplification of

the SS
+ wave, the SS

− wave remaining unaffected. In this case the device operates

as a unidirectional variable optical amplifier (Fig. 6.5 upper).

Since the SIPS process is nonlinear, different SP
+ (SS

+) powers yield different

values of attenuation (amplification) for the same input CS
+ (CP

+) power, which can

also be observed in optical isolators based on other nonlinear optical effects [121].

The measurements are in excellent agreement with theoretical predictions based on

the following equation [38]:

TS =
PS + PC

PS + PC exp [±g(PS + PC)Lf ]
(6.1)

where TS is the transmission of the S+ wave, PS and PC are the input S+ and C+

powers, g is the gain coefficient (1.0 m−1W−1) and Lf the fiber length (15 m). In

eq. (6.1) the (+) sign corresponds to attenuation and the (-) to amplification. For

the case of the variable attenuator at a given C+ power, the isolation is higher for

stronger input S+ power. Nevertheless, the lower bound of isolation (corresponding

to isolation of a very weak S+ signal) is given from eq. (6.1) by exp (gPCLf ). As

an example, with C+ power of 310 mW, isolation levels higher than 20 dB can be

reached at any S+ power level.

6.4.2 Dynamic optical switching

A key parameter in the performance of any optically-controlled device is switching

time. To measure this in the attenuator, a rectangular electrical waveform was ap-

plied to the intensity modulator, resulting in a square-wave CS
+ signal with 4.0 MHz

repetition rate and 50% duty cycle. The temporal responses of the SP
+ and SP

−

signals were then measured using a fast photodetector. Before detection, all three

signals were passed through a polarization controller and a PBS, as shown in Fig. 6.3.

This allowed the orthogonally polarized SP
+ and CS

+ waves to be cleanly separated.

Figure 6.6(a) shows oscilloscope traces of transmitted SP
+ and SP

− signals for an

input power of 113 mW. The CS
+ signal has an input power of 459 mW in the ON

state. It can be clearly seen that SP
+ switches on and off with a finite switching

time, while SP
− remains unaffected. The switching time (10% to 90% transit time)

of the SP
+ signal is 12 ns at switch-off and 20 ns at switch-on.
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Figure 6.6: Switching characteristics of the device. (a) Oscilloscope traces of the
input CS

+ (upper), output SP
+ (red) and SP

− (blue) signals. The green dashed
curve is theoretical prediction of the output SP

+ based on eq. (6.5). The CS
+ and

SP
+ powers are normalized to the input SP

+ power, and the SP
− output power is

normalized to the input SP
− power. (b) Dependence of the switching time on the

input CS
+ power. The dots are experimental results and the curves are theoretical

predictions based on eq. (6.5). In (a) and (b) the input SP
+ power is fixed at 113

mW.

The previous steady-state SIPS theory [38] is now extended to treat the dynamics

of switching. In SIPS process, two optical waves, defined as

Ek(r, z, t) = Ek0(r) ak(z, t) exp (i (βkz − ωkt)) + c.c. (6.2)

with k = P, S for pump and Stokes, and an acoustic resonance

u(r, z, t) = um(r) b(z, t) exp (i (qz − Ωt)) + c.c. (6.3)

interact via electrostrictive driving force F and nonlinear polarization PNL, which

can be expressed as [131–133]:

F = ε0
[
1
2
γ12∇(E · E) + γ44(E · ∇)E

]
(6.4a)

E = EP + ES (6.4b)

PNL = −ε0 [γ12(∇ · u)E + 2γ44(∇su) · E] (6.4c)

∇su ≡
[
∇u + (∇u)T

]
/2 (6.4d)

The normalized electric field distributions, Ek0, are EP0 = Ex0 and ES0 = Ey0, or

vice-versa, where Ex0, Ey0 represent x- and y-polarized fundamental optical modes,
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and um is the normalized displacement distribution, ak and b are the slowly varying

amplitudes, βk and q the axial wavevectors with q = βP − βS, and ωk and Ω the

angular frequencies with Ω = ωP −ωS, and γ12 and γ44 are the elements of the elec-

trostrictive tensor for fused silica. After some manipulation of Maxwells equations

and an acoustic wave equation one obtains:

∂AP
∂z

+
1

νP

∂AP
∂t

= i
g0
2
ASB (6.5a)

∂AS
∂z

+
1

νS

∂AS
∂t

= i
g0
2
APB

∗ (6.5b)

∂B

∂t
+

Γ

2
B = i(Ω− Ωm)B + i

Γ

2
APA

∗
S (6.5c)

where νk is the group velocity of each optical wave, g0 is the gain coefficient at

resonance (Ω = Ωm with resonant acoustic frequency Ωm), and Γ is the acoustic

damping rate. Ak and B are normalized amplitudes:

Ak(z, t) ≡
√

2nkε0c ak(z, t), |Ak|2 = Pk (6.6a)

B(z, t) ≡
2
√
nxny cρ0ΩmΓ

γ12Q1 + 2γ44Q2

b(z, t) (6.6b)

where c is the speed of light in vacuum, nx,y the effective refractive index of each

polarization eigenmode, ρ0 the density of fused silica, and Q1 and Q2 are optoa-

coustic overlap integrals [38]. In the steady-state (∂/∂t = 0) eq. (6.5) can be solved

analytically to yield the expression in eq. (6.1).

Numerical solutions of eq. (6.5) are plotted in Fig. 6.6, and show good agreement

with the experimental results. The switching time is governed by the acoustic life-

time, τ = 2/Γ (45 ns in our case). At the same time, the switching dynamics is also

influenced by the input CS
+ power. The switching time falls as the CS

+ power rises

(Fig. 6.6(b)). While the measured switching time shows excellent agreement with the

theoretical values, some discrepancy is seen for the rising time, which we attribute

to the residual power in the input CS
+ signal during the OFF state. This suggests

that the switching time might be further reduced by manipulating the amplitude

and phase of the CS
+ signal.
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6.5 Summary of Chapter 6

A reconfigurable all-optical fiber-based isolator, based on optical excitation of a

guided acoustic mode in a solid-core PCF, was demonstrated. The isolation via

forward intra-polarization (SRLS) and inter-polarization (SIPS) scattering processes

has been discussed and experimentally studied, yielding an optical isolation levels

of up to 20 dB in the case of the SIPS, while generation of co-polarized higher order

Stokes and anti-Stokes waves was observed in the case of SRLS making it difficult

to seperate the transmitted waves at the output.

The dynamics of all-optical switching were studied in the SIPS configuration, and

switching times of the order of some tens of ns were detected. A theory describing

the dynamics of the SIPS process was developed and verified by comparing its

predictions to the experimental results.

The SIPS process proved to provide an efficient means of realizing reconfigurable

in-fiber unidirectional variable optical attenuators and amplifiers, with a large dy-

namic range of isolation, fast switching speeds and reversibility, which yields new

functionality useful in optical communications and all-optical signal processing sys-

tems.



Chapter 7

Conclusions and Outlook

In this thesis two types of nonlinear light-matter interactions in microstructured

silica fibers were studied: the optomechanical interaction in dual-nanoweb fibers and

the optoacoustic interaction in solid-core PCF. While the optomechanical coupling

in a dual-web fiber is mediated by the electromagnetic gradient force (that can be

derived from the Maxwell Stress tensor), the optoacoustic coupling is governed by

electrostriction (with the corresponding electrostrictive tensor). In both cases the

dielectric waveguide deforms in reaction to the applied electromagnetic field, thus

modifying the refractive index, and the nonlinear susceptibility is proportional to

the square of the applied field (third-order nonlinear effect). Furthermore, elastic

vibrations can be excited in both systems. The resonances lie in the range of several

MHz in the case of the dual-web waveguide and in the GHz range in the case of a

micron-core PCF.

In the following, a brief summary of the experimental and theoretical results is

presented and some recommendations for the further research are given.

7.1 Optomechanical interaction in dual-web fibers

In the course of the theoretical study of the coupled dual-web system a novel phe-

nomenon was predicted - the self-channeling of optical modes via optomechanical

interaction. An iterative numerical technique was developed in order to analyse the

steady-state properties of these self-trapped modes and a concept of the optome-

chanical nonlinearity was introduced. This nonlinearity was compared to the Kerr

effect in silica fibers. As a result it was shown that the optomechanical nonlinear
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effect can exceed the Kerr nonlinearity by many orders of magnitude. Dependence of

the self-channeling on various parameters, such as the symmetry of optical modes,

fiber geometry and wavelength was theoretically explored. The analysis suggests

that both even and odd optical modes can be trapped in dual-web fibers and that

the optomechanical nonlinearity is a highly broadband effect. Moreover, it was

shown that structures with mechanically more compliant (i. e., thin and wide) webs

exhibit stronger nonlinearity and that by decreasing the air gap size the nonlinear

effect can be further enhanced.

Furthermore, an extensive study of the propagation dynamics of the self-channeled

modes was performed in the framework of the spatial soliton theory. A system of

coupled equations for the field and deflection distributions was derived. The self-

confined optical modes, that were first predicted using iterative numerical approach,

could then be verified as the nonlocal spatial solitons. The degree of nonlocality was

defined proportional to the ratio between the web width and the waist of the optical

mode. In the limit of highly nonlocal regime a characteristic breathing behaviour

of the beam waist was demonstrated - typical for the beam propagation in nonlocal

nonlinear media. In the case of a weak nonlocality the modulational instability was

obtained.

Experimentally, dual-web fibers were fabricated from silica capillaries by the

“stack-and-draw” process, thus enabling the first observation of the predicted op-

tomechanically induced nonlinearity. Frequency-dependence of the optomechanical

response of the fiber was investigated, revealing fundamental and higher-order res-

onances in the MHz range. Measured resonant optomechanical nonlinearity was

∼20,000 times larger than the Kerr-induced nonlinearity for this fiber type, whereas

the static optomechanical response exceeded the Kerr effect by a factor of ∼1000.

Finally, the experimental findings were confirmed by the theoretical analysis of the

fabricated fiber structure.

The quintessence of this detailed study can be expressed as follows: Dual-

nanoweb fibers are a promising vehicle for attaining ultra-high nonlinear coefficients

in optical fibers and potentially allow the formation of stable self-trapped modes

that can propagate over many meters along a flexible pathway.

Possible applications for this novel fiber type include sensing and optical metrol-

ogy. As discussed in Section 4.1.3 applying external pressure to the webs can change

the optomechanical coupling dramatically, and even turn a non-guiding structure

into a waveguide. Fiber-based Fabry-Pérot pressure sensors, utilizing a thin flexible
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diaphragm attached to the endface of an optical fiber are commonly used due to

their high sensitivity, compact size, and resistance in harsh physical and chemical

environments [134,135]. However, their fabrication and assembly involves elaborate

techniques such as hydrofluoric acid (HF) etching, laser fusion or thermal bond-

ing. In contrast to that, the dual-nanoweb fiber can be regarded as a self-contained

pressure sensor. As external pressure is applied to the webs, the induced deflec-

tion immediately changes the optical signal transmission through the fiber. This

has been confirmed by preliminary measurements with transient pressure gradients

applied to the fiber. The mechanical response of the webs is very fast, as it is only

limited by the mechanical eigenfrequencies, in fact the webs can react on a µs scale,

thus providing a high bandwidth for dynamic pressure measurement. Furthermore,

static pressure can be applied to the structure, e. g. by drilling a channel through

the fiber wall, so as to pressurize only a selected hole. In this case ultra-sensitive

static pressure detection can be expected. As we have seen from the interferometric

measurements, deflections of the order of some picometers can be detected. Taking

into account typical dimensions of the dual-web fibers and their elastic properties,

this corresponds to applied pressure in the range of a few Pa (1 Pa = 10−5 bar).

Finally, as the fiber material is silica, it provides excellent thermal stability, so that

these fiber-based sensors could be operated even at temperatures above 1000 ◦C.

In addition, exploring further nonlinear effects in dual-web fibers is interesting.

Recently, optomechanical tuning of the birefringence was proposed in a system of

coupled silicon strip waveguides [136]. In this context, optomechanically induced

tuning of the group velocity dispersion (GVD) as well as birefringence tuning in

dual-web fibers should be investigated.

Last but not least, the demonstration of optomechanical self-channeling remains

a challenge. Although in the experiments presented in this work, strong optome-

chanical interaction in a dual-web fiber was demonstrated, the nonlinearity of this

fiber was not yet sufficient to allow detection of the actual change in the optical

mode profile. On the one hand, it is possible to enhance the nonlinearity further

by optimising the structural parameters of the fiber (such as web thickness profile,

separation of the webs and their width) during fabrication process. On the other

hand, as discussed above, by applying external pressure to the webs the guidance

properties and optomechanical coupling can be tuned. Thus, in conclusion, the ob-

servation of the optomechanical self-trapping is expected to be demonstrated in the

near future.
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7.2 Optoacoustic interaction in solid-core PCF

Tight confinement of both acoustic vibrations and light in the core of a PCF can

give rise to strong interactions between them, yielding new nonlinear optical phe-

nomena. A reconfigurable all-optical fiber isolator, based on optical excitation of a

GHz acoustic mode in a solid-core PCF, was experimentally demonstrated utilizing

forward stimulated inter-polarization Brillouin scattering (SIPS). This device offers

a large dynamic range of isolation, fast switching speeds and reversibility, which is

of high demand in all-optical signal processing systems. In addition, a theory for

the dynamics of the forward SIPS process was developed and used to describe the

switching characteristics of the device.

While the scheme in Fig. 6.2 successfully demonstrates the principles of the de-

vice, for guided acoustic waves to be excited via SIPS, the signal wavelength is

restricted to a narrow spectral range (limited by the SIPS gain bandwidth) for a

fixed control signal wavelength. Once the acoustic wave is excited, however, it can

cause efficient inter-polarization coupling at other wavelengths simultaneously over

a broad spectral range, provided the birefringence does not vary significantly with

wavelength. In particular, the working spectral range is maximized around the wave-

length at which the two polarization eigenmodes have the same group velocity [118].

Therefore, with a pump-probe scheme in which a guided acoustic wave is driven by

the SIPS process at one wavelength and is used to control optical signals at other

wavelengths, the device can operate over a spectral range much broader than 1 THz

(the precise value depends on the dispersion of the birefringence).

Finally, the gain for forward SIPS is proportional to the sixth power of the re-

fractive index [37, 38] and thus can be greatly enhanced in a waveguide made of

high index material, e.g., soft glass (n = 2.0 for tellurite and n = 2.8 for As2Se3

chalcogenide glasses) [137] and silicon (n = 3.5) [31]. Furthermore, at higher re-

fractive indices the waveguide width can be reduced down to the submicron range,

thus further enhancing the tight confinement of light and dramatically increasing

the electrostrictive force (and hence the resulting Brillouin gain) at a given optical

power. In particular, waveguides consisting of free-standing submicron-thick silicon

beams [31], having perfect acoustic confinement, may exhibit extremely high SIPS

gain and can be realized in CMOS-compatible compact silicon on-chip platforms,

where it is difficult to incorporate magneto-optical elements.
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[21] M.L. Povinelli, M. Lončar, M. Ibanescu, E.J. Smythe, S.G. Johnson, F. Ca-

passo, and J.D. Joannopoulos, “Evanescent-wave bonding between optical

waveguides,” Optics Letters 30, 22, 3042 (2005).
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