
Springer Series in Optical Sciences 189

Gerd Marowsky    Editor 

Planar 
Waveguides and 
other Con� ned 
Geometries
Theory, Technology, Production, and 
Novel Applications



Springer Series in Optical Sciences

Volume 189

Founded by
H. K. V. Lotsch

Editor-in-Chief:
W. T. Rhodes

Editorial Board:
Ali Adibi, Atlanta
Toshimitsu Asakura, Sapporo
Theodor W. Hänsch, Garching
Ferenc Krausz, Garching
Bo A. J. Monemar, Linköping
Herbert Venghaus, Berlin
Horst Weber, Berlin
Harald Weinfurter, München

More information about this series at http://www.springer.com/series/624

http://www.springer.com/series/624


Springer Series in Optical Sciences

The Springer Series in Optical Sciences, under the leadership of Editor-in-Chief William T. Rhodes,
Georgia Institute of Technology, USA, provides an expanding selection of research monographs in all
major areas of optics: lasers and quantum optics, ultrafast phenomena, optical spectroscopy techniques,
optoelectronics, quantum information, information optics, applied laser technology, industrial applica-
tions, and other topics of contemporary interest.
With this broad coverage of topics, the series is of use to all research scientists and engineers who need
up-to-date reference books.
The editors encourage prospective authors to correspond with them in advance of submitting a
manuscript. Submission of manuscripts should be made to the Editor-in-Chief or one of the Editors.
See also www.springer.com/series/624

Editor-in-Chief
William T. Rhodes
School of Electrical and Computer Engineering
Georgia Institute of Technology
Atlanta, GA 30332-0250, USA
e-mail: bill.rhodes@ece.gatech.edu

Editorial Board
Ali Adibi
School of Electrical and Computer Engineering
Georgia Institute of Technology
Atlanta, GA 30332-0250, USA
e-mail: adibi@ee.gatech.edu

Toshimitsu Asakura
Faculty of Engineering
Hokkai-Gakuen University
1-1, Minami-26, Nishi 11, Chuo-ku
Sapporo, Hokkaido 064-0926, Japan
e-mail: asakura@eli.hokkai-s-u.ac.jp

Theodor W. Hänsch
Max-Planck-Institut für Quantenoptik
Hans-Kopfermann-Straße 1
85748 Garching, Germany
e-mail: t.w.haensch@physik.uni-muenchen.de

Ferenc Krausz
Ludwig-Maximilians-Universität München
Lehrstuhl für Experimentelle Physik
Am Coulombwall 1
85748 Garching, Germany and
Max-Planck-Institut für Quantenoptik
Hans-Kopfermann-Straße 1
85748 Garching, Germany
e-mail: ferenc.krausz@mpq.mpg.de

Bo A. J. Monemar
Department of Physics and Measurement Technology
Materials Science Division
Linköping University
58183 Linköping, Sweden
e-mail: bom@ifm.liu.se

Herbert Venghaus
Fraunhofer Institut für Nachrichtentechnik
Heinrich-Hertz-Institut
Einsteinufer 37
10587 Berlin, Germany
e-mail: venghaus@hhi.de

Horst Weber
Optisches Institut
Technische Universität Berlin
Straße des 17. Juni 135
10623 Berlin, Germany
e-mail: weber@physik.tu-berlin.de

Harald Weinfurter
Sektion Physik
Ludwig-Maximilians-Universität München
Schellingstraße 4/III
80799 München, Germany
e-mail: harald.weinfurter@physik.uni-muenchen.de

www.springer.com/series/624
mailto:bill.rhodes@ece.gatech.edu
mailto:adibi@ee.gatech.edu
mailto:asakura@eli.hokkai-s-u.ac.jp
mailto:t.w.haensch@physik.uni-muenchen.de
mailto:ferenc.krausz@mpq.mpg.de
mailto:bom@ifm.liu.se
mailto:venghaus@hhi.de
mailto:weber@physik.tu-berlin.de
mailto:harald.weinfurter@physik.uni-muenchen.de


Gerd Marowsky
Editor

Planar Waveguides and other
Confined Geometries

Theory, Technology, Production, and Novel
Applications

123



Editor
Gerd Marowsky
Laser-Laboratorium Göttingen e.V.
Göttingen, Germany

ISSN 0342-4111 ISSN 1556-1534 (electronic)
ISBN 978-1-4939-1178-3 ISBN 978-1-4939-1179-0 (eBook)
DOI 10.1007/978-1-4939-1179-0
Springer New York Heidelberg Dordrecht London

Library of Congress Control Number: 2014948197

© Springer Science+Business Media New York 2015
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed. Exempted from this legal reservation are brief excerpts in connection
with reviews or scholarly analysis or material supplied specifically for the purpose of being entered
and executed on a computer system, for exclusive use by the purchaser of the work. Duplication of
this publication or parts thereof is permitted only under the provisions of the Copyright Law of the
Publisher’s location, in its current version, and permission for use must always be obtained from Springer.
Permissions for use may be obtained through RightsLink at the Copyright Clearance Center. Violations
are liable to prosecution under the respective Copyright Law.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.
While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)

www.springer.com


Preface

The aim of this book is to provide an actual collection of highlights in the
technology, production, and novel applications of waveguides and other confined
geometries, in particular optical fibers.

It is well known that waveguide phenomena are nowadays a textbook subject and
some energy is needed to prove that waveguide problems are still of great scientific
and commercial interest.

Any textbook approach should go back to the books by Theodor Tamir,1 who
always considered waveguiding as the heart of any integrated optics. It is very
interesting to study the details of his first book on this subject in as early as 1975.
There he dated the beginning of integrated optics to the late 1960s and mentioned
as primary applications signal processing and optical communications. It is striking
to note that he did not mention at this time any analytical applications (lab-on-chip)
or sensors. However, he already did mention the possible chances of novel optical
phenomena opened by the concentration of high intensity fields in thin films and
effects due to attendant enhancement of nonlinear and/or active properties of such
films. It should be emphasized that at least two contributions in this book deal with
nonlinear phenomena in waveguiding structures and potential applications.

Contributions came from Europe, Canada, and Israel. The manuscripts have been
arranged as follows:

• Theoretical considerations for semi-infinite planar waveguides. Unusual, novel
ways of efficient frequency conversion in structured fibers and nanoplasmonic
waveguides

• Five contributions on laser writing of waveguiding structures in various geome-
tries and materials

• Channel formation in cluster targets as an example of self-organization of
waveguiding structures

1Still available is the second corrected and updated edition of the book “Integrated Optics,”
T. Tamir editor, Springer-Verlag, Berlin, Heidelberg, New York, 1979.
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vi Preface

• An example of a novel application of Bragg grating technology using optical
fibers for 3D shape sensing

The contributions are beyond the normal textbook style, representing cutting-
edge research results. A short preview/summary of some of the selected contribu-
tions is given below:

In Chap. 1 of this book radiation emerging from an open-ended waveguide is
studied in theory. The idealized case of a planar waveguide open to an infinite
half space is considered. An iterative scheme is constructed in analogy to the exact
solution of reflection from a step-potential in one-dimensional quantum mechanics
and Fresnel reflection of electromagnetic radiation from a half space. For the
planar waveguide, the first step in the iterative scheme is evaluated. This yields an
approximation to the radiation pattern emerging from the waveguide, as well as the
amplitude of the wave reflected back into the waveguide.

Another selected example, Chap. 2, considers second-harmonic generation in
a circular cylindrical waveguide with embedded periodically arranged tubelets of
high nonlinear susceptibility. The configuration is similar to usual quasi-phase-
matched arrangements, but places the nonlinear polarization sheet at intensity peaks
of the guided fundamental wave. This leads (yet only in theory) under optimized
conditions to high conversion efficiencies and hence pump depletion has to be
considered in the framework of mode-coupling theory.

A major advance on femtosecond laser structuring inside optical fibers in
Chap. 4 presents powerful new directions for inscribing optical, microfluidic, and
mechanical structure devices in the fiber cladding that efficiently interconnect with
the fiber core waveguide. This all-fiber platform circumvents tedious packaging and
assembly process steps to enable highly functional photonic microsystems and lab-
in-fiber devices to form into a compact and flexible optical fiber system that greatly
enhances the value of today’s widely deployed fiber cables.

The modification of optical properties of dielectrics has led to the fabrication
of waveguides in a variety of glasses and crystals as shown in Chap. 6. UV
photosensitivity of germanium-doped glass led to a new technology of fiber Bragg
gratings; now femtosecond lasers have allowed yet another aspect of laser-material
interaction to be exploited, bordering in the twilight zone between optical damage
and plasma formation. This not fully understood process has also led to the
production of 3D waveguides and holds the promise of easing the process of
waveguide fabrication in all sorts of transparent media, provided the optical loss
can be tamed. At the other end of the spectrum, the brute force of carbon dioxide
lasers has also been used to cut glass to form delicate, yet complex, low-loss optical
devices for fast prototyping and integration. These technologies are reviewed by
examining the induction of refractive index changes and waveguides in several
different materials.

An unusual case of waveguide generation is discussed in Chap. 9: channel
formation due to focusing of high-power laser radiation in a self-generated rare gas
plasma. The discovery of a stable highly nonlinear mechanism that can compress
power to a density exceeding thermonuclear values led to a new era of power

http://dx.doi.org/10.1007/978-1-4939-1179-0_1
http://dx.doi.org/10.1007/978-1-4939-1179-0_2
http://dx.doi.org/10.1007/978-1-4939-1179-0_4
http://dx.doi.org/10.1007/978-1-4939-1179-0_6
http://dx.doi.org/10.1007/978-1-4939-1179-0_9


Preface vii

compression. The associated steps, increasing by a factor of 1010 in power density,
mark different stages of technological breakthroughs.

Chapter 10 discusses a novel method for direct femtosecond laser-based writing
of Bragg gratings and micro-waveguides not only inside the core but also in the
cladding of a standard telecom fiber. This enables an optical 3D shape monitoring
system using just a single one-core optical fiber. For a 1.5 m long fiber, the tip
position can be tracked with an accuracy of less than 1 mm for the x,y,z-coordinates.
Applications of this new technology range from medical tracking systems to long-
term inspection of boreholes and drilling wells in the oil and gas industry.

Göttingen, Germany Gerd Marowsky
March 2014

http://dx.doi.org/10.1007/978-1-4939-1179-0_10
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Chapter 1
Radiation from a Semi-infinite Unflanged Planar
Dielectric Waveguide

B.U. Felderhof

PACS numbers: 41.20.Jb, 42.25.Bs, 42.79.Gn, 43.20.+g

1.1 Introduction

In a classic paper Levine and Schwinger [1] studied the radiation of sound from
an unflanged circular pipe. Later they extended their theory to electromagnetic
radiation [2]. Their work constituted the first major advance in the theory of diffrac-
tion after Sommerfeld’s exact solution of the problem of plane wave diffraction
by an ideally conducting half plane [3]. In the theory of diffraction of sound,
microwaves, or light, the radiation is assumed to propagate in uniform space with
reflection by rigid objects or idealized boundaries. For a lucid introduction to the
theory of diffraction we refer to Sommerfeld’s lecture notes [4]. The early theory of
diffraction was reviewed by Bouwkamp [5]. Later developments are discussed by
Born and Wolf [6]. A brief review of the principles and applications of open-ended
waveguides with idealized walls was presented by Gardiol [7].

The invention of the dielectric waveguide by Hondros and Debye [8] has led
to the development of optical fibers and the subsequent advances in telecommu-
nication. In the theoretical determination of running wave solutions to Maxwell’s
equations in a spatially inhomogeneous medium the radiation is assumed to
propagate in a guiding structure of infinite length. The problem of emergence of
radiation from a semi-infinite waveguide into a half-space is of obvious technical
interest. In the case of sound the analysis is based on the exact solution of Levine
and Schwinger [1,9–12]. For a dielectric waveguide the observation of the emerging
radiation can be used as a tool to study the nature of the driving incident wave [13].

B.U. Felderhof (�)
Institut für Theorie der Statistischen Physik, RWTH Aachen University,
Templergraben 55, 52056 Aachen, Germany
e-mail: ufelder@physik.rwth-aachen.de

G. Marowsky (ed.), Planar Waveguides and other Confined Geometries: Theory,
Technology, Production, and Novel Applications, Springer Series in Optical Sciences 189,
DOI 10.1007/978-1-4939-1179-0__1, © Springer ScienceCBusiness Media New York 2015
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2 B.U. Felderhof

It is advantageous to simplify the theoretical analysis by the use of planar
symmetry. The theory of Levine and Schwinger was extended to planar geometry
by Heins [14,15]. In the following we study radiation emerging from a semi-infinite
planar dielectric waveguide. As an intermediate step the wave function in the exit
plane must be calculated. In this case the integral equation technique of Schwinger
[16] cannot be implemented, because of the complicated nature of the integral
kernel. We evaluate the emitted radiation and the coefficients of reflection back into
the waveguide approximately in a first step of an iterative scheme.

We show in two appendices that the iterative scheme converges to the exact
solution in the related problems of reflection by a step potential in one-dimensional
quantum mechanics and of Fresnel reflection of an electromagnetic plane wave by a
half-space. For the planar dielectric waveguide it does not seem practically possible
to go beyond the first step of the iterative scheme.

In a numerical example we study a planar waveguide consisting of a slab of
uniform dielectric constant, bounded on both sides by a medium with a smaller
dielectric constant [17–19]. In the case studied the first step of the iterative scheme
leads to a modification of the wave function at the exit plane which is relatively small
in comparison with the incident wave. Hence we may expect that the calculation
provides a reasonable approximation to the exact solution.

1.2 Planar Open End Geometry

We employ Cartesian coordinates .x; y; z/ and consider a planar waveguide in the
half-space z < 0 with stratified dielectric constant ".x/ and uniform magnetic
permeability �1. In the half-space z > 0 the dielectric constant is uniform with
value "0 and the magnetic permeability is �1. We consider solutions of Maxwell’s
equations which do not depend on the coordinate y and depend on time t through
a factor exp.�i!t/. Waves traveling to the right in the left half-space will be
partly reflected at the plane z D 0 and partly transmitted into the right half-
space. The solutions of Maxwell’s equations may be decomposed according to two
polarizations. For TE polarization the componentsEx; Ez, and Hy vanish, and the
equations may be combined into the single equation

@2Ey

@x2
C @2Ey

@z2
C "�1!

2Ey D 0 .TE/: (1.1)

We have used SI units. For TM polarization the componentsEy; Hx , andHz vanish,
and the equations may be combined into the single equation

@2Hy

@x2
C @2Hy

@z2
� 1

"

d"

dx

@Hy

@x
C "�1!

2Hy D 0 .TM/: (1.2)
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Fig. 1.1 Geometry of the
planar waveguide

We assume that the profile ".x/ is symmetric, ".�x/ D ".x/, and has a simple form
with ".x/ increasing monotonically for x < 0 from value "1 to a maximum value
"2 at x D 0. An example of the geometry under consideration is shown in Fig. 1.1.
In the example the dielectric constant in the left half-space equals a constant "2 for
�d < x < d and a constant "1 < "2 for x < �d and x > d .

For definiteness we consider only TM polarization. It is convenient to denote the
magnetic field componentHy.x; z/ for z < 0 as u.x; z/ and for z > 0 as v.x; z/. The
continuity conditions at z D 0 are

u.x; 0�/ D v.x; 0C/; 1

".x/

@u.x; z/

@z

ˇ
ˇ
ˇ
ˇ
zD0�

D 1

"0
@v.x; z/

@z

ˇ
ˇ
ˇ
ˇ
zD0C

: (1.3)

We consider a solution u0n.x; z/ of Eq. (1.2) given by a guided mode solution

u0n.x; z/ D  n.x/ exp.ipnz/; (1.4)

where  n.x/ is the guided mode wave function and pn the guided mode wavenum-
ber. We assume pn > 0, so that the wave u0n.x; z/ exp.�i!t/ is traveling to the
right. The complete solution takes the form

un.x; z/ D u0n.x; z/C u1n.x; z/; vn.x; z/; (1.5)

where u1n.x; z/ and vn.x; z/ must be determined such that the continuity conditions
Eq. (1.3) are satisfied. The function u1n.x; z/ describes the reflected wave, and
vn.x; z/ describes the wave radiated into the right-hand half-space.

Since the right-hand half-space is uniform the solution vn.x; z/ takes a simple
form and can be expressed as

vn.x; z/ D
Z 1

�1
Fn.q/ exp.iqx C i

p

"0�1!2 � q2 z/ dq: (1.6)

The contribution from the interval �p
"0�1j!j < q <

p
"0�1j!j corresponds to

waves traveling to the right; the contribution from jqj > p
"0�1j!j corresponds to

evanescent waves.
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Similarly the solution u1n.x; z/ in the left half-space can be expressed as

u1n.x; z/ D
nm�1
X

mD0

Rmn m.x/ exp.�ipmz/C
Z

1

0

Rn.q/ .q; x/ exp.�ip"1�1!2 � q2 z/ dq;

(1.7)

where the sum corresponds to guided waves traveling to the left, with nm the
number of such guided modes possible at the given frequency !, and the integral
corresponds to waves radiating towards the left. We require that the mode solutions
are normalized such that [20]

Z 1

�1
 �
m.x/ n.x/

".x/
dx D ımn;

Z 1

�1
 �
m.x/ .q; x/

".x/
dx D 0;

Z 1

�1
 �.q; x/ .q0; x/

".x/
dx D ı.q � q0/: (1.8)

The guided mode solutions f m.x/g can be taken to be real. Orthogonality follows
from Eq. (1.2). We show in the next section how the functions u1n.x; z/ and vn.x; z/
may in principle be evaluated from an iterative scheme. The coefficients fRmng and
the amplitude functionRn.q/ also follow from the scheme.

1.3 Iterative Scheme

The iterative scheme is based on successive approximations to the scattering
solution. Thus we write the exact solution as infinite sums

un.x; z/ D
1X

jD0
u.j /n .x; z/; vn.x; z/ D

1X

jD0
v.j /n .x; z/; (1.9)

with the terms u.jC1/
n .x; z/; v.jC1/

n .x; z/ determined from the previous
u.j /n .x; z/; v.j /n .x; z/. In zeroth approximation we identify u.0/n .x; z/with the incident
wave,

u.0/n .x; z/ D  n.x/ exp.ipnz/: (1.10)

The corresponding v.0/n .x; z/will be determined by continuity at the exit plane z D 0.
From Eq. (1.10) we have u.0/n .x; 0�/ D  n.x/. This has the Fourier transform

�n.q/ D 1

2�

Z 1

�1
 n.x/ exp.�iqx/ dx: (1.11)
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Using continuity of the wave function at z D 0 and the expression Eq. (1.6) we find
correspondingly

v.0/n .x; z/ D
Z 1

�1
�n.q/ exp.iqx C i

p

"0�1!2 � q2 z/ dq; (1.12)

so that in zeroth approximation F .0/
n .q/ D �n.q/. Clearly the zeroth approximation

does not satisfy the second continuity equation in Eq. (1.3), and we must take care
of this in the next approximation.

For the difference of terms in Eq. (1.3) we find

�.0/n .x/ D �i
".x/

pn n.x/C i

"0

Z 1

�1

p

"0�1!2 � q2 �n.q/ exp.iqx/ dq: (1.13)

By symmetry �.0/n .x/ is symmetric in x for n even and antisymmetric in x for n odd.
The next approximation u.1/n .x; z/ can be found by comparison with the solution

of the problem where the profile ".x/ extends over all space and radiation is
generated by a source ".x/�.x/ı.z/ with a Sommerfeld radiation condition, so that
radiation is emitted to the right for z > 0 and to the left for z < 0. This antenna
solution can be expressed as

uA.x; z/ D
Z 1

�1
K.x; x0; z/�.x0/ dx0; (1.14)

with kernelK.x; x0; z/. The latter can be calculated from the Fourier decomposition

ı.z/ D 1

2�

Z 1

�1
eipz dp; (1.15)

in terms of the integral

K.x; x0; z/ D 1

2�

Z 1

�1
G.x; x0; p/ eipz dp; (1.16)

with the prescription that the path of integration in the complex p plane runs just
above the negative real axis and just below the positive real axis. The Green function
G.x; x0; p/ can be found from the solution of the one-dimensional wave equation,

d2G

dx2
� 1

"

d"

dx

dG

dx
C ."�1!

2 � p2/G D ".x/ı.x � x0/: (1.17)

The solution takes the form [20]

G.x; x0; p/ D p

".x/
f2.x<; p/f3.x>; p/

�.f2; f3; p/

p

".x0/; (1.18)
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where x<.x>/ is the smaller (larger) of x and x0 and the remaining quantities will be
specified in the next section. The Green function satisfies the symmetry properties

G.x; x0;�p/ D G.x; x0; p/; G.�x;�x0; p/ D G.x; x0; p/; (1.19)

and the reciprocity relation

G.x; x0; p/ D G.x0; x; p/: (1.20)

Consequently the kernelK.x; x0; z/ has the properties

K.x; x0;�z/ D K.x; x0; z/; K.�x;�x0; z/ D K.x; x0; z/; (1.21)

as well as

K.x; x0; z/ D K.x0; x; z/: (1.22)

The function u.1/n .x; z/ is now identified as

u.1/n .x; z/ D �
Z 1

�1
K.x; x0; z/�.0/n .x0/ dx0: (1.23)

The minus sign is needed to provide near cancellation of the source density between
the zeroth and first order solutions, �.0/n .x/ C �

.1/
n .x/ � 0. We find the first order

function F .1/
n .q/ by Fourier transform from the value at z D 0 in the form

F .1/
n .q/ D 1

2�

Z 1

�1
u.1/n .x; 0/e

�iqx dx: (1.24)

The corresponding function v.1/n .x; z/ is found from Eq. (1.6). The first order source
density �.1/n .x/ is found to be

�.1/n .x/ D �1
".x/

@u.1/n .x; z/

@z

ˇ
ˇ
ˇ
ˇ
zD0

C i

"0

Z 1

�1

p

"0�1!2 � q2F .1/
n .q/ exp.iqx/ dq:

(1.25)

In principle the first order function u.1/n .x; 0/ in the exit plane z D 0 may be
regarded as the result of a linear operator R.1/ acting on the state  n.x/ given by the
incident wave. The iterated solution then corresponds to the action with the operator
R D R.1/.I � R.1//�1, where I is the identity operator. In order j of the
geometric series corresponding to the operator R the wave functions u.j /1n .x; z/ and

v.j /n .x; z/ in the left and right half-space can be found by completing the function
u.j /1n .x; 0/ D v.j /1n .x; 0/ in the exit plane by left and right running waves, respectively.
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Assuming that the scheme has been extended to all orders we obtain the solutions
u1n.x; z/ D un.x; z/ � u.0/n .x; z/ and vn.x; z/ given by Eq. (1.9). By construction at
each step u.j /n .x; 0/ D v.j /n .x; 0/. In the limit we must have

1X

jD0
�.j /n .x/ D 0; (1.26)

so that the continuity conditions Eq. (1.3) are exactly satisfied. In Appendix 1 we
show how the iterative scheme reproduces the exact solution for reflection from a
step potential in one-dimensional quantum mechanics. In Appendix 2 we show the
same for Fresnel reflection.

In the integral in Eq. (1.23) it is convenient to perform the integral over p first,
since �.0/n .x0/ does not depend on p. The pole at �pm, arising from a zero of the
denominator� in Eq. (1.18), yields the first order reflection coefficient [20]

R.1/mn D i

2pm

Z 1

�1
 m.x/�

.0/
n .x/ dx: (1.27)

The second term in Eq. (1.2) corresponds to the remainder of the integral, after
subtraction of the simple pole contributions. The functionR.1/n .q/ will be discussed
in the next section. In the calculation of F .1/

n .q/ from Eq. (1.24) we find

F .1/
n .q/ D

nm�1
X

mD0
R.1/mn�m.q/C ıF .1/

n .q/; (1.28)

where ıF .1/
n .q/ is the contribution from the remainder of the integral over p, after

subtraction of the simple pole contributions.
Formally, in the complete solution Eq. (1.2), the reflection coefficients Rmn and

the amplitude functionRn.q/ are found as

Rmn D . m; u1n.0//; Rn.q/ D . .q/; u1n.0//: (1.29)

with the scalar product as given by Eq. (1.8). The first step of the iterative scheme
yields

R.1/mn D . m; u
.1/
n .0//; R.1/n .q/ D . .q/; u.1/n .0//: (1.30)

The continuum states  .q/ can be discretized in the usual way, so that the
expressions in Eq. (1.30) can be regarded as elements of a matrix R.1/. As indicated
above, the iterative scheme corresponds to a geometric series, so that the reflection
coefficients in Eq. (1.29) can be found as elements of the matrix

R D .I � R.1//�1 � I; (1.31)

where I is the identity matrix.
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Finally the function Fn.q/ can be found from the corresponding state un.0/ as in
Eq. (1.24). The function Fn.q/ can be related to the radiation scattered into the right
half-space. The scattering angle � is related to the component q by

sin � D q=
p

"0�1!2: (1.32)

Defining the scattering cross section �n.�/ by

�n.�/ sin �d� D jFn.q/j2qdq; (1.33)

we find the relation

�n.�/ D
p

"0�1!2
p

"0�1!2 � q2 jFn.q/j2: (1.34)

In lowest approximation the cross section is proportional to the absolute square of
the Fourier transform of the guided mode  n.x/. To higher order the cross section
is affected by the reflection into other modes.

1.4 Continuous Spectrum

The calculation of the function R.1/n .q/ corresponding to the contribution from the
continuous spectrum requires a separate discussion. The wave equation (1.17) is
related to a quantum mechanical Schrödinger equation for a particle in a potential.
The bound states of the Schrödinger problem correspond to the guided modes,
and the scattering states correspond to a continuous spectrum of radiation modes.
The eigenstates of the Hamilton operator of the Schrödinger problem satisfy a
completeness relation which can be usefully employed in the waveguide problem.

Explicitly the homogeneous one-dimensional Schrödinger equation correspond-
ing to Eq. (1.17) via the relation  .x/ D p

".x/f .x/ reads [20]

d2f

dx2
� V.x/f D p2f; (1.35)

where the function V.x/ is given by

V.x/ D �"�1!2 C p
"
d2

dx2
1p
"
: (1.36)

By comparison with the quantum mechanical Schrödinger equation we see that

U.x/ D N1 C V.x/; (1.37)

where N1 D "1�1 !
2 may be identified as the potential. The bound state energies

correspond to fN1 � p2ng.
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It is convenient to assume that the dielectric profile ".x/ equals "1 for x < �x1
and x > x1, so that the potential U.x/ vanishes for jxj > x1. We define three
independent solutions of the Schrödinger equation (1.35) with specified behavior
for jxj > x1. The behavior of the function f1.x; p/ is specified as

f1.x; p/ D eiq1x; for x < �x1;
f1.x; p/ D W11e

iq1x CW21e
�iq1x; for x > x1; (1.38)

with wavenumber

q1 D
p

N1 � p2: (1.39)

The behavior of the function f2.x; p/ is specified as

f2.x; p/ D e�iq1x; for x < �x1;
f2.x; p/ D W12e

iq1x CW22e
�iq1x; for x > x1: (1.40)

Similarly, the behavior of the function f3.x; p/ is specified as

f3.x; p/ D W22e
iq1x CW12e

�iq1x; for x < �x1;
f3.x; p/ D eiq1x; for x > x1: (1.41)

The coefficients W12 and W22 are elements of the transfer matrix of the planar
structure,

W D
�
W11 W12

W21 W22

�

D 1

T 0

�
T T 0 � RR0 R0

�R 1

�

: (1.42)

Because of the assumed symmetry of the dielectric profile we have in the present
case R0 D R and T 0 D T , so that W21 D �W12. Moreover

W11W22 CW 2
12 D 1: (1.43)

The functions f2.x; p/ and f3.x; p/ were used in the calculation of the Green
function in Eq. (1.18). The denominator in that expression is the Wronskian of f2; f3
given by

�.f2; f3/ D 2iq1W22.p; !/: (1.44)

From the solution of the inhomogeneous Schrödinger equation it follows that the
completeness relation of the normal mode solutions may be expressed as [21]

nm�1
X

nD0

 n.x/ n.x
0/

p

".x/".x0/
C 1

2�

Z 1

�1
f2.x;

p

N1 � q2/f �
2 .x

0;
p

N1 � q2/

jW22.
p

N1 � q2; !/j2 dq D ı.x�x0/:

(1.45)
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Correspondingly the Green function may be decomposed as

G.x; x0; p/ D
nm�1
X

nD0

 n.x/ n.x
0/

p2n � p2

C 1

2�

p

".x/".x0/
Z 1

�1
f2.x;

p

N1 � q2/f �
2 .x

0;
p

N1 � q2/

.N1 � q2 � p2/ jW22.
p

N1 � q2; !/j2 dq:

(1.46)

Hence we find for the antenna kernel K.x; x0; z/ from Eq. (1.16) by use of the
integration prescription

K.x; x0; z/ D
nm�1
X

nD0

�i
2pn

 n.x/ n.x
0/ eipnjzj

� i

4�

p

".x/".x0/
Z 1

0

f2.x;
p

N1 � q2/f �
2 .x

0;
p

N1 � q2/
p

N1 � q2 jW22.
p

N1 � q2; !/j2 ei
p
N1�q2jzj dq:

(1.47)

The first order left-hand wave function is therefore found from Eq. (1.23) as

u.1/n .x; z/ D
nm�1
X

mD0

i

2pm
. m; "�

.0/
n / m.x/ e

�ipmz

C i

4�

p

".x/".x0/
Z 1

0

.
p
"f2.

p

N1 � q2/; "�
.0/
n /

p

N1 � q2 jW22.
p

N1 � q2; !/j2

f2.x;
p

N1 � q2/e�i
p
N1�q2z dq; (1.48)

with scalar product as given by Eq. (1.8). The wave function is the sum of guided
modes running to the left and of radiation into the left-hand half-space. The first
term agrees with the reflection coefficient given by Eq. (1.27). By symmetry the
matrix element . m; "�

.0/
n / vanishes unless m and n are both even or both odd. The

integral provides an alternative expression for the remainder ıu.1/n .x; z/.
From Eq. (1.45) we may identify

 .q; x/ D 1p
2�jW22.

p

N1 � q2; !/j
p

".x/f2.x;
p

N1 � q2/: (1.49)

With this definition the function R.1/n .q/ is given by

R.1/n .q/ D i

2
p
2�

.
p
"f2.

p

N1 � q2/; "�
.0/
n /

p

N1 � q2jW22.
p

N1 � q2; !/j

D i

2
p

N1 � q2
. .q/; "�.0/n /: (1.50)
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The second line has the same structure as Eq. (1.27). Although the decomposition
in Eq. (1.48) is of theoretical interest, the calculation of the function u.1/n .x; z/ is
performed more conveniently as indicated in Eq. (1.23), with the integral over p
performed first.

1.5 Numerical Example

We demonstrate the effectiveness of the scheme on a numerical example. We
consider a flat dielectric profile defined by ".x/ D "2 for �d < x < d and
".x/ D "1 for jxj > d with values "2 D 2:25"0 and "1 D 2:13"0. In the right
half-space we put "0 D "0, and we put �1 D �0 everywhere. The geometry is
shown in Fig. 1.1.

By symmetry the guided modes in infinite space are either symmetric or
antisymmetric in x. The explicit expressions for the mode wave functions can be
found by the transfer matrix method [20]. At each of the two discontinuities the
coefficients of the plane waves exp.iqix/ and exp.�iqix/ are transformed into
coefficients of the plane waves exp.iqj x/ and exp.�iqj x/ by a matrix involving
Fresnel coefficients given by

tij D 2"j qi

"iqj C "j qi
; rij D "j qi � "iqj

"iqj C "j qi
; .i; j / D .1; 2/; (1.51)

with wavenumbers

qj D
q

k2j � p2; kj D p
"j�1 !: (1.52)

The wavenumbers pn.!/ of the guided modes are found as zeros of the transfer
matrix element W22.p; !/, which takes the explicit form

W22.p; !/ D e2iq1d
�

cos 2q2d � i
"21q

2
2 C "22q

2
1

2"1"2q1q2
sin 2q2d

�

: (1.53)

The guided mode wave functions f n.x/g, their Fourier transforms f�n.q/g, and the
Green function G.x; x0; p/ can be found in explicit form. In Fig. 1.2 we show the
ratio of wavenumbers pn.k/=k as a function of kd for the first few guided modes,
with k D !=c, where c D 1=

p
"0�0 is the velocity of light in vacuum.

We choose the frequency corresponding to kd D 12. In that case there are
two symmetric modes, denoted as TM0 and TM2, and one antisymmetric mode,
denoted as TM1. We assume the incident wave to be symmetric in x. Then it
is not necessary to consider the antisymmetric mode. In Fig. 1.3 we show the
corresponding normalized wave functions  0.x/ and  2.x/. In Fig. 1.4 we show
their Fourier transforms �0.q/ and �2.q/. The wavenumbers at kd D 12 are
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0 5 10 15 20 25 30

kd

1.46

1.47

1.48

1.49

1.5

p n
(k

)/
k

n=0 n=1 n=2

Fig. 1.2 Plot of the reduced wavenumber pn.k/=k of the lowest order guided waves for
n D 0; 1; 2, as functions of kd for values of the dielectric constant given in the text
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x/d

−1.5

−1

−0.5

0

0.5

1

1.5

0(
x)

, 
  

2(
x)

Fig. 1.3 Plot of the wave
functions  0.x/ and  2.x/ of
the guided modes with n D 0

(no nodes) and n D 2 (two
nodes) as functions of x=d

p0 D 17:955=d and p2 D 17:624=d . The edge of the continuum is given by
k1d D 17:513, and the corresponding value for "2 is k2d D 18.

In Fig. 1.5 we show the source density �i�.0/n .x/ of the zeroth approximation for
n D 0; 2 as a function of x, as given by Eq. (1.13). The coefficients of the simple
pole contributions can be calculated from Eq. (1.27). We find numerically for the
discrete part R.1/

d of the matrix R.1/

R.1/

d D
 

R
.1/
00 R

.1/
02

R
.1/
20 R

.1/
22

!

D
��0:2477 �0:0004
0:0013 �0:2312

�

: (1.54)

For the first correction to the emitted radiation we need to calculate the function
u.1/n .x; 0/. The kernel K.x; x0; 0/ in Eq. (1.23) can be evaluated numerically.
On account of the symmetry in ˙p it is sufficient to calculate twice the integral
along the positive real p axis, with path of integration just below the axis. In the
numerical integration over p in Eq. (1.16) the simple poles at fpmg cause problems.
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Fig. 1.4 Plot of the Fourier transform �0.q/ and �2.q/ of the wave functions of the guided modes
with n D 0 (solid curve) and n D 2 (dashed curve) as functions of qd
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Fig. 1.5 Plot of the source
densities �i�.0/0 .x/ and

�i�.0/2 .x/, as given by
Eq. (1.13), as functions of
x=d

In order to avoid the simple poles we therefore integrate instead along a contour
consisting of the line from 0 to k1 just below the axis, a semicircle in the lower half
of the complex p plane centered at .k1 C k2/=2 and of radius .k2 � k1/=2, and the
line just below the real axis from k2 to C1. In Fig. 1.6 we plot as an example the
real part of K.x; 0; 0/ as a function of x. The plot of the imaginary part is similar.

In Fig. 1.7 we show the imaginary part of the function u.1/0 .x; 0/, as calculated
from Eq. (1.23). This is nearly identical with the contribution from the simple poles
at p0 and p2, which is also shown in Fig. 1.7. In Fig. 1.8 we show the real part of
the function u.1/0 .x; 0/. Here the simple poles do not contribute. The magnitude of

the wave function at the origin u.1/0 .0; 0/ D �0:149�0:005i may be compared with

that of the zeroth approximation u.0/0 .0; 0/ D 1:346. This shows that the first order
correction is an order of magnitude smaller than the zeroth order approximation.
Consequently we may expect that the sum u.0/0 .x; 0/ C u.1/0 .x; 0/ provides a close
approximation to the exact value.
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−3 −2 −1 0 1 2 3

x/d

−0.3

−0.2

−0.1

0

0.1

0.2

0.3

R
e 

K
(x

,0
,0

)

Fig. 1.6 Plot of the real part
of the kernel K.x; 0; 0/, as
given by Eq. (1.16), as a
function of x=d
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Fig. 1.7 Plot of the real part
of the first order wave
function u

.1/
0 .x; 0/ at the exit

plane as a function of x=d
(solid curve), compared with
the contribution of the two
guided waves
R
.1/
00 u0.x/C R

.1/
20 u2.x/

(dashed curve)

In Fig. 1.9 we show the absolute value jF .0/
0 .q/C F

.1/
0 .q/j of the Fourier trans-

form of the sum u.0/0 .x; 0/C u.1/0 .x; 0/ and compare with the zeroth approximation

jF .0/
0 .q/j D j�0.q/j. By use of Eq. (1.34) the absolute square of the transform yields

the angular distribution of radiation emitted into the right-hand half-space.

1.6 Discussion

In the above we have employed an iterative scheme inspired by the exact solution
of two fundamental scattering problems, reflection by a step potential in one-
dimensional quantum mechanics, shown in Appendix 1, and Fresnel reflection of
electromagnetic radiation by a half-space, shown in Appendix 2. For the planar
dielectric waveguide we have implemented only the first step of the iterative scheme.
In the numerical example shown in Sect. 1.5 even this first step leads to interesting
results. The method is sufficiently successful that it encourages application in other
situations.
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Fig. 1.8 Plot of the imaginary part of the first order wave function u
.1/
0 .x; 0/ at the exit plane as a

function of x=d
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Fig. 1.9 Plot of the absolute value of the Fourier transform jF .0/
0 .q/ C F

.1/
0 .q/j of the sum of

zero order and first order wave function at the exit plane (solid curve), compared with the Fourier
transform jF .0/

0 .q/j (dashed curve)

In particular it will be of interest to apply the method to a circular cylindrical
dielectric waveguide or optical fiber. The mathematics of the method carries over
straightforwardly to this more complicated geometry, with the plane wave behavior
in the transverse direction replaced by Bessel functions.

Due to symmetry the problem for both planar and cylindrical geometry can be
reduced to an equation for a scalar wave function, so that the theory is similar to that
for sound propagation. This suggests that an interesting comparison can be made
with a lattice Boltzmann simulation. For a rigid circular pipe such a simulation has
already been performed by da Silva and Scavone [22], with interesting results. A
finite element method has been applied to a rigid open-ended duct of more general
cross section [23].
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Appendix 1

In this Appendix we show how the iterative scheme reproduces the exact solution of
the time-independent one-dimensional Schrödinger equation with a step potential.
We consider the equation

�d
2u

d z2
C V.z/u D p2u; (1.55)

with potential V.z/ D 0 for z < 0 and V.z/ D V for z > 0. In proper units p2 is the
energy. We denote the solution for z > 0 as v.z/. For a wave incident from the left
the exact solution reads

u.z/ D eipz C Be�ipz; v.z/ D Ceip
0z; (1.56)

where p0 D p

p2 � V and the reflection coefficient B and transmission coefficient
C are given by

B D p � p0

p C p0 ; C D 2p

p C p0 : (1.57)

The wave function and its derivative are continuous at z D 0.
We apply the iterative scheme and put to zeroth order

u.0/.z/ D eipz; v.0/.z/ D eip
0z: (1.58)

The antenna solution uA.z/ solves the equation

d2uA
d z2

C p2uA D �ı.z/ (1.59)

for all z. It is given by

uA.z/ D K.z/�; K.z/ D 1

2ip
eipjzj: (1.60)

To zeroth order the source � is

�.0/ D �du.0/

d z

ˇ
ˇ
ˇ
ˇ
zD0

C dv.0/

d z

ˇ
ˇ
ˇ
ˇ
zD0

D �i.p � p0/: (1.61)

We put the first order solution equal to

u.1/.z/ D �K.z/�.0/ D p � p0

2p
e�ipz; v.1/.z/ D p � p0

2p
eip

0z: (1.62)
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Note the minus sign in �K.z/�.0/. The value at the exit z D 0 is sufficient to
calculate the coefficients B and C from the geometric series

B D
1X

jD1

�
p � p0

2p

�j

; C D
1X

jD0

�
p � p0

2p

�j

: (1.63)

By continuation one finds for the wave function at order j for j � 1

u.j /.z/ D
�
p � p0

2p

�j

e�ipz; v.j /.z/ D
�
p � p0

2p

�j

eip
0z: (1.64)

Hence for j � 1 the source at order j is

�.j / D i.p C p0/
�
p � p0

2p

�j

; .j � 1/ (1.65)

so that the sum over all j vanishes,

1X

jD0
�.j / D 0; (1.66)

as it should. Alternatively one can write directly from Eq. (1.62)

u1.z/ D .p � p0/=.2p/
1 � .p � p0/=.2p/

e�ipz D p � p0

p C p0 e
�ipz; v1.z/ D p � p0

p C p0 e
ip0z:

(1.67)

Adding this to u.0/.z/; v.0/.z/ one reproduces Eq. (1.56).

Appendix 2

In this Appendix we show how the iterative scheme reproduces the exact solution
for Fresnel reflection from a half-space. We consider infinite space with dielectric
constant " for z < 0 and "0 for z > 0. The magnetic permeability equals �1
everywhere. We consider waves independent of y and TM polarization. Then
the magnetic field component Hy.x; z/ satisfies the scalar equation (1.2). We put
Hy.x; z/ D u.x; z/ for z < 0 and Hy.x; z/ D v.x; z/ for z > 0. The continuity
conditions at z D 0 are

u.x; 0�/ D v.x; 0C/; 1

"

@u.x; z/

@z

ˇ
ˇ
ˇ
ˇ
zD0�

D 1

"0
@v.x; z/

@z

ˇ
ˇ
ˇ
ˇ
zD0C

: (1.68)
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For a plane wave incident from the left the exact solution reads

u.x; z/ D eiqx
�

eipz C Be�ipz
�

; v.x; z/ D CeiqxCip0z; (1.69)

with p D p

N1 � q2; p0 D p

N 0
1 � q2, and reflection coefficient B and

transmission coefficient C given by

B D "0p � "p0

"0p C "p0 ; C D 2"0p
"0p C "p0 : (1.70)

We apply the iterative scheme and put to zeroth order

u.0/.x; z/ D eiqxCipz; v.0/.x; z/ D eiqxCip0z: (1.71)

The antenna solution uA.x; z/ solves the equation

@2uA
@x2

C @2uA
@z2

C "�1k
2uA D "�.x/ı.z/ (1.72)

for all .x; z/. For �.x/ D �qe
iqx it is given by

uA.x; z/ D eiqxK.z/�q; K.z/ D "

2ip
eipjzj: (1.73)

To zeroth order the source �q is

�.0/q D e�iqx
�

� 1

"

@u.0/

@z

ˇ
ˇ
ˇ
ˇ
zD0

C 1

"0
@v.0/

@z

ˇ
ˇ
ˇ
ˇ
zD0

�

D �i
�
p

"
� p0

"0

�

: (1.74)

We put the first order solution equal to

u.1/.x; z/ D �eiqxK.z/�.0/q D "0p � "p0

2"0p
eiqx�ipz;

v.1/.x; z/ D "0p � "p0

2"0p
eiqxCip0z: (1.75)

Note the minus sign in �eiqxK.z/�.0/q . The value at the exit z D 0 is sufficient to
calculate the coefficients B and C from the geometric series

B D
1X

jD1

�
"0p � "p0

2"0p

�j

; C D
1X

jD0

�
"0p � "p0

2"0p

�j

: (1.76)

By continuation one finds for the wave function at order j for j � 1
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u.j /.x; z/ D
�
"0p � "p0

2"0p

�j

eiqx�ipz; v.j /.x; z/ D
�
"0p � "p0

2"0p

�j

eiqxCip0z:

(1.77)

Hence for j � 1 the source at order j is

�.j /q D i

�
p

"
C p0

"0

��
"0p � "p0

2"0p

�j

; .j � 1/ (1.78)

so that the sum over all j vanishes,

1X

jD0
�.j /q D 0; (1.79)

as it should. Alternatively one can write directly from Eq. (1.75)

u1.x; z/ D ."0p � "p0/=.2"0p/
1 � ."0p � "p0/=.2"0p/

eiqx�ipz D "0p � "p0

"0p C "p0 e
iqx�ipz;

v1.x; z/ D "0p � "p0

"0p C "p0 e
iqxCip0z: (1.80)

Adding this to u.0/.x; z/; v.0/.x; z/ one reproduces Eq. (1.69).
We note that the zeroth and first order source densities are related by

�.1/q D �M�.0/q ; M D "0p C "p0

2"0p
: (1.81)

Hence we find

B D 1 �M�1; C D 1C B: (1.82)

This suggests that more generally the complete solution of the scattering problem
may be found from the relation between the zeroth and first order source densities.
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Chapter 2
Optimizing Second-Harmonic Generation
in a Circular Cylindrical Waveguide
with Embedded Periodically Arranged
Tubelets of Nonlinear Susceptibility

B.U. Felderhof, G. Marowsky, and J. Troe

2.1 Introduction

An efficient method of generating second-harmonic radiation (SHG) can find use
in a variety of technical applications. Confined geometry—such as in fibers or film
waveguides—allows concentration of the fundamental radiation at the position of
the material with nonlinear susceptibility. In earlier work [1] we have investigated
SHG in a planar geometry and studied the dependence on the position of nonlinear
material with respect to the planar device that guides the fundamental radiation.
SHG was enhanced by a judicious use of periodicity of the nonlinear material in the
direction of propagation of the fundamental wave. In this paper we consider instead
confinement of radiation in a circular waveguide or optical fiber. This geometry
has the advantage of confinement in both transverse dimensions, thus avoiding
diffraction and the corresponding dispersion of the fundamental beam in a transverse
direction. The following calculations show that the circular geometry is preferable
to the planar one, even when in the latter case the beam has infinite width, so that
diffraction no longer plays a role.

In the following we analyze SHG in a circular waveguide for an idealized
situation of high symmetry. The nonlinear material—representing an idealized
polarization sheet [2]—is assumed to be arranged in a periodic array of cylindrical
tubelets centered around the axis of the waveguide. The period in the axial direction
can be optimized by use of a Bragg condition involving the wavenumbers of both
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the fundamental and the doubled frequency. In addition one can optimize the axial
width of the tubelets and their transverse radius. By integration over the radius
the calculation can be extended to cover the case of tubelets of finite thickness,
or of an array of solid cylindrical pieces. Admittedly, the idealized situation under
consideration may be difficult to realize experimentally. The intention of our model
calculation is to elucidate the principles, and to serve as a guide for the analysis of
more realistic but less symmetric situations. Due to the high symmetry of the model
situation we can limit attention to a small number of modes. This advantage is lost
in more realistic situations.

The paper is organized as follows: First we perform a calculation in analogy to
that for planar geometry [1] for a finite length L of nonlinear material distributed
in N tubelets, where N is much larger than unity. For optimum phase matching
the intensity of the generated SHG grows in proportion to L2. In the circular
waveguide the efficiency is sufficiently high so that it is necessary to consider
depletion of the fundamental. On a large length scale the effect of depletion
may be studied by use of mode-coupling theory. The situation is mathematically
analogous to that of SHG in anisotropic crystals, so that the mode-coupling theory of
Armstrong et al. [3] can be used. Apparently this was not realized by Zhao et al. [4],
who formulated mode-coupling equations on the much smaller length scale of the
period of the array.

Second-harmonic generation in poled optical fibers using gratings optically
written by mode interference was studied experimentally by Fermann et al. [5].
Analogous experiments in thermally poled twin-hole glass fibers were performed by
Mizunami et al. [6,7]. Pump depletion in a waveguide filled with periodically poled
lithium niobate was observed by Parameswaran et al. [8] to be in good agreement
with theory.

2.2 Circular Waveguide Theory

We consider a circular waveguide of radius b filled with material which is uniform
in the axial direction z and with electric and magnetic permeability, which depend
only on the radial direction r . We use cylindrical coordinates .r; '; z/. The dielectric
profile ".r; !/ and magnetic profile�.r; !/ depend also on frequency!. We assume
that for the frequencies of interest " and � are real. Also we assume that " and �
tend to constants "i ; �i for small r and to constants "f ; �f for r ! b. In later
application we consider in particular a two-layer situation with "; � D "2; �2 for
0 < r < d and "; � D "1; �1 for d < r < b.

We consider plane wave solutions of Maxwell’s equations which depend on z
and t through a factor exp.ipz � i!t/ and which do not depend on the azimuthal
angle '. Maxwell’s equations for the electric and magnetic field amplitudes then
read in SI units [9–11]
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d"rEr

dr
C ip"rEz D 0;

d�rHr

dr
C ip�rHz D 0;

dE'

dr
C E'

r
D i!�Hz;

dH'

dr
C H'

r
D �i!"Ez;

dEz

dr
� ipEr D �i!�H';

dHz

dr
� ipHr D i!"E';

pE' D �!�Hr ; pH' D !"Er: (2.1)

The solutions of these equations may be decomposed according to two polarizations.
For TE-polarization the componentsEr; Ez, andH' vanish, and the equations may
be combined into the single equation

d2E'

dr2
� r

�

d.�=r/

dr

dE'

dr
C
�

"�!2 � 1

�r

d�

dr
� 1

r2

�

E' D p2E' .TE/: (2.2)

For TM-polarization the components Hr; Hz, and E' vanish, and the equations
may be combined into the single equation

d2H'

dr2
� r

"

d."=r/

dr

dH'

dr
C
�

"�!2 � 1

"r

d"

dr
� 1

r2

�

H' D p2H' .TM/: (2.3)

We consider first TE-polarization. We assume that for 0 < r < ri the
permeabilities "; � equal "i ; �i and that for r > rf they equal "f ; �f . We write
the solution of Eq. (2.2) in these two regions:

E'.r/ D J1.qi r/ for r < ri ;

E'.r/ D Af J1.qf r/CBf Y1.qf r/ for r > rf ; (2.4)

with Bessel-functions J1.qr/; Y1.qr/ and wavenumbers

qj D
q

"j�j!2 � p2: (2.5)

The coefficients Af and Bf are related by the boundary conditions at r D b. The
wavenumbers fqi ; qf g are real only up to a maximum value of p given by

p
"j�j!

in either case and are pure imaginary beyond this value. For such wavenumbers we
rewrite the second equation in (2.4) as

E'.r/ D AI1.	f r/C BK1.	f r/ for r > rf ; (2.6)

with modified Bessel-functions I1.	r/ and K1.	r/ and 	 D p

p2 � "�!2. The
guided mode solutions occur at discrete values fpj g of p larger than

p
"f �f !.

We assume that the radius b is sufficiently large that the waveguide condition can
be approximated by

A.p; !/ D 0: (2.7)
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At fixed ! the roots of this equation determine the discrete values fpj g for which a
guided mode solution exists. We call A.p; !/ the dispersion function. The explicit
expressions for the coefficients A.p; !/ and B.p; !/ in the analogous case of
TM-polarization will be given in Eq. (2.54).

The one-dimensional wave equation (2.2) can be transformed to a form resem-
bling the one-dimensional time-independent Schrödinger equation by use of the
transformation

E'.r/ D
r
�

r
f .r/: (2.8)

By substitution we find that Eq. (2.2) is transformed to

d2f

dr2
� V.r/f D p2f; (2.9)

where the function V.r/ is given by

V.r/ D �"�!2 C
r
�

r

d2

dr2

r
r

�
C 1

r

d log.�r/

dr
: (2.10)

It is of interest to derive an expression for the norm of the eigensolutions.
Differentiating Eq. (2.9) with respect to p2 one derives the identity

@

@r

�

f
@

@r

�
@f

@p2

�

� @f

@p2
@f

@r

�

D f 2: (2.11)

Applying this identity to guided mode solutions normalized as in Eq. (2.4) we find
by integration over r and use of the waveguide condition (2.7)

NE
j D

Z b

0

r

�.r/
E2
'j .r/ dr D 1

2�f pj
B.pj ; !/

@A.p; !/

@p

ˇ
ˇ
ˇ
ˇ
pj

: (2.12)

We shall show in the next section that the norm is related to the intensity of the
mode.

It follows from Eq. (2.3) that for TM-polarization exactly the same relations
hold if we replace E' by H' , " by �, and � by ". Where necessary the symbols
corresponding to the two types of solution will be distinguished by a superscript E
or M.

2.3 Excitation of Guided Modes

In this section we describe how the eigenmodes may be excited by an oscillating
dipole density. We begin by relating the norm of an eigenmode, given by Eq. (2.12),
to the physical intensity. The energy current density averaged over a time period
2�=! is given by the Poynting vector

S D 1

2
Re.E � H �/: (2.13)
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The z-component of this expression may be decomposed into

Sz D SEz C SMz ; (2.14)

with the separate terms for TE- and TM-polarizations

SEz D p

2!�
jE' j2; SMz D p

2!"
jH' j2: (2.15)

We define the total intensity by the integrals

IE D 2�

Z b

0

SEz .r/r dr; IM D 2�

Z b

0

SMz .r/r dr: (2.16)

The intensity does not depend on z.
For a single eigenmode of either TE- or TM-type the expressions (2.15) become

SEzj D pEj

2!�
jE'j j2; SMzj D pMj

2!"
jH'j j2: (2.17)

By comparison with Eq. (2.12) we find that for a single eigenmode excited with
amplitude aj the intensity is related to the norm of the mode by

Ij D �
pj

!
Nj jaj j2: (2.18)

This expression is formally the same for both polarizations.
Using orthogonality of the eigenmodes [9–11] we find that for a linear superpo-

sition of guided modes, all oscillating at the same frequency !, the total intensity is
given by

I D
X

j

.IEj C IMj /; (2.19)

which again does not depend on z.
Next we investigate how radiation is emitted by an antenna embedded in the

waveguide. We consider a surface polarization [12–14] PS .z/ of finite extent in
the z-direction, independent of ', located at radius r D r0, and oscillating at
frequency !. The corresponding charge and current densities are

�.r/ D �@P
S
z

@z
ı.r � r0/� PS

z

@

@r
ı.r � r0/;

j .r/ D �i!PS .z/ı.r � r0/; (2.20)
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which must be added as source terms to Maxwell’s equations. The charge and
current densities are related by the continuity equation �i!�Cr �j D 0. A Fourier
analysis of the surface polarization yields

PS .z/ D
Z

OPS
.p/eipz dp: (2.21)

From Maxwell’s equations we now find instead of Eq. (2.2)

d2 OE'
dr2

� r

�

d.�=r/

dr

d OE'
dr

C
�

"�!2 � p2 � 1

�r

d�

dr
� 1

r2

�

OE'

D �!2� OPS
' ı.r � r0/: (2.22)

Similarly instead of Eq. (2.3)

d2 OH'

dr2
� r

"

.d"=r/

dr

d OH'

dr
C
�

"�!2 � p2 � 1

"r

d"

dr
� 1

r2

�

OH' D

�i!
�

OPS
z

d

dr
ı.r � r0/� 1

"

d"

dr
OPS
z ı.r � r0/

�

� !p OPS
r ı.r � r0/: (2.23)

The solution of these equations may be found with the aid of the Green’s
functionsGE.r; r0/ and GM.r; r0/ defined by the equation

d2G

dr2
� V.r/G D p2G C ı.r � r0/: (2.24)

The Green’s function may be expressed as

G.r; r0/ D f1.r</f2.r>/

�.f1; f2/
; (2.25)

where r<.r>/ is the smaller (larger) of r and r0, in terms of the two fundamental
solutions f1; f2 defined by

f E
1 .r/ D

r
r

�i
J1.qi r/; f M

1 .r/ D
r
r

"i
J1.qi r/; for r < ri ;

f E
2 .r/ D

r
r

�f
K1.	f r/; f M

2 .r/ D
r
r

"f
K1.	f r/; for r > rf ; (2.26)

with the Wronskian

�.f1; f2/ D
ˇ
ˇ
ˇ
ˇ

f1 f2
f 0
1 f

0
2

ˇ
ˇ
ˇ
ˇ
: (2.27)
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The Wronskian takes the value

�.f E
1 ; f

E
2 / D �1

�f
AE.p; !/; �.f M

1 ; f M
2 / D �1

"f
AM.p; !/: (2.28)

The solution of Eq. (2.22) is given by

OE'.p; r/ D �!2Œ�.r/=r
1=2GE.r; r0/Œ�.r0/r0

1=2 OPS

' : (2.29)

The solution of Eq. (2.23) is given by

OH'.p; r/ D i!Œ".r/=r
1=2
�

@GM .r;r0/

@r0
C 1

2

d ln ".r0/
dr0

GM.r; r0/

C 1
2r0
GM .r; r0/

�

Œ".r0/=r0

�1=2 OPS

z � !pŒ".r/=r
1=2GM .r; r0/Œ".r0/=r0

�1=2 OPS

r :

(2.30)

For a surface polarization PS .z/ with arbitrary variation in the z-direction the
fields E'.r; z/ and H'.r; z/ are now obtained by Fourier superposition. Thus we
find

E'.r; z/ D
Z

OE'.p; r/eipz dp; H'.r; z/ D
Z

OH'.p; r/e
ipz dp; (2.31)

where OE'.p; r/ and OH'.p; r/ are given by Eqs. (2.29) and (2.30) in terms of OPS
.p/.

The Wronskian, given by Eq. (2.28), vanishes at the eigenvalues fpEj g and fpMj g.
For large z the contribution from the corresponding poles dominates the integrals
in Eq. (2.31). This allows us to evaluate the amplitude of the various guided modes
excited by the oscillating surface polarization.

2.4 Emitted Radiation

In this section we analyze the radiation emitted by a circular cylindrical antenna,
as introduced in the preceding section, in more detail. We are interested in
the radiation channeled into the waveguide and detected at large positive z. At
sufficiently large distance from the antenna, i.e., after the decay of transients
corresponding to evanescent wave solutions, the behavior of the fields is dominated
by pole contributions to the integrals, corresponding to roots of the waveguide
condition (2.7). The contributions may be found by contour integration in Eq. (2.31)
with the poles at positive fpj g shifted slightly upwards into the complex plane and
those at f�pj g shifted slightly downwards. We note that it follows from Eq. (2.6)
that for values fpj g for which the waveguide condition is satisfied

f1.pj ; r/ D B.pj ; !/f2.pj ; r/: (2.32)
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Thus we find for large positive z, far from the source PS.z/,

E'.r; z/ �
X

j

aE1j 
E
j .r/ exp.ipEj z/; (2.33)

where we employ the notation

 Ej .r/ D
p

�.r/=rf E
1j .r/: (2.34)

The amplitudes are given by

aE1j D �i!2.pEj N
E
j /

�1r0 Ej .r0/ OPS
' .p

E
j /; (2.35)

where we have used Eq. (2.12). From Eq. (2.33) we may evaluate the intensity
defined in Eq. (2.16). Because of the orthogonality of the different modes [9–11]
there are no cross terms, and we find by use of Eq. (2.18)

IE D
X

j

IEj D �3!3
X

j

.pEj N
E
j /

�1r20 Œ Ej .r0/
2 j OPS
' .p

E
j /j2: (2.36)

Similarly we find for large positive z

H'.r; z/ �
X

j

aM1j  
M
j .r/ exp.ipMj z/; (2.37)

with the notation

 Mj .r/ D p

".r/=rf M
1j .r/: (2.38)

The amplitudes are given by

aM1j D �!.pMj N
M
j /

�1�Rj .r0/ OPS
r .p

M
j /CZj .r0/ OPS

z .p
M
j /
�

; (2.39)

with the abbreviations

Rj .r/ D ir

".r/
pMj  

M
j .r/;

Zj .r/ D r

".r/

�
@ Mj .r/

@r
C 1

r
 Mj .r/

�

: (2.40)

This yields for the intensity

IM D
X

j

IMj

D �3!
X

j

.pMj N
M
j /

�1ˇˇRj .r0/ OPS
r .p

M
j /CZj .r0/ OPS

z .p
M
j /
ˇ
ˇ
2
: (2.41)
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The expressions (2.36) and (2.41) have a fairly simple structure. The efficiency
with which a surface polarization PS.z/ excites the guided modes is determined
by its Fourier component at the wavenumber pj , as well as by its radial location
r0 via the eigenfunction  j .r0/, which appears quadratically with its proper
normalizationNj .

2.5 Phase Matching

In this section we discuss the principle of second-harmonic generation by use of a
phase-matched adsorbate embedded in a circular cylindrical waveguide. We shall
assume that the adsorbate either is located as a thin layer directly outside the core
or is embedded in the core. We consider a surface polarization PS .z/ located at
radius r0 and induced by an incident fundamental wave. The polarization acts as an
antenna emitting waves at the second-harmonic frequency. Thus we put

PS.r0; z/ D �.2/.z/ W E 10.r0; z/E 10.r0; z/; (2.42)

where E 10.r0; z/ is the incident fundamental field at the location of the adsorbate.
If the fundamental field oscillates at frequency !, then the surface polarization
oscillates at frequency 2!, and this must be taken into account in the expressions
of the preceding sections. We assume that the adsorbate is so weak that it does not
disturb the fundamental wave. This is expressed by the subscript zero in (2.42).

The fundamental wave is a linear combination of guided modes with
z-dependence exp.ipj z/ with wavenumber pj .!/. We shall assume that the
susceptibility �.2/ depends on z via the density of adsorbed molecules. If the
adsorbate has a periodicity in the z-direction with period a characterized by
the wavenumber K D 2�=a, then we may expect resonance when the phase-
matching condition

pj .2!/ D 2pk.!/C nK; n D 0;˙1;˙2; : : : (2.43)

is satisfied. More specifically it is natural to aim at satisfying the condition

p0.2!/ D 2p0.!/˙K; (2.44)

for the lowest mode j D 0. We shall call this the Bragg condition.
We consider in particular a grating of period a consisting ofN adsorbate tubelets

of width w < a. An example of the grating and waveguide is shown in Figs. 2.1
and 2.2. The susceptibility function is given by

�.z/ D �.2/gN .z/; (2.45)
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Fig. 2.1 Axial cross section
of the waveguide and
adsorbate structure. The
figure should be rotated about
the z axis to get the
three-dimensional picture

Fig. 2.2 Three-dimensional picture of the waveguide and adsorbate structure

with the Bragg function

gN .z/ D
N�1X

nD0
�.w; z � na � 1

2
w/; (2.46)

where

�.w; z/ D 1 for � w

2
< z <

w

2
;

D 0 for jzj > w

2
: (2.47)
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The prefactor �.2/ in (2.45) is a third rank tensor independent of z. We shall assume
that �.2/ has the characteristics of a layer isotropic about the surface normal in the
radial direction. We also assume that there exists a mirror plane containing the radial
normal to exclude chirality. From these assumptions it follows that �.2/ has only
three independent components (for details see [14–17]). The Fourier-component
OPS
.p/ is proportional to

OGN .p � 2pk.!// D 1

2�

Z 1

�1
gN .z/e

2ipk.!/z�ipz d z

D exp.iskw/ � 1

2�isk

1 � exp .iNska/

1 � exp.iska/
; (2.48)

where we have introduced the variable

sk D 2pk.!/� p: (2.49)

For real p the absolute square of the second factor in Eq. (2.48) is given by

FN .sa/ D
ˇ
ˇ
ˇ
ˇ

1 � eiNsa

1 � eisa
ˇ
ˇ
ˇ
ˇ

2

D sin2.Nsa=2/

sin2.sa=2/
; (2.50)

which takes the values N2 at sa D 2n� , where n D 0;˙1;˙2; : : :. Since we wish
OPS
.p/ to be maximum at p0.2!/ we choose the lattice distance a such that

a D 2�j2p0.!/ � p0.2!/j�1 (2.51)

corresponding to n D 1 or n D �1. In this way we satisfy the Bragg condi-
tion (2.44). The width of the function in Eq. (2.50) at s D ˙2�=a is of order 1=Na.
Hence the area of the peak is proportional to N . The larger N , the more precisely
the condition (2.51) must be satisfied. An error �a in the value of a implies an
error �p D 2��a=a2 in p-space. If we require this to be at most 1=Na, then N
cannot be larger than a=2��a. Ideally one would use a tunable laser and adjust the
frequency ! such that the condition (2.51) is precisely satisfied. With that choice
the absolute square of the first factor in Eq. (2.48) is maximal at w D 1

2
a.

2.6 Second-Harmonic Generation

In this section we investigate the effect of geometry on the efficiency for second-
harmonic generation. We consider the core of the waveguide to be a cylinder of
radius d with dielectric constant "2 surrounded by an outer mantle with uniform
dielectric constant "1 < "2. The grating of adsorbed molecules is located at radius r0,
either inside or outside the core (r0 < d or r0 > d ). We put the magnetic
permeability equal to �0 everywhere and consider guided mode solutions of TM
type. We study the dependence of the efficiency for second-harmonic generation on
the radius r0.
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The discontinuity of the dielectric constant at r D d corresponds to jump
conditions for the tangential component H'.r/. The first condition is that H'.r/

is continuous at r D d . The wave equation (2.3) may be rewritten as

".r/
d

dr

�
1

".r/

dH'

dr
C H'

r".r/

�

C "�!2H' D p2H': (2.52)

Hence the second condition is that .dH'=dr C H'=r/=" is continuous at the
interface. In analogy to Eqs. (2.4) and (2.6) we write the solution as

H'.r/ D J1.q2r/; for 0 < r < d;

D AMI1.	1r/CBMK1.	1r/; for d < r < b; (2.53)

where q2 D p

"2�0!2 � p2 and 	1 D p

p2 � "1�0!2. From the two continuity
equations we find for the coefficients AM and BM

AM.p; !/ D "1

"2
q2dJ0.q2d/K1.	1d/C 	1dJ1.q2d/K0.	1d/;

BM.p; !/ D �"1
"2
q2dJ0.q2d/I1.	1d/C 	1dJ1.q2d/I0.	1d/: (2.54)

Putting AM.p; !/ D 0 for fixed ! one finds the wavenumbers pMj .k/ of the guided
modes. The guided mode solutions take the form

 Mj .r/ D J1.q2j r/; for 0 < r < d;

D BM.pMj ; !/K1.	1j r/; for d < r < b: (2.55)

From Eq. (2.12) one finds for their norm

NM
j D

Z b

0

r

".r/
Œ Mj .r/


2 dr D 1

2"1p
M
j

BM.pj ; !/
@AM .p; !/

@p

ˇ
ˇ
ˇ
ˇ
pMj

: (2.56)

The electrical field has components

Er.r/ D p

!"
H'; Ez.r/ D i

!"

�
dH'

dr
C H'

r

�

: (2.57)

We assume that the fundamental is present as a single mode oscillating at frequency
! with amplitude aM1k.!/. Hence the electrical field vector is

E.!I r; z/ D aM1k .!/

!".r/

�

pMk  
M
k .r/er C i

�
d Mk .r/

dr
C  Mk .r/

r

�

ez

�

exp.ipMk z/:

(2.58)
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We assume an isotropic tensor �.2/ with mirror symmetry. The induced surface
polarization is

PSM .2!; z/ D gN .z/

�
aM1k .!/

!".!; r0/

�2

Xk.!; r0/ exp.2ipMk z/; (2.59)

with Bragg factor given by Eq. (2.46) and vector Xk.!; r0/ given by

Xk.!; r/ D
�

�1
�

pMk  
M
k .!; r/

	2 � �2
�
d Mk .r/

dr
C  Mk .r/

r

�2�

er

C2i�3pMk  Mk .!; r/
�
d Mk .r/

dr
C  Mk .r/

r

�

ez; (2.60)

where �1 D �
.2/
rrr ; �2 D �

.2/
rzz, and �3 D �

.2/
zrz D �

.2/
zzr are the relevant components

of the nonlinear susceptibility tensor �.2/. We assume that the layer of second-order
susceptibility is locally flat, so that the subscript r corresponds to the locally normal
component and z to the locally tangential component. For a representation of the
tensor in the local Cartesian frame see Roders et al. [17]. The emitted second-
harmonic radiation is TM-polarized. The intensity of the emitted second-harmonic
radiation is given by Eq. (2.41), with the right-hand side taken at frequency 2!
instead of !. We find by use of Eq. (2.18)

IMj .2!/ D 2�

!".!; r0/4
j OGN .pMj .2!/ � 2pMk .!//j2

1

pMj .2!/N
M
j .2!/pM

k
.!/2NM

k
.!/2

�ˇˇRj .2!; r0/Xkr .!; r0/CZj .2!; r0/Xkz.!; r0/
ˇ
ˇ2
�

IMk .!/
	2
: (2.61)

The conversion coefficient is defined by

�MMjk D IMj .2!/=I
M
k .!/: (2.62)

We write the conversion coefficient in the form

�MMjk D 2�

c
j OGN.pMj .2!/� 2pMk .!//j2Ajk.r0/IMk .!/; (2.63)

with coefficient

Ajk.r0/ D
ˇ
ˇRj .2!; r0/Xkr.!; r0/CZj .2!; r0/Xkz.!; r0/

ˇ
ˇ
2

k".!; r0/4p
M
j .2!/N

M
j .2!/p

M
k .!/

2NM
k .!/

2
; (2.64)

and write the latter as

Ajk.r0/ D 1

"30d
6

X

�

C�.j jkI r0/���
�; (2.65)
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Fig. 2.3 Plot of the
wavenumber p0.k/ of the
lowest order guided wave
(solid curve), of the
wavenumber p1.k/ of the
first-order guided wave (long
dashes), of the wavenumber
p2.k/ of the second-order
guided wave (short dashes),
as functions of kd for values
of the dielectric constant
given in the text

with dimensionless coefficients C�.j jkI r0/. The factors Rj and Zj are given
by Eq. (2.40), and Xr and Xz are given by Eq. (2.60). The coupling coefficients
C�.j jk/ depend on the radius r0 and the geometry of the waveguide. The efficiency
of second-harmonic generation for the chosen geometry is characterized by the
Bragg prefactor j OGN j2 and the coefficients C�.j jkI r0/.

We consider the width d to be fixed, and vary the frequency !. The input laser
is tuned in a narrow frequency range, so that dispersion of the dielectric constant
near ! and 2! may be neglected. We put "2.!/ D 2:25"0, "2.2!/ D 2:28"0,
in combination with "1.!/ D 2:13"0 and "1.2!/ D 2:17"0. In Fig. 2.3 we plot
the reduced wavenumbers p0.k/=k; p1.k/=k, and p2.k/=k at the fundamental
frequency as functions of kd . The ratios fpn.k/=kg are larger than

p

"1="0 D
1:4595 and less than

p

"2="0 D 1:5. The corresponding plots at the second-
harmonic frequency are very similar.

In Fig. 2.4 we plot the coefficient C11.0j0I r0/ at kd=24 as a function of the
fraction r0=d . In Figs. 2.5 and 2.6 we present similar plots for the coefficients
C22.0j0I r0/ and C33.0j0I r0/. The plot in Fig. 2.4 for susceptibility �1 D �

.2/
rrr shows

the largest rate of conversion.
It is of interest to compare the optimal situation with that for a planar waveguide.

We have found earlier that for a planar waveguide consisting of a slab of dielectric
constant "2 of thickness 2d surrounded by a medium of dielectric constant "1
second-harmonic generation is optimal for a thin polarization layer midway between
the two interfaces (in Ref. 1 this was called geometry III). For the planar waveguide
the conversion coefficient took the form

�MMjkP D 4�2

!
GNjkP

�
X

�

B
�

jk ��
�
�

�

JMk .!/; (2.66)

with Bragg factor

GNjkP D j OGN.pMj .2!/� 2pMk .!//j2: (2.67)

Here the wavenumbers p must be calculated for the guided modes of the planar
waveguide, so that the lattice distance a and the Bragg factor GNjkP differ from
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Fig. 2.4 Plot of the coupling coefficient C11.0j0I r0/ for kd D 24 as a function of r0=d . The
coefficient characterizes the efficiency of conversion, as given by Eqs. (2.63) and (2.65), of the
lowest order guided wave with largest wavenumber p0.k/ at the fundamental frequency ! D kc

to the mode with largest wavenumber p0.2k/ at the second-harmonic frequency 2! D 2kc.
The radius of the tubelet of nonlinear susceptibility is r0, and d is the radius of the core of
the waveguide. The subscripts 11 indicate the contribution which is quadratic in the component
�1 D �

.2/
rrr of the second-order susceptibility tensor
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Fig. 2.5 Plot of the coupling coefficient C22.0j0I r0/ for kd D 24 as a function of r0=d . The
coefficient characterizes the efficiency of conversion, as given by Eqs. (2.63) and (2.65), of the
lowest order guided wave with largest wavenumber p0.k/ at the fundamental frequency ! D kc

to the mode with largest wavenumber p0.2k/ at the second-harmonic frequency 2! D 2kc.
The radius of the tubelet of nonlinear susceptibility is r0, and d is the radius of the core of
the waveguide. The subscripts 22 indicate the contribution which is quadratic in the component
�2 D �

.2/
rzz of the second-order susceptibility tensor

the lattice distance and corresponding factor GNjkC for a cylindrical waveguide
appearing in Eq. (2.63). The intensity JMk .!/ is defined from the integral of the
Poynting vector along the transverse coordinate. In order to compare the two
geometries we put

IMk .!/ D �d2SC ; JMk .!/ D 2dSP ; (2.68)
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Fig. 2.6 Plot of the coupling coefficient C33.0j0I r0/ for kd D 24 as a function of r0=d . The
coefficient characterizes the efficiency of conversion, as given by Eqs. (2.63) and (2.65), of the
lowest order guided wave with largest wavenumber p0.k/ at the fundamental frequency ! D kc

to the mode with largest wavenumber p0.2k/ at the second-harmonic frequency 2! D 2kc.
The radius of the tubelet of nonlinear susceptibility is r0, and d is the radius of the core of
the waveguide. The subscripts 33 indicate the contribution which is quadratic in the component
�1 D �

.2/
zzr of the second-order susceptibility tensor

and write the conversion coefficient (2.63) for the cylindrical waveguide in the form

�MMjkC D 2�2

c
GNjkCAjkC .r0/d

2SC ; (2.69)

whereGNjkC is the Bragg factor defined as in Eq. (2.67). The conversion coefficient
for the planar waveguide is written similarly as

�MMjkP D 2�2

c
GNjkP AjkP d

2SP : (2.70)

By comparison with Eq. (2.66)

AjkP D 4

kd

X

�

B
�

jk ��
�
�: (2.71)

We consider kd D 24, as in the experiment of Parameswaran et al. [8], with
wavelength of the fundamental  D 2�=k D 1550 nm and d � 6�m, and use
the same dielectric constants as above. Then we find for the cylindrical waveguide
p0.!/d D 35:837 andp0.2!/d D 72:388, and for the planar waveguidep0.!/d D
35:972 and p0.2!/d D 72:463. The lattice distance a, given by Eq. (2.51), in the
two cases takes the value

aC D 8:79 d; aP D 12:12 d: (2.72)



2 Optimizing Second Harmonic Generation in a Circular Cylindrical. . . 37

7.5 10 12.5 15 17.5 20 22.5 25

kd

0

1000

2000

3000

4000

5000

C11(0 0)

Fig. 2.7 Plot of the coupling coefficient C11.0j0/ for the circular waveguide as a function of kd
(solid curve). For each value of kd , the optimal radius r0 has been chosen. For comparison we also
plot the coupling coefficient C11.0j0/ for the planar waveguide as a function of kd (dashed curve).
The notation is explained in the caption to Fig. 2.4

Correspondingly we find for the coupling factors in Eqs. (2.69) and (2.70) for
�2 D �3 D 0

A00C .rm/ D 4275 j�1j2=."30d 6/; A00P D 32:47 j�1j2=."30d 6/: (2.73)

for the value rm D 0:593 d corresponding to the maximum in Fig. 2.4. The
prefactors in Eq. (2.73) are the values of the coupling coefficientsC11C .0j0/ D 4275

and C11P .0j0/ D 32:47. In Fig. 2.7 we show the coupling coefficient C11C .0j0/ as
a function of kd . At each value of kd the optimal radius r0 has been chosen. For
comparison we show also the coupling coefficient C11P .0j0/ as a function of kd
for the planar waveguide. This shows a decrease with increasing frequency of the
fundamental. Clearly the circular waveguide geometry is to be preferred for most
frequencies .

For large N the Bragg factors G in Eqs. (2.69) and (2.70) vary rapidly with
frequency. It makes sense to compare the two geometries at their peak values for
second-harmonic generation. Hence we put the factor FN in Eq. (2.50) equal to N2

in both cases. Then the Bragg factors differ only by the first factor in Eq. (2.48).
Taking w D a=2 in both cases we get for the two Bragg factors at the peak value

GN00C D 0:198 N 2; GN00P D 0:377 N 2: (2.74)

The prefactors for the two geometries in the conversion coefficients (2.68) and (2.69)
take similar values. The circular geometry may have an advantage over the planar
geometry in the efficiency of input of the fundamental wave.

In the above numerical example we find for the circular waveguide with
susceptibility �1 D 10�13 esu the conversion factor in SI units

�MM00C D 2:7 � 105 L2IM .!/; (2.75)
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Table 2.1 Selected conversion efficiencies (for details, cf. text)

SHG-experiment P.2!/=P.!/ in % Reference

Surface-SHG simple reflection � 10�12 G.T. Boyd, Y. R. Shen, T.W. Hänsch
Second-harmonic generation from
sub-monolayer molecular
adsorbates using a CW diode
laser

Seventh International Conference
Laser Spectroscopy VII

Maui, HI, USA, 24–28 June 1985
KDP-crystal in transmission 1:72� 10�4 A. Yariv Quantum Electronics Third

Edition, Wiley, New York, 1988
Chapter 16.7: Second-Harmonic
Generation with Gaussian Beams,
pp. 402

Planar waveguide 1� 10�4 A. Bratz, B. U. Felderhof, G.
Marowsky

optimized geometry III Second-harmonic generation in
planar waveguides

Appl. Phys. B 50, 393–404 (1990)
Quasi-phase-matched 2.7 This work
SHG in a fiber under
optimized conditions

where L D Na is the length of material with nonlinear susceptibility �1. For an
input power of the fundamental IM .!/ D 100 mW this becomes �MM00C D 2:7L2

with L in cm. By definition the conversion factor is less than unity. This implies that
for a length 1 cm we must take depletion into account.

In Table 2.1 we have summarized some relevant conversion data from reliable
literature sources. The table shows that SHG conversion varies by many orders
of magnitude, depending on the experiment. The conversion efficiency 10�12 %
concerns the famous Maui surface experiment of Boyd, Shen, and Hänsch, demon-
strating surface SHG of a sub-monolayer of pyridine adsorbed on a silver electrode.
The other SHG conversion data concern KDP, an optimized planar waveguide
geometry of Bratz et al. [1], and the proposed configuration of Fig. 2.2 in this
work. Due to strong spatial confinement and Bragg interference the conversion
efficiency is strongly enhanced and pump depletion has to be considered even for
device lengths as short as 1 cm. Therefore the device length was taken to be 0.1 cm
to avoid depletion and make the data comparable. It should be noted that for the
KDP-case SHG was considered with Gaussian beams; hence the efficiency increases
only linearly with crystal thickness.
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2.7 Depletion

For a sufficiently long stretch of nonlinear susceptibility depletion of the funda-
mental must be taken into account. We consider a stretch with M periods of
nonlinear susceptibility �.2/, where M is a large multiple of N . It is assumed that
N is sufficiently small that the preceding theory, with neglect of depletion, may be
applied. In the experiment of Parameswaran et al. [8] with a planar waveguide the
number of periods is about M D 4000. The period a is assumed to be adjusted
to the frequency of the fundamental by use of Eq. (2.51). Due to the Bragg factor,
conversion is then limited to the lowest mode with wavenumber p0.2!/.

We assume first that the input laser is tuned to the peak value, so that the Bragg
factor is proportional to N2, as in Eq. (2.74). On a large length scale the intensity
of the fundamental IM0 .!I z/ decreases with distance along the waveguide, and
the intensity of the second harmonic IM0 .2!I z/ increases. For brevity we denote
I1.z/ D IM0 .!I z/ and I2.z/ D IM0 .2!I z/. We define corresponding slowly varying
wave amplitudes A1.z/ and A2.z/ by [3]

I1.z/ D p1A1.z/
2I1.0/; I2.z/ D 1

2
p2A2.z/

2I1.0/; (2.76)

with the abbreviations

p1 D p0.!/; p2 D p0.2!/: (2.77)

The amplitudesA1.z/ andA2.z/ are assumed to satisfy the mode-coupling equations

dA1

d z
D � �

p1
A1A2;

dA2

d z
D 2

�

p2
A21; (2.78)

where the coefficient � can be evaluated from the preceding theory for the behavior
at small z. The mode-coupling equations imply the conservation law

I1.z/C I2.z/ D I1.0/: (2.79)

The equations have the solution

A1.z/ D 1p
p1

sech 	z; A2.z/ D
s

2

p2
tanh 	z; (2.80)

with

	 D �

p1

s

2

p2
; (2.81)
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so that correspondingly

I1.z/ D I1.0/sech2	z; I2.z/ D I1.0/ tanh2 	z: (2.82)

Comparison with Eq. (2.62) yields

	2 D 8
a2

c
je2�iw=a � 1j2A00I1.0/; (2.83)

with coupling factor A00 given by Eq. (2.65). The decay length 1=	 decreases with
increasing intensity of the incident laser light.

We note the identity

�
dA1

d z

�2

C 	2A21.p1A
2
1 � 1/ D 0: (2.84)

This shows that the solution may be interpreted as the motion of a particle in a
quartic potential at zero energy, or as the interface profile between two phases of a
fluid [18]. The identity is equivalent with the conservation law (2.79).

If the input laser is not tuned to the peak value we must use complex amplitudes
A1.z/; A2.z/ and generalize the mode-coupling equations to [3, 19]

dA1

d z
D � �

p1
A�
1A2e

i�p z;

dA2

d z
D 2

�

p2
A21e

�i�p z; (2.85)

with phase mismatch

�p D p2 � 2p1 � nK: (2.86)

With the normalization

B1 D p
p1A1; B2 D 1

2

p
p2A2 (2.87)

the mode-coupling equations can be expressed as

dB1

d z
D ��B�

1 B2e
i�p z;

dB2

d z
D 1

2
�B2

1 e
�i�p z; (2.88)

with coefficient

� D 	
p
2: (2.89)
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With the complex notation

B1 D b1e
i'1 ; B2 D �ib2ei'2; (2.90)

the mode-coupling equations (2.88) can be cast in the standard form with real
variables [3]

db1

d z
D ��b1b2 sin �;

d'1

d z
D �b2 cos �;

db2

d z
D 1

2
�b21 sin �;

d'2

d z
D 1

2
�
b21
b2

cos �; (2.91)

with phase difference

� D �p z C '2 � 2'1: (2.92)

The mode-coupling equations imply the energy conservation law, which may be
expressed as

b21.z/C 2b22.z/ D 1: (2.93)

With a final change of variables

u D b1; v D b2
p
2; � D 	z (2.94)

the equations become

du

d�
D �uv sin �;

dv

d�
D u2 sin �;

d�

d�
D �s C cot �

d

d�
ln.u2v/; �s D �p

	
: (2.95)

These equations have the two conservation laws

u2 C v2 D 1; u2v cos � C �p

2	
v2 D � C �p

2	
v20; (2.96)

where the constant � is determined by the initial values at z D 0 according to
� D u0v20 cos �0. In our case � D 0, since v0 D 0. The equations can be solved in
terms of the elliptic integral

� D 1

2

Z v2

0

1
q

x.1 � x/2 � 1
4
�s2 x2

dx: (2.97)
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Fig. 2.8 Plot of the reduced second-harmonic intensity v2 at fixed length L D 1=	 as a function
of the reduced detuning parameter �s D �p=	, where �p is the phase mismatch. The notation is
explained in Sect. 2.7

Explicitly

� D p
� F.arcsin.v=

p
�/j�2/; � D 8=.8C�s2 C

p

�s4 C 16�s2/; (2.98)

where F.'j�2/ is the elliptic integral of the first kind [20]. In particular
F.'j1/ D 2 arctanh.tan.'=2// leads to v D tanh � in agreement with Eq. (2.82).
The expression Eq. (2.98) can be inverted to

v.�/ D p
� sn.�=

p
�; �/; (2.99)

with Jacobian elliptic function sn.�=
p
�; �/. In Fig. 2.8 we plot the reduced second-

harmonic intensity v2 for fixed length � D 1 as a function of the detuning
parameter �s. The plot shows a spectral line with sidewings. For fixed detuning
parameter �s the second-harmonic intensity varies periodically as a function of
distance �.

Note that in the present theory the mode-coupling equations are assumed to hold
on a length scale much larger than the period of the grating. This is in contrast to
the theory of Zhao et al. [4], who assume mode-coupling equations on the scale of
the period. The present formulation allows understanding of the effect of depletion
in the framework of the well-known theory developed by Armstrong et al. [3] for
second-harmonic generation in anisotropic crystals.

Finally we note that it follows from Eq. (2.82) that for optimal phase matching the
stretch of nonlinear susceptibility L1=2 over which the second-harmonic intensity I2
is one half of the input fundamental intensity I1.0/ is given by

L1=2 D 1

	
arctanh

1p
2

D 0:881

	
: (2.100)
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For the numerical example used in Eq. (2.75) we have 	2 D 2:7 � 105I1.0/, so that

L1=2 D 5:36 � 10�13

�1
p

I1.0/
cm; (2.101)

with �1 in esu and I1.0/ in mW. The prefactor follows from 5:36 D 0:881=
p
0:027.

Thus the half-length varies inversely with the second-order susceptibility and the
square root of the input fundamental intensity. In Eq. (2.101) it is assumed that the
radius of the tubelet r0 has the optimal value shown in Fig. 2.4.

2.8 Discussion

We have presented a model calculation of second-harmonic generation in a circular
cylindrical waveguide or optical fiber for a situation where the nonlinear material
is isotropic and distributed in a radially symmetric manner. Though the geometry
is not easy to realize experimentally, the calculation shows the essential features of
the mechanism. A comparison with an earlier calculation for a planar waveguide
[1] shows that the confinement in cylindrical geometry has distinct advantages.
The work of Parameswaran et al. [8] shows that second-harmonic generation in
cylindrical geometry can be realized experimentally and is quite effective.

The conversion efficiency is sufficiently high that depletion of the fundamental
must be taken into account. We have shown that depletion can be described in terms
of the mode-coupling formalism developed by Armstrong et al. [3] for second-
harmonic generation in anisotropic crystals.
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Chapter 3
Nanoplasmonic Metal–Insulator–Metal
Waveguides

Moshik Cohen, Reuven Shavit, and Zeev Zalevsky

3.1 Introduction

With the rapidly growing demand for higher data processing rates, silicon-based
electronic devices approach fundamental speed and bandwidth limitations, which
is an increasingly serious problem that impedes further progress in numerous
fields of modern science and technology. These limitations arise from interconnect
delays and from increased power dissipation of transistors as their gate lengths
approach single-nanometer scale [1–4]. Possible solution for these setbacks may lay
in photonics devices, as photons provide considerably superior information band-
width and improved thermal properties compared with electrons [5, 6]. Although
semiconductor-based optical devices were previously introduced [7–10], large-
scale integration of photonic circuitry has been fundamentally limited by their
large, diffraction-limited size and by the poor optical response of silicon at optical
frequencies. Recently, it has been suggested that surface plasmon nanophotonics
may overcome these limitation [11–14]. Newly introduced plasmonic nanoantennas
[12, 15–17], waveguides [18–21], and devices [18, 22–24] unlock an enormous
potential for exciting new applications based on SPPs. Predominantly, nanometric
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all-optical logic devices that use plasmonics as data carriers are of prime importance
for future information processing and photonic computing technologies. Still,
although plasmonic-based logic devices were recently introduced [10, 25], logic
devices which operate directly on SPPs in deep nanoscale have not been reported.
In Sect. 3.1, we design, fabricate, and characterize a novel, silicon-based all-
optical nanoplasmonic exclusive or (XOR) gate. The device achieves smallest
reported dimensions for plasmonic logic gate and therefore achieves significantly
low losses and small delay times. The logic operation is obtained by interference of
SPPs through ultrathin Ag film with measured lateral dimensions of 4 � 20 nm,
achieving the smallest reported dimensions for all-optical logic gate. Additional
logic and Boolean functionalities can be realized by engineering the interferometer
dimensions. We propose a special excitation and waveguiding scheme which
facilitates the launch of nanometric SPPs from laser illumination and rout them
toward the gate. High-resolution (HR) atomic force microscopy (AFM) system with
He–Ne laser at wavelength of 633 nm is used to excite and trace the nanoplasmonic
waves along the structure and particularly at the device’s area. We theoretically
and experimentally show full logic XOR functionality of the reported gate, with
device operating at broad frequency range which enables multi-tera-bits per second
(Tbit s�1) data processing rates. In Sect. 3.2 we show that Kelvin probe force
microscopy (KPFM) can image and characterize SPPs achieving molecular-scale
resolution. Since SPPs are bound to the surface and confined to deep subwavelength
scales, high-resolution imaging of nanoplasmonic modes using conventional optical
microscopy is nearly impossible [26–29]. Subdiffraction optical imaging of surface
plasmons can be achieved using near-field techniques, as scanning near-field optical
microscope (SNOM) and its modifications that use metal tips [30–36]. In SNOM,
a subwavelength optical aperture samples the average optical signal intensity as a
function of position. However, spatial resolution and collection efficiency are both
limited by the aperture size and by the distance between a sample and the tip.
This is mainly because SNOM samples only the decaying or evanescent part of the
optical signal outside the nanoscale object [37]. To date the smallest commercially
available SNOM tips achieve aperture diameters of 50–100 nm ([CSL STYLE
ERROR: reference with no printed form.]). Plasmonic imaging with nanometric
spatial resolution can also be achieved using electron energy loss spectroscopy
(EELS) [38–40], with time-resolved measurements that are also demonstrated using
laser-excited photocathodes in electric microscopy [41, 42]. KPFM, also known
as surface potential microscopy, is a variant of AFM which was first introduced
in 1991 [43]. KPFM enables to measure the work function difference between a
scanning tip and a surface with submolecular resolution and submilivolt sensitivity
[44–49]. When a scanning probe tip is electrically connected to a conductive sample,
a contact potential difference (CPD) will arise due to the different work functions of
the tip and the sample. KPFM measures local variations in the CPD by applying a
voltage between the sample and the tapping AFM tip so that the electric field caused
by the CPD and the resulting force on the tip are compensated. For a certain tip
position, the compensating voltage represents the local contact potential difference
(LCPD) and can be determined either with a feedback loop or by measuring the
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voltage dependence frequency shift [43, 46, 50–52]. Recently, we used KPFM and
space–time Fourier analysis to characterize SPP modes with resolution of 10 nm
[53, 54]. Here, we show that KPFM can image and characterize surface plasmon
polaritons with resolution at the single-nanometer scale. A theoretical model is
proposed to define the relation between CPD and SPPs and provide an in-depth
understanding of the imaging mechanism. We characterize plasmonic nanoantenna
and waveguiding structures achieving resolution of only 2 nm. Additionally, we
observe that the sign of the CPD can be used to obtain information on the electric
field’s directionality, toward full-vector characterization of SPPs.

3.2 Nanoplasmonic Logic Circuitry Based
on Multilayer Gap Waveguides

The proposed system is comprised of two metal–insulator–metal (MIM) SPP
waveguides connected to the dipole nanoantennas at one end and to the logic device
in their other end. Figure 3.1a illustrates the operational concept of the proposed
nanoplasmonic system. Each nanoantenna is illuminated by a laser and converts the
incident light to propagating SPPs along the corresponding waveguide. The modes
are guided to the device, where they undergo all-optical logic operation. The XOR

Fig. 3.1 Nanoplasmonic interferometer-based XOR gate integrated with SPP excitation and
waveguiding system. (a) Schematic illustration of the reported nanoplasmonic system. Micron-
scale optical excitation is converted to nanoscale plasmonic waves by the resonant dipole
nanoantennas, confined and guided via plasmonic MIM waveguides toward the plasmonic XOR
device, which performs the logic operation. The inset shows a 3D illustration of the nanoplasmonic
interferometer which is used to realize XOR logic functionality. s D 20 nm, the thickness of the
internal metallic layer is •D 4 nm, and LI D 300 nm represents the overall interferometer length.
(b) SEM image of the fabricated nanoplasmonic system
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logic device consists of two MIM waveguides separated by a 4 nm (•D 4 nm)-thick
metallic layer. The MIM waveguides comprising the nanoplasmonic interferometer
are integrated with identical dielectric cores of two independent MIM plasmonic
waveguides. In the other perimeter of the system, the waveguides are connected to
resonant dipole nanoantennas to achieve efficient excitation of propagating SPPs
from laser illumination. To fabricate nanoplasmonic devices, 20 nm Ag layer
was sputtered on top of chemically cleaned wafers, via ion sputtering at vacuum
levels of less than 9e-7 Torr without cooling. The structures were patterned using
gallium focused ion beam (Ga FIB) with 7 nm ion beam spot size. The acceleration
voltage was set to 5 KV and currents as low as 0.69 nA were applied. Figure 3.1b
shows scanning electron microscopy (SEM) image of the fabricated nanometric
interferometer, integrated with the plasmonic system. The silver structures are
shown in bright colors, and the gray background represents the SOI substrate. We
respectively mark the inputs and outputs of the device as “I1”, “I2”, and “Out”.
The overall area occupied by the nanoplasmonic gate with the excitation system
is 1 � 1 �m, which is more than 200 times smaller compared with the system
reported in [25]. The average surface roughness measured on the internal faces
of the system is 2 nm, obtained by experimental optimization of the lithography
process.

The theoretical operation principle of the nanoplasmonic interferometer may be
explained using the coupled-mode theory [55], which suggests that a structure built
out of two identical slab waveguides with a subwavelength separation transfers
light between the two waveguides with a constant phase shift of  /2. The spatial
periodicity of the power transfer between the two MIM waveguides depends on the
magnitude of the wave number k D 2 /œSPP, where œSPP is the wavelength of the
propagating plasmonic mode within the waveguide.

In optical frequencies, the refractive index of metals can be expressed as
n D ni C jnj, where the real part ni governs the phase of a signal and the imaginary
part nj origins absorption. From the refractive index, we extract the relative
permittivity by

" D "0 C j"00

"0 D n2i � n2j I "00 D 2ni nj (3.1)

where "0 and "00 are the real and imaginary part of ", respectively. The thickness
of the silver metallic layer is numerically designed to accomplish relative phase
shift of   between the plasmonic modes, which is required to realize XOR
operation [56]. The MIM waveguides comprising the interferometer are integrated
with identical dielectric cores of two independent MIM plasmonic waveguides.
In the other perimeter of the system, the waveguides are connected to resonant
dipole nanoantennas to achieve efficient excitation of propagating SPPs from laser
illumination. It was recently observed that excitation of MIM SPP waveguides using
dipole nanoantennas achieves coupling efficiencies which are orders of magnitude
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higher compared with direct illumination of bare waveguide [57]. To achieve
maximum excitation efficiency, we maximize the intensity of the electric field in
the dipole gap and simultaneously minimize the impedance mismatch between the
dipole and the waveguide by geometry optimization. These requirements are met by
maximization of the net power flowing through the waveguide cross section, which
also ensures flow of propagating SPPs toward the device. The net power flow is
given by

W D
“

Re
n�!
P
o

� �!n dS (3.2)

where
�!
P is the Poynting vector for the propagating SPPs and �!n is a vector in the

direction of wave propagation. The dimensions of the nanoantennas are optimized
to achieve maximum W in the MIM waveguides. The numerical analysis and
optimization of the structures were carried out using finite element method (FEM)
commercial SW package HFSS V14 [58]. Figure 3.2a shows the 3D electromagnetic
model for analysis and optimization of the system. The model is comprised of Ag
plasmonic nanostructures deposited on SOI substrate, with the materials properties
obtained from [53, 54].

Each nanoantenna is illuminated by a laser at a wavelength of 1.55 �m,
linearly polarized in the dipole direction and with parameterized incident angle.
Each laser beam is focused to a radius of 1 �m, centered at the origin of the
corresponding nanoantenna. Selectively dense meshing at a maximum of 1 nm cell
size was assigned at the metallic regions to precisely capture the plasmonic logic
operation obtained by the device. The model was terminated by PML absorbing
boundaries, matched to the material at the boundary of each computational domain.
Convergence criterion was set to less than 1 % energy variation between three
successive iterations of adaptive mesh refinement. The results are presented at the
optical frequency, i.e., 194.55 THz. Figure 3.2c shows the numerically calculated
electric field magnitude for XOR(“1”, “1”) D “0” logic operation, in which both
nanoantennas are illuminated. The optical laser radiation is efficiently coupled to
SPP modes that propagate through MIM waveguides toward the nanoplasmonic
XOR device. Zoom in-to the area of the device shows destructive plasmon inter-
ference, which results in logic zero (“0”) at the output of the device, as emphasized
in the inset. Figure 3.2d illustrates XOR(“1”, “0”) D “1” logic operation, with zoom
in-to the area of the device shown in the inset shows the high field value which
corresponds to logic “1”. For this case, a portion of the propagating SPPs is reflected
from the device’s input and coupled to the other waveguide. The intensity of the
undesired reflected field is 20 dB lower compared with that of the plasmon in
the excited waveguide, i.e., S12 D �20 dB. Full modulation, i.e., 30 dB extinction
ratio at the device’s output, is achieved after less than 300 nm of interference
length (LI< 300 nm, as defined in Fig. 3.1a). This indicates a high-speed phase
accumulation through tunneling of the plasmonic modes, until relative phase shift
of   between the waveguides is accomplished. Figure 3.2e, f shows the electric
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Fig. 3.2 Theoretical analysis and design of the nanoplasmonic XOR gate and excitation system.
(a) 3D EM model for the analysis and optimization of the nanoplasmonic device. (b) 2D
description of the model. The graphs in Fig. 3.2e, f are plotted on the dashed line defined here.
(c) 3D numerical calculation results of the system performance for XOR(“1”, “1”) D “0”; the
device’s region is shown in the inset. (d) 3D numerical calculation results of the system perfor-
mance for XOR(“1”, “0”) D “1”; the device’s region is shown in the inset. (e) Electric field magni-
tude along the system, for the case of XOR(“1”, “1”). The field is presented along the dashed line
defined in Fig. 3.2b. The fields are plotted for three different phases of the laser excitation as the red,
brown, and blue patterns that correspond to the excitation phases of 450, 500, and 550, respectively.
(f) Electric field magnitude for XOR(“1”, “0”), plotted along the same geometry and for the same
laser excitation phases as in Fig. 3.2e
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Fig. 3.3 Extinction ratio and power transfer analysis. (a) Extinction ratio as a function of the
device’s length. (b) Electric fields in the device’s region for XOR(“1”, “1”) for •D 20 nm (upper
image) and for •D 5 nm (lower image)

field magnitude at the center of the MIM waveguide and the device for XOR(“1”,
“1”) D “0” and XOR(“1”, “1”) D “1”, respectively. The field is plotted along the
dashed line defined in Fig. 3.2b, for three different phases of the illuminating lasers.
Figure 3.2e shows the destructive interference results in logic “0” for the case of
two active lasers. In Fig. 3.2f we observe similar electric field profiles at the input
(located at D D 1.6 �m) and output (located at D D 1.9 �m) of the device, for logic
level “1”, which is an essential property for the realization of logic gates.

The black graph in Fig. 3.3a shows the extinction ratio versus the interference
length, as the blue and red curves are XOR(“1”, “0”) and XOR(“1”, “1”), respec-
tively. It is observed that the extinction ratio has two peaks, at L D 130 nm and
L D 280 nm, corresponding to the peaks appearing in XOR(“1”, “0”). Extinction
ratio of 35 dB is obtained for L D 280 nm; this high value is achieved due to strong
destructive interference in XOR(“1”, “1”) response. The dependence of the power
transfer as a function of the separation width was rigorously changing for values of
• varying from 3 to 20 nm (•D S). Figure 3.3b shows the fields in the XOR device’s
area for •D 20 nm and for •D 5 nm. We observe very low coupling between the
waveguides for •D 20 nm, yielding luck in destructive interference.

For •D 5 nm the coupling between the waveguides is higher, which results
in destructive interference, and XOR(“1”, “1”) D “0” is accomplished. However,
the observed “0” logic level achieved for •D 5 nm is significantly higher than
the “0” logic level in the optimal design (•D 5 nm). The higher level of “0”
results in degradation in the extinction ratio to a maximum of 12 dB, compared
with 35 dB obtained in the optimal design. We use the surface electric potential
measurement in frequency-modulated scanning Kelvin probe microscopy (FM-
SKPM) for experimental characterization of the reported nanoplasmonic structures.
Surface potential microscopy measures the CPD, between the scanning tip and
the characterized device. Generally, CPD is highly material dependent and related
to the work functions of pure material and to additional surface dipole moments
[59]. The contributions of bulk and surface plasmons to the work functions of
materials [60–64] as well as to the van der Waals force [65, 66] were previously
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Fig. 3.4 Performance characterization of the nanoplasmonic logic XOR gate, integrated with
the excitation and waveguiding system. (a) 2D measurement of XOR(“1”, “1”) D “0” logic
functionality. (b) HR SEM image of the fabricated structure for characterization of XOR(“1”,
“1”) D “0” logic functionality. (c) 2D measurement of XOR(“0”, “1”) D “1” logic functionality.
(d) HR SEM image of the fabricated structure for characterization of XOR(“0”, “1”) D “1” logic
functionality

reported. Our AFM system includes He–Ne laser at wavelength of 633 nm which
illuminates the entire sample to excite propagating SPPs from the nanoantenna gaps
toward the XOR device. Figure 3.4a presents a 2D image of the surface electric
potential on the sample for XOR(I1 D “1”, I2 D “1”) D “0” experiment, obtained for
the structure shown in Fig. 3.4b. High field values are measured at both I1 and
I2, i.e., “1”. The XOR device realizes destructive interference between the SPPs
at I1 and I2, which results in low field values at the device’s output, i.e., “0”,
as shown in Fig. 3.3b. Additional “hot spots” appear on the sample outside the
plasmonic system. These “hot spots” represent localized surface plasmons excited
by the interaction of the laser light and residual Ag nanoparticles, which remained
on the sample after the lithography process. We note that even though the laser
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Fig. 3.5 Measured electric potential along the nanoplasmonic XOR device. (a) The blue line
represents the measured field for XOR(I1 D ‘1’, I2 D “0”) D “1”. The black line represents the
measured electric potential for XOR(I1 D ‘1’, I2 D ‘1’) D “0”. Dashed points correspond to
discrete measured values. The length of the XOR gate is defined by the interference length for
which 10 dB extinction ratio is observed, i.e., 150 nm. (b) The line along which the fields are
presented for the two experimental setups

illuminates the whole structure, the dominant effect which governs the device
operation is caused by propagating SPPs from the nanoantennas. Therefore we
neglect effects caused by localized plasmons as well as by direct illumination of the
device [67]. The ultrasmall size of the introduced nanoplasmonic structures poses
strong limitation on the capability to precisely confine the laser beam to separately
excite each nanoantenna. Therefore, we fabricated the identical device integrated
with a single nanoantenna and MIM waveguide, as shown in Fig. 3.4d. Figure 3.4c
shows the experimental results of XOR(I1 D “0”, I2 D “1”) D “1”, obtained by the
characterization of the structure depicted in Fig. 3.4d. We observe low (“0”) field
values at I1 and high field values (“1”) at I2. For this combination of inputs, the
device yields high field values at the output “Out”, as emphasized in Fig. 3.4d,
resulting it XOR(“0”, “1”) D “1”. The reported nanoplasmonic gate implements
Boolean XOR function on the propagating SPPs at inputs “I1”and “I2”. Hence,
signal level of “1” at the device’s output “Out” results if only one of the inputs
to the gate is at logic level “1”. Otherwise, logic “0” shall be measured at “Out”.
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Table 3.1 Experimental results at the output of the plasmonic
logic XOR gate

I1 I2 Out D XOR(I1, I2)

0 0 0
0 1 1
1 0 1
1 1 0

Logic level of “1” at the inputs I1 and I2 is observed only when the
corresponding nanoantenna is illuminated. A 10 dB extinction ratio
between the logic levels at the device’s output “Out” is obtained
at the device’s length of 150 nm, increasing up to 30 dB for the
device’s length of 280 nm

Figure 3.5a shows the measured surface electric potential along the device for
XOR(I1 D “1”, I2 D “1”) and XOR(I1 D “0”, I2 D “1”). The fields are presented
from the inputs to the gate (L D 0) to the boundary of the physical device
(L D 300 nm), as a function of the distance, L. The quanta are presented along a
dashed line as described in Fig. 3.4b. We define an electric potential at the output
of> 16 [mV] as the “1” or ‘ON’ state and potential< 6 [mV] as “0” or “OFF”
state. For the case of XOR(I1 D “1”, I2 D “1”), destructive interference between the
plasmonic modes along the device leads to rapid attenuation of the signal which
results in “0” logic level at the output, as shown in the black graph of Fig. 3.5a.

For the case of XOR(I1 D “0”, I2 D “1”) the field maintains high level through
the device, achieving “1” at the output, as shown in the blue graph of Fig. 3.5a.

The average surface roughness measured at the internal faces of the waveguides
is 2 nm, with measured average periodicity of 10 nm. These values are much smaller
than the wavelength of the propagating SPP, thus introducing small additional
loss mechanism. These losses have little effect on the XOR performance, as
the SPPs are attenuated for both XOR(“1”, “0”) and XOR(“1”, “1”) scenarios,
thus having negligible effect on the extinction ratio. The experimental results are
summarized in Table 3.1, which is in perfect agreement with the true table of a
XOR device. Extinction ratio of 10 dB between the logic levels at the device’s
output is accomplished after of only 150 nm, increasing up to 30 dB for the
device’s length of 280 nm. The extremely small size of the device is achieved due
to the introduced interferometry structure. Tunneling of the SPP modes through
the nanometric separation layer leads to rapid phase accumulation, until relative
phase shift of  between the waveguides is accomplished. This architecture achieves
the required phase accumulation much faster and after smaller interference length
compared with the linear interference mechanism used in [25], where the phase
accumulation is based on propagation length. As a result, the XOR device reported
in this paper is more than three orders of magnitude smaller than the one reported
in [25]. As micron-scale plasmonic devices [10, 25] suffer from high propagation
loss, longer delay times, and huge size mismatch with CMOS electronics, the
current concept can be the first nanoplasmonic architectural solution for all of these
setbacks.
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Fig. 3.6 Spatial Fourier analysis of the measured surface electric potential on the sample. (a) The
red curve shows the spatial FFT performed on the field along the XOR device, defined as “Line 1”
in Fig. 3.5b. The blue curve presents spatial FFT analysis of the field outside the XOR device,
performed on “Line 2” in Fig. 3.5b. (b) Definition of the lines on which we performed spatial FFT

We provide further experimental evidence for the existence of propagating
SPPs along the device by observing the spatial frequency content of the measured
fields on the sample. Since the gate exhibits imperfect impedance matching at its
boundaries, partial standing waves are excited along the system. These standing
waves are characterized by stationary spatial behavior, which is identical to the
spatial frequency of the propagating SPPs and therefore can be detected via surface
potential measurement in FM KPFM. To examine the spatial frequency content of
the fields along the XOR gate, we performed spatial fast Fourier transform (FFT)
on the surface electric potential measured along the sample. Figure 3.6a presents the
spatial FFT results for two different measurements of the surface electric potential
on the sample. The lines on which the FFT was calculated are detailed in Fig. 3.6b.
The blue curve shows the spatial FFT of the surface potential along a line, which
is outside the device (Line 1 in Fig. 3.6b), as the red curve is the spatial FFT
of the surface potential along the center of the device (Line 2 in Fig. 3.6b). For
both measurements shown in Fig. 3.6a the dominant field component appears at
low spatial frequencies, a result which is in good agreement with the general
electrostatic character of the measured potential and is due to the standing waves
in the structure. However, we observe a strong spatial frequency component in the
field along the device, at Re fkSPPg D 125 �m�1. The amplitude of this component
is 13 dB higher than the corresponding component in the measurement described
by the blue curve. This result confirms the existence of propagating SPPs with wave
vector of Re fkSPPg D 125 �m�1 inside the device, which is in excellent agreement
with Dione [19] and Chen [68]. This further substantiates our theoretical analysis
and experiments.
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3.3 Molecular-Scale Imaging of Modes in Nanoplasmonic Slot
Waveguides with Scanning Kelvin Probe Microscopy

In this section we introduce for the first time, the imaging of surface plasmon
polaritons with KPFM. Although traditionally considered as electrostatic measure-
ment, we show that KPFM can characterize near fields at optical frequencies within
single-nanometer scale. The experimental results are supported by 3D numerical
calculations as well as analytical model.

Figure 3.7 illustrates the process of SPP characterization with scanning KPFM.
The origin of nanoplasmonic sensing with KPFM lies in the fact that KPFM
measures the CPD between the scanning probe tip and the surface [46, 69]. The
CPD is closely related with the charge distribution on the surface as well as with the
surface plasmon polaritons [70–76]. When nanometallic structures are illuminated
with optical radiation, coherent oscillations of free electrons are excited on the
surface. These highly confined optically induced charge density waves preserve the
frequency of incident photons and strongly affect the work function in the vicinity
of the device. Optically excited variations in the work function of CdSe nanowires
[77] and 2D array of subwavelength apertures [78] were recently characterized by
electric force microscopy and KPFM.

According to the Lorentz model, the motion of electrons in metals is governed
by a second-order partial differential equation:

m

�
@2x

@t2
C �

@x

@t
C�2x

�

D �eE (3.3)

Fig. 3.7 Illustration of nanoplasmonic characterization with KPFM. Dipole nanoantenna is
connected to MIM waveguide with nanometric gap width. The device is illuminated by a laser
and the excited plasmons change the CPD between the tip and the surface, which is measured by
KPFM with molecular-scale resolution
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Here m and e are the electron mass and charge, respectively; x is the electron
displacement from the nucleus, � D 1/� is the damping rate, � is the spring
constant, and E is the electric field. Assuming time harmonic behavior for the
electric field and displacement, neglecting � in the free electron region yields the
Drude polarizability:

P D �Nex D �Ne
2

m

1

¨2 C i�¨
E .x; t/ (3.4)

where !D 2�f is the optical angular frequency of the electric field. The in-
plane relative permittivity ("k � "r C i"i) can be extracted from (3.4), using
"D 1 C P/E.The real and imaginary parts of "k are attributed to intraband and
interband transitions, respectively. Extended Drude model which considers the
restoration force (�) is a preferred analytical description at the bound electron
region. This model achieves excellent agreement for Au within 500–1,000 nm
wavelength range [79]. Further improvement to the extended Drude model can be
obtained by adding terms which carefully describe the critical points (CP) [80, 81].
Near the plasma frequency,! � !p D p

Ne2=m"0, the relative permittivity is very
small ("(!p) ! 0). Hence, E(x, t) becomes a pure depolarization field with quanta
of these charge oscillations referred to as plasmons. Using the relation between
polarization and charge density �Pol D � r � P, the surface electric potential is
calculated by integrating the charge density function over the computational surface:

V.r/ D
“

�Pol .r/

4�"0 jr � r 0jds
0 (3.5)

The charge density function may also be obtained by solving the Fock equations
using an exchange potential operator [82, 83], a more accurate solution but
computationally expensive when obtained numerically.

The experimental setup used in this work is depicted in Fig. 3.8a. The
sample is illuminated from above by a He–Ne laser at wavelength of 633 nm
(!D 2.98 � 1015r/s) linearly polarized in parallel with the dipole orientation.
Since ¨�� 	 1013, the in-plane relative permittivity can be written as
"k D "B �!2

p/!2 C i!3
p/!2� , with "B as the contribution of bound electrons and !p

as the plasma frequency. In our measurements topography and KPFM images are
recorded sequentially using the lift mode technique to minimize cross talk between
the measurements [84]. To this end, we first acquire the surface topography of a
single line in tapping mode and then retrace this topography over the same line at
a set lift height from the surface to measure the KPFM signal. To map the work
function of the sample, we apply both AC voltage (VAC) and DC voltage (VDC) to
the AFM tip. VAC generates oscillating electrical forces between the AFM tip and
sample surface, and VDC nullifies the oscillating electrical forces that originated
from CPD between the tip and sample surface. In our study, the tip–sample distance
(H) significantly influences the resolution and sensitivity of the measurements. For
small values of H, the KPFM image is dominated by short-range forces ( H�6) like
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Fig. 3.8 Schematic description of our KPFM experimental process and fabricated devices. (a)
Schematic of the measurement principle. First the topography is acquired in tapping mode, and
then the tip elevates to a set lift height, H, to create the CPD map. (b) Description of the analyzed
nanoplasmonic devices. Dipole nanoantenna with arm length “LA” and gap “g” are connected to
MIM waveguide of length LW. The thickness and width of all metal strips are 12 nm

van der Waals and capillary interactions. However, for larger values of H, long-range
electrostatic and magnetic interactions ( H�2) govern the results. Therefore, it
is critical to optimize the lift height for high-quality imaging. To demonstrate
unambiguously that we can measure and image plasmonic waves with molecular
resolution, we chose to investigate hybrid devices of dipole nanoantennas integrated
with MIM plasmonic waveguides, as shown in Fig. 3.8b. These devices are of prime
importance for a large variety of applications and have several advantages for our
study. First, the combination of nanoantenna and plasmonic waveguide enables to
image both localized SPs and propagating SPPs. Localized SPs are optically excited
at the nanoantenna and are coupled to propagating modes along the waveguide.
Furthermore, by comparing CPD images with calculated vector fields, we show
that KPFM measurements provide information on the directionality of the optical
fields. The devices were fabricated by electron beam lithography (EBL), ion beam
sputtering (Ag, 10 nm), and lift-off. Figure 3.9a presents a SEM image of the
analyzed device, with geometrical dimensions of LW D 750 nm, LA D 100 nm, and
g D 12 nm. The image was recorded at beam current of 0.4 nA and low accelerating
voltage of 5 kV. Figure 3.9b shows an AFM topography image of the device in 3D,
obtained using Si tip with 2 nm diameter. Subsequently, KPFM characterization of
the same device was performed in lift mode while the device is illuminated by a
He–Ne laser. The KPFM measurements were performed for tip–sample distances
ranging from 10 to 250 nm. We observe that for small values of H, short-range
interactions strongly affect the KPFM image. For larger tip–sample distances, the
results are governed by the long-range interactions. The range of distances for
which we obtained the best resolution was between 30 and 50 nm. Figure 3.9c
shows the KPFM image recorded for tip–sample distance of H D 35 nm, which
exhibits clear nanometric resolution. We observe two dipolar-like modes on the
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Fig. 3.9 SEM, AFM, KPFM, and numerical analysis of MIM nanoplasmonic device. (a) High-
resolution SEM image of the fabricated and analyzed device. (b) 3D AFM topography image of
the device. The image was recorded with Si super sharp tip with 2 nm aperture. (c) CPD image of
the device under optical illumination with He–Ne laser at frequency of 474 THz, recorded with the
same tip as (a). KPFM signal scale bar, �1.7–C1.7 V. (d) 3D numerical calculation (FEM) results
of the analyzed device under optical illumination of He–Ne laser, similar to the experimental setup
used to obtain the results in (c). Scale bar, 50 nm

antenna segments, with strong fields at the antenna ends and at the gap, as expected
for a dipole plasmonic nanoantenna in the visible [53, 54]. The localized fields
at the nanoantenna gap extend along the MIM waveguide, periodically changing
their polarity. The modal behavior of the propagating SPPs along the waveguide
is clearly observed in the KPFM image (Fig. 3.9c). Four periods of modes appear
along the waveguide, represented by four spots with similar spatial dimensionality.
The shapes of the waveguide as well as the field decay into its metallic arms are
very well captured. This provides direct experimental evidence of a propagating
surface plasmon polariton wave, obtained for the first time for SPPs confined to
12 � 10 nm mode area. Strong localized fields are observed also on the exterior
metal–insulator interfaces of the waveguides, as predicted by the theory of SPPs
([CSL STYLE ERROR: reference with no printed form.]).



60 M. Cohen et al.

We observe that the measured KPFM fields on the ends of the nanoantenna are
inversely polarized, with the field on the left edge as positive C1.5 V and the
field on the right edge as negative –1.5 V. This important property of the KPFM
signal is directly related with the direction of the optical field, as will be further
discussed herein. This behavior is reproduced in 3D numerical calculation results,
which were obtained using FEM commercial SW package HFSS V15 [53, 54];
see Fig. 3.9d. The calculated vector electric field along the sample is plotted at
frequency of 474 THz (wavelength of 633 nm), with the arrows representing the
direction of the field. KPFM signal of C1.5 V is measured at the left end of the
nanoantenna (see Fig. 3.9c) that corresponds to the optical field direction of �bz
(see Fig. 3.9d). Consistently, a signal of �1.5 V is measured at the right end of
the nanoantenna (see Fig. 3.9c) that corresponds to the optical field direction of Cbz
(see Fig. 3.9d). These results contribute valuable information on the polarization of
the electrical field, which cannot be obtained with standard SNOM which measures
the average field’s magnitude. The high correlation between the calculated electric
field and KPFM maps is a direct evidence that KPFM can measure fields at optical
frequencies. Now, we show that KPFM can characterize SPPs with 2 nm spatial
resolution, by resolving the propagation properties of MIM waveguide with gap
(g) difference of 2 nm. Figure 3.10a presents the configuration of the analyzed
devices. Figure 3.10b shows the calculated electric field at frequency of 474 THz
(œD 633 nm) for devices with LW D 900 nm, g D 10, 20, 30, and 60 nm. We
observe inverse relation between the wavelength of the propagating SPPs, œSPP,
and the gap width. As the gap width decreases, the plasmons are confined in both
dimensions and vice versa; a confinement which increases the propagation loss.
This nonlinear dispersion behavior is evidenced by the difference number of SPP
periods that propagate within the waveguide. For g D 10 nm, seven periods of SPP
modes are contained inside the waveguide, as for g D 60 nm only four periods
are observed (see Fig. 3.10b). The calculated electric field along the center of
the waveguide (dashed line in Fig. 3.10a) is shown in Fig. 3.10c, which further
demonstrate the change in œSPP as the gap width increases. Figure 3.10d shows
the KPFM signal map for g D 30 nm and the tip–sample distance of H D 35 nm,
selected for maximum resolution. This image has similar characteristics to Fig. 3.9c
with two main differences. First, only three periods of SPPs are contained within
the waveguide (compared with four periods in Fig. 3.9c), this is due to the increase
in gap width from 12 to 30 nm, a result which is in very good agreement with our
calculations (Fig. 3.10b). Second, lower field intensities are observed at the gap
and on both nanoantenna ends, mainly caused by impedance mismatch between the
dipole and the waveguide and by geometrical shift from resonance. The exact spatial
frequency of the propagating SPPs is detected by analyzing the frequency content of
the KPFM measurements along the waveguide via spatial FFT. The black graph in
Fig. 3.10e presents the results of spatial FFT performed on the KPFM signal inside
the waveguide (marked by Line 1 in Fig. 3.10d), with the blue curve corresponding
to the spatial FFT performed outside the device (Line 2). Both measurements shown
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Fig. 3.10 (a) Spatial frequency analysis of the nanoplasmonic devices using KPFM, spatial FFT,
and numerical calculations. (b) Numerical analysis of the nanoplasmonic devices with g D 10 nm,
20, 30, and 60 nm, under optical illumination. Decrease in the spatial frequency (higher œSPP) is
observed when g is increased. (c) Calculated electric field at 474 THz plotted along the center of
the MIM waveguides (dashed line in (a)) corresponding to the 3D results in (b). (d) CPD image of
the device under optical illumination with He–Ne laser at frequency of 474 THz, recorded with Si
super sharp tip at H D 35 nm. KPFM signal scale bar, �1.2–C1.2 V. (e) Spatial FFT results of the
KPFM signal inside the waveguide (black graph, calculated along Line 1 in (d)) and outside the
waveguide (Line 2 in (d)). Scale bars, 100 nm in (a) and 50 nm in (d)

in Fig. 3.10e have dominant field component at low frequencies, a result which is
in good agreement with the general electrostatic character of KPFM and can be
referred to the standing waves in the structure.

However, we observe a strong spatial frequency component in the field along
the device, œSPP D 248 nm. The amplitude of this component is 15 dB higher
than the corresponding component in the measurement described by the blue
curve, providing solid evidence for the existence of propagating SPPs inside the
waveguide. We used this method to characterize the propagation properties in a
series of fabricated nanoplasmonic devices with gap width varying between 10
and 30 nm in steps of only 2 nm (i.e., g D 10, 12, : : : ,30 nm), LA D 100 nm, and
LW D 3,000 nm. For each KPFM measurement, we foundœSPP by performing spatial
FFT and measuring the plasmon wavelength at the peak of the curve (see Fig. 3.10e).
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Fig. 3.11 SPP characterization with 2 nm resolution and experimental results for the device with
an 8 nm gap width. (a) œSPP as a function of the gap width, g, obtained experimentally (black dots)
and theoretically (continuous blue curve). (b) Topography image of the device with g D 8 nm,
obtained with our AFM using supersharp Si tip. (c) KPFM image of the device in (b). Scale bars,
100 nm. KPFM signal scale bar, �1.3–C1.3 V

We use long waveguides (LW �œSPP) in order to minimize the standing waves
in the device and improve the resolution. Figure 3.11a shows the experimentally
obtained dispersion curve (blue graph), with the calculation results presented in
the black curve. We observe different experimentally obtained plasmon propagation
wavelength (œSPP) for waveguides with gap difference of 2 nm, which confirm that
KPFM can resolve SPPs with 2 nm resolution, currently limited by the aperture
dimensions of the scanning probe. The maximum deviation between the calculated
and experimental dispersion curves is •D 2.5 nm, less than 1 % from the mean
œSPP. Figure 3.11b shows the fabrication result of a similar device with a gap
width of g D 8 nm, with the KPFM measurement of this device presented in
Fig. 3.11c. We see that for a gap width of 8 nm and smaller the waveguide does
not support propagating SPP modes. Instead, the localized SPPs at the antenna gap
decay exponentially, similar to a single interface plasmonic waveguide. This can
be explained by the very small gap width, which prevents mode hybridation from
the two metal–air interfaces of the waveguide. This behavior is attributed also to the
metal roughness (1 nm in each face, overall 2 nm) which size is now 25 % of the
gap width.

3.4 Summary

This chapter provides a deep insight into highly confined MIM plasmonic wave-
guides, including two sections with novel contributions. In the first section we
propose as well as validate theoretically and experimentally for the first time
the capability to compress all-optical logic devices into volumes smaller than
œ3/15,500. By employing extremely confined SPPs as information carriers in optical
frequencies, the reported nanoplasmonic binary XOR gate exhibits the speed and
bandwidth performances of photonics, with dimensions of integrated electronics.
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Extinction ratio of 10 dB is measured at the output for the device’s length of
150 nm, rising up to 30 dB for the device’s length of only 280 nm. The introduced
interferometry architecture can be used to realize a variety of plasmonic logic in
deep nanoscale. In the second section, we used AFM and KPFM to image MIM
nanoplasmonic devices with smallest reported gap dimensions of 8 nm, providing
first ever experimental evidence for propagating SPP modes in these dimensions. We
have shown that KPFM can achieve SPP imaging resolution of 2 nm and provide
2D images which are in good agreement with theoretical calculations obtained at
optical frequencies. Our findings and results advance the scientific frontier and
establish MIM geometry and SPPs as future nanoscale technologies for a huge
variety of applications: applications ranging from nanoscale optical microscopy
and spectroscopy, integrated optical nanocircuitry, optoelectronics engineering to
ultrasensitive sensing and quantum nanoplasmonics.
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Chapter 4
Femtosecond Laser Inscription of Photonic
and Optofluidic Devices in Fiber Cladding

Jason R. Grenier, Moez Haque, Luís A. Fernandes, Kenneth K.C. Lee,
and Peter R. Herman

4.1 Introduction

Over the past forty years, single-mode optical fibers have been used to guide
encoded light signals over long distances at fast speeds, high modulation rates
(100 GB/s to TB/s), and exceptionally low transmission loss (0.2 dB/km). Today,
there is more than 1.8 billion kilometers [1] of fiber deployed around the globe,
much of which forms the backbone of today’s Internet. Optical fibers also appear in
many other useful forms that include large-core multimode, multicore, coreless, and
photonic crystal fibers, finding broad application from the doped fibers that underpin
high-power fiber lasers to the facile biomedical tools [2] used for in vivo diagnostic,
endoscopic, and surgical procedures.

A major challenge in optical fiber technology is creating optical, interconnecting,
microfluidic, and sensing devices that can penetrate through the thick cladding
layer and reach into the core waveguide. One traditional approach has been to pull
on bundled fibers as they are heated and tapered to make fused-fiber directional
couplers [3]. A less invasive procedure was discovered by Hill and coworkers in
1978 that imprinted Bragg-grating structures directly within the core waveguide
under UV laser exposure [4]. Such in-core fiber Bragg gratings (FBGs) manipulate
the spectral response of the waveguide to serve as, for example, wavelength division
multiplexing (WDM) filters or dispersion compensators in telecommunication
networks, mirrors in fiber lasers, and static or dynamic sensing elements for strain,
temperature, and refractive index detection in other applications [5, 6].

However, these and other related methods are directed mainly at the core
waveguide at the center of the fiber, where light guiding is typically confined to
less than 1% of the total cross-sectional fiber area for the case of single-mode
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Fig. 4.1 Femtosecond laser writing of a (a) directional coupler in bulk glass and (b) Bragg grating
in a fiber core waveguide

optical fibers. There exists a large and relatively unexplored volume in which to
consider cladding devices that promise to add significantly more functionality and
improve the value of the optical fiber.

Several advances are emerging in the direction of fiber cladding devices,
including the surface functionalization of cladding surfaces for label-free chemical,
biological, and acoustic sensing [7,8], acid thinning of fibers for evanescent [9] and
interferometric sensing [10, 11], laser writing of long period waveguide gratings to
couple and sense from fiber cladding modes [12], and laser drilling of microholes
to the core waveguide for sensing [13, 14]. An alternate direction for increasing
the performance of optical fiber is the formation of multicore waveguides within a
single fiber. Such fibers recently enabled a record 1.05 Petabits/s communication
rate [15] while the writing of FBGs into the individual waveguide cores served
to define a novel temperature-independent two-axis bend sensor [16]. Here, the
core waveguides are independent and isolated from each other and pose significant
packaging challenges for efficient light coupling at the fiber facets. To further
expand the opportunity for fiber cladding photonic and sensing devices, a three-
dimensional (3D) internal fabrication technology that can form optical devices and
interconnections around and between the waveguides and also embed microfluidic
and other microelectromechanical system (MEMS) structures to interact with the
guided light is highly desirable.

A major opportunity for creating higher-performance fiber cladding devices
comes from the rapidly expanding field of ultrashort pulsed laser processing
of transparent materials. Such lasers have opened a new realm of opportunities
for 3D writing of compact micro-optical systems directly inside the bulk of
transparent materials [17, 18] as depicted in Fig. 4.1a. Here, nonlinear optical
absorption precisely confines laser interactions within a small focal volume where
optical breakdown, multiphoton and/or tunnel ionization, electron avalanche,
nonequilibrium heating, dense plasma formation, and micro-explosion evolve on
record short-time and small-size scales [19–22]. This highly nonlinear physics
regime briefly generates extreme temperatures that, under the right condition,
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can mitigate significant shock- or thermally induced collateral damage [23].
Hence, this physics can be favorably manipulated to fabricate 3D optical devices
such as: buried optical waveguides [24], volume gratings [25], Bragg-grating
waveguides (BGWs) [26], directional couplers [27, 28], waveguide lasers [29],
mode converters [30], and second-harmonic waveguide sources [31] in bulk glasses.

One unusual aspect of femtosecond laser interactions in fused silica is the
formation of nanogratings [32] that underlie significant new opportunities for
creating birefringent optical waveguides [33], polarization-selective diffractive
optical elements [34], and buried optical waveplates [35]. The nanogratings further
open the way for preferential etching [36–39] to enable 3D fabrication of buried
microfluidics with submicron resolution by the method known as femtosecond
laser irradiation with chemical etching (FLICE). An etching contrast ratio of up
to 280:1 between laser-processed and unmodified volumes in fused silica was
demonstrated with a range of 2.5–20 % hydrofluoric acid (HF) solutions [38, 40–42].
The 3D FLICE technique enables unprecedented flexibility in fabricating 3D
lab-on-chips (LOCs) in fused silica with optically smooth 10 nm (rms) surface
roughness [43] and compares well with the 0.8 nm (rms) surface roughness found
without nanograting formation in Foturan® photosensitive glass after post-baking
and post-annealing steps [44]. FLICE therefore provides a major opportunity to
continue reducing biological and chemical laboratory processes from bulky free-
space systems toward dense packaging beyond the current planar LOC geometries
as reviewed by Whitesides [45] and new 3D design approaches for highly advanced
and packaged optofluidic microsystems as reviewed by Osellame et al. [46] and
Xu et al. [47].

The pure fused silica cladding found in most types of standard, multicore,
and photonic crystal fiber presents an ideal material platform on which to bring
microfluidic and structural components into even more compact size scales. By
wrapping microfluidic and optical components around the guiding core waveguide
of existing fiber-optic technology, one envisions a new concept for lab-in-fiber
(LIF) devices. The fused silica cladding is highly favorable for biocompatibility and
resistance to chemical erosion and therefore presents a promising LIF platform. LIF
offers superior packaging advantages over LOCs by (1) harnessing the mechanical
flexibility and robustness of optical fiber, (2) naturally facilitating intimate optical
interrogation of microfluidic and micro-reactor components, and (3) providing a
convenient platform for interconnecting with light sources, diagnostics, and fiber
interreactors.

Lab-in-fiber concepts are only recently emerging for creating multifunctional
sensing and actuating devices to probe micro- and nanoscale volumes in optical
fiber. Bennion and coworkers [48–51] were first to apply FLICE in glass fiber, taking
advantage of the 3D direct laser writing to template and then open up cladding
microfluidic networks. Although the rough FLICE surfaces led to significant optical
insertion loss, much smoother channel walls of 10 nm (rms) roughness were recently
demonstrated in bulk glass [43]. Hence, the 3D direct laser writing and FLICE



70 J.R Grenier et al.

techniques are examined here toward new prospects for creating LIF and smart
catheter devices that can efficiently exchange information and combine sensing data
for broad opportunity in telecom and local area networks, security and defense
systems, medical diagnostic and surgical procedures, and low-cost health-care
products.

This chapter examines the emerging domain of laser microstructuring and
inscribing of optical fibers to embed and integrate highly functional optical,
microfluidic, and microelectromechanical devices that interconnect efficiently with
the fiber core. In background research, one can find numerous examples of laser
processing into the core of optical fiber, such as the writing of FBGs by UV lasers [4]
or femtosecond lasers with phase mask [52] or point-by-point [53, 54] methods
(Fig. 4.1b). However, the direct laser writing into the fiber cladding has remained
elusive due to strong beam distortion caused by the spherical and astigmatic optical
aberration at the small fiber diameter, typically 125�m for telecommunication
fiber. The approach adopted here for undistorted 3D processing inside optical fiber
was met with a 1.25 numerical aperture (NA) oil-immersion lens [55], the topic
of Sect. 4.2. This distortion-free writing enabled the formation of numerous fiber
cladding devices on which we have sought to improve the functionality of optical
fibers. This technique promises to overcome many of the challenges and high costs
otherwise seen in connecting and packaging optical fiber with discrete bulk devices.

The first devices presented here are aimed at the challenge of coupling light out
of the core waveguide of a single-mode fiber (SMF) into laser-written cladding
waveguides. Section 4.3 presents the spectral coupling characteristics of laser-
written X-couplers, S-bend couplers, and directional couplers. Coreless optical
fiber is further introduced as an alternative platform for harnessing symmetric
coupling between laser-written core and cladding waveguides. The polarization
properties of the couplers are further examined and directions defined for designing
polarization-selective optical taps and polarization beam splitters that exploit a laser-
induced waveguide birefringence. Section 4.4 begins with the optical properties of
the laser-written waveguides and introduces the following examples of photonic
cladding devices: BGW filters comparing formation in the fiber core waveguide
and the cladding, an in-fiber Mach-Zehnder interferometer (MZI), and a distributed
position-shape-temperature sensor. Section 4.5 shows how laser-written stressing
tracks can induce waveguide birefringence into the fiber core and enable submil-
limeter in-fiber wave retarders. Lastly, the concept of 3D writing of microfluidic
networks, reservoirs, and micro-optical resonators with optically smooth sidewall
roughness into single-mode and coreless fibers is presented in Sect. 4.6. The facile
integration of the open structures with laser-formed waveguides culminates with the
demonstration of an in-fiber optofluidic Fabry-Perot refractive index sensor. This
chapter therefore describes a new laser processing technology and the outlook for
creating 3D optical and optofluidic microsystems inside a compact and flexible
optical fiber platform that promise highly functional LIF devices for complex
laboratory-level diagnostics.
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4.2 Laser Structuring of Optical Fibers

The underlying methodologies for writing optical circuits inside optical fibers are
described in this section for the specific case of Corning SMF-28® fiber, selected
because of its widespread deployment as the backbone of optical communication
networks, as well as its low cost and small optical loss. However, one fundamental
challenge with writing optical circuits in SMF is the lower coupling efficiency
(<100 %) expected between the core and the laser-formed cladding waveguides due
to their dissimilar propagation constants (ˇ). For this reason, coreless fiber is also
introduced as a platform for femtosecond laser writing of photonic and optofluidic
fiber systems.

The experimental approach taken here extends from the comprehensive efforts
of writing 3D optical and microfluidic devices in bulk glasses and more recently
into fibers. A Yb:fiber chirped pulse amplified (FCPA) femtosecond laser (IMRA
America; � Jewel D-400-VR) of variable repetition rate was frequency doubled
to 522 nm and 200 fs pulse duration to drive stronger refractive index changes in
fused silica glass [56]. Following the schematic arrangement shown in Fig. 4.2,
the laser beam enters an acousto-optic modulator (AOM; NEOS 23080-3-1.06-
LTD), which is triggered by the position synchronized output (PSO) signal from the
motion control stages via a programmable data acquisition card (DAQ; NI 6215) for
synchronous phase, amplitude, and duty cycle control of the laser exposure into
precise positions in the fiber. In this way, accurate on/off beam timing prevents
overexposure or damage in the processing material while flexible laser burst train
profiles can be tailored for creating periodic waveguide structures such as BGW
optical filters of precise spectral shape. The optical fiber was stripped of the polymer
buffer and mounted onto air-bearing motion control stages (Aerotech ABL1000)
having 2.5 nm resolution and 50 nm repeatability to translate the sample with respect
to the focused laser beam position. The stripped fiber was aligned with respect to
the laser focus to ˙1�m accuracy over 10 cm fiber length by monitoring the back-
reflected laser beam profile from the fiber surfaces.

Fig. 4.2 Experimental arrangement for femtosecond laser writing of optical circuits in optical
fiber. Inset, a photograph of a 100� (1.25 NA) oil-immersion lens for focusing 522 nm light into
the cladding of an optical fiber, held taut in a fiber holder
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Fig. 4.3 Cross-sectional backlight optical micrographs of waveguides fabricated in the cladding of
an SMF using a (a) 40� (0.55 NA) air lens and (c) 100� (1.25 NA) oil-immersion lens. Intensity
mode profiles at 1560 nm wavelength for laser-formed waveguides in the cladding using (b) a
40� (0.55 NA) air lens and (d) a 100� (1.25 NA) oil-immersion lens and comparison with (e) the
intensity mode profile of the SMF core. The writing laser was incident from the top

Although good quality optical waveguides and nanograting structures can be
readily formed in bulk glass with air-focusing lenses [56], the modification struc-
tures in fiber were elongated and offset from their intended position due to the
optical aberrations caused by the cylindrical fiber shape. For example, when using
a 40� (0.55 NA) aspheric air lens, the resulting optical waveguide, optimized at
500 kHz repetition rate, 150 nJ pulse energy, and 0.268 mm/s scan speed, resulted
in highly asymmetric guiding structures of 20�m � 2�m size as seen in the cross-
sectional view of Fig. 4.3a. This large structure underlies a large mode field diameter
(MFD) of 16:4 �m � 17:3 �m for 1560 nm wavelength as shown in Fig. 4.3b.

Accurate and undistorted positioning of the laser focus into the flexible and
cylindrically shaped fiber was therefore found possible [55] with the development of
the fiber suspension tool and oil-immersion focusing arrangement shown in the inset
photograph of Fig. 4.2. Here, focusing with a 100� (1.25 NA) oil-immersion lens
overcame both spherical and astigmatic optical aberrations at the cylindrical glass-
air interface while also confining the laser interaction more tightly to create higher
contrast and smaller, more symmetric refractive index structures of 10�m � 3�m
size as shown in Fig. 4.3c. In this example, a laser exposure of 500 kHz repetition
rate, 130 nJ pulse energy, and 0.268 mm/s scanning speed resulted in the smaller
MFD of 9:6 �m � 10:7 �m as seen in Fig. 4.3d. The stronger guiding here was
previously found to offer smaller bend radii in bulk glass [57], presenting a
significant advantage here for forming optical circuits within the much more
compact volume of optical fiber.
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A variety of laser exposure conditions were applied in the cladding of
single-mode and coreless fibers to form buried optical waveguides as well as
nanograting tracks that were chemically etched to open with weak acids. The laser
exposures could be varied to trade a smaller mode size against increased waveguide
propagation loss or faster chemical etching against rougher microchannel walls. For
example, at 500 kHz repetition rate, optical waveguides with 0.65 dB/cm loss and
8�m �9�m MFD were typically formed at 0.25 mm/s scan speed and 130 nJ pulse
energy. Alternatively, waveguides with a lower loss of 0.5 dB/cm and larger MFD of
12:7 �m �15:3 �m were formed at 1 MHz repetition rate, 0.1 mm/s scan speed, and
71 nJ pulse energy. Similar exposure conditions would also lead to the formation
of nanogratings, rendering the waveguides susceptible to chemical etching that
is further described in Sect. 4.6. However, such etching could be inhibited by
terminating the waveguide writing with a > 5�m gap from the glass surface.
Further, the orientation of the laser polarization was a useful control parameter on
multiple purposes to orient the nanograting alignment preferentially. For example,
one could reduce both the waveguide loss and the waveguide birefringence when
the laser polarization was parallel and the nanogratings were perpendicular to
the waveguide axis. Alternatively, dramatically faster chemical etching rates were
found [38] when the laser polarization was perpendicular to the modification track,
facilitating rapid acid flow along nanogratings aligned parallel with the track.

The concept of using an AOM to create laser burst trains of femtosecond pulses
that form segmented waveguides in bulk fused silica glass was previously reported
in [18, 26]. Here, the waveguide consists of an array of partially overlapping
refractive index voxels that offer a strong first-order Bragg resonance at wavelength
B D 2neffƒ, where neff is the effective index (1.445) of the waveguide mode andƒ
is the grating period. In the telecommunication band, a Bragg wavelength of B D
1550 nm follows from a grating period of 536 nm, controlled by the ratio of the scan
speed (0.268 mm/s) to the AOM modulation frequency (500 Hz). The grating period
can be arbitrarily varied on each voxel by the DAQ card (Fig. 4.2) to introduce
phase shifts and apodization for the flexible tailoring of BGW spectrum [58, 59].
BGWs were formed in the fused silica cladding of SMF and in the coreless fiber
with oil-immersion focusing (Fig. 4.2 inset) under various exposure conditions such
as 130 nJ pulse energy, 0.268 mm/s scan speed, and 60 % duty cycle at 500 kHz
repetition rate or 71 nJ pulse energy, 0.1 mm/s scan speed, and 60 % duty cycle at
1 MHz repetition rate. Bragg gratings were also written into the preexisting core
waveguide of SMF [55, 60] at lower exposures in the range of 10 nJ to 120 nJ,
0.268 mm/s scan speed, and 500 kHz repetition rate. A lower exposure here is the
result of the stronger ultrafast laser interaction in the Ge-doped core waveguide
volume.

A practical objective in writing optical circuits in coreless fiber is facilitating
an efficient optical connection with standard fibers or optical systems. A simple
assembly and packing approach that we examined here is the fusion splicing of the
waveguide-embedded coreless fiber to SMF. In one approach, fusion splicing was
completed after the laser writing step. However, the high temperature generated
during the arc discharge erased a long 374�m segment of the waveguide in the
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Fig. 4.4 Optical micrographs of coreless optical fiber (left) with a core waveguide inscribed by
a femtosecond laser (a) before and (b) after fusion splicing to an SMF (right). The fusion splice
is seen to have erased a 374 µm segment of the laser-formed waveguide in (a), leading to a large
insertion loss (10 dB) in contrast with low loss (1 dB) in the case of (b)

coreless fiber as shown in Fig. 4.4a, leading to an �10 dB insertion loss with SMF.
Alternatively, a much improved insertion loss of � 1 dB was found when the
coreless fiber was first fusion spliced to SMF and followed with waveguide writing
in the coreless fiber to meet the SMF core waveguide as shown in Fig. 4.4b. Hence,
this latter approach is more preferable while also offering the advantage of real-time
monitoring as optical circuits form and connect with the SMF.

The transmission and reflection spectra of the laser-formed waveguides and
embedded devices were recorded by probing the device under test via end-coupled
SMF or free-space lens launching of various infrared light sources (Thorlabs:
ASE-FL7002, 1520 nm to 1610 nm; Agilent: 83437A, 1200 nm to 1700 nm; Photo-
netics: Tunics-BT, 1520 nm to 1600 nm; and AFC BBS1310, 1275 nm to 1345 nm).
Reflection spectra were recorded with an optical fiber circulator. Index-matching oil
was applied at all glass-fiber interfaces to reduce the Fresnel reflections and Fabry-
Perot effects. All spectra were normalized relative to a direct fiber-to-fiber transmis-
sion and recorded with an optical spectrum analyzer (OSA: Ando AQ6317B, with
0.01 nm resolution) or a spectrometer (Ibsen Photonics: I-MON 512E) suited for
real-time measurement during the laser writing. The polarization properties of the
laser-formed devices were probed by free-space launching of infrared light through
a broadband polarizer (Thorlabs: LPNIR) and a 10� (0.16 NA) lens to excite
either horizontally or vertically linearly polarized eigenmodes defined as having
electric fields aligned parallel or perpendicular to the sample surface, respectively.
The intensity profiles of the propagating modes were captured by imaging the
end fiber facet onto a phosphor-coated CCD camera (Spiricon: SP-1550M) with
a 60� (0.65 NA) lens.
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The laser writing and device characterization methods described in this section
are now applied to build the photonic and optofluidic cladding components
described in the following sections.

4.3 Optical Couplers for Fiber Cladding Photonics

This section addresses the major challenge of coupling light into and out of the
light-guiding structures that are to be written in the cladding of optical fibers. Three
approaches of coupling light from an SMF core waveguide into femtosecond laser-
formed waveguides are investigated by using X-couplers, S-bend couplers, and
directional couplers as depicted in Fig. 4.5a, b, c. In each case, the coupling wave-
guide was formed to intersect with (X, S-bend) or run parallel near (directional) the
centered core waveguide and then curved at 30 mm bend radius to meet tangentially
with a straight spur cladding waveguide that is parallel to the core waveguide.
A 15 mm long BGW was formed along the spur to create a back reflection for
probing of the coupler efficiency and also for determining the polarization axis and
birefringence of the waveguide. In this way, polarization-selective taps in SMF and
polarization beam splitters in coreless fiber were designed and fabricated.

4.3.1 X-Couplers in Single-Mode Fiber

X-couplers, also known as cross couplers, are formed by two waveguides that
intersect at a given crossing angle (�). X-couplers are widely found in commercial
planar lightwave circuits made by lithographic patterning. Direct laser writing of

Fig. 4.5 Femtosecond (fs) laser writing of waveguides by focusing through index-matching oil to
form an (a) X-coupler, (b) S-bend coupler, and (c) directional coupler in an SMF [64]
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X-couplers has also been studied to explore more flexible writing options. For
example, broadband X-couplers with up to 95 % tapping efficiency and 1 dB loss
have been demonstrated in silica-on-silicon with UV direct writing [61] while 50%
coupling has been shown in bulk soda lime glass (Corning 0215) with femtosecond
laser writing [62]. Such couplers have the advantage of coupling light in short
interaction lengths of tens of microns, which is attractive in the limited space of
optical fibers.

A major challenge of forming X-couplers in SMF is the accurate alignment
required to position the crossing waveguide to intercept the center of the core
waveguide. As an example, the inset image in Fig. 4.6 shows a femtosecond laser-
formed waveguide crossing an SMF core waveguide at a 20ı crossing angle,
where a statistical alignment error of ˙1�m was estimated. Real-time recording
of the optical transmission at 1550 nm wavelength during writing of the X-coupler
provided the through-port transmission of the SMF core waveguide (blue squares)
as plotted in Fig. 4.6 for 0ı to 90ı coupling angles. A minimum transmission value
of 2.9 % is shown at a crossing angle of 2:2ı. Both core and spur waveguides were
more fully assessed for X-couplers in the high coupling region with crossing angles
of 1:3ı to 3:1ı, bend radius of 30 mm, and offset distance of 45�m from the fiber
core. After accounting for a loss of 3.2 dB, attributed to the curved waveguide and
straight BGW sections, the optical transmission inferred to couple into the cross-
port (green triangles) was also plotted in Fig. 4.6 and found to yield a maximum
76 % for a crossing angle of 1:9ı. With 6 % power remaining in the core waveguide,
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and fs laser cross-port waveguide (green triangles) as a function of the bend radius for an S-bend
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the X-coupler yielded an 18 % loss that was attributed to optical scattering at the
crossing point of the waveguides. Vertical and horizontal linearly polarized spectra
(1250 nm to 1650 nm) were recorded for several X-couplers and revealed less than
10 % variation in the coupling ratio over a 400 nm band and with no appreciable
polarization dependence.

4.3.2 S-Bend Couplers in Single-Mode Fiber

In an alternative approach to couple light out of an SMF core waveguide, a
femtosecond laser-formed waveguide was inscribed by starting in the core and
curving outwards to a distance of 45�m into the cladding following along two
reversing circular arcs that terminated into a straight 15 mm long BGW segment as
shown in Fig. 4.5b. The inset in Fig. 4.7 shows an optical micrograph (compressed
by a factor of 4 in the horizontal direction) of a femtosecond laser-formed waveguide
curving out of the SMF core with a 30 mm bend radius. To vary the degree of
light coupling, the bend radius of the arcs was varied from 30 mm to 100 mm,
yielding the normalized power splitting shown in Fig. 4.7 for the through-port SMF
core waveguide (blue squares) and femtosecond waveguide crossing waveguide
port (green triangles). The propagation loss incurred in the curved waveguide and
straight BGW sections was removed here, thus revealing a maximum coupling of
33% for a bend radius of 30 mm. This value falls monotonically with longer bend
radius to < 2% coupling at 100 mm bend radius. In this data range, the observed
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SMF core waveguide (blue line) as a femtosecond laser formed a parallel waveguide 10�m away
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net loss of 20–33 % was attributed to optical scattering at the intersection point of
the waveguides. As in the case of the X-couplers, the S-bend couplers showed less
than 10% variation in the coupling ratio over a 400 nm band (1250 nm to 1650 nm)
and with no appreciable polarization dependence.

4.3.3 Direction Couplers in Single-Mode Fiber

Directional couplers transfer optical power via evanescent fields between two or
more waveguides positioned in close proximity to each other and are widely used
in planar lightwave circuits. Directional couplers are readily fabricated by fusing
two twisted glass fibers but require femtosecond lasers to write 2�2 [28, 65],
3 � 3 [66] symmetric, and broadband asymmetric [67] directional couplers in bulk
glass. Directional couplers have the advantage of complete energy transfer over
coupler lengths predicted by rigorous coupled mode theory [68, 69]; however, they
are highly wavelength and polarization-dependent.

Asymmetric directional couplers in SMF are presented here by femtosecond laser
writing of waveguides parallel with and offset by 10�m to 12�m from the core
waveguide and formed by exposure of 130 nJ pulse energy and 0.268 mm/s scan
speed. Figure 4.8 shows the normalized optical transmission measured at 1550 nm
in the SMF core waveguide (blue line) as a function of the coupler length, recorded
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in real time over length increasing from 0 to 20.5 mm. The beating of two harmonic
functions seen here consists of a fast oscillating component of the usual evanescent
coupling and a slower component owing to waveguide birefringence that induces
polarization-dependent coupling ratios of rH and rV. The coupling ratio could be
well represented for the asymmetric directional coupler by the expression

rH;V./ D �2H;V./sin2
�
	H;V./

�H;V./
L

�

; (4.1)

where the subscripts, H and V, represent the horizontal and vertical linearly
polarized eigenmodes, respectively, 	 is the coupling coefficient, L is the coupling
length, and �./ is the amplitude dephasing term, given by

�H;V./ D
v
u
u
t

1

1C


�ˇH;V./

2	H;V./

�2
: (4.2)

For the present case of asymmetric couplers, it is convenient to define 	H;V./

�H;V./
as

the effective coupling coefficient. The transmission through the core waveguide in
the first complete beat cycle between 6.94 mm and 20.4 mm length in Fig. 4.8 could
be well represented by the equation

T.L/ D 1 �
�
rH C rV

2

�

; (4.3)

yielding effective coupling coefficients of 1.53 rad/mm and 1.30 rad/mm for the
vertical and horizontal polarization eigenmodes, respectively. The difference in
these values produced a beat length of 13.5 mm as labeled in Fig. 4.8 when the
differential coupling phases ..	V � 	H/L/ accumulated a �-phase. The respective
amplitude values of �2V D 0:08 and �2H D 0:09 for the vertical and horizontal
polarizations align with the 9 % coupling value inferred from the first half cycle
transmission (86 %) after accounting for the 5 % insertion loss (IL) resulting from
the abrupt starting point of the laser-formed waveguide.

In order to minimize device loss, one may consider the design of directional
couplers having the shorter lengths (<7 mm) as depicted by the grey-shaded area
in Fig. 4.8. In this zone, coupling values of 0 % to 9 % are achievable with low
polarization sensitivity for devices designed within the first half cycle up to 2.2 mm
coupler length, while polarization splitters are anticipated at the nodal position near
6.94 mm length.

The results for a similar directional coupler of 10�m waveguide separa-
tion but with a longer 14.5 mm coupler length and an additional S-bend of the
design in Fig. 4.5c were shown to guide the SMF core waveguide light into the
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isolated spur waveguide with strong polarization and wavelength dependence as
shown in Fig. 4.9. The optical transmission spectra for the cross-port femtosecond
waveguide are shown in Fig. 4.9a for vertical (V; blue line) and horizontal (H; green
line) linearly polarized light from 1350 nm to 1600 nm wavelength. The spectra
reveal several wavelengths (1367 nm, 1380.5 nm, 1395 nm, 1407 nm, 1424 nm, and
1435 nm) where � �-phase shifts in the polarization coupling offered a strong
polarization splitting up to as large as 18 dB extinction ratio at 1407 nm. The
asymmetry in the ˇ-mismatch (Fig. 4.12) between the laser-formed waveguide and
the SMF core inhibited complete (100 %) coupling and thus prevented complete
polarization beam splitting, since a portion of both polarizations remained in the
SMF core. For example, at 1407 nm only 32 % (5 dB) of the vertically polarized light
was coupled into the cross-port. However, at the abovementioned wavelengths, the
femtosecond laser spur waveguide received light of only one polarization, resulting
in the formation of a polarization-selective tap (PST) over a narrow spectrum. An
optical micrograph of the input end facet of the asymmetric direction coupler is
shown in Fig. 4.9b along with the resulting mode profiles of the SMF core (left;
10:5 �m � 10:5 �m) and femtosecond laser-formed waveguide (right; 7:2 �m �
7:0 �m) shown in Fig. 4.9c when light at 1560 nm wavelength was launched into
the SMF core waveguide.
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4.3.4 Symmetric Directional Coupler in Coreless Fiber:
Polarization Beam Splitters

Coreless optical fibers provide a platform where all waveguiding structures can be
formed with the same femtosecond laser process, thereby permitting symmetric
coupling between identical waveguides. In Sect. 4.3.3, polarization-dependent cou-
pling was clearly evident in the results shown for the directional coupler in Fig. 4.9b;
however, the waveguide asymmetry between the SMF core and the laser-formed
cladding waveguide inhibited the complete coupling of a single polarization that is
necessary for polarization beam splitting. Following the design approach demon-
strated in bulk glass [70], and taking advantage of the coreless fiber platform to
form symmetric waveguides to enable complete coupling, a polarization-dependent
directional coupler to serve as a polarization beam splitter (PBS) was demonstrated.
Here, the birefringent waveguides also provided a different coupling coefficient for
each of the two (vertical and horizontal) polarization eigenmodes, but followed
coupling ratios of rH and rV that were modified from Eq. 4.1 to � D 1 for the
symmetric coupling case given by

rH;V./ D sin2Œ	H;V./LC �H;V./
; (4.4)

where � is introduced to account for the phase difference accumulated in the S-bend
transition regions of the directional coupler. The difference in coupling coefficients
creates a difference in the coupling ratio noted as polarization splitting contrast
factor, �r D jrH � rVj, that follows the difference in the coupling phase that
accumulates as a function of the length of the directional coupler as previously
demonstrated in Fig. 4.8. The polarization splitting contrast factor can be expressed
by [70]

�r D sinŒ.	V � 	H/LC �V � �H
sinŒ.	V C 	H/LC �V C �H
; (4.5)

and leads to the coupler operating as a polarization beam splitter (�r D 1) when
the coupling of the polarization eigenmodes becomes � out of phase.

A symmetric directional coupler (Fig. 4.10b) with a separation distance of
S D 8�m and a coupling length of L D 13:5mm was laser-written in coreless
fiber. The curved waveguide sections were formed with a radius of 30 mm and
combined with the straight entrance and exit sections for a total device length of
25 mm. Spectra of the measured coupling ratios for both vertical and horizontal
polarization propagating modes are plotted in Fig. 4.10a, where polarization beam
splitting is noted at 1430 nm wavelength when the horizontal polarization mode
is coupled while the vertical polarization mode is transmitted through the device.
The �r D 0:94 value found for this case represents a modest 12.5 dB polarization
splitting ratio, which can be further improved by tuning the coupling length.
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Table 4.1 Summary of coupling light from SMF core waveguides into femtosecond laser-formed
waveguides (1250 nm to 1650 nm wavelength) [64]

Coupling Device Polarization Coupler
Coupler type ratio bandwidth dependence loss (dB)

X-coupler SMF 0–0.76 > 350 nm Negligible 1.2
S-bend coupler SMF 0–0.33 > 350 nm Negligible 1–1.7
Directional coupler SMF 0–0.32 < 73 nm� Strong 0.2
Directional coupler (coreless fiber) 0–0.99 < 175 nm�� Strong 0.04
� Based on a coupling length of 0.099 mm;
�� Based on a zero length coupler

In this section, coupling of light from the core waveguide of SMF was
demonstrated with X-, S-bend, and directional couplers whose characteristics
are summarized and compared in Table 4.1. Despite the asymmetric waveguides
(�ˇ ¤ 0), coupling ratios from 0 to 76 % were demonstrated. While directional
couplers based on evanescent fields had the lowest losses introduced by the
coupler (0.2 dB), their wavelength dependence, defined here as the wavelength
range over which less than 5 % variation in the coupling ratio was observed, was
more limited relative to the higher-loss (1–1.7 dB) broadband .> 350 nm/ S-bend
and X-couplers. The design of directional couplers can be further tailored by the
waveguide separation to increase or decrease the coupling strength. In this way,
weak polarization or non-polarization taps may be designed with large waveguide
separation (> 10�m) while shorter separation (i.e., 9�m) increases the overall
coupling strength as stronger evanescent coupling (	V;H ) improves the magnitude
of the amplitude dephasing term as seen in Eq. 4.2. However, the overall efficiency
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of directional couplers in this weak coupling regime is restricted by the ˇ-mismatch,
which can be addressed alternatively by using X- (Sect. 4.3.1) or S-bend (Sect. 4.3.2)
couplers.

The coupler losses summarized in Table 4.1 only represent the losses introduced
by the coupler itself and do not include the propagation loss (Sect. 4.2) encoun-
tered in guiding the light in the fiber cladding. S-bend and X-couplers provided
polarization-independent coupling while the strong polarization-dependent cou-
pling offered by the directional couplers provided new directions for designing
in-fiber polarization-selective taps and polarization beam splitters. In summary,
the challenge of coupling light between the SMF core and light-guiding cladding
structures has been met with multiple coupler types, whose loss and spectral and
polarization coupling characteristics were analyzed.

4.4 Femtosecond Laser-Formed Cladding Photonic Devices

Waveguides are the fundamental component for routing light signals in optical
circuits in which couplers and gratings offer powerful ways to multiplex signals and
tailor their spectral responses. This section discusses the properties of femtosecond
laser-written waveguides and BGW devices as formed inside single-mode and
coreless optical fibers. An in-line MZI in SMF and a 3D distributed position-shape-
temperature sensor in coreless fiber are presented as examples of the powerful
integration approaches that are now available given the new coupling techniques
presented in Sect. 4.3.

4.4.1 Waveguides and Bragg-Grating Waveguides
in the Core and Cladding of Optical Fibers

The femtosecond laser oil-immersion writing technique described in Sect. 4.2 was
used to extend single-mode waveguide writing from bulk glass to the cladding of
SMF and coreless optical fibers, providing waveguides with propagation loss as low
as 0.5 dB/cm. The AOM modulation techniques introduced in Sect. 4.2 provided the
burst trains of femtosecond laser pulses on which low- and high-strength, first-order
gratings were formed both in the core waveguide and cladding waveguides of SMF
and coreless fibers. While several laser approaches, including femtosecond direct
laser writing, have been developed for writing Bragg gratings into the preexisting
germanium-doped SMF core [52–54], their integration into the cladding of optical
fibers opens new opportunities for cladding photonic devices that we explore in this
section.

The spectral response of strong BGWs is first examined for various writing
positions in SMF and coreless fiber using nearly identical exposures (120 nJ to
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Fig. 4.11 Linearly polarized transmission spectra of � 25mm long BGWs fabricated in (a) the
core of an SMF with 130 nJ pulse energy, (b) the cladding of an SMF with 120 nJ, and (c) the
center of a coreless fiber with 130 nJ. Insets, optical micrographs of BGW end facets (writing laser
from the top) with expanded views of the waveguide zone (image diameter is 12�m). (d) Vertical
(V) and horizontal (H) linearly polarized and unpolarized (U) transmission spectra for the BGW
in (c) [60]

130 nJ). Transmission spectra are shown in Fig. 4.11a, b, c for the respective cases
of positioning the BGW near-center of the preexisting core of SMF, off-center
(�r D 30�m) in the cladding of an SMF, and centered in the coreless optical fiber.
The inset optical micrographs shown in Fig. 4.11a,b,c are of the waveguide end
facets with magnified views revealing a dual modification zone of positive increase
in refractive index of a larger diameter .3:6 �m/white zone under a smaller diameter
zone .2:1 �m/ of negative refractive index change that appears dark.

The spectra of Fig. 4.11 all show a strong and narrow Bragg resonance (�3dB D
0:3 nm) near B D 1550nm with propagation losses varying from 1 dB/cm to
1.9 dB/cm. However, there was a significant difference between the strength of
coupling and number of permitted cladding modes. When the BGWs were centered
in the core waveguide of the SMF (Fig. 4.11a) and the center of the coreless fiber
(Fig. 4.11c), a very open spectrum formed that was dominated by strong coupling
to the discrete LP0n cladding modes that matched well with the stick spectra as
shown in the SMF case (Fig. 4.11a), calculated in [60]. Moderately strong coupling
was also observed in both fiber types to a higher-order azimuthal cladding mode
(LP1n) that arose from imperfect centering of the BGW as reported by [71,72]. Also
contributing to the coupling is the asymmetric refractive index profile as seen in



4 Femtosecond Laser Inscription of Photonic and Optofluidic Devices in Fiber. . . 85

0 20 40 60 80 100 120 140 160 180

Pulse Energy (nJ)

1.444

1.445

1.446

1.447

1.448

1.449

1.450

E
ff

ec
ti
ve

 I
nd

ex

SMF neff =1.44630

Silica n =1.44402

SMF core n =1.44922

FBG

BGW

Fig. 4.12 Effective index at
1550 nm wavelength of FBG
(black circles) and BGW
(black squares) as a function
of the laser pulse energy.
Horizontal lines indicate the
refractive index of the SMF
core (green dashed line),
fused silica fiber cladding
(blue dashed line), and the
effective index of the
unmodified SMF mode (red
dashed line) [74]

the higher-resolution optical micrographs inset of Fig. 4.11a, b, c. Coupling to an
increasing density of azimuthal cladding modes progressed systematically as the
BGW position was increasingly displaced from the center axis, eventually leading
to broadening and weaker coupling until the weak (7.3 dB loss) near-continuum in
Fig. 4.11b was observed for the 30�m offset.

Figure 4.11d shows transmission spectra for vertical (V) and horizontal (H) linear
polarization and unpolarized (U) light coupled into the BGW formed in the center of
a coreless fiber (Fig. 4.11c). A waveguide birefringence of 1:03 � 10�4 was inferred
from the spectral shifting of the V and H Bragg resonances that was more than
2� higher than values previously reported with weaker focusing [33]. This higher
birefringence is a result of higher asymmetric stresses [73] induced by the 1.25 NA
oil-immersion lens. Such large birefringence was harnessed to form polarization
beam splitters in coreless fiber (Sect. 4.3.4) and previously in bulk glass [70]. Further
tuning of the waveguide birefringence by femtosecond laser-written stressing tracks
is discussed in Sect. 4.5.

The effective refractive index is a key waveguide parameter required in the
design of optical circuits. The effective index value of neff D 1:44630 is defined
in Fig. 4.12 for 1550 nm wavelength against the indicated cladding (1.44402) and
core (1.44922) refractive index values. The effective refractive index of BGWs
formed in the SMF core and cladding was inferred from the measured Bragg
wavelength for a range of laser pulse energies applied between 5 nJ and 170 nJ
and is plotted in Fig. 4.12 for 1550 nm wavelength along with the SMF cladding
(1.44402), core (1.44922), and effective (1.44630) refractive index values. The
threshold exposure of � 5 nJ pulse energy for forming a grating into the preexisting
SMF core waveguide was significantly lower than the � 70 nJ pulse energy required
to form both the waveguide and the grating structure in the fused silica fiber
cladding. Above these threshold values, the laser pulse energy provided a means
of tuning the effective refractive index and hence the propagation constants (ˇ) of



86 J.R Grenier et al.

a b

−20

−15

−10

−5

1300

fs waveguide

BGW

L

SMF Core

1350 1400 1450 1500 1550 1600

FSR = 32 nm

T
ra

ns
m

is
si
on

 (
dB

)

Wavelength (nm)

Fig. 4.13 (a) Femtosecond laser-formed MZI in an SMF and (b) the resulting transmission
spectrum probed with vertical linearly polarized light [64]

the waveguides. Such tunability is useful in the design of directional couplers where
the maximum coupling efficiency depends on the propagation constant mismatch
(�ˇ) as shown in Eq. 4.2.

4.4.2 Mach-Zehnder Interferometer Device

Mach-Zehnder interferometers are an important optical component that find appli-
cation as sensors or as wavelength-dependent filters and wavelength division
multiplexers in telecommunications. Femtosecond laser-written MZIs have previ-
ously been demonstrated in bulk glass [28] with a 10�m path length difference. In
the limited volume of fiber cladding, a large path difference has not been previously
demonstrated with the formation of a second waveguide arm, and MZIs were limited
to designs based on tapered fibers [75], microcavities [76, 77], and long period
gratings [78].

The fabrication of a fiber-integrated MZI is presented here as an example of
a more functional photonic in-fiber device. The demonstration is made possible
by combining the coupler presented in Sect. 4.3 with the cladding waveguides in
Sect. 4.4.1. The MZI design consists of two broadband S-bend couplers (Sect. 4.3.2)
with 30 mm bend radius to couple light between the SMF core waveguide and a
laser-formed cladding waveguide offset by 40�m from the SMF core as depicted
in Fig. 4.13a. A 15 mm length BGW (B D 1316 nm) was also fabricated in the
core of SMF with 20 nJ pulse energy in order to monitor the V and H polarization
axes once the fiber had been removed from the fabrication setup. The total length of
the cladding waveguide arm was L2 D 38:382mm, consisting of a 34 mm long
straight section and two 2.191 mm long S-bend couplers. Although this design
only offers 1�m longer physical path length over the core waveguide section
(L1 D 38:381mm), the large difference in the effective index of the SMF core
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waveguide (neff1 D 1:44630) and the laser-formed cladding waveguide (neff2 D
1:4446 ˙ 0:0003), as seen in Fig. 4.12, is significant in creating a large optical
path difference estimated at L2neff2 � L1neff1 D 1�m) without requiring any large
displacement of the cladding waveguide arm.

The measured transmission spectrum (Fig. 4.13b) was recorded with vertical
linearly polarized light and clearly shows interferometric fringes with a maximum
contrast of 16.5 dB at 1445 nm. The S-bend couplers were designed to couple as
much light into the cladding waveguide to compensate for their higher propagation
loss. The measured free spectral range (FSR) of 32 nm at 1550 nm wavelength
agrees with

FSR D 2

L2neff2 � L1neff1 C 
; (4.6)

yielding a value of 33.9 nm that falls within the experimental uncertainty of the
cladding BGW effective index (1:4446˙ 0:0003) from Fig. 4.12. The FSR can be
tuned most strongly with the MZI device length (L), while a smaller degree of
tuning is available with coiling the waveguide around the cladding as well as by
varying the effective index of the cladding waveguide with the laser exposure.

4.4.3 Bragg-Grating Waveguide Shape Sensor

Fiber-optic sensing is broadly applied today with the sensing region typically
confined to the core waveguide of an SMF. For the case of laser-inscribed Bragg
gratings, optical sensing relies on a shift of the Bragg resonant wavelength that in the
case of strain gauging typically requires secure bonding or embedding of the fiber
within a host structure in order to strain the grating along the central neutral axis
of the fiber. For more flexible applications such as in shape or position sensing and
accelerometers, the grating-embedded waveguide should be displaced away from
the neutral axis of a bending structure, for example, as demonstrated in multicore
optical fibers (MCFs) [79, 80] and further discussed in Chap. 10. However, the
coupling of light into each radially distributed waveguide core to interrogate all the
Bragg gratings simultaneously remains a challenge with such MCF-based sensors.
In this section, we examine femtosecond laser direct writing of optical circuits in a
coreless optical fiber that is fusion spliced to an SMF to provide a unique solution
for simultaneous FBG interrogation through a single waveguide core of the SMF.
This combination of multiple 3D optical components is shown to offer distributed
shape, position, and temperature sensing.

Figure 4.14a shows a schematic of a fiber-optic shape sensor that is being
fabricated with a femtosecond laser focused by an oil-immersion lens as previously
described in Sect. 4.2. The laser exposure conditions of 1 MHz repetition rate, 71 nJ
pulse energy, 0.1 mm/s scan speed, and 60 % duty cycle were used to form the BGW
sensor segments. Prior to laser structuring, the coreless fiber was fusion spliced to
the SMF to avoid thermal erasing of laser-written structures as discussed in Sect. 4.2.
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Fig. 4.14 (a) Schematic of a 3D distributed shape and thermal sensor written in coreless fiber by
a femtosecond laser focused with an oil-immersion lens. The embedded Bragg-grating sensors
are labeled 1 to 9. Optical micrographs of the fiber cross section (125�m diameter) at
(b) the coupling and (c) sensor regions, showing the arrangement of the internal laser-written
waveguides [81]

The sensor consisted of three parallel waveguides, one 1 � 3 directional coupler,
two waveguides with S-bends, and nine BGWs, all written in a single exposure step
inside the coreless fiber. A nearly equal power splitting at 1310 nm wavelength was
obtained with a 500�m long directional coupler by using a waveguide separation
of 9�m in a right-angled isosceles triangle arrangement as shown in Fig. 4.14b. The
two off-center waveguides were drawn out by S-bends (40 mm radius) to the 40�m
radial positions as shown in the cross-sectional image of Fig. 4.14c. Following the
S-bends, the three waveguides were formed into straight and parallel paths to define
the distributed sensing region, over which three 1 cm long BGWs were written
along each waveguide at 2 cm center-to-center separations, forming three groups
of axially colocated BGW triplets as illustrated in Fig. 4.14a. Each BGW was tuned
to a different Bragg resonance scaled from 1 D 1280 nm to 9 D 1320 nm in
5 nm increments. This short to long wavelength ordering positioned the spectrum
of cladding-mode-coupled light from an upstream BGW outside of the Bragg
resonance of a downstream BGW [53].

The fiber shape could be inferred from the shifts in Bragg wavelength of all nine
BGWs as monitored with a spectrometer (Ibsen Photonics: I-MON 512E) through
the single waveguide port of the SMF shown in Fig. 4.14a. The Bragg wavelength
shift was first calibrated against strain and temperature according to the conventional
FBG response, which relates the Bragg wavelength shift, �, to strain, �, and
thermal variation,�T , according to [82]

�


D .1 � pe/� C .˛ C 1

n
�/�T; (4.7)

wherepe is the effective strain-optic constant, ˛ is the thermal expansion coefficient,
n is the refractive index, and � is the thermo-optic coefficient. A strain sensitivity and
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Fig. 4.15 (a) Four
superimposed photographs of
the fiber sensor bent in
various shapes showing
scattered light from the
laser-formed waveguides in
the coreless fiber while
end-fired with a red diode
laser from the SMF. (b) Fiber
profiles calculated from
Bragg resonance shift of nine
BGWs are shown in dashed
lines superimposed onto the
fiber shapes of (a). Green
lines indicate the BGW triplet
locations [81]

thermal response of the sensor was determined to be �=� D 1:06˙ 0:06 pm=��
and�=�T D 9:1˙0:6 pm/ıC, respectively, which is consistent with the response
values of 1:2 pm=�� and 10.0 pm/ıC, respectively, found in traditional FBGs at
longer 1550 nm wavelength [82].

An example of fiber shape sensing at uniform room temperature is presented
in Fig. 4.15 by the four cases of nonuniform fiber bending. Red diode laser light
was launched into the fiber in order to record the scattered light optical images that
were superimposed in Fig. 4.15a with the four different images of fiber shape. For
each sensor shape, the nine Bragg wavelength shifts were used in Eq. (4.7) to infer
the bending radius and azimuthal bending plane at the three BGW axial positions.
These values were decomposed into bend radii on orthogonal planes and followed
with a cubic spline interpolation to calculate a continuously varying curvature and
azimuth along the length of the fiber. The shape and position of the fiber was finally
determined by the finite element method of corotational analysis, which discretized
the fiber into curved rigid beam elements that were aligned tangentially at each
node [83]. The fiber shapes calculated in this way for each of the fibers imaged in
Fig. 4.15a are shown in Fig. 4.15b as dashed lines that closely align with the BGW
locations highlighted in green. Hence, the fiber shape sensing could precisely follow
the lateral BGW displacements up to 26 mm and bending radii as small as 77 mm.

Figure 4.16 shows two examples of the calculated fiber shape (top) together with
the reflection spectrum (bottom) recorded at different instants of dynamically chang-
ing conditions of fiber bending at room temperature (Fig. 4.16a) and nonuniform
heating (Fig. 4.16b). The red lines in the reflection spectrum mark the unstrained
and room-temperature Bragg wavelengths for the BGWs in each sensing arm (i.e.,
center and side) further labeled by a different color. As expected, fiber bending
induces large wavelength shifts of up to � 560 pm in the off-center BGWs relative to
the non-shifting center BGWs, corresponding to a minimum bend radius of 75 mm.

The present fiber sensor was designed such that the center waveguide is
minimally sensitive to any bend-induced strain and therefore can be used to sense
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Fig. 4.16 Fiber shape and temperature profile (top) calculated from the Bragg resonance shift of
nine BGWs in corresponding reflection spectrum (bottom), where the red lines indicate the Bragg
wavelengths of unstrained gratings at room temperature. Fiber bending with (a) uniform and (b)
graded temperature along the fiber length [81]

temperature and to compensate Bragg wavelength shifts in the off-center BGWs
due to thermal variations. Figure 4.16b presents simultaneous sensing of fiber shape
and temperature for nonuniform bending and heating of the fiber sensor with a hot
iron. Temperature over a range of 24 to 100 ıC was determined from the wavelength
shift of the center BGWs and extended by linear interpolation to profile the region
between axially colocated BGW triplets. Assuming uniform temperature in the
fiber’s cross section, the observed wavelength shifts of the center and sidearm
BGWs adjusted for temperature to isolate values for the fiber strain and thus offer
the real-time measure of the temperature gradient seen along the fiber in false color
together with the fiber sensor shape. The BGW spectra line shape could also be
broadened into a spectral chirp when heated at a point smaller than the 1 cm long
BGW length and give more precise information of thermal gradients along the
grating [84].

The successful demonstration of the temperature-compensated fiber-optic 3D
shape sensor was predicated on the 3D writing of a balanced 1 � 3 waveguide
coupler from which distributed BGW sensor signals could all be efficiently relayed
into a single fusion spliced SMF. This approach offered advantages in facile
and flexible fabrication in comparison with shape sensors based on multiple-fiber
assemblies [85,86] or in an MCF [79,80]. In combination, the MZI and BGW sensor
examples presented here demonstrate the utility of femtosecond laser writing for
creating fiber cladding photonics that can be conveniently probing from a single core
waveguide such as provided in SMF. The overall compact size and high temperature
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tolerance of the present devices are further attractive for structural, industrial,
reactor, and pipeline applications as well as for integration into biomedical and
catheter devices. Much more advanced and functional cladding photonic circuits
may now be considered for design and application.

4.5 Birefringence Tuning in Fibers

Optical fibers are typically desired without having any polarization sensitivity and
are therefore manufactured with very small birefringence of � 10�7 for telecommu-
nication and optical sensing applications. However, polarization-sensitive devices
are required in new applications such as phase-shift keying for optical communica-
tion [87], quantum optics [88,89], strain, pressure, and temperature sensing [90,91],
twist and torsion sensing [92], and single polarization fiber lasers [93, 94]. To this
end, polarization-maintaining fibers are also widely available with high birefrin-
gence values ranging from 10�4 in commercial fibers to 10�3 in microstructured
optical fibers [95] and up to 10�2 in photonic crystal fibers [90]. Such polarization-
dependent optical systems also require quarter-wave and half-wave plates, Faraday
rotators, and other polarization elements to be integrated and packaged into the
optical fiber systems. Laser processing is attractive as a more flexible method
to replace such lumped elements and directly embed polarization devices such
as polarizers, waveplates [33], polarization splitters [70], and high birefringent
stresses [74, 96] directly within the optical fiber or circuit. In this section, we
examine how laser processing can bypass the cumbersome lumped-element fiber
packaging step and facilitate the integration and miniaturization of polarization
components directly within optical fiber technology. The presented results report on
the control of waveguide birefringence in both the core waveguide of the SMF and in
laser-formed waveguides by writing laser-stressing tracks under various geometries,
polarization direction, laser pulse energy, and degree of track overwriting. The high
birefringence values promise to create more compact submillimeter polarization
devices.

4.5.1 Stress-Induced Birefringence

Laser writing of waveguides is well known to cause local asymmetric stresses
[73, 96] that manifest in a waveguide birefringence of 10�4 as shown in Fig. 4.11
(Sect. 4.4). This intrinsic waveguide birefringence was also found to include a strong
component of form birefringence owing to the laser formation of nanogratings
in fused silica glasses [39, 97–99]. One can harness these stress and nanograting
effects and manipulate the waveguide birefringence by writing laser modification
tracks in close proximity to preexisting waveguides. In this way, the waveguide
birefringence can be flexibly tuned to lower birefringence to values of � 10�6 [96]
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Fig. 4.17 Femtosecond laser stress tracks written around a FBG inscribed in the SMF core
waveguide. The electric field amplitude vectors, EV and EH , represent the vertical and horizontal
orientations of the waveguide polarization eigenmodes. The center-to-center track separation (S)
is noted between the fiber waveguide core and the stress-inducing modification tracks. An optical
micrograph of the cross section of a finalized device is shown in the bottom right corner [74]

or increase birefringence to values of 8 � 10�4 [96, 100, 101] with adjacent pairs
of laser modification tracks, or as high as 2:0 � 10�3 with multiple overwritten
tracks [74].

The schematic shown in Fig. 4.17 shows the high numerical aperture (HNA)
oil-immersion writing geometry, as introduced in Sect. 4.2, together with the stress-
inducing laser tracks being fabricated around the core waveguide of the SMF. The
polarization eigenmodes in the center waveguide (y-direction) are defined as EV for
vertical and EH for horizontal in the z-axis and x-axis directions, respectively.

4.5.2 Birefringence Tuning

An example of the morphology, laser-formed waveguides surrounded by horizon-
tally and vertically positioned stress-inducing tracks is shown in the end-view
optical micrographs of Fig. 4.18a and d, respectively. To better assess the center
waveguide birefringence, the same waveguides were back-illuminated and viewed
through two crossed polarizers aligned vertical (Fig. 4.18b), horizontal (Fig. 4.18e),
and diagonal (Fig. 4.18c and f) as indicated by the green crosses. The highest
birefringence is inferred from the brightest light patterns, which appeared for the
horizontally arranged stressing tracks in Fig. 4.18c. The long horizontal bright strip
indicated the presence of long-range (� 10�m) stresses that reached symmetrically
from the stress-inducing tracks to overlap at the center waveguide under test.
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Fig. 4.18 Optical micrographs of the facets of waveguides fabricated in fused silica and sur-
rounded horizontally (a–c) and vertically (d–f) by symmetric pairs of stress-inducing tracks. The
green crosses indicate the direction of polarizers used to record the cross-polarization image for
(b), (c), (e), and (f). A typical optical mode profile of 1560 nm guided light in (d) is shown to scale
with guiding lines marking the mode position over the laser-modified structure seen in the end
facet [74]

To verify the effects of this laser-induced stress, the birefringence of the SMF
core waveguide was monitored by optically probing a weak single Bragg grating,
laser-formed into the fiber core waveguide. The nearly birefringent-free FBG of
0.12 nm bandwidth and �8 dB strength is shown in the reflection spectrum of
Fig. 4.19 (unstressed FBG) to broaden and then split into two resolved V and H
polarization modes of 120 pm and 200 pm separation following the laser writing
of a single stress track and double stress tracks, respectively. Unlike the large
long-wavelength shift of the V polarization mode, theH polarization mode approx-
imately retains the same propagation constant. Such wavelength shifts suggest
the bright region in Fig. 4.18c to be associated with a strong positive increase in
refractive index that is highly asymmetric and mainly aligned with the polarization
in the lateral direction as defined between the two stress bars. In contrast, the
vertically aligned stressing bars were not found to drive strong refractive index
changes or birefringence, as expected by the weak light transmission observed using
cross-polarizers in Figs. 4.18e and f.

The birefringence induced in both bulk glass waveguides (blue) and fiber core
waveguides is shown together in Fig. 4.20 as a function of the separation (S )
between the symmetric stress-inducing tracks and the center wavelength. The
waveguides and stress tracks were written with both parallel and perpendicular laser
polarizations (EPark and EPer?) to preferentially align the nanograting orientation
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Fig. 4.19 Unstressed FBG (top blue line), FBG with one stress-inducing track (middle red line),
and FBG with two stress-inducing tracks (green bottom line). The tracks are symmetrically
positioned on opposite sides of the SMF core waveguide and are written with 13�m separation,
140 nJ pulse energy, and 0.268 mm/s scan speed. The FBG was fabricated with the best conditions
identified in Fig. 4.12 and the spectra are offset here for comparison [74]

that could induce the strongest birefringence at each of the indicated laser pulse
energies. The strong form birefringence of such nanogratings is evident in the
unstressed BGWs fabricated in fused silica with 150 nJ of pulse energy and 100 kHz
of repetition rate, yielding a waveguide birefringence of 2:2 � 10�4 for parallel
writing and 4:1 � 10�4 for perpendicular writing as reported for 1 separation
in Fig. 4.20. The larger birefringence includes the form birefringence that can be
estimated from the difference of � 2 � 10�4 here and arises when the nanogratings
are oriented parallel to the waveguide direction (EPer?). The introduction of
horizontal stressing tracks with separations diminishing to as small as 10�m led
to a significant birefringence increase of � 4 � 10�4 for both types of waveguides
and reached a maximum birefringence of 8:3 � 10�4 that was associated with the
large 891 pm Bragg wavelength splitting observed in the inset spectrum (Fig. 4.20)
for the perpendicular writing case. Since the overall birefringence increase is similar
for both writing polarizations, one sees the nanograting to only offer a local form
birefringence with little reach outside of the stress bars to affect the properties of
waveguides nearby.

A similar assessment in SMF is shown in Fig. 4.20 for parallel polarization
writing of horizontal stress tracks around an SMF core waveguide with three
different pulse energies applied under the oil-immersion focusing. Here, a weak
FBG was first generated in the fiber core with pulse energy of �5 nJ to 10 nJ as
shown in Fig. 4.12 in order to minimize the initial birefringence to approximately



4 Femtosecond Laser Inscription of Photonic and Optofluidic Devices in Fiber. . . 95

0 10 20 30 40 50 60 70 80

Separation (µm)

0

2

4

6

8
B

ir
ef

ri
ng

en
ce

 (
×1

0−
4 )

EPar in bulk glass

EPer⊥ in bulk glass300 nJ
100 kHz

160 nJ
500 kHz

250 nJ
100 kHz

420 nJ
100 kHz

EPar in SMF

∞

1550
Wavelength (nm)

T
ra

ns
m

is
si
on

V H

Δl = 891.2pm
Δn = 8.31×10−4

1551

Fig. 4.20 Measured waveguide birefringence as a function of the stress-inducing track separation
with the laser writing of two symmetric modification tracks on opposite sides of the waveguide
under test. The results are shown for parallel polarization of the writing laser in SMFs with
fabrication conditions of 160 nJ at 500 kHz, and 250 nJ and 420 nJ at 100 kHz for the red, green, and
black curves, respectively. The birefringence of waveguides formed in bulk fused silica (equivalent
to the coreless fibers) is presented by the blue curves for perpendicular and parallel writing with
300 nJ pulse energy at 100 kHz repetition rate. The dashed and solid lines represent vertical
(Fig. 4.18d) and horizontal (Fig. 4.18a) arrangement, respectively, for the stress-inducing tracks
in the case of waveguides formed in bulk fused silica glass [74]

2 � 10�5 (S D 1 in Fig. 4.20). The SMF birefringence is seen to increase by
3:4 � 10�4, 4:0 � 10�4, and 5:6 � 10�4 for the 160 nJ (red data), 250 nJ (green
data), and 420 nJ (black data) exposures, respectively. The trends found for the
birefringence measurements in fibers are consistent with those found in waveguides
formed in bulk fused silica glass under both high NA (Fig. 4.20) and low NA writing
conditions [96].

The birefringence induced into bulk glass and SMF core waveguides was also
examined with the stress tracks aligned vertically as in Fig. 4.18d. This alignment
led to a moderate decrease in birefringence of 1:3 � 10�4 to a value of 0:9 � 10�4
(dashed blue line) in bulk glass waveguides and a decrease of � 2 � 10�5 to a
value < 4 � 10�6 (dashed red line) in SMF, at respective track separations of S D
14�m and S D 20�m as seen in Fig. 4.20. However, this decrease is found to
simply reverse the initial birefringence induced while creating the BGW and FBG,
respectively, but not going further to reverse the sign of the birefringence. Hence,
the minimum recorded birefringence was 
 4 � 10�6 (at our resolution limit) for
the SMF case in Fig. 4.20. All the data in Fig. 4.20 were well represented by inverse
square functions (solid and dashed lines) of the separation distance (S ).
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Fig. 4.21 Waveguide birefringence as a function of the number, N (configuration illustrated in
the top left inset), of overwritten stress tracks laid out at a fixed separation of 11�m and fabricated
with 160 nJ pulse energy at 500 kHz repetition rate. A logistic function fits the results for parallel
(blue circles and blue curve) and perpendicular (green squares and green curve) polarizations of
the writing laser. The inset shows an example reflection spectrum of the Bragg resonance observed
before (blue solid line –) and after (green dashed line - -) the fabrication of 18 stress tracks at S D
11�m for the parallel writing case. The top right inset illustrates the arrangement of an ensemble
of 19 laser modification tracks fabricated with the perpendicular polarization of the writing laser
and evenly distributed between an 11�m and 8�m separation [74]

The further increase in birefringence has been explored by inscribing multiple
stressing tracks and overwriting the stress tracks around the SMF core as well as
by introducing form birefringence directly into the core waveguide with strong
laser modification of the core. The resulting waveguide birefringence values are
plotted in Fig. 4.21. The blue and green curves show the birefringence increasing as
a function of N for the same stressing conditions (160 nJ pulse energy and 11�m
separation) but with the FBG under test fabricated with �5 nJ for the parallel writing
case (blue curve) and 90 nJ for the perpendicular writing case (green curve). The
parallel writing case had a negligible starting birefringence at N D 0 while the
perpendicular writing case found an initial 0:4 � 10�3 birefringence value. This
higher value is due to the form birefringence and higher energy used for the FBG
fabrication and is comparable with the initial value found for writing with parallel
polarization in fused silica as shown in Fig. 4.20.

The data in Fig. 4.21 were fitted to logistic-type functions, with the birefringence
values reaching a saturation level after � 10 overwritten stress tracks. A close-
to-saturation birefringence value of 1:11 � 10�3, inferred from the spectrum inset
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Fig. 4.22 Birefringence as a function of wavelength (right scale, blue circles, and curve) and
minimum waveplate length (left scale, half-wave plate in the red curve, and quarter-wave plate
in the green curves). The black horizontal dashed line represents an 800�m retarder device
fabricated in SMF. The birefringence spectrum was recorded from this device by a cross-polarizer
arrangement, identifying a quarter-wave plate at 1324 nm wavelength [74]

in Fig. 4.20, was found for the parallel writing case while a value of 1:3 � 10�3
was found for the perpendicular writing case. Using a combination of 19 tracks
distributed between 11�m and 8�m separation and perpendicular polarization of
the writing laser, it was possible to form a plane of horizontal stress that further
enhanced the birefringence. A maximum birefringence of 2:0� 10�3 was found for
this case (top right datum in Fig. 4.21), a value more than twice as large as previously
reported with a similar writing technique [100].

With the birefringence values demonstrated here, it is possible to design
half-wave retarders in the infrared spectral band with only submillimeter fiber
lengths [33]. Figure 4.22 shows the spectral dependence of the birefringence (right
scale) in SMF modified with ten pairs of overwritten laser tracks with 11�m
separation and formed with 160 nJ pulse energy, 0.268 mm/s scan speed, and
500 kHz laser repetition rate.

The minimum length required to obtain a quarter-wave or a half-wave plate can
be found from

L D WP


�neff./
: (4.8)

Here, neff./ is the wavelength-dependent birefringence and WP represents the
wave retardation (WP D 1=2 for a half-wave and WP D 1=4 for a quarter-
wave plate). In order to design a spectrally broad waveplate, the relative variation
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of birefringence should follow the relative variation of wavelength according to
Eq. 4.9. This yields a constant retardance as a function of wavelength for a fixed
waveguide length L:

d.�neff/

�neff
D d


: (4.9)

For the waveguide birefringence spectrum in Fig. 4.22, one finds the minimum
length (Eq. 4.8) for creating quarter-wave and half-wave waveguide retarders (left
scale) to vary by �50 % across the 1250 nm to 1700 nm spectrum, from a length of
1 mm to 0.5 mm and from 2 mm to 1 mm, respectively.

The birefringence was determined by the cross-polarization technique [33]
applied to an 800�m long segment of stressed SMF. This segment led to a quarter-
wave plate operation measured at 1324 nm as shown in Fig. 4.22. This wave retarder
has a 10 nm band between 1690 nm and 1700 nm that satisfies the broadband
condition of Eq. 4.9 within a tolerance of 0.2 %.

Extrapolation of the waveplate length data to longer wavelengths suggests that
broader band waveplates are available here. Alternatively, other laser exposure
conditions are expected to shift the birefringence dispersion and possibly better meet
the waveplate condition of Eq. 4.8 over broader and in different spectral windows.

4.5.3 Summary

In summary, this section demonstrated the advantage of using tightly focused
femtosecond laser light to locally tune the birefringence of preexisting optical
waveguides. By various means of polarization control and multiple track scanning,
a stress birefringence of up to 2 � 10�3 was induced in SMF. This approach offers
flexible in situ tuning of waveguide birefringence as well as the precise integration
of quarter- and half-wave plates to specific wavelengths that are attractive in fiber
platforms for higher-level integration of polarization-encoded components into short
waveguide segments. These in-fiber polarization components could be integrated
with the waveguide couplers described in Sect. 4.3 to enable new approaches for
creating polarization-sensitive fiber taps, polarimeters, and other polarization ele-
ments with applications of power monitoring in fiber lasers, polarization-dependent
fiber sensing, and quantum optics circuits.

4.6 Microfluidics in Optical Fiber

The Introduction (Sect. 4.1) identified an intense drive to reduce biological and
chemical laboratory processes from bulky free-space systems to much more
compact and functional LOC devices that are typically limited today to planar
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substrates [45]. The nanogratings generated during femtosecond laser processing
of fused silica opened the novel approach of highly selective chemical etching
by FLICE [32, 36–39] that is now addressing these new LOC directions. In this
section, we examine the further possibility of using FLICE to wrap microfluidic
and optical components around the guiding core waveguide of existing fiber-optic
technology and create new types of LIF devices. The FLICE approach was applied
here to construct examples of 3D microfluidic networks, microholes, reservoirs,
and optical resonators within both types of SMF and coreless optical fiber. These
components were then integrated by the powerful laser fabrication techniques
introduced in this chapter toward demonstrations of fluorescence and refractive
index sensing that underpin a novel all-fiber sensing platform.

4.6.1 3D Microfluidic Networks for Lab-in-Fiber

To open this new direction of LIF devices, the formation of 3D optofluidic devices in
optical fiber was explored by following the benefits of high NA oil-immersion objec-
tive lenses previously described in Sect. 4.2 for reduction of spherical aberration and
beam-focusing distortion in the fiber. In this way, flexible fabrication of arbitrarily
complex 3D microfluidic networks was shown to become possible by laser writing
of nanograting modification templates in the fiber. The laser tracks were opened
with weak HF etching to create predictable structures at arbitrary locations targeted
within the SMF and coreless fiber types.

Laser exposure conditions for chemical etching of fibers were adopted from the
recipes developed for bulk glass by Ho et al. [43, 102]. However, an optimization
of the laser exposure under the much tighter focusing with the oil-immersion lens
(1.25 NA) was found to lower the laser exposure requirements to 25–50 % of that
typically required with air lenses (0.55 NA) [43, 102]. The laser and exposure tools
were identical with those described in Sect. 4.2, centered on 522 nm wavelength
light of 200 fs duration and 1 MHz repetition rate. In the following demonstrations,
fiber access ports and reservoir structures were exposed to 60 nJ pulse energy while
weaker exposure of 20 nJ pulse energy was preferred to generate the smoothest
walls desirable for low optical scattering loss at microchannel and optical resonator
surfaces. Laser scanning speeds were typically in the range of 0.3 to 2.5 mm/s,
with slower speed favored for smoother etched walls. The walls of reservoirs, large
channels, and optical resonators were formed by arrays of laser modification lines
spaced by 1�m, with polarization chosen to preferentially align perpendicular to the
scan direction [36] to create the smoothest wall profile. The laser modification tracks
were etched with 5 % aqueous HF solution for 1 hour to fully open into channels.

The first LIF concept demonstrated in Fig. 4.23 is the formation of a 3D
microfluidic network embedded within coreless fiber. This representative example
split a single microchannel into four separate radial arms that may each be inde-
pendently probed by laser-formed waveguides. Alternatively, straight through or
blind access channels shown in Fig. 4.24 were embedded for optical probing by the
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Fig. 4.23 (a) Schematic and (b) optical micrograph of a 3D microfluidic network embedded
within optical fiber of 125�m diameter. A single microchannel is split into four separate
radial arms that may each be independently probed by laser-formed waveguides (not shown).
The channels opened along laser exposure tracks formed with oil-immersion focusing to avoid
optical aberrations. This undistorted patterning of nanograting structures offered precise formation
of straight and circular channels after HF etching. Reproduced from [102] by permission of
The Royal Society of Chemistry. © 2014 The Royal Society of Chemistry. http://dx.doi.org/10.
1039/C4LC00648H

Fig. 4.24 Optical micrographs of access microchannels traversing across coreless fiber of 125�m
diameter from (a) top and (b) side views together with (c) a cross-sectional view of a partially
traversing blind hole. The non-distorted template structures exploited oil-immersion focusing to
form nanogratings that were opened with HF etching. Reproduced from [102] by permission of
The Royal Society of Chemistry. © 2014 The Royal Society of Chemistry. http://dx.doi.org/10.
1039/C4LC00648H

core waveguide of SMF for fluorescence or absorption spectroscopy applications.
More elaborate 3D optofluidic networks may be envisioned over long lengths of
optical fiber to further exploit the benefits of undistorted laser writing with the oil-
immersion lens and thereby interconnect optical waveguides with microchannels in
straight, circular, or arbitrarily complex shapes.

Lab-in-fibers also require the formation of larger open structures such as
reservoirs to facilitate efficient fluidic access and exchange from external sources.
Microfluidic reservoirs were formed into the fiber cladding by laser writing of
overlapping modification tracks in planes that outlined the reservoir boundary.

http://dx.doi.org/10.1039/C4LC00648H
http://dx.doi.org/10.1039/C4LC00648H
http://dx.doi.org/10.1039/C4LC00648H
http://dx.doi.org/10.1039/C4LC00648H
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a

c

b

Fig. 4.25 (a) Cross and (b) top view optical micrographs of microfluidic reservoirs fabricated in
optical fiber by laser writing of overlapping modification tracks in planes that outline the reservoir
boundary and that were opened with HF etching. (c) AFM surface profile of a reservoir sidewall
over 4 � 4 textmu m2 area indicating a small 12 nm (rms) surface roughness. Reproduced from
[102] by permission of The Royal Society of Chemistry. © 2014 The Royal Society of Chemistry.
http://dx.doi.org/10.1039/C4LC00648H

Submerging the laser-processed fiber into HF facilitated etching along such planes
to release glass blocks into the surrounding HF bath and thus remove large arbitrary
shaped volumes [104]. In fiber, a reservoir of dimensions 50 � 60 � 125�m3

was fabricated as shown in the micrographs of Figs. 4.25a and b. Reservoirs may
arbitrarily be placed into any geometric shape and size and offer flexible means to
form refracting surfaces for optical lenses or surfaces for total internal reflection
that broadens the opportunities for integrating micro-optical systems into the LIFs.
A key objective in this direction is the etching of optically smooth interfaces that will
otherwise cause large optical scattering loss [105] when probed by light or increase
the Reynolds number to disturb the laminar fluid flow inside the channel [106].
Atomic force microscopy imaging of the reservoir sidewall in Fig. 4.25a over a
4 � 4�m2 area is shown in Fig. 4.25c to reveal a small 12 nm (rms) surface
roughness that corresponds to /130 local flatness for the telecommunication band.
Such an optically smooth surface was anticipated from an assembly of nanograting
planes over many laser pulses that were preferentially aligned perpendicularly
to the writing laser’s polarization [37]. Selective control over the writing laser
exposure and polarization therefore permits formation of smooth 3D microfluidic
networks of various sizes [43, 102] that can further be advantageously applied
to flexible 3D shaping and positioning of lenses, reflectors, resonators, and other
optical components within fiber. Such micro-optical components are not otherwise
available inside fused silica from traditional laser ablation or other processing
techniques.

http://dx.doi.org/10.1039/C4LC00648H
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Fig. 4.26 (a) Schematic of an optical resonator and access port template buried within SMF fiber
before HF etching using 2D arrays of overlapping laser tracks. (b) Corresponding schematic after
HF etching. (c) A similar optical resonator embedded within coreless fiber and integrated with
laser-formed waveguides aligned to the optical axes of spliced SMF core waveguides

4.6.2 Optical Resonators in Optical Fiber

The formation of optically smooth surfaces to shape microcavity structures inside
the fiber opened the novel possibility of creating micro-optical resonators for
interrogation by the core waveguide. Nanograting templates defining an optical
resonator were formed by laser-scanning 2D arrays of overlapping laser tracks
that connected with overlapping access channels, whose accumulative modification
volume was susceptible to HF etching. Schematics of an optical resonator design
formed by laser writing inside SMF is shown in Fig. 4.26 before (a) and after (b) HF
etching. Optical resonators may also be embedded within coreless fiber as shown
in Fig. 4.26c, where probing waveguides were laser-written to positions centered to
align with the optical core waveguide when spliced to SMF. This approach offered
facile integration of LIF coreless devices with light sources, spectral analyzers, and
other optical devices.

The optical micrograph of Fig. 4.27a shows an optical resonator embedded in
SMF. However, a higher magnification image in Fig. 4.27b revealed an undesired
concave etching of the channel sidewalls near the SMF core waveguide that induced
strong lensing and diffraction losses across the channel. This undesired over-etching
was attributed to the presence of germanium within the SMF core waveguide that
has a smaller Ge-O dissociation energy of 660.3 kJ/mol relative to a 799.6 kJ/mol
[11] Si-O dissociation energy, rendering germania to be more reactive to HF than
silica in the chemical reactions GeO2 C 4HF� > 2H3O C CGeF 62� and
SiO2C4HF� > 2H3OCCSiF 62� [107,108], respectively. Hence, laser writing
of both waveguides and resonators into coreless fiber was favored for generating
optically smooth resonators without undesired waveguide etching. Figure 4.27c, d,
e show various optical micrographs of a 5�m wide optical resonator traversing
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Fig. 4.27 (a) Optical micrograph of a 10�m wide optical resonator formed with a laser and
HF etching to intersect the SMF core waveguide and (b) higher magnification view showing
undesirable over-etching into the core waveguide. (c) Side view optical micrograph image with
front illumination of a 5�m wide optical resonator formed in coreless fiber. (d) The probing
laser-formed waveguides imaged under back illumination of the same resonator rotated by 90ı.
(e) Magnified optical micrograph of the same resonator with front illumination. (f) Measured
transmission (blue) and reflection (red) spectra of a similar air-filled 29�m wide resonator with
expected Fabry-Perot interference fringes of �0.5 dB and �14 dB strength, respectively, and
40 nm FSR. c, d, e, and f are reproduced from [102] by permission of The Royal Society of
Chemistry. © 2014 The Royal Society of Chemistry. http://dx.doi.org/10.1039/C4LC00648H

across coreless fiber between laser-formed waveguides. The waveguides terminated
5�m before the cavity sidewalls to ensure no chemical etching into the waveguide
zone. Figure 4.27f shows the measured transmission and reflection spectra recorded
from a similar 29�m wide air-filled microcavity that revealed the expected Fabry-
Perot interference fringes with a 40 nm FSR. The fringe contrasts of �0.5 dB and
�14 dB for transmission and reflection spectra, respectively, agree with theoretical
values expected after accounting for diffraction losses across the resonator gap. This
integrated device therefore demonstrates the principle to seamlessly position, size,
and shape optical reflectors, beam splitters, lenses, and more advanced 3D optical
components inside optical fiber with potentially low or near-theoretical insertion
losses.

http://dx.doi.org/10.1039/C4LC00648H
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Fig. 4.28 (a) Schematic of a laser-formed microchannel traversing across SMF and filled with a
Rhodamine B solution. Fluorescence at 570 nm wavelength was excited by a light source centered
at 535 nm wavelength that propagated along the SMF core waveguide and was recorded together
with fluorescence in the (b) transmission spectrum. b is reproduced from [102] by permission of
The Royal Society of Chemistry. © 2014 The Royal Society of Chemistry. http://dx.doi.org/10.
1039/C4LC00648H

4.6.3 Fluorescence and Refractive Index Sensors

The potential LIF applications that can exploit the novel laser fabrication capa-
bilities presented here are numerous and extensive and reach beyond temperature,
strain, pressure, acoustic, and chemical sensing. In a first example, absorption and
fluorescence sensors are demonstrated by writing a single microchannel across the
core waveguide of SMF as previously shown in Fig. 4.24. The schematic of this
device in Fig. 4.28a relied on capillary force to draw a solution of Rhodamine
B fluorescent dye into the laser-formed channel where absorption or fluorescence
could be recorded with a light source propagating along the SMF core waveguide.
The spectrum in Fig. 4.28b shows an example of both the source and fluorescence
light, centered at 535 nm and 570 nm wavelengths, respectively, being collected in
the forward propagation direction of the channel-embedded SMF. Much improved
signal to noise contrast is expected in back reflection or with a large NA collection
lens focused on the channel-waveguide interaction zone.

The demonstration of optical resonators in Fig. 4.27c, d, e opens the significant
opportunity of refractive index sensing of fluids directly within optical fiber. As an
example, a Fabry-Perot cavity embedded within coreless fiber may be used to sense
the refractive index, n, of the fluid contained within the cavity by solving for n in

� D 2

2nLC 
: (4.10)

Here, � is the Fabry-Perot’s FSR,  is the center wavelength of the nearest
Fabry-Perot transmission peak, and L is the Fabry-Perot’s cavity length. In order
to completely fill the cavity with fluid, the rectangular-shaped interferometer design
schematically shown in Fig. 4.26c was modified to reduce strong capillary forces at
the 90ı corners [109]. Uninhibited fluid flow was found by tapering the access ports

http://dx.doi.org/10.1039/C4LC00648H
http://dx.doi.org/10.1039/C4LC00648H
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Fig. 4.29 (a) Optical micrographs of a Fabry-Perot resonator with L D 27:2�m optical length
and 45ı tapered access ports. (b) Plot of refractive index values measured for various alcohols
and air against the recorded FSR of the resonator cavity for  D 1:575�m wavelength together
with the calculated refractive index (dashed curve). Reproduced from [102] by permission of The
Royal Society of Chemistry. © 2014 The Royal Society of Chemistry. http://dx.doi.org/10.1039/
C4LC00648H

to a 45ı angle to connect smoothly with a 27:2 �m long Fabry-Perot resonator as
shown in Fig. 4.29a. Figure 4.29b plots the results of refractive index measurements
of the resonator filled with air, methanol, acetone, and isopropanol, obtained from
Eq. 4.10 for L D 27:2 �m and  D 1:575�m. The values are plotted against the
measured FSR and agree with the refractive index values expected near this telecom-
munication wavelength [110]. Consideration of the present 0.5 nm resolution of the
Fabry-Perot resonance in reflection together with a maximum 43 nm/RIU sensitivity
calculated by differentiating Eq. 4.10 with respect to n leads one to find a minimum
refractive index resolution of 0.01 for the present device. Alternatively, a better
value of minimum detectable refractive index change of 3 � 10�4 is available by
directly measuring the wavelength shift for a single resonance peak that follows a
calculated 1:58 �m=RIU sensitivity near the 1:575�m wavelength. Such detection
level is attractive for refractive index sensing in a compact in-fiber platform that
benefits from low-cost packaging to connect with optical sources and detectors.

4.6.4 Summary

This section provided several demonstrations of 3D femtosecond laser writing of
waveguides and open structures inside SMF and coreless optical fibers. The forma-
tion of overlapping laser modification tracks and subsequent HF etching provided
facile means to position, size, and shape various optically smooth microfluidic and
optical components that may now be probed by the core waveguide of SMF or

http://dx.doi.org/10.1039/C4LC00648H
http://dx.doi.org/10.1039/C4LC00648H
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further integrated with laser-formed optical devices previously described throughout
Sect. 4.3 to Sect. 4.5 of this chapter. Representative examples of 3D microfluidic
networks in Fig. 4.23, intersecting microholes in Fig. 4.24, microfluidic reservoirs
in Fig. 4.25, optical resonators in Fig. 4.27, fluorescence detectors in Fig. 4.28, and
refractometers in Fig. 4.29 collectively verified that femtosecond laser writing can
be a powerful tool for LIF development. The new directions provide for combination
of 3D microfluidic networks and optical resonators with optical waveguides to
form novel optical sensing systems conveniently inside optical fiber. Such new LIF
concepts will be important for various academic, acoustic, aerospace, automotive,
biological, chemical, civil, industrial, and medical applications.

4.7 Summary and Future Outlook

The many examples presented in this chapter show how femtosecond laser writing
offers a new opportunity for the dense 3D integration of optical devices inside
optical fibers. This integration approach overcomes the many challenges and costs
of otherwise connecting and packing optical fibers with discrete bulk optics. The
chapter first addressed the challenge of aberration-free writing of optical circuits
to accurate positions .˙1�m/ inside the cylindrical fiber core and cladding by
introducing a high numerical aperture oil-immersion writing technique (Sect. 4.2).
In this way, femtosecond laser-formed X-couplers, S-bend couplers, and directional
couplers were shown to provide efficient optical connection between the SMF
core and the laser-formed cladding waveguides (Sect. 4.3) that underpinned the
development of cladding photonics. One may consider moderately efficient (32 %)
and low loss (0.2 dB) directional couplers that are available over a narrow spectral
band (73 nm) or trade for broadband coupling .> 350 nm/ in X-couplers and
S-bend couplers with efficiencies up to 76 % and 33 %, respectively, at the cost
of higher losses (1–1.7 dB). The polarization-dependent coupling encountered in
the directional couplers was harnessed to fabricate in-fiber polarization-selective
taps in SMF and polarization beam splitters in coreless fibers, which were intro-
duced as an alternative platform for symmetric coupling between the laser-written
structures. These couplers together with cladding waveguides and BGW devices
were combined to form a Mach-Zehnder interferometer in SMF and a temperature-
compensated fiber-optic 3D shape sensor in coreless fiber (Sect. 4.4.3). The overall
compactness and high integration of such devices opens opportunities for structural
and industrial sensing applications as well as for integration in biomedical and
catheter devices.

Femtosecond laser writing of stressing tracks was found (Sect. 4.5) to induce
a controllable waveguide birefringence up to a maximum value of 2 � 10�3,
thereby opening a new means of integrating quarter-wave and half-wave plates
in short fiber segments. This birefringence tuning, together with the polarization-
dependent couplers presented in Sect. 4.3, defines a solid grounding where more
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complex integrated, in-fiber polarimeters and polarization-sensitive optical circuits
can be constructed for polarization phase-shift keying in optical communication and
applications in quantum optics.

Femtosecond laser irradiation with chemical etching was extended into the
fiber to form 3D microfluidic networks, components, reservoirs, and micro-optical
resonators with optically smooth sidewall roughness in flexible geometries that
were efficiently probed by laser-formed waveguides. A fluorescence detector and
optofluidic refractive index sensor were demonstrated (Sect. 4.6), thereby opening
the prospects for more advanced lab-in-fiber concepts and complex laboratory-level
diagnostics attractive as a compact and flexible optical fiber platform for academic,
aerospace, chemical, and biomedical applications.

As femtosecond lasers are becoming more reliable, lower cost, and more
powerful, their prospects for manufacturing more advanced products continue to
strengthen in a broad range of applications. The remarkable advantage of the 3D
fabrication of optical and optofluidic microsystems is especially promising on which
femtosecond lasers are well poised to greatly enhance the functionality of optical
fibers, one of the most widely used optical platforms, and pave the way for powerful
new research tools, commercial products, and biomedical devices.
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Chapter 5
Fabrication of Channel Waveguides
in Chalcogenide Glass Films by a Focused
Laser Beam

K. Shemesh, Yu. Kaganovskii, and M. Rosenbluh

5.1 Introduction

Chalcogenide glasses (ChGs), due to their wide infrared transparency, high
refractive index, and high Kerr nonlinearity, are of great interest as a waveguide
material for micro optics and nonlinear optics [1]. They are also good candidates
for many other applications including thermal and medical imaging, biosensing,
and telecommunications [2]. Already important in optical storage disks and fibers,
they are now being proposed as the basis for solid-state memory technologies. The
intrinsic photosensitivity of the ChG materials has been utilized to fine-tune the
effective refractive index of ChG waveguides, and thereby the resonant wavelength
of micro-ring resonators [3]. ChGs are also emerging as excellent materials to
fabricate nonlinear optical devices required for all-optical signal processing. ChGs
are characterized by ultrafast broadband nonlinear optical response, high third-order
optical nonlinearity (two to three orders of magnitude greater than that of silica),
and low linear and nonlinear losses at telecommunications wavelengths [4].

Traditional fabrication techniques, which are used for large-scale production
of planar optical devices, involve thermal evaporation and photolithography. For
fabrication of channel waveguides in the micrometer range, high-cost fine-line
patterning techniques are used currently, such as electron-beam lithography or
focused-ion-beam milling [5].

In this paper, we demonstrate a simple optical method for the fabrication of
micrometer-width channel waveguides in ChG films that does not require lift-
off lithography. The method is based on photo-induced mass transport [6–8]—a
phenomenon, which entails the redistribution of material between illuminated and
dark areas under illumination of ChGs by light with a frequency at or above the
band gap. This phenomenon was used for fabrication of �m-size groves in the films,
which formed the walls of the channel waveguides, as well as tapers and coupling
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gratings in the tapers. For our demonstration we use two ChGs: arsenic trisulfide
(As2S3) and arsenic selenide As10Se90. As2S3 is one of the most widely studied
ChGs and has been used for all-optical devices in various forms—bulk glass, optical
fiber, and waveguides. As10Se90 is known as a material, in which mass transport
occurs with a highest rate compared to other arsenic selenide compositions [9].

Previously, it was shown [6, 7] that the mass flow under illumination by above
bandgap light depends on the light polarization that allowed excluding effect of
temperature at relatively low light intensities. In our case, however, as we use a
focused optical laser beam with a waist of 0.7 �m, we have a temperature rise
due to light absorption in the film, so that the photo-induced mass transport occurs
at elevated temperatures. The photo-induced mass transport involves electronic,
atomic, and ionic processes. Though the precise links between these processes
are not yet fully established, we propose here possible mechanisms and calculate
kinetics of the mass redistribution.

5.2 Waveguide Design

The basic design of our waveguide is a raised strip with a trapezoidal cross section
produced in a 600-nm-thick As2S3 or As10S90 amorphous films, with input and
output grating couplers (see Fig. 5.1). The ChG film and waveguide are located
on a glass substrate.

In order to determine the width of the waveguide, which ensures single-mode
operation at the telecommunication wavelength 0 D 1.55 �m, we simulated propa-
gation of light in raised strips of different widths with the same thickness (600 nm).
For the beam propagation simulations, we used RSOFT software tools (http://www.
rsoftdesign.com/products.php?sub=Component+Design) that allow both the design
and optimization of passive and active photonic devices for optical communications,
optoelectronics, and semiconductor manufacturing. The refractive indices of the
As2S3 and As10Se90 for 0 D 1.55 �m are 2.4 and 2.7, respectively. The results
of the simulations for As2S3 are summarized in Figs. 5.2 and 5.3.

Figure 5.2 shows single-mode propagation for a waveguide width of 1 �m, for
which the single mode maintains its shape and is not subject to any expansion
or distortion while propagating along the waveguide. Figure 5.3 shows the mode

Fig. 5.1 Scheme of the
waveguide design (top view)

http://www.rsoftdesign.com/products.php?sub=Component+Design
http://www.rsoftdesign.com/products.php?sub=Component+Design
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analysis for this case as well as waveguides of slightly larger widths. Light is
directed into waveguide from an optical fiber of about 10 �m in diameter using
a grating coupler on the ChG surface (Fig. 5.4) and a taper. The grating area is
about 10 � 10 �m2, and the width of the taper base is 10 �m. Coupling between an



114 K. Shemesh et al.

Fig. 5.4 Grating coupler
scheme

incident mode and a guided mode is possible if the grating satisfies the following
Bragg condition for the first-order diffraction maximum [10]:

Kin sin �in CKgrating D ˇ: (5.1)

Here, Kin D 2�/0, Kgrating D 2�/ƒ, ˇD 2� � neff /0,ƒ is the grating period, and
neff is the effective refractive index. The propagation constant, ˇ, was calculated
numerically, by solving the wave equation under boundary condition of the wave-
guide cross section (see Ref. 10, Chap. 3).

To adjust the lateral diameter of the incident beam (	10 �m) to the sub-
micrometer waveguide width without losses, we have simulated the beam propa-
gation from the grating coupler to the waveguide using the 3D RSOFT program.
We found that negligible loss along the tapering region can be attained as long as
the taper length is not shorter than 100 �m (Fig. 5.5).

In our fabrication the coupling grating was recorded by two crossed p-polarized
laser beams (see below). The desired grating period, ƒ, depends on the incident
angle, � in, and can be easily calculated from Eq. (5.1):

ƒ D 0

neff � sin �in
: (5.2)

5.3 Experiments

For our experiments we used 400–600-nm-thick As2S3 and As10Se90 amorphous
films, vacuum deposited (1 � 10�5 Torr base pressure) onto a clean glass substrate.
The waveguides were fabricated using a focused Ar laser beam (œD 514 nm) with
a focused waist radius w � 0.7 �m. The scheme of the setup used for fabrication is
shown in Fig. 5.6. The laser beam passing through a half-wave plate, polarizer, and
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beam splitter is focused by an objective lens onto the film surface. After reflection
from the surface, the “writing” laser beam goes back through the objective lens and
is directed by a beam splitter and eyepiece to a screen which thus shows an image of
the focused spot or the microscopic image of the waveguide drawn of the film sur-
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face, depending on the z-position of the sample. The positioning of the film in x-y-z-
directions is adjusted by using three computer-controlled motors, thus drawing the
necessary configuration of the waveguide, as monitored by the microscopic image.

The gratings for coupling of light (0 D 1.55 �m) between an optical fiber
and the waveguide were fabricated by illumination of a selected film area by two
crossing p-polarized beams. In As2S3 the gratings were produced by an Argon laser
(D 514 nm) with the power of 150 mW in each of the beams; in As10Se90 the
gratings were written by a He–Ne laser (D 633 nm) with a power of 12 mW in
each of the crossing beams. A half-wave plate was used to rotate the polarization
plane of the laser to the direction of the wave vector of the grating.

The beam propagation inside the waveguide was observed by an IR camera with
an IR corrected 50� objective lens having 2 cm working distance. IR light near
a wavelength of 1.5 �m, from a single-mode fiber-coupled tunable diode laser,
was directed onto the coupling grating. For ease of unobstructed viewing, this
required a relatively large angle of incidence (as well as output angle) � in � 60o

and thus the grating period calculated from Eq. (5.2) for 0 D 1.55 �m was
ƒD 1.18 �m for As2S3 and 0.8 �m for As10Se90. To satisfy these conditions,
we established appropriate angles, ˛, between the crossing beams calculated using
ƒD/2 sin(˛/2).

5.4 Results

5.4.1 Optical Spectra

Typical optical transmission spectra of the ChG films are shown in Fig. 5.7.
Variation of the transmission with wavelength is caused by interference in the film,
and interference maxima (k) satisfy the condition: 2Hn D kk where H is the film
thickness and k is the order of the interference. The transmission spectra allow us to
calculate the refractive indices of the materials [11–13], which we have found to be
in agreement with the literature.

5.4.2 Formation of Grooves

Channel waveguides together with the input and output tapers and coupler areas
were fabricated in one step by positioning of the sample stage by stepping motors in
the x-y plane by computer control. The waveguide channels are produced between
two grooves, which appear on the film surface during the motion of the stage while
illuminated by the focused laser spot. The shape of the grooves defines the channel
waveguide geometry.

Typical AFM images of the grooves obtained in the As2S3 films at various writing
laser powers, P, and speeds are presented in Fig. 5.8. As seen, the width and the
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Fig. 5.7 Transmission
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and As10Se90 films on a glass
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Fig. 5.8 Typical AFM images of the grooves produced in As2S3 films by various laser powers
and stage speeds. (a) P D 2 mW, V D 50 �m/s; (b) P D 6 mW, V D 50 �m/s; (c) P D 8 mW,
V D 50 �m/s; (d) P D 6 mW, V D 10 �m/s. Polarization is normal to the grooves

depth of the grooves increase with laser power and are inversely proportional to the
stage speed. The groove becomes discontinuous (Fig. 5.8d) with a speed slower than
10 �m/s due to the fact that stepping motors were used for the groove fabrication
and at low speeds the dwell time at each step point becomes significantly long. In
Fig. 5.9 we show typical profiles of grooves produced in the As2S3 films under
various writing laser powers and stage speeds.

The groove shape and size also show a dependence on the direction of the light
polarization: the walls of the grooves have larger slope when the electric vector of
the linearly polarized light is normal to the forming groove direction (Fig. 5.10).
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Fig. 5.9 Typical profiles of grooves produced in As2S3 films under various laser powers and stage
speeds. (a) V D 50 �m/s, powers varying from 2 to 10 mW; (b) P D 6 mW, speeds varying from
10 to 500 �m/s. Polarization is normal to the grooves

This observation is important for understanding the mechanism and kinetics of the
photo-induced mass transport, as discussed in the next section.

5.4.3 Channel Waveguides, Tapers, and Couplers

After optimization of laser power, stage speed, and polarization direction, we were
able to write channel waveguides with tapers and couplers. A typical AFM image
of the channel between two adjacent grooves and the corresponding profile of the
waveguide in As2S3 film are shown in Fig. 5.11; AFM images of the taper, coupler,
and input grating are shown in Fig. 5.12.
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Fig. 5.10 Typical profiles of grooves produced in As2S3 films with different directions of
polarization and the same power (P D 6 mW) and speed (V D 50 �m/s). 1. Polarization parallel to
the groove, 2. polarization normal to the groove
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Fig. 5.11 Typical AFM image of the channel waveguide (a) and corresponding cross section (b)

Figure 5.13 demonstrates coupling of light to the waveguide produced in
As10Se90 ChG film. To observe light input and output, we fabricated a rela-
tively short waveguide (200 �m length) with a taper of 100 �m and coupler of
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Fig. 5.12 AFM images of taper (a), coupler (b), grating (c) in As2S3 film, and waveguide in
As10Se90 film (d)

30 � 30 �m2. In the IR camera image, one can see the waveguide illuminated
by visible light (Fig. 5.13a), by both visible and IR (Fig. 5.13b), and by IR only
(Fig. 5.13c). One can see coupling of IR light (right) and an output light spot (left).

5.5 Discussion

To explain results of our experiments, we have to discuss the physical mechanisms
involved in the waveguide fabrication process. We concentrate on two main
mechanisms: photo-induced mass transfer and mass transfer induced by temperature
gradients around a moving focused writing beam.
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Fig. 5.13 Waveguide in As10Se90 film seen in IR camera: (a) illumination by visible light; (b)
illumination by both visible and IR light (0 D 1.55 �m); (c) illumination by IR light only. One
can see coupling IR light (right) and an output light spot (left)

5.5.1 Photo-Induced Mass Transfer

Our analysis shows that the main mechanism of the mass redistribution in the
ChG film is photo-induced mass transfer. As was previously shown [6], photo-
induced mass transfer in As2S3 films is directed from illuminated to dark areas.
Redistribution of the film material under illumination by a focused beam leads to the
formation of a rather deep pit at the center of the beam and ridges surrounding it. It is
important to note that this mass transfer is not induced by thermal effects caused by
light absorption, but is purely a light-induced mass transfer. As clear proof of this,
it is found that the direction of the ridge formation depends on the direction of light
polarization [6]. Formation of dips and ridges indicates that there is a light-induced
lateral mass transfer (quasi-viscous flow) parallel to the direction of the E-vector of
light.

The kinetics of photo-induced mass transfer in ChG films was previously
discussed [8, 14] and the rates of photo-induced variations of surface profile were
calculated taking into account broken chemical bonds, photo-induced stresses, and
capillary forces. We introduced photo-induced diffusion coefficients describing the
mass transfer kinetics and demonstrated that the competition between stress-induced
flux (towards irradiated regions of the film) and the flux induced by an increase of
the bulk energy due to broken bonds (directed from irradiated to dark regions) can
result in inversion of the mass transfer direction depending on the light intensity.
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Here, we calculate the shape of the profile formed under a moving focused
laser beam due to photo-induced mass transfer. The amorphous As2S3 films are
photoconductive p-type semiconductors with atomic structure consisting mainly
of chains with P–C and partly C–C bonds (P denotes pnictogen atom and C,
chalcogen). When light with frequency at or above the bandgap interacts with the
film, electron-hole pairs are generated in the interaction volume and diffuse in all
directions. If a Gaussian writing beam moves along a line in the y-direction, the
generation rate per unit volume can be calculated as

g0.x/ D I0 exp
��x2=w2

	

=EgH; (5.4)

where I0 exp(�x2/w2) is the incident intensity distribution in the x-direction, Eg is the
bandgap of the film material, and H, the film thickness, is assumed small compared
to ˛�1 (˛ is the absorption coefficient), and w is the beam radius.

As the electrons and holes have different mobilities, their distribution results in
the formation of an internal steady-state electric field, E(x), which accelerates slower
carriers and slows down faster carriers. In the As2S3 films the mobility of holes
exceeds the mobility of electrons, and thus the steady-state electric field is directed
towards the center of the writing beam. Taking into account forming electric field,
one can write the hole and electron currents as

jp D �Dp

dp

dx
� pDp

kT
eEI jn D �Dn

dp

dx
C n

Dn

kT
eE: (5.5)

Here, e is the electron charge, n(x) and p(x) and Dn and Dp are the local
concentrations and the diffusion coefficients of electrons and holes, respectively,
and E(x) is the lateral electric field. The steady-state distribution corresponds to
equality of electron and hole currents (jn D jp); to satisfy the neutrality condition
one can suppose n � n0 D p � p0 (n0 and p0 are the electron and hole concentrations
without irradiation, p0> n0 in As2S3) and thus dp/dx D dn/dx. Then the steady-state
electric field is

E D kT

e
� Dp �Dn

pDp C nDn

(5.6)

and

jp D jn D �Damb

dn

dx
I Damb D .nC p/DnDp

nDn C pDp

: (5.7)

Here, Damb is the ambipolar diffusion coefficient [15, 16].
The distributions n(x) and p(x) can be found from the equation

@n

@t
D g0.x/ � n

�
CDamb

@2n

@x2
; (5.8)
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where we can put @n/@t D 0 considering a steady-state distribution. The boundary
conditions are n(1) D 0, dn/dxjx D 0 D 0. The steady-state solution of Eq. (5.8) is

n.x/ D n0 C 1

4

I0� �Rp
� exp

�

R2=L2
	1=4

EgLH
�

ex=L
�

1 � erf

�
x

R
C R

2L

��

C e�x=L
�

1 � erf
�
x

R
C R

2L

��

: (5.9)

Here, L D (Damb�)1/2 is the diffusion length of the carriers, � is the lifetime of
electrons and holes before recombination. The hole distribution can be also found
from Eq. (5.9) as p(x) D p0 C n(x) � n0.

After generation and redistribution, electrons and holes are localized around P
and C atoms forming relatively stable configurations—valence alternation pairs
(VAP), called also self-trapped excitons (STE), which can be considered as radiation
defects. Four main types of STE were found [17] to be relatively stable: P�

2 –CC
3 ,

C�
1 –CC

3 , P�
2 –PC

4 , or C�
1 –PC

4 (subscript shows number of bonds and superscript
notes the sign of charge). Formation of these defects is accompanied by deformation
and breakage of bonds and can accelerate atomic jumps compared to their thermal
diffusion without irradiation [18]. This results in significant increase in the diffusion
coefficients of both chalcogens and pnictides.

The calculations of the forming profiles were carried out under the following
assumptions:

(i) The main mechanism of the mass transport is volume diffusion. This was
shown [19] in experiments on flattening of surface relief gratings under
homogeneous illumination by light with frequency above the bandgap.

(ii) Mobile species have an effective charge, e, positive or negative, since electrons
and holes are localized near defects. Both P and C atoms can be charged either
positively (such as PC

4 , CC
3 ) or negatively (P�

2 , C�
1 ) depending on localization

of electrons or holes around them. Recent calculations [20] show that diffusion
coefficients of positively charged P and C atoms are about two orders of
magnitude smaller compared to those negatively charged (P�

2 , C�
1 ), so that one

can neglect diffusion of PC
4 , CC

3 atoms. The drift of P�
2 and C�

1 atoms does not
change electroneutrality because electrons and holes diffuse much faster than
the charged species and ensure the overall neutrality of the film.

(iii) Diffusion coefficients of the charged species are proportional to the local
density of free volumes, whose concentration depends mainly on the local
concentration of radiation defects, n(x) and p(x).

(iv) Lateral diffusion flux is defined as a drift of the charged species in the gradient
of chemical potential, �, caused by lateral electric field E, by light-induced
deformation of bonds due to formation of STE, and by variation of the surface
profile
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Fig. 5.14 Groove profile
calculated under the
assumption that it is produced
by a light-induced mass
transfer mechanism

J D � D

kT
nr�I r� D �eE C " �rnC rK (5.10)

where D D cD�
P C (1 � c)D�

C , c is the atomic fractures of P atoms in the ChG
compound, D�

P and D�
C are diffusion coefficients of P�

2 and C�
1 atoms with the

localized electrons, " is the additional energy per atom caused by formation of
radiation defects, K is the local curvature of the surface profile, and � is the
average atomic volume.

The normal rate of variation of the surface profile is

Vz D �� H dJ=dx: (5.11)

The height of the profile, h(x), was calculated as

h.x/ D Vzt: (5.12)

Here, t is the exposure time (t � w/V) that equals 14 ms for w D 0.7 �m and
V D 50 �m/s.

In Fig. 5.14 we present the groove profile h(x) calculated using Maple program
simulation for our experimental conditions. As a fitting parameter, we used an effec-
tive diffusion coefficients Dm corresponding to maximum carrier concentrations nm

(at x D 0). As one can see, the calculated profile is very similar to that presented in
Fig. 5.11 with Dm D 2.2 � 10�9 cm2/s.

5.5.2 Temperature Rise and Thermodiffusion Mass Transfer

The full theoretical analysis of the physical phenomena which cause mass transfer
under focused laser light also requires knowledge of the temperature distribution in
the film. This problem has been previously investigated under various approxima-
tions as applied to thin-film micromachining [21, 22] and ablative laser recording of
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micron size holes for optical disk storage. In these calculations, a film of thickness
h and heat diffusivity 	 f was considered on a semi-infinite transparent substrate
(along the z axis) with heat diffusivity 	s. As in our case 	 f � 	s D 	, and the film
thickness, H, is of the order of the beam waist, w, we can assume that the light energy
is absorbed in the volume  w2H and is dissipated inside the substrate due to radial
heat flow from a hemisphere with the radius w. We can neglect the heat conductivity
of the air compared to the glass. In this case, for estimates of temperature rise, we
can use a steady-state temperature distribution,

T .r/ D .Tm � Troom/w

r
; (5.13)

which is formed during a characteristic time t* � w2/	D [23]. Here, Tm D T(w)
is the maximal temperature, Troom is the room temperature, Tm � Troom is the
temperature rise, 	D D c	 is the heat diffusivity, and c is the heat capacity per unit
volume. With w D 0.7 �m, 	D D 3 � 10�7 m2/s we have t* D 1.6 �s which is much
shorter than the exposure time under the moving focused beam in our experiments
(ti D w/V D 14 ms), and thus we can neglect the beam speed. From the heat balance

ıP � ˛PH D �2�w2	
dT .r/

dr

ˇ
ˇ
ˇ
ˇ
rDw

D 2�w2	
Tm � Troom

w
; (5.14)

we obtain

Tm � Troom � ˛PH

2�w	
: (5.15)

Here, ’ is the absorption coefficient, ıP is the laser power absorbed by the
film, and P is the laser power (without reflection). This result coincides with the
more detailed and complicated analysis made by Lax [24] for a Gaussian beam
illuminating a semi-infinite absorbing medium if ˛H D��1/2, i.e., all of the beam
power is absorbed. In our experiments, as it follows from the optical spectra
(Fig. 5.7), transmission of the As2S3 film at 514 nm is 60 % which corresponds
to ˛H D 0.29. With P D 6 mW and 	D 1.14 J/mKs we obtain Tm � Troom � 300 K,
i.e., Tm � 600 K. This means that the maximum temperature exceeds by about 130 K
the glass transition temperature Tg for As2S3 (Tg D 471 K [25]).

According to experimental data [26], the kinematic viscosity, �, of As2S3 glass
above Tg follows an exponential law �D �0 exp(W/kT) with the activation energy
W D 1.12 eV and pre-exponent �0 D 3.98 � 10�6 St. The dynamic viscosity �D ��

calculated from these data for 600 K is 3.2 � 103 Pa s (�D 3.19 g/cm3 is the density
of As2S3).

According to Eq. (5.15), the temperature near the groove decreases to Tg value
at a distance
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d � Tm � Troom

Tg � Troom
w: (5.16)

With w D 0.7 �m we obtain d � 1.8 �m. The temperature gradient in the
direction normal to the forming groove can initiate lateral motion of a liquid layer
from hot to cold regions. The dynamics of lateral motion of a thin liquid layer in a
temperature gradient was estimated [27] for bulk Si wafer, in which a liquid layer
was formed on the surface under pulsed laser irradiation. It was shown that in the
approximation of a long laser pulse when the time scale of the laser pulse, tp, is
large compared to the time scale for the diffusion of fluid momentum through the
thickness of the melt, i.e., tp � H2/�k (H is the melt depth, and �k the kinematic
viscosity), the radial component of liquid velocity can be written in the form

Vr D 1

�

d�

dT

dT

dr
H: (5.17)

As can be seen, the radial velocity is proportional to the radial tempera-
ture gradient, the thickness of the liquid layer, and the temperature coefficient
of the surface tension; it is inversely proportional to the dynamic viscosity �.
Substituting �D 3.2 � 103 Pa s, d� /dT � 2 � 10�4 J/m2 K [28], dT/dr � (Tm–
Tg)/d D 6 � 107 K/m (average value), and H � 0.6 �m, we obtain Vr � 200 �m/s,
i.e., Vr is of the order of the stage velocity, V. This means that under the driving
force caused by the temperature gradient, the film material can move to the cold
regions forming grooves under the illuminated spot and mounds near the grooves
(as can be seen in Figs. 5.9 and 5.10).

According to [21], the normal component of the velocity, Vz, can be estimated as
a function of r using a formula

Vz.r/ D H2

2r�
� d
dr

�

r
d�

dr

�

: (5.18)

Here, d� /dr D (d� /dT)(dT/dr), d� /dT is a constant independent of T. Taking into
account the temperature distribution [Eq. (5.13)], we have estimated maximum Vz

value (under illuminated spot) and obtained

Vzm � H2

2�
� d�
dT

Tm � Troom

d2
: (5.19)

Substitution in Eq. (5.19) �D 3.2 � 103 Pa s, d� /dT � 2 � 10�4 J/m2 K, and
H � 0.6 �m results in Vzm � 20 �m/s. During time of interaction t � w/V of the
moving beam with the film, the depth of the groove is �z � Vzmt D 280 nm (with
w D 0.7 �m and V D 50 �m/s). This estimate shows that there is a noticeable
contribution of the thermo-induced mass transport into kinetics of the groove
formation.
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Similar calculations for As10Se90 films are more complicated because the
transmission of the 600-nm-thick As10Se90 film at 514 nm is 1.1 %, i.e., ˛H � 4.5.
With a power P D 3 mW this results Tm � Troom � 2,500 K, and in the calculations
one should take into account possible evaporation (ablation) of the material.
In addition, we didn’t find in the literature any data about viscosity and other
characteristics at such high temperatures. The shapes of the grooves however look
similar to those for As2S3 films (see Fig. 5.12d).

5.6 Concluding Remarks

We have demonstrated a simple optical method for fabrication of single-mode
channel waveguides in ChG films. All elements of the waveguides (couplers, tapers,
and channels) can be easily fabricated using illumination by a focused visible laser
beam (without wet or plasma etching) and two-beam illumination of selected areas
to produce gratings used for coupling.

We have also proposed physical mechanisms for the phenomena: photo-induced
mass transfer and mass transfer caused by temperature gradients appearing near
fabricated grooves due to light absorption. We have calculated the kinetics of the
photo-induced mass transfer and found good agreement between experimental and
calculated shapes of groove profiles.

We note that under intense illumination of As2S3 films during the waveguide
fabrication, surface scattering becomes stronger due to increasing surface roughness
and some additional experiments are necessary to optimize the waveguide fabri-
cation process in order to minimize the contribution of scattering to the device
losses. One of the ways to decrease the loss can be a thermal treatment of as-
deposited As2S3 films before waveguide fabrication. As was recently reported [29]
thermal annealing improves the homogeneity of as-deposited film and reduces the
propagation loss of As2S3 waveguides.

As10Se90 films are much more stable under illumination and no additional
roughness appears under laser processing.
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Chapter 6
Laser Processed Photonic Devices

Jerome Lapointe and Raman Kashyap

6.1 Introduction

The last century was that of electronics; it is now one of photonics. As Richard
Feynman (Nobel Prize, 1965) suggested in 1959, “Smaller, Faster, Cheaper”
would lead the world, and in many ways he has proven to be correct. Over the
past decades, photonics devices and integrated optics have been among the most
revolutionary areas of research and advances. Although integrated optics devices are
well advanced these days, there is still much to do and most of these components are
still expensive to manufacture for mass deployment. In fact, most of these require
clean room facilities, as well as several expensive manufacturing steps such as phase
mask fabrication or photolithography. This chapter aims at explaining a potential
solution to fast manufacturing of cheap integrated optics by laser writing.

The interactions between lasers and transparent materials, including nonlinear
absorption and the origin of refractive index modification, are initially explained.
Furthermore, an entire section is dedicated to waveguide fabrication using lasers.
Some analyzing techniques and tools are also presented. However, the chapter
focuses on two important photonic materials: glass and lithium niobate. Never-
theless, all demonstrations and explanations can be generalized to most linear and
nonlinear transparent materials, which will be showcased throughout the chapter.

J. Lapointe
Fabulas Laboratory, Department of Engineering Physics,
Polytechnique Montreal, Montreal, QC, Canada H3C 3A7
e-mail: jerome.lapointe@polymtl.ca

R. Kashyap (�)
Fabulas Laboratory, Department of Electrical Engineering, Polytechnique Montreal, Montreal,
QC, Canada H3C 3A7

Fabulas Laboratory, Department of Engineering Physics,
Polytechnique Montreal, Montreal, QC, Canada H3C 3A7
e-mail: raman.kashyap@polymtl.ca

G. Marowsky (ed.), Planar Waveguides and other Confined Geometries: Theory,
Technology, Production, and Novel Applications, Springer Series in Optical Sciences 189,
DOI 10.1007/978-1-4939-1179-0__6, © Springer ScienceCBusiness Media New York 2015

129

mailto:jerome.lapointe@polymtl.ca
mailto:raman.kashyap@polymtl.ca


130 J. Lapointe and R. Kashyap

Finally, fabrication of photonic devices using laser ablation is also addressed in the
last section, as an alternative technique for making specialist prototyping devices.

6.2 Nonlinear Energy Absorption of fs Laser Pulses

When a femtosecond laser pulse is incident on a transparent material with an
energy gap Eg larger than the energy of the photon emitted by the laser, there is
no possibility for linear absorption. However, if the intensity is sufficiently high,
absorption can occur via nonlinear effects such as multiphoton ionization and tunnel
or avalanche ionization.

6.2.1 Multiphoton Ionization

The ionization of an electron by multiple photons requires the simultaneous
absorption of m photons of energy hv, where m is the smallest possible integer for
which the total energy is sufficient to ionize an electron (mh� >Eg, as shown in
Fig. 6.1). Many photons are required to excite a single electron into the conduction
band, because of the transparent materials’ large bandgap such as in LN.

6.2.2 Tunnel Ionization

Tunnel ionization occurs when a laser impulse creates an intense electric field that
reduces the Coulomb potential energy barrier, therefore allowing an electron to
jump from the valence band to the conduction band. An important deformation
of the material band structure promotes this ionization because of the intensity
of the generated electric field. Under very high intensities, the aforementioned
multiphoton and tunnel ionizations compete with each other, with the former
gaining the upper hand in most interactions between fs lasers and dielectrics [1–4].

Fig. 6.1 Multiphoton
ionization principle
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Fig. 6.2 Avalanche ionization principle. Variation (solid arrows) and transfer (dashed arrows) of
electrons energy

6.2.3 Avalanche Ionization

This nonlinear ionization occurs when an electron, free at the bottom of the
conduction band and exposed to an intense photon field, is accelerated and acquires
substantial kinetic energy. When the total amount of energy surpasses the sum of the
conduction band’s minimal gap energy, an electron can ionize another electron at the
valence band. Both can now be accelerated in the electric field, henceforth causing
an avalanche where the free electron density in the conduction band increases
exponentially (see Fig. 6.2). When this density reaches a certain threshold, the
dielectric becomes locally absorbent.

With the intensity of fs laser pulses, avalanche ionization is negligible in
comparison to multiphoton and tunnel effect ionizations. However, this ionization
effect is the only option for ionization when the laser intensity is too low for
the two other effects described above. As such, avalanche ionization is preferred
when materials present impurities and dislocations. Depending on the type of defect
present in a crystal, the significance of the avalanche effect can be increased, as the
electrons could be at intermediate levels [3–5].

6.3 High and Low Repetition Rate Writing Regimes

Nonlinear absorption in transparent materials occurs at intensities in the vicinity of
1013 W/cm2, which for an impulse of 100 fs corresponds to energy densities of about
a J/cm2 [5]. Such energy densities can be attained with the help of lasers, namely
that of the Ti:Sapphire, with impulses of �Js to tens of nJ (depending on the focus
diameter, also called beam waist) and by varying the laser scan speed or repetition
rate. The repetition rate of a laser is the number of pulses per second emitted by the
laser. There are two distinct repetition rate regimes for fs laser writing: high and low.
These regimes are characterized by the critical repetition rate at which the impulsion
period is different than the time required for the diffusion of heat outside the focal
volume. The critical repetition rates required range from kHz to MHz depending on
the material’s thermal diffusivity.
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This is precisely the reason why it is very difficult to write a waveguide by
changing the refractive index at the focal point using a continuous wave (CW) laser
such as with a CO2 laser. The laser can reach energies needed to be nonlinearly
absorbed but energy accumulation is too high, which in turn results in internal
cavitation or direct material ablation. However, CW lasers can be used to fabricate
buried waveguide using photosensitivity of the material [6]. The latter is outside the
scope of this chapter; however, waveguides also may be formed in thin films by
ablation [7–12], as discussed in Sect. 6.11.

6.4 Two Types of Induced Index Modification

To date, two concepts for index modification have been used for waveguide
fabrication. Both can be adequately described within the framework of induced
lattice defects [13]. In type I, which occurs at lower energies, heat accumulation at
the focus induces a fast state transformation from the crystalline to the amorphous
state. This results in stress that can increase the refractive index locally. The
waveguide is therefore produced in the focal region of the laser [14]. This type
of index modification produces good quality waveguides [15] but disappears at
temperatures of over 150 ıC in a matter of hours [13, 14].

In type II, laser interactions result in a decrease in the refractive index. The
waveguide is therefore produced in the region adjacent to the interaction volume.
A simple method to produce these types of waveguides is to write multiple parallel
lines; the guiding thus occurs between these lines [13, 16]. For this type of
waveguide, the index modification occurs because of the photorefractive effect,
which is naturally present in LN [17]. The effect consists of inducing a non-
instantaneous and nonlocal refractive index variation in the crystal with laser
illumination. This variation is due to the combination of multiple effects created
by impurities that can be optically ionized. For example, in lithium niobate the most
photoreactive impurities are Fe, Cu, and Mn. The beam ionizes these impurities,
which can then move inwards in the crystal via charge transport mechanisms such
as conduction band diffusion, with photovoltaic current and forces generated by
the external field [18]. In LN, this photo-induced transport is principally linked to
photovoltaic currents. These currents carry charges from illuminated areas to darker
regions, which increases density, therefore increasing the index as well. Recently,
waveguide writing inside an LN fiber using this principle combined with a vortex
beam has proven successful [19].
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6.5 Basic Steps for Fabricating Waveguides in Transparent
Material Using a fs Pulse Laser and Analyzing Methods

Fabricating waveguides using a femtosecond pulse laser is quick and simple. A laser
beam with a power of 1 W (average), a focusing lens, and a translation stage are the
three basic components required (shown in Fig. 6.3).

Several variables can be controlled for laser beam, such as power, polarization,
beam diameter, beam focus shape, etc., in order to produce an automated high-
quality waveguide writing system. Figure 6.4 shows the setup used at our FABULAS
Laboratory located at Polytechnique Montreal, in Montreal, Canada. The laboratory
includes ten different lasers that can be switched towards the sample. The most
used laser for waveguide writing, the one seen on the picture, is a Pharos Altos
at 1,030 nm (power 8 W, repetition rate from 1 to 600 kHz, pulse width from 50
to 300 fs). The setup includes a beam expander, shutter, half-wave plate, a beam
splitter, and a power meter with feedback to automatically and precisely control
the laser power. Before the focusing lens, apparatus, such as quarter-wave plates,
can be added (or removed quickly using magnetic kinematic stages) to control
the polarization of the laser beam. Finally, a high-precision, two-axis, horizontal
motorized stage moves the sample and the vertical axis controls the lens position
in order to minimize vibrations transmitted to the sample. The setup is mounted
on a heavy granite block installed on a pneumatic optical table to further reduce
vibrations. The whole setup is inside a HEPA filter system under a slight positive
pressure to minimize dust accumulation. An extractor removes debris, should this
be necessary.

6.5.1 Laser Beam Alignment, Polarization, and Shaping
of the Laser Focus

A perfect focusing shape is crucial to fabricate high-quality waveguides repeatably.
First, the laser beam must have a symmetrical Gaussian shape, which is usually
the case with commercial lasers. One can measure the beam profile using a CCD

Fig. 6.3 Waveguide
fabrication



134 J. Lapointe and R. Kashyap

Fig. 6.4 The FABULAS laser fabrication system. 1. Femtosecond laser. 2. Beam expander. 3.
Motorized half-wave plate. 4. Beam splitter acting as a polarizer. 5. Feedback power meter. 6.
Shutter. 7. Quarter-wave plate. 8. Focusing lens installed on a motorized vertical stage. 9. Vacuum
sample holder installed on a motorized horizontal 2-axis stage. The white lines show the beam path

camera or the knife-edge technique. Second, the beam must be right in the center
and parallel to the axis of the focusing lens. This alignment can be long and arduous.
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Fig. 6.5 (a) Beam evolution near the focus not using a slit, (b) energy distribution in YZ plane not
using a slit, (c) beam evolution near focus using a slit, (d) energy distribution in YZ plane using a
slit, and (e) schematic of a waveguide writing setup using cylindrical lenses. Adapted from [22, 23]

Note that in complex systems in which different lasers with different wavelengths
are used, the mirrors must be changed every time and a good alignment method is
essential.

The polarization of the laser beam also affects the waveguide. Using a half-
wave plate, one can choose the polarization to be parallel or perpendicular to
the waveguide direction. A polarization perpendicular to the waveguide direction
will produce a highly polarization-dependent waveguide while one parallel to the
waveguide direction will produce a polarization-independent waveguide for linear
propagation. As one of the advantages of using a laser to fabricate waveguides is to
make 3D waveguides, the best way to make uniform waveguides independent to the
direction of writing is to choose circular polarization with a quarter-wave plate.

Unfortunately, at low repetition rates, even if we have a perfect beam with a
perfectly symmetric shape of the spot at the focus as shown in Fig. 6.5a, the
waveguide will not be symmetric. In fact, as shown in Fig. 6.5b, the waveguide size
perpendicular to the laser beam along the y-axis will be about the size of the beam
waist, as there is no energy outside of this area. Otherwise, parallel to the laser beam
(z-axis), the waveguide size will be larger, as seen in the equation for the confocal
parameter b D 2 ¨0

2/œ.
It was noticed, as shown on Fig. 6.6, that the number of scans influences the

waveguides to become more symmetric. This phenomenon may be explained by
the fact that multi-scans reduce the probability of irregularities that occur when
performing a single scan. Nevertheless, several methods can be used to overcome
this nonsymmetrical issue efficiently. Firstly, without the use of other devices, one
can simply make the waveguide cross-section shape required by using several scans
in which each scan is displaced slightly from the previous one [20]. This method,
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Fig. 6.6 Microscope images of the end view (sample facet) of the waveguides, showing the
tendency of waveguides to be symmetric by increasing the number of scans. Each column is for a
scan speed noted at the top. The number of scan is noted at the bottom left corner of each picture

although efficient, multiplies the time it takes to fabricate waveguides and can
generate complications when one wants to fabricate 3D waveguides or other
complex devices. A second way is to use cylindrical lenses, which generate an
elliptic beam just before the focusing lens, as shown in Fig. 6.5 [21, 22]. In addition,
a quick and very effective solution is to introduce a slit of width about 500 �m just
before the focusing lens [23, 24]. After focusing, the beam shape generated by these
two last solutions can be seen in Fig. 6.5c, d. Again, these two solutions are very
good for straight waveguides but need to be motorized for 3D writing as the slit or
the axes of the cylindrical lenses must remain parallel to the waveguide. This proves
to be rather complex.

At high repetition rates, this nonsymmetrical issue disappears, thanks to the
isotropic heat diffusion out of the focal volume [25–27]. In fact, a circular symmetry
of the waveguide cross section is achievable due to heat accumulation, which
makes the waveguide larger than the focal point. Typically, the waveguide diameter
increases with the repetition rate of the laser and can be up to ten times the focal
diameter 2¨0 of the laser,

2¨0 D 4œF= D; (6.1)

where œ is the wavelength of the laser, F is the focal length, and D is the beam
diameter before the lens, as shown in Fig. 6.7.
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Fig. 6.7 Laser-focusing parameters

The choice of the lens is therefore extremely important. The numerical aperture
(NA) of the lens must be chosen and understood properly, as

NA D n sin ™ D n D=2F (6.2)

2¨0 D 2œn=  NA (6.3)

where n D 1 is the refractive index (if immersion oil is not used) of air. A beam
expander can be used to match the lens diameter and then obtain the full NA of the
lens. If the beam is larger than the lens, the power below the lens must be verified.
When one wants to reproduce an experiment, the beam size must be considered.
For example, in Table 6.1, Minoshima used a 100� magnification lens which has an
NA typically above 1, but because of the use of a smaller beam diameter, this NA
becomes 0.6 [26].

6.5.2 Analyzing Methods

The physical properties and propagation efficiency are essential characteristics to be
analyzed in order to understand guiding failures and to improve a waveguide. In this
section, we explain some of the basic waveguide characterization methods. Note that
several other specific characteristics can be also analyzed as far as waveguides are
concerned. For example, Raman scatterings can provide information on deformation
and strain in a waveguide [28].
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Fig. 6.8 Waveguide analyzing setup. 1 coupling the light from a laser source using an optical fiber
butt-coupling technique. 2 waveguide sample. 3 microscope. 4 lens. 5 3-axis stages. 6 CCD camera
used to measure the mode profiles: a, b, and c

6.5.2.1 Mode Profiles

The first simple parameter to analyze for the waveguide is the far-field mode
profile. This will indicate if a waveguide exists and if it is a single- or multimoded
waveguide. Figure 6.8 shows a setup to realize this analysis and further examples of
mode profiles measured with a CCD camera are shown in the inset (a, b, c).

The three mode profiles shown in Fig. 6.8 are from waveguides made with the
same fs laser beam conditions (1,060 nm, 1 MHz, 600 mW, focusing lens with
NA D 0.8) but with different scan speeds and number of scans. Figure 6.8a is ten
scans with a speed of 50 mm/s, (b) is for 20 scans with a speed of 50 mm/s, and
(c) is for ten scans with a speed of 5 mm/s. The small core generates a single-
mode waveguide in (a), where we can only get the equivalent of the LP01 mode.
With ten more scans, a slightly larger core is generated which produces a bi-moded
waveguide in (b), where we can see the equivalent LP11 mode. The scan speed has a
significantly greater effect on the waveguide diameter because of heat accumulation.
A multimode waveguide is created in (c), where it seems to be the equivalent of the
LP31 mode with a missing section that can be explained by an asymmetry in the
waveguide.

6.5.2.2 Propagation Losses

The insertion losses include the Fresnel, the coupling, and the propagation losses.
This is usually characterized as the waveguide propagation loss in dB/cm. After
polishing a sample facet, Fresnel losses can be reduced by the use of index matching
oils. The coupling losses from an optical fiber can be reduced with a high-precision
six-axis alignment system, as well as by the use of appropriate coupling lenses to
match the spot size and NA of the waveguide. A high-NA lens will generate losses
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because of the low index of the waveguide core; too low an NA will not allow
the highest modes to be excited. To measure propagation losses, 0.1–1 dB loss per
facet can be avoided by careful alignment and choice of optics. Another way to find
propagation losses is the so-called cutback method which consists of measuring the
loss through a sample, cutting the sample, and measuring the loss again using the
same conditions as well as the same coupling method. The difference in loss in dBs
over the cut length gives the propagation loss in dB/cm. A good waveguide should
not have more than a 1 dB/cm propagation loss, depending on the application.

An example of a setup to measure loss is shown in Fig. 6.8. Instead of using a
CCD camera, one can use a free-space power meter. Note that when waveguide loss
is being measured, the light output from the waveguide must be identified by moving
the lens. Before trying to find the position for the highest output power, it is easier
to find the mode profile first using the CCD camera. Through analyzing the radial
patterns of the modes, it becomes easier to find the middle of the waveguide and
to then put the power meter within the beam path between the lens and the CCD.
We can also use an optical fiber instead of the lens with an optical fiber-coupled
power meter. This fiber can be easily aligned using the microscope and then fine-
tuned to obtain the highest power with a piezo-movement-assisted translation stage
for hands-off optimization.

There are four reasons for propagation losses [29]. The first one is absorption
loss, which is related to interband transitions, free carriers, and impurities. However,
when using transparent materials, this can be neglected, if the wavelength of use
is far from electronic excitations. The second is radiation loss in which higher-
order modes leak more easily than lower-order modes, because the effective index
is closer to cutoff. The third one is mode-conversion loss when low-order well-
confined modes can undergo losses by coupling to higher-order modes. These losses
are usually also neglected in good quality waveguides [30]. The last mechanism,
which is the most important for waveguides, defines propagation loss. These come
from imperfections, defects, and impurities (scattering centers) in the material and
promote light to be scattered out into the radiation field.

6.5.2.3 Optical Backscatter Reflectometer

An optical backscatter reflectometer (OBR) allows inspection and the diagnosis of
defects in any waveguide-based photonic device. A screenshot of the output from
an OBR is shown in Fig. 6.9. The horizontal axis is the physical position in the
optical device and the vertical axis is the reflected light power. With an 	10 � scale
resolution, loss and scattering centers can be detected as well as mode mismatch
and other nonuniformities. The coupling loss and the propagation loss can be also
measured.

The OBR sends a short laser pulse and measures the light power coming back as
a function of time, which is converted into a time delay and therefore length. The
first peak on the left in Fig. 6.9 is the light reflected from a connection between two
single-mode SMF28 fibers. The second peak is the connection between the same
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Fig. 6.9 Screen capture for a measurement of transmission loss displayed by the operating
software, highlighting the OBR’s ability to identify various aspects in an optical waveguide circuit

single-mode fiber and a long waveguide fabricated using a laser. The two little peaks
could be defects and the last peak is the reflection from the end of the waveguide.
The quality of the connection can be easily detected by the height of the peak, the
lower, the better. If it is exactly the same waveguide before and after the connection,
which is the case for the first peak, the connection loss can be obtained by measuring
the difference between the scattering loss before and after the connection.

But care needs to be taken, when the device path has high loss and the light
reflected back is very low; the OBR noise can be higher than the light reflected and
the measurement can be falsified. In this case, to recognize if the measurement is
due to the scattered light or noise, several scans need to be made. If the measurement
is the same at every position, it is from the scattered light, if not, it is from noise.

The propagation loss in dB/cm can be obtained with the slope of the scattering
curve. As the laser pulse from the OBR has a certain width and has an effect before
and after a connection, only long devices can be adequately analyzed. Only the
linear part of the scattering slope must be used.

6.5.2.4 Numerical Aperture and Refractive Index Measurement

Without the specific equipment to proceed, such as the refracted near-field (RNF)
method [10], interferometry, or reflectance measurement (RM) [11, 12], it is
possible to obtain a good approximation of the refractive index of a waveguide by
simply using a photodiode or any other device which measures the power.

As shown in Fig. 6.10, by measuring the angle between the waveguide axis and
the point at which the light intensity is at 5 % of its maximum value, we can obtain
the numerical aperture (NA):

NA D Sin �: (6.4)
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Fig. 6.10 Measure of the
numerical aperture (NA) of
the waveguide

Then, with the refractive index of the material, n1, the refractive index of the
waveguide core, n2, can be approximated using this equation:

NA �
q

n22 � n21: (6.5)

On the other hand, reflectance measurement (RM) also provides accurate
measurements if the sample is perfectly polished, but requires careful implemen-
tation [12]. The reflected power from a focused light spot on a polished surface is
directly related to the refractive index of the sample. In the case of normal incidence,
the reflectivity R is given as

R .x; y/ D
�
1 � n .x; y/
1C n .x; y/

�

(6.6)

�n D
 

n2ref � 1

4

!

�R

Rref
(6.7)

�n equation is used to convert the obtained reflectance R(x,y) into the refractive
index profile n(x,y). Knowing the refractive index nref of the substrate, the 2D
refractive index profile from the reflectance measurement is obtained. The setup
used by Özcan [12] for the reflectance measurement is shown in Fig. 6.11. A beam
from a 635 nm laser diode is expanded and collimated using a 16X microscope
objective (NA D 0.25). An isolator in the form of a quarter-wave plate and polarizer
is placed in front to prevent any light from returning to the laser. The beam is
focused onto the sample’s surface by a 60X microscope objective (NA D 0.65). The
light reflected from the end facet of the sample mounted on an XYZ translation
stage is redirected with a nonpolarizing cube beam splitter onto a photodetector.
The reflectance profile along the transverse direction of the sample is then used to
obtain the refractive index difference�n. The main problem with this method is that
the roughness of the polished end surface disrupts the reflection and it is difficult to
maintain the focus across the scan, as it requires a surface perfectly perpendicular
to the beam.
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Fig. 6.11 Reflectance measurement setup composed of: 635 nm laser diode, polarization beam
splitter, quarter-wave plate, 16X lens, 60X objective lens, CCD camera, XYZ translation stages,
and photodetector. Adapted from [12]

6.5.2.5 Waveguide Diameter Measurement

A top or facet view will only give a rough approximation of the waveguide’s core
diameter. A good way to measure it is by selective etching using HF acid. A 40 %
HF solution will each about 2�m/min. The refractive index of a waveguide is higher
than the surrounding area and the waveguide is more compact. The etching rate is
normally slower than the surrounding area, which allows the physical measurement
by differentiating the waveguide core from its cladding. Nevertheless, a bulk sample
is more difficult to etch than an optical fiber tip. In fact, the considerable amount
of mass etched can cause accumulation on the surface and lead to nonuniform
etching. The use of stirring and/or continuously agitation of the solution is therefore
essential.

6.6 Progress in Fabrication of Waveguide and Photonic
Devices in Glass Using Femtosecond Laser

The various glasses commonly used in optics are optically isotropic. The principal
advantages of using glass to fabricate integrated optics are their low cost, ease
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of availability, and excellent transparency. Glass is often composed of SiO2 and
B2O3 and can also have small proportions of different oxides such as Na2O, K2O,
and CaO. Glass waveguides can be made using several processes. A criteria of
importance is that the process of making waveguides must not significantly affect
the transparency or properties of the original glass. A high-index area can be
obtained by introducing suitable ions into the substrate [31] locally. Thus, the ion-
exchange technique using NaC, AgC, KC, and TlC ions is often employed [32].
The CVD method, using carrier gases such as O2, SiCL4, Bbr3, and GeC14, can
produce waveguides with low losses [33]. Nevertheless, the easiest, fastest, and
least expensive way to make waveguides remains direct laser writing. Following
the pioneering work by Hirao’s group [34, 35] in 1996, many studies have been
published on femtosecond laser writing of optical waveguides. Some of the relevant
works on different types of glass are presented in Table 6.1. Only 2 years later,
the same group demonstrated a low-loss waveguide, 0.1 dB/cm at a wavelength of
800 nm, in erbium-doped glass which significantly opened the waveguide amplifier
area. Another notable report was conducted in borosilicate glass by Eaton et al. in
2005. With only 0.2 dB/cm propagation loss at a wavelength of 1,550 nm, such a
waveguide is desirable for telecommunication applications. All these waveguides
are type I (waveguide is situated at the laser focus; see Sect. 6.4) and made with
lasers less than 1 W of power. Over this threshold, defects and cavities appear which
lead to type II waveguides (waveguide situated on each side of the laser focus; see
Sect. 6.4). Using parameters in Table 6.1, every experiment can be reproduced quite
faithfully. Since waveguides made of basic glass have been well studied and the
results have demonstrated the possibility of making integrated photonic devices with
low loss, plenty of research has been also done on doped glass, which ultimately has
led to interesting applications. Some of these are mentioned in Table 6.1 but several
more can also be added [36–47].

We have included our work in this table because it brings up interesting points.
Firstly, soda-lime glass is probably the most manufactured glass, as it is used to
make windows, bottles, and numerous of other commercial products. Secondly,
this single-mode waveguide is also suitable for the telecommunication optical
transmission windows and is made with a fast writing speed of 50 mm/s. Note that
writing parameters have not been fine-tuned to make the best waveguides. However,
0.9 dB/cm is not an unacceptable start. The mode profile of this waveguide is shown
in Fig. 6.8a, and a microscope image of the facet is shown on Fig. 6.6. Note that
some other information on laser written waveguides can be found in the references
included in the next section as these applications are realized using laser writing.

6.7 Applications of Waveguide in Glass

Introduced for the first time by S.E. Miller in 1960, the concept of “integrated
optics” was to create passive and active components for the generation and treatment
of light, which was guided by the basic element of this concept: waveguides.
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Fig. 6.12 (a) Schematic of the 3D, 1 � 4 splitter. (b) Optical microscope image of the end facet
of a 1 � 4 splitter. (c) Intensity distribution of the laser beam guided through the fabricated 1 � 4
splitter. Adapted from [59]
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Fig. 6.13 Schematic diagram of a 3D integrated MZI-EO modulator and the spectral responses at
four voltages. Adapted from [49]

The concept of “Smaller, Faster, Cheaper” makes integrated optics relevant in
the first place. Fabrication with lasers allows three-dimensional waveguides and,
therefore, very compact devices. Some passive devices, such as 2D and 3D couplers
[48–53], splitters [54–59] (see Fig. 6.12), Bragg gratings [60–66], and Mach–
Zehnder interferometer (MZI) [49], have been fabricated using lasers in the last
decade, as well as active devices such as an electro-optic (EO) modulator based on
a 3D MZI [67]. Such a device has proved its worth in fused silica. A 1 nm spectral
shift at 1.55 �m was obtained with an applied voltage of 400 V, corresponding to
an estimated effective EO coefficient of 0.17 pm V�1, as shown on Fig. 6.13.

Using femtosecond laser writing, Kowalevicz et al. fabricated and tested several
three-dimensional devices in glass in 2005, including a symmetric three-waveguide
directional coupler and a three-dimensional microring resonator, as shown in
Fig. 6.14 [52]. The 3D writing of this device allows the input and the output to
be on the same side of the microring. It has also been demonstrated that waveguides
can be written 1 mm under the surface. Therefore, over ten layers of photonic
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Fig. 6.14 Schematic of the 3D microring resonator. (a) Top view, the ring is fabricated in the
plane of the substrate and composed of two semicircular arcs with 1 mm radii connected by
0.5 mm waveguides. The input and output waveguides are separated horizontally by 100 �m
outside the interaction region. (b) Side view, the waveguides are separated by 5 �m with a total
depth separation of 10 �m. Adapted from [52]

devices can be written to create high device densities. The ability to fabricate 3D
and multileveled structures such as these will certainly allow many new types of
devices that are not possible in planar geometries.

Since the first waveguide fabricated in Ge-doped silica glass in 1998 by Hirao
[44], several reports have been made of active doped glasses to make high-quality
integrated lasers [68–70] and amplifier [68, 71–76]. Figure 6.15 shows the gain
and loss spectra of a waveguide amplifier in oxyfluoride silicate glass fabricated by
Psaila et al. in 2007 [74]. Another notable study was realized in 2011 by da Silva et
al., achieving an amplifier with a gain of 2.7 dB/cm at 1.5 �m [72].

Other applications in waveguides, such as demultiplexing [77], supercontinuum
generation [78], and spectral broadening [79], have been realized using lasers over
the last few years. For more details on applications on silica waveguides, see [5, 80].

6.8 Fabrication of Waveguides and Photonic Devices
in Nonlinear Crystals Using Femtosecond Lasers

During the recent past, a considerable number of papers have been published on
the topic of nonlinear crystals, especially concerning lithium niobate (LN). Behind
the surge in interest on this topic is the key role that these crystals play in many
photonic and optoelectronic devices. During the 1960s, scientists discovered the
possibility of creating new, previously unavailable frequencies with these crystals
by using the new birefringence phase-matching method, introduced by Franken
et al. [81] shortly after the demonstration of the first functional laser by Maiman
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in 1960 [82]. It was then that the race to find better nonlinear crystals and frequency
combinations in order to form new coherent sources truly started. Consequently, the
number of applications utilizing these nonlinear crystals increased dramatically in
recent years, especially since the fabrication of periodically polled (PP) crystals,
like the periodically poled LN (PPLN), was proposed, which allow quasi-phase
matching (QPM) in optical interactions using the largest nonlinear coefficient, d33,
and therefore improve the efficiency of frequency conversions, and allows phase
matching at any wavelength in the transparency window of the material.

Making operational photonic and optoelectronic devices requires that the light
be confined in waveguides, which form basic elements in integrated optical circuits.
These waveguides can be made in PPLN to allow greater control of the light path
and of the generated frequencies or to make any other type of nonlinear devices.
These PPLN waveguides are available commercially, but remain very expensive;
conventional methods of fabrication, which use techniques such as titanium in-
diffusion [18, 83–85] or proton–ion exchange [84–88], are achieved with phase
masks and the numerous steps of photolithography. Although expensive and of
limited efficiency, harmonic-generation devices are already in a very advanced state.
To overcome the limitations of photolithography, direct laser writing offers a simple
solution, provided the quality of the final devices meets the expected characteristics,
such as transmission loss, mode QPM.
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Fig. 6.16 Ion disposition in LN and the polarization orientation

6.8.1 Properties of Lithium Niobate

Lithium niobate (LN) is one of the first crystals synthesized for nonlinear frequency
conversions. It was used in the first optical parametric oscillators (OPO) with
great success, and as such was a very popular nonlinear material in the 1960s.
Its popularity receded, however, when more efficient and more optically resistant
crystals (such as KTP, BBO, and LBO) were introduced. Despite its reduced
popularity, it recovered its reputation during the telecom boom of 2000, also due
to the technological developments in fiber lasers and QPM.

LN is ferroelectric at room temperature and displays a phase transition at around
1,200 ıC (Curie temperature), above which it is paraelectric. In its ferroelectric
state, LN is part of the rhombohedra symmetry spatial group (R3C) of point group
3 m and is, as such, non-centrosymmetric. It is formed by a stacking of Nb5C and
LiC cations inside of an oxygen octahedron and triangle, respectively, as shown
on Fig. 6.16. The Li deficit is electrically compensated by lithium or niobium
vacancies. By means of these vacancies, LN is readily doped, with optically active
ions (such as Fe, Cu, Mn) which enhance photorefractive properties while other
inactive ions (Mg, Zn, In) increase the resistance to optical damage [89–92]. The
principal properties of LN and their manifestation are presented in Table 6.1.

6.8.2 Waveguide Writing in LN Using fs Laser

As already mentioned, lithium niobate waveguides are made by mainly two
technologies: titanium in-diffusion [18, 83–85] and proton–ion exchange [84–88].
Both of these techniques require the use of masks and photolithography to delimit
the waveguide as well as additional steps for manufacturing the PPLN. Recently,
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Table 6.1 Lithium niobate properties and their effects [89–92]

Property Interaction Effect

Electro-optic Electric field Change of refractive index
Photorefractive Light Change of refractive index
Ferroelectric Electric field Change of spontaneous polarization
Nonlinear Light Frequency conversion or mixing
Piezoelectric Force Electrical voltage
Pyroelectric Heating Electric fields
Birefringence Polarized light Change of light polarization
Acousto-optic Acoustic wave Change of refractive index

Table 6.2 Distance traveled by thermal diffusion LD between two consecutive
pulses for different fs laser writing regimes [27]

Repetition rate (kHz)

100 250 700 1,000 1,500

Regime (at low scan speed) Low Low High High High
LD (�m) 4.0–7.4 2.6–4.8 1.6–2.8 1.2–2.4 1.0–2.0

the demonstration of waveguides writing in LN with a femtosecond laser has caused
interest for research in LN-based photonic device fabrication to rise. This technol-
ogy does not require the use of expensive masks or photolithography and as such is
faster, cheaper, and flexible and even allows for three-dimensional writing [93].

As explained earlier, the writing regime (low or high repetition rate) depends
on the thermal diffusivity of the material. These two regimes are characterized
by the critical repetition rate for which the impulsion period differs from the time
required for the diffusion of heat outside of the focal volume. Considering that LN’s
thermal diffusivity lies between 4.1 and 14 � 10�3 cm2/s, its critical repetition rate
is of approximately 500 kHz. Table 6.2 shows the distance, LD, traveled by thermal
diffusion between two consecutive impulses [27].

For experiments presented in Table 6.2, the laser beam had a focal diameter
of 1.4 �m. For repetition rates of 250 kHz and lower, the distance LD traveled
by thermal diffusion is greater than the focal diameter. No heat accumulation is
therefore assumed at this repetition rate. For rates upwards of 700 kHz, however,
the diffusion length is comparable to the focal diameter; heat accumulation effects
become considerable. At these rates, the laser scanning speed plays a role since the
maximum distance between two impulses must be similar to the focal diameter of
heat accumulation. For this to occur, the travel speed should be proportional to the
diameter of heat accumulation [27]. For example, at 700 kHz and a high scan speed
of 50 mm/s, the writing happens to be equivalent to the low repetition rate regime.
However, waveguides realized with repetition rates higher than 1 MHz are of very
poor quality because of the important decrease in the contrast of the refractive index
due to excessive heat accumulation.
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6.9 Recent Progress in the Fabrication of Waveguides
and Photonic Devices in Lithium Niobate Using
Femtosecond Lasers

Table 6.3 summarizes the results of fs laser writing of waveguides in lithium niobate.
The best quality waveguide has been achieved in a low repetition rate regime and as
type I (see Sect. 6.4). The waveguides exhibiting the lowest loss (0.6 dB/cm) have
been made by two groups. In the most recent method, realized by Bookey et al.
[20], the writing consists of 20 sufficiently fast scans (ten round trips), since the
crystal moves at 4mm/s. In comparison, the writing performed by Nejadmalayeri
et al. [27] in 2007 consists of a single scan at 46 mm/s, or 230 times faster than the
previous method. The first method, from Bookey, however, is much more stable as
no considerable degradation of the waveguides was noted after 4 months of use. In
both methods, the waveguides were written for the telecommunication wavelength
window regime of 1,300–1,550 nm. The work performed by Heinrich et al. [16]
is also notable, as they have designed a waveguide on LN capable of withstanding
temperatures upwards of 300 ıC, although of rather poor quality, with a loss of
4 dB/cm.

As explained before, a high repetition rate generates more symmetric wave-
guides. For example, the waveguide produced by Burghoff et al. in 2007 [13, 15]
using a repetition rate of 1 kHz is nonsymmetric with a side dimension six times
larger than the other. Unfortunately, the thermal diffusivity of LN is low and no one,
to our knowledge, has been able to fabricate a good waveguide using a repetition
rate higher that 800 kHz due to the high heat accumulation, which generates defects
and cavities. One solution could emerge: escaping the heated zone using a very
high scan speed. Our group tried this solution, for the first time in 2012, using a
1 MHz repetition rate fs laser and with a scan speed of 200 mm/s. By optimizing
parameters, we were able to fabricate a single-mode waveguide with 1.8 dB/cm loss
at 1,550 nm with a single scan at 300 mm/s, which is to our knowledge, the highest
speed ever used for writing. The top view of this waveguide is shown in Fig. 6.17.
This technique could possibly open a new window for high speed inscription of
waveguides. The parameters used in our case are shown in Table 6.3 (last two
entries). We believe that the parameters could be further optimized to achieve better
waveguides. There are several parameters to tune: power, wavelength, repetition
rate, pulse width, focusing lens, scan speed, number of scan, polarization, beam
shape, depth of writing, type of writing, crystal orientation, etc. The combination of
all these parameters produces several thousands writing conditions, from which one
may hope to find the best recipe to fabricate good waveguides.

Note that for type II (see Sect. 6.4) waveguides, the space between each written
line is also important. For example, Burghoff et al. [13, 15] found that for his
experiment, a 17 �m spacing between each waveguide yields the best results.

These studies demonstrate the progress being made in the fabrication of LN
waveguides with fs lasers. The ease and speed of fabrication as well as the stability
over time of the new waveguides facilitates the study and the fabrication of complex
optical circuits in lithium niobate.
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Fig. 6.17 Top view of a single-mode waveguide fabricated in LN using a fs laser. An SMF28 fiber
is shown on the left for butt coupling

6.10 Applications of Waveguides in Lithium Niobate

Almost every application we can realize using glass can also be implemented in
lithium niobate (LN). As already stated, LN has wide applications in electro-optics,
acousto-optics, and nonlinear optics. Fundamental properties of lithium niobate that
make it suitable for such uses include a wide transparency range, high electro-optic
and nonlinear optic coefficients, very high electromechanical coupling coefficients,
as well as chemical and mechanical stability.

When examining LN, one cannot help but notice second-harmonic generation
(SHG). PPLN used in QPM takes advantage of the highest nonlinear coefficient.
Many papers have been written on PPLN waveguides to generate second-harmonic
light [94–96]. A high conversion efficiency of 58 % has been reached by Zhang in
2008 [97].

A 1 � 2 splitter was reported in LN, showing a splitting ratio of 1.1:1 and
relatively low propagation loss as well as additional splitting losses of 1 dB/cm
and 0.8 dB respectively, at 633 nm [98]. As well, using two Y-splitters placed back
to back to produce a balanced configuration, a low-loss MZI was fabricated in LN
by means of a low repetition rate Ti: Sapphire laser system [99]. Another notable
research was conducted by Liao et al. in 2008 (see Fig. 6.18), who built a low-
cost electro-optic MZI where a half-wave voltage close to 19V was achieved at a
wavelength of 632.8 nm with an interaction length of only 2.6 mm [100].

Since the demonstration of fs laser writing of waveguides in PPLN [93], a
variety of applications have been proposed, such as lasers and integrated broadband
generation [95, 101–104]. Moreover, advances made in fs laser writing in glass,
such as writing in three dimensions, may extend the benefit to applications related
to LN [5]. Finally, applications already demonstrated with LN waveguides made
from proton–ion exchange or titanium diffusion, such as phase modulator and Bragg
gratings, could also be fabricated using fs laser writing. Several of these devices can
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Fig. 6.18 Near-field intensity distribution measured at the exit of the EO modulator at different dc
voltages of (a) 0 V and (b) 19 V. (c) Schematic layout of the MZI-EO modulator. (d) Top and (e)
end views of optical micrographs of the embedded electrodes and optical waveguides, and (f) plots
of the equipotential contour of the embedded electrodes. Adapted from [100]

be found in [85, 105–107]. However, fs laser written waveguides in LN may suffer
from the effects of disorder in the core region due to the intense heat generated
through the process of writing, thus affecting the effective nonlinearity.

6.11 Photonic Devices Using Laser Ablation

Laser ablation has been studied for several years and has led to many optical appli-
cations such as diffractive optical elements (DOE) with grooves [108], microfluidic
circuits [109, 110], and gratings [7], as shown in Fig. 6.19a, where a rapid (2 mm/s)
laser micromachining has been used to make a DOE. The grating suited for a CO2

laser wavelength at 10.6 �m was fabricated in ZnSe using a frequency doubled
Nd:YAG laser.

A basic problem with laser ablation is the roughness through debris redeposition
on the surface. A good way to improve the groove shape is by wet etching [111,
112]. However, in order to build a complete microfluidic system, the open trenches
need to be enclosed by means of a cover slide with a thermal bonding process. The
presence of side bumps prevents good bonding with the cover slide and, therefore,
some applications become impossible to realize without extensive post processing.
Few years ago, a simple, fast, and low-cost technique that significantly improves the
micromachined surface quality of silica substrate was demonstrated [8]. A polymer
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Fig. 6.19 (a): SEM picture of the surface of the laser micromachined grating (adapted from [7]).
(b): Typical shape of a laser micromachined groove without a polymer overlay (dotted line) and
with a polymer overlay (solid line) removed after ablation. Adapted from [8]

Fig. 6.20 Experimental groove fabrication setup which includes a CW CO2 laser, an electronic
shutter (SH), an optical attenuator (OA), focusing lens (FL), and XYZ translation stages (TS).
Adapted from [8]

overlay, as a sacrificial film, which acts as a shield, is deposited on the substrate
before the ablation process. This technique results in a high-quality flat-top micro-
machining of silica by a continuous wave (CW) CO2 laser, as shown in Fig. 6.19b.
The simple setup for micromachining using a CO2 laser is shown in Fig. 6.20.

Waveguides can also be made by laser ablation. When a groove is made using
a CO2 laser, the refractive index of the heat-affected zone (HAZ) surrounding the
ablated region is lowered depending on the preprocessing of the glass. It has been
demonstrated that the ablation of two adjacent trenches in commercially available
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Fig. 6.21 (a) Schematic of the waveguide with two trenches defining the core region in the guiding
structure fabricated with a CW CO2 laser. Refractive index values are given at 1,550 nm. (b)
Photograph of the facet of fabricated waveguide with a trench separation of 44 �m. Adapted from
[9, 10]

Fig. 6.22 2D refractive index
mapping of a buried optical
waveguide written by CW
CO2 laser. Contour lines
represent refractive index
increment of 10�3 on the
refractive index. All refractive
index values are for a
wavelength of 635 nm.
Adapted from [12]

substrates of planar silica films creates a low-loss waveguide (0.1 dB/cm) [9].
Figure 6.21 shows the schematic of the waveguide and the photograph of the facet.

The 2D refractive index profile, shown in Fig. 6.22, was measured using the
reflectance method [12] described in Sect. 6.5.2.4. A refractive index contrast
between the core and the cladding of measured to be 0.006.

This same group simulated and fabricated multimode interference (MMI) split-
ters using direct laser ablation. Figure 6.23a shows a simulation of a 1 � 4 MMI
splitter using the parameters measured from the fabricated waveguide by direct laser
ablation. As this simulation shows, one can fabricate waveguides with the designed
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Fig. 6.23 (a): Simulation of
a 1 � 4 MMI splitter showing
a single input waveguide, an
MMI section approximately
8 mm long, followed by four
output waveguides. (b): A
plan photograph of a 1 � 42
MMI. Adapted from [9]

dimensions to the output and guide the light to other devices on the same substrate
in order to make complex integrated photonic devices. The MMI section can also
be cut at a precise distance to couple light in using an optical fiber, as shown in
Fig. 6.23b, where a 1 � 2 MMI splitter has been fabricated. In this case, for several
outputs, the fiber output must be etched to fit the size, as the distance between each
output is very small. To solve this problem, curved waveguides were successfully
fabricated to separate the outputs. Each channel of the fabricated 1 � 2 MMI splitter
had an insertion loss of about 7.8 dB, compared to a theoretical minimum splitting
ratio of 6 dB/port.

The same group designed and fabricated 2 � 4 and 3 � 4 MMI, as shown in
Fig. 6.24, to explore beam combiner properties for phase and intensity [113, 114]
control. Multimode waveguides possess important phase relationships which are
inherent to their imaging properties. In particular, the 2 � 4 coupler satisfies the
quadrature phase relationship (i.e., 90ı phase difference between two ports), making
it suitable for six-port devices or optical hybrids [115]. The annealed samples used
to fabricate these complex MMIs had no HAZ due to the preprocessing of the
wafers, as in the previous demonstrations, and exhibit higher loss. For comparison,
a commercial 1 � 4 power splitter exhibits losses of 	7 dB, whereas the losses
in the present devices are approximately 8 dB higher. Nevertheless, these devices
are fabricated in a fast and simple way with good repeatability and reproducibility,
providing positive perspectives in terms of fabrication costs making the technique
highly suitable for prototyping. Moreover, the structures are compact and possess a
high tolerance to the fabrication process.
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Fig. 6.24 (a) Interference patterns in a 2 � 44 beam combiner. (b) A 3 � 44 MMI fabricated in
standard planar wafer using the CO2 laser ablation technique, showing both input and output
waveguides. Adapted from [113, 114]

6.12 Conclusion

This chapter was dedicated to the fabrication of integrated photonic devices using
lasers. Physical phenomena and detailed steps of waveguide laser writing were
described. Waveguide characterization and schemes for making these measurements
were discussed.

Two important materials, glass and lithium niobate, were chosen to expose the
fabrication of photonic devices in linear and nonlinear transparent materials, to show
some of their applications. Although waveguide fabrication in these materials is
already a mature subject, new novel laser writing methods need to be discovered
to improve the quality of the waveguides. Up to now, the best propagation loss
obtained for fs laser written waveguides in glass is 0.1 dB/cm and in lithium
niobate it is 0.6 dB/cm. This is far from the propagation losses <0.008 dB/cm
which can be readily achieved in silica-on-silicon [116]. Considering that complex
semiconductor devices can be mass produced at low cost, direct laser writing as
an alternative technique for the fabrication of glass and crystal waveguides is a
competitive process. However, the loss must be lowered to make the technique truly
one for mass production.

Thus, fs laser writing is still far from being the best waveguide fabrication
process, but it has 4 advantages which make it worthwhile to address better
techniques for laser writing:

1. Customization of ready-made products. Laser writing is expected to be a
complementary process for advanced functionalization in several devices. For
example, laser writing has been demonstrated to provide a fine trimming of
devices for control of signal amplitude, phase, and polarization [117] as well
as low-loss interconnections between devices [118].

2. 3D devices. 3D capability may open the way for compact devices as well as
optimization and interconnections for several device layouts. These layouts could
be a solution for low-performing photonic devices in small area networks, where
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cost-effectiveness is a key parameter. Integration with bio-photonic devices
further enhances its attraction.

3. Fast prototyping. Laser micromachining has a clear advantage in terms of
fabrication simplicity, flexibility, and rapidity. These advantages can be used
in R&D when parameters have to be tuned for prototyping. In reality, several
fundamental and emerging research topics such as diffraction management [119],
demonstration of quantum-classical analogies in optics [120], and laser written
arrays for tunneling-coupled optical waveguides for the coherent control of light
propagation [121] have exploited the fs laser prototyping capability.

4. Single technology fabrication. Laser micromachining is not only capable of
changing the refractive index of a media but also able to perform ablation,
chemical etching due to the silica glass modification under laser exposition [122],
as well as cleaving. These interesting aspects allow for the fabrication of complex
microsystems which integrate optical waveguides with mechanical or fluidics
functionalities [123, 124]. Moreover, laser writing allows the fabrication of more
compatible waveguides using different kinds of materials, which in turn improves
the integration of different functionalities in photonic devices [5].

Finally, none should lose sight of the fs laser writing process for applications.
The strongly growing market of optoelectronics components has recently been
estimated to be more than $23 billion [29], of which compact lasers and EO
modulators (two of the most studied topics using fs laser writing) constitute very
important parts. Moreover, the industry has always been interested in generating
new wavelengths using nonlinear effects. Shorter wavelengths should contribute to
higher density optical data storage, the medical and biological field, optical data
treatment, transmission over plastic fiber, etc. Longer wavelengths have applications
in media and for the military in imaging and security. Consequently, fs laser writing
components are still subject of much research and development. It is hoped that the
coming years will provide advances to further the efficacy of fs laser and other laser
writing schemes, making them more attractive as a flexible and powerful tool not
only suitable for photonics R&D but as a commercial tool for low-cost, ultrafast
technique for fabrication of 3D, complex photonics devices.
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Chapter 7
Advanced Coupling Technologies for Planar
and Strip Waveguides

Thomas Fricke-Begemann and Jürgen Ihlemann

7.1 Introduction

A planar dielectric waveguide, basically consisting of a layer of a high-refractive-
index material on a plane substrate, confines the wave propagation in one dimension
only. In the other two directions the light can propagate freely. In a strip or channel
waveguide, wave propagation is confined in two dimensions, similarly as in an
optical fiber. Both concepts are illustrated in Fig. 7.1. The geometry of the channel
waveguide can show a lot of variations, for example, the strip can be embedded into
the substrate or it can be fabricated on a thin film of another dielectric material [1, 2].

The surrounding media are usually called substrate and cover, where the latter
can also be air or an aqueous solution, and are characterized by the refractive
indices nsub and ncov. If both nsub and ncov are lower than the refractive index of the
waveguide nwg, the light is guided by total internal reflection. By solving the wave
equation, it is found that a dielectric waveguide can support only a finite number
of discrete modes which are characterized by their propagation constant ˇm, i.e.,
the component of the wavevector along the propagation direction: ˇm D kz D k0 nwg

cos�m, where k0 is the free-space wavenumber and �m can be interpreted as the
bounce angle of the mode [3].

To avoid interference effects between different modes, waveguide devices are
often designed to support a single mode only, resulting in a typical film thickness
in the range of 100–200 nm. The evanescent field of a guided mode can extend
substantially beyond the actual size of the waveguide material. The mode profile of
the transversal electric (TE) mode in a planar single-mode waveguide is shown in
Fig. 7.1c for the example of a 150-nm-thick Ta2O5 layer with nwg D 2.1 on a glass
substrate. In this case, the evanescent field extends a few hundred nanometers into
the water cover, where it might be used for sensor applications, for example [4].
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Fig. 7.1 Schematic illustration of a planar (a) and strip waveguide (b). The mode profile in
(c) shows the course of the electric field perpendicular to the surface of a single-mode waveguide

Fig. 7.2 Schematic illustration of different coupling schemes. (a) Transverse coupling; (b) Prism
coupler; (c) Grating coupler; (d) Tapered waveguide

A critical task is the injection of light from free space or other optical elements
into the waveguide. The most common methods for this external coupling are
focusing a light source directly onto the end face (transverse coupling, Fig. 7.2a)
and prism- and/or grating-based coupling. For efficient transverse coupling, the end
face must be polished and the source distribution has to match the profile of the
mode to be excited. The latter requires very high alignment precision and can hardly
be achieved for the small dimensions of single-mode waveguides.

Light can also be injected into the waveguide through the planar surface. Since
a beam that is refracted at the high index dielectric of the waveguide cannot not
fulfill the condition for total internal reflection, an additional component is required.
When using a prism coupler, a light beam is directed into the prism such that it
undergoes total internal reflection at that prism surface which is placed in close
proximity to the surface of the waveguide (Fig. 7.2b). If the propagation constant
of the evanescent field of the incident wave is matched to the propagation constant
of a specific waveguide mode, energy is coupled to the guided mode. The coupling
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efficiency depends on the overlap of the evanescent fields, i.e., on the gap between
prism and waveguide, and is usually restricted by surface quality and dust particles.

In practice, a grating is more often used as the coupling element. The principle
of a grating coupler is shown in Fig. 7.2c. A light beam is directed at an angle �
onto a grating structure with periodƒ that is etched into the waveguide or substrate
surface. Resonant coupling occurs, when the wavevector of the diffracted beam of
order r matches the propagation constant ˇm of the mode to be excited:

ˇm D k0ncov sin � C r
2�

ƒ

This condition can be experimentally matched, for example, by adjusting the
coupling angle � . In most cases a first-order beam is employed. If the physical
dimensions of the waveguide required by an application are too small to provide
efficient coupling, a part of the waveguide might also be designed with larger
dimensions and then tapered to the required size (Fig. 7.2d). An appropriate
coupling scheme can then be applied to the larger part of the waveguide.

In this work, we discuss the application of finite element method (FEM) calcula-
tions to analyze and optimize the performance of grating couplers for waveguide
devices. We also demonstrate UV-laser processing as a suitable tool for grating
fabrication, especially in prototyping and small to medium volume applications. In
the second part, we propose to use external gratings fabricated on the exit face of an
optical fiber or on a collimating micro lens to couple light directly from a fiber to the
modes of planar or strip waveguides. FEM calculations are employed to study the
effect of experimental parameters on the coupling efficiency. The external couplers
can be repeatedly reused and eliminate the need for conventional internal gratings.
The feasibility of the approach is demonstrated using a gradient index (GRIN) lens
with a laser-structured grating on the end face.

There are numerous applications of waveguides as part of planar light-wave
circuits in telecom devices [2]. Interesting applications of planar waveguides can
be also found, for example, in life-science research. As illustrated in Fig. 7.3,
waveguides are used, for example, as essential parts of biosensors to enable a highly
efficient and specific excitation of fluorescently labeled molecules [5, 6], or in
evanescent illumination schemes analogue to total internal reflection fluorescence
(TIRF) microscopy.

7.2 Fabrication of Grating Couplers by Direct Laser
Ablation

Grating couplers are commonly used to excite the mode of single-mode waveguides.
While the grating can also be structured directly into the waveguide surface, it
is usually more convenient to initially pattern the substrate. When applying the
waveguide layer, e.g., by an optical coating technique, the grating is reproduced
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Fig. 7.3 Illustration of a planar waveguide used in a biosensor chip (a) and for evanescent
illumination (b)

on the waveguide surface. Since submicron periodicity is usually required for
the gratings, lithography is often used to provide the surface patterning, followed
by dry or wet etching of the surface relief. While lithographic methods offer
high precision, they are cost-effective only in the fabrication of large quantities.
Alternative techniques for the production of the gratings include embossing [7] and
direct laser ablation [8, 9].

Here, we use an F2-laser processing system working at a wavelength of 157 nm
for grating fabrication. The extremely short wavelength allows precise structuring
of transparent substrates like glass or fused silica that are usually required in
life-science applications. The processing system consists of an F2 laser (Lambda
Physik LPF 220i), a 157 nm beam-shaping and beam-delivery system (MicroLas
Lasersystem), a nitrogen purging system, high-precision target positioning stages,
and beam and sample-alignment diagnostics. Ablative processing of materials is
performed in a mask projection configuration at 25� demagnification using a
Schwarzschild objective of 0.4 numerical aperture (NA) with a target field size of
200 � 200 �m2. Due to the short wavelength in combination with the high NA of
the Schwarzschild objective the depth of field is very limited. The structuring of
gratings with submicron periodicity usually requires a control of the focal plane
position within ˙0.5 �m. This is accomplished by the integration of an optical
coherence tomography (OCT) module into the sample-alignment optics of the
F2-laser processing system [10].

Figure 7.4 shows the topography of a laser-structured grating coupler as obtained
from an AFM measurement. The uniform grating with a period of 600 nm and
a depth of approximately 85 nm has been patterned into a D263T glass substrate
(Schott) by 2 laser pulses with a fluence of 1.2 J/cm2. Subsequently, the substrate
has been covered with a 160-nm-thick Ta2O5 waveguide layer by an ion-beam-
sputtering (IBS) technique. Grating periods from 500–1,000 nm with depths in the
range 50–150 nm have been realized in glass and fused silica substrates.
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Fig. 7.4 AFM measurement of a laser-fabricated coupling grating. Left, topography in a false
color representation; right, line profiles from selected areas

Fig. 7.5 Spectral width of the coupled light for different gratings in comparison to the spectrum of
the laser source. Grating A, period 318 nm, depth 18 nm; grating B, period 600 nm, depth 80 nm.
The absolute intensities are not to scale

The laser ablation process allows a flexible choice of substrate materials, grating
parameters, and layout and can be used to tailor the grating couplers to specific
applications. For example, the spectral acceptance can be matched to the spectral
width of ultrashort pulse lasers in applications requiring two-photon fluorescence
excitation. Figure 7.5 shows the spectral width of a light beam after travelling
about 1 cm through a single-mode Ta2O5 waveguide. In the experiment, two
different gratings are used to couple a frequency-doubled erbium-doped fs fiber laser
(Menlo Systems, œD 780 nm, 35 mW, 150 fs) into the waveguide. Coupler A is a
commercially available lithographic grating with period 318 nm and depth 18 nm,
and coupler B is a laser-patterned grating with period 600 nm and depth 80 nm. The
optical setup for focusing the laser beam under the respective resonance angle onto
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Fig. 7.6 Left: picture of a cell cultivation slide with planar waveguide bottom taken under grazing
illumination. Right: a laser beam is coupled into the waveguide at one grating and guided
underneath a channel filled with a solution of Rhodamine B to the next grating. The inset shows a
CCD image of the filtered two-photon fluorescence signal excited inside the area of the channel

the edge of the grating is kept unchanged. While the spectral acceptance of coupler
A is below 3 nm (width @ 1/e2 max. value), coupler B allows a spectral width of
8.6 nm which almost matches the laser source showing a width of 10 nm. While the
period is of minor importance, the spectral effect is almost solely due to the wider
resonance of the deeper grating. Correspondingly, a wider acceptance angle can
be observed when using monochromatic excitation. In case of the ultrashort pulse
laser, the wider spectral acceptance leads to higher coupling efficiency. Additionally,
the extension of the bandwidth-limited pulse length is less pronounced, resulting
in a higher peak power of the laser pulse inside the waveguide. Thus, a stronger
multiphoton fluorescence excitation can be expected when the waveguide is used as
a biosensor.

An example of a microfluidic slide for cell cultivation with waveguide func-
tionality is shown in Fig. 7.6. The bottom consists of a 0.175-mm-thick glass
substrate that has been laser structured with a series of coupling gratings of 600 nm
period. Subsequently, it has been coated with a 160-nm-thick Ta2O5 waveguide
layer and glued to an upper molded polymer component exhibiting six channels
(ibidi GmbH, Munich, Germany). In the specific layout, grating couplers and cell
cultivation channels alternate. In the right part of Fig. 7.6, a two-photon fluorescence
application of the waveguide base slide is demonstrated. One of the channels is filled
with a 10�5M solution of Rhodamine B. The beam from the fs fiber laser is coupled
into the waveguide at the grating coupler on the right and guided underneath the
channel to the next coupler on the left. The inset shows the two-photon fluorescence
signal excited inside the area of the channel as imaged by a CCD camera from
above the slide using a suitable filter. In this example, the laser process facilitates
the patterning of the rather thin bottom substrate of the slide, thus enabling the
examination of cultivated cells with high resolution in an inverse microscope.
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7.3 Finite Element Method Simulation of Coupling Efficiency

Theoretical considerations show that maximum coupling efficiencies in the regime
of 80 % can be possible when using grating couplers [11]. However, such strong
coupling is usually not achieved in practical applications. In order to be able to
predict the efficiency of grating couplers in specific applications and to allow
an optimization of geometry and grating parameters, we analyze the coupling
process by calculations using the FEM. The Comsol Multiphysics software package
including the RF module for electromagnetic field simulations is employed for this
purpose. The model is set up in 2 dimensions to restrict complexity allowing TE
wave propagation in the plane.

The geometry of the employed model is illustrated in Fig. 7.7. In this example,
the waveguide thickness is chosen to be 160 nm, and the thickness of the cover
and substrate are limited to 2.5 �m and 1.5 �m, respectively, with respect to
computational resources. The refractive indices of cover, waveguide, and substrate
are set to ncov D 1, nwg D 2.1, and nsub D 1.5. Period and depth of the sinusoidal
grating are set to 500 nm and 60 nm, respectively. The incident beam with a width
of 12 �m is simulated by a port excitation with cosine beam profile at the boundary
opposing the grating. The value of the beam angle is controlled by modeling the
port phase as a linear function of the position. Except for the port, perfectly matched
layers (PML) are used to terminate the computational domain. These PMLs match
the optical index at the interface and attenuate the propagating fields exponentially
to prevent fictitious reflections at the outer boundaries.

The coupling efficiency � is specified as the ratio of the power that is directed
into the waveguide to the power of the port excitation. For a particular simulation of
the electromagnetic field, the power guided by the waveguide is determined some
distance from the edge of the grating by an integration of the power flow over the
cross section of the waveguide, including the evanescent fields in the surrounding
substrate and cover layers. In the situation illustrated in Fig. 7.7, the coupling
efficiency is close to 30 %. By varying the beam angle and the wavelength, for
example, the angular and spectral acceptance width of a specific grating can be
predicted (cf. Fig. 7.11).

Fig. 7.7 Example of an FEM calculation simulating the coupling from a free-space beam to a
planar waveguide. Depicted is the out-of-plane component of the electric field in a false color
representation
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Fig. 7.8 Left (a), simulated coupling efficiency vs. beam position, measured as the ratio of
distance between beam center and starting edge of the grating to beam diameter. Right (b), coupling
efficiency vs. beam diameter for a fixed beam position of 0.3

The FEM calculations can also be used to determine the optimum size and
position of the excitation beam. Figure 7.8 shows the coupling efficiency vs. these
parameters for an 18 nm deep rectangular grating with a period of 318 nm and
waveguide parameters as above at 633 nm wavelength. The beam diameter is simply
given by the length of the port constituting the source. For the data represented on
the left it has been kept at 25 �m. The beam position is determined as the distance
of the beam center to the edge between grating and unstructured waveguide surface
in relation to the beam diameter. A maximum of the coupling efficiency can be
observed for a position value of approximately 0.3, when about 80 % of the beam
diameter are located on the grating. If the beam is moved further into the grating
area, a part of the mode energy is already coupled out again. This observation
corresponds to theoretical analysis that also requires the incident beam to extend
over the edge of the grating for maximum efficiency with a theoretical optimum
of 85 % overlap between beam and grating [12]. From Fig. 7.8b it can be seen
that there is also an optimum value for the beam size. Concerning the specific
grating, maximum efficiency is achieved with a beam diameter of 25 �m. For the
data presented here and in the following example, the beam position has been kept
constant at a value of 0.3.

An example of the joint effect of beam diameter and grating depth d on
the coupling efficiency is depicted in Fig. 7.9. For the respective calculations, a
wavelength of 780 nm and a sinusoidal grating with period 800 nm have been used.
The waveguide (nwg D 2.1) with thickness 150 nm was modeled on a glass substrate
(nsub D 1.52) with cover medium air. In Fig. 7.9a, the excitation beam was assumed
to be incident on the grating coupler from the air side. For the data presented in
Fig. 7.9b, the beam was modeled to be incident from the substrate side instead. For
the chosen coupler design, the efficiency is much larger if the excitation beam is
incident from the substrate side. In both cases, the optimum beam size depends on
the grating depth and has to be larger for a shallower grating.
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Fig. 7.9 Comparison of simulated and experimentally determined coupling efficiencies vs. beam
diameter. In the simulation the grating depth d has been varied as indicated. Left (a), excitation
beam incident from the air side; right (b), excitation beam incident from the substrate side. The
lines are provided as a guide to the eye

Figure 7.9 also depicts experimental data that were obtained from a 150-nm-
thick Ta2O5 waveguide deposited on a D263T glass substrate and equipped with
800 nm period grating couplers by direct laser structuring. The grating depth was
determined by AFM measurements to d � 75 nm. An fs fiber laser with œD 780 nm
and TE polarization was focused onto the coupler under the resonance angle. The
beam diameter, taken as the 1/e2 width of the beam waist, was set by choosing the
focal length of the focusing lens and the beam position was adjusted to maximum
coupling. The observed dependence of coupling efficiency on the beam diameter
shows a good agreement with the FEM simulations. Also, the clear disparity
between excitation from the substrate and air side is found in the experimental
data too. The difference, however, is not quite as pronounced as predicted by the
simulation.

Though the FEM model is restricted to two spatial dimensions, the results show
that the simulation yields a reasonable prediction of the behavior of real grating
couplers.

7.4 Direct Fiber to Waveguide Coupling by an External
Grating

The refractive index modulation that is induced by a grating coupler does not need
to be provided by an internal grating, i.e., a grating etched into the waveguide or
substrate. It can also be induced by an external grating placed in close proximity to
the waveguide surface. This was first demonstrated with a removable elastomeric
grating made from polydimethylsiloxane (PDMS) to couple a He–Ne laser to a
SiOxNy waveguide [13]. The reported coupling efficiency, however, was of the order
of 1 %, thus limiting possible applications.
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7.5 Fiber End Face Coupler

Up to now we have restricted the discussion to the coupling from free-space beams.
The technique requires further optical components for beam shaping and steering
and space for their installation. Here, we propose to employ a grating fabricated
on the angle-polished end face of an optical fiber to directly couple light from the
fiber exit to a strip waveguide. This approach, which does not need any further
optical elements, is illustrated in Fig. 7.10a. If positioned precisely on the waveguide
surface, the external grating on the fiber end face, which might be manufactured by
direct laser processing, produces an effective index modulation on the surface of the
waveguide and thus allows a part of the beam to be coupled to and guided by the
waveguide.

To study the effect of experimental parameters and to estimate the expected
coupling efficiency, we carried out FEM calculations using the 2D model geometry
shown in Fig. 7.10b. Aiming at telecom applications at 1,550 nm free-space
wavelength, the width of the grating structured fiber element was set to 10 �m,
representing the fused silica core of a single-mode fiber with a respective mode-
field diameter. The thickness of the waveguide was set to 300 nm, the grating period
to ƒD 1 �m. The refractive indices were assumed as ncov D 1, nwg D 1.96, and
nsub D 1.46, representing a SiNx waveguide on a fused silica substrate. Excitation
was simulated by a port with cosine mode profile at the boundary of the structured
fiber element opposing the grating. Again, the exact value of the beam angle
was controlled by modeling the port phase as a linear function of position, the
computational domain was terminated by PMLs, and the coupling efficiency was
calculated as the ratio of the power that was directed into the waveguide to the
power of the port excitation.

Figure 7.11 shows an example of the angular and spectral acceptance width of a
direct fiber to waveguide coupler. For calculating the angular dependence, the free-
space wavelength was kept at œD 1,550 nm and for the spectral dependence, the
coupling angle was kept at � D 2.5ı. The grating depth and gap width (defined as
the distance between the elevations of the grating and the surface of the waveguide,

Fig. 7.10 Direct coupling from the grating structured end face of an optical fiber into a strip
waveguide. (a) Schematic illustration; (b) 2D FEM model depicting the out-of-plane component
of the electric field in a false color representation. Experimental parameters: d grating depth, g gap
width between waveguide surface and grating, � incidence angle
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Fig. 7.11 Coupling efficiency of a fiber end face coupler vs. coupling angle (left) and free-space
wavelength (right) calculated from FEM simulations

Fig. 7.12 Coupling efficiency of a fiber end face coupler vs. grating depth (left) and gap width
between fiber and waveguide surface (right)

see Fig. 7.10a) were set to d D 400 nm and g D 20 nm, respectively. Due to the
short coupling length comprising only ten grating periods, the maximum efficiency
was restricted to values slightly above 6 %. On the other hand, the coupler shows a
huge angular resonance width of 7ı (FWHM) and correspondingly a wide spectral
acceptance over more than 150 nm. The dependence of coupling efficiency on
grating depth and gap width is depicted in Fig. 7.12. The data show that a deep
grating and close proximity of fiber end face and waveguide surface are essential.

As one possible application, a direct fiber to waveguide coupler might be used as
a reusable probe for testing photonic components on a wafer before dicing, allowing
to reject defective parts before conducting further processing steps. The coupling
technique might also be useful in other applications where coupling efficiency is of
minor importance.
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7.6 GRIN Lens Coupler

The coupling efficiency can be improved, if the light emerging from the optical fiber
is first collimated by a micro-optical element, for example, a GRIN lens. Instead of
the fiber end face, the exit face of the collimating element is then polished under the
coupling angle and provided with a high-frequency grating structure. The approach
is illustrated in Fig. 7.13. To meet the coupling condition, a precise adjustment
of the beam angle can be achieved by a lateral translation of the fiber exit in the
focal plane of the lens. Since the waveguide coupling is solely governed by the
characteristics of the external grating, a rod lens in a collimation configuration and
with a microstructured end face can likewise be used instead of the GRIN lens. Also,
a simple micro-optical glass or quartz cylinder can be equipped with the grating
structure and used as an external waveguide coupler. In this case, the collimation
must be provided by an additional optical element between the output of the optical
fiber and the structured element.

To determine the accessible efficiency and to investigate the effect of experimen-
tal parameters, the coupling process was analyzed by FEM calculations in a model
equivalent to that shown in Fig. 7.10b. The width of the grating structured element
was extended to b D 250 �m. The free-space wavelength was set to 633 nm. The
waveguide thickness was chosen to be 150 nm and the refractive indices set to as
ncov D 1, nwg D 2.1, nsub D 1.52, and ni D 1.5 where ni denotes the refractive index
of the GRIN lens. The length of the left aligned coupling grating (cf. Fig. 7.13) was
set to L D 220 �m, covering 82 % of the length of the angled end face. In analogy to
internal grating couplers, best coupling was achieved if the beam is extended over
the edge of the grating (confer the discussion on Fig. 7.8) [14].

The dependence of the coupling efficiency on the beam angle is displayed in
Fig. 7.14a for grating depth d D 100 nm and different gap widths. Compared to
coupling directly from the fiber end face, the efficiency could be considerably
increased, adopting values of typical internal grating couplers. On the other hand,
the width of the angular resonance was rather small and amounted to approximately
0.15ı (FWHM). Both results were due to the increased coupling length. The

Fig. 7.13 Schematic
illustration of the waveguide
coupling scheme via a
collimating lens with an
angle-polished end face and
structured with a
high-frequency grating.
Experimental parameters: d
grating depth, g gap width
between waveguide surface
and grating, L grating length,
b diameter of collimated
beam, � incidence angle
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Fig. 7.14 Coupling efficiency of a grating structured GRIN lens coupler vs. (a) beam angle for
various gap widths g and (b) coupling efficiency vs. gap width using various grating depths d

resonance angle of maximum coupling increased with decreasing gap width. This
was due to the fact that the proximity of the external element affected the effective
index of refraction of the waveguide layer. The calculated data revealed that an
approximation between the external grating element and the waveguide surface
of 100 nm or less was necessary to achieve coupling efficiencies above 10 %.
The maximum coupling efficiency was obtained for a gap width of 20 nm and
amounted to 41 %. The relationship is displayed in Fig. 7.14b in more detail,
where the dependence of the coupling efficiency at the resonance angle on the gap
width is depicted for different grating depths. The shown curves basically reflect
the exponential decay of the evanescent field of the waveguide mode which has a
penetration depth of 97 nm into a glass cover.

From Fig. 7.14b it can be seen that increasing the grating depth from 50 nm to
100 nm increases the coupling efficiency substantially. However, a further increase
of the grating depth does not improve the coupling. Rather, regarding gap widths of
20 nm and below, the coupling efficiency starts to decrease with increasing grating
depth. This decrease can be interpreted as part of the guided wave already being
out-coupled by the external grating due to strong coupling.

7.7 Experimental Realization

A GRIN lens made from SELFOC
®

glass (Newport) with pitch length 0.25, diameter
1 mm, and physical length 2.58 mm and designed for a free-space wavelength
of 630 nm was polished at one end face at an angle of 20ı, and a relief grating
of 500 nm period was fabricated in the central part of the angle-polished surface
by direct laser ablation using the F2-laser processing system. Figure 7.15 shows
a microscope image of the processed GRIN lens mounted in a micro V-clamp
(Thorlabs). The structured area exhibits a strong diffraction of green light in the
figure and has a width of 200 �m. AFM measurements of the grating relief revealed
an almost sinusoidal grating with a depth of 100 ˙ 15 nm (Fig. 7.15, right).
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Fig. 7.15 Left, microscope image of the end face of a grating structured GRIN lens; center, AFM
measurement of the grating relief in a false color representation; right, selected line profiles

Fig. 7.16 Experimental demonstration of waveguide coupling by an external GRIN lens showing
the waveguide chip, the GRIN lens mounted in a V-clamp and the fiber chuck. Left, laser off;
center, misaligned coupling angle; right, resonant coupling

Waveguide coupling by the processed GRIN lens as schematically depicted in
Fig. 7.13 was realized by coupling the beam of a He–Ne laser (œD 633 nm) into the
far end of a single-mode fiber (Newport, F-SV). The state of polarization at the fiber
exit was adjusted to TE polarization with respect to the coupling plane by a fiber
polarization controller. At the fiber exit the beam was expanded and collimated by
the structured GRIN lens. The numerical aperture of the fiber (specified NA 0.10–
0.14) resulted in a collimated beam of approx. 250 �m diameter. The structured
side of the GRIN lens was placed on the surface of a waveguide chip, consisting
of a 159-nm-thick layer of Ta2O5 with an index of refraction of 2.1 on AF45 glass
substrate (Oerlikon Balzers). At 633 nm wavelength, the waveguide supported only
a single mode.

Figure 7.16 shows images from the experimental setup. In the left image the laser
is turned off. The image in the center depicts a slightly misaligned coupling angle.
For the image on the right-hand side, the coupling angle is adjusted to maximum
coupling efficiency by adjusting the lateral position of the fiber end. The trace of the
coupled beam is guided to the next internal grating coupler of the waveguide chip
over a distance of 5 mm. The intensity of the out-coupled beam under resonance
conditions was measured as 9.5 % of the intensity at the fiber exit. Accounting for
the attenuation of the waveguide layer of 3 dB/cm yielded a coupling efficiency of
13.4 %. The FEM calculations from the previous section suggest that a gap width
of 100 nm between the GRIN lens grating and the waveguide had been achieved.
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Potential applications of the coupling technique are the feeding of excitation
light to biosensor chips and novel illumination schemes for TIRF microscopy.
Since the external couplers can be repeatedly reused, the conventional grating
couplers, which induce a major part of the production costs of the waveguide
devices, become dispensable. This is especially important in biosensing applications
where the waveguide chips are usually designed for single use. Furthermore, certain
restrictions like a minimum substrate thickness which are imposed on the waveguide
devices by the lithographic process can be circumvented, thereby extending the
range of applications.
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Chapter 8
Nonlinear Light Propagation in Laser-Written
Waveguide Arrays

Matthias Heinrich, Stefan Nolte, and Alexander Szameit

8.1 Introduction

In optics, discreteness can be imposed on the dynamics of an evolving wave packet
through an appropriately shaped refractive index landscape [1]. Systems of closely
spaced waveguides, so-called photonic lattices, exhibit a continuous exchange of
light between adjacent lattice sites [2] by virtue of evanescent coupling. The rate of
this energy transfer is found to depend systematically on the geometric properties
of the lattice, such as waveguide separation and curvature, and the wavelength.
Waveguide arrays therefore provide a high degree of qualitative and quantitative
control over the propagation of light.

The optical third-order nonlinearity mediated by the Kerr effect introduces an
interplay between self-focusing and diffraction and gives rise to stationary wave
packets in such discrete systems [3]. Whereas such spatial solitons exist in one-
dimensional (1D) homogeneous media as well as planar lattices [4], they are known
to be unstable in settings with two or more transverse dimensions. The presence
of a periodically modulated refractive index landscape can in turn counteract this
instability, thereby supporting 2D entities with well-separated regimes of stability
and instability as well as distinct power thresholds [5].

The first discrete solitons to be observed were one-dimensional entities [6].
As the fields of both linear and nonlinear optics in discrete systems saw a rise in
activities [1,7,8]), technological advances in photorefractive materials [9] and mul-
ticore optical fibers [10] enabled the implementation of two-dimensional photonic
lattices, and finally 2D solitons were realized experimentally [11]. Nevertheless,
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these conventional techniques remain subject to certain limitations. Whereas pho-
torefractives readily allow for the generation of extended periodic lattices of various
geometries, interesting features such as sharply defined edges, domain walls, or even
individual defect sites require considerable experimental effort [12]. Photorefractive
structures can be erased and rewritten, but this high degree of flexibility in turn
corresponds to a lack of long-term stability. On the other hand, fiber-based photonic
lattices are intrinsically stable and notable for their low propagation losses as well
as nearly unlimited sample length. Their waveguide’s properties are determined
by the composition of the fiber preform, allowing for a fine control over each
individual lattice site. Yet, the fabrication process is intricate, and the slightest
variations during the fiber drawing process can have a detrimental influence on the
longitudinal homogeneity of the entire lattice. Femtosecond laser direct inscription
of waveguides [13] bridges the gap between these conventional methods and
provides the means to synthesize permanent waveguides along arbitrary three-
dimensional paths within the bulk of a transparent host medium.

8.2 Fundamentals

8.2.1 Waveguide Inscription and Sample Characterization

A wide range of transparent materials, such as glasses [14], crystals [15], and
even polymers [16], exhibit refractive index changes upon exposure to high optical
intensities. When tightly focused into an otherwise transparent dielectric, ultrashort
laser pulses can exceed the intensities necessary for multiphoton absorption and
subsequent avalanche ionization [13]. Such nonlinear absorption allows for a
targeted deposition of energy and in turn highly localized modifications of the
material. Fused silica turned out to be particularly suited for this technology,
as it supports high-quality waveguides throughout a wide range of processing
parameters. Typically, laser-written waveguides in this material yield a refractive
index contrast in the range of �n � 10�3.

Since its discovery in 1996 [17], the potential of femtosecond laser direct writing
for the full control of the three-dimensional index profile has been harnessed for
the implementation of a variety of complex photonic systems in fused silica [18]
(see Fig. 8.1a, b). The sequential nature of the fabrication technique allows for a
precise control over the three-dimensional waveguide positions [19] as well as their
local properties [20] and mutual coupling strengths [21]. Owing to this unique set of
capabilities, laser writing in fused silica has been instrumental for the experimental
investigation of one- and two-dimensional discrete systems [18]. In the following,
we will review selected results of our investigations of nonlinear propagation
dynamics in one- and two-dimensional discrete systems.
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Fig. 8.1 Femtosecond laser direct writing of waveguides in fused silica. (a) Schematic of the
inscription process. Inset: exemplary mode field of an isolated waveguide at a wavelength of
800 nm. (b) End-face micrographs of waveguide arrays in two transverse dimensions. Left: Square
lattice, right: Junction between three planar branches

8.2.2 Light Propagation in Photonic Lattices

In weakly modulated dielectric structures, the propagation of light waves obeys the
paraxial equation

�

i


2�

@

@z
C 2

8�n0

�
@2

@x2
C @2

@y2

�

C�n.x; y/

�

E.x; y; z/ D 0 ; (8.1)

where E.x; y; z/ is a scalar component of the electric field, z is the longitudinal
direction, x; y are the transverse coordinates,  is the vacuum wavelength, and
�n D n0 � n.x; y; z/ stands for the refractive index landscape on top of the bulk
index n0 of the surrounding host material. If the index profiles of the individual
single-mode channels of a photonic lattice are sufficiently separated as to prevent
significant deformations of their respective mode fields due to their neighboring
structures, guided wave packets can be expressed as superposition of individual
waveguide modes [1]. The propagation equation (8.1) then simplifies to a set of
coupled differential equations
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for the dimensionless modal amplitudes 'm;n, where ˇm;n are the propagation
constants of the individual waveguides. Energy transfer between the lattice sites
designated with the indicesm; n andm0; n0, respectively, is described by a symmet-
ric matrix of coupling coefficients .Cm;m0;n;n0/ D .Cm0;m;n0;n/. The periodicity of the
discrete dispersion relation between propagation constant ˇ and the transverse wave
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Fig. 8.2 Discrete diffraction. (a) Linear evolution of a single-site excitation in a planar waveguide
lattice. (b) Linear evolution of such an excitation in a two-dimensional lattice with square geometry

numbers �, � of the Floquet-Bloch modes �m;n.z/ D  m;n � e�i.ˇzC�mC�n/ in such
a system gives rise to unusual evolution dynamics, including anomalous refraction
and diffraction at certain propagation angles [22]. Figure 8.2 shows the evolution
of asingle-site excitation in a planar array as well as a lattice with square geometry.

8.2.3 Discrete Solitons

The nonlinear response of isotropic media such as glasses is generally dominated
by the cubic term. In the coupled mode representation, the corresponding intensity-
dependent phase shift acquired by propagating wave packets is determined by the
effective Kerr coefficient � [23]:
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In the continuous regime, the corresponding equation for the dimensionless field
amplitude q reads as
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with the coefficient Q� D �Aeff. Both the discrete and continuous equation conserve
the total power

U D
X

m;n

j'm;nj2 or; respectively; QU D
C1“

�1
jq.x; y/j2 dx dy (8.5)



8 Nonlinear Light Propagation in Laser-Written Waveguide Arrays 189

Characteristic graphSoliton profiles

105 20150

Channel n

1

2

Am
pl

itu
de

 φ
m

 [γ
-1

/2
]

0

3

9 C/γ
3 C/γ

linear

42 6 8-2 0 10

Eigenvalue β [C]

2

4

6

8

10

Po
w

er
 U

 [C
/γ

]

0

Li
ne

ar
pr

op
ag

at
io

n
ba

nd

a b

Fig. 8.3 Stationary solutions of Equation (8.3) residing on the central site of a planar lattice
consisting of 21 waveguides. (a) Linear supermode (blue solid line) and solitons with U D 3C=�

(dashed green line) as well as U D 9C=� (dotted red line). (b) Corresponding positions (dots) in
the characteristic U.ˇ/ graph (solid line)

of a wave packet. When the nonlinear phase contributions precisely compensate
discrete diffraction, nonlinearly localized solutions emerge [3]. In analogy to the
stationary states of the linear system, these solitons exhibit a constant amplitude
(intensity) profile and undergo a phase-only evolution with a propagation con-
stant ˇ.U /. Conversely, a positive slope of U.ˇ/ for a given soliton is indicative
of its stability [24, 25]. Figure 8.3a shows representative stationary solutions of
Equation (8.3) residing symmetrically in the center of a 21-waveguide planar lattice.
This soliton emerges from a linear supermode at the upper edge of the propagation
band (ˇ D 2C ) and continuously contracts as the power increases. Eventually, the
intensity becomes concentrated within a single waveguide as U.ˇ/ converges to the
asymptotic proportional dependence (see Fig. 8.3b).

8.3 Experiments in Laser-Written Lattices

Initial experiments confirmed that the nonlinear properties of the host material are
largely preserved within the modified regions [20], (with n2 � 2 � 10�20 m2 W�1
(corresponding to � � 1:7 � 10�4 W�1m�1 [28]) for typical waveguides. Notably, in
spite of this comparably low value, nonlinear behavior can be achieved at intensity
levels readily accessible with pulsed excitation. Using a titanium/sapphire amplifier
system delivering 220 fs pulses at a central wavelength of 800 nm with a repetition
rate of 1 kHz, nonlinear localization was demonstrated in uniform arrangements
of coupled waveguides in one [26] as well as two [27] transverse dimensions (see
Figs. 8.4a, b).
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Fig. 8.4 First experimental observations of discrete nonlinear localization. (a) Soliton formation
in a planar lattice [26]. Measured diffraction patterns at various peak powers. (b) Soliton formation
in a square lattice [27]. Calculated (left) and measured (right) diffraction patterns at various input
peak powers. The excited lattice sites are marked with white circles

8.3.1 One-Dimensional Arrangements

Despite their seemingly simple structure, one-dimensional (planar) arrays can
support a variety of interesting aspects of soliton dynamics. By judiciously modu-
lating the lattice properties, it is possible to exert an “external” force on propagating
wave packets [29]. Perhaps the most straightforward implementation of such a
scheme are “chirped” lattices, where the effective refractive index of the individual
channels systematically changes with the transverse position. This gradient can
counteract the intrinsically repulsive effective potential imposed by a surface [30].
Above a certain magnitude of the chirp, surface solitons are found to emerge from
linear bound surface states without intervening power threshold [31].

An alternative to directly imprinting external potentials onto discrete arrange-
ments is curvature. Instead of modifying the propagation constants of the channels,
a position-dependent phase is achieved when all waveguides follow identical, bent
trajectories [35]. Along these lines, the influence of external driving forces can be
utilized to tailor discrete diffraction. Under linear conditions, a sinusoidally varying
force is known to cause dynamic localization, a periodic revival for arbitrary input
wave packets [36]. Nonlinear phase contributions naturally act as perturbation to
this resonant imaging mechanism (see Fig. 8.5a, b, c). As a consequence, the power
required to excite solitons in such “diffraction-managed” systems is substantially
increased [32] in spite of the fact that transverse wave transport is suppressed at low
powers. In the case of two coupled waveguides, commonly referred to as directional
coupler, the resonance conditions for coherent destruction of tunneling [37] by
periodic modulation are significantly broadened. In contrast to extended lattices,
the powers necessary to achieve nonlinear self-trapping in one of the channels are
well below those in unmodulated couplers [38].
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Fig. 8.5 Diffraction-managed solitons in curved planar lattices [32]. (a) Nonlinear diffraction
patterns at various powers in a straight lattice and (c) a sinusoidally curved planar at the dynamic
localization resonance (right). The excited lattice sites are marked with white circles. (b) Power
dependence of the width of the diffraction patterns in the straight lattice (solid blue graph) and the
curved lattice (dashed red graph). Discrete solitons in lattices with second-order interaction [33].
(d) Sketch of the lattice geometry. (e) Nonlinear localization behavior for various strengths of
second-order coupling C2. The excited lattice sites are marked with white circles. (f) U.ˇ/ graphs
for discrete solitons in lattices with various strengths of second-order coupling C2. Nonlinear
localization threshold in the presence of disorder [34]. (g) Ensemble averages (10 realizations) of
the experimentally observed intensity-dependent output patterns for different values of coupling
disorder � . (h) Deviation from the linear behavior as indicated by the effective propagation
constant. Disorder leads to an accelerated onset of localization
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In most cases, light propagation in photonic lattices can be modeled faithfully
without taking into account interactions between nonadjacent channels. Due to the
exponential decrease of coupling strength with the waveguide separation and the
shielding effect of the intermediate structures, higher-order coupling coefficients
tend to be small. Nevertheless, scenarios exist in which they are responsible for
a significant fraction of the overall transport [39]. In a planar lattice, the ratio
between nearest-neighbor coupling C and second-order coupling C2 can be tuned
by introducing a zigzag geometry [40] as shown in Fig. 8.5d. The competition
between transport via nearest and next-nearest neighbors eventually gives rise to an
intermediate range of powers where solitons are unstable (Fig. 8.5e), as indicated by
a local maximum in the characteristic U.ˇ/ graph (Fig. 8.5f). The power required to
achieve a well-localized wave packet is roughly proportional to C2=C as confirmed
by our experiments [33].

Even in the most regular systems in nature, perturbations invariably arise. In
lattices, this disorder can affect the properties of the sites itself (“on-diagonal
disorder,” corresponding to variations in ˇ), as well as the coupling between
neighbors (“off-diagonal disorder,” variations in C ). In either case, disorder tends
to constrain the Floquet-Bloch modes of the ideal system, a phenomenon known as
Anderson localization [41]. In the case of waveguide arrays, the result is a hampered
transport of light across the lattice [42]. Whereas systems with more than one
transverse dimension are found to undergo a transition from ballistic to diffusive
behavior before exhibiting Anderson localization above certain level of disorder, any
amount of randomness leads to localization in 1D arrangements [43]. Interestingly,
disorder has a twofold impact on soliton formation. Initially, the lowering of
the transverse transport rate accelerates the onset of nonlinear localization (see
Fig. 8.5g, h). However, varying environment in strongly disordered lattices may also
on average delay the formation of a tightly localized wave packet [34].

8.3.2 Two-Dimensional Lattice Geometries

Laser direct inscription unfolds its full potential when waveguides are to be arranged
in out-of-plane configurations. This makes the technology an ideal platform for the
investigation of discrete optics in two-dimensional arrays, where the differences to
uniform media become particularly apparent. Homogeneous as well as lattice-type
settings support stable Kerr solitons in planar systems. In contrast, 2D nonlinear
self-focusing invariably leads to a catastrophic collapse as soon as the power carried
by a wave packet is sufficient to overcome diffractive spreading. The waveguide
modes of a photonic lattice can provide an effective “safety net” to arrest this
collapse at the level of an individual lattice site. In other words, a discrete soliton can
form as long as the nonlinearity is sufficient to suppress evanescent energy transfer,
but the critical power of the homogeneous material is not yet exceeded. What sets
2D discrete solitons apart from their 1D counterparts is the existence of a power
threshold: the self-trapped wave packet does not emerge from a linear supermode.
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Any experimental system necessarily has a finite size. A different number of
lattice sites along the two dimensions therefore can have a significant impact on
the formation of discrete solitons. Along these lines, we examined the transition
between 1D and 2D behavior in photonic lattices with a square unit cell [44].
Starting from a 1 � 7 array, which closely follows the thresholdless behavior of
the infinite planar lattice, the successive addition of columns gives rise to a local
maximum in theU.ˇ/ graph and the associated region of instability. For 7�7 lattice
sites, the intermediate region of stability has all but vanished, and stable solitons
exist above the characteristic 2D threshold power (see Fig. 8.6a). The transition
between the signatures of one- and two-dimensional behavior occurs more gradually
for corner solitons. In both cases, the respective threshold powers converge quickly
towards the values for the infinite systems as the number of lattice sites grows (see
Fig. 8.6b). For a fixed excitation power corresponding to a tightly localized soliton
in the 1 � 7 structure, the experimentally observed output patterns in the different
lattices correspondingly show increasingly broader distributions (Fig. 8.6c).

Surfaces tend to exert a significant influence on the existence and formation
dynamics of solitons. In addition to the square geometry [46], two-dimensional
hexagonal lattices support a particularly wide range of edge and corner geometries
with varying numbers of neighboring sites [45]. In the most general sense, a surface
waveguide is characterized by an anisotropic distribution of neighboring sites. As a
result, a diffracting wave packet experiences a displacement of its barycenter into
the bulk of the lattice. Although this apparent repulsion is strongest for small corner
angles, the threshold for soliton formation follows an opposite trend (Fig. 8.6d, e).
This unexpected behavior is brought about by the fact that for an increasing number
of neighbors, the nonlinearity has to overcome a larger overall rate of energy
leakage.

The transition to the surrounding homogeneous background medium is by no
means the only type of surface that can exist in waveguide arrays. A different kind
of interface is domain walls between regions with dissimilar lattice geometries.
In general, the ability of a wave packet residing in one domain to penetrate the neigh-
boring one depends on the compatibility of the respective lattice symmetries and a
possible detuning between the refractive indices of their constituent waveguides.
For an exemplary interface between two arrays with square and hexagonal unit
cells, we showed that for certain powers, nonlinear phase contributions can enhance
the interaction between two lattices [47]. As a result, such interfaces only support
solitons with sufficient powers to place their wave numbers outside the propagation
bands of either domain.

Notably, a type of interface can exist even between fully identical domains,
as in the case of a so-called phase slip [48]. In two transverse dimensions, such
localized changes to the waveguide spacing give rise to linear localized states,
discrete bulk solitons with an unusually strong degree of localization, and transitions
between localization in one and two dimensions [49]. The symmetric linear defect
mode residing at the intersection of two phase slips seamlessly transforms into a
thresholdless soliton with equal intensity in all four waveguides surrounding the
intersection [50]. Above a certain power, spontaneous symmetry breaking occurs
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and the soliton collapses into one of the quadrants. In the U.ˇ/ diagram, this
corresponds to a bifurcation point above which the symmetric mode becomes
unstable (see Fig. 8.7a). Similarly, solitons at a single phase slip exhibit spontaneous
symmetry breaking. Instability of the symmetric mode occurs at the onset of full
2D localization (see Fig. 8.7b). Experimentally observed output patterns below and
above the symmetry breaking point are shown in Fig. 8.7c.

Purely geometric distortions in systems comprised of identical waveguides are
known as topological defects [52]. The previously discussed scenarios of lattice
interfaces and phase slips are two manifestations of this concept. Another family
of topological defects exists at junctions between planar lattices arranged in two
transverse dimensions (see sketch in Fig. 8.7d). Compared to the remaining lattice
sites, the pivotal guides of such junctions possess an increased number of nearest
neighbors. With respect to their influence on the formation of solitons, they show
a striking similarity to conventional defects comprised of a positively detuned
waveguide [51]. The existence of linear localized defect modes allows solitons to
emerge without threshold. Conversely, wave packets have to overcome considerable
minimum powers to establish solitons that reside on the adjacent guides (Fig. 8.7e).
From the discrete model one finds that, in addition to the additional neighbors,
second-order coupling around the pivotal guide has a strong influence on the
characteristic U.ˇ/ graph of solitons centered on the junction (Fig. 8.7f). Generally,
the strength of the topological defect scales with the number of branches. In the
case of an X junction, the linear mode is already localized so tightly as to make
its intensity pattern virtually indistinguishable from the soliton formed at higher
powers (Fig. 8.7g, h).

The principal difference between conventional and topological defects arises
from the fact that the influence of the latter vanishes as a soliton collapses into a
single waveguide. In contrast, the propagation constant exhibited even by a perfectly
localized wave packet residing on a detuned waveguide necessarily differs from that
in the surrounding channels. Such point defects are known to profoundly impact
nonlinear wave dynamics in a given lattice [53]. As was shown for the example of
defects at hexagonal lattice surfaces, the threshold powers are directly related to
both sign and strength of the detuning [54]. Positively detuned defects provide an
initial shift towards the semi-infinite gap above the lattice’s propagation band and
therefore tend to reduce the threshold power. For a sufficient amount of positive
detuning, the nonlinearly self-trapped entity may even bifurcate from linear defect
states (see Fig. 8.8a). On the other hand, a negative detuning counteracts the phase
shift resulting from a positive nonlinear coefficient. Soliton formation is therefore
impeded and requires substantially higher powers (see Fig. 8.8b). However, strongly
negative defects may in turn support localized defect states in the Bragg gap below
the propagation band, as evidenced by their staggered amplitude profiles. Negative
surface defect solitons can then exist as long as their propagation constant remains
beneath the lower edge of the band. Excitations above this value result in diffractive
waves being radiated into the bulk of the lattice. Eventually, at very high powers, a
tightly localized soliton residing above the band is formed (see Fig. 8.8c).
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Fig. 8.7 Observation of localized modes at phase slips in two-dimensional photonic lattices [50].
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2D localization at a single phase slip (left) and the formation of a tightly localized 2D soliton
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(f) Influence of second-order coupling on the soliton residing on the pivotal guide. (g) End-face
micrograph of the sample. (h) Observed localization behavior for excitations (white circles) in the
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Fig. 8.8 Observation of two-dimensional defect surface solitons [54]. (a) U.ˇ/ graphs for solitons
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localization behavior at shallow and deep sites at center of S- and D-lattices. The excited lattice
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The linear as well as nonlinear dynamics of light propagating in an array of
waveguides are governed by the internal periodic structure of the lattice. Along
these lines, unit cells containing multiple sites provide the means to open up “mini
gaps” within the propagation band [56]. In turn, the absence of linear modes in these
intervals allows for the existence of self-trapped nonlinear waves, so-called gap
solitons [57]. As was shown for the example of a binary superlattice with square
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geometry [58], even a comparably small detuning between the two sublattices
strongly influences the power threshold of superlattice solitons (Fig. 8.8d). Con-
sequently, both the linear diffraction and the shape of the solitons may differ
substantially, depending on the excited sublattice (Fig. 8.8e). Notably, the interface
between a superlattice and a homogeneous lattice with the same average properties
[55] still influences the localization behavior. A linear excitation placed at the
surface tends to spread farther into the superlattice domain. As the power is
increased, nonlinear phase matching allows light to couple from “shallow sites” into
the homogeneous domain, whereas excitations of the “deep” sublattice are observed
to contract monotonously. Notably, the interface invariably imposes an asymmetry
on the diffraction patterns, despite the equal mean refractive indices of the domains.

Up to this point, all scenarios of nonlinear localization discussed here involved
only one polarization component. In that sense, the corresponding solitons were
scalar entities. Yet, nonlinearity naturally allows for the interaction of differently
polarized fields. In particular, two waves polarized perpendicular with respect
to each other may form an intertwined, mutually localized state with vectorial
character. Both one- and two-dimensional representations of such “vector solitons”
have been predicted [61] and observed [62, 63] in photonic lattices. Based on
the previously discussed settings, the formation of coherent vector solitons at the
perimeter of a square lattice [59] can be easily understood. In accordance with the
linear superposition principle, the coupling between the two field components is of
purely nonlinear origin. Specifically, two distinct contributions can be identified:
cross-phase modulation and four-wave mixing. Numerically one finds that vectorial
solutions bifurcate from scalar solitons at a certain threshold power. Note that, as
a consequence of the elongated waveguide cross sections, stable vectorial solutions
necessarily exhibit an elliptical polarization. Near the bifurcation point, the second
component is still comparably weak and can be perceived as defect state residing in
the effective potential provided by the primary component (see Fig. 8.9a). In turn,
this means that the two components of a vector soliton may differ substantially
with respect to their degree of localization (see Fig. 8.9b). Experimentally, vector
solitons may be excited in a straightforward fashion by injecting both components
with identical intensities. The closest stable vectorial state then acts as attractor, and
the excess energy is leaked into the surrounding lattice as diffractive background
(see Fig. 8.9c).

Far from being of purely academic interest, the nonlinear interactions between
orthogonally polarized waves may also help to resolve the challenge of rapid routing
and switching posed by an ever-increasing need for transmission bandwidth: In an
all-optical implementation of these functionalities, the pulse length is the limiting
quantity, bringing THz processing rates into the realm of possibility. Along these
lines it is necessary to redirect light by means of light. Discrete solitons provide
the means to do just that [64]. Similar to the mutual trapping of the components of
a vector soliton, a scalar soliton may act as transient defect and, given sufficient
strength, reflect an orthogonally polarized signal beam traversing the lattice.
Employing the degrees of freedom provided by the femtosecond laser writing
technology, we demonstrated all-optical routing and switching in three-dimensional
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Fig. 8.9 Observation of 2D coherent surface vector lattice solitons [59]. (a) U.ˇ/ diagram for
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photonic lattice junctions [60]. Placing a blocker soliton next to a junction between
three planar arrays effectively cuts off the branch it resides on, thereby allowing
signals to be transmitted to the remaining open output port (see Fig. 8.9d, e, f).
A particular advantage of three-dimensional network topologies is their potential to
overcome the limitations on complexity associated with planar structures. They may
therefore play a significant role in miniaturized devices for controlling the flow of
optical signals.

8.3.3 Spatiotemporal Effects

Nonlinearity is by no means the only mechanism by which a wave packet can
undergo diffraction-free propagation. Even entirely linear wave packets with
specific shapes, such as the well-known spatial Bessel beams [67], are known
to propagate without changing their shape. Interestingly, this concept likewise
applies to entities evolving in space and time. So-called X-waves [68] are the most
prominent examples of nondiffracting spatiotemporal wave packets. Despite being
an inherently linear phenomenon, such X-waves can form during the dispersive-
diffractive decay of a nonlinearly propagating pulse. X-waves exist in systems where
diffraction and dispersion exhibit opposite signs, corresponding to X- or cone-
shaped iso-surfaces of the dispersion relation (see Fig. 8.10a). Discrete X-waves
were predicted [69] and observed in planar settings [70]. In the course of detailed
investigations of the spatiotemporal dynamics during pulse propagation through
a photonic lattice we realized X-waves in two transverse dimensions [65]. The
characteristic shape of these wave packets (see Fig. 8.10b) emerges spontaneously
from an initially compact, nonlinear single-site excitation due to the interplay
of Kerr self-focusing, dispersion, and discrete diffraction. Rigorous numerical
simulations indicate that at longer propagation distances, a cascaded sequence of
X-waves can form under certain conditions. These observations are of twofold
import. On the one hand they show spatiotemporal effects are definitely non-
negligible when intense short pulses are evolving in photonic lattices. On the other
hand, for the propagation distances relevant in our experiments, the pulse core
remains compact and maintains the signature characteristics of a discrete spatial
soliton. The diffractive background generated by conical emissions from the slopes
merely leads to a certain intensity background superimposed at the sample end face.
Consequently, dynamic excitation is entirely capable of producing results which are
qualitatively similar to continuous-wave conditions.

The formation dynamics of discrete solitons can also help address other chal-
lenges arising in the context of optical data transmission. The transition from
linear discrete diffraction to nonlinearly self-trapped beam naturally provides a
saturable-absorber-like transmission characteristic (see Fig. 8.10c), allowing for
the suppression of low-power noise. As opposed to other approaches relying on
actual absorption, no energy is deposited within the soliton-based component and
the undesirable thermal load is dramatically decreased. Notably, fluctuations in
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the peak power of a pulse train can be equally disruptive to the performance
of a telecommunication channel. This type of perturbation can be compensated
by a so-called optical limiter. In order to implement such a device, the saturable-
absorber-like transmission characteristic needs to be reversed, i.e., an increase
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of power should yield a gradual decrease in transmission. Along these lines we
introduced segmentation imaging [71] to the context of discrete solitons. Here,
the nonlinear phase contributions linked to the onset of soliton formation poses a
perturbation to this linear process, preventing the wave packet to be reconstituted
within the output channel [72] (see Fig. 8.10d). Notably, segmentation imaging is
robust with respect to disorder [73] and therefore allows for vanishing linear losses
even when the component is fabricated with appreciable tolerances. By optimizing
the linear propagation length, we were able to achieve a nonlinear reduction in
transmission of up to 24 dB [66]. The second feature of the segmentation imaging
based configuration is spectral stabilization. Below the onset of spatial localization,
light transport is distributed across the whole lattice. The corresponding decrease
in intensity in turn lowers the impact of nonlinearity in the temporal domain.
In particular, self-phase modulation and the spectral distortions associated with this
effect are substantially reduced, and spectral broadening is efficiently suppressed
(see Fig. 8.10e).

8.4 Conclusion and Outlook

Over the course of the recent years, femtosecond laser direct writing of waveguides
in transparent materials has been instrumental in the experimental investigation of
nonlinear dynamics in discrete optical systems. Besides important contributions
to fundamental research, its versatility may give rise to photonic applications and
integrated functionalities. Although fused silica, with its broad range of fabrication
parameters and generally favorable properties, today remains the prevalent material
platform for laser-inscribed optical structures, promising results have been obtained
in other materials as well. In particular, lithium niobate (LiNbO3) has drawn
considerable attention due to its unusually strong nonlinear response. Evanescently
coupled arrays of waveguides have been demonstrated in LiNbO3 [74], and efficient
frequency conversion [75] was realized in periodically poled samples. Recently it
was shown that quasi-phase matching can even be established relying solely on
optical processing steps [76].

From a technological point of view, the previously omitted degrees of freedom of
the writing technique will be further explored. Among these is the direct shaping of
the inscription focus [77–79] to obtain different structural modifications or even
parallelize the fabrication process with multiple foci. Of particular interest for
polarization-based settings is the possibility to harness the birefringence of laser-
induced nanogratings [80,82–85]. Finally, the nonlinear response of the waveguides
itself may become a tunable parameter [20, 76, 81].
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Chapter 9
Stable Power Compression with Efficient
Relativistic UV Channel Formation
in Cluster Targets

Alex B. Borisov and Charles K. Rhodes

9.1 Introduction

Stable high power-density ordered states of matter at specific values of 	 1019–
1020 W/cm3 are unusually rare; unstable behavior is the general rule. For exam-
ple, the list of plasma instabilities associated with magnetic confinement fusion
[1] and laser fusion has an impressive and, apparently, steadily growing length
[2]. The exception is the case of relativistic and ponderomotive self-channeling
[3–18] of electromagnetic pulses in underdense plasmas; this phenomenon can
attain thermonuclear power densities and controllably exhibit both stable and
unstable modes of propagation. Specifically, when the initial laser peak power
P0 is much greater than the critical power Pcr [4] and the radial extent of the
incident beam significantly exceeds the corresponding radius of the eigenmode
of the relativistic channel, highly unstable filamentation is the dominant mode of
propagation [6]. This fully unstable behavior is characterized by the formation of
multiple peripheral filaments, each carrying approximately one critical power, and
control of the radiative energy is irreversibly lost. However, stable propagation can
be readily achieved under conditions that have been both theoretically predicted
[11] and experimentally verified [3, 5]. Furthermore, a concept known as “photon
staging” exists that would extend the channeling mechanism to solid density in the
X-ray region, enabling the power density to be elevated by a factor of 	 109.

Basically, the stable mode of channel formation and propagation can be produced
by using a two-stage process that avoids the unstable dynamics. The generation of
the stable configuration involves (1) an initial phase that incorporates an appropriate
longitudinal gradient in the gas density profile [11, 13, 15, 18] that acts as a
mode-matching section that efficiently reorganizes the energy and (2) a subsequent

A.B. Borisov • C.K. Rhodes (�)
Laboratory for X-ray Microimaging and Bioinformatics, Department of Physics,
University of Illinois at Chicago, Chicago, IL, 60607-7059 USA
e-mail: rhodes@uic.edu

G. Marowsky (ed.), Planar Waveguides and other Confined Geometries: Theory,
Technology, Production, and Novel Applications, Springer Series in Optical Sciences 189,
DOI 10.1007/978-1-4939-1179-0__9, © Springer ScienceCBusiness Media New York 2015

207

mailto:rhodes@uic.edu


208 A.B. Borisov and C.K. Rhodes

phase that stabilizes the propagation on the eigenmode and is characterized by
smooth uniform radiative transport. This work demonstrates that the stability of
the channeling mechanism is exceptionally robust and quantifies several physical
characteristics of the confined propagation.

9.2 Experimental Configuration

In order to illustrate quantitatively the properties of the channeling mechanism, this
discussion presents the comparative dynamics of the formation of stable plasma
channels that are launched with a suitable density gradient in Kr and Xe cluster
targets that are irradiated with 1–2 TW femtosecond 248 nm pulses. The field of the
intense laser-cluster interactions has been rapidly developed in recent years (see,
e.g., [19–29]). A diagram of the diagnostics used in these single-pulse experimental
studies of the channel dynamics is presented in Fig. 9.1. The 248 nm laser pulses,
which had an energy in 	 200–500 mJ range and a temporal duration of 	 250 fs,
were focused with an off-axis (f/3) parabolic optic positioned by a six-axis moving
stage to a focal spot with the diameter of 	 2 �m. Accordingly, the 248 nm source
could generate a peak intensity in the 2–5 � 1020 W/cm2 range. The cluster target
was produced by a cooled high-pressure pulsed valve fitted with a circular nozzle
having a diameter of 2.50 mm for Xe and 2.65 mm for Kr. The typical gas plenum
pressure used was in the range of 	 150–250 psi, the average atomic density ¡ was
estimated to be 2.5 � 1019 cm�3 
 ¡
 4.0 � 1019 cm�3, and the nozzle temperature
could be controllably varied between 	 250 and 293 K. Further details of the
diagnostic suite used in this study are available in prior work [30].

The recording of the Thomson signal is greatly facilitated by the abundance of
248 nm radiation in the channel and its vicinity. Since the Thomson scattered signal
is recorded transversely to the axis of the channel, the differential cross section is at
its maximum and essentially isotropic within the solid angle of acceptance defined
by the optics of the detector. Furthermore, since the plasma is thin to radiation
at 248 nm, a condition required for channel formation [3–6], the measurement is
completely unaffected by plasma opacity and the scattered signal from the full
plasma volume is uniformly recorded. Hence, the scattered Thomson signal ST

is proportional to the local electron density ¡e and the local 248 nm intensity I
with the outcome that ST 	 ¡eI. Since the CCD utilized in the Thomson camera has
both low noise arising from cooled operation and a large dynamic range >104, this
diagnostic readily provides detailed information on the electron density produced
by the ionizing interactions. Importantly, this information can be readily correlated
with corresponding X-ray images of the channels produced.
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Fig. 9.1 The diagnostic components used for (1) the Thomson and X-ray imaging of the plasma
channel dynamics of 248 nm femtosecond pulses interacting with Kr and Xe cluster targets and (2)
single-pulse X-ray spectra recording in axial and transverse directions. The triple pinhole camera
used for imaging the Xe(M)/Xe(L) or Kr(L) emissions, the Thomson imaging system, and the
cooled pulsed valve are designated. Also shown are the axial and transverse von Hámos mica
CCD spectrometers. The spatial resolution of the Thomson system was measured to be 22 �m
with the use of the standard calibrated USAF resolution target. The incident 248 nm beam with a
pulse rate of � 0.1 Hz and diameter of � 10 cm enters from the right and is focused by the off-axis
parabolic mirror to the position of the cluster target. The single-pulse data from all four cameras are
recorded along with the 248 nm pulse energy, nozzle plenum pressure, and target gas temperature.
The relative spatial positions of these diagnostics were established by calibrated procedures so that
the images recorded could be spatially correlated

9.3 Experimental Results

The channels were simultaneously visualized with both Thomson images of the
electron density and X-ray images of the spatial distribution of the emission.
Through readily interchangeable operation of the nozzle with either Kr or Xe gas,
the directly comparative data that were essential for this analysis were obtained
and the representative experimental results of the Thomson and X-ray images are
presented in Figs. 9.2 and 9.3.

We note that the dynamics of multiphoton ionization for Kr and Xe are
known experimentally from previous work [31]. Prior studies of the temperature
dependence [20, 32] of Kr(L) and Xe(L) emissions produced with 248 nm pulses
also gave information related to the role of cluster size and plasma density.
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Fig. 9.2 Simultaneously recorded single-pulse images of (a) the Thomson scattered signal (log
scale) from the electron density and (b) the transverse Xe(M) � 1 keV X-ray emission zone (log
scale) of a stable 248 nm channel produced in a Xe cluster target are illustrated. The channel was
developed at a height of 1.45 mm above the orifice of the nozzle. The X-ray camera utilized a
pinhole with a diameter of 10 �m, a size that gives a limiting spatial resolution estimated to be
20–30 �m. The direction of propagation is left to right and the center of the nozzle corresponds
to the coordinates (Y, Z) D (0, 0). The Xe cluster target was produced by a cooled high-pressure
pulsed valve fitted with a circular nozzle having a diameter of 2.50 mm. The 248 nm laser pulse
energy was 236 mJ, the nozzle plenum pressure was 186 psi, and Xe target gas temperature was
289 K. These data correspond to pulse #13 (24 January 2011). The locations of corresponding
features in these images are indicated by the vertical connecting lines. The sharp expansion at the
longitudinal position Z Š 0 mm in panel (a) signals the termination of the self-trapped channel. A
broad elliptical halo of ionization with a diameter of � 1 mm is seen in the �0.3 mm �Z � 1.0 mm
region. The abrupt expansion of the X-ray emission in panel (b) at Z Š 0 mm marking the end of
the channeled propagation mirrors the corresponding morphology of the Thomson image in panel
(a) and the localized zones of X-ray emission coincide with matching features in the Thomson
image
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Fig. 9.3 Simultaneously recorded single-pulse images of (a) the Thomson scattered signal (log
scale) from the electron density and (b) the transverse Kr(L) � 1.7 keV X-ray emission zone (log
scale) of a stable 248 nm channel produced in a Kr cluster target. The channel was produced at a
height of 1.60 mm above the opening of the nozzle. The X-ray camera utilized a pinhole with a
diameter of 50 �m and had a spatial resolution estimated to be 75–100 �m. The Kr cluster target
was produced by a cooled high-pressure pulsed valve fitted with a circular nozzle having a diameter
of 2.65 mm. The 248 nm laser pulse energy was 223 mJ, the nozzle plenum pressure was 185 psi,
and Kr target gas temperature was 295 K. These data correspond to pulse #519 (14 June 2012).
The direction of propagation is left to right and the position of the nozzle is the same as shown in
Fig. 9.2(a); the coordinates (Y, Z) D (0, 0) correspond to the center of the nozzle. The matching
locations of corresponding features in these images are indicated by the vertical connection lines.
The abrupt expansion of the signal in panel (a) at Z Š 0 mm signals the termination of the confined
propagation. A weak halo closely surrounding the bright zone indicating peripheral ionization is
visible. The channel termination at Z Š 0 mm in panel (b) that coincides with the Thomson image
in panel (a) is manifest
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9.3.1 Channels in Xe

The comparison of the Thomson image of the electron density with the simultane-
ously recorded transversely observed morphology of the Xe(M) X-ray (-h¨	 1 keV)
emission zone, as presented in Fig. 9.2, is immediately highly revealing. The spatial
correspondences between the Thomson image in panel (a) and the Xe(M) X-ray
image in panel (b) manifestly show that the detailed channel dynamics at the posi-
tion Z Š 0 mm, where the large abrupt transverse expansion occurs, clearly signal in
both images the termination of the confined propagation and the concomitant release
of the trapped 248 nm pulse energy from the channel. The collapsed narrow zone of
the channel observed before this terminus has a length `Xe Š 0.8 mm. Furthermore,
in this compressed region between �0.8 mm 
 Z 
 0.0 mm, the small structural
features visible in the Thomson recording are directly mirrored by matching varia-
tions in the X-ray emission at the exact corresponding axial positions in the X-ray
image. The presence of these variations in the detailed channel morphology, which
are expressed jointly in the Thomson and X-ray images, clearly demonstrates the
robust dynamic stability characteristic of the channeled propagation. Specifically,
the small deviations observed from a perfectly uniform channel do not grow; they
are rapidly and effectively damped. In addition, this stability is preserved until the
propagating power falls, as a consequence of energy deposition in the channel, to the
critical power Pcr [4] at the axial position Z Š 0 mm, the point at which the confined
propagation in the channel catastrophically terminates.

The Thomson image in Fig. 9.2(a) exhibits two highly significant features that
supplement the information given by the corresponding X-ray data shown in panel
(b). At the position Z � �0.8 mm where the collapsed narrow zone of the channel is
formed, very little radially extended Thomson signal is visible; the electron density
is low in this spatial region. Inefficient channeling of the incident 248 nm pulse
would produce the opposite effect, namely, a powerful diffracting component of the
248 nm energy at this point (Z � �0.8 mm) that would generate a strong radially
extended Thomson signal arising from direct ionization [31] of the gaseous Xe.
On the basis of the Thomson signal profiles measured, particularly the absence of
a substantial Thomson signal at Z � �0.8 mm, we conclude that the channeling
efficiency of the incident 248 nm radiation is �90 %.

The second important feature of the Thomson image in Fig. 9.2(a) is the broad
elongated roughly elliptical ball of exposure for Z � �0.5 mm whose maximal
diameter is 	 1 mm. The approximate radial scale length of this signal is 	0.5 mm
at Z 	 0.5 mm and diminishes to 	 0.25 mm for Z � 1.0 mm. Since the nozzle has
a diameter of 2.50 mm and is centered at position Z D 0 mm, all of the features
occur with the spatial region defined by the orifice of the nozzle. In comparison
with the X-ray image in Fig. 9.2(b), this signifies the existence of an enlarged zone
of ionization that does not directly radiate X-rays, since the corresponding region in
the X-ray data in Fig. 9.2(b) is dark. Analysis of this observation indicates that the
observed ionization is caused by the absorption of the strong spontaneous emission
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of Xe(M) X-rays from the core region that are spectrally centered [33] at 	 1 keV
and photoionizes the neutral xenon clusters in the peripheral zone. A quantitative
analysis of this observation is given below.

9.3.2 Channels in Kr

In parallel with the results for Xe discussed above, the comparison of the Thomson
image of the electron density for a Kr cluster target with the corresponding
simultaneously recorded transversely observed morphology of the Kr(L) X-ray
[20] zone of emission radiating at 	 1.7 keV, as presented in Fig. 9.3, is likewise
informative. The correspondences between the Thomson image in panel (a) and the
Kr(L) X-ray image in panel (b) again manifestly show that the detailed channel
dynamics illustrated by the former are echoed in the latter. The characteristically
efficient channel formation and the robust dynamic stability of the propagation
observed with the Xe channels are again clearly present. The channel also terminates
at Z Š 0 in a fashion quite similar to that shown in Fig. 9.2 for the case of Xe.
Importantly, the conditions of irradiation are nearly identical in Figs. 9.2 and 9.3.
Specifically, the Xe and Kr gas pressures are almost the same (186 and 185 psi),
indicating that the average target densities are comparable, and the measured 248 nm
pulse energies differ by less than six percent. We also note that the Kr Thomson
image in Fig. 9.3(a), in comparison to the corresponding Xe result in Fig. 9.2(a),
presents a much weaker and far smaller zone of radially extended ionization in
the Z � 0 mm region. Since the Kr(L) X-ray yield is considerably less than the
corresponding Xe(M) X-ray energy production, a reduced level of ionization in
the peripheral region is expected. We note additionally that analysis of the Kr(L)
X-ray image using the method previously developed [34–36] for the assessment
of the Xe(M) and Xe(L) thresholds in Xe clusters enables the 248 nm threshold
intensity for Kr(L) production to be estimated as 	 7 � 1015 W/cm2. Since the
Xe(M) and Xe(L) thresholds were found to, respectively, be 	 3 � 1015 W/cm2 and
	 2 � 1017 W/cm2, the Kr(L) value is seen to fall at an intermediate magnitude.

9.3.3 Numerical Modeling of Stable Power-Efficient Relativistic
Self-Channeling

The experimental findings of the relativistic 248 nm channel formation in the Kr and
Xe cluster targets presented above are in good agreement with the corresponding
computed channeling efficiency under conditions for which the electron density
gradient is appropriately arranged [11].

The calculations of the relativistic and ponderomotive self-channeling of the
ultra-intense laser pulses in underdense plasmas are based on a previously developed
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physical model [4] that involves two chief dimensionless parameters (˜, ¡0). They
represent the normalized power ˜ and normalized radius ¡0 of the incident beam
and are defined by

˜ D P0=Pcr and ¡0 D r0¨p;0=c: (9.1)

In Eq. (9.1), P0 and r0, respectively, denote the peak power and the radius of
the incident beam, and Pcr represents the critical power [4] for relativistic and
ponderomotive self-channeling given [4] by

PcrD
�

m2
e;0c

5=e2
	

1Z

0

g20 .�/ �d�
�

!=!p;0
	2 D 1:6198 � 1010 �!=!p;0

	2
W ; (9.2)

in which me,0, c, and e have their standard identifications, the function g0(¡) is
the Townes mode [37], ¨ is the angular frequency of the laser radiation, and ¨p,0

represents the angular plasma frequency:

¨p;0 D �

4 e2 Ne;0=me;0
	1=2

: (9.3)

The process of the relativistic and ponderomotive self-channeling can be
described as the stabilization of the transverse laser beam profile near one of
the z-independent modes of propagation identified [4, 6] as the lowest eigenmodes
Us,0(¡) of the governing nonlinear Schrödinger equation [4]. The index s, which
varies in the interval 0< s< 1, is associated with the normalized power ˜ of the
lowest eigenmodes Us,0(¡). The quantity ¡D r¨p,0/c represents the normalized
transverse variable, where r is the transverse spatial coordinate. The normalized
radius ¡e,0 of the eigenmodes Us,0(¡) can be defined as

�e;0 �
h

2

1Z

0

U2
s;0 .�/ �d�=U2

s;0.0/
i
1=2: (9.4)

Since the lowest eigenmodes Us,0(¡) represent the normalized transverse field
profiles of the relativistic channels, a specific eigenmode curve ¡e,0(˜) identifies the
normalized radius of the relativistic channel as a function of the normalized power
˜ trapped in the channel. Thus, the radius of the channel rch can be expressed as

rch D c�e;0

!p
(9.5)

and

rch D �e;0

2�
 .Ne=Ncr/

�1=2: (9.6)
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Since ¡e,0 varies quite slowly [6] for ˜> 1.5, we conclude that the radius of the
relativistic channel scales approximately as

rch 	 Ne
�1=2: (9.7)

Accordingly, from Eqs. (9.4) and (9.6), the peak laser intensity in the relativistic
channel Ich can be expressed as

Ich D 4 

¡2e;0

Ne

Ncr
Pchœ

�2; (9.8)

in which Pch represents the power trapped in the channel. Again, since ¡e,0 varies
slowly [6] for ˜> 1.5, the peak intensity in relativistic channels scales simply as

Ich 	 Ne

Ncr
Pch œ

�2: (9.9)

The propagation of ultrapowerful (˜D P0/Pcr>> 1) laser pulses, under condi-
tions for which the initial radius of the beam r0 is much larger than the radius
of the channel (r0>> rch, or ¡0 >>¡e,0), is generally explosively unstable. The
canonical outcome is a rapid and uncontrolled formation of multiple peripheral
filaments; the channel perforce disintegrates. In order to restore channel formation
under conditions of stable propagation, and likewise optimize the efficiency of the
power compression, an appropriate spatial match between the radius of the incident
beam and the characteristic radius of the channel has to be attained, namely,

r0 	 rch or ¡0 	 ¡e;0: (9.10)

Since rch 	 Ne
�1/2, the condition specified by Eq. (9.10) can be achieved

dynamically through the adjustment of the local electron density Ne, with the
provision of a suitable longitudinal gradient in that quantity. It has been established
numerically and verified experimentally that the unstable modes of relativistic
and ponderomotive self-channeling can be converted into stable modes using an
appropriate longitudinal gradient of the electron density. This step revives the
stability of the relativistic self-channeling and leads to a controllable production
of optimized stable relativistic channels that can conduct a power much higher than
critical power. Our calculations have revealed that the two-stage self-channeling
can result in the formation of stable multi-PW relativistic channels with the trapped
power exceeding 104 critical powers.

It has been established that power loss due to the channel formation in plasmas
with initially uniform longitudinal electron density profiles can be substantial
(up to 	 40–50 %), even if a stable mode of propagation eventually develops.
The experimental and computational results reported herein demonstrate that the
multistage relativistic and ponderomotive self-channeling with an appropriate rising
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Fig. 9.4 The results of the calculation that model the experimental conditions for the data
illustrated in Fig. 9.3. The calculation corresponds to the peak incident laser power P0 D 1.5
TW, an initial radius of the beam r0 D 2 �m, a laser wavelength œD 248 nm, and a peak
electron density Ne,0,max D 1.2 � 1021 cm�3. For the experimental results, the longitudinal
electron density Z-column Ne,0(z) was approximated by the hyper-Gaussian profile with the
initial electron density Ne,0(0) D 0.1 � Ne,0,max D 1.2 � 1020 cm�3 and a peak electron density
Ne,0,max D 1.2 � 1021 cm�3. Panel (a) displays the calculated laser intensity distribution for the
case of stable power-efficient relativistic and ponderomotive self-channeling in the underdense
plasma with the hyper-Gaussian longitudinal electron density profile. The corresponding calculated
electron density profile is presented in panel (b). In panels (a) and (b) the transverse coordinate
r is normalized by the radius of the incident transverse intensity profile r0 and the longitudinal
coordinate z is normalized by the Rayleigh length LR D 2u � r0

2/œ. Computed dynamics of stable
plasma channel formation in Kr corresponding to the recorded data shown in Fig. 9.3 are
represented in panel (c) by the green trajectory Agradient ! Bgradient in the (˜, ¡0) plane, where
˜ and ¡0 correspond to the normalized power and the normalized radius of the laser beam. The
trajectory illustrates the efficient multistage self-channeling with the electron density gradient in
the initial phase of channel formation. The dynamics of channel formation corresponding to an
initially uniform plasma that suffers a substantial channeling power loss are represented by the red
trajectory Auniform ! Buniform (see text for details). The channel eigenmode curve is designated
by ¡e,0(˜) [4]. The normalized incident peak power of the pulse is given by the value of ˜ for point
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longitudinal electron density profile in the initial stage of channel formation can
achieve a substantially increased power efficiency and limit the energy loss to the
range of 	 5 %.

The results of a specific calculation that corresponds to the experimental condi-
tions for the data illustrated in Fig. 9.3 are presented in Fig. 9.4. This calculation
corresponds to a peak incident laser power P0 D 1.5 TW, an initial radius of the
beam r0 D 2 �m, a laser wavelength œD 248 nm, and a peak electron density
Ne,0,max D 1.2 � 1021 cm�3. For the experimental results presented above, the longi-
tudinal electron density Z-column Ne,0(z) was approximated by the hyper-Gaussian
profile with the initial electron density Ne,0(0) D 0.1 � Ne,0,max D 1.2 � 1020 cm�3

and peak electron density Ne,0,max D 1.2 � 1021 cm�3. In the results presented in
panels (a) and (b) of Fig. 9.4 the transverse coordinate r is normalized by the radius
of the incident transverse intensity profile r0 and the longitudinal coordinate z is
normalized by the Rayleigh length LR. In the case of axisymmetric Gaussian beams,
we have LR D u � w0

2/œ, where w0 is the waist of the incident transverse amplitude
profile. Further, since w0 D p

2 � r0, we have LR D 2u � r0
2/œ. Figures 9.4(a) and

9.4(b) display the calculated laser intensity and electron density distributions for
the case of stable power-efficient relativistic and ponderomotive self-channeling
in the underdense plasma with the hyper-Gaussian longitudinal electron density
profile. The dynamic evolution of this process is presented in Fig. 9.4(c) by the
green trajectory Agradient ! Bgradient in the (˜, ¡0) plane, where ˜ and ¡0 correspond
to the normalized power and the normalized radius of the laser beam [4, 6] and
are defined by Eq. (9.1). The dynamic trajectory illustrates the efficient multistage
self-channeling with the electron density gradient in the initial phase of channel
formation.

In contrast, the corresponding dynamics of channel formation in an initially
uniform plasma that suffers a power loss due to the abrupt channel formation
are demonstrated by the red trajectory Auniform ! Buniform. Again, for the
presented experimental results (Agradient ! Bgradient), the longitudinal electron
density Z-column Ne,0(z) was approximated by the hyper-Gaussian profile
with the initial electron density Ne,0(0) D 0.1 � Ne,0,max D 1.2 � 1020 cm�3 and
peak electron density Ne,0,max D 1.2 � 1021 cm�3. For the case of the self-
channeling in initially uniform plasma (Auniform ! Buniform), the electron density
was Ne,0(z) � Ne,0,max D 1.2 � 1021 cm�3. The point Auniform represents the

J
Fig. 9.4 Auniform. The normalized peak power trapped in the channel corresponds to the value of
˜ for point Bgradient in the case of multistage self-channeling, while point Buniform represents the
situation for the self-channeling in an initially uniform plasma. The evolution of a stable channel
launched in a density gradient is illustrated by the trajectory Agradient ! Bgradient; the efficiency of
energy transport into the channel is � 95 %. The contrasting trajectory from point Auniform, that is,
associated with no spatial density gradient, corresponds to the formation of the channel denoted
by the point Buniform on the eigenmode; the outcome is a considerably reduced efficiency (� 60 %)
for the transport of the energy into the channel. The zone of the ˜, ¡0 parameters that corresponds
to the highly unstable mode of the relativistic self-channeling, which leads to strong filamentation
of the laser beam [6, 11], is shown in panel (c) in the upper right
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incident situation without a density gradient; the introduction of the spatial
gradient transforms Auniform to the corresponding point Agradient. The trajectory
(Agradient ! Bgradient) represents the dynamic evolution of the confined propagation
through the gradient to the eigenmode [4, 11]. The normalized incident peak power
of the pulse is given by the value of ˜ for point Auniform. The normalized peak
power trapped in the channel corresponds to the value of ˜ for point Bgradient in
the case of multistage self-channeling, while point Buniform represents the situation
for the self-channeling in an initially uniform plasma. Thus, the final point of
the multistage self-channeling (Bgradient) denotes an efficiency of energy transport
into the channel of more than 95 %, a value that stands in good agreement with
the measured behavior. Without the use of the density gradient, the efficiency is
much lower (	 60 %), as indicated by the corresponding trajectory commencing at
point Auniform leading to point Buniform on Fig. 9.4(c). The difference in these two
developmental trajectories is manifest.

9.4 Comparative Energy Deposition Rates

In significant contrast with Xe, the length of the narrow compressed region of the
channel in Kr possesses a considerably longer length; the length is `Kr Š 2 `Xe. This
observation can be readily explained by the fact that Kr has a considerably lower
atomic number (Z) than Xe, and accordingly, the deposited energy due to ionization
per unit length by the propagating 248 nm pulse is naturally less for Kr. Hence, the
propagation in Kr can thereby sustain the trapped condition for a greater length until
the critical power Pcr [4] for channel formation is reached.

We now evaluate the observation of the comparative lengths of Kr and Xe
channels with the ansatz that the energetics of atomic ionization are governing. With
the assumption that atomic binding energies scale approximately at Z2, we take

� D
�
ZXe

ZKr

�2

D
�
54

36

�2

Š 2:00; (9.11)

a result that places the energy ratio ˜ almost exactly equal to the observed ratio

`Kr

`Xe
Š 2: (9.12)

An alternative procedure for estimating the deposited energy would be to add
up the ionization energies of the ionic states [38] up to the limit of the maximum
stages of ionization observed in the X-ray spectra; these states are Kr26C and Xe37C,
respectively. The ratio of these energies is

EXe

EKr
Š 1:97; (9.13)



9 Stable Power Compression with Efficient Relativistic UV Channel. . . 219

a value in good agreement with Eqs. (9.11) and (9.12). We conclude that the
chief effect controlling the channel length is the energy associated with the atomic
ionization of the atoms in the clusters. Since a 248 nm pulse energy of 	 100 mJ
is required to produce the critical power for channel formation, it follows that the
linear energy deposition rates for the Xe and Kr channels are given approximately by

�Xe Š 1:46 J=cm (9.14)

and

�Kr Š 0:82 J=cm: (9.15)

This simple model for energy deposition, which depends only upon the medium
density and the atomic number, can be readily incorporated into the calculation of
the propagation.

9.5 Analysis of Xe Thomson Image

Clearly visible in Figs. 9.2(a) and 9.5(b) is a broad elliptical halo of ionization with
a radial extent of 	 0.5 mm in the �0.5 mm 
 Z 
 1.0 mm region that is produced
by the absorption of Xe(M) X-rays generated in the central core region. A transverse
profile of ionization at Z Š 0.2 mm corresponding to image from Fig. 9.5(b) is
illustrated in Fig. 9.5(a) that exhibits an abrupt transition between the highly ionized
radiating central zone and the peripheral extension involving the material ionized by
the Xe (M) X-rays. With an experimental Xe density of ¡Š 2.7 � 1019 cm�3 and an
absorption cross section [39] in Xe of ¢M 	 2.3 � 10�18 cm2 for Xe(M) radiation
(-h¨	 950 eV), the corresponding linear absorption length is `M Š 160 �m. These
conditions yield the projected yellow radial profiles in Fig. 9.5(a) for the electron
density in the region of extended ionization. Also shown for reference on Fig. 9.5(a)
is a scale representing a factor of 35-fold in Thomson signal strength that matches
the difference between the peak and the commencement of the extended plateau.
Since the characteristic range of the charge states associated with XeqC ions
produced [40] in the Xe channels corresponds to 30 
 q 
 36 and since the Thomson
signal is linear in electron density, the halo of ionization is well represented by singly
ionized XeC species. Normally, a higher level of ionization would be expected,
because the radiative yield [39] of Xe M-shell vacancies is very low (<10�3) and
Auger processes dominate the relaxation. However, in a cluster medium, since the
Auger electrons [41] are produced at rather low energies (
500 eV), they do not exit
the cluster with appreciable probability and therefore cannot contribute significantly
to the free electron density. Hence, they remain invisible in the Thomson image.

The enhanced electron densities observed at Z D ˙0.5 mm in Fig. 9.5(a) are a
clear signal that the X-rays overcome the normal attenuation from linear absorption
and penetrate readily to a depth significantly greater than the length `M � 160 �m.
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Fig. 9.5 Electron density profile of Xe self-trapped channel. (a) Section A–A from panel (b) of
the electron density that reveals an extended plateau of ionization. The two brown lines show the
expected profile from linear absorption of Xe(M) � 1 keV X-rays in surrounding neutral Xe. The
existence of the extended peripheral zone signals saturated absorption. The peak of the Thomson
signal is � 35-fold above that for the onset of the plateau. (b) Single-pulse image of the Thomson
scattered signal (log scale). The location of the A–A section through the peripherally ionized region
is shown. (c) Single-pulse transverse Xe(M) � 1 keV X-ray emission zone (log scale) of a stable
248 nm channel produced in Xe cluster target. The position of section A–A is indicated. The data
presented in panels (a)–(c) correspond to pulse #19 (24 January 2011)
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This is achieved by saturation of the X-ray absorption in the material. Therefore,
we can write

" D ¯!
�M

Š 70 J=cm2 (9.16)

as the approximate value generated by the Xe(M) emission shown in Fig. 9.5(c).
From the spatial size of the X-ray emitting zone shown in Fig. 9.5(c), we obtain an
estimated area of 	 10�3 cm2 for the source. This gives an X-ray energy yield of 	
70 mJ. We note that this method of measurement of the X-ray energy completely
removes the need for analysis of the linear absorption that would otherwise be
required to relate the true X-ray yield of the source to the energy registered by the
pinhole camera. Nevertheless, a preliminary estimate of the Xe(M) energy yield that
accounted for the influence of absorption gave the same range for the X-ray yield,
specifically, a value of 75 ˙ 25 mJ. Since the saturation parameter " given by Eq.
(9.16) is known, the use of saturation in this way converts the measurement of the X-
ray energy to the simple determination of a geometric size. Moreover, the magnitude
of the X-ray energy found is fully consistent with the volume and density of the X-
ray source shown in Fig. 9.5(c). Finally, with a radiative rate [33] for Xe 4f ! 3d
transitions of 	 1014 s�1, we derive a characteristic intensity of 	 7 � 1015 W/cm2

for the Xe(M) source. This result illustrates the case with which the compression
of energy in the plasma channel can lead to the production of intense and efficient
X-ray sources.

Inspection of the corresponding Thomson image for the Kr channel shown in
Fig. 9.3(a) reveals no evidence of an extended peripheral zone of ionization, in
clear contrast to the Xe Thomson image presented in Figs. 9.2(a) and 9.5(b). Since
the saturation parameter for Kr at -h¨Š 1.7 keV is "D -h¨/¢Š 390 J/cm2 and the
Kr channels generated an energy yield approximately 10-fold lower than the Xe
channels, the energy density associated with the radiative environment of the Kr
channels is roughly 50-fold too low to produce saturated absorption in the adjacent
unexcited material and the expected linear absorption dominates.

The lack of appreciable ionization outside of the channel also indicates a
low abundance of fast electrons produced in the high-intensity region that would
generate collateral ionization in the peripheral zone. Analysis of the data in
Fig. 9.3(a) with known range-energy data for electrons [42] indicates that electrons
with kinetic energies >10 keV are not generated at a significant level by the
dynamics of the channeled propagation. Since the Kr and Xe channels involve
similar plasma densities and confined 248 nm power, this conclusion would also
hold for the Xe channels. These results are in full agreement with earlier studies
[43] that demonstrated the absence of a telling fast electron generation in Xe
channels produced with 248 nm pulses. The absence of a significant abundance
of fast electrons also eliminates Bremsstrahlung as an important mechanism in the
energetics of the propagation of the channel, an outcome that is consistent with the
results stated in Eqs. (9.11)–(9.13).
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9.6 Demonstration of Kr(L) Amplification at œD 7.5
Å from Kr Clusters

The single-pulse axial Kr(L) X-ray spectra recorded with von Hámos mica CCD
spectrometer from Kr clusters in a stable plasma channel have demonstrated
amplification on the Kr26C 3s ! 2p transition at œŠ 7.5 Å (	 1652 eV). This
transition simultaneously exhibits enhancement of its intensity and spectral line
narrowing [30]. The X-ray beam produced had a spectral width of 	 3 eV and
a corresponding beam diameter of 	 150 �m [30]. Figure 9.6 demonstrates the
spectral details of Kr(L) amplification for the same laser pulse that corresponds to
the Thomson and X-ray pinhole camera images presented above in Fig. 9.3. The
strength and spectral width •œ,1 Š 3 eV of the Kr26C 3s ! 2p transition at œŠ 7.5 Å
from the axial Kr(L) spectrum presented in Fig. 9.6(a), which was recorded with
the focal plane of the axial von Hámos spectrometer positioned at Z D 1.25 mm (the

Fig. 9.6 Spectral details of Kr(L) amplification are presented. These data correspond to
pulse #519 (14 June 2012). (a) The axial Kr(L) spectrum, which was recorded with
the focal plane of the axial von Hámos spectrometer positioned at Z D 1.25 mm,
the region where the transverse Kr(L) emission is essentially null. The spectrum reveals the
dominant strength and •œ,l Š 3 eV width (spectral resolution of the von Hámos spectrometer) of
the amplified Kr26C 3s ! 2p transition at œŠ 7.5 Å. (b) Transverse X-ray pinhole camera image
of the Kr(L) emission zone. The position of the focal plane of the axial von Hámos spectrometer,
Z D 1.25 mm, is shown. The depth of field of the axial von Hámos spectrometer is estimated to be
�300 �m, as indicated by the shaded zone centered at Z D 1.25 mm in panel (b). The transverse
Kr(L) emission from the region around Z D 1.25 mm is practically null
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region where the transverse Kr(L) emission is essentially null), clearly demonstrate
the amplification of that transition (see [30] for further details). Furthermore, a
comparison of Kr(L) spectra recorded under conditions of self-trapped channeled
propagation with earlier studies of Kr(L) emission in the absence of channeled
propagation gave direct evidence that the dynamics of propagation in the channel
play a key role in the ability to produce the observed amplification on the Kr26C
3s ! 2p transition at œŠ 7.504 Å [30].

9.7 Conclusions

The goal of these experiments was the experimental establishment of the efficiency
of channel formation and the level of robustness of the stability of the propagation
through comparative studies of channeling in Kr (Z D 36) and Xe (Z D 54) targets,
materials whose dynamics of ionization and X-ray spectral emissions are perforce
considerably different. The comparative experimental results with Kr and Xe targets
speak to two key findings. They are (1) an energy efficiency for channel formation
�90 % and (2) the existence of a remarkable level of dynamical stability, uniformity,
and predictability of the key channeling mechanism. Although the ionization
dynamics and distribution of cluster sizes must differ significantly for these two
materials, the net outcome of the efficient formation of highly stable channels is
preserved.
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Chapter 10
Fiber-Optical 3D Shape Sensing

Christian Waltermann, Jan Koch, Martin Angelmahr, Jörg Burgmeier,
Markus Thiel, and Wolfgang Schade

10.1 Introduction

Fiber Bragg grating (FBG) technology is well known since more than three decades.
It started in 1978 with the discovery of photosensitivity in optical fibers by Ken
Hill et al. [1] when illuminating germanium-doped silica fibers with visible argon
ion laser radiation. In this context, first periodic refractive index variation was
introduced into the core of such special optical fibers. However, for nearly one
decade, there was found no real application of these fundamental observations. The
major breakthrough for Bragg gratings came in 1988 with the report on holographic
writing applying single-photon absorption in the ultraviolet by Metz et al. [2]. They
demonstrated reflection gratings using two interfering laser beams imaged into the
fiber core. This was the starting point for several applications of FBGs ranging from
reflection gratings used in telecommunication, high reflectivity end reflectors in fiber
lasers, or sensor applications for monitoring mechanical strain and temperature.

In 2004 FBG technology became a new strong impact by the first demonstration
of direct point-by-point writing of FBGs applying femtosecond laser pulses [3, 4].
Advantages compared to conventional methods such as phase mask or interferomet-
ric processing are an improved mechanical stability of the fiber in the area where the
FBG is processed, a fiber core diameter of typically 9 �m for wavelengths around
1,500 nm, and a maximum of flexibility while processing the FBG because the
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only limitation for the direct point-by-point writing of periodic index modulation
in optical fibers is the optical transparency of the cladding. Recent results show that
applying femtosecond laser for point-by-point writing can achieve single FBGs with
reflectivity ranging from 10�4 up to nearly 100 % just by changing the laser param-
eters and adapting the number of grating points, FBG arrays of up to 20 gratings
with nearly equal reflectivity and side-band suppression down to 20 dB, or even
 -shifted FBGs with bandwidths less than 3 pm, just to mention some examples.

Besides this, very recent results have shown that using the femtosecond laser
technology, optical waveguides, and FBGs can directly be written not only into
the bulk material of a glass sample but also into the cladding of an optical fiber.
This means the processing of photonic structures is not limited any more only to
the fiber core and offers completely new possibilities for 3-dimensional (3D) shape
measurements of mechanical devices applying optical fibers and FBG sensors. Up to
now a combination of three optical fibers with integrated FBG sensors or the use of
multicore fibers with FBGs has been used for 3D shape measurements [5, 6] with the
disadvantage that mechanical flexibility is limited when, for example, three fibers
have to be integrated into a medical catheter for shape measurement. In addition,
multicore fibers need special optics for individual readout of the Bragg signals from
the single cores. Direct femtosecond laser-based processing of FBGs into the core
and the cladding of an optical fiber make it possible using just a single standard
one-core optical fiber for 3D shape monitoring with the advantages of no need for
additional optics, the high mechanical flexibility of a single 125 or 80 �m fiber, and
the use of commercially available standard fiber connectors and components that
are well known from telecommunication.

In this chapter a summary of the state of the art for femtosecond laser direct
writing of FBGs with special view to applications in 3D shape monitoring for
medical applications is given. These very new results are not only limited to medical
but will also find interesting applications in oil and gas industry, e.g., for monitoring
and long-term inspection of bore holes and drilling wells.

10.2 Femtosecond Laser Processing of FBGs

10.2.1 Theory of FBGs

FBG can be described as periodical variation of the refractive index along the fiber
core. For a cosine modulation, the refractive index can be written as

n.x/ D n0 C�n cos

�
2�z

ƒ

�

(10.1)

where n0 represents the average refractive index of the fiber core,�n is the variation
of the refractive index (typically 10�5–10�2) [7], � is the grating constant, and z is
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Fig. 10.1 Basic principle of fiber Bragg grating sensor interrogation. Spectral broadband light (a)
is guided through an optical fiber. Light that fits the Bragg condition is missing in the transmitted
spectrum (b) and occurs as reflection peak (c)

the position along the fiber, respectively. This periodic index modulation reflects
certain light components which fit the so-called Bragg condition:

mB D 2neff ƒ with m D .1; 2; 3; : : : / (10.2)

where B is the center wavelength of the back-reflected light and neff is the effective
refractive index of the fiber core material including the periodic modulation of the
refractive index. Therefore, an FBG can be described as a spectral filter element as
shown in Fig. 10.1.

Applying the coupled-mode theory with the assumption of a constant modulation
amplitude and periodicity, the following expression concerning the reflection
properties of FBGs is obtained [7]:

R .L; / D 	2 sinh 2.sL/

�k2 sinh 2.sL/C s2 cosh 2.sL/
(10.3)

where R(L, ) is the reflectivity, which depends on the grating length L and the
wavelength , 	 is the coupling coefficient,�k is the detuning wave vector given by
�k D 2�neff /��/, and, finally, s D p

	2 ��k2. For a sinusoidal modulation of
the refractive index, the coupling coefficient 	 is determined by

	 D � �n �.V /


with �.V / � 1 � 1

.

V 2 (10.4)

where � is a function of the fiber parameter V (V � 2.4) [7] representing the fraction
of the integrated fundamental mode intensity within the core (�n is the change of
refractive index). At the FBG center wavelength, �k is zero and the equation of
reflectivity can be simplified to
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Fig. 10.2 Simulated
reflection spectrum of a fiber
Bragg grating with a constant
coupling coefficient (	D 0.52
1/mm; L D 1.9 mm;
�n D 1.8 � 10�4)

R .L; / D tanh 2 .	L/ (10.5)

Based on this equation it can be identified that the reflectivity will increase if the
change of refractive index or the length of the grating increases (Fig. 10.2).

The second important property of FBGs is the reflection bandwidth. A general
expression for the approximation of the full width at first zeros (FWFZ) bandwidth
for a first-order grating is given by [8]

�FWFZ D 2

�neff L

q

.	L/2 C �2 (10.6)

In the case of weak coupling (	L< 1), this equation can be simplified to

�FWFZ D 2

neff L
(10.7)

Consequently, the bandwidth for weak gratings is inversely proportional to the
grating length L and is very narrow for very long FBGs, whereas, in the case of
strong coupling (	L � 1), the bandwidth can be approximated by

�FWFZ D 2»

�neff
(10.8)

Here, the bandwidth is directly proportional to the coupling coefficient 	.
However, the bandwidth of FBGs may be additionally influenced by other param-
eters leading to special kinds of FBGs such as so-called chirped, apodized, or
phase-shifted gratings. These types of gratings will be discussed more in detail in
Sect. 10.2.3.
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10.2.2 Point-by-Point FBG Fabrication by Femtosecond
Laser Pulses

Since the first realization of FBGs by Hill in 1978 [1], several different manufac-
turing processes were described. To date, one of the main manufacturing methods
is based on the irradiation of photosensitive, typically germanium-doped optical
fibers with an intense ultraviolet source (such as an ultraviolet excimer laser).
The variation of refractive index within the fiber core is achieved by two-beam
laser interference or a photomask. With these methods, FBGs can be produced in
sufficiently high quality. Typically this is done during the fabrication process of
the fiber in the draw tower. Otherwise special, photosensitive, and uncoated optical
fibers have to be provided. Taking these disadvantages into account, a rather new
production method was firstly demonstrated in 2004: the point-by-point inscription
of FBGs applying femtosecond laser technology [3, 9]. With this method, doped
and, most importantly, undoped standard optical fibers can be used for direct FBG
fabrication. In addition, the inscription process is possible without any problem
directly through the fiber coating unless the coating material is optically transparent
for the wavelength of the laser used for processing (typically 800 nm). For example,
acrylate, polyimide, and Ormocer

®
coatings are sufficiently optical transparent for

laser radiation around 800 nm [10]. Finally, the point-by-point inscription enables
the adjustment of nearby every preferred FBG parameter without the modification
of the writing setup and therefore the complete spectrum of customized FBGs can
easily be processed by using standard optical fibers [11].

For undoped quartz glass, the band gap is determined to be 9 eV [12] but
is only optically transparent for light � 200 nm (	6 eV). Therefore, only for
doped fibers with a smaller band gap, photomask FBG inscription techniques
can be applied. However, for an extreme high energy densities (>1010 W/cm2),
multiphoton processes will be initiated within the bulk glass material. Within a
femtosecond laser focus, such high energy densities can be obtained and a nonlinear
light material interaction occurs. Electrons in the so-called valence band can be
lifted into the conduction band by the multiphoton absorption as shown in Fig. 10.3.
As a consequence, the absorbed energy leads to a local variation of the refractive
index. The probability of these processes increases exponentially with the amount
of required photons. Furthermore, electrons can reach the conduction band due to
the tunnel effect even if not enough photons are resent that are required for the
multiphoton processes.

The setup for the point-by-point inscription of FBG applying a femtosecond laser
is presented in Fig. 10.4. A regenerative ultrashort pulse laser amplifier generates
light pulses with 100 femtosecond pulse duration, repetition rate in the kilohertz
range, and a single-pulse energy of>1 mJ. However, only about 0.3�J are necessary
for the FBG processing. The laser beam is focused into the center of the fiber core
using a microscope objective. If the fiber core is moved with constant speed along
its optical axis while illuminating with laser pulses of constant repetition rate (e.g.,
100 Hz), the induced variation of the refractive index will be periodical and an FBG
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Fig. 10.3 Possible absorption processes: (a) regular photon absorption, (b) multiphoton absorp-
tion, and (c) multiphoton absorption and tunnel ionization

Fig. 10.4 Setup for the point-by-point fiber Bragg grating inscription by femtosecond laser pulses

will be generated. Applying an external pulse picker and light attenuator, the exact
pulse specification can be adjusted for any required customization. The laser pulse
specifications can be adjusted prior or even adapted during the inscribing process
using a genetic algorithm.

By application of a smart combination of various different inscription param-
eters, like grating order, pulse energy, or special gate drive of the pulse picker,
nearly every type of FBG mentioned in the literature can be processed without
any fundamental change of the setup. Some examples of customized FBGs will
be discussed in the following.
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Fig. 10.5 (a) Normalized spectrum of a common Bragg reflector inscribed point-by-point with a
femtosecond laser. (b) Apodized grating with a side-band suppression of �20 dB

10.2.3 Types of FBGs

The simplest FBG is called common Bragg reflector [13]. Such a grating has a con-
stant coupling and grating constant as well as a sinusoidal change of the refractive
index. According to the coupled-mode theory and Eq. (10.3), the reflective spectra
of such grating depend mainly on the grating length L, the coupling constant 	, and
the effective refractive index neff of the material. A typical normalized reflective
spectrum of a common Bragg grating with a length of L D 2 mm and a refractive
index variation of �n D 1.8 � 10�4 inscribed through a polyimide-coated optical
fiber applying point-by-point femtosecond laser technique is shown in Fig. 10.5.

However, even for a perfect common grating, the slopes of the main reflection
peak will show side lobes with a peak reflectivity of approximately 10 dB. For some
data analysis algorithms applied in sensor applications of FBGs these side lobes
can lead to detection errors and uncertainties. A Gaussian intensity modulation
of the induced periodic refractive index change in the fiber core reduces the
peak intensity of side loops significantly [14]. For photomask-inscribed gratings
a side lobe suppression of up to �30 dB is demonstrated [15]. These so-called
apodized gratings are often used as sharp band filters in dense-wavelength-division-
multiplexing (DWDM) applications [13]. Figure 10.5b shows an apodized FBG
inscribed with the same femtosecond laser parameters as used for the grating in
(a) but writing the grating diagonal with respect to the center line of the fiber core.
Then the side lobes of the reflective spectrum are one order of magnitude smaller
and the main peak resembles a Gaussian shape. In this configuration a side-band
suppression of more than �20 dB is obtained.

Furthermore, the point-by-point femtosecond laser processing technology allows
that FBGs may be aligned in customized arrays without the requirement of any
splices. Distances between single FBGs can range from micrometers up to several
meters and more. The reflection spectrum of such a customized fiber-optical Bragg
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Fig. 10.6 Array of four apodized fiber Bragg gratings

grating array is shown in Fig. 10.6. The equal light intensity reflection and side lobe
suppression of each grating result in an easy readout by commercially available
interrogation units.

Most conventionally processed FBG sensors require a doping of the fiber which
results in a reduced core diameter of 6 �m because the mode field diameter has to
be adopted for single-mode light guiding at 1,550 nm. Typical undoped telecom
fibers for 1,550 nm have a diameter of 9 �m. This difference in core diameter
results in significant losses when combining several conventionally processed FBGs
with patch cables. For the spectrum shown in Fig. 10.6, four FBGs each with
0.5 nm bandwidth were processed with an equidistant spacing of 100.0 cm in a
polyimide-coated optical fiber. Arrays of more than 20 high reflective FBGs have
been fabricated by the point-by-point femtosecond laser technology.

Depending on the chosen parameters, FBGs with nearly arbitrary reflectivities
and bandwidths can be processed. Typical gratings have a reflectivity R between
0.0001 % and >90 %. The full width at half maximum can be adjusted between
approximately 50 pm for high-order long gratings and several nanometers for short
gratings (L< 1 mm) written in first-order mode. Figure 10.7a shows a common
Bragg reflector with a reflectivity about 10 % and a full width at half maximum of
5.0 nm.

For high accuracy measurements, very narrowband FBGs are required. This
specification is obtained by processing phase-shifted or so-called -shifted FBGs. In
this case, two high reflective gratings are processed direct behind each other phase
shifted with half of their wavelength [13, 16, 17]. Interference between the two
gratings leads to a very narrow transmission peak at the spectral center wavelength.
The transmission spectrum of such a  -shifted FBG is shown in Fig. 10.7b. The
spectral bandwidth is <5.0 pm.

Due to the small spatial size of each single grating dot (down to less than one
cubic micrometer—determined by the focal diameter of the laser spot and even more
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Fig. 10.7 (a) Reflected spectrum of a short first-order fiber Bragg grating. (b) Transmission
spectrum of  -shifted fiber Bragg grating

reduced by the nonlinear multiphoton absorption process) when using the point-
by-point femtosecond laser technology for fabrication of FBGs, spatially separated
FBGs can be processed in the single core of a multicore fiber and even superimposed
within a single-mode fiber core.

10.2.4 Processing with Shaped Femtosecond Pulses

The femtosecond laser processing of FBGs in optical fibers may lead to local
damage of the glass which in consequence will result in reduced mechanical
stability of the fiber and therefore such gratings cannot be used for applications
where high mechanical stress of the fiber (elongation >3 %) is required. In this
context the processing of FBGs with shaped femtosecond pulses—here pulse trains
instead of a single Gaussian pulse intensity profile are discussed—will lead to
significantly reduced modification of the fiber material and therefore to much higher
mechanical stability. One example is shown in Fig. 10.8. In (a) the single-pulse and
the multi-pulse excitation scheme is schematically shown. Conventionally a single
femtosecond laser pulse creates an index change and the Bragg grating is the sum
of n individual laser pulses. In the case of pulse shaping, each Bragg grating point
is generated by a train of femtosecond laser pulses. Using 20 laser pulses and a
pulse energy of 280 nJ for processing, a grating point results in an index change
of �n D 1.4 � 10�3 while a single pulse with much higher pulse energy of 470 nJ
only gives an index change of �n D 8.4 � 10�4. This also results in a change of the
transmission intensity as shown in part (b) of the figure. These first results show
that femtosecond pulse train FBG processing is preferred compared to single-shot
methods due to significantly reduced pulse energy and therefore less damage of the
glass material.
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Fig. 10.8 (a) Single-shot and shaped (pulse train) FBG processing. (b) Transmission of an FBG
processed by single femtosecond laser pulses (solid line) and a pulse train (dashed line) consisting
of 20 individual pulses

10.3 Fiber-Optical 3D Shape Sensor Technology

10.3.1 Optical Multiplexing

One of the major advantages of FBGs compared to conventional electrical strain
gauges is the possibility of simple sensor multiplexing [18]. One conventional strain
gauge needs at least two electrical cables; however, hundreds of FBGs can be
processed directly into one optical fiber at different local positions and these FBGs
can be simultaneously interrogated by one single multichannel measurement device
applying multiplexing technology. This provides a simple and low-cost method for
dense monitoring.

The two most important schemes of multiplexing [19] are illustrated in Fig. 10.9.
The first one is the time-division-multiplexing (TDM) technique, where each single
sensor can clearly be identified by temporal gating the reflected signals. In that case
the FBG sensors typically have an identical grating constant and low reflectivity.
For the second approach—called the wavelength-division-multiplexing (WDM)
technique—identification of each sensor is performed by processing Bragg gratings
with different grating constants. Each single FBG sensor, which is deployed along
the same optical fiber, must have a unique grating constant. Both techniques
may be combined and, in addition, the number of available channels of the FBG
measurement system can be extended by optical switches.

In the following only the WDM technique will be considered. For this method, a
broadband light source such as a superluminescent light-emitting diode (SLED) or
an amplified spontaneous emission (ASE) source is required [20]. The broadband
light is coupled into the optical fiber and the spectral position of back-reflected
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Fig. 10.9 Schematics for different kinds of fiber-optical multiplexing: (a) time-division-
multiplexing (TDM) technique and (b) wavelength-division-multiplexing (WDM) technique. Both
techniques may be combined and, in addition, the number of available channels of the FBG
measurement system can be extended by using an optical switch

light related to the individual Bragg gratings is analyzed by a spectrometer.
The spectral peak position of the reflected light gives information on the strain
and/or temperature (refer to Eq. (10.2)—here n depends on temperature and ƒ
on mechanical strain). An optical switch allows sequential readout of several fiber
strands. Most FBG measurement systems are optimized for wavelengths around
1,550 nm due to the wide availability of fiber-optical components used in the
telecommunication industry [21].

Besides a pure strain and temperature sensor, the strain information of an
ensemble of FBGs can also be used to calculate a 3D shape of the fiber if a special
geometric arrangement of FBGs in the fiber is applied. Figure 10.10 shows the
experimental setup for such a measurement device. The basic concept of fiber-
optical 3D shape monitoring based on FBG sensor technology will be discussed
in detail in the next section.
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Fig. 10.10 Fiber Bragg grating readout system for 3D shape sensing

10.3.2 Fiber-Optical 3D Shape Sensing with FBGs

The 3D shape sensing approach applying FBG sensors is based on simple strain
measurements that occur off-axis in a mechanical object during bending. The
required spatial coordinates x, y, z equal to the three degrees of freedom, whereby
only two degrees have to be determined for the shape sensing. The z-information
is already fixed by the FBG sensor position along the optical fiber. Consequently,
at least two independent grating sensors have to be applied in one spatial volume
element. These two gratings form a so-called sensor plane which is orthogonal to the
optical axis of the fiber. If temperature compensation has to be taken into account,
a further FBG sensor has to be added. Therefore, a temperature-compensated
fiber-optical 3D shape sensor consists of several sensor planes with at least three
independent FBGs per plane. One possible arrangement is shown in Fig. 10.11. The
individual FBG sensors are geometrically aligned in a 120ı configuration.

With this setup the temperature-compensated x- and y-component of the bending
process ("x and "y) can be stated as follows:

"x D ©2 � ©3p
3

(10.9)

©y D 2

3

�

©1 � 1

2
.©2 C ©3/

�

(10.10)

where "1, "2, and "3 are the strains measured by the corresponding FBG sensors in
fiber core #1, #2, and #3, respectively (refer to Fig. 10.11b).
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Fig. 10.11 (a) Combination of three single-core optical fibers. (b) 120ı fiber configuration for
shape monitoring

Fig. 10.12 Schematic
behavior of a fiber Bragg
grating sensor plane during
the bending process

Looking at Eqs. (10.9) and (10.10), one can see that a constant shift of the
measured strain �"D�"1 D�"2 D�"3 has no effect on "x and "y. The bending
of the sensor elements leads to an expansion at one side and compression on the
opposed side, respectively. This is illustrated in Fig. 10.12.

An alternative sensor configuration can be realized with four optical fibers
arranged in a square, as illustrated in Fig. 10.13 [22]. With an additional strain "4 of
sensor #4, the x- and y-component of the bending process will be reduced to

"x D ©1 � ©3 (10.11)



240 C. Waltermann et al.

Fig. 10.13 90ı fiber
configuration of four fibers
with FBG sensors

Fig. 10.14 Virtual segmentation of the bended structure in flexural elements, each one containing
a single sensor plane

©y D ©2 � ©4 (10.12)

10.3.3 Signal Evaluation and 3D Shape Reconstruction

The 3D shape is reconstructed by analyzing the strains "x and "y. Therefore elements
with the length L0, each containing one FBG sensor plane, can be defined (refer
to Fig. 10.14). When bending the structure, the length of a neutral axis element L0

remains constant, while the surface of the element is elongated or shortened. Caused
by the 120ı geometrical fiber configuration (refer to Fig. 10.12) all FBG sensors are
located outside the neutral axis with the distance r and therefore are sensitive to
bending-induced strain.

Assuming the element containing the Bragg gratings bends like an arc of a circle,
the outer length Lout can be described using the sensor distance r and the central
angle �:

Lout D L0 ˙ � � r (10.13)

The strain with reference to the neutral axis can be expressed by

" D Lout �L0
L0

D ˙� � r
L0

(10.14)
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Fig. 10.15 Two-dimensional
projection of the 3D shape

Measuring the strain in x- and y-direction with FBG sensors, the central angles
�x,y for the volume element can be calculated:

�x;y D ˙"x;y � L0
r

(10.15)

With these angles also the radius of curvature R and azimuth angle ® can be
determined:

R D L0
q

�2x C �2y

D r
q

"2x C "2y

(10.16)

' D a tan 2
�

�y; �x
	 D a tan 2

�

"y; "x
	

(10.17)

The most straightforward approach of 3D shape reconstruction combines the
information for each volume element containing an FBG Sensor plane in sequence.
Having n sensor planes distributed over the bending structure, there are also n
elements. The start vector �!r 0 from the base point [0 0 0] can be defined arbitrarily.
Every vector �!rn then can be determined by its previous vector ��!rn�1 tilted over �x,n

and �y,n. Figure 10.15 illustrates a two-dimensional projection of the 3D shape, the
radius of curvature R, and the central angle �.

Another approach for the reconstruction of the 3D shape is based on the Frenet-
Serret formulae. More details for this approach can be found in [23]. Results for
3D shape measurements given in this chapter are only based on the geometrical
approach described above.
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Fig. 10.16 Possible 120ı geometrical configurations for fiber-optical 3D shape sensing applying
FBG sensors

10.3.4 Resolution and Accuracy of 3D Shape Measurement

The requirements with respect to spatial resolution and measurement accuracy for
an application of fiber-optical 3D shape sensing in the oil and gas industry, for
example, the monitoring and long-term inspection of drill holes, are extremely
different from that required for medical applications such as biopsy needles,
endoscopes, or cardiac catheters. While the first application implies shapes and
bending radii in the meter range on distances up to kilometers, a medical instrument
requires resolution in the millimeter range with bending radii well below 50 mm for
distances typically below 1 m.

A 3D shape calculated by the approach discussed above will only be reproducible
if the three fiber cores are fixed to each other in the 120ı geometrical configuration.
Four different concepts can be considered. The first one is the superimposed writing
of the FBG sensors into a single-mode fiber. The point-by-point inscription of FBGs
with an ultrashort pulse laser allows the inscription of all three gratings within a
single core with typical diameter of 9 �m. However, it was shown that the fidelity
of such a fiber-optical shape sensor would be too small for most applications. The
second possibility is the usage of a multicore fiber and has already been realized
[24]. A larger diameter and, therefore, higher sensor fidelity can be achieved with
a combination of three single-mode fibers forming a fiber bundle. This can be done
by additional recoating or just by gluing these fibers to each other. For example, a
viscous two-component adhesive can be used to create such a fiber bundle, however
with the drawback in loss of mechanical flexibility. Even if the resulting diameter
changes between two sensor planes, all three FBGs of one sensor plane will be fixed
in their relative positions to each other. Therefore, the sensor can be calibrated with
a correction factor for each sensor plane and optimal measurement and recalculation
accuracy can be obtained. Fixing three separated fibers to a flexible carrier material
is the fourth possibility (Fig. 10.16).

The mechanical stability of the fiber, the total spectral bandwidth of typical light
sources, and the accuracy of the measurement system itself determine accuracy and
dynamic range of the FBG sensor-based 3D shape sensor.
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Fig. 10.17 (a) Typical on-axis integration of a shape sensing fiber bundle near the neutral bending
center of the monitored device. (b) and (c) Possible off-axis integration. For small bending radii
the sensor has to remain free (that means fixed only at one point) to avoid too high mechanical
stress

In most applications, a shape sensing fiber bundle cannot be integrated in the
center line of the mechanical device whose shape has to be monitored. Therefore,
the fibers will be stretched and compressed depending on their distance d to the
bending center (here the material remains neutral while bending) and the actual
bending radius R. In the simplest case of a perfect circle, this leads to

" D �L

L
D 2� .RC d/� 2�R

2�R
D d

R
(10.18)

For typical coated glass fibers the maximum possible elongation (") is about
2 %. Above that value the fiber can break and the FBG sensors will be destroyed.
Therefore, the bending radius has to be larger than 50 times of the distance to
the bending center. However, for some “off-axis” arrangements such as medical
catheters (e.g., d D 1.5 mm R D 25.0 mm), it could be necessary to detect smaller
bending radii. In that case, the shape sensing fiber has to be placed into the device
(e.g., a catheter) without fixing it directly to the device. Then the sensors will not
be elongated together with the surrounding material, but only by the shape itself,
and the distance to the bending center becomes the radius of the fiber bundle rbundle

(refer to Fig. 10.17a).
An elongation of 2 % of the fiber equals a spectral shift of 24 nm for an FBG

at 1,550 nm. On the other hand, a typical broadband light source (e.g., SLED) has
a bandwidth of 50–70 nm and only within this spectral range Bragg grating signals
can be analyzed. In order to achieve high accuracy for shape measurement, much
more than one FBG sensor plane is necessary. Assuming twelve sensing planes and
a spectral distance of 7 nm between single gratings a maximum elongation of 0.58 %
for the fiber can be measured, if a mixing of different wavelengths has to be avoided.
This should be preferred to simplify data analysis for shape reconstruction.

The sensor accuracy is limited by the spectral resolution of the FBG interrogator.
For a typical spectrometer operating around 1,550 nm this can be estimated to be
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Table 10.1 Range of detectable curvatures for fiber bundles with different diameters

Fiber cladding
diameter 125 �m 125 �m 80 �m 125 �m 125 �m

Bundle diameter
(with polyimide
coating)

9 �m (single
core)

60 �m
(multicore)

190 �m 280 �m 50 mm
(three
fibers)

rbundle �3 �m �20 �m 70 �m 108 �m 25 mm
Max bending radius 0.46 m 3.08 m 10.8 m 16.6 m 3,846 m
Min bending radius

(mechanical
stability)

0.15 mm 1.0 mm 3.5 mm 5.4 mm 1.25 m

Min bending radius
(12 sensors
within 100 nm)

0.6 mm 5 mm 17.5 mm 27.0 mm 6.25 m

10 pm. Therefore, the minimum detectable fiber elongation is about 8.3 � 10�4 %.
In order to measure bending radius and direction simultaneously it is necessary
to analyze the relative differences in the wavelength shift signals of the three
fibers. Assuming a circular curvature of the fiber bundle, the maximum bending
radius is only depending on the bundle radius rbundle and the minimum detectable
elongation "min:

rmax D rbundle

"min
(10.19)

In Table 10.1 a summary of maximum and minimum bending radii for different
fiber sensor configurations is given. It has to be considered that a bending radius
<5 mm results in significant intensity losses of transmitted light in the fiber.

10.4 Medical Applications

As shown in the previous section, a wide dynamic range can be achieved by the use
of different fiber configurations. This opens a wide field of possible applications
for FBG-based shape sensing. For most small-scale applications like medical
instruments, fiber bundles with diameters between 190 and 300�m are a reasonable
trade-off between accuracy and dynamic range of the shape sensor. In this section
two applications of fiber-optical shape sensing will be discussed.
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Fig. 10.18 (a) Capillary with four FBG sensor planes. (b) Accuracy of recalculated coordinates
for the tip

10.4.1 Capillary Instruments

From the previous discussion it is obvious that best recalculation results of the 3D
shape will be obtained if the device surrounding the FBG sensing fiber bends in
a smooth and continuous way. Therefore a metal capillary with a diameter less
than 5 mm will be a very good device for testing the spatial accuracy in 3D shape
detection. Such device is similar to a biopsy needle.

Figure 10.18a shows a 35 cm long metal capillary (diameter 3 mm) with a
270 �m diameter fiber bundle consisting of four equidistant fiber FBG sensor
planes. The tip of the capillary was moved by an xy-stage to defined positions within
a field area of 10 � 10 cm2. From the shape measurement the absolute position of the
capillary tip can be calculated. The results of these measurements are then compared
to the absolute and precisely known positions of the xy-stage. The results are shown
in Fig. 10.18b. For x- and for y-directions an absolute error of less than ˙1 mm was
found for the described geometrical configuration. This means that the position of
the capillary tip can be navigated or tracked only by the fiber-optical shape sensor
with an accuracy ˙1 mm. This offers new and very interesting possibilities for
the navigation and tracking of medical instruments only by using a passive optical
device such as an optical fiber. The major advantage is that this navigation device
will not be influenced by electromagnetic fields that are always present in a clinical
environment.
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Fig. 10.19 (a) Screenshot of real-time recalculation of a catheter with eleven equidistant FBG
sensor planes. (b) The fiber bundle is integrated into a 200 �m diameter tube which is part of the
catheter. (c) The bended catheter

10.4.2 Medical Catheter

The real-time 3D shape measurement of a medical catheter will also offer the
possibility for a new method of navigation of such an instrument which is not
influenced by surrounding electromagnetic fields. Here the accurate shape detection
of the catheter tip (most important is the last 10 cm of the catheter which is
very flexible and which can be manipulated in all three directions in space by the
operator) is compared to the blood system of a human body which is the pathway of
the catheter, e.g., on its way to the heart. Comparing in real time the geometrical 3D
shape of the catheter tip with the image of the blood system, which is the “map,”
the actual position of the catheter tip can be monitored. This allows navigation
of the catheter just by measuring the 3D shape of the medical instrument. A first
demonstration of this 3D shape measurement for a medical catheter is shown in
Fig. 10.19.

In this case a fiber bundle consisting of three 80 �m diameter polyimide-coated
optical fibers with a total diameter of 190 �m is used for the shape measurement.
The 80 �m fibers have been used to guarantee most mechanical flexibility for the
catheter and because the diameter of the tube where the fiber bundle has to be
integrated inside the catheter has a limited diameter of about 200 �m, respectively.
The total length of the catheter is 1.5 m, and the fiber bundle in total has 11
equidistant sensor planes, enabling 3D shape measurement across the whole length
of the catheter.

One example of the shape measurement for the catheter is shown in Fig. 10.19.
The catheter is bended into two circles with diameters of 6 cm and 4 cm,
respectively. The complete recalculated shape from the strain measurements of the
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Fig. 10.20 (a) 3D point-by-point femtosecond laser processed waveguide and FBG in a glass
plate. (b) Bragg reflection signal from the FBG shown in part (a) of the figure

integrated FBG sensors is shown in the screenshot. The shape of the catheter is
reproduced very nicely. The left part of the screenshot also shows the projections of
the 3D shape in the xz- and yz- as well as the xy-plane, which represents the linear
stretched catheter. As a result, this demonstration shows that 3D shape measurement
applying FBG sensor technology is an interesting new tool for navigation and
tracking of medical instruments, such as catheters.

10.4.3 Single Fiber Shape Sensing

A completely different approach for 3D FBG shape sensors is possible by latest
developments in another point-by-point femtosecond laser processing technique
that allows direct writing of 3D waveguides into optical transparent materials (e.g.,
glass plates) and, in a second step, additional inscription of FBGs into waveguide.
As shown in Fig. 10.20. From the microscope image the waveguide structure inside
a glass plate can clearly be seen as well as the grating structure (a). In part (b) of
the figure, the reflected Bragg signal of SLED light coupled into the waveguide is
presented. This concept is transferred to the processing of waveguides and FBGs
into the cladding material of a conventional single-mode optical fiber. By aligning
the focus of the femtosecond laser into the cladding waveguides, FBGs can directly
be processed by the point-by-point femtosecond laser technique. This enables us to
develop completely new design for FBG-based shape sensors. One possible concept
is shown in Fig. 10.21. FBGs are processed into the core of the fiber but also inside
microscopic waveguides processed inside the cladding material of the fiber. Light
from the fiber core is coupled into these waveguides via evanescent field effect;
by aligning the distance between fiber core and additional cladding waveguide, the
amount of coupled light can be controlled very accurately.
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Fig. 10.21 Single-mode optical fiber for 3D shape sensing using laser-inscribed waveguides with
integrated FBG sensor elements

Appling the 90ı FBG sensor configuration as shown in Fig. 10.21, two
waveguides with integrated Bragg gratings in the cladding allow the complete
reconstruction of bending direction, radius, and, consequently, the 3D shape. One
additional FBG in the fiber core is required for temperature and strain compensation.
Compared to conventional 3-fiber arrangements or a multicore fiber, such a setup
is easier to handle and much more comfortable to integrate into instruments (e.g.,
a medical catheter) where geometrical size and mechanical flexibility are important
issues. In addition, the smooth surface of a pure fiber also helps significantly to avoid
torsion effects that influence the accuracy of fiber-optical shape measurements.
Another advantage of this approach is that no additional imaging optics are
necessary as in the case of multicore fiber-based shape sensing systems. First
experiments applying this very new concept are in progress at the Fraunhofer HHI
and will be published very soon.

10.5 Conclusion

The point-by-point femtosecond laser processing technique of waveguides and
FBGs in optical transparent materials opens a wide range of new possibilities in the
design and fabrication of photonic sensor devices. In this context, 3D fiber-optical
shape measurement based on FBG sensor technology will provide completely new
tools for navigation and tracking of instruments used not only in medicine but also in
industry, e.g., the exploration and maintenance of oil and gas wells. The femtosec-
ond laser technique enables direct processing of FBGs in nearly all optical fibers but
also especially in new fiber designs such as multicore fibers. Just by proper setting of
the laser focus, the processing can be performed in a well-defined volume element
of the material, and therefore 3D processing can easily be done. As an example, this
allows addressing single cores of a multicore fiber for direct processing of FBGs.
In addition, the femtosecond laser technique offers the possibility of also using a
simple single-mode optical fiber for shape monitoring by direct processing of FBGs
inside the cladding and fiber core material with the advantage of high mechanical
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flexibility of the fiber and the use of conventional fiber connectors for coupling
light into the fiber and analyzing the signals by a spectrometer. Besides this, the
application of pulse trains (pulse shaping) for the waveguide and especially for the
FBG processing in optical fibers results in significantly reduced pulse energies that
are necessary for the processing. This results in much higher mechanical stability
of the femtosecond laser processed Bragg gratings which will be important for
measuring strong bending (e.g., application of this technique for navigation and
tracking of cardiac catheters). In conclusion, this new fabrication method will give
very interesting and innovative impacts for the design and processing of photonic
sensor devices in the future.
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Chapter 11
Polarized Fiber Lasers and Amplifiers

Oliver Fitzau

11.1 Introduction

High-power fiber lasers are used in industrial applications such as cutting and
welding of sheet metals, e.g., in the automotive or ship building industry. The benefit
of using fiber lasers lies in their ability to produce high average output powers in
the 10 kW range with fundamental mode beam quality and more than 50 kW of
output power with multimode beam quality with high efficiencies. Due to a robust
all-fiber setup, the lasers are very rugged and can be used even in harsh production
environments, where they have already demonstrated high reliability.

The handling of laser radiation by use of an optical fiber is very convenient due to
its flexibility and low losses for radiation of wavelengths between the Nd:YAG line
at 1,064 nm and telecom wavelengths around 1,500 nm, as can be seen in Fig. 11.1.

What is more, by introducing birefringence into the fiber core, the two perpen-
dicular polarizations of the electric field are separated which leads to a preservation
of its polarization when linearly polarized light is launched into the fiber parallel to
one of the principal axes of birefringence.

The use of polarized radiation gives the opportunity of controlling the state of
polarization on the workpiece and by that influencing the absorption and reflection
properties in order to get the highest process efficiency and achieve the best quality.

11.2 Fiber Lasers

The principle of the fiber laser is based on the light guiding in an optical fiber by
means of total internal reflection at the interface of the different fiber layers (see
Fig. 11.2). Optical fibers typically comprise a core with radius r1 and refractive
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Fig. 11.1 Light attenuation
in fused silica optical fibers.
Below 1,200 nm the
attenuation is dominated by
Rayleigh scattering. Around
1,400 nm OH groups add
extra attenuation and above
1,600 nm the IR absorption
becomes dominant

Fig. 11.2 Cross-sectional view of an optical fiber (left). The different refractive indices of the
coating define whether the cladding can be used to guide pump radiation (double clad) or not
(center and right)

index n1 in which the signal is guided, a cladding with radius r2 and refractive index
n2< n1, and a coating with radius r3 and refractive index n3 to protect the glass
from damages. In standard fibers, the refractive index of the cladding is lower than
that of the coating, which means that no light is guided in the cladding. For a lot
of fiber lasers, however, the fiber has a double-clad structure with n3< n2, so that
the cladding can guide the pump radiation that is required for the creation of a
population inversion.

As can be seen in Fig. 11.3, the pump radiation which has a low beam quality and
is typically provided by laser diodes is coupled into the pump cladding and travels
along the fiber where it is absorbed in the doped core eventually, thus creating the
population inversion.
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Fig. 11.3 Principle of a cladding-pumped fiber laser. Pump light with low beam quality is coupled
into the fiber cladding and creates the inversion in the core by means of absorption

The amount of pump absorption in the fiber depends on the dopant concentration
of the active ions, the pump wavelength, and the overlap between the transverse
intensity distribution of the pump light and the active core. For a top-hat-shaped
intensity profile of the pump radiation, the absorption in the fiber is reduced by a
factor of

˛f D �abs
�

pump
	

nges
r21

r22
(11.1)

with �abs(pump) denominating the absorption cross section of Yb-doped glass at the
pump wavelength and nges the number of Yb3C ions in the fiber.

11.3 Modal Properties of the Fiber

The transversal intensity distribution in the core is a superposition of eigenmodes
whose radial component can be described by Bessel functions and whose azimuthal
component has a sinusoidal modulation. The lowest orders of these modes are
depicted in Fig. 11.4. In weakly guiding fibers, in which (n2 � n1)/n2 � 1 according
to [1], the perpendicular polarizations of the electric field are independent due to
weak coupling. Thus, the modes are linearly polarized and called LPlm modes with
the index l describing the azimuthal symmetry and the index m describing the
number of roots that lie within the boundaries of the fiber core. The field distribution
of the fundamental LP01 mode can be approximated by a Gaussian function.

The modal content of an optical fiber can be characterized by its V number, also
called normalized frequency, which is defined as

V D 2a�


NA (11.2)
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Fig. 11.4 Intensity distribution of low-order transversal fiber modes

Fibers with a V number lower than 2.405, the first root of the lowest-order Bessel
function, can only guide the fundamental mode (in two polarizations) and are called
single-mode fibers, whereas fibers with V � 2.405 are called multimode.

For V � 2.405, the number N of modes that are guided in a multimode fiber can
be approximated by

N D V 2

2
(11.3)

11.4 Gain Medium

The active fibers for a fiber laser are doped with ions of rare earth elements such as
ytterbium (1 �m output wavelength), erbium (1.5 �m), or thulium (2 �m). Based
on such fibers, lasers with output powers suitable for materials processing could
already be demonstrated and are commercially available. The most common fiber
lasers are based on ytterbium (Yb)-doped fibers because of the broad emission and
absorption spectrum (Fig. 11.5).
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Fig. 11.5 Absorption and emission cross sections of ytterbium-doped glass

The absorption in Yb-doped glass has a local maximum around 920 nm and a
global maximum at 976 nm. For these wavelengths, highly efficient fiber-coupled
diode lasers with sufficient beam quality are readily available as pump sources with
output powers well into the multi-100-W range.

The small difference between the pump and signal wavelengths also allows high
optical efficiency of the laser with only little thermal load inside the fiber.

With the broad emission band between 976 and 1,150 nm, fiber lasers can address
different types of applications, in which they have already started to replace Nd:YAG
lasers at 1,064 nm, but can also be used as pulsed seed sources at 1,030 nm for
subsequent power scaling in thin disc or Innoslab lasers.

11.5 Nonlinear Effects

The optimum fiber length is a trade-off between high efficiency and high attenu-
ation, both of which are achieved by absorbing as much pump power as possible,
and the mitigation of nonlinear effects, particularly stimulated Brillouin scattering
(SBS) and stimulated Raman scattering (SRS). To estimate the power levels related
to the onset of SRS and SBS, threshold powers TSRS and TSBS are defined as the
optical powers at which 50 % of the incoming signal (the fiber laser radiation) is
converted into Raman- or Brillouin-scattered signal.

The threshold for stimulated Raman scattering (TSRS) is proportional to the
effective mode area Aeff of the guided light as well as the effective fiber length
Leff:
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TSRS 	 Aeff

Leff
(11.4)

Because in a glass host the frequency shift introduced by SRS is around 13 THz,
SRS results in a wavelength shift of 50 nm for a signal wavelength of 1,064 nm.
The threshold for stimulated Brillouin scattering TSBS also depends on Aeff and Leff

but additionally on the relation between the Brillouin gain bandwidth �vB and the
signal bandwidth�vs:

TSRS 	 Aeff

Leff

�

1C �vs
�vB

�

(11.5)

SBS creates an index grating, much like an FBG (fiber Bragg grating), by means
of electrostriction. The pitch of this grating corresponds to the signal wavelength
and it will therefore act as a mirror for the incoming signal light, resulting in a back
reflection of the scattered power. Since this reflection is not only a loss channel but
can also lead to damage in the amplifier or the seed source, the amplifier has to be
designed in such way as to prevent the onset of SBS.

11.6 Polarization in Fibers

A standard single-mode fiber actually supports two degenerate modes with perpen-
dicular polarizations; however, because there is only very weak coupling between
the two modes [1], linearly polarized light that is coupled into the fiber does not
change its state of polarization and thus will remain linearly polarized.

In real fibers, there are always imperfections in the form of local birefringence
caused by local bends, twists, or statistically distributed irregularities from the fiber
drawing that are responsible for the polarization to be coupled from one direction to
the other. Thus, real fibers are not polarization maintaining [2].

To overcome this problem and prevent the power in both polarization modes
from coupling in to each other, polarization-maintaining (PM) fibers are designed
to create different propagation constants for both polarizations by introducing high
birefringence into the fiber core.

Because the mode coupling between two modes depends on the difference in
their propagation constants according to [3]

dEx

d z
D Ey	xyexp

�

ik
�

neff;y � neff;x
	

z
�

(11.6)

with neff,x(y) denominating the effective propagation constants for the electric field
parallel to the x-axis and the y-axis, respectively, and ›xy denominating the coupling
factor between the two, proper mode decoupling can be achieved by increasing the
difference in the propagation properties for both polarization modes.



11 Polarized Fiber Lasers and Amplifiers 257

Fig. 11.6 Principle of a polarization-maintaining fiber. The core is birefringent due to internal
mechanical stress; thus, two propagation constants exist. The most common designs for PM fibers
are the PANDA (left) and the bow-tie design (right)

Fig. 11.7 Principle of a polarization-maintaining PANDA-type fiber. Mode field diameter and
propagation constant are lower for the slow axis

In order to achieve this, an asymmetry is introduced into the fiber core, either by
giving the core an elliptical shape or by introducing mechanical stress to the core.
A common design for the latter is the so-called PANDA and bow-tie fiber designs,
which are depicted in Fig. 11.6.

The PANDA design uses the so-called stress applying parts (SAP) which are
introduced into the cladding of the fiber next to the core. The SAP are made
from boron-doped glass which has a different coefficient of thermal expansion so
that mechanical stress remains in the fiber core region due to different thermal
contraction of cladding and SAP when the fiber cools down after drawing. This
mechanical stress results in birefringence (see Fig. 11.7), represented by different
refractive indices, neff,x D neff,slow and neff,y D neff,fast. Depending on the orientation
of its electric field, the light will have a different propagation constant, according
to “eff,fast/slow D neff,fast/slowk; hence, coupling between both polarization modes is
significantly decreased.
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Fig. 11.8 Setup of a linear fiber amplifier

In typical PM fibers, the birefringence nslow � nfast is of the order of 10�4, so the
index difference created by the mechanical stress is two orders of magnitude smaller
than the index difference between core and cladding.

11.7 Linear Fiber Amplifiers with Polarized Output

Since the stimulated emission is polarization maintaining, PM fibers can be used
in pulsed linear fiber amplifiers in which the temporally shaped signal is created
by using a pulsed seed source for the generation of the signal and one or more
amplification stages for the subsequent power scaling. Figure 11.8 shows the setup
of a fiber amplifier in which the signal from the seed source is coupled into the core
of an active fiber and the pump light is coupled into the cladding via a dichroic
mirror.

Depending on the required pulse durations, the seed source can be a mode-
locked, q-switched, or gain-switched laser. Convenient choices are fiber lasers for
pulses down to the femtosecond regime or pulsed single-mode diodes for pulse
durations between a few hundred picoseconds and microseconds. The repetition
rates in fiber amplifiers are typically greater than 50 kHz, depending on the exact
parameters. Due to the fiber’s large single-pass gain, it has a strong tendency to start
self-lasing from the amplified spontaneous emission (ASE) noise, especially at low
repetition frequencies.

As mentioned above, most power limitations in fibers are dependent on the
intensity of the electromagnetic field and therefore on the size of the mode area. The
most obvious way to increase the power-handling capacity of a fiber therefore is to
increase the mode field area of the guided mode and thereby decrease the intensity
of the mode. Increasing the mode field diameter is achieved by increasing the core
diameter; however, this leads to a larger V number and the fiber will lose its single
modedness.

According to (11.2), this can be overcome by lowering the core NA, which is
typically achieved by adjusting the core/cladding dopant mixture. Due to limitations
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Fig. 11.9 Design of a
micro-structured fiber
comprising five different
layers: coating, an outer
cladding, the air cladding to
provide a high NA for the
guiding of pump light, the
pump cladding which is
structured by an arrangement
of air channels, and the fiber
core

in the adjustment of the dopant concentrations, NA values lower than 	0.06
are impossible to achieve. Therefore, micro-structured fibers (Fig. 11.9), in which
the cladding comprises an arrangement of air channels to adjust the refractive index,
are used in order to achieve even lower NA values of down to 0.03.

Micro-structured fibers are available with core sizes up to 40 �m.
For even larger core sizes, ROD-type fibers [4] are used which are, in principle,

large micro-structured fibers. These fibers are not flexible because due to the large
core and low NA, they are highly susceptible to modal distortions and losses caused
by bending.

With such fibers, pulse peak powers in the 1–2 MW range and high average
powers up to several 100 W could already be demonstrated [5, 6].

Figure 11.10 gives an overview of the typical dimensions of the different fibers
and a size comparison.

Modern applications for ultrashort-pulse lasers require ever-increasing average
powers. In solid fibers or micro-structured fibers, average output powers in the
kW range could already be demonstrated [7]. In ROD fibers, however, the average
output power is limited by the onset of modal instabilities that show a threshold-like
behavior and account for the random coupling between the fundamental and high-
order modes in the core, thus causing unwanted instabilities in the output signal.
The origins of these instabilities are subject of current research [8, 9].

11.8 High-Power cw Fiber Laser

As explained above, the polarization modes in a PM fiber are decoupled by
introducing birefringence into the fiber core. The different refractive indices also
account for different NA for the slow- and fast-axis polarizations; thus, both modes
show a different susceptibility to bending according to Marcuse’s formula [10]
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Fig. 11.10 Cross-sectional views of different fiber types (to scale). The upper row depicts flexible
fibers, and the lower half shows a rigid ROD fiber. The glass around the pump cladding is necessary
to keep the fiber straight as it is highly susceptible to bending losses or modal distortion
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The attenuation depends on the propagation constant “, R represents the coiling
diameter, and the parameters U, V, and W are defined as follows:

U 2 D a2
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and

V D U CW (11.10)
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Fig. 11.11 Calculation of the
bend loss in a 20/400 �m PM
fiber according to [10]

Fig. 11.12 Simulation data
for a 20 �m fiber with 0.06
NA and a birefringence of
3.5 � 10�4. The graph shows
the degree of linear
polarization as a function of
the coiling diameter

For a birefringence of 10�4, this results in a different bending loss for both
polarization modes of more than an order of magnitude, as can be seen in Fig. 11.11.

This behavior can be exploited to build a polarized laser, simply by coiling
the active PM fiber to a diameter at which, for one polarization, the attenuation from
the bending exceeds the amplification, thus preventing lasing of this polarization
mode. This approach has already been reported in [11] and was further investigated,
e.g., in [12].

Figure 11.12 shows the degree of linear polarization (DOLP), defined as

DOLP D Pmax � Pmin
Pmax

(11.11)

with Pmax and Pmin denominating the laser powers in both polarization axes, against
the coiling diameter in a 20/400 �m Yb-doped PM fiber with a nominal core NA
of 0.06. Over a narrow range of coiling diameters, the output from the laser is
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Fig. 11.13 Setup of a linearly polarized fiber laser using the coiling technique. The coiling
diameter has to be chosen such way that the fast-axis polarization is suppressed and does not
start lasing

linearly polarized. For larger diameters, the attenuation in the fast axis is not high
enough to suppress lasing, and at smaller diameters, the additional stress that is
introduced by the bending is responsible for an increased mode coupling between
both polarizations, resulting in slow-axis polarized light being coupled into the fast
axis from which it is then attenuated due to the bend loss.

Figure 11.13 shows the setup for a linearly polarized fiber laser based on the
coiling technique. The setup is principally the same as a standard fiber laser, the
only difference being the carefully chosen coiling diameter of the fiber, as explained
above.

With such a setup, 850 W of cw output power with a DOLP (?) of 98 % could be
demonstrated [4], with an optical-to-optical efficiency similar to that of a non-PM
fiber laser. No degradation of the polarization was observed with increasing output
power.
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Semi-infinite unflanged planar dielectric

waveguide
absolute value, Fourier transform, 14,

15
continuous spectrum, 8–11
first order wave function, 13, 14
Fourier transform plot, 13
Fresnel coefficients, 11
Fresnel reflection, 17–19
imaginary part, first order wave function,

13, 15
iterative scheme, 4–8
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spectral coupling characteristics, 70

Xe channel
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efficiency, 212
ionization, 212–213
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