Opucal Sensors

|
-‘ ' i i |
' 4 R ] j i
| | 1 .- S )
: . i by i b | T8 v S .
L RS EL i Ll
! g b (N & | ad =
| T I TRt { I
¥ o i 1 HS W
i 4 | b
: 3 i B u | ! w

Edited by

José Luis Santos
Faramarz Farahi




Handbook of
Optical Sensors

Edited by

José Luis Santos
Faramarz Farahi

CRC Press
Taylor & Francis Group
Boca Raton

London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business



CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2015 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works

Printed on acid-free paper
Version Date: 20140910

International Standard Book Number-13: 978-1-4398-6685-6 (Hardback)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts have been
made to publish reliable data and information, but the author and publisher cannot assume responsibility for the valid-
ity of all materials or the consequences of their use. The authors and publishers have attempted to trace the copyright
holders of all material reproduced in this publication and apologize to copyright holders if permission to publish in this
form has not been obtained. If any copyright material has not been acknowledged please write and let us know so we may
rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, or uti-
lized in any form by any electronic, mechanical, or other means, now known or hereafter invented, including photocopy-
ing, microfilming, and recording, or in any information storage or retrieval system, without written permission from the
publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com (http://
www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 01923,
978-750-8400. CCC is a not-for-profit organization that provides licenses and registration for a variety of users. For
organizations that have been granted a photocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for
identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



Handbook of
Optical Sensors



WIS FEERNBEELI:  www. ertongbook. com



To Our Families






Preface

The progress of science and technology has led to the development of complex structures
with increasing sophistication, but still nothing comparable to what we observe in bio-
logical systems. Complex biological systems have three key characteristics associated
with their operation: (1) Energy flow inside the system and energy exchange with its sur-
rounding environment are coordinated to achieve specific functionalities. (2) Such flow
of energy derives from analysis of the system about its internal state, also conditioned by
the external environment, and the consequent identification of actions that must be per-
formed to restore the balances necessary for adequate functioning of the system. (3) This
analysis is fed by a constant stream of information from the internal state and external
surroundings of the system, which increases markedly with the system’s complexity.

This last characteristic relies on a sensing mechanism, where sensors are designed
for specific quantities according to natural laws that determine the quantitative rela-
tionship between different variables. Therefore, distinct phenomena and representation
can be related to the measurement of certain quantities such as mechanical, thermody-
namic, electrical, magnetic, optical, and other properties, each of which offers specific
advantages and unique representation, where the natural choice depends on a num-
ber of factors with emphasis on the intended application. Electromagnetic radiation
described by its amplitude, frequency (wavelength), polarization, and phase provides
a range of options to design sensors for a wide range of parameters with performances
that can be adjusted according to the needs. It is not surprising that electromagnetism
has long been regarded as an important phenomenon in the field of sensors. Because of
the central role of vision as a sensory mechanism of living beings, the optical band of the
electromagnetic spectrum is of particular importance. Optical sensors refer to sensing
mechanisms that use electromagnetic radiation in the optical band, although recently
longer (terahertz) and shorter (x-ray) wavelengths have been used within the context
of optical systems. Since one important means of communication of humans with the
environment is within the optical band of the electromagnetic spectrum, it seems natu-
ral for us to think of optics as a branch of science and technology for sensing. Over time,
technological progress has increased our abilities to control the properties of light, and,
with that, the construction of better sensor devices and optical instruments, enabling
rapid progress in the field of optical sensing.

The importance of optical sensing is now recognized and its potential in future techno-
logical advances is immeasurable. But the truth is, if we ignore the sensing systems associ-
ated with vision, it was only in the second half of the twentieth century that the designation
of the optical sensor became common. A survey of the publications of the Optical Society of
America (OSA) shows that in 1961 the word optical sensor appeared in an OSA journal for
the first time. The reason for this relatively late bloom is the level of technological demands
it requires, which is not only due to the difficulties associated with sensor fabrication, but
also the requirement for advanced optical sources, detectors, modulators, and waveguides
that allow light propagation to and from the measurement region. Remarkable achieve-
ments in all these areas in recent decades allowed for the rapid progress in the field of
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optical sensing. In particular, optical fibers that play a dual role as light transporters and
communication channels enable the relatively straightforward implementation of the
sensors network.

The accelerated growth recently seen in the field of optical sensors is driven by two
factors: the demands introduced by the applications and the progress of science and
technology in other fields such as materials science, microelectronics, metamaterials,
and quantum physics. This interesting dynamic has motivated us to seek help from
many experts in this field and coordinate an effort with the objective of providing a
comprehensive and integrated view of optical sensors, where each specific area is pre-
sented in detail, but within a general context. With this approach, our intention has
been to offer a source of information to practitioners and those seeking optical solutions
for their specific needs, and a reference for the students and investigators who are the
intellectual driving force of this exciting field.

In pursuit of this objective, the book is organized into four sections, with a total of
21 chapters. In the first section, Optical Sensing and Measurement, the basic aspects of
optical sensors and the principles of optical metrology are discussed in two chapters
and a brief historical review of the subject is presented. The second section, Optical
Measurement Principles and Techniques, starts with a chapter focused on the role of
optical waveguides in sensing, followed by four chapters that discuss sensor technolo-
gies based on intensity modulation, phase modulation (interferometric), fluorescence,
and plasmonic waves, followed by three chapters describing wavefront sensing, multi-
photon microscopy, and imaging based on optical coherence tomography.

The third section, Fiber-Optic Sensors, explores the specific but increasingly impor-
tant field of optical fiber sensing, which includes ten chapters starting with a historical
overview of this subject, and a chapter specifically on light guiding in standard and
microstructured optical fibers. Sensor technologies based on fiber optics benefit from
techniques such as the modulation of intensity and phase of light, therefore the next two
chapters address sensing supported by these modulation formats. This is followed by
chapters on sensor multiplexing and distributed sensing. A chapter is devoted to fiber
Bragg grating because of its importance in the field of fiber sensors. The next chapters
focus on the application of fiber sensors for the detection of chemicals, with a chapter
that can be considered a case study on the impact of the fiber-optic sensing approach
through analysis and comparison with electrical- and optical-based strain gages. This
part concludes with a discussion of the important issue of standardization in optical
sensors.

The fourth section, The Dynamic Field of Optical Sensing, is composed of one chapter
that intends to provide a broad perspective of the field and to identify possible new
trends that could shape the future of this area. It starts by discussing some of the well-
established sensing technologies such as wavelength-encoded sensors and distributed
sensing, which are expected to experience significant progress in the near future consid-
ering the high level of interest and R&D resources they have attracted. Then, the chapter
addresses some of the recent developments in optics that could potentially impact the
field of optical sensors beyond what can be envisioned today. Metamaterials could cer-
tainly provide a new vehicle for the design of novel sensing structures and on the hori-
zon the enticing idea of entangled quantum states of light offers exciting possibilities in
optical sensing offers exciting possibilities.



The 28 authors of these chapters are recognized experts in their areas of research
and are major contributors to this field. They fully supported us by offering inputs and
providing their respective materials in accordance with the main objectives of this proj-
ect. For having accepted our invitation to participate in this buildup of this book, and
also for the understanding they showed in the face of unexpected delays to reach to this
point, we express our utmost gratitude. Our objective is to congregate competences of
many experts to produce a text in optical sensing that would be useful for students,
researchers, and users of these technologies. The output of this endeavor, we think,
meets this key objective and, if so, it is very rewarding to us.
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