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ABSTRACT

This thesis studies the techniques of laser remote sensing and their
applications in environmental monitoring, as documented in sev-
eral published papers.

The environment where the human being live is degrading with
an accelerating speed. Quantitative monitoring characterizes the
quality of the environment and offers possibilities to solve environ-
mental problems. Laser remote sensing actively probes physical
quantities with advantages of, e.g., large spatial coverage and lit-
tle environmental influence, and hence becomes a very suitable
tool for environmental analysis.

Light detection and ranging (LIDAR) measures the backscat-
tered light from remote targets using a short-pulsed laser. Three
varieties of LIDAR techniques, based on a vehicle-carried labora-
tory, have been developed in the work within the thesis. Elastic
LIDAR measures the elastic backscattering from the atmospheric
aerosols, and has been used to comparatively study their verti-
cal distribution above a Swedish rural area and a Chinese Maga-
city. Differential absorption LIDAR (DIAL) is able to analyze
the distribution of trace pollutants in the atmosphere. Vertical
measurements of two serious pollutants, atomic mercury and ni-
trogen monoxide, have been performed in the same Chinese city.
Further, DIAL is also proved to be valid for remote gas analysis
in multiple-scattering media. Fluorescence LIDAR can recognize
the molecules contained in a remote target, through analyzing the
laser-induced fluorescence fingerprint. Such a technique is em-
ployed in this thesis mainly for ecological studies, particularly for
insect and bird monitoring. Promising performances have been
revealed through feasibility tests and field experiments.

Tunable diode laser absorption spectroscopy (TDLAS) attracts
research attention for its compactness, cost-effectiveness, and high
sensitivity. The signal-to-noise ratio of a TDLAS can be conven-
tionally improved by applying modulation; while in the thesis,
a different idea is proposed and demonstrated by operating the
absorption spectroscopy on a zero light background. Proof-of-
principle experiments are performed and considerations regarding
real-world applications are discussed. GAs in Scattering Media
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Absorption Spectroscopy (GASMAS) employs diode lasers for gas
analysis as well, and wavelength modulation is frequently applied
for sensitivity enhancement. Such an advanced TDLAS tool is
applied in the thesis for food package monitoring.

Finally, fiber-optic remote sensing realizes the environmental
monitoring by employing fiber-optic devices, e.g., fiber Bragg grat-
ings (FBGs). Applications of these sensors are usually limited to
temperature and stain monitoring. By using a methane catalyst
which transfers the ambient methane into heat, FBG sensors be-
come sensitive to methane. The sensitivity can be improved if
the sensing FBG is interrogated by another reference grating hav-
ing a matched spectrum. The multiplexing of such twin-grating-
structure sensors is realized, and thus a distributed sensor network
is possible to construct.



POPULARVETENSKAPLIG
SAMMANFATTNING

Sedan den industriella revolutionen har varlden konfronterats med
manga miljoproblem, t.ex. luftféroreningar, surt regn, global
uppvarmning, farligt avfall, ozonhalsproblematik, “smog” och vat-
tenféroreningar. Det ar viktigt att utveckla méatteknik for att ob-
jektivt kunna faststélla miljoforhallandena for att sedan kunna
gora adekvata atgirder. Miljon kan direkt karakteriseras, t.ex.
genom att méta koncentrationen av fororeningar i luft och vat-
ten, eller ocksa kan indirekta effekter pavisas, t.ex. pa insek-
ter och faglar, som ofta &r mera kénsliga for miljoforandringar
dn ménniskor. Andra fragor av allmént intresse &ar sdkerhet i
livsmedelshantering, och hélsa pa arbetsplatsen. Detta ar &dven
miljofragor i vidstriackt mening, och utan métteknik och regler-
ing kan har storre hélsorisker foreligga &n de harrérande fran den
yttre miljon. Alla ovanndmnda aspekter innefattas inom det breda
dmnesomradet miljoméatteknik, som &r dmnet for foreliggande
avhandling.

Fjarranalys med laser erbjuder avancerade och kraftfulla
tekniker for miljométning. Dessa metoder har tva karakteristiska
drag: En artificiell stralningskalla, som oftast ar en laser, utnytt-
jas. Vidare utfors méatningarna beroringsfritt eller pa avstand.
En laser ar en ljuskéalla som har uppenbara fordelar - t.ex. kan
ljuset séndas ut i extremt korta pulser med mycket hog toppeffekt.
Laserljus kan goras mycket mera parallellt &n vanligt ljus vilket gor
att det kan sdndas Over langa avstand. Mojligheten till métning
pa avstand gor att miljon kan studeras utan yttre paverkan.

Tre typer av laserbaserade fjarranalystekniker beskrivs i denna
avhandling och exempel pa olika intressanta tillimpningar ges. I
likhet med radar- och sonar-teknik studeras i LIDAR (LIght De-
tection And Ranging)-tekniken ekon efter transmission av en puls.
Avstandet fran ljuskéllan till malet kan bestdmmas genom att
miéta flykttiden for de fotoner som reflekteras tillbaka till mot-
tagaren. LIDAR-ekon kan &ven erhallas fran partiklar fordelade
i atmosfiaren, och aerosoler kan darfér studeras effektivt. Om

vii



Abstract

Viii

lasern justeras till specifika vaglingder som absorberas av t.ex SOq
och NOg, kommer aterspridningen fran partiklarna att dampas.
Genom att gora avstandsupplosta méatningar av detta slag kan
fordelningen av dylika fororeningar i atmosfiren kartliggas. Ett
eko fran ett fast stralmal kan ocksa analyseras med avseende pa
fluorescens. Det ar vélkant att sedlar och vardehandlingar, t.ex.
pass, uppvisar synliga tecken och bilder vid belysning med ultravio-
lett ljus i ett morklagt rum. Fluorescensteknik anvénds allmént for
att upptéacka forfalskningar. Ett fluorescens-LIDAR-system, som
sinder ut ultravioletta pulser, kan registrera signaler fran mal pa
avstand upp till hundratals meter. Genom att analysera signalerna
kan malet karakteriseras. Metoden har i denna avhandling anvants
for att bestamma art och kon for flygande insekter och faglar.

Diodlasrar ar kompakta och effektiva ljuskallor. En diod-
lasers aktiva del har en storlek pa nagra hundra mikrometer och
drivstrommen varierar fran tiotals till hundratals milliampere.
Vaglangden hos en diodlaser kan varieras nagot genom att dndra
laserns temperatur och drivstrom. Detta mojliggor gasanalys
dérigenom att gasers specifika absorptionsvagléngder kan uppsokas
ledande till ljusddmpning. Om laserljuset sénds genom ett medium
som sprider ljus, kommer stralens parallellitet att forstoras.
Istéllet kommer ljuset att diffust lamna provet i alla riktningar.
Maétningar under sadana omsténdigheter kallas GASMAS (GAs
in Scattering Media Absorption Spectroscopy) och har i denna
avhandling anvénts for matningar pa livsmedelsférpackningar.

Optiska fibrer for kommunikation har liknande tjocklek som
ménskligt har, och kan dven anvéndas i méttillimpningar. Man
talar da om fibersensorer. En viktig fiberbaserad anordning &ar
sk Bragg-gitter (FBG) som diskuteras i foreliggande avhandling.
Nér vitt [jus som utbreder sig i en fiber méter en dylik anordning
kommer en bestdmd vaglingdskomponent att reflekteras medan de
Ovriga passerar igenom. Det reflekterade ljusets farg &r kansligt
for omgivningstemperatur och spanningar i fibern. Déarigenom kan
dylika anordningar anvandas som sensorer. Det finns katalysatorer
som under inverkan av en omgivande metankoncentration utveck-
lar virme. En kombination av den dylik katalysator och en FBG-
anordning for att mata metankoncentrationer presenteras i denna
avhandling. Dylika sensorer kan forbindas med optiska kommu-
nikationsfibrer i ett néatverk, dar méatvarden fran olika platser kan
siandas till en central for 6vervakning. Ett dylikt natverk kan vara
mycket lampligt for att oka sidkerheten i kolgruvor, som nu ofta
drabbas av forédande explosioner.



Li1sT OF PUBLICATIONS

This thesis is based on the following papers, which will be referred
to by their Roman numerals in the text.

I Vertical lidar sounding of atomic mercury and
nitric oxide in a major Chinese city
Z.G. Guan, P. Lundin, L. Mei, G. Somesfalean, S. Svanberg.
Applied Physics B Published online, (August 2010).

IT Gas analysis within remote porous targets using
LIDAR multi-scatter techniques
Z.G. Guan, M. Lewander, R. Gronlund, H. Lundberg,
S. Svanberg.
Applied Physics B 93, 657 - 663 (2008).

ITI Aerosol sounding at a rural Swedish area and in a
major Chinese city - A comparative study with the
Lund lidar system
P. Lundin, Z.G. Guan, L. Mei, G. Somesfalean,

E. Swietlicki, S. Svanberg.
Proceedings of the 25th International Laser Radar
Conference Volume I (S4P - 50), 663 - 666 (2010).

IV Insect monitoring with fluorescence lidar
techniques: feasibility study
M. Brydegaard, Z.G. Guan, M. Wellenreuther, S. Svanberg.
Applied Optics 48, 5668 - 5677 (2009).

V Insect monitoring with fluorescence lidar
techniques: field experiments
7Z.G. Guan, M. Brydegaard, P. Lundin, M. Wellenreuther,
A. Runemark, E.I. Svensson, S. Svanberg.
Applied Optics 49, (2010).

ix



List of Publications

VI Feasibility study: fluorescence lidar for remote bird
classification
M. Brydegaard, P. Lundin, Z.G. Guan, A. Runemark,
S. Akesson, S. Svanberg.
Applied Optics 46, 4531 - 4544 (2010).

VII Quasi zero-background tunable diode laser
absorption spectroscopy employing a balanced
Michelson interferometer
Z.G. Guan, M. Lewander, S. Svanberg,.

Optics Express 16, 21714 - 21720 (2008).

VIII Active feed-back regulation of a Michelson
interferometer to achieve zero-background
absorption measurements
P. Lundin, Z.G. Guan, S. Svanberg.

Submitted to Applied Optics (2010).

IX Food monitoring based on diode laser gas
spectroscopy
M. Lewander, Z.G. Guan, L. Persson, A. Olsson,
S. Svanberg.
Applied Physics B 93, 619 - 625 (2008).

X Clinical system for non-invasive in situ monitoring
of gases in the human paranasal sinuses
M. Lewander, Z.G. Guan, K. Svanberg, S. Svanberg,
T. Svensson.
Optics FExpress 17, 10849-10863 (2009).

XI Assessment of photon migration in scattering media
using heterodyning techniques with a frequency
modulated diode laser
7Z.G. Guan, P. Lundin, S. Svanberg.

Optics Express 17, 16291 - 16299 (2009).

XII An optical sensing system for the concentration of
methane based on fiber Bragg gratings
B. Zhou, G. Liu, Z.G. Guan, S. He.
Journal of Optoelectronics and Laser (China) 19, 378 - 380
(2008).



List of Publications

XIII Coherence multiplexing of distributed sensors based
on pairs of fiber Bragg gratings of low reflectivity
7Z.G. Guan, D. Chen, S. He.

Journal of Lightwave Technology 25, 2143 - 2148 (2007).

xi



List of Publications

Other publications not included in this thesis:

XIV

XV

XVI

XVII

XVIII

XIX

XX

Xii

Agricultural pest monitoring with fluorescence
LIDAR techniques: feasibility study

L. Mei, Z.G. Guan, J. Lv, C. Lofstedt, H.J. Zhou,
F.J. Chen, Z.R Zhu, J.A. Cheng, S. Svanberg,

G. Somesfalean.

Manuscript in preparation (2010).

Low coherent optical frequency domain
reflectometry interrogates fiber Bragg grating
sensors

B. Zhou, C. Yan, Z.G. Guan, S. He.

Journal of Ligthwave Technology in press, (2010).

Broad-band multi-spectral microscope for imaging
transmission spectroscopy employing an array of
light-emitting diodes

M. Brydegaard, Z.G. Guan, S. Svanberg.

American Journal of Physics 77,104 - 110 (2009).

Interrogation technique for a fiber Bragg grating
sensing array based on a Sagnac interferometer and
an acousto-optic modulator

B. Zhou, Z.G. Guan, C. Yan, S. He.

Optics Letters 33, 2485 - 2487 (2008).

Multiplexing of fiber Bragg grating pairs for
sensing based on optical low coherence technology
W. Liu, Z.G. Guan.

Microwave and Optical Technology Letters 50, 2437 - 2439
(2008).

Optical low-coherence reflectometry for a
distributed sensor array of fiber Bragg gratings
W. Liu, Z.G. Guan, G. Liu, C. Yan, S. He.

Sensors and Actuators A 144, 64 - 68 (2008).

Coherence multiplexing system based on
asymmetric Mach-Zehnder interferometer for
Faraday sensors

Z.G. Guan, S. He.

IEEE Photonics Technology Letters 19, 1907 - 1909 (2007).



List of Publications

XXI

XXII

XXIII

XXIV

XXV

XXVI

XXVII

Quasi-distributed absorption sensing system based
on a coherent multiplexing technique

7.G. Guan, B. Zhou, G. Liu, S. He.

IEEFE Photonics Technology Letters 19, 792 - 194 (2007).

Wavelength detection of coherence-multiplexed
fiber-optic sensors based on long-period grating
pairs

7.G. Guan, A.P. Zhang, R. Liao, S. He.

IEEFE Sensors Journal 7, 36 - 37 (2007).

Multiplexing scheme for self-interfering long-period
fiber grating using a low-coherence reflectometry
M. Jiang, Z.G. Guan, S. He.

IEEFE Sensors Journal 7, 1663 - 1667 (2007).

Low-coherence interrogation scheme for
multiplexed sensors based on long-period-grating
Mach-Zehnder interferometer

7.G. Guan, A.P. Zhang, M. Jiang, S. He.

IEEFE Photonics Technology Letters 15, 832 - 834 (2006).

Optical low-coherence reflectometry based on
long-period grating Mach-Zehnder interferometers
A.P. Zhang, Z.G. Guan, S. He.

Applied Optics 45, 5733 - 5739 (2006).

Optimization and fabrication of stitched
long-period gratings for gain flattening of
ultrawide-band EDFAs

A.P. Zhang, X.W. Chen, J.H Yan, Z.G. Guan, S.L. He,
H.Y. Tam.

IEEFE Photonics Technology Letters 17, 2559 - 2561 (2005).

Optimization of step-changed long-period gratings
for gain-flattening of EDFAs

A.P. Zhang, X.W. Chen, Z.G. Guan, S.L. He, H.Y. Tam,
W.H. Chung.

IEEE Photonics Technology Letters 17, 121 - 123 (2005).

xiii






ABBREVIATIONS

APS
BBO
CAP
CCD
DAQ
DFB
DIAL
dWMS
DOAS
DOM
EMI
FBG
FBGP
FMCW
GASMAS
HITRAN

I-CCD
IR
LED
LIDAR
LIF
LPG
MAP
MIR
Nd:YAG
OMA
OPD

aerodynamic particle sizer

[B-barium borate

controlled atmosphere packaging
charge-coupled device

data acquisition

distributed feedback

differential absorption LIDAR

digital wavelength modulation spectroscopy
differential optical absorption spectroscopy
dissolved organic matter

electromagnetic interference

fiber Bragg grating

FBG pair

frequency modulated continuous wave

gas in scattering media absorption spectroscopy

high-resolution transmission, molecular spectro-
scopic database

intensified CCD

infrared

light-emitting diode

light detection and ranging

laser-induced fluorescence

long-period fiber grating

modified atmosphere packaging

middle infrared

neodymium-doped yttrium aluminium garnet
optical multi-channel analyzer

optical pathlength difference

XV



Abbreviations

OoPO optical parametric oscillator

OSA optical spectrum analyzer

PCI peripheral component interconnect

PID proportional-integral-derivative

PM2.5 particulate matter below 2.5 micrometer
PM10 particulate matter below 10 micrometer
PMT photomultiplier tube

pPzZT piezo-electric transducer

QCL quantum cascade laser

RAM residual amplitude modulation

SLED superluminescent LED

SMPS scanning mobility particle sizer

SNR signal-to-noise ratio

TCSPC time-correlated single photon counting
TDLAS tunable diode laser absorption spectroscopy

TDM time division multiplexing

TEOM tapered-element oscillating microbalance
TTL transistor-transistor logic

uv ultra violet

VCSEL vertical-cavity surface-emitting laser
WDM wavelength division multiplexing

WMS wavelength modulation spectroscopy

xXvi



CONTENTS

5.1

Fiber Bragg Grating (FBG) . . . ... ... ...
5.1.1 Basicsof FBG . . . . . . ... ... ...

1 Introduction
1.1  Organization of the Ph.D. program . . . . . . ..
1.2 Structure of the thesis . . . . ... .. ... ...
2 Environmental Remote Sensing
2.1  Environmental monitoring . . . . . . ... .. ..
2.1.1 Atmospheric monitoring . . . . ... ..
2.1.2 Ecological monitoring . . . . . . . .. ..
2.1.3 Food and occupational monitoring . . . .
2.2 Laser remote sensing . . . . . . . ... ... ...
2.2.1 LIDAR . . . . ... oo
2.2.2 TDLAS. . . . . . . ..
2.2.3 Fiber-optic sensor . . . . . . .. ... ..
3 Light Detection and Ranging
3.1 Elastic LIDAR . .. ... .. ... ..... ...
3.1.1 LIDAR equation and analytical solution
3.1.2 LIDAR system . . . . . . ... ... ...
3.1.3 Measurements and data analysis . . . . .
3.2 Differential absorption LIDAR (DIAL) . . . . ..
3.2.1 DIAL equation and solution . . . .. ..
3.2.2 DIAL system . . . ... ... ......
3.2.3 Pollutant measurements in the atmosphere . . . . . .
3.24 Gas analysis in multi-scattering media
3.3  Fluorescence LIDAR . . ... .. ... ... ...
3.3.1  Laser-induced fluorescence (LIF) . . ..
3.3.2 Remote LIF . . . . ... ... ... ...
3.3.3 Ecological studies . . . . ... ... ...
4 Tunable Diode Laser Absorption Spectroscopy
4.1 Background knowledge . . . . . . ... ... ...
4.1.1 Gas absorption spectrum . . . . . . . ..
4.1.2 Diodelaser . . . . . ... ... ... ...
4.1.3 Sensitivity . . . . ... ...
4.2 Zero-background TDLAS. . . . . ... ... ...
4.2.1 Working principle . . . . ... ...
4.2.2 Real-world application considerations . .
4.3  Gas in scattering media absorption spectroscopy
4.3.1 Principle and technique . . . . . . . . ..
4.3.2 Food monitoring . . . . . ... ... ...
4.3.3 Path-length assessment . . . . . . . ...
5 Fiber-optic Sensors

N =



Contents

5.1.2 FBGsensors . . . .. ... .. .......
5.1.3 Interrogation schemes . . . . . . . . .. ..
5.2  FBG methanesensor . . . ... ... ... .....
5.2.1 Methane transducer . . . . . . ... .. ..
5.2.2 Reference-FBG interrogation . . . . . . . .
5.3  Multiplexing schemes . . . . . . . ... ... ....
5.3.1 Low-coherence multiplexing . . . .. . ..

5.3.2 Multiplexing of methane sensors
6 Future Work
Comments on the Papers
Acknowledgements

References

79

85

87



Contents

Papers
I Vertical lidar sounding of atomic mercury and nitric ox-
ide in a major Chinese city 99
II Gas analysis within remote porous targets using LIDAR
multi-scatter techniques 107
III  Aerosol sounding at a rural Swedish area and in a major
Chinese city - A comparative study with the Lund lidar
system 117
IV Insect monitoring with fluorescence lidar techniques:
feasibility study 123
A" Insect monitoring with fluorescence lidar techniques:
field experiments 135
VI Feasibility study: fluorescence lidar for remote bird clas-
sification 147
VII Quasi zero-background tunable diode laser absorption
spectroscopy employing a balanced Michelson interfer-
ometer 163
VIII Active feed-back regulation of a Michelson interferome-
ter to achieve zero-background absorption measurements 173
IX Food monitoring based on diode laser gas spectroscopy 181
X Clinical system for non-invasive in situ monitoring of
gases in the human paranasal sinuses 191
XI Assessment of photon migration in scattering media us-
ing heterodyning techniques with a frequency modulated
diode laser 209
XII An optical sensing system for the concentration of
methane based on fiber Bragg gratings 221
XIII Coherence multiplexing of distributed sensors based on
pairs of fiber Bragg gratings of low reflectivity 229






CHAPTER 1

INTRODUCTION

1.1 Organization of the Ph.D. program

At the Atomic Physics Division of Lund University, laser tech-
niques have been developed for environmental monitoring since
1980 under the leadership of Prof. Sune Svanberg (the main su-
pervisor of this thesis). Being attracted by the academic standing
of the Lund group in the field of laser spectroscopy, the author
came from China to Sweden as a visiting student in 2007. After-
wards, he became a Ph.D. candidate in the group through a regular
application and selection. Most research work contributing to this
thesis was performed between 2007 and 2010, during which the
Ph.D. position was supported by the Swedish Research Council
(VR). In addition, a SIDA/VR grant supported the Sino-Swedish
collaboration, and important equipment was funded by the Kunt
and Alice Wallenberg Foundation.

Clearly, the thesis studies a multidisciplinary subject, which
must be based on good collaborations among researchers from
different fields. The project of aerosol LIDAR sounding at Vavihill
(Sweden) was collaborated with the Aerosol Group (Prof. Erik Swi-
etlicki) at the Nuclear Physics Division of Lund University, in
the spring of 2009; while a comparative study was carried out
at Hangzhou (China) using the same LIDAR system, through a
Sino-Swedish project with Zhejiang University in China. The au-
thor was at the Photonics Group (headed by Prof. Sailing He, who
is also a professor at Royal Institution of Technology, Sweden) at
Zhejiang before coming to Lund, and Dr. Gabriel Somesfalean (a
co-supervisor of the thesis), who is a Lund graduate, is now work-
ing at the same Chinese group as an associate professor. The
main supervisor, Prof. Sune Svanberg, is also a honorary profes-
sor at the Zhejiang University. In the project, totally 12 tons of
Lund mobile LIDAR facility was deployed to China for 6 months
(October 2009 to April 2010) of scientific activities. Besides the



1.2 Structure of the thesis

aerosol sounding, two atmospheric pollutants, atomic mercury and
nitrogen monoxide, were also vertically measured, using differen-
tial absorption LIDAR techniques. The demonstration of agri-
culture pest monitoring using fluorescence LIDAR. techniques was
also performed when the mobile system was in China, based on
collaborations with biologists at Zhejiang University and Nanjing
Agricultural University (Nanjing, China), through the relation-
ship of the Ecology Department (Prof. Christer Lofstedt) of Lund
University. Other biological monitoring discussed in the thesis,
including two weeks of field experiments of damselfly monitoring
at Veberod, and field experiments of bird migration monitoring
at Kullaberg, were carried out in Sweden, together with biologists
(led by Profs Susanne Akesson and Erik Svensson) from the Biol-
ogy Department of Lund University.

The GAs in Scattering Media Absorption Spectroscopy (GAS-
MAS) technique discussed in Chapter 4 is utilized for food moni-
toring. This part of research work directly promoted a collabora-
tion with Tetra Pak, one of the world’s largest suppliers of food
packaging systems. An industrial project regarding juice package
monitoring is now on-going at the Atomic Physics Division. Com-
pared with GASMAS, the zero-background tunable diode laser
absorption spectroscopy is at an early stage, and only proof-of-
principle experiments were performed, with a clear purpose to im-
prove the measurement sensitivity in real applications.

The chapter of fiber-optic sensors is partly adopted from the
research work that the author performed at Zhejiang University
of China, for the reason that the topic of the remote methane
measurement fits well into the thesis, and by considering the firm
collaboration between the Swedish and Chinese research groups.

1.2 Structure of the thesis

Principally, each single chapter through the thesis can be read in-
dependently. However, for those new to the field, Chapter 2, which
generally overviews environmental monitoring techniques and ap-
plications, is strongly recommended to be read first before going
deeper into Chapters 3 to 5, which detail three types of active op-
tical remote sensing techniques and their specific applications in
environmental monitoring.

In Chapter 3, three varieties of LIDAR techniques, i.e., elastic
LIDAR, differential absorption LIDAR (DIAL) and fluorescence
LIDAR, are introduced in Section 3.1, Section 3.2, and Section 3.3,
respectively. This chapter is based on Papers I to VI. In Paper II1,
elastic LIDAR is employed for aerosol remote sensing, while in
Papers I and II, DIAL techniques are used for atmospheric pollu-
tant measurements, and remote gas analysis in multiple scattering
media, respectively. The applications of the fluorescence LIDAR
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for remote biological target analysis are reported in Papers IV to
VL

In Chapter 4, another important laser remote sensing tech-
nique, tunable diode laser absorption spectroscopy (TDLAS),
is discussed. After reviewing some basic knowledge about the
TDLAS in Section 4.1, the novel zero-background TDLAS and
the advanced gas analyzing tool for scattering media, GASMAS,
are introduced in Section 4.2 and Section 4.3, respectively. The
techniques regarding the zero-background TDLAS are presented in
Papers VII and VIII, while the applications of the GASMAS tech-
nique in food and clinical monitoring are reported in Papers IX
and X. Paper XI proposes a novel technique to define pathlengths
in the presence of multiple scattering, which is of great importance
for GASMAS measurements.

The introduction of the third type of remote sensing techniques,
fiber-optic sensors, is given in Chapter 5. Firstly, in Section 5.1, the
basics and techniques related to an important sensing device, the
fiber Bragg grating (FBQ), are generally reviewed. Then, combin-
ing with Paper XII, Section 5.2 describes the technical details of
a novel fiber-optic methane sensor, based on a pair of FBGs and a
methane catalyst, which can transfer the ambient methane concen-
tration into a temperature increase. The multiplexing possibility
of such methane sensors is also considered in Section 5.3, by using
the coherence multiplexing technique presented in Paper XIII.

Finally, future research possibilities are discussed in Chap-
ter 6.






CHAPTER 2

ENVIRONMENTAL REMOTE SENSING

Environmental problems have different appearances, such as air
pollution, acidification of water and soil, global warming etc.
Quantitative measurements of atmospheric aerosols and trace
gases form the basis for estimating such problems. Differently, eco-
logical research reveals the environmental changes through, e.g.,
studying the movements and migration patterns of insects and
birds. Unlike the natural or ecological environment, the social
environment is surrounding human activities. For the sake of
the health and safety of people, regular and strict surveillance
should apply on critical public issues such as food quality and
occupational safety. Techniques developed for studying the above-
mentioned aspects are generally treated as environmental moni-
toring in this thesis.

Laser remote sensing is a powerful technique for environmental
monitoring, since large spatial scales can be covered and very lit-
tle environmental perturbation is induced. As examples, the tech-
niques and applications of laser radar, diode laser spectroscopy
and fiber-optic sensors are briefly introduced in this chapter.

2.1 Environmental monitoring

Environmental issues are modern problems ranging from local wa-
ter/air pollution to global climate change, which are of great con-
cern to human life and health. To control and improve environ-
mental conditions, the quantitative monitoring is the first step that
characterizes the quality of the environment and offers possibilities
of further strategies.

As one most important natural environment on planet Earth,
the atmosphere is a complex, dynamic gaseous system that is es-
sential to support life. Compared with other natural resources like
water and soil, air is more fragile to pollutants. One main atmo-
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spheric pollutant, aerosols, defined as fine solid particles or liquid
droplets suspended in gases, is abundantly produced from com-
bustion or industries, and affects the climate and human health
strongly. Many other pollutants (CO,, SO2, NO,, C,H,, Hg,
etc.), existing as trace gases in the atmosphere, can also cause
serious harm or discomfort to humans and can damage the nat-
ural environment. Monitoring the distribution and concentration
of aerosols and trace gases in the atmosphere is critical for climate
analysis and environmental protection.

Ecology studies the interactions between the organisms and
their environment. Many organisms are highly sensitive to the en-
vironmental/climate change, and can thus be used as bio-markers
by ecologists. The movement and migration of insects and birds
are especially interesting for climate and epidemiological studies,
and are specially studied in this thesis.

Compared with the polluted natural environment and abnor-
mal ecosystem, unexpected accidents in human activities are more
direct and dangerous to the health and safety of human being. For
instance, food safety and occupational health are two hot topics
which are discussed annually at, e.g., the Global Food Safety Con-
ference [1] and the Occupational Health and Safety Conference [2].
As believed, techniques developed for assessment of the food qual-
ity and occupational environment are as important as (if not more
important than) other environmental monitoring activities.

2.1.1 Atmospheric monitoring
Aerosols

Aerosols are defined as solid or liquid particles suspended in mix-
tures of gases. For instance, smokes and fogs are two types of
aerosols with solid and liquid cores, respectively. The sources of
the aerosol particles are complicated, but can be generally sepa-
rated into naturally generated and anthropogenic. Natural sources
include volcano, sea-spay, erosion, etc. In an industrialized world,
combustion is a prominent source of aerosols. The size of the
aerosol particles ranges from several tens of nm (called the nuclear
mode) to several tens of um (called the coarse particle mode).
The notation PM10 is used to describe particles of 10 pm or less
and PM2.5 represents particles less than 2.5 ym in aerodynamic
diameter [3].

Broadly speaking, aerosol particles tend to scatter energy back
to space and cool the planet down. This tends to offset the warm-
ing associated with greenhouse gases in the atmosphere, which
act like a blanket, trapping longwave radiation and warming the
planet. Most aerosol particles have the opposite effect since they
reflect some of the incoming solar radiation. Some types of parti-
cles, however, can absorb solar radiation and contribute to warm-
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ing of the local atmosphere. An example of light absorbing parti-
cles is carbon soot generated from combustion processes or forest
fires. Since aerosols have much shorter lifetimes and more varied
distributions than greenhouse gases, the net effect on global cli-
mate is hard to predict. Besides the environmental effects, fine
aerosols, mainly from the combustion, can be directly harmful to
human health. For instance, PM2.5 accumulates in human alveo-
lar through breath, and has been shown to result in a number of
diseases including ‘silicosis’ and ‘black lung’ [4].

Many point-monitoring techniques are available for aerosol Figure 2.1. An aerosol source,
measurements, including cascade impactors [5], tapered-element  adapted from the Internet.
oscillating microbalance (TEOM) [6], aecrodynamic particle sizer
(APS) [7], scanning mobility particle sizer (SMPS) [8] etc. SMPS
is especially interesting, since the concentration of aerosol particles
can be measured in a spectroscopic fashion, i.e., aerosols can be
separated according their sizes and the particle numbers can be
counted. For remote and range-resolved measurement of aerosols,
laser radar (or LIDAR) is the only technique. More details on
LIDAR techniques used for aerosol analysis will be discussed in
Section 3.1 and Paper III.

Trace gases

Trace gases are those with concentration less than 1 % by volume
in the atmosphere. Except nitrogen (78 %) and oxygen (21 %), all
other gases in the natural atmosphere are trace gases.

Many trace gases are anthropogenic pollutants, and can be ex-
tremely harmful to human health and the natural environment.
For instance, sulfur dioxide (SO3) is naturally produced by vol-
canoes, while considerably more from combustion of coal and
petroleum containing sulfur compounds. Nitrogen oxides (NO,)
are mainly from local traffic and have become a typical Megacity
problem. Both gases ultimately contribute to acidification prob-
lems at washout, and the water and soil are then further polluted.

Mercury is a toxic pollutant, mostly in atomic form (gas phase)
in the atmosphere. Mercury pollution has been extensively stud-
ied over the world, since the extremely toxic compound methyl
mercury can be formed over time, and serious brain damage in
humans can be caused. International conferences devoted to this
topic are arranged every third year (see, e.g. [9]). The sources
of such pollution are mainly coal combustion, waste incineration,
chlor-alkali industries and mining activities. For instance, concen-
trations of 1 pug/m? can be found in the direct vicinity of mercury
mines and ore smelters. More generally, mercury exists in the low
atmospheric layer (since it is a type of heavy atom) with very low
concentration. The background level above the Atlantic is around
2 ng/m3, and the urban concentrations can be 10 times higher or
more.
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Figure 2.2. Agricultural pests:
Nilaparvata lugens, male (a) and
female (b); Sogatella furcifera,
male (c) and female (d);
Laodelphax striatellus, male (e)
and female(f), adapted from [19].

Other, non-toxic, gases, such as carbon dioxide (CO3) and
methane (CHy), are produced mainly by plants, microorgan-
isms and from natural geophysical sources [10]. They keep the
earth warm through the green-house effect, by absorbing radiation
within the thermal infrared range. However, too much emission of
CO; from anthropogenic activities induces global warming prob-
lems, which were greatly discussed at the Copenhagen Conference
in 2009. Reducing the emission of carbon for the future of mankind
has become a common understanding of people. Compared with
CO3, methane has a even higher global warming potential by a
factor of 72 (calculated over a period of 20 years) or 25 (for a time
period of 100 years) [11].

Optical spectroscopic techniques have been developed for mea-
suring trace gases. Point monitoring devices operating on different
principles are available and widely used by environmental author-
ities. Gas samples are first sucked into a cell before being ana-
lyzed. Taking SO, as an example, the measurement is based on
UV-induced fluorescence [12]. NO, can be measured by detect-
ing the photons from the chemiluminescence process with ozone
(O3) [13]. CHy, CO2 and Hg can be accurately quantified with
high-resolution absorption spectroscopies [14, 15]. Optical remote
sensing instrumentation has advantages, since wider areas are cov-
ered and sampling issues are avoided. Among such optical tech-
niques, differential optical absorption spectroscopy (DOAS) [16],
gas correlation techniques [17, 18], tunable diode laser absorption
spectroscopy (TDLAS) and differential absorption LIDAR (DIAL)
can be mentioned. The latter two techniques are specially studied
in Chapter 3 and Chapter 4 of the thesis.

2.1.2 Ecological monitoring
Insect monitoring

Monitoring insects and studying their movements and migration
are of great importance in biological research and environmen-
tal monitoring. For instance, there exist groups of agricultural
pests world-widely, including in Southeast Asia. They are mostly
moths with sizes from 1x1 to 5x5 mm? (see Figure 2.2). Between
the spring and summer every year, some species migrate from
the Indo-China peninsula, through the Guangdong and Guangxi
provinces of China, and even penetrate into the Yangtze area of
China. During the migrating, with local amount density as high
as 1 million/m?, they cause serious economical damage by feeding
on rice corps. It is clearly important to understand their migrating
strategy for controlling the agricultural loss. Developed techniques
include conventional mark-and-recapture methods and microwave
radar recently applied for automatic measurements. The feasibil-
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ity of fluorescence LIDAR to study such insects will be discussed
in the thesis and the potential of the technique will be shown.
Damselflies constitute another type of insects, which are stud-
ied in the thesis. Damselfly larvae live in the water and have been
used as biomarkers [20], since they are highly sensitive to oxygen
concentration and water pollution. Damselfly adults are sensi-
tive to ambient temperature, and the tendency of global warming
can be known from the fact that many species have undergone
a northwards shift in their distribution [21]. Moreover, dispersal
studies of insects are critical to understand the role of gene dis-
persal between populations over wide spatial scales [22]. As for
migration monitoring of agricultural pests, the traditional method
in the past decades was limited to mark individuals with different
fluorescence dyes and then collecting individuals from neighbor-
ing populations [23]. Very recently, pioneering work using elastic
LIDAR to study honey bees for land mine detection has been re-
ported in [24, 25]. In this thesis, the capability of fluorescence
LIDAR on monitoring damselflies in the natural environment will
be further revealed through a feasibility study and two weeks of
field experiments. More details can be found in Papers IV and V.

Bird migration

Many bird species migrate long distance seasonally for fitting the
environment. Generally, migratory birds fly towards north in the
spring and breed there in the summer, while in the autumn they
fly back to warm regions in the south for spending the winter.
Some birds perform really long migration flights across vast inhos-
pitable areas, such as the Sahara desert and the Mediterranean
Sea (e.g. [26, 27]). Studies of migrating birds are interesting not
only to biologists, for identifying the species, ages and sexes, and
how they select time of migration, flight direction relative to winds
and topography as well as altitude of migration, but also to epi-
demiologists seeking to understand the spread of diseases carried
by birds, including avian flu and malaria [27, 28].

A large proportion of migratory songbirds fly at night and
at high altitudes (>500 m) between these remote destinations
(e.g. [29]). In this way, the bird flight will be relatively less dis-
turbed by turbulent wind conditions [30], and the risk of being
taken by predators can be reduced (e.g. [31]). For this reason, the
traditional visual observation is almost impossible for studying the
migration status of these birds. Instead, tracking radars, infrared
cameras, and their combination [29] enable observers to get a good
estimate of the spatial distribution and numbers of birds passing.
However, these remote methods are limited to not being able to
detect the species of the free-flying birds. Compared with tracking
radar, fluorescence LIDAR techniques can achieve additional infor-

Figure 2.3. A male Calopteryx
Splendens damselfly, adapted
from Paper IV.

Figure 2.4. Migrating birds,
adapted from the Internet.
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Figure 2.5. Packaged food,
adapted from the Internet.
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mation from the fluorescence signature of the remote targets, and
has been successfully demonstrated by us to classify bird species.

2.1.3 Food and occupational monitoring
Food safety

Food safety is an important public issue regarding food handling,
preservation and packaging. From long times, people have known
that physical packages can protect food from shock, vibration,
compression and temperature, and stop the penetration of external
oxygen, water vapor and dust. Later, people further realized that
the natural presence of oxygen in food products fastens the chem-
ical breakdown and microbial spoilage of the food products. Ox-
idative processes are responsible, and it is therefore important to
control the concentration of oxygen in food packaging. Traditional
packaging methods are now largely replaced by newer techniques,
e.g., modified atmosphere packaging (MAP) and controlled atmo-
sphere packaging (CAP), which replace the natural oxygen content
inside the package with other gases such as carbon dioxide (CO3)
or nitrogen (N3). Carbon dioxide is an effective replacement as an
anti-microbiological gas, while nitrogen behaves like an inert gas
in food packaging.

Assessment of packed food to ensure its quality and suitabil-
ity for consumption is of great importance for such a public is-
sue. In order to maintain package integrity and reduce the waste
of samples, the technique for assessment is preferred to be non-
intrusive, which is particularly important in the MAP community.
One possible way is to analyze the gas concentration in the sealed
package using optical methods. TDLAS is a spectroscopic tech-
nique conventionally developed for gas monitoring in free space;
while headspace monitoring in wine bottles has also been demon-
strated [32]. In this thesis, however, the technique is employed
to analyze the gases in food packages, combining the knowledge
of light scattering in turbid media. Details can be found in Sec-
tion 4.3 and Paper IX.

Occupational safety

Occupational health and safety are still of great concern in many
developing countries. In China, for instance, frequent coal-mine
accidents kill thousands of workers per year. The direct reason for
95% of coal-mine accidents is the high concentration of methane.
The risk of mine blast become very high if the concentration of
methane is above 5% in the local air.

A distributed sensor system that can monitoring the concen-
tration of methane at multiple locations would be effective to avoid
most mine accidents. Considering the electromagnetic interference
(EMI) and the safety reason in the working environment under
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Figure 2.6. Passive and active optical remote sensing techniques [33].

ground, fiber-optic sensors have advantages over electronic sen-
sors. Meanwhile, system cost is also an important issue that will
be considered especially by Third World countries. Fiber-optic
sensors are possible to be connected into a sensor network, which
share a common light source and detection system, and in this
case, the cost of each sensor is reduced.

2.2 Laser remote sensing

Remote sensing is small- or large-scale acquisition of information,
without physical or intimate contact with the measured object.
Optical remote sensing can be divided into active and passive tech-
niques, according to whether an artificial light source is used, or
not. Figure 2.6 illustrates different passive and active remote-
sensing techniques. In passive modes, measurements are carried
out using natural background radiation, such as sun-light and sky-
light. In active modes, a laser is usually employed as the light
source due to its obvious advantages like high intensity and sin-
gle frequency properties. Related techniques are thus called laser
remote sensing.

Laser remote sensing is extremely interesting for environmental
monitoring. For atmospheric measurements in free air, laser re-

11
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mote sensing has many advantages over point monitoring devices,
since wider areas are covered and sampling technique issues are
avoided. In ecological studies, laser remote sensing is much more
effective and with less environmental influence compared with tra-
ditional ‘mark-and-collect’ methods used for studies of migrating
insects and birds. Inherent properties (like non-contact and intru-
siveness) make such techniques also very suitable for assessment
of food packages. In the application of methane monitoring in,
e.g., coal mines, fiber-optic sensors, as another type of important
remote sensing technique, can be connected into a geometrically
flexible sensor network, and signals can be collected and transmit-
ted by a single communication fiber to a central office hundreds
kilometers away.

Three types of laser (active optical) remote sensing techniques
are discussed in this thesis. They are light detection and ranging
(LIDAR), tunable diode laser absorption spectroscopy (TDLAS),
and fiber-optic sensors. Brief descriptions of them are given in the
following.

2.2.1 LIDAR

LIDAR, an acronym for light detection and ranging, is a radar-
fashion technique using a pulsed laser instead of microwave ra-
diation. As illustrated in right lower part of Figure 2.6, the
reflection/back-scattering from targets is detected by a photosen-
sitive device and recorded in the time domain. The ranges of tar-
gets can therefore be determined according to R = ¢t/2, where ¢
is the light speed, and t is the time delay at which the detector re-
ceives the reflection/back-scattering signal. One main application
of LIDAR technique is ranging, which is clearly of great military
interest. However, laser range finder also has many civil applica-
tions. For instance, using such a technique, it is possible to map
out the geometry of complex volumes like grottoes, underground
storage rooms and mines [33].

Back-scattering from distributed particles and molecules in the
atmosphere can also be captured by the sensitive detector. The LI-
DAR curve in the time domain can therefore be used to analyze the
scattering coefficient along the laser beam. With scattering coeffi-
cients measured at many wavelengths and according to Mie scatt-
ering and Rayleigh scattering theories, the densities and sizes of
the floating particles (aerosols) are possible to be determined [34].
LIDAR is a unique technique for atmospheric analysis. At low at-
mospheric layers, not only the aerosol distribution, but also wind
speed/direction can be measured if the Doppler shift, due to the
motion of the aerosols, is analyzed by using coherent technique or
narrow-band-filter techniques [35].

At middle and upper atmospheric layers, due to the low density
of the aerosols and molecules, resonance fluorescence LIDAR tech-
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niques are employed instead for wind/temperature analysis [36].
Since Na, K, Li, Ca and Fe ions are present in the mesopause re-
gion, the resonance fluorescence spectra of them can be scanned
out by a narrow-linewidth laser at certain wavelengths. The broad-
ening of the spectra reveals the temperature information while the
spectral shift reveals the wind information. All above-mentioned
atmospheric measurements are remote and range-resolved due to
the inherent property of LIDAR.

At short distance (several hundreds meters), the fluorescence
LIDAR techniques have been proved to be able to analyze the
components of remote targets [37]. With a UV laser as an ex-
citation source, the fluorescence signature at longer wavelengths
is the finger print that can recognize the molecules contained in
the target. Applications of such a technique range from analyz-
ing water samples, recognizing vegetation, diagnosing historical
monuments [38, 39], to remotely classifying migrating insects and
birds [Papers IV-VI].

Another type of advanced LIDAR technique, named differen-
tial absorption LIDAR, combines the LIDAR technique and ab-
sorption spectroscopic techniques [40]. By swiftly switching the
laser wavelength ‘on’ and ‘off’ an absorption dip of one specific
molecule/atom, the range-resolved concentration can be deduced
from the difference between the ‘on’ and ‘off” LIDAR curve. Such
a technique can map out the concentration of trace gases in the
atmosphere.

However, since the wavelength range that a DIAL can cover
is usually limited, such a technique is conventionally not valid
for pollutants (e.g. biological aerosol) with broadband spectral
properties. Instead, a technique called femtosecond white-light Li-
dar [41] was developed with unique advantages originating from
the employment of a powerful mobile terawatt laser system — Ter-
amobile [42]; a broadband of spectrum can be analyzed in mea-
surements. Laser pulses of several tens of femtosenconds in pulse
width and of several terawatts in peak power are transmitted into
the atmosphere. Before that the group velocity dispersion is com-
pensated by the chirped pulse amplification technique. Based on
the high-intensity-induced nonlinear effects, actually, the dynam-
ical equilibrium between self-focusing due to the Kerr effect and
defocusing effects due to the ionization of air, the laser beam can
propagate a very long distance in the atmosphere. During the
propagation, multiphoton ionization and plasma production exist-
ing in the medium induce white-light backscattering along the laser
beam, and thus an extremely broad spectral range can be covered.
This new technique has been demonstrated for atmospheric remote
sensing [43].

13
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Figure 2.7. A laser diode next to
a one-cent coin, adapted from the

Internet.
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Figure 2.8. The working principle
of TDLAS.
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2.2.2 TDLAS

Diode lasers, due to their compactness and cost-effective advan-
tages, have become important candidate light sources for absorp-
tion spectroscopy. The wavelength of a diode laser can be simply
tuned by changing the temperature or driving current. The out-
put light is usually collimated by a single piece of lens to free
space or coupled into optical fibers. Electronic cooling is enough
to keep the chip working at room temperature. Easy operation
makes tunable diode laser absorption spectroscopy (TDLAS) very
suitable for remote sensing applications. With the rapid develop-
ment of semiconductor materials, the wavelengths of diode lasers
are now (non-continually) selectable from the ultra-violet (UV) to
the middle infrared (MIR) region. The absorption lines of most
trace gases on Earth can be found in this broad range, and thus
TDLAS is widely used for free-gas analysis [44-47].

Many techniques have been studied and developed to improve
the sensitivity of TDLASs [47]. Since the absorption signal in-
creases according to the product of the gas concentration and the
optical path length, one direct way is to extend the effective op-
tical path length, e.g. using a White cell. Another commonly
used method is to modulate the light source at high frequency,
so that the noise level largely reduces at the detector. Modulation
methods include intensity modulation, wavelength modulation and
frequency modulation.

Except employing long path-length and modulation, a high
sensitivity of absorption spectroscopy can be realized by measur-
ing the absorption signal on a zero background, which keeps the
noise at the detector at a very low level. Examples include laser-
induced fluorescence spectroscopy [48, 49], photoacoustic spec-
troscopy [50], and polarization spectroscopy [51]. Based on a bal-
anced Michelson interferometer working in a destructive interfer-
ence fashion [Paper VII], the TDLAS can realize background-free
measurements also. This technique is discussed in Section 4.2.

A new type of TDLAS technique is developed by the Lund re-
search group, to analyze the gas components and concentration in
scattering media such as food. It is called gas in scattering media
absorption spectroscopy (GASMAS) [52-60]. On a background of
broadband absorption of solid media, the narrow absorption lines
of gases are still possible to be recognized, by using wavelength
modulation techniques. Importantly, multiple scattering naturally
extends the effective propagating length of the light, and improves
the sensitivity for free. Such a technique is discussed in the the-
sis mainly for food package monitoring, and is also explored for
medical applications.
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2.2.3 Fiber-optic sensor

One main advantage of fiber-optic sensing systems is that the sig-
nal can be transferred by a single communication fiber from a
remote location to the central office, between which the distance
might be over 100 km. Together with other advantages like immu-
nity to EMI, geometric versatility, etc., fiber-optic sensors are very
suitable for environmental monitoring, e.g., in coal mines. Espe-
cially many sensors are possible to be connected by one fiber to
form a sensor array. With an effective multiplexing scheme, these
sensors can share one light source and the signals can be distin-
guished by one detection system, and in this way, the system cost
are shared by and dramatically reduced for each sensor.

One of the most important candidates for fiber-optic sensors is
the fiber Bragg grating (FBG), which is a periodic index modu-
lation in fiber core [61, 62]. A narrow band (ca. 0.1 nm) of light
that matches the phase condition will be selected and reflected
by the grating, while the rest of the light will pass through. Since
the reflective wavelength is sensitive to environmental temperature
and strain, FBG sensors are widely used for structure monitoring.
The reflection spectrum of each FBG can be separated from those
of others, if its grating period is designed to be different. Wave-
length domain multiplexing is hence a typical multiplexing scheme
for FBG sensing arrays.

Using some specific catalysts, the concentration information of
CH,4 in the air can be transferred into temperature information
and hence measured by FBG sensors [63] [Paper XII]. Combin-
ing other temperature and strain FBG sensors, multiple physical
parameters at multiple locations are possible to be monitored using
one distributed FBG sensing system. Such a system is expected
to reduce the risk of accidents in Chinese coal mines.
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CHAPTER 3

LicgaT DETECTION AND RANGING

Light detection and ranging (LIDAR) is a remote sensing tech-
nique that can provide range-resolved information, commonly by
employing a laser as the light source. LIDAR techniques have
been developed since the 1960s with most applications for atmo-
spheric monitoring. Aerosols, water vapor, clouds, wind, trace
constituents, and temperature are typical parameters for under-
standing complex mechanisms governing the atmosphere [34, 64].
Meanwhile, LIDAR has also been proved to be effective for hydro-
logical and vegetation monitoring [37]. This powerful technique
can provide four-dimensional (space and time) maps of the quanti-
ties during the measurements and thus is critical for environmental
monitoring.

Different measurements are carried out by different LIDAR va-
rieties, which can be separated by their working principles and
functions. Three important ones are introduced in details in this
chapter. The atmospheric aerosols and particles can be measured
by analyzing the elastic back-scattering light, that is with the same
frequency as that of the emitted light, and in accordance, such LI-
DAR technique/equipment is called elastic LIDAR, with its tech-
niques and applications discussed in Section 3.1. For trace gas
monitoring, the LIDAR curves are obtained at two wavelengths
with different absorption coefficients due to the gas, and their ra-
tio contains the information of the gas concentration. Such LI-
DAR techniques are therefore named differential absorption LI-
DAR (DIAL), and are discussed in Section 3.2. Laser-induced
fluorescence (LIF) is the finger print for material recognition, since
it includes molecular structure information. The remote/LIDAR
version of LIF technique is named fluorescence LIDAR and is very
helpful in ecological research, through remotely recognizing vege-
tation, monitoring flying insects and birds, etc. This part of the
description is given in Section 3.3
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3.1 Elastic LIDAR

3.1.1 LIDAR equation and analytical solution

Elastic LIDAR, as the name indicates, measures the elastic back-
scattering, which is defined as ‘scattering with no apparent wave-
length change and the sum of Mie scattering and Rayleigh scatter-
ing’ [34]. The elastic LIDAR systems are popular for atmospheric
aerosol analysis, since the range-resolved scattering coefficient can
be deduced from the LIDAR equation, Equation (3.1), where single
scattering is assumed.

P(R) = Kﬁ(R)exp( —9 /0 ! a(r)dr) /R? (3.1)

Here, P(R) is the backscattering signal power, K the system con-
stant, B the backscattering coefficient, and « the extinction coeff-
icient. R and r indicate the LIDAR range.

By assuming a simple relation between 8 and «, the scattering
coefficient can be obtained from Equation (3.1). Two kinds of
retrieval methods can be mentioned for giving analytical solution.
One is called the Klett method [65], which ignores the scattering
from the air molecules, and is only suitable in case of dense aerosol
concentrations. The other one, called the Fernald method [66],
considers the effects from both the aerosols and the molecules,
and thus can give a more accurate solution, especially in clear
weather conditions. In the Fernald method, the backscattering
coefficient and the extinction coefficient are expressed as the sum
of two components, i.e.,

B = Ba+ Bm
o=y + apn (3.2)

Subscripts a and m indicate ‘aerosol” and ‘molecule’, respectively.
The relationships between the extinction and backscattering coef-
ficients are simply assumed as,

aq(R) = Sa(R)Ba(R)

where Sg(,,) is called the extinction-to-backscattering ratio. S,
depends on the properties of aerosols and is a function of R, while
Sm is a constant, 87 /3, according to, e.g., [66]. am,(R) and B, (R)
can be calculated through the atmospheric pressure model, which
indicates the exponential decrease with altitude [67].

With the above assumptions, the solution of a, from Equa-
tion (3.1) can be expressed as,
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Sa(R) X(R)
a(R) - Sm m(R) + X(R ) Sa(R)exp[I(R)]
x (gg ; + O‘“g(ff )) +J(R) (3.4)
where

I(R):Q/:f

Ry
J(R) = 2/3 So(r) X (r)exp[I(r)]dr

(S’a(r)/Sm - 1) Qo (1)dr
(3.5)

In Equation (3.4) and Equation (3.5), X(R) = P(R)R?, where
the range compensation factor R? is applied for the raw curve. One
can notice that, to get the solution of a,(R) in the full LIDAR
range, at least one value (o,(Ry)) at a reference distance (Rjy)
needs to be known. In real operations, this reference can be from
a point-monitoring taken close to the ground, or the stable, close-
to-zero value at a high altitude, where the presence of aerosols can
be ignored.

Since the scattering performance of aerosols is described
by Rayleigh and Mie theories, which are laser-wavelength and
particle-size dependent, the size distribution of the aerosols can be
retrieved if scattering coefficients at many wavelengths are avail-
able. Principally, such a retrieval can become more accurate if
more wavelengths are employed, while in real applications, four-
or even two- wavelength measurements are sufficient by assuming
aerosol size distributions with different models [34].

3.1.2 LIDAR system

The LIDAR campaigns carried out during this thesis work are
mainly based on a well-developed vehicle-based mobile LIDAR sys-
tem (see Figure 3.1) [68], which is importantly modified for differ-
ent measurements. The system has two emission sources. One is a
Nd:YAG laser with output at 1064 nm, and at 532 nm and 355 nm
for the second and third harmonic frequencies. The other one is an
optical parametric oscillator (OPO) pumped by the third harmonic
frequency of another Nd:YAG laser. In elastic LIDAR measure-
ments, the 355-nm radiation of the first Nd:YAG (SpectraPhysics,
GCR-290) is used for eye-safety reasons. The laser is running in
Q-switched mode with a pulse width of 8 ns, pulse energy of about
100 mJ and repetition rate of 20 Hz. The laser beam is expanded
by a Keplerian telescope into a 4 cm diameter beam, and the di-
vergence can be controlled to be less than 2 mrad. The expanded
laser beam is transmitted vertically to the atmosphere without any

Figure 3.1. The mobile LIDAR
system, adapted from [68].
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further optics; the dome containing a folding mirror for scanning
was removed in vertical LIDAR measurements. The backscattered
light is collected by a co-axial Newtonian telescope and focused
onto a photomultiplier tube (PMT) (EMI 9816QA). At the focus
point, an iris aperture is used to control the telescope field-of-view
matching the divergence of the laser beam. The schematic dia-
gram of the LIDAR system for elastic measurements is shown in
Figure 3.2.

The signal from the PMT is recorded by a transient digitizer
(Licel) with a sampling rate of 20 MS/s, which limits the range
resolution to 7.5 m, while the recording length limits the maxi-
mum distance to 10 km, which vertically covers most troposphere
and can even reach the stratosphere, depending on the monitoring
location and weather conditions. The start of the recording is trig-
gered by a TTL signal from the Nd:YAG laser before each pulse,
with a tunable delay applied. The recorded LIDAR, curves are read
out by a program developed using LabView graphic language, av-
eraged within a certain (controllable) period of time, and saved as
one measurement onto the harddisk. The same program controls
a mechanical chopper to block the laser beam after every certain
numbers of measurements and records the background of the sun-
and sky-radiation, which will be subtracted from the measured raw
curves.

The mobile LIDAR system is enclosed in a laboratory enclosure
on a Volvo truck (Volvo, F6 Turbo). The environmental temper-
ature and humidity are well controlled through air-conditioning
systems. A motor generator (KraftProdukter AB, P45P1) with a
power of 40 kW is arranged as an 2-ton trailer, which extremely
enhances the mobile ability of the LIDAR system when running in
rural areas.

3.1.3 Measurements and data analysis
Raw data and retrieval

In the spring of 2009, the mobile LIDAR system was parked at the
Vavihill background air monitoring station located in the south
of Sweden, and vertical aerosol sounding were performed. The
site is far from industry and heavy traffic, thus the amount of
locally produced anthropogenic particles is expected to be low.
For calibration, the back-scattering and extinction coefficients of
the aerosols close to the ground are measured by a nephelometer.
During the four days (April 6th-9th, 2009) of the measurement
campaign, there was no extended time period of perfectly clear
weather; only shorter clear periods occurred.

Figure 3.3 illustrates a flow chart used to retrieve the extinction
coefficient from the raw LIDAR signal. The system constant K in
Equation (3.1) is found to be invalid at close range, where the
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Figure 3.5. The raw LIDAR signal (a) and the retrieved extinction
coeflicient (b) on 16:02, April 8, 2009. The inset shows a photography
taken by a vertically-looking camera at the site.

telescope collecting efficiency becomes low. The function of K
corresponding to range R, can be calibrated from a horizontal
measurement of aerosols, which is regarded to be symmetrically
distributed. The calibrated curve for our LIDAR system is shown
in Figure 3.4(a). For ranges larger than 700 m, a constant value
is used while in the ‘blind’ area, a linear decay is assumed. Such a
curve is calibrated from the raw LIDAR signal before further steps
of calculations.

The extinction coefficient «,,, backscattering coefficient S,
and their ratio S, corresponding to the part of air molecules in
the atmosphere are available from literature such as [66, 67, 69].
Figure 3.4(b) shows that «,, exponentially decreases with the al-
titude, due to the decay of the atmospheric pressure [67]. These
parameters are required when using Equation (3.4) to calculate
the extinction coefficient, «,, corresponding to the aerosol part.
From the nephelometer in the background-monitoring station, the
extinction-backscattering ratio, S, ~ 8, of close-ground aerosols is
measured, and used as an constant value in the calculation.

In the calculation, the reference distance is set at a far distance
(7 km), which is with higher stability compared with a setting
at a close range [65]. The extinction coefficient at the reference
distance is adjusted until the calculated value, a4(0), at the short
range gets close to the value (ay) measured by the nephelometer
on the ground.

Horizontal | K(R) _
calibration P=P/K
Adjust
[2A Rf)
Qs fin
Sm=81/3
Literatures Eq. (3.4)
Nephelo-
meter

Figure 3.3. A schematic flow chart
for retrieving the extinction
coefficient.
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Figure 3.4. (a)Systemic coefficient
K shows the blind area of the
telescope;(b)Extinction coefficient
of air molecules in vertical
atmosphere.
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Figure 3.6. The vehicle-based
LIDAR was parked at Vavihill,
Sweden (top) and the Zijingang
Campus, China

(bottom) [Paper III].
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Figure 3.7. The aerosol extinction coefficient calculated for the time
period between 13:00 and 19:00 in urban China and in rural Sweden.

One example of using the above retrieval algorithm is shown
in Figure 3.5. (a) shows a raw LIDAR curve measured on 16:02,
April 8, 2009. This curve is taken for demonstration since rich
atmospheric structures can be seen at different ranges. The ex-
tinction coefficient of aerosols (dark curve) is retrieved from the
raw data and shown in (b), together with the coefficient of air
molecules (gray curve) for comparison. A thin layer of dense cloud
can be seen at an altitude around several hundred meters. Higher
up, a layer of haze from 3 to 5 km is observed by the LIDAR.

Comparative study

In the autumn of 2009, the LIDAR system was deployed to China
for environmental monitoring, as part of a Sino-Swedish collab-
oration project. The vehicle was parked in Zijingang Campus
of Zhejiang Univesity (Hangzhou) and the vertical measurements
were carried out in days from 9th to 22th, of November, 2009.
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Hangzhou is a major city in China, with population around 9 mil-
lion, abundant traffic, and some industry emission. The weather
stayed clear during the measurements

Since exactly the same LIDAR system was employed in the
measurements of vertical distribution of atmospheric aerosols at
two sites with completely different situations, the results from the
measurements are possible to compare and the anthropogenic pol-
lution can thus be revealed. The data in the same time period,
13:00 to 19:00, in the afternoon, on 8th of April at Vavihill Swe-
den, and on 22nd of November in China, are analyzed and pre-
sented in Figure 3.7. Generally, the same retrieval method in Fig-
ure 3.3 is applied, but for the Chinese data, the loop for optimiza-
tion is neglected since no nephelometer data are available close
to the ground. Instead, an average extinction coefficient at 5 km
(aq(5 km) = 0.002 km~!) obtained from Vavihill measurements
is used as a reference value for Chinese measurements, based on
the assumption that the aerosol density is very low, and the stable
scattering from air molecules dominates in high atmosphere.

From Figure 3.7, it can be obviously seen that the aerosol den-
sity (extinction coefficient) is much higher in the atmosphere above
an urban environment, especially at the close range. It reveals that
the aerosol pollution is of local origin.

3.2 Differential absorption LIDAR (DIAL)

3.2.1 DIAL equation and solution

In order to measure the concentration of trace pollutants in the
atmosphere, the resonance absorption due to the specific molecules
is utilized in the differential absorption LIDAR (DIAL) tech-
nique, similar as in long-path-absorption methods like DOAS.
However, DIAL does not require a retroreflector, since distributed
aerosols/molecules are reflectors everywhere. The integrated ab-
sorption from the light source to any of such reflectors are mea-
sured along the LIDAR path, and the concentration information
can thus be deduced by a differential algorithm. Detailed theoret-
ical analysis is discussed as follows.

Modified from Equation (3.1) that describes elastic LIDAR, the
DIAL equation is expressed as

P\ R)=K(\R)B(A\ R) x

eap{ ~2 /O ) 4 cWN()dr} /B (36)

Compared with Equation (3.1), one can find the addition of the ab-
sorption term for the operating wavelength (A) in Equation (3.6).
Except the scattering-induced attenuation a(\,r), o(A)N(r) is
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Figure 3.8. Illustration of DIAL principle [70].

added as an extra extinction term, due to the resonance absorp-
tion. Here, o()\) indicates the absorption cross-section and N(r)
is the concentration of the trace pollutant.

Using Aon and Aoy, indicating the wavelengths on and off the
resonance absorption peak, the ratio between of the on- and off-
LIDAR curves is calculated as,

P(AOTMR) — K()\OTMR) . ﬁ(AO'fHR)
P(Aosss R)  K(Xoys, R)  B(Moyy, R)

ea:p{ — Q/OR[(Oé(/\om?“) —a(Xogs,r)) +

(7(Aon) = 7 (o)) N (r)]dr }. (3.7)

K(\, R) is a systemic parameter that is related to the laser energy,
effective receiver aera, detector sensitivity, etc., but not sensitive
to the wavelength switching, i.e., K(Aon, R) >~ K(XAosr, R). It is
worthwhile mentioning that K (A, R) is canceled even if it is an un-
known function of R, while in Equation (3.1) for elastic LIDAR,
K (R) is preferred to be a constant, or a least a well known func-
tion, so that the LIDAR curve can be calibrated for aerosol analy-
sis. Using this advantage, the sensitivity of a DIAL system can be
modulated in time/spatial domain, in order to suppress the strong
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signal from short range while enhancing the weak signal from far
distance. Similarly, since the absorption lines of trace gases are rel-
atively sharp compared with the broad spectral features of scatter-
ing events, the effect of the wavelength switching on the scattering
coefficient can be ignored. This is especially true if the switching
is fast enough so that the aerosol distribution can be treated as
static. With S(Aon, R) =~ B(Aoss, R), a(Aon, R) = a(Asfy, R), and
K(Xon, R) ~ K(Xoff, R), Equation (3.7) can be simplified as,

P(Aon, R)

POwspR) exp{ - 2/0R[A0 : N(r)]dr}, (3.8)

where Ao = (Aon) — 0(Aosy) is the differential absorption cross-
section. With the pollutant absorption spectrum well known, the
range-resolved concentration information can be deduced using a
differential algorithm,

1 d, P(A\on R)
— ——in .
2Ac dR P(Aofs, R)

N(R) = (3.9)
The working principle of the DIAL technique described above
is illustrated in Figure 3.8.

3.2.2 DIAL system

As shown in Figure 3.9, the DIAL system shares the same
transmitting- and receiving optics with the elastic LIDAR sys-
tem. The light source, however, is an optical parametric oscilla-
tor (OPO; SpectraPhysics, MOPO-730), which is pumped by the
third harmonic frequency of a single-mode Nd:YAG laser. The
OPO system is of two-stage design. The first stage, called master
oscillator, controls the linewidth of the oscillation to be as narrow
as 0.2 ecm ™!, through constructing an external cavity containing a
Type-I BBO crystal, and a grating for wavelength selection. The
seeding light from the Master Oscillator is then amplified by the
second stage, called Power Oscillator. The emission can be tuned
from 400 nm to 700 nm for the signal emission, and from 720 nm
to 2000 nm for the idler emission, and extended to 200 nm through
frequency doubling. The wavelength tuning mechanics were origi-
nally stepper-motor driven but modified later by installing piezo-
electric transducer for speed enhancement. The speed of switch-
ing between on- and off-wavelength matches the repetition rate
of the laser system, 20 Hz. For wavelength and linewidth moni-
toring, part of the signal emission is measured by a high-resolution
wavemeter (Burleigh, WA-4500). The scanning optics, which is
protected by a dome, can be hoisted up to the roof top, and scan
the laser beam 360 degree horizontally and from -5 to 75 degree
vertically. A three-dimension distribution of trace pollutants are
thus possible to be mapped out. Vertical (90 degree) measurements
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Figure 3.9. The schematic diagram of the DIAL system.

are also possible by removing the dome as done in Section 3.1 for
vertical aerosol analysis. The same PMT tube for elastic LIDAR,
is used to detect the back-scattered signal. Except a constant neg-
ative high voltage that is suitably divided and applied on different
dynodes of the PMT, a ramped voltage, from 0 to -25 volt, is added
extra on certain dynodes, in order to induce a ramped modulation
on the sensitivity of the PMT and suppress the strong close-range
signal. The amplitude, slope, and start time of the ramping are
tunable according to realities of measurements. The transient dig-
itizer reads out the signal and transfers it into the hard disk of the
computer, which controls the chopper for background measure-
ments after saving 8 ‘on’ and 8 ‘off” LIDAR curves, as one cycle.
Many cycles of on- and off-curves are averaged after removing the
background components, in order to get better signal-to-noise ra-
tio (SNR) in their ratio curve. Meanwhile, 4 % of the emission
from the OPO is coupled into a calibration unit. The absorption
of a gas cell with well-known concentration is measured in a differ-
ential way. The results are recorded also by the computer through
a data acquisition (DAQ) system, and was used later to calibrate
the differential cross-section (Ao in Equation (3.9)). The trigger
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Isotope Abundance Frequency (em™) F, F,

198 10.10% 39412.4603 0 1
199A  17.0% 39411.9463 /2 1/2
199B 39412.6847 1/2 3/2
200 23.1% 39412.3000 0 1
20la  13.2% 39411.9713 3/2 5/2
201b 39412.4377 3/2 3/2
201c 39412.6895 3/2 1/2
202 29.65% 39412.1233 0 1
204 6.85% 39411.9495 0 1

Table 3.1: Isotopic abundance and line positions for atomic mer-
cury isotopes used in theoretical absorption calculations. Total
angular momentum quantum numbers for the ground (F,) and
excited (F.) states are also given [72].

signal from the Nd:YAG laser is distributed to slave equipments
through two multiple-channel delay generators (Stanford Research
System), which, however, are not presented in Figure 3.9.

3.2.3 Pollutant measurements in the atmosphere

As mentioned, the Lund University mobile LIDAR system was
deployed to China for environmental monitoring. With the help of
the DIAL system described above, the vertical distribution of the
atomic mercury and nitrogen monoxide in the atmosphere above
a major city was measured, in November 2009. Technical details
and experimental results are given in the following text.

Atomic mercury

Absorption spectrum, calibration, and Os interference

One strong atomic transition of mercury (Hg) is at about
254 nm. The line consists of several isotopic and hyperfine struc-
ture components, as mapped out at high spectral resolution, e.g.
in [71]. Isotopic abundances and line positions are listed in Ta-
ble 3.1. According to the theory described in e.g., [72], the ab-
sorption spectrum is calculated and shown in Figure 3.10. The
spectrum of each isotopic component is also given for comparison.
In the calculation, the environmental pressure and temperature
are set to be 1 standard atmosphere and 296 K, respectively. One
can see that these isotopic components merge into a broadened
structure with a half-width of about 0.005 nm.

Compared with such a narrow absorption bandwidth, the
linewidth of the light source (OPO; regularly 0.2 cm™!) is not
ignorable. The broadening effect is simulated by convoluting the

Absorption cross section (cmz)

253.725 253.730
Vacuum wavelength (nm)

Figure 3.10. The calculated
absorption spectrum of mercury
with isotopic components shown
as gray curves.
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absorption spectrum shown in Figure 3.10 with a Gaussian func-
tion that describes the laser line shape. Figure 3.11 shows the
situation when the laser linewidth is set to be different values.
The maximum value of the absorption cross section decreases ob-
viously as the laser linewidth becomes broader, as shown in Fig-
ure 3.12. Unexpected broadening of the laser linewidth will induce
an under-estimation during the measurements.

To compensate such an uncertainty induced by the light source,
the absorption ratio of a gas cell with well-known concentration is
used for calibration. A drop of liquid mercury is sealed inside a
quartz cell with a pressure of one atmosphere. The saturated vapor
pressure of the mercury only depends on the temperature, follo-
wing the relationship as shown in Figure 3.13. For instance, when
a 9.7 mm-long cell is in a 25 °C environment, the product of the
concentration and the path length is 20.5 ng/cm?. The absorption
of the gas cell will be measured (calculated here for demonstration)
to be different in case of different laser linewidths, and shown as
solid marks in Figure 3.14, where the calibration method is illus-
trated. Using the Beer-Lambert law, dashed curves, showing the
relationship between the concentration and absorption, are cal-
culated to pass through these marks. The concentration of the
atmospheric mercury can thus be estimated with the absorption
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being measured.

In order to test the validity of the Beer-Lambert law in the
calibration, the real relationship between the Hg concentration and
the absorption ratio is calculated by considering the laser linewidth
in the simulation, as illustrated in Figure 3.11. In Figure 3.14, solid
curves are plotted to compare with the Beer-Lambert curves. One
can see that the Beer-Lambert law is a good approximation when
the laser linewidth is less than 1 cm™?!, which is not a problem
when the DIAL system works in normal condition. However, the
increase in the estimated error should be kept in mind when the
performance of the OPO system becomes degraded.

The weak absorption lines of the molecular oxygen (O2) at both
sides of the Hg lines were earlier indicated in [74]. Since no detailed
description about these forbidden transitions was available in the
literature, their interference on Hg measurements were hard to
calculate and comment at that time. Fortunately, since the dye
laser system used in [74] was with narrow linewidth and stable
performance, the interference from the Og in the air can be well
avoided by carefully choosing ‘on’ and ‘off” wavelengths.

As indicated in [74], the oxygen lines as measured with the dye
laser are considerably narrower than the mercury line. Therefore,
the potential influence of oxygen on mercury monitoring will be
dependent on the laser linewidth. Interference studies are impor-
tant, especially since the OPO used has a finite linewidth. As
mentioned above, the typical linewidth of emission from the OPO
is around 0.2 cm~!. However, in a long-term running (e.g. diur-
nal measurement), the degradation of the system and the drift of
the central wavelength can possibly make the effective linewidth
considerably worse.

With the oxygen data available in the UV range in a recently
updated HITRAN database [75], it is possible to investigate the
interference of oxygen on the atmospheric mercury monitoring
through calculation. Figure 3.15 illustrates an example when the
laser linewidth is 1.5 ecm™!. One can see that the left wing of the
broadened O spectrum at longer wavelength overlaps with the
absorption spectrum of Hg (set as 7 ng/m? for demonstration).
If the on- and off-wavelengths are set at the indicated positions
(253.728 nm and 253.745 nm), the contribution of such a residual
absorption is calculated to be 1.75 ng of spurious Hg, which should
be subtracted in the measurements. The spurious concentration
is calculated for different laser linewidths and is shown in Fig-
ure 3.16. Obviously, such an interference is not a problem when
measurements are carried out at locations with high concentra-
tion [76], but is not ignorable when measuring low concentrations,
e.g. background Hg in the atmosphere. The correction can be
done with the help from the calibration unit, where the effective
absorption cross section of Hg in the gas cell is measured. From
the curve shown in Figure 3.12, the linewidth of the laser system
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sphere [Paper 1.

can be estimated and then the spurious concentration is known
from Figure 3.16, and subtracted later.

Hg sounding, diurnal variation, and washout effect

Vertical Hg sounding was performed during (parts of) 5 days
in November 2009 in China, and results have been published in
Paper I. Figure 3.17(a) shows a pair of typical LIDAR curves by
setting the on- and off-resonance wavelengths at 253.728 nm and
253.745 nm, respectively, when the laser pulse energy was about
6 mJ. Since ramping voltage was applied on the PMT, the sig-
nal at close range was obviously suppressed. As introduced in
Section 3.2.1, such an asymmetric responsivity of the detector is
canceled when dividing the on- and off-curves. The on/off ratio
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is shown in Figure 3.17(b). From the slope, the Hg concentra-
tion can be evaluated by the calibration method described above, 12 — oy
and applying correction for Os interference, since very low con- 10 wc
centration (few ng/m3) is expected for background Hg level in the
atmosphere. Although the total absorption for a range of 1 km
is a few percent or less, some range-resolved concentration infor-
mation is still possible to be retrieved. By comparing the ratio rlg‘c ’
curves corresponding to vertical and horizontal measurements in NN
Figure 3.17(c), one can clearly see that the slope of the vertical wormomoE e e
curve decreases, indicating lower Hg concentration at longer dis-
tance (higher altitude). In contrast, for the horizontal one, the  Figure 3.19. The washout effect of
slope remains mainly constant, indicating that the concentration  rain fall on the concentration of
of Hg at the same altitude is stable. atmospheric mercury [Paper I].
Therefore, the concentrations of Hg were evaluated by dividing
the vertical atmosphere into two layers, i.e. the lower one, from
80 to 380 m, and the higher one, from 380 to 770 m, respectively.
A 36-hour continuous measurement was carried out and the re-
sults are shown in Figure 3.18, together with weather parameters.
Obviously, lower concentration were found in higher atmosphere,
since Hg atoms are much heavier than air molecules. One can also
notice that low concentrations appear during the early morning.
This seems to be related to low atmospheric temperature, and the
north-west wind mostly from rural areas, by correlating to the
weather parameters.
The removal of atmospheric Hg by rain fall was observed. Fig-
ure 3.19 shows the comparison of concentration in the low atmo-
sphere between measurements on the 14th and 19th of December
2009. The results were averaged during the same time section on
both days. The rain started on 13th and the weather turned to be
clear after 16th. One can see that in rainy weather condition, an
unusually low concentration, 2 ng/m?3 (equal to the background
level on the Atlantic), was observed in a Megacity. However, the
concentration returned to around 10 ng/m3, after few days of clear
weather, although the temperature became even lower. Usually,
the wash-out effect on atmospheric Hg is regarded to be not as
obvious as those water-soluble pollutants such as SO, and NOs.
Still, some literature, such as [77], has discussed such issues by, e.g.,
measuring the concentration of mercury in rainwater in the time
domain. Here, instead, we demonstrated it by using a LIDAR.

@

IS

Concentration (ng/ms)
@

N

Nitrogen monoxide

The LIDAR monitoring of atmospheric nitrogen monoxide (NO)
was firstly demonstrated by Menyuk et al. [78] and by Aldén et
al. [79], in 1980 and 1982, for the IR and UV regions, respectively.
Later, Kolsch et al. realized simultaneous LIDAR monitoring of
NO and NOs, based on the connection of the 450-nm absorption
band of NOs and the 227-nm absorption band of NO reachable
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by frequency doubling [80, 81]. First NO measurement using a
solid state laser system can be refereed to [82]. In our work, the
vertical LIDAR sounding for NO pollution was, for the first time,
performed in China, using an OPO transmitter.

The vertical NO sounding was performed on November 25-26,
2009. Since we chose the absorption band around 227 nm and
such deep-UV radiation cannot penetrate to high altitude due to
the heavy attenuation by strong scattering (especially in the atmo-
sphere of a Chinese Megacity), the measurement range was limited
to 450 m. However, good range resolution was realized because of
the substantial absorption signal.

NO sounding and absorption spectrum

Learning from previous NO LIDAR measurements in, e.g. [83],
the on- and off-wavelengths were selected to be 226.878 nm and
226.890 nm, respectively. The LIDAR curves and their ratio are
shown in Figure 3.20. Compared with Hg measurement, the ab-
sorption is much stronger although the LIDAR signal attenuates to
zero after 450 m. Unlike in the Hg sounding, reference-cell calibra-
tion is invalid for NO measurement, since NO is a reactive gas and
cannot be kept stable in the cell. Therefore, the absorption cross-
section, which depends on the laser line-width, must be known for
the evaluation of range-resolved concentrations. In order to quan-
tify the effective cross-section when using the OPO system, the
‘off” wavelength is fixed at 226.890 nm while the ‘on’ wavelength is
scanned from 226.890 nm to 226.835 nm with step of 0.001 nm and
50 cycles are averaged for each wavelength pair. By integrating the
absorption from 50 to 300 m, an absorption spectrum is produced
as shown in Figure 3.21. Arrows indicate the preferred wavelength
pair. By convoluting this spectrum with a database spectrum, e.g.
from [83], which was obtained by using a dye laser with narrower
line-width, the effective differential cross-section for the preferred
wavelength pair can be deduced as (5.2 & 1.0) x 10722 m?2,

Diurnal NO variations

Using the effective differential cross-section deduced above, the
range-resolved concentration of NO can be evaluated from the
DIAL measurements, which were performed for 26-hours continu-
ously. The results are shown in Figure 3.22 together with weather
data. In the spatial domain, one can clearly see that the con-
centration is much higher in atmosphere lower than 100 m. This
indicates that the NO is vehicle-generated locally. In the time
domain, unexpectedly, the highest concentration appears at mid-
night, when the local traffic should have reduced compared with
in day time. The observations might be related to the sun radi-
ation, which is an important factor for the complex atmospheric
chemistry of NO, as is ozone, hydrocarbons, etc.
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perature (b) during the diurnal NO monitoring. (c) The variation of
NO during the 24-hr cycle.

3.2.4 Gas analysis in multi-scattering media
Working principle

The LIDAR equation (Equation (3.1)) is based on the assump-
tion of single-scattering condition; however, LIDAR techniques
can also be used to analyze multi-scattering media such as fogs
and clouds [84]. In short-range measurements, a similar technique
is used to evaluate the effective path length in scattering media
such as bio-tissues [85-87] and tablets [88]. In contrast to the
broad-band spectral properties of liquids or solids, the free gases
in pores throughout the scattering solid material present extremely
sharp structures in absorption spectra. By employing single-mode
diode lasers with high spectral resolution, the gases in different
materials including wood, polystyrene foam, food, fruits, pharma-
ceutical tablets, or human air-filled sinus cavities [53-58] have been
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Figure 3.23. The working principle of the DIAL technique for gas analy-
sis in multi-scattering media: (a) schematic diagram of the system; (b)
switching between on and off can be realized by finely tuning the laser
wavelength across an absorption dip of the gas under test; (c) the differ-
ence between the curves corresponding to on and off wavelengths reveals
the presence of the gas [Paper II].

measured. Such a technique is called GAs in Scattering Media Ab-
sorption Spectroscopy (GASMAS) and will be discussed in detail
in Section 4.3. In order to realize high sensitivity and high reso-
lution in the measurements, the diode laser is operated in a CW
mode and wavelength modulation is applied.

Combining the DIAL technique and the GASMAS principle, a
remote version of GASMAS is proposed and published in Paper IT.
The working principle of the technique, illustrated in Figure 3.23,
can be generally described as follows. A pulsed laser with narrow
line-width is employed as the light source. Part of the photons
that impinge on the target are reflected as an ‘echo’, and the other
part penetrates and is heavily scattered inside the material. After
having visited deeper layers of the target, some of the scattered
photons appear at the surface again with a distance from the in-
jection point, and can be collected by a telescope system aiming
at the observation point. The signal is further recorded by a sen-
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sitive detector (e.g. a PMT) in the time domain, as in a LIDAR
measurement. A strong echo, due to the surface reflection, fol-
lowed by an extended tail, due to the multiple scattering, can be
expected in the recorded curve. By carefully selecting the on-
and off-wavelength according to the absorption spectrum of the
gas present in the pores of the target, the differential absorption
will be found in the tail, where photons have experienced a long
path length in the scattering medium. Using the same principle of 1.0
DIAL, the slope of the ratio curve will reveal the information of

Intensity
(a.u.)

gas concentration. =

Q os
Experiments and results o (b)
A tunable dye laser is an ideal light-source candidate for such a 0.0
technique, since the laser can run in the pulsed mode while keeping 1.0 30 60
a high spectral resolution and wavelength tunability. In the experi-
ments, a pulsed dye laser pumped by the second harmonic output &
of a Nd:YAG laser was employed. The pulse width of the pump Q= 0.9t o min
laser was compressed into around 2 ns by backward stimulated o - 5min
Brillouin scattering in water, in order to realize a high time/spatial 10 min (c)
resolution in measurements. Detailed information of the laser sys- 0.8 30 60
tem can be found in Paper II. The detection system was specially Time (ns)

designed to suppress the strong echo, presented in Figure 3.23(c),
due to the direct surface reflection. Firstly, a 4 mm pin hole was . )
. . . Figure 3.24. Experimental results
set at the focus point of the telescope (with a diameter of 25 cm  ,; analysis of the oxygen
and a focal length of 1 m), which was 6 m away from the target.  concentration in polystyrene
Therefore the field-of-view of the telescope is limited to a region ;Olf]’;: Cﬁ’zvzgecg;iirpegggjggge;
with diameter of 20 mm on the target, and such a observation re-  and off; (b) the ratio of on and off
gion kept a distance away from the injection region, where strong — curves reveal the existence of the
. R . oxygen in the polystyrene; (c) the
direct reflection occurs. Secondly, apertures were applied to clean  gjope of the on/off curve increases
the halo of the well-collimated laser beam, ensuring that the laser ~ with time when a nitrogen filled
pulse only illuminates the defined spot on the target. By using ?X{jjﬁ{ggﬁjj’;’; ‘;Seid&o) the air.
the above methods, most echo was suppressed, and the multiple-
scattering tail can show up.
Proof-of-principle experiments were carried out in the labora-
tory. Polystyrene foam and fresh snow were tested as scattering
samples, and in both cases, clear extended tails in time domain
were observed due to massive scattering in the media. Details are
described in Paper II. The oxygen gas in polystyrene foam was
analyzed by measuring the differential absorption at the R9Q10
line at 760.654 nm. The dye LC7710 was employed to run the
dye laser at this wavelength. Figure 3.24(a) shows the on- and
oft-LIDAR curves, and the differential absorption can be seen in
the tail region, since the photons have visited deep layers of the
polystyrene foam sample containing free oxygen gases in pores.
An obvious echo was still observed earlier than the tail, due to the
imperfection of the optics. The slope of the on/off ratio keeps on
constant (see Figure 3.24(b) ), since oxygen distributed uniformly
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Figure 3.25. Schematic diagram of
potential applications, e.g.,
localization of snow-avalanche
victims and inspecting possible
methane leakage from a
snow-covered natural gas pipeline,
adapted from Paper II.
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in the scattering medium. A gas exchange experiment was also
performed. A block of polystyrene foam was sealed over night in a
plastic bag filled with nitrogen, which penetrates into the sample
and replaces the initially contained air gas. On the second day,
measurements were performed immediately after the block was
extracted. The experimental results are shown in Figure 3.24(c),
from which one can see that the slope of the ratio curve is close to
zero at the beginning, indicating no oxygen existing in the sam-
ple. However, later in measurements at 5 and 10 min, the slope
increases obviously, indicating the reinvasion of the oxygen con-
tained in the external atmosphere into the polystyrene foam.

Application outlook

Although only proof-of-principle experiments were carried out,
unique applications of the DIAL technique used for gas analysis
in scattering media can be expected. Two examples are schemat-
ically shown in Figure 3.25. In both cases, snow is the scatt-
ering medium, which has been tested in our early experiments
(see Paper II). One potential application is localization of a snow-
avalanche victim, by detecting the abnormal high concentration
of COg, exhaled by the victim, or the reduction of Os, which is
consumed. A further application, inspection of the methane leak-
age from the gas pipe covered snow, is illustrated at the bottom
of the figure. Considering that the methane may be trapped by
and accumulated in the local snow, even a small leakage would be
possible to detect. The absorption lines at 1.35 pum of methane
should be compatible with the optical properties of snow.

3.3 Fluorescence LIDAR

3.3.1 Laser-induced fluorescence (LIF)

Fluorescence is a physical phenomenon of a material that absorbs
radiation at short wavelength and yields emission at longer wave-
length. The principle is illustrated in Figure 3.26 regarding energy
levels and the basic absorption and emission processes. Different
from free atoms and molecules, solids and liquids exhibit broad
absorption/emission spectra because of strong intermolecular in-
teractions. By electronic excitation, visible or UV photons can
be absorbed by the molecules of the target, with promotion of an
outer electron to a higher orbit. Each energy level corresponding
to a particular electron arrangement has a vibrational structure,
while the rotational structure, typically for free molecules, is sup-
pressed by the intermolecular interactions. In complex molecules,
there is a large number of vibrational levels.

In contrast to the situation employing a wavelength tunable
laser for spectral scans in, e.g. Chapter 4, a fixed frequency laser
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can be used as excitation, provided that the photon energy falls
within the broad excitation band. Following the excitation, there
is a very fast (several ps) radiationless relaxation down to the low-
est substate, where the molecules remain for a typical exited-state
fluorescence lifetime, which is of the order of some nanoseconds.
The decay can then occur to different sublevels of the ground state
giving rise to a distribution of fluorescence light, which reflects the
lower-state level distribution. Because of the radiationless relax-
ation, the fluorescence distribution is independent on the exact
excitation wavelength. The fluorescence spectrum is a finger print
that can be used for recognizing the target material.

Actually, if the wavelength for detection is fixed while the ex-
citation wavelength is scanned instead, a excitation spectrum can
also be recorded. Both the fluorescence and excitation spectra can
provide information for material recognition and become two im-
portant methods for laser-induced fluorescence (LIF). Except the
spectral information, the lifetime of the fluorescence action is also
characteristic. Many LIF techniques are discussed in a number of
monographs and reviews [89-91].

3.3.2 Remote LIF
General considerations

Laser-induced fluorescence (LIF) has been widely used in biological
marking [23], in medical application such as tissue diagnostics [92],
and in quantitative measurement of concentrations in fields like
combustion, plasma, spray and flow phenomena [93]. However,
most LIF equipments are designed for contact/short-distance mea-
surements.

In some other applications, fluorescence recording from remote
targets at larger distances is especially attractive. For instance,
the historical monuments can be optically diagnosed through re-
mote LIF spectroscopy [38]. Surface degrading due to the action
of weather, air pollutants and the invasion of biodeteriogens, is
possible to be revealed from the fluorescence signature, although
not obvious for visual observation. Such applications have been
demonstrated at the Lund Cathedral, Sweden and the Roman Col-
iseum, Italy, with a mobile LIF system parked 60 m away. By
scanning the laser beam, 2-D false color images with each pixel
containing the fluorescence information are produced to indicate
the abnormal areas, e.g., presenting biodeteriogens. Such remote,
non-intrusive, scannable techniques are also very effective for vege-
tation monitoring [94] and water-quality measurement, since com-
plicated sampling processes are avoided. Fluorescence monitoring
can provide additional information to satellite- and air-borne re-
flectance remote sensing to recognize vegetation types, while the
water quality can be evaluated from the specific fluorescence signa-
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tures corresponding to dissolved organic matter (DOM), oil spills,
and phytoplankton.

In addition to measuring the fluorescence signal from a single
fixed target, remote LIF can also realize range-resolved measure-
ments. This fluorescence LIDAR variety is useful in assessing phe-
nomena in addition to those relying on elastic backscattering from
aerosols. Due to the existence of meteorite-generated alkali atoms
and iron ions, resonance fluorescence LIDAR is a unique tech-
nique to monitor wind and temperature conditions in the middle
and high atmosphere. The Doppler effect makes the fluorescence
spectra of these metal atoms/ions broaden at high temperature
and shift with the wind speed and direction.

Compared to aerosols, air molecules, and metal atoms/ions in
the atmosphere, insects and birds are much larger ‘flying particles’
to be monitored by a fluorescence LIDAR system. The fluore-
scence signals are noticed to be able to classify their species and
sexes. As biomarkers, the movements and migration status of in-
sects and birds are very important to ecological studies. Fluore-
scence LIDAR provides a new approach for such monitoring.

Instrumentation

A fluorescence LIDAR system consists of, like the elastic LIDAR,
and the DIAL systems introduced above, a laser transmitter, re-
ceiving telescope, and detection system. Figure 3.27 shows a
schematic diagram of key components of a fluorescence LIDAR.
The UV light source for excitation is the 355 nm and 266 nm radi-
ation from the Nd:YAG laser, or the double frequency of the signal
emission from the OPO system. The fluorescence LIDAR, shares
the same expander, scanning mirror and the telescope system with
the elastic LIDAR and the DIAL systems. Two independent de-
tection systems are employed for fluorescence analysis. A metal
mirror fixed on a specific mechanical device can be inserted into
the light path to switch the collected light between different de-
tection parts, as shown in Figure 3.28.

As shown in Figure 3.27, without the switch mirror, the col-
lected light is distributed by several mirrors and filters, and then
detected by three photomultiplier tubes (PMTs). The elastic scatt-
ering from the target is selected by a laser mirror and detected by
PMT-1, and the fluorescence signal is divided by a dichroic fil-
ter into two wavelength bands, i.e., blue (400-500 nm) and yellow
(500-750 nm), and measured by PMT-3 and PMT-2, respectively.
The time-resolved curves from the three PMTs are recorded by a
high speed oscilloscope which samples every 8 ns. The repetition
rate of the system is 10 Hz. A detail description of the three-PMT
system can be found in Paper V.

With the switching mirror inserted, the light is instead cou-
pled into a 1-mm-thick fiber, which guides the light into a optical
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Figure 3.27. Key equipment/components of the fluorescence LIDAR.
LM: laser mirror; P: polarizer; SF: short-pass filter; DF': dichroic filter;
LF: long-pass filter.

multi-channel analyzer (OMA). The OMA system consists of a
grating-based spectrometer and an intensified CCD (I-CCD). The
wavelength range of the spectroscopy is from 300 nm to 800 nm.
The dispersed spectrum is amplified and detected by the I-CCD,
which can be electronically gated on the nanosecond time scale.
The sky background light can thus be suppressed during daytime
measurements. Usually a long-pass filter is employed before the
OMA to suppress the strong backscattering of the elastic light.

3.3.3 Ecological studies
Water monitoring

As an important part of the ecological research, hydrological moni-
toring using ship- or airborne LIDAR systems have been per-
formed for a long time. Initial work was much focused on laser
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bathymetry [95] directly towards shallow water depth measure-
ments using elastic backscattering. Fluorescence measurements,
in addition, are later demonstrated to be able to supply more in-
formation to evaluate water quality. As an example, Figure 3.29
schematically shows how the mobile LIDAR system is used to an-
alyze the fluorescence signatures from remote water samples, with
a distance of about 50 m. The fluorescence LIDAR facilities de-
scribed above are contained in the truck cabinet, and the excitation
laser beam is turned by an extra plane mirror and illuminates the
water samples, which in real applications, can be natural water re-
sources like rivers, lakes and oceans. Here, an aluminum container
is used to avoid interfering fluorescence. The fluorescence signal is
coupled back to the bus and analyzed by the OMA system.

Figure 3.30 shows two fluorescence curves corresponding to two
different water samples when the excitation light is at 355 nm.
The measurements were performed at the Zijingang Campus of
Zhejiang University in Hangzhou. The Raman scattering, with
a Stokes shift of about 3400 cm~! for the O-H stretch vibration
mode of HyO, can be seen from both water samples. Such a Raman
peak at 404 nm can be used for normalization of the fluorescence
spectrum. The broadband fluorescence signal peaking at blue-
green wavelengths from the lake water is related to the dissolved
organic matter (DOM), which has very low concentration in the
drinking water, and hence is absence in the spectrum in (a). The
weak but clear peak at around 690 nm presenting in (b) is due to
the chlorophyll, which is present in all algae.

Information of this kind can even be obtained in a range-
resolved way, by simply setting the detecting gate on the OMA
with different delays. From range-resolved signals of DOM and
chlorophyll, the water quality at different depths can be evalu-
ated [96]. And since the Stokes shift is temperature-related, the
Raman signal has been used to deduce temperature information
at different water depths [97].

Vegetation monitoring

Vegetation is a main object of air- and satellite-borne remote sens-
ing. Passive optical remote sensing recognizes vegetation types
using the absorptive/reflective properties of leaves. Laser-induced
fluorescence can supply additional information to find minor differ-
ences among different vegetation types. In Figure 3.31, (a) and (b)
show remote LIF spectra of a tea bush (Long Jin type, Hangzhou,
China) located at a distance of 50 m, compared with those of
packeted teas ((c) and (d)) that were measured inside the LIDAR
laboratory using basically the same excitation laser and spectrom-
etry (OMA system). From (a) and (b), one can see that 100 shots
averaged signal within 5 s clearly shows the fluorescence properties,
and the signal-to-noise ratio (SNR) improves after 1000 shots of
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Figure 3.31. Fluorescence spectra of fresh tea bush (a) and (b), and
packeted teas (c) and (d). (a) and (b) are measured with the target
located 50 m away, while (c) and (d) are measured in the laboratory.

average within 50 s, which is principally non-limiting for such static
targets. At wavelength 690 nm and 735 nm, two fluorescence peaks
are related to chlorophyll. The peaks grow as the concentration of
the chlorophyll in the leaves increases, but since the 690 nm peak
occurs at a wavelength where chlorophyll absorbs, the intensity of
this peak will be suppressed if the concentration increases further.
Therefore, the ratio between the two peaks can be used to deduce
the chlorophyll concentration. The packeted teas present higher
intensity at 690 nm since the chlorophyll were partly destroyed dur-
ing the drying treatment, and black tea contains less chlorophyll
than green tea, as would be expected. The fluorescence peak in the
blue-green wavelengths is due to the accessory pigments and the
leaf wax, which is also largely removed during the tea-fabrication
process. Furthermore, studies [98] show that environmental stress
can influence the shape of the fluorescence spectrum that provides
complementary information to data obtained in reflectance mea-
surements using, e.g. passive optical remote sensing methods.

Insect monitoring

The movements and migration status of insects are of great impor-
tance for understanding, e.g., biological topics like genetic spread,
and environmental topics like global warming. One most common
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Figure 3.32. Test-range
experiments of fluorescence
recording on insects (Hangzhou,
China).
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Figure 3.33. Fluorescence spectra of moths, Spodoptera Litura, marked
with blue (a), green (b), yellow (c), red (d) dyes, and without any
marking (e). (f) shows the signal corresponding to moth, Nilaparvata
Lugens, marked with blue. (Adapted from [19]).

method now used by biologists is to release dye-marked groups
into a natural environment and later to collect the marked indi-
viduals at another population after a period of time. Obviously it
is time-consuming and low efficient. A fluorescence LIDAR pro-
vides an opportunity to analyze the live flying insects in a remote
way requiring no collecting action, by setting the laser beam in the
open air where insects appear frequently or on the way that the
migrating insects must pass through. The spatial scanning and
range resolving abilities of the LIDAR system can help to map out
the distribution of insects in wide spaces.

Figure 3.32 shows a test-range experiment for remote in-
sect measurements. The insect samples are fixed by thin, non-
fluorescing metal wires and attached on a building roof 50 m away.
Fluorescence curves are measured by the OMA with excitation
laser at 355 nm, and shown in Figure 3.33. (a) to (d) show the
signals from a type of moth, Spodoptera Litura (with individual
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size of about 5x5 mm?) which are dusted with dyes of Comet
Blue, Stellar Green, Lunar Yellow, and Nova Red, respectively.
These dye powders are from Swada Inc., regularly used by bi-
ologists for dispersal and mating studies (see, e.g. [23]), and have
been tested to not harm the insects. Clearly the fluorescence signa-
tures corresponding to different dyes are presented at correct wave-
length ranges, indicating that many insect types can be coded by
dyes/dye-combinations and easily recognized by the fluorescence
LIDAR. Moreover, even the auto-fluorescence of the insects, at
the blue-green wavelength range, can be seen by the sensitive de-
tection system. They are partly presented in (b), (c), (d), and
especially in (e), where an insect without dye dusting is measured.
The auto-fluorescence signatures contain sufficient information to
recognize species for some insects. For instance, we have reported
in Paper IV that the sexes of damselflies can be distinguished us-
ing their auto-fluorescence signals. Figure (f) shows the validity of
the technique to small insects. The signal of a small moth (Nila-
parvata Lugens) with size of about 1x3 mm?, which is dusted by
blue dye, is clearly shown.

Different from static targets such as water or vegetation, signal
averaging is not realistic for flying insects in field experiments.
The detection system has to be sensitive enough to obtain in-
formation within a single laser pulse. Therefore, the three-PMT
system described above is employed together with the light dis-
tributing scheme that consists of several mirrors and filters. In
addition, the PMTs record reflection signals in the time domain
and hence can realize range-resolved measurements. The top of
Figure 3.34(a) shows such a demonstration at the test distance of
60 m, in Lund, Sweden. Two dead damselflies marked with diff-
erent dyes (Coumarin 102 and Rhodamine 6G) were placed with
20 m separation in the laser path. The single-pulse reflection that
bursts from the damselflies were then recorded by the three-PMT
systems, as shown at the bottom of Figure 3.34(a). Obviously,
the intensity (ratio) of the two fluorescence bands are different for
the damselfly positioned at a closer distance, which is marked by
Coumarin 102, a bluish dye, and the other one at a larger distance,
marked by Rhodamine 6G, which is reddish. The fluorescence
spectra of these two dyes for 355-nm excitation are shown in (b),
with the cut-off wavelength of the dichroic beam splitter marked
with a dashed line. The above tests indicate that the fluorescence
signature from a single LIDAR pulse is sufficient to distinguish
damselflies marked with different dyes, which is encouraging for
studying flying damselflies in their natural habitats.

Based on the above techniques, the Lund mobile LIDAR system
performed insect measurements at the Klingavalsan river, Vebertd
(5538’ N, 1329’ E), in southern Sweden, during two weeks (June, 1-
7 and 24-30, 2009). Three geometrical arrangement close over the
river surface were set up and the damselflies in the laser beam were
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Figure 3.34. (a) Setup for
test-range measurements, and
corresponding range-resolved

signals of the three channels, from

two serially-placed damselflies
marked with different dyes
(Coumarin 102 and Rhodamine
6G) [Paper V]. (b) The
fluorescence spectra of the two
dyes used in the test, with

excitation wavelength at 355 nm.
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Figure 3.36. The scatter plots show possibilities of bird-species classifi-
cation using fluorescence LIDAR, with excitation wavelength at 355 nm
(a) and 266 nm (b), respectively [Paper VI].

measured and counted. Histograms of distribution in time scale
and spatial scale were obtained based on a large amount of data.
Particularly, groups of damselflies that were captured from other
populations and dusted with different dye powders were released
to the local environment, and measured continually in later days.
Their performance are greatly interesting and have induced many
discussion from the collaborating biologists. The research work is
published in Paper V.

Bird monitoring

During the Swedish campaign of measuring insects in the natural
field, the fluorescence signals of flying starlings (Sturnus vulgaris)
were recorded unintentionally. Considering the difficulties of ob-
serving birds during night time, which, however, is a perfect con-
dition for fluorescence LIDAR, we realized and demonstrated that
remote classification of migrating birds could be an ideal applica-
tion of the technique.

To explore such a feasibility, 26 bird samples (partly shown in
Figure 3.35) from the Lund University Zoological Museum were
moved in and out of the light beam to simulate flying birds. Fig-
ure 3.36 presents the scatter plots using signal intensities of the
three channels, with 355 and 266 nm excitations, respectively.
Auto-fluorescence from the different feathers is believed to con-
tain enough information for distinguishing. Here, the x-axis cor-
responds to the color of the fluorescence; redder signal turns up
to the right and bluer to the left. The y-axis corresponds to the
strength of the fluorescence compared to the elastic signal. Each
analyzed echo is shown as a small marking and since the specific
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bird species are known in this experiment, they are given a par-
ticular appearance. If a good separation is seen between species
in the plot, different kinds should be discernable with the help of
their fluorescence.

355 nm illumination was used in the first feasibility test in the
field due to the reason that the flying starlings were recorded with
this wavelength. Since birds have a UV-vision band in this region,
266 nm light is a preferred wavelength for eye safety reason of the
birds. The tests at 266 nm on the museum samples were performed
at the docking position of the LIDAR system in Lund. The sepa-
ration of the bird species in the case of 266 nm illumination is not
very prominent, mainly due to a temporarily poor performance of
the laser system. The results in the case of 355 nm illumination
are, however, much better and demonstrate the method potential.

A full scale field experiment at the Kullaberg National Reserve
has been performed. 266 nm excitation was employed and a third
fluorescence channel was added for increased discrimination [99].
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SPECTROSCOPY

Tunable diode laser absorption spectroscopy (TDLAS) has been
proven to be a very successful tool for gas analysis [44-47]. Most
practices of such a technique are carried out for trace gas measure-
ments in free space. One typical operational mode is as shown in
the top right of Figure 2.6 in Section 2.2. The integrated absorp-
tion along the light path is measured, and principally, air sampling
is not required during the operation. Sensitivity, which determines
the minimal detectable signal, is a key goal to consider when devel-
oping a TDLAS method. By modulating the diode laser through
the applied driving current, the noise level at the detector can
be dramatically suppressed at high frequency and a minimal de-
tectable absorption as low as 107 can be realized [46]. TDLAS
is thus a sensitive remote technique that can accurately quantify
trace-gases/pollutants in the atmosphere.

In Section 4.2 of this chapter, we propose a new method to
suppress the detector noise and improve the sensitivity of TDLAS
in contrast to modulation techniques. A balanced interferometer
is constructed to produce a zero-level background, on which a in-
creasing signal corresponding to the absorption information is de-
tected. Similar to other zero-background spectroscopic techniques
such as laser-induced fluorescence spectroscopy [48] and photoa-
coustic spectroscopy [50], high sensitivity can be expected from
proof-of-principle experiments carried out in the laboratory. In ad-
dition, the complementary improvements of the technique in real-
world applications are considered and discussed with experimental
demonstrations and theoretical analysis. Related techniques and
research results are published in Papers VII and VIII.

Further, in Section 4.3, the TDLAS technique is extended to
analyze free gases contained in porous scattering media; called GAs
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in Scattering Media Absorption Spectroscopy (GASMAS). Stud-
ied samples of the technique include polystyrene foam, wood, fruit,
and even human sinus cavities [53-58]. In this chapter, measure-
ments of the concentration variation of oxygen and water vapor
in sealed food packages are described. Obvious difference can be
found after exposing the food to ambient environment by per-
forming perforations on the packages. The research proves that
GASMAS can be an ideal technique for food monitoring with-
out destroying the packages. Such applications are published in
Paper IX; while Paper X reported another application, clinical
monitoring, of the GASMAS technique.

In GASMAS measurements, the absorption signal is enhanced
by the massive scattering, which increases the effective absorp-
tion path length dramatically. However, on the other hand, the
propagating paths of photons are not as defined as in free-space
measurements. A reference gas with well-known concentration is
required to be measured in order to compensate the absorption
length and deduce the concentration of another gas under test.
Or otherwise, a LIDAR technique could apply simultaneously to
gather diffusive scattering and pathlength information. Instead of
using pulsed light, we demonstrate that a wavelength-modulated
diode laser can realize the same function using a heterodyne tech-
nique. The combination of the technique with GASMAS measure-
ments is discussed at the end of this chapter. Such a heterodyne
technique is published in Paper XI.

4.1 Background knowledge

4.1.1 Gas absorption spectrum

When the electromagnetic radiation passes through a material,
the frequency that fits the gaps between certain energy levels of
the molecule (see Figure 4.1) will be absorbed, by exciting the
electrons at the lower energy level to a higher one. The absorption
spectra consist of discrete lines containing information of molecular
structures. As illustrated in Figure 4.1, the energy gaps between
two electronic, vibrational and rotational states correspond to UV-
visible light, IR light, and microwave, respectively.

Different from solid/liquid molecules, which present broad-
band absorption spectra due to interaction among the molecules,
the spectra of free-gas molecules, however, are constituted by many
narrow absorption lines, corresponding to the possible energy tran-
sitions. As an example, the absorption spectrum of gaseous oxygen
at around 760 nm is shown in the top of Figure 4.2. In the lower
part of the figure, one specific absorption line, R11R11, is plot-
ted considering different broadening mechanisms, mainly for two
reasons. One is called thermal Doppler broadening which is due
to the random movements of the molecules depending on temper-
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ature. This broadening effect is described by a Gaussian profile.
The other is called pressure broadening due to the collisions be-
tween gas molecules and is described by a Lorentzian profile. The
combination of these two effects can be calculated by convolution
into a Voigt function. With the environmental pressure and tem-
perature of 1 standard atmosphere and 296 K, the pressure broad-
ening dominates over the Doppler one. The integrated absorption
intensity across the absorption line is proportional to the prod-
uct of the concentration of the gas and the optical path length,
through the Beer-Lambert law.

4.1.2 Diode laser

A diode laser is based on semiconductor materials and the physics
behind is quite different from other laser types. The voltage ap-
plied on the strongly doped p- and n-semiconductor materials
forces the electrons as well as holes into a transition region be-
tween them. The recombination of the electrons and the holes
induces stimulated light emission, with photons oscillating in a
cavity formed by the polished surfaces between the semiconductor
and the air.

The diode laser is a type of compact, cost-effective light source,
and has been widely applied in for instance CD player, laser
pointers and bar code readers. These diode lasers are based on
Al, GayAs material, and the wavelength is around 800 nm at room
temperature. Recently, with the fast development of semicon-
ductor materials, the lasing wavelength of diode lasers can (non-
continually) cover the wavelength range from deep UV (around
300 nm) to IR (several tens of micrometer). It is also possible to
operate diode lasers in a single longitudinal mode, by employing
periodical structures, such as a diffraction grating, for mode selec-
tion. Distributed feedback (DFB) lasers, vertical-cavity surface-
emitting lasers (VCSELSs) [100, 101] and quantum cascade lasers
(QCLs) [102-104] are especially interesting for spectroscopic ap-
plications due to their narrow line-width and wavelength tunabil-
ity. Coarse tuning is performed by thermo-electric changes of the
junction temperature, which alters the band gap and index of re-
fraction, while swift scanning over small spectral region is achieved
by current ramping.

The diode laser is an ideal light source for remote sensing.
Firstly, the diode laser does not need calibration and maintenance
during the long term of running. Secondly, the energy efficiency
of diode lasers is extremely high and battery-operation is possi-
ble for measurements carried out, e.g., in field work. Thirdly, the
driving and temperature controlling electronics for diode lasers are
relatively simple. Fourthly, dependable measurements are possible
without complicated optical alignments.
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4.1.3 Sensitivity

Tunable diode laser absorption spectroscopy (TDLAS) has been
proven to be very successful for gas analysis and especially for trace
gas measurements in the atmosphere [44-47], where the minimum
detectable signal is required to be as low as 107¢ or 10~7. The
signal-to-noise ratio (SNR) of a TDLAS, which determines the
minimum detectable signal, can be generally expressed as

SNR = i (4.1)

VND? + (BVI)? + N

1 is the intensity of light arriving at the detector and k describes
the absorption signal. N,I, VI, and N; are the laser source
noise, the detector quantum noise and the detector thermal noise,
respectively.

Equation (4.1) can be improved by increasing the signal in-
tensity in the numerator, or decreasing the noise terms in the de-
nominator. For instance, White cells or ring-down cavities largely
increase the optical path length and can thus enhance the absorp-
tion signal (k) and improve the SNR efficiently. On the other hand,
since the noise term NI, which dominates at low frequency, can be
suppressed efficiently by going to high frequencies ( NsI x 1/f),
modulation methods are effective to improve the SNR of a TDLAS.
Wavelength modulation and frequency modulation are two typi-
cal ways for suppressing the laser source noise to be less than the
quantum noise, and quantum limited measurements can thus be
realized [46]. The advantage of a quantum limited measurement
is that the SNR can be continually improved by increasing the
light intensity I. Combining external-cavity-enhancement tech-
nique and modulation techniques, sensitivity as high as 107!2 is
in principle feasible for noise-immune cavity enhanced optical het-
erodyne molecular spectroscopy (NICE-OHMS) [47].

In the following text, the wavelength modulation technique is
utilized in Section 4.3, and will be discussed in details, while in
Section 4.2, a method operating the TDLAS on a zero-background
is proposed and proven to be able to improve the systemic SNR in
another way.

4.2 Zero-background TDLAS

4.2.1 Working principle

Several zero-background spectroscopic techniques can be men-
tioned before we discuss the zero-background TDLAS. Laser-
induced fluorescence (LIF) spectroscopy produces a signal when
the laser frequency is tuned to the molecular absorption line. This
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technique is sensitive enough to track a single ion or atom [48, 49].
Similarly, in photo-acoustic spectroscopy, the acoustic signal ap-
pears when the laser wavelength matches an absorption line to
excite the molecules [50]. Another prominent example is polariza-
tion spectroscopy [51], where a crossed polarizer placed in front
of the detector will normally block out the linearly polarized laser
light background. Only at the line center the polarization plane
is rotated by the polarized sample and a signal occurs from zero-
background providing a higher sensitivity compared with standard
saturation spectroscopy [105]. In the above techniques, a spectro-
scopic signal (I) rises from a zero or low background. The SNR
of such zero-background techniques is described by

I
V(N2 + (BVI,)? + N7

Here, a high SNR can still be obtained even if NI (N; < 1)
dominates in the absence of high-frequency modulation. Most im-
portantly, the small quantity I, now replaces the large quantity I
in Equation (4.1) when measuring small signals. This explains why
zero-background spectroscopies are usually with high sensitivities.

Getting inspired from excellent performances of the above spec-
troscopic techniques operating on zero background, here we cre-
ate a background-free signal from the absorption information for
normal TDLAS techniques, using a method different from those
discussed above. As shown in Figure 4.3(a), a fiber-optic Michel-
son interferometer is employed in a destructive interference mode
to form a zero output intensity, which constitutes the background
at the detector for the spectroscopic signal to be recorded. It is
worthwhile noting that fiber-optics is not necessary for the pro-
posed technique, thus making it also suitable in the IR region,
where fibers are not readily available. When the optical path dif-
ference (OPD) of the two arms is adjusted to zero, and the polar-
ization statues and the light intensities of both arms are adjusted
to be the same, the light intensity will be very low at the detector
in the absence of gas absorption. When the gas absorption occurs
in one arm, such a balance is perturbed and an non-zero signal
(I;) is detected by the detector,

SNR = (4.2)

1

I, = ipa —kV1- AP~ P(%sz"’ +kSA+8%)  (43)

=~ |

Here P is the laser power, A is the gas absorption, k(0 < k < 1)
is a balance factor for intensities of the two interfering light beams,
and the unbalance factor ¢ is defined as § = 1 — k. It is worth-
while noting that § has an amplification function similar to the
bias angle 6 in a polarization spectroscopy [51]. A non-zero §
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improves the responsivity of measurement (see the second term
of Equation (4.3)); however, degrades the systemic SNR since a
higher-level background appears at the detector. Detailed the-
oretical analysis has been performed and calculation results can
be found in Paper VII. Further, proof-of-principle experiments on
methane have also been carried out to investigate the performances
of such a zero-background TDLAS. As believed, the SNR can be
much improved comparing to a conventional TDLAS, where the
absorption signal is measured on a huge light intensity background.

4.2.2 Real-world application considerations
Destructive interference

As discussed above, one key property of the zero-background
TDLAS is that the interferometer works in a destructive mode,
which produces a zero/very low background. However, such a
magic status is very hard to passively keep, especially in real-world
remote applications, where the sensing arm integrates a long-path
of absorption; e.g., in differential optical absorption spectroscopy
(DOAS). The turbulence of the atmosphere or the temperature-
induced variation in the refractive index, as well as the mechanical
instability, can easily turn the destructive interference into a con-
structive one, by changing the optical path lengths of the interfer-
ing arms with half wavelength. Therefore a close-loop controlling
design on the mirror position in at least one arm is necessary to
actively compensate the instabilities described above.

The proportional-integral-derivative (PID) controller is known
to be the most commonly used feedback controller, which can
swiftly adjust the target output to the setting point without know-
ing the underlying process. Such a function can be realized in
either hardware fashion or software fashion, and the cost is low
due to the mass production of general electronic devices. For the
above reasons, we choose a PID controller as the key component
in our close-loop controlling scheme. We realized that the interfer-
ence signal at the detector can not directly work as the feedback
for the PID, since the aim is to optimize the light intensity at
the detector to be lowest as realizing the destructive interference,
while the PID controller, if the sign of parameter I stays the same,
principally can work only when the response function performs in
one direction.

To solve this problem, Figure 4.4(a) shows a design containing
a lock-in scheme. The output signal from the PID controls the hor-
izontal position of the mirror through a piezo-electric transducer
(PZT), after being amplified by a PZT driver. A perturbation sig-
nal from the oscillator of a lock-in amplifier is superimposed onto
the controlling signal, and the responses of the interferometer can
be seen from the top of Figure 4.4(b) at different mirror positions.
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When the mirror position is controlled at the destructively inter-
ferometric position (2), the oscillating part of the detected light is
very low, while when the mirror moves towards both sides (posi-
tion 1 and 3), the oscillation increases in intensity but with phases
different by 180 degree, which decides the sign of the signal output
from the lock-in amplifier, as shown in the middle of Figure 4.4(b).
Such a signal feeds back to the PID, where the target function is
set to be zero, and the controller will automatically adjust the
mirror to position 2, where the destructive interference is realized.

The feedback controlling system shown in Figure 4.4 was con-
structed, and good performance was obtained. A lock-in amplifier
(EG&G\PARC, 5209) containing an internal oscillator was em-
ployed, and the frequency of the perturbational signal (sinusoidal
waveform) was set to be 9 kHz. The PID controller is from Stan-
ford Research System Inc. (SRS, SIM960), with a bandwidth of
40 kHz, which is sufficiently fast for compensating environmental
instability (usually less than 1 kHz). The PZT driver (Thorlabs,
MDT690) can transfer the controlling signal (0-10 V) into a driv-
ing voltage (0-150 V). The obvious difference of the light intensity
at the detector between situations with and without feedback con-
trolling is shown in Figure 4.5, where the curve is normalized to
the maximum value. From 350 s to 550 s, when the control is
applied, the destructive interference is stably maintained with the
light intensity at the detector being lower than 0.5% of the maxi-
mum light intensity when constructive interference is achieved, in
the time period when no control is applied. From the bottom fig-
ure, where the details of the curve from 400 s to 500 s are shown,
the residual light intensity, ca. 0.43%, can be seen due to the non-
zero unbalance factor in a real world. The fluctuation of the curve
is better than 0.025%, which shows the success of the controlling
system.

Unbalance factor

From Fig. 2. of Paper VII and Equation (4.3) we noticed the signal
intensity is amplified by the unbalance factor of the interferometer,
which indicates, on the other hand, any minor variation of the in-
terfering structure can induce an obvious instability on the result.
In measurements, as generally understood, the intensity difference
between the signal peak (I5(A), corresponding to the absorption
dip; see Figure 4.3) and the background (I;(0), where the absorp-
tion is zero) is used to estimate the absorption induced by the
gas. However, as can be seen from the curves shown in Fig. 2. of
Paper VII, the problem originates from the dependence of the re-
sponsivity on the unbalance factor. The same external absorption
induces a higher signal with a larger unbalance factor. The struc-
ture degrading in the sensing arm will make an over-estimate of the
pollutant concentration. It is especially serious when the external
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absorption ratio is small. For instance, when the absorption under
test is 0.001, a degrading of § from 0.001 to 0.002 could induce a
factor 1.8 of increase in the signal. It is almost impossible to avoid
such minor degrading in real-world applications, especially for re-
mote cases. Either instability of mechanics or dust and dirt on
optics can easily destroy the measurements in absence of frequent
calibrations. Therefore a different method for signal extraction is
required.

We realize that, if the unbalanc factor is artificially modulated
at a certain frequency, with a stable amplitude, the absorption
signal will appear at the modulation frequency and be amplified
by the modulation amplitude instead. The variation of the unbal-
anced factor induced by the structure natural degrading will show
ignorable influence at the modulation frequency. Importantly, if
the modulation amplitude is controlled to be reasonably small, a
close-to-zero background can still be kept. Modulation can fur-
ther suppress the noise by going to high frequency, but it is not
discussed here.

Figure 4.6 shows one possible scheme to realize the above tech-
nique. A modulator that can accurately control the modulation
amplitude («) is inserted in the reference beam. Therefore the
light intensity I, at the detector is consequently modified as,

I, = EP(\/l + - cos(2mft) — kvV1 — A)?, (4.4)

where f is the modulation frequency and a(a << 1) is the am-
plitude. The signal at the modulation frequency can be approxi-
mately expressed as

I7(A) - I1(0) = iP[iakA +0(A%)] (4.5)

Comparing Equation (4.5) with Equation (4.3), the amplifica-
tion coefficient is changed from the unbalanced factor § to a stable
modulation amplitude a. The modulation-version system is thus
expected to be more stable than the non-modulated one. From
Equation (4.5), one can calculate that when the unbalance factor
degrades from 0.001 to 0.002 (balance factor from 0.999 to 0.998),
the signal only changes 0.1%.

4.3 Gas in scattering media absorption
spectroscopy

4.3.1 Principle and technique

The TDLAS is well known for gas tracing in free space, but is
new for measurements of gases contained in turbid scattering me-
dia. Lund University has demonstrated it feasible by analyzing the
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weak light that leaks from the sample after massive scattering [52].
Figure 4.7(a) shows two possible arrangements of transmission and
reflection modes, depending on the scattering material and prac-
tical measurement conditions. The spectrum of the diffused light
consists of a broad background due to the solid/liquid attenuation
and sharp structures due to the gas-molecule absorption. From
such fingerprints, the gas types can be recognized and the con-
centration can be evaluated from the absorption intensity. The
technique is therefore named GAs in Scattering Media Absorption
Spectroscopy (GASMAS).

Oxygen and water vapor are two typical gases measured in
scattering media. Oxygen is present with 21 % in natural air while
the saturated water vapor pressure only depends on the tempera-
ture in a sealed environment, which is usually valid for GASMAS
applications. Through studying the concentration of them, the ac-
tivity of the isolated local environment as well as its interchange
with the external atmosphere can be well understood. Oxygen and
water vapor are measured at wavelengths of 760 nm and 935 nm,
respectively, for many practical reasons. Firstly, diode lasers with
sufficiently narrow linewidth are commercially available at these
wavelengths. Secondly, scattering media under test, which are fre-
quently bio-materials, present a transparency window considering
the absorption of haemoglobin at wavelength shorter than about
630 nm, and of liquid water at wavelength longer than 1.4 pm.
Thirdly, sensitive detectors, including PMTs and semiconductor
photodiodes, are available for the wavelengths.

Due to the weak absorption of both gases at the indicated wave-
lengths, modulation of the light source is necessary to enhance the
system sensitivity. Wavelength modulation is a well-developed tool
for TDLAS by sinusoidal modulating the laser wavelength during
the linear scan, and detecting at harmonics of the modulation fre-
quency (the second harmonic, 2f, is a common choice). A portable
system for gas analysis in different scattering media has been de-
veloped at Lund University and measurements have been carried
out on various porous materials including polystyrene foam, wood,
pharmaceutical tablets, human sinus cavities and packaged food.
Food package monitoring based on GASMAS technique is par-
ticularly discussed in this section, as an important part of the
environmental monitoring from general understanding.

It is worthwhile mentioning that the effective path length of
the scattered light is not defined in the GASMAS technique and
the absolute concentration of the gas is hard to extract using the
Beer-Lambert law. Nevertheless, it is possible to know the con-
centration of the oxygen if the water vapor, the concentration of
which is well known from the temperature in the sealed environ-
ment, works as a reference gas to calibrate the scattering path
length that is assumed to be close/related at the two wavelengths.
As described in Section 3.2.4, the LIDAR technique can accurately
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Figure 4.8. Experimental
arrangement of the GASMAS
technique
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define the effective pathlength of photons that diffuse in scattering
media. Although diode lasers can hardly be pulsed with high en-
ergy, it is still possible to obtain the photon distribution in the time
domain, by statistically counting the delays of single photons cap-
tured by a sensitive PMT [106, 107]. In Section 4.3.3, differently,
we demonstrated that the diffuse path of light in scattering media
can also be assessed in the frequency domain, by linearly modu-
lating the laser wavelength, which is very simple for a diode laser.
With pathlength information obtained by such techniques, the ab-
solute concentration of the gas contained in scattering medium can
be measured.

The GASMAS system developed by the Lund research group
is a fiber-based dual-beam system based on coherent sampling and
digital wavelength modulation spectroscopy (d{WMS). A schematic
of the instrumentation is given in Figure 4.8. Two pigtailed DFB
diode lasers (Nanoplus, Germany) are employed for oxygen and
water vapor detection, by running at wavelengths of 760.445 nm
and 935.686 nm, respectively. Through a 1:1 fiber coupler, the two
laser beams merge into one, which is later split by a second cou-
pler into 90%, as the sample arm, and 10%, as the reference arm,
respectively. The scattering medium is placed in the sample arm
for gas analysis; while in the reference arm, the fiber end is very
close to the detector so that only the interference pattern originat-
ing from optical components can be measured, without contain-
ing any gas absorption signal. The detectors are two photodiodes
(S3590-01, Hamamatsu), and the detected signals are amplified by
two current-voltage amplifiers (DLPCA-200, FEMTO Messtech-
nik, Germany) and recorded at the analog input terminations of
a PCIl-board DAQ equipment. The analog outputs of the same
board are used to generate the modulation waveforms for both
lasers, through two diode laser drivers (06DLD103, Melles Griot).
The modulation waveforms consist of a 5-Hz triangle waveform
and a sinusoidal waveform with frequency of 9015 and 10295 Hz,
respectively, for the oxygen and water vapor lasers. In this way,
the signals corresponding to the two gases can be distinguished in
the frequency domain. More details of the system are described in
Paper X.

An example of acquired raw data from the sample arm, u(t),
and its corresponding Fourier spectrum are shown in Figure 4.9.
One can see that the 1f components are dominated by residual
amplitude modulation (RAM) of the diode lasers, while the 2f
harmonic signals are used in detection for baseline-free property
and good SNR. In contrast to conventional WMS, where a lock-in
amplifier is used to monitor a single frequency channel, dWDM
simulates the lock-in function in a digital way. As introduced
in [108], the 2f harmonic signal in the frequency domain is fil-
tered out by a bandpass filter, down converted to zero frequency,
and transferred into the time domain again through an inverse
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Figure 4.9. Raw data exemplified by a measurement on a 1000 mm
path through ambient air. T'wo lasers contribute to the detected signal,
and the individual contributions and their sum is shown in (left). A
single-sided amplitude spectrum of the full signal (both lasers) is given
in (right), showing 1-3 f WMS components due to interactions with
absorption features [Paper X].

Fourier transformation. Typical 2f WMS signals are, for instance,
shown in Figure 4.10. In case when the absorption signal is weak,
the interference patten induced by the fiber devices etc. can de-
grade the SNR, and make the measurement impossible. For this
practical reason, the signal from the reference arm, which does not
include any gas absorption but only shows the interference patten,
is recorded simultaneously. After removal of such a background,
the signal of the sample arm, shown as black curves in Figure 4.10,
is used to fit a ‘standard’” WMS signal (shown as red curves) which
is recorded for a strong and well-known absorption beforehand,
e.g., from the measurement shown in Figure 4.9. Using a specific
fitting algorithm, the absorption signal is deduced as equivalent
pathlength (L.,). Details of the above-mentioned signal process
method can be found in [109]. For even better SNR, which is re-
quired in, e.g., clinical studies, a much more comprehensive and
effective algorithm is proposed in Paper X, by considering both
real and imaginary parts in Fourier transformations.

4.3.2 Food monitoring

Using the above described instrumentation, both oxygen and water
vapor are measured in scattering food samples including packaged
minced meat, packaged bake-off bread and milk cartons, and the
equivalent pathlengths of them are evaluated.
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Minced meat

As shown in Figure 4.11, a meat package purchased in a local gro-
cery store was measured over three days in the laboratory by the
GASMAS technique described above. The minced meat was pack-
aged in a tray of polystyrene foam, and covered by a transparent
plastic film. The fiber-coupled laser light was injected through the
plastic film, and the light passing through the meat and the tray
was detected by the photodiode. In the data analysis process, the
dWMS signal was averaged within 1 minute for each measurement,
which was performed every 10 minutes. Since the meat package
was freezed before putting to a room-temperature environment, its
temperature was monitored with a temperature logger (Picotech-
nology TH-03) during the measurement. In the experiment, we
noticed that the temperature measured on top of the minced meat
sample correlated with the one measured inside the meat, only
with an offset as a difference. Therefore, the temperature inside
the meat principally can be known by just measuring the top tem-
perature, without invasion into the package.

The top of Figure 4.12 shows the obtained L., values (dark cir-
cle marks) of water vapor in a minced meat package over time. The
temperature measured inside a similar package is shown as dark
curve in the figure, and the corresponding partial pressure is calcu-
lated through the Arden Buck equation [110] and presented in red,
since the relative humidity is expected to be 100% in the closed
volume. The sharp increase of the GASMAS signal at the begin-
ning can be seen to originate from the temperature-dependence
of the water vapor signal. In later measurement stages, the dif-
ference becomes obvious between the stable water vapor pressure
(deduced from the temperature) and the slightly-increasing signal.
This is attributed to the variation of the photon diffusing path,
induced by the geometrical instability in the long term measure-
ment. However, such a variation can be quantified by dividing
the GASMAS curve over the pressure curve, see dark solid marks
in bottom of Figure 4.12, and used for correction purpose in the
oxygen measurement.

The L., value of molecular oxygen in the minced meat pack-
age over time is presented as dark circles marks at the bottom
of Figure 4.12. The data applied with path-variation correc-
tion are shown as red circles. From their exponential fits (dark
and red curves, respectively), the correction effect can be clearly
seen. With the path-variation removed, the red curve, as believed,
presents the oxygen concentration in the package with better acc-
uracy. The decrease of the curve over time, is interpreted as the
minced meat consuming ambient oxygen by oxidation.
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Figure 4.13. Experimental results from the bake-off bread measure-
ment. Circle marks show the 1-min averaged signals of water vapor (red)
and oxygen (black), respectively. Exponential fits after the puncture are
presented as solid curves. The inset shows the immediate change of the
signals when the puncture happens. (Adapted from Paper IX.)

Bake-off bread

A plastic package containing eight buns of bake-off bread in a mod-
ified oxygen-free atmosphere was measured for 25 hours. The light
was injected through the plastic film into one bun, and detected in
a transmission mode at the other side of the package. Differently
from the minced meat, the package of bake-off bread was all the
time at room temperature. After around one hour of measurement,
a hole of about 1 c¢m in diameter was made in the package, result-
ing in air flowing into the package. The signal was measured for 24
further hours, with each measurement proceeding for 1 minute for
average. The time-signal curve can be further (off-line) smoothed
by averaging, e.g., 10 adjacent points over time of 10 minutes.
Experimental results for the bake-off bread are shown in Fig-
ure 4.13. At the dash dotted line in the inset, a hole of about
1 cm was made in the package. The very low values of oxygen
before the puncture show the absence of such a gas, since the tight
package stopped the penetration of external air. At puncture, an
immediate change was observed for both oxygen and water vapor,
since a path to the external atmosphere was open. The increase
of the water vapor signal shows that a 100% relative humidity was
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adapted from

not present in the non-perforated package due to lack of water,
not allowing saturation. However, water vapor was present in the
non-perforated package since an initial value of 450 mm was mea-
sured. The time constant of the diffusion of molecular oxygen and
water vapor into the bread bun was 7=211 min and 7=258 min,
respectively, using an exponential fit.

Milk carton

As shown in Figure 4.14, even the headspace of a milk container,
made of white and red paper of 0.5 mm thickness, can be monitored
by a GASMAS technique. The laser light was injected through one
paper surface and detected at the opposite surface. As indicated
in the figure, multiple passages of the laser beam due to the scatt-
ering result in a larger signal than corresponding to the physical
geometry. In the total 60 minutes of the measurement, a small
hole of about 2 mm diameter was open at around 30 minutes.

Results for water vapor and molecular oxygen from the mea-
surements over time are shown in Figure 4.15. As the package is
perforated an offset in the water vapor and oxygen signal is seen.
Under the perforating process small displacements of the detector
and injecting fiber are noted, which can provide an explanation
for the offset. Small displacements of especially the injecting fiber
can give effects on the path length of the detected light. The ra-
tio of the oxygen and water vapor signals is presented and keeps
stable over the whole investigation. A 100% relative humidity is
expected since the large wet surface fully moisturises the gas in the
head space in spite of the ventilation. The stable ratio suggests
that the oxygen concentration in the headspace in the milk carton
was the same as in the ambient air.

4.3.3 Path-length assessment

As indicated in the above descriptions, one advantage of the GAS-
MAS technique originates from the massive scattering, which ex-
tends the effective absorption pathlength as a White cell does,
while, on the other hand, such an extension is not defined and
depends considerably on the scattering medium, and the geomet-
rical arrangement of the illumination and the detection. A slight
perturbation during the measurement could change the light prop-
agating path in the medium and hence influence the experimental
results. Such effects have shown up in the measurements on the
minced meat and the milk carton in the above subsection. In both
cases, the saturated water vapor is used as a reference gas for
pathlength calibration, which is rough since the scattering paths
of these two widely-separated wavelengths (760 nm and 935 nm)
are not exactly the same.
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To solve the problem, the path-length of photon propagating
in scattering media is required to be evaluated. A straightforward
method is a LIDAR-fashion technique, where the sample is illumi-
nated with short-pulse light, and the photons that appear at the
detector are counted by time of flight, as shown in Figure 4.16. The
extended tail in the recorded curve is due to the scattering events,
and can be used to evaluate the average pathlength of photons
that propagate through the sample. Such techniques have been
reported in [53], to supply pathlength information for GASMAS
measurements, and discussed in Section 3.2.4 and Paper 11, as well,
for gas analysis combining the differential absorption technique.
The above-mentioned equipments employ Q-switched high-power
solid-state lasers, but considering the cost and convenience of op-
eration, diode lasers clearly have great advantages. For instance,
the path-length evaluation and the GASMAS measurements are
possible to be combined into one instrumentation employing the
same light source and detector. Diode lasers can work in pulsed
mode with extremely high repetition rate although each pulse en-
ergy is relatively weak. Thus, transient digitizer techniques cannot
be used for capturing time-resolved signals. Instead, a technique
called time-correlated single photon counting (TCSPC) [106, 107]
is frequently employed to generate a histogram of arrival times of
individual photons at the detector, a PMT which is cooled down
to reduce dark current counts. Fast electronics matching the pulse
width of the laser source are required.

Another method to utilize diode lasers for path-length analysis
in scattering media is called the frequency modulation continuous
wave (FMCW) method, and has been presented in Paper XI. The
idea is inspired from the application of the FMCW technique on
range finding in free space [111] or fiber network [112], where single
scattering is frequently assumed. We show that the extension to
multiple scattering is straightforward by illustrating the schematic
diagram and the working principle in Figure 4.17 and Figure 4.18.

As in the conventional FMCW technique, the frequency of the
laser source is linearly modulated with, e.g., a triangular waveform.
The modulated light is then separated into two beams, a reference
beam and a probe beam. The reference beam passes through a
well-known distance while the probe beam passes through an un-
known optical path length. Both beams arrive at the same detector
and interfere with each other. A beat frequency (f,) proportional
to the time delay (7) between these two beams will be induced in
the detected signal (see Figure 4.18(b)). This specific frequency
can be used to deduce the path length of the probe beam. In the
case when the probe beam passes through a multiple scattering
medium, the path lengths of the photons will show a distribution
with an extended tail indicating the scattering information, in the
frequency domain. With detailed theoretical analysis of the tech-
nique given in Paper XI, two conclusions can be drawn. Firstly,

-

Figure 4.16. Pulsed light extends

after propagating through a
scattering medium.

61



4.3.3 Path-length assessment

Ref. Sig.

Intensity

Path length

(@)

Sig.

Wavelength

Figure 4.18. Principle of
analyzing photon propagation in
the frequency domain [Paper XIJ.

62

Ref.

Frequency modulation
Collimator
Mirror
Splitter
Tunable
[ attenuator

Delay line

Transmission ™.

—
«— PMT

Sample” Sig.

Spectrum
Analysis

Reflection

Figure 4.17. Schematic diagram of the FMCW technique for path-
length assessment in scattering media [Paper XI].

the measuring range is limited by the coherent length of the laser
source due to the interference basis of the method. Second, the
minimal resolvable optical path length (R) is determined by the
frequency range of the modulation (A f) through R =~ ¢/Af, where
c is the speed of light in vacuum.

For demonstration, an experimental system was built accord-
ing to Figure 4.17, with details described in Paper XI. Generally,
a DFB diode laser, operating in a single longitudinal mode, was
employed as the light source. By ramping the driving current (and
hence the wavelength of the diode) with a triangular waveform, the
optical pathlength information of photons passing through scatter-
ing sample can be analyzed in the spectrum of the signal recorded
by the detector (PMT in the figure). When the driving current is
ramped with a 10 Hz triangle waveform, and the tunable range of
frequency of the diode is around 40 GHz, the spectral performance
at the detector is about 3 kHz corresponding to 1 m of optical path
length. The range resolution, according to R ~ ¢/Af, can be as
high as 0.75 cm, however, degrades to around 3 cm in experimental
tests due to Doppler broadening induced by mechanical instabil-
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ities. Compared with LIDAR-fashion techniques, which evaluate
the optical pathlength in the time domain and require extremely
short laser pulse and fast detection electronics, the advantage of
the FMCW technique is obvious.

With the developed experimental setup, measurements were
performed on different samples including a piece of normal print-
ing paper (white, 100 pm thick), a tissue phantom (a 10 mm
thick sample of gelatin containing ink as absorber, p’ = 6.9 cm™!
and j1,=0.3 cm™1), and polystyrene foam (11 mm thick, p/, is ca.
30 em~! and p, is ca. 0.001 cm~!, respectively). Obvious differ-
ences can be seen in Figure 4.19. The thin white paper presents
a narrow curve, which is limited by the systemic resolution 3 cm.
In the tissue and the polystyrene foam, an extended tail, due to
the multiple scattering, can be clearly seen. And as expected, the
polystyrene foam presents stronger scattering than the tissue. As
indicated in Figure 4.17, samples can be measured in both trans-
mission and reflection modes. Measurements were also performed
on polystyrene foam with different thicknesses (see [ in Figure 4.17)
in the transmission mode, as well as in the reflection mode, where
the illumination-observation distance (d) was adjusted. Encourag-
ing results were obtained and have been published in Paper XI.

Frequency (kHz)
25 30 35 40
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08 10 12 14
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Figure 4.19. Spectral responses

for different samples. Curves are

normalized to the maximum

values [Paper XI].
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FIBER-OPTIC SENSORS

CHAPTER D

Fiber-optic sensors, based on the optical fiber itself or other sensi-
tive fiber devices, constitute an important division of sensor tech-
nology. It has been developed for half a century since the perfec-
tion of communication fibers in 1960s, by Charles K. Kao, who
later won the 2009 Nobel Prize in Physics for his contributions.
Specific advantages of fiber-optic sensors over others can be men-
tioned. For instance, fiber-optic sensors are electronically passive
in measurements and with good immunity to electromagnetic in-
terference (EMI). Many units of them are possible to be connected
with communication fibers, and a sensor network with high geo-
metrical flexibility can be formed. A single communication fiber
is able to lead out all the sensing information from the sensor net-
work, and the signal of each sensor unit can be detected and an-
alyzed remotely. With such advantages, arrays of fiber-optic sen-
sors are employed for remote temperature and strain monitoring in
structures such as buildings, bridges, tunnels, etc. In this chapter,
we will particulary discuss the fiber-optic sensor used for methane
monitoring, which is critical for occupational safety in, e.g. coal
mines, especially in Third World countries like China.

In Section 5.1, a very important candidate for fiber-optic sen-
sor, the fiber Bragg grating (FBG), is introduced. The working
principle of FBG sensors, and some interrogation schemes for such
sensors are described. Further, in Section 5.2, a novel FBG-based
methane sensor is proposed. A type of catalyst is employed to
transfer information on the methane content in ambient air into
heat, which is measured by the sensitive FBG device. The wave-
length shift of the sensing FBG is later read out through a ref-
erence FBG, and high sensitivity (with minimal detectable signal
of 64 ppm) is realized. Last but not the least, in Section 5.3, a
low-coherence multiplexing scheme is applied on sensors with such
double-grating structures, so that multiple methane sensors are
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5.1 Fiber Bragg Grating (FBG)

possible to be connected into one network that shares a common
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Figure 5.1. Schematic diagram direction, matching the resonance condition,

(top) and spectral responses

(bottom) of a typical FBG AR =2 X nepp- A (5.1)

where Ag is the resonant wavelength indicating the central fre-
quency of the reflection spectrum, n.ys is the effective refractive
index of the fundamental guided mode in the fiber core, and A
is the grating period. In contrast to the reflection spectrum, an
attenuation dip presents in the transmission. The typical reflec-
tion and transmission spectra at the communication wavelength
1550 nm are shown at the bottom of Figure 5.1. According to
Equation (5.1), the period of the grating can be estimated to be
about 500 nm, by knowing that n.y is about 1.5 for the fiber-core
material, SiO5. Therefore the FBG is principally a nano-structure.
Like the resolution of a diffraction grating, the width of the reflec-
tion band of the FBG is determined by the grating period number.
For a grating with a length of 1 cm, the typical value is 0.1 nm.

An FBG is a narrow-band fiber mirror very useful for con-
structing fiber lasers and also passive components such as fiber
etalons [113-115]. Meanwhile, FBG is also a filter with central
wavelength tunable; both the grating period and the refractive
index depend on the environmental temperature and the strain
applied on the fiber. Such fiber filters are massively used now for
uploading or downloading certain signal channels at specific wave-
lengths, in wavelength domain multiplexing schemes of fiber-optic
communication [116, 117]. Another very important application
of FBGs is constructing fiber sensors, which will be discussed in
detail in the next subsection.

The first FBG was unintentionally fabricated by the Canadian
scientist K.O. Hill in 1978 [61], when studying the nonlinear effect
of a communication fiber. The 488 nm radiation from an Argon-
ion laser was coupled into the fiber from one end, and interfered
with the light reflected from the other end surface. After long-
term exposure, the interference pattern induced a periodic change
in the refractive index of the fiber core, i.e., the first FBG in the
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world was created. Later, researchers found that the fabrication
efficiency can be much improved by exposing UV light on the side
of photosensitive fibers, where the core material is doped with Be
and Ge, or treated in an environment with a high pressure (100 at-
mosphere) of hydrogen and high temperature (100 °C) [118]. The
interference pattern can be produced by using two interfering laser
beams with good coherence (like making a hologram) [119], or sim-
ply by employing a phase mask, as shown in Figure 5.2 [120, 121].
The phase mask is designed to suppress the zeroth order of the
diffraction while enhancing the positive and negative first orders,
the interference of which produces a periodic distribution of the
light intensity on the fiber side, and the FBG can be formed in the
fiber core. Clearly, the phase-mask technique achieves a depend-
able and repeatable way in fabrication, particularly since moder-
ate requirements on light coherence allow robust and cost-effective
pulsed excimer UV laser to be employed for fabrication. There-
fore, the invention of the phase-mask technique made mass pro-
duction possible and considerably promoted the FBG industry in
the 1990s.

In Zhejiang University of China, the development of an au-
tomatic FBG fabricating system, shown in Figure 5.3, has been
started by the author and his colleagues in 2003. Basically, a
pulsed KrF excimer laser (248 nm; Tuilaser, Germany) is used as
the light source, which can be well adjusted and focused on the
fiber side, through some optics and a phase mask. A linear stage
(Newport, USA) driven by a stepper motor, carries optical devices
and can accurate position the laser beam along the fiber radial
direction. An optical spectrum analyzer (OSA; ANDO AQ6317,
Japan) was used to monitor the spectral performance while the
grating grows. It is worthwhile mentioning that the laser and the
step motor are well synchronized by a program, and repeatable fab-
rication can be realized by simply clicking one button on the soft-
ware. The photosensitive fiber used in fabrication includes com-
mercially available Be/Ge doped fiber (Fibercore, UK), or SMF-28
fiber (Corning, USA) which is treated with high-pressure and high-
temperature hydrogen in a home-made container.

5.1.2 FBG sensors

FBG has proved to be very successful for fiber-optic sensing. As a
single-point sensor, the resonant wavelength of a FBG is sensitive
to the variation of the environmental temperature and the strain
applied on the fiber, through Equation (5.1). The strain response
arises due to both the physical elongation of the sensor (and corre-
sponding fractional change in grating period, A), and the change in
fiber index, n.ff, due to photoelastic effects, whereas the thermal
response arises due to the inherent thermal expansion of the fiber
material and the temperature dependence of the refractive index.

i L L l l Phase mask
I—/—\_ﬁ_t—\_/—\—l

/ / Photosensitive fiber
1

Figure 5.2. The phase-mask
technique for FBG fabrication

Figure 5.3. The FBG fabrication
system at Zhejiang University.
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For single mode fibers operating at communication wavelengths,
typical responsivities of a FBG sensor to strain and temperature
are around 1 pm/ue and 10 pm/°C, respectively. The temperature
and strain information can be known by measuring the wavelength
shift of the reflection spectrum of a FBG sensor. Use of wavelength
detection gains the immunity of the signal to the light-intensity
variation because of an unstable light source etc.

The statistics (Figure 5.4) of the 15th Optical Fiber Sensor
Conference (Portland, USA, 2002) shows that research interests
were specially paid on fiber gratings. When conventional electro-
mechanical sensor systems slow down the market penetration of
other fiber-optic sensors, the FBG sensors that have all the ad-
vantages attributed to fiber-optic sensors, however, win more suc-
cess because of ease in realizing (quasi-) distributed sensing by
employing wavelength coding. Many FBG sensors with different
resonant wavelengths can be serially connected within one single
fiber, and their signals can be collected, separated and analyzed in
a central office remotely, by employing suitable interrogation and
multiplexing schemes. Such FBG sensor arrays have been applied
in, e.g., concrete structure monitoring in large-scale civil projects
like bridges [123-127], stress monitoring on bodies of aircrafts and
marine vehicles [128, 129], depth measurements [130] in streams,
rivers, and reservoirs for flood control.

5.1.3 Interrogation schemes

In an FBG sensing system, the interrogation scheme is sometimes
even more critical than sensors. Frequently, the interrogator de-
cides the systematic performances such as sensitivity, dynamic
range, multiplexing ability, etc. Different kinds of interrogation
schemes for FBG sensor (arrays) are reviewed in the literature [62].

Since the physical quantities are measured through the wave-
length shift of the reflection spectrum of the FBG, the inter-
rogation schemes are principally spectroscopic techniques that
quantifies such shifts. For instance, optical-grating-based spec-
trometers (where a CCD is usually employed for detecting the
diffracted spectrum) or monochromator (where the spectrum is
scanned by rotating the grating and a single detector is used) are
two straightforward and effective tools to interrogate an array of
wavelength-coded FBG sensors [131]. Similarly, the spectrum can
also be scanned by using a tunable light source with narrow line-
width [132, 133]. Or otherwise, a narrow-band tunable filter can
be used for scanning instead, when a broadband light source is
employed [134]. By using a standard Fabry-Pérot etalon for wave-
length calibration, the above two scanning methods have become
the most commercialized schemes. In contrast to scanning the re-
flection spectrum point by point, a Fourier transform spectrome-
ter scans one arm of the Michelson interferometer and recovers the
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spectral information from the interference pattern. Such a tech-
nique has also been proved valid for FBG array interrogation [135],
and the spectral resolution (or the system sensitivity) can be high
if the scanning range is sufficiently large.

The choice of a specific interrogator depends on the require-
ments from real applications. Main considerations include the min-
imal detectable signal and the dynamic range of each single sensor,
the multiplexing number of sensors, and the scanning speed of the
system, etc. In Figure 5.5, an interrogation scheme with high sensi-
tivity but limited dynamic range is presented. Somewhat different
from the above-mentioned schemes based on spectral scan, here,
an extra reference FBG (that is placed in a stable environment)
is employed to read out the wavelength shift of the sensing FBG.
When the reflection spectra of both gratings overlap perfectly, the
light presents a maximum intensity at the detector, after being
reflected twice by the two gratings. Any spectral mismatch will
induce a decay in the detected signal, and the wavelength shift of
the sensing grating can thus be measured. Such a simple passive
interrogation scheme was firstly published in [136], and has been
applied widely. Thanks to the narrow bandwidth (shape spectral
slope) of both gratings, the responsivity of such a scheme is ex-
tremely high (see, e.g., CH4 measurements in Section 5.2), but as
a penalty, the dynamic range is limited. To improve this, the refer-
ence grating can be attached on a piezo-electric transducer (PZT),
which is controlled by a servo circuit that always actively adjusts
the reference grating matching the sensor grating. Through the
voltage applied on the PZT, the shift of the sensor grating can be
read out. In this way shifting the spectrum of the reference grat-
ing following that of the sensor grating, the dynamic measurement
range is improved; however, the response speed of the system is
much decreased. Such a reference-grating interrogation scheme can
be extended for many FBG sensors, simply by employing multiple
reference gratings in parallel.

5.2 FBG methane sensor

Methane is a very dangerous gas in coal mines. Occasionally, huge
amounts of methane are produced and blast out during the mining
operation. The risk of explosion becomes high if the concentration
of methane increases above 5% in the local atmosphere. According
to statistics, methane-induced explosion is responsible for 95% of
coal-mine accidents in China, although according to Chinese law,
all mining action must stop and all working staff must leave as
long as the methane concentration is above 2%. Without any
doubt, it is of great importance to develop a sensor system that
can monitor many locations in a coal mine simultaneously, map out
the gas diffusion in tunnels, evaluate the danger of accidents, and
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Figure 5.5. The schematic
diagram of a basic unit of the
reference-grating interrogation
scheme, adapted from [136]
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plan evacuation strategies. However, the conventional equipment
in Chinese coal mines is a single-point methane meter carried by
each staff member, who sometimes finds it is already too late when
he/she reads a dangerous concentration. A global sensor network
that covers the whole mining area has not been established yet.

5.2.1 Methane transducer

The above-mentioned single-point methane meter is based on a
type of catalyst (see, e.g. [137]). When the catalyst is warmed
up to a certain temperature by applying a current of several hun-
dred mA, it can transfer the methane information into heat, which
is then read out by a thermistor through a Wheatstone bridge cir-
cuit. Such an electronic methane meter has been successfully com-
mercialized. The minimal detectable signal is about 0.1% within
the measurement range of 10%. One main disadvantage of such a
methane meter is that the electronic signal could be considerably
disturbed by strong EMI from mining machines, when directly
read out or through long-distance communication. Therefore, a
sensor network is not easy to build.

Considering the advantages of FBG regarding EMI immunity,
and in remote/distributed sensing, a FBG methane sensor is devel-
oped. The same catalyst with warming-up circuit is still employed.
Differently, we utilize a FBG, instead of the thermistor, to read out
the temperature information. The grating is fabricated by the sys-
tem shown in Figure 5.3 using the phase-mask technique. The re-
flection spectrum is shown in the inset of Figure 5.6. Through some
mechanical designs, the grating, attached closely to the catalyst,
is packaged into a compact sensor head (see Figure 5.7). In order
to test its performance, the sensor head is placed in a gas cell filled
with well-mixed gas of CHy and air. The ratio between them are
accurately controlled through high-accuracy flow meters. Mean-
while, a spectral analyzer (OSA) measures the reflection spectrum
in real time when the methane concentration increases from 0 to
5%. Figure 5.6 records the obvious shift of the spectrum, since the
local temperature around the FBG increases when the catalyst
transforms the methane into heat. A slope of 0.051 nm/1% can be
found from the figure, and a minimal detectable signal of 0.39%
can be realized using such a spectral analyzer with a resolution of
0.02 nm.

5.2.2 Reference-FBG interrogation

In order to improve the systematic sensitivity (at least better than
0.1%), and considering the measurement range is not broad (less
than 5%), the reference-grating interrogation scheme described
above is an ideal method. Figure 5.7 shows the experimental setup
that demonstrates the capability of such a scheme. The light-
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Figure 5.7. The schematic diagram of the reference-grating interroga-
tion system for the FBG methane sensor

emitting diode (LED) is a type of inexpensive light source with
bandwidth broader than diode lasers. It has found many specific
applications in field of optical sensing and measurement, with one
example shown in Paper XV. Here a pigtailed LED with central
wavelength at around 1550 nm works as a broadband light source.
The broadband light passes through an optical isolator (avoiding
reflected light back to the light source), a 3-dB fiber coupler, and a
long section of communication fiber, before arriving at the sensing
FBG. The reflected narrow-band light is coupled to the reference
grating and reflected for the second time. The twice reflected light
is then detected by a home-made power meter. Basically it is
a photodiode with the signal amplified by two stages of amplifi-
cation circuits. As illustrated in the middle inset of the figure,
the reflection spectra of the sensing- and reference gratings are
well matched, while the methane in the ambient air will induce a
wavelength shift for the sensing grating, which is set close to the
catalyst, but not for the reference grating, which is isolated. Such
a spectral mismatch will induce an intensity decay at the detector
and can thus be measured.

The experimental results are shown in Figure 5.8. When the
methane concentration in the gas cell increases from 0 to 6%, the
signal at the detector decays with an average slope of -0.783 V/1%.
The top of the figure reveals that such a decay is due to the spectral
mismatch between the sensing- and reference gratings, as expected.
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Figure 5.8. The spectral (top) and
the light-intensity (bottom)
responses at the power meter, as
the methane concentration
increases from 0 to 6%. (Adapted
from Paper XII.)
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In the experiment, the system is tested to be able to measure a
minimal concentraion of 64 ppm, which is an improvement of about
60 times compared with using the spectral analyzer, OSA, which
basically is a optical-grating-based monochromator.

It is worthwhile particularly mentioning that the reference-
grating scheme is inherently immune to the environmental tem-
perature variation. When environmental temperature changes, the
spectra of both gratings shift together and the mismatch will not
increase, neither the signal at the detector. A stability better
than 0.013% of the output voltage from the power meter has been
achieved in the situation of increasing the ambient temperature
from 30 °C to 60 °C.

5.3 Multiplexing schemes

As the key technique for a fiber-optic sensor network, a multi-
plexing scheme distributes the light energy of the common source
among many sensors, and distinguishes their signals at a common
termination as well. Two basic schemes, time-division multiplex-
ing (TDM) and wavelength-division multiplexing (WDM), can be
mentioned, with their working principles illustrated at the top and
bottom of Figure 5.9, respectively. A short-pulsed light source is
required in a TDM scheme, which records the reflected light sig-
nals in the time domain by employing a high-speed detector. The
signals, from the serially connected sensors (S-1, S-2 and S-3),
are separated due to the delay lines (sections of fiber) inserted
in between. Except for such a quasi-distributed geometry of the
sensor network, TDM scheme has also been successfully applied
on distributed sensing schemes such as Raman/Brillouin fiber sen-
sors [138, 139]. In later cases, a normal communication fiber works
as a distributed sensor, and similar with the LIDAR technique,
the Raman/Brillouin backscattering from the fiber is recorded by
time of flight. The temperature and strain information contained
in the Raman/Brillouin signals, are thus measured along the sens-
ing fiber. The range resolution is limited by the pulse width of the
light source and the response speed of the detection system.

The bottom of Figure 5.9 shows a WDM scheme, which sep-
arates the senor signal in the spectral domain. Here broadband
light is required for providing sufficient multiplexing ability. Each
sensor in the network occupies a certain narrow band of the total
spectrum, and their signals can thus been distinguished at the de-
tection termination where the total spectrum is analyzed. Such a
method is specially suitable for FBG sensors, the reflection spectra
of which are narrow-band, and the resonance wavelengths can be
designed by simply changing the grating period.
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5.3.1 Low-coherence multiplexing

Different from the TDM and WDM schemes described above, there
exists another group of techniques that can multiplex interfero-
metric sensors into a network. As illustrated in Figure 5.10, a
low-coherence light source is utilized, and the light energy is dis-
tributed by fiber couplers (splitters) into parallel-arranged sensors
based on fiber-optic interferometers (Mach-Zehnder interferome-
ters in the figure). These interferometers have different lengths in
the two interfering arms. The difference is designed to be larger
than the coherent length of the light source and with a specific
value for each individual sensor. The light beams passing through
the two arms of the interferometer cannot interfere until the optical
pathlength difference (OPD) is compensated by an extra interfer-
ometer (Michelson interferometer in the figure) with the length
of one arm scannable. The detector can record an interferomet-
ric pattern only when the mirror moves horizontally to certain
positions where the OPDs of individual sensors are compensated.
In this way, the signals corresponding to the sensors containing
different OPDs can be distinguished. Compared with TDM and
WDM techniques, low-coherence multiplexing does not need com-
plex high-speed detection or spectral analysis. The multiplexed
signals are separated by simply employing mechanical scans, and
the requirements for the detection system are intermediate. How-
ever, on the other hand, such a mechanical-scan-based method is
not valid in applications, e.g., for measuring vibration, where fast
response speed is needed.

Initially, the low-coherence multiplexing schemes were applied
for sensors that were constructed as interferometers by just using
fibers [140-142]. The sensing signal was interrogated as the shift of
the low-coherent interference pattern, because of the radial exten-
sion of one arm of the interferometer, due to the external influence
applied. No spectral information is considered in such applications.
Recently, low-coherence multiplexing has been extensively studied
at Zhejiang University to be applied on fiber gratings, which can
allow compact in-fiber interferometers and also contain rich spec-
tral information [143-149]. For instance, both TDM and WDM
methods are not valid for long period fiber gratings (LPGs), an-
other type of sensitive sensors, which present broad transmission
spectrum but no reflection. Low-coherence multiplexing instead
works by constructing a pair of LPGs into an in-fiber Michelson
interferometer [143-145]. Similarly, pairs of FBGs can form Fabry-
Pérot interferometers, and they are possible to construct a sensor
network multiplexed by low coherence techniques [147-149]. Par-
ticularly, the spectral information of gratings is focused in inter-
rogation in contrast to conventional low-coherence multiplexing
techniques.

Figure 5.11 shows the schematic diagram of the low-
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Figure 5.10. Illustration of
low-coherence multiplexing

73



5.3.2 Multiplexing of methane sensors

74

SLED circulator FBGP-1:28mm FBGP-2:36mm FBGP-3:44mm
@ - 3 N 2 v P .
reference-FBG  sensing-FBG
0 FBG-1 FBG-2
—H—— ..
1:1 s, [
. e i X :
photodiode ey @
0 a

Wavelength
Mismatch

linearistage

BG-2

pc [DAQ : Wavelength (b)

Reflectiivity
@
[

Figure 5.11. Low-coherence multiplexing scheme for FBG sensors. In-
sets (a) and (b) show the Fabry-Pérot interferometer formed by a pair
of FBGs and its working principle, respectively [Paper XIII].

coherence multiplexing applied for FBG sensors, as adapted from
Paper XIII. As illustrated in the inset (a), a pair of identical FBGs
forms an Fabry-Pérot interferometer, and the OPD between the
light beams reflected by the first and the second grating (FBG-1
and FBG-2) is proportional to the center-to-center distance (l._.)
between the two gratings. These two light beams can interfere with
each other when their OPD is compensated by another scannable
Michelson interferometer to be less than the coherent length of the
light source (a Superluminescent LED, SLED, here employed), and
the interference pattern appears at the detector. By setting the
grating gap in each FBG pair (FBGP) to be different, the interfer-
ence patterns of many serially-connected FBGPs can be separated
in one scan of the Michelson interferometer.

In each FBGP sensor, FBG-1 works as a reference grating and
FBG-2 is a sensing grating. As shown in the inset (b), when FBG-2
is exposed to the environment under test while FBG-1 is isolated,
the induced spectral mismatch will dramatically decrease the visi-
bility of the interference pattern, and thus be measured. Here, the
idea of the reference-grating interrogation is applied again, and the
good performance discussed above is kept. Details can be found in
Paper XIII, where the technique is analyzed in both theoretical
and experimental terms.

5.3.2 Multiplexing of methane sensors

In Section 5.2.2, the spectral mismatch between two FBGs is used
for indicating the methane concentration, and in Section 5.3.1, the
low-coherence technique has been introduced to multiplex pairs of
FBGs, the spectral mismatch of which can be measured from the
intensity of the interference pattern. Therefore, it is natural to
combine the two techniques to realize the multiplexing of methane
sensors. In order to place the two gratings conveniently, a specific
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Figure 5.13. The intensity of the interference pattern corresponding to
the third sensor decreases as the concentration of methane increases.
The inset shows the evolution of interference pattern of five multiplexed
sensors.

sensor head is designed as shown in Figure 5.12. The sensing
FBG locates close to the catalyst, which can transfer the methane
information into heat, while the reference FBG is placed away
from the catalyst. The gap between the two gratings, as a label
for distinguishing among sensors, is set to be different for different
units. A 1.5-V battery is installed in the sensor head for powering
the catalyst. The battery can be replaced in real applications by
a constant voltage cable that is arranged parallel to the optical
fiber.

Five such sensor heads were fabricated and connected in series
to simulate a distributed sensor network. The same low-coherence
multiplexing scheme as shown in Figure 5.11 is used to distinguish
and interrogate signals from different sensors. Since the grating
gap is designed to be different for each sensor, the interference
signal appears at different scanning positions, as can be seen in
the inset of Figure 5.13. To test the sensing performance, the
sensor corresponding to the third interference pattern was placed
into a sealed cell with methane, while the others were kept in
an environment without background methane. By increasing the
concentration of methane in the cell, the intensity of the third
interference pattern decreases obviously in a similar tendency as
shown in Figure 5.8. The above results indicate that the methane

—

Catalyst

Reference FBG

Sensing FBG

Figure 5.12. Methane sensor-head
designed for low-coherence

multiplexing.
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sensor in such a low-coherence multiplexing scheme keeps the same
operation principle as in a reference-grating interrogation scheme,
and the high sensitivity can thus be maintained. From the inset of
Figure 5.13, one can also see that the intensities of the interference
patterns of the other sensors keep stable, since they were kept in
an environment without ambient methane.



FUTURE WORK

CHaPTER 0O

This thesis covers a broad scale of techniques and applications re-
garding laser remote sensing for environmental monitoring. How-
ever, due to the limitation of time and energy of the author in the
Ph.D. program, several ideas have arisen but not been performed,
and some have been demonstrated but still require further studies.
For future investigations three of them are proposed.

Multiple-wavelength LIDAR for aerosol analysis

To achieve optical properties and size distributions of atmospheric
aerosols, a LIDAR system with several wavelengths can be em-
ployed. For instance, the radiation (1.06 pm) of a Nd:YAG
laser and its second and third harmonic frequencies (532 nm and
355 nm) become a typical three-wavelength LIDAR transmitter.
The ability of such a technique is limited by wavelength number,
which is typically three or four. For instance, the size distribu-
tion of aerosols has to be assumed into some specific models with
a few parameters that can be recovered from the limited spectral
information.

One transmitter described in Chapter 3 of the thesis is a tun-
able OPO system, with wavelength range covering from 200 nm
to 2 um. Principally, there is no spectral limitation to employ
such a light source for multiple-wavelength aerosol analysis, and
no doubt, richer optical properties and more detailed size infor-
mation of aerosols can be retrieved due to the increased spectral
bands.

Combination of LIDAR and GASMAS techniques

The combination of LIDAR and GASMAS techniques has been
demonstrated in two ways as described in Sections 3.2.4 and 4.3.3,
respectively. In Section 3.2.4, the differential absorption LIDAR,

7
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(DIAL) technique is used for gas analysis in multiple-scattering
media, and in Section 4.3.3, range-resolved techniques, e.g., a
FMCW method, are proposed to define path lengths in GASMAS
measurements.

Both techniques can measure gases in the pores of a scatter-
ing medium, but have different application potentials. The DIAL
technique can map out the gas distribution in a scattering medium;
while the GASMAS technique measures the integrated absorption
along the multiple-scattering path with a higher sensitivity, and
the range-resolved technique only assists to obtain the informa-
tion of the scattering pathlength. Therefore, the DIAL technique
is proposed for localization of abnormal gas concentration, qual-
itatively, e.g., for detecting of the methane leakage from a snow-
covered gas pipe; while the GASMAS is more suitable for quanti-
tative gas concentration measurement, where the gas is assumed
to distribute uniformly throughout the medium.

In this thesis, the DIAL technique has been demonstrated for
oxygen measurements in a block of polystyrene foam, and two
possible applications have been proposed but without further test.
Clearly, more studies are required to make such a technique realis-
tic in real-world applications. In contrast, the GASMAS technique
is more mature after many years of development in the Lund re-
search group. The demonstration of the FMCW technique for
multiple-scattering media analysis has also been successfully car-
ried out and encouraging results have been obtained. However,
the combination of the FMCW and GASMAS technique has not
been performed, although many advantages of such a hybrid can
be expected and have been discussed in the end of Section 4.3.3.
Further research work is therefore strongly encouraged.

Improvement of the zero-background TDLAS

The zero-background TDLAS clearly stays on a early research
stage. Although only proof-of-principle experiments were carried
out, the potential of such a technique for SNR enhancement can be
seen. Two considerations for real-world applications are proposed
in the thesis. A close-loop phase controller has also been developed
to stabilize the zero background. Further, an intensity modulation
method has been proposed to make the measurements more stable
and theoretical analysis has been performed. More experimental
tests are needed to support the feasibility of such a technique.
This technique is still under development in the Lund group,
and hopefully, encouraging results will be published in near future.
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Vertical lidar sounding of atomic mercury and
nitric oxide in a major Chinese city

Z.G. Guan, P. Lundin, L. Mei, G. Somesfalean, S. Svanberg
This paper reports the vertical DIAL measurements performed
in a major city in China. Two types of atmospheric pollutants,
atomic mercury and nitrogen monoxide, were measured. This
work is part of a Sino-Swedish collaboration project, and is prob-
ably the first of its kind in China for these gases.

I performed most experiments, with supervision from Svanberg,
and help from the other coauthors. I was the responsible person
for the mobile LIDAR laboratory during the measurement. The
DIAL facility was adjusted to fit the measurement, and the sys-
tem control and recording programs were modified by me as well.
In addition, I also did all data analysis, plotted all figures, and
strongly contributed to the manuscript.

Gas analysis within remote porous targets using
LIDAR multi-scatter techniques

Z.G. Guan, M. Lewander, R. Gronlund, H. Lundberg, S. Svan-
berg

This paper reports the potential and feasibility of the DIAL tech-
nique for gas analysis in massive scattering media. The gas ex-
change occurring in a block of polystyrene foam was monitored.
Snow, as a natural scattering material, was also tested, by con-
sidering the specific applications in, e.g., localization of snow-
avalanche victims and inspection of methane leakage of a gas pipe
covered by snow.

I was the responsible person of the experiment, with laboratory
work together with Lewander and Lundberg, and hard-core su-
pervision from Svanberg. I was involved in all measurements, did
all data analysis, prepared all figures, and contributed in drafting
the manuscript.
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III Aerosol sounding at a rural Swedish area and in a

v

major Chinese city - A comparative study with the
Lund lidar system

P. Lundin, Z.G. Guan, L. Mei, G. Somesfalean, E. Swietlicki,
S. Svanberg

This paper reports on a comparative study on vertical distribu-
tions of atmospheric aerosols at a rural Swedish area and in a
major Chinese city, by using a same mobile LIDAR system. The
anthropogenic pollution in the city was clearly revealed. The work
is also included in the Sino-Swedish collaboration project.

I performed most experiments in the measurement in Sweden,
with supervision from Svanberg, and help from Lundin. A pro-
gram for automatic data recording was developed by me. While
in China, Lundin performed the measurements with the same pro-
gram, and I assisted as the responsible LIDAR operator. I also
contributed in the discussion of data analysis and in manuscript
drafting.

Insect monitoring with fluorescence lidar
techniques: feasibility study

M. Brydegaard, Z.G. Guan, M. Wellenreuther, S. Svanberg
This paper reports, for the first time, the application of the fluo-
rescence LIDAR on insect monitoring. The feasibility of the tech-
nique was tested by setting the targets at a distance of 60 m, and
encouraging results were obtained.

My role in this work was again the key LIDAR operator, and I
have taken part in all LIDAR measurements. I also highly con-
tributed in data analysis, figure plotting and manuscript prepa-
ration.

Insect monitoring with fluorescence lidar
techniques: field experiments

Z4.G. Guan, M. Brydegaard, P. Lundin, M. Wellenreuther,
A. Runemark, E.I. Svensson, S. Svanberg

This paper reports the two weeks of field experiments on damselfly
monitoring using fluorescence LIDAR techniques. The feasibility
of the technique in a natural environment was tested and inter-
esting measurement results inspiring biological discussions were
obtained.

I was involved in all the experiments, as the key LIDAR operator.
My contributions include the participation in the system modifi-
cation, the program development, and the analysis of most data.
I prepared most figures and drafted most at the manuscript.
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Feasibility study: fluorescence lidar for remote bird
classification

M. Brydegaard, P. Lundin, Z.G. Guan, A. Runemark,
S. Akesson, S. Svanberg

This paper reports, for the first time, the feasibility of the fluo-
rescence LIDAR to classify bird species in a remote way. 26 bird
samples of 12 species were tested and promising results were ob-
tained.

As the key LIDAR operator, I performed all the LIDAR measure-
ments together with Brydegaard and Lundin. The same recording
program, developed by me, for the damselfly monitoring was used.
I also highly contributed in figure preparation and manuscript
drafting.

Quasi zero-background tunable diode laser
absorption spectroscopy employing a balanced
Michelson interferometer

Z.G. Guan, M. Lewander, S. Svanberg

This paper, for the first time, presents a technique to operate
the tunable diode laser absorption spectroscopy (TDLAS) on a
zero-background. The signal-to-noise ratio of the technique is
improved compared with a conventional TDLAS.

I planned, set up and performed all the experiments, with most
useful discussions with Lewander and Svanberg. I plotted all the
figures and drafted most at the manuscript.

Active feed-back regulation of a Michelson
interferometer to achieve zero-background
absorption measurements

P. Lundin, Z.G. Guan, S. Svanberg

This manuscript reports the work following that of Paper VII.
A phase controlling scheme based on PID and lock-in techniques
was applied to optimize the interferometer operating in a destruc-
tive mode, and hence the zero background can be kept stable in
long term. In this way, the performance of the zero-background
TDLAS is expected to improve considerably.

In this work, I planned the experiments with discussions with
Lundin and Svanberg, while Lundin is the main person perform-
ing experiments and simulations with assistance from me. I con-
tributed in designing the phase controller by offering the key idea
and in other technical ways.
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XI

Food monitoring based on diode laser gas
spectroscopy

M. Lewander, Z.G. Guan, L. Persson, A. Olsson, S. Svanberg
This paper reports the GASMAS technique applied for food pack-
age monitoring. Measured samples include a package of minced
meat, a plastic bag of bake-off bread, and a milk carton.

In this work, I helped to improve the performance of the GASMAS
system, and I also took active part in the experiment, offering as-
sistance to set up the measurement platform. I contributed in
discussions of data analysis and manuscript drafting.

Clinical system for non-invasive in situ monitoring
of gases in the human paranasal sinuses

M. Lewander, Z.G. Guan, K. Svanberg, S. Svanberg, T. Svensson
This paper publishes the improvement of the Lund GASMAS sys-
tem with sensitivity largely enhanced, and its clinical application
in measurements of human paranasal sinuses.

I assisted in the work of hardware and program improvement,
and took an active part in the clinical measurements, as a sys-
tem operator. I also contributed in discussions for manuscript
drafting.

Assessment of photon migration in scattering media
using heterodyning techniques with a frequency
modulated diode laser

Z.G. Guan, P. Lundin, S. Svanberg

This paper, for the first time, presents a technique to assess the
photon migration in massively scattering media by using a fre-
quency modulated diode laser. The technique has advantages
over other existing techniques and can realize a straight-forward
combination with GASMAS techniques.

I planned, set up and performed all the experiments, with depend-
able assistance from Lundin and most helpful discussion from
Svanberg. I also did all data analysis, prepared all figures and
drafted most at the manuscript.
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An optical sensing system for the concentration of
methane based on fiber Bragg gratings

B. Zhou, G. Liu, Z.G. Guan, S. He

This paper proposed a novel methane sensor based on fiber Bragg
gratings (FBGs). Such cost-effective sensors are of ease to realize
remote and distributed sensing, and very suitable for safety moni-
toring in Chinese coal mines threatened by methane-originated
accidents. For this reason, the paper was published in a Chinese
journal.

In the early stage of the work, I drew the idea, planned the experi-
ments, and tested the feasibility of the method. The FBGs were
fabricated by a system which I in a very substantial way developed
earlier with other researchers. Later Zhou and Liu performed the
measurements with assistance and advice from me. I was respon-
sible during the whole project, and also the corresponding author
of the paper, which was mostly drafted by me.

Coherence multiplexing of distributed sensors based
on pairs of fiber Bragg gratings of low reflectivity
Z.G. Guan, D. Chen, S. He

In this paper, a coherence multiplexing technique is published
to multiplex and interrogate fiber-optic sensors based on pairs of
FBG. These dual-grating units can be modified into methane sen-
sors, and the coherence technique can thus solve the multiplexing
problem of many such units likewise.

With the idea generated by me, I planned, set up and performed
the experiments, while Chen did the simulation. I also did most
data analysis, plotted all figures and drafted the first version of
the manuscript, which was improved later by Prof. He.
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Abstract Vertical range-resolved measurements of atmo-
spheric pollutants were performed in a major city in south-
ern China, employing a lidar system operating with an op-
tical parametric oscillator transmitter. Recordings of atomic
mercury (Hg) and nitric oxide (NO) absorbing in the deep-
UV region were taken, yielding concentration profiles only
attainable with lidar techniques. In particular, the potential
influence of molecular oxygen in low-concentration mer-
cury monitoring was elucidated. Diurnal observations are
discussed and presented together with weather parameters.

1 Introduction

Air pollution is a major modern problem, which is of great
concern on the local level regarding human health, as well as
on the global level, where issues related to extended green-
house effects and ozone depletion are of key importance.
Poor air quality in the megacities of the world is affect-
ing an increasing population and remedy measures are be-
ing designed. In particular, Chinese authorities emphasize
the importance of environmental aspects and enforce regu-
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lations regarding industrial and vehicle emissions. To eval-
uate the effects of these pollution-reduction efforts, power-
ful air quality measurement techniques are desirable. Point-
monitoring devices (see e.g. [1-3]) operating on different
principles are available and widely used by environmen-
tal protection authorities. Optical remote sensing performed
in the free air has many advantages, since wider areas are
covered and sampling technique issues are avoided. Among
such optical techniques, differential optical absorption spec-
troscopy (DOAS), gas correlation techniques, tunable diode
laser spectroscopy (TDLS), and differential absorption lidar
(DIAL) can be mentioned, for which extensive experience
exists among the present authors. While the former tech-
niques are all path-integrated concentration measurement
methods, the last one [4, 5] has the additional advantage of
range resolution. As part of a Sino-Swedish collaboration
project, the Lund University mobile lidar system [6] was
deployed to China for environmental monitoring. Figure 1
shows a photograph taken when the lidar system and the
motor generator were temporarily parked at the Zijingang
Campus of Zhejiang University, Hangzhou. The present pa-
per reports on vertical atmospheric sounding in a major city
(with population about 7 million) in southern China. Mea-
surements were performed for atomic mercury (Hg) and ni-
tric oxide (NO), two important atmospheric pollutants for
which local range-resolved measurements are only possible
with the DIAL technique. NO is mainly emitted from road
traffic, and the influence of this type of transportation can
thus be evaluated. Since atmospheric chemistry processes
swiftly convert NO into nitrogen dioxide (NO»), its presence
ultimately contributes to acidification problems at washout.
Mercury is the only pollutant which exists in the air in
atomic form (typically 90 percent of the atmospheric mer-
cury is atomic). It is a serious heavy metal pollutant, which
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Fig. 1 The vehicle-based lidar
system (green) and the motor
generator (white) parked in a
temporary position at the
Zijingang Campus of Zhejiang
University, Hangzhou, China

has its origin in coal combustion, waste incineration, chlor-
alkali industries, and mining activities.

Lidar monitoring of NO was first performed by Menyuk
et al. [7] and by Aldén et al. [8] in the mid-IR and deep-
UV spectral regions, respectively. Mapping of an industrial
plume was demonstrated by Edner et al. [9], and Kolsch
et al. [10, 11] demonstrated simultaneous lidar monitoring
of NO and NO; using the spectral coincidence which had
been pointed out in Refs. [8, 12]. NO lidar monitoring using
a solid-state (Ti:sapphire) laser was described by Toriumi
et al. [13]. To our knowledge, the present NO lidar work
is the first one using an optical parametric oscillator (OPO)
transmitter and the first vertical lidar NO sounding in China.

Mercury lidar techniques were developed by the Lund
University group and are described in Refs. [14, 15]. Since
then the technique has been used to map out high concen-
trations of the metal at mercury mines and at chlor-alkali
plants [16, 17]. However, range-resolved vertical sounding
of low/background mercury concentrations as described in
the present paper has not been reported to our knowledge.
In particular, an interference problem in low-level mercury
lidar monitoring, due to the abundant molecular oxygen, is
discussed and solved.

2 Lidar system

The mobile lidar system is thoroughly described in Ref. [6].
The transmission dome, normally used for lateral scanning,
was removed for vertical transmission without any sealing
window between the system and the atmosphere. The main
parts of the lidar system are briefly described below. An op-
tical parametric oscillator (OPO) is employed as a transmit-
ter, which is pumped by the third harmonic of an Nd:YAG
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laser. The output frequency and the line width of each laser
shot could be measured with a pulsed digital wavemeter.
The receiving telescope is of Newtonian type and has a di-
ameter of 40 cm. The telescope field of view, normally se-
lected to be about 2 mrad and determined by an iris aperture
placed in the focal plane of the telescope, was matched to
the divergence of the transmitted beam, set by proper adjust-
ment of a Keplerian telescope. A photomultiplier tube, with
ramped amplification to suppress the strong close-range sig-
nal, was connected to a transient digitizer, allowing on- and
off-resonant lidar transients to be stored and averaged in sep-
arate memories. A measurement cycle consisted of interlac-
ing recordings of eight shots on and eight shots off, respec-
tively, the specific absorption line of the species under inves-
tigation, followed by one blank/background recording with
the laser beam blocked by a chopper for the on- and off-laser
settings. Depending on the required signal-to-noise ratio, the
number of cycles to be averaged could be selected.

3 Measurements and results
3.1 Atomic mercury

Mercury occurs normally at low concentrations in the at-
mosphere; for instance, the Atlantic background is around
2 ng/m3. However, urban concentrations can be 10 times
higher or more, while concentrations of 1 pug/m® occur in
direct vicinity of mercury mines and ore smelters. Mercury
pollution is extensively studied world wide, especially since
the extremely toxic compound methyl mercury is formed
over time and causes serious brain damage in humans.
Special international conferences devoted to this topic are
arranged every third year (see e.g. [18]).
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3.1.1 Hg sounding and O, interference

The atomic transition at about 254 nm was utilized. The
line consists of several isotopic and hyperfine structure com-
ponents, as mapped out at high spectral resolution, e.g.
in Ref. [19]. At atmospheric pressure these components
merge into a broadened structure with a half-width of about
0.005 nm. In connection with the work reported in Ref. [15],
it was observed that there are two unclassified weak absorp-
tion lines due to molecular oxygen close to the mercury line.
These can cause problems when low concentrations of at-
mospheric mercury are measured, and especially when the
line width of the laser degrades and the central wavelength
drifts during a long-term measurement. In the present work,
focusing on accurate range-resolved measurements of low-
level mercury, a detailed study of the spectral interplay be-
tween mercury and molecular oxygen was performed.
Vertical lidar recordings were made at a typical laser
pulse energy of 6 mJ, and elastic backscattering for the on-
and off-resonance wavelengths of 253.728 and 253.745 nm,
respectively, was recorded as shown in Fig. 2a. The initially
low backscattering signals are due to the ramping of the pho-
tomultiplier voltage, reaching a steady maximum at about
400-m distance. From the slope of the on/off ratio ‘DIAL’
curve (Fig. 2b), the Hg concentration can be evaluated by re-
ferring to a 9.7-mm-thick mercury vapor cell of well-known
temperature. Part of the laser output is passed through this
cell and the detected signal is normalized to a split-off beam
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Fig.2 (a) DIAL curves for on- and off-resonance wavelengths; (b) the
ratio of DIAL curves; (¢) comparison between the horizontal and the
vertical measurements

fraction, directly hitting a further detector. Although the to-
tal absorption for a range of 1 km is a few percent or less,
it is still possible to retrieve some range-resolved concentra-
tion information. Figure 2c compares the ratio curves from
vertical and horizontal measurements. The slope of the ver-
tical curve decreases, indicating lower Hg concentration at
longer distance (higher altitude), while that of the horizontal
one remains mainly constant, indicating that the concentra-
tion of Hg at the same altitude is stable. The tendency of
mercury to seek lower altitudes has been observed by us in
earlier work at chlor-alkali plants.

As indicated in Ref. [15], the oxygen lines as measured
with a dye laser are considerably narrower than the mercury
line. Therefore, the potential influence of oxygen on mer-
cury monitoring will be dependent on the laser line width.
Interference studies are important, especially since the OPO
used has a considerably broader line width. As mentioned
above, the typical line width of emission from the OPO is
around 0.2 cm~!. However, in long-term running (e.g. di-
urnal measurement), the degradation of the system and the
drift of the central wavelength can possibly make the effec-
tive line width considerably worse.

In order to investigate possible interference of molecu-
lar oxygen with the low-level mercury measurements, we
performed spectroscopic DIAL measurements, where the
‘off” wavelength is fixed at 254.745 nm (here the absorp-
tion of oxygen is known to be absent) while the ‘on” wave-
length is scanned with 0.001-nm increments from 254.742
to 253.712 nm. Fifty cycles were averaged for each wave-
length pair and the absorption coefficient was evaluated
from the average slope for the range 80 to 400 m. At the
same time, the differential absorption spectrum for pure
mercury in the reference cell was recorded. Knowing the
path length through the cell and the accurate temperature,
a reference ppt x m value is obtained, from which the ef-
fective line width of the light source can also be deduced.
The data averaged over two complete scans performed in
the way just described are shown as cross marks in Fig. 3a.
Using parameters from the spectral database HITRAN [20]
and Ref. [21], the absorption spectra of O, and Hg in
the scanned range are calculated and convoluted with the
laser line shape, a Gaussian function with a line width of
1.5 ecm™!, which is deduced from scanning the reference
cell. An Hg experimental transmission profile through the
calibration cell is shown as an inset in Fig. 3a. From the
fit it is evaluated that a spurious mercury concentration of
1.75 ng/m?, induced by the residual absorption of the O,
lines, must be subtracted from the data using the optimum
wavelength pair indicated in Fig. 3a. We note that, with a
constant concentration of 21% for O, in ambient air, such
residual absorptions/spurious concentrations only depend on
the effective laser line width, which can be accurately esti-
mated from the reference cell measurements. The spurious
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Fig. 3 (a) Spectroscopic DIAL x10°° -
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concentration is calculated for different laser line widths and
is shown in Fig. 3b. Clearly, the correction is not ignorable
when the Hg concentration is low.

3.1.2 Diurnal Hg variations

Vertical atomic mercury soundings were performed during
(parts of) five days in November 2009 including a 36-h time
series (on 24-25 November 2009). Mercury concentrations
averaged from altitude 80 to 380 m, and from 380 to 770 m,
respectively, are shown in Fig. 4, together with wind speed
and direction, as well as ground temperature. The correction
for oxygen interference has been applied according to the
above analysis.

From the figure, the following conclusion can be made.
The atmosphere at higher altitude generally has lower levels
of Hg, which is understandable since Hg atoms are much
heavier than air molecules. Further, the low concentration
that appears during the early morning seems to be related
to low atmospheric temperature, and the north-west wind
mostly from rural areas.

3.1.3 Washout effect

The washout effect of rain on the atmospheric mercury is
discussed in e.g. Ref. [22], by measuring the concentra-
tion of mercury in rainwater. We here demonstrate that the
washout effect can be seen from the lidar measurement di-
rectly. Figure 5 shows the comparison of concentration be-
tween measurements on 14th and 19th of December 2009.
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The rain started on the 13th and the weather turned to be
clear after the 16th. The lower atmospheric layer (80 to
380 m) was measured in the same time period (from 20:00
to 23:00) on 14th and 19th of December. Obviously, the
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Fig. 5 The washout effect of rainfall on the concentration of at-
mospheric mercury

concentration in a rainy weather condition is much lower
than that for a clear condition, although the temperature was
higher during the recordings in rain.

3.2 Nitric oxide

Nitric oxide, which is absorbing at an even shorter wave-
length than mercury, is a challenging gas for lidar/optical
measurements since the laser beam is heavily attenuated by
strong scattering. The preferred wavelength pair for DIAL is
226.878 m and 226.890 nm for the on- and off-wavelengths,
respectively.

3.2.1 NO sounding

NO is a quite reactive gas, and thus it is not possible in
field experiments to have a reference cell with calibrated
gas content for the evaluation of range-resolved concentra-
tions. Since the effective cross sections are line-width de-
pendent, conditions pertaining to the actual measurement
situation had to be established. Thus, we again took advan-
tage of the unique multiple-wavelength-pair capability of
the Lund University lidar system to differentially scan the
region of interest around the NO y-band close to 226 nm,
while recording DIAL curves in the same way as described
for the case of Hg above. Examples of on- and off-resonance
curves and the DIAL ratio are shown in Fig. 6b and ¢ for the
preferred wavelength pair. Although the backscatter signal
seems low beyond 300 m on the linear scale of Fig. 6b, the
signal is actually strong enough to allow evaluation out to
about 450-m distance. The full DIAL scan data, with av-
erage differential absorption evaluated from 50 to 300 m,
are shown in Fig. 6a. Convoluting the spectrum obtained for
atmospheric NO with the higher-resolution calibrated NO
spectrum given in Ref. [9], we found that the effective dif-
ferential absorption cross section (5.2 F 1.0) x 10722 m?
should be used for the preferred wavelength pair.
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Fig. 6 (a) The scanned transmission spectrum of NO; (b) on- and
off-DIAL curves; (¢) the ratio DIAL curve

3.2.2 Diurnal NO variations

Diurnal and range-resolved vertical NO concentrations for
25-26 November 2009 are given in Fig. 7 together with
weather data. The NO pollution mainly comes from road
traffic, which is strongly reduced at night time. However,
the highest concentrations of NO were observed during the
night. Atmospheric chemistry for NO is very complex with
many interacting factors including ozone, hydrocarbons,
and the sunlight. Night fog was observed forming around
11:00 pm and vanished due to the sun irradiation towards
9 am in the morning. The combined atmospheric chemistry
factors in interplay with metrology lead to a minimum con-
centration appearing in the afternoon while the maximum
appears towards midnight. Compared to the close-to-ground
atmospheric layer, the air at higher altitudes is much cleaner,
as expected with NO being vehicle generated.

4 Discussion

Our vertical lidar soundings of Hg and NO concentra-
tions show a complex interplay between concentrations
and meteorological parameters, and in the case of NO
also atmospheric chemistry. The observed vertical gradients
could largely be understood. Clearly, systematic measure-
ments under extended times and varying weather conditions,
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(b) during the diurnal NO monitoring. (¢) The variation of NO during
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and inclusion of ground-based point monitors, would fur-
ther elucidate the dynamics of the two deep-UV absorb-
ing pollutants—the heavy metal mercury and the vehicle-
generated nitric oxide. Our studies suggest that the differen-
tial absorption lidar technique for range-resolved pollution
monitoring could be an important future possibility in the
environmental management of the megacities of China.
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Abstract Light detection and ranging (LIDAR) experi-
ments are normally pursued for range resolved atmospheric
gas measurements or for analysis of solid target surfaces us-
ing fluorescence of laser-induced breakdown spectroscopy.
In contrast, we now demonstrate the monitoring of free gas
enclosed in pores of materials, subject to impinging laser ra-
diation, employing the photons emerging back to the surface
laterally of the injection point after penetrating the medium
in heavy multiple scattering processes. The directly reflected
light is blocked by a beam stop. The technique presented is a
remote version of the newly introduced gas in scattering me-
dia absorption spectroscopy (GASMAS) technique, which
so far was pursued with the injection optics and the detec-
tor in close contact with the sample. Feasibility measure-
ments of LIDAR-GASMAS on oxygen in polystyrene foam
were performed at a distance of 6 m. Multiple-scattering in-
duced delays of the order of 50 ns, which corresponds to
15 m optical path length, were observed. First extensions
to a range of 60 m are discussed. Remote observation of gas
composition anomalies in snow using differential absorption
LIDAR (DIAL) may find application in avalanche victim lo-
calization or for leak detection in snow-covered natural gas
pipelines. Further, the techniques may be even more use-
ful for short-range, non-intrusive GASMAS measurements,
e.g., on packed food products.
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1 Introduction

Light detection and ranging (LIDAR) techniques have been
proven to be very successful in environmental monitor-
ing of the atmosphere, hydrosphere, or of fixed targets
(see, e.g., [1-6]). Normally, LIDAR experiments are of
the remote-sensing type and performed over substantial
ranges. Atmospheric LIDAR studies can be separated into
aerosol monitoring, where the detailed laser tuning is of
limited importance, and narrow-band differential absorp-
tion LIDAR (DIAL) experiments for gas analysis. By us-
ing close-lying on- and off-resonance laser wavelengths for
a particular gas, the ratio between the backscattering sig-
nals with and without absorption can be used to determine
the distribution and concentration of a specific gas in the
atmosphere [7]. In environmental monitoring of, e.g., air
pollutants, single-scattering is frequently a good assump-
tion. However, multiple-scattering LIDAR is also a well-
established method related to fog and cloud conditions (see,
e.g., [8]). A similar technique is utilized in short-range time-
resolved measurements for strongly scattering media such
as tissue [9, 10]. In these measurements, transillumination is
frequently employed instead of backscattering methods. By
evaluating the effective path length of the light in the scatter-
ing medium the concentration of sensitizers in tumors [11]
or active components in pharmaceutical tablets [12] can be
found using white-light spectroscopy. Such experiments in-
terrogate broad-band spectral structures characteristic of lig-
uids or solids. Recently, we realized that extremely sharp
structures due to free gas in pores throughout the scatter-
ing solid material are present and can be seen if the spec-
tral resolution of single-mode diode lasers is utilized [13].
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In the applications of such gas in scattering media absorp-
tion spectroscopy (GASMAS) to wood, polystyrene foam,
food, fruits, pharmaceutical tablets, or human air-filled si-
nus cavities [14-19], CW lasers are generally used to obtain
a high spectral resolution. For pulsed lasers, the resolution is
Fourier transform limited making a sufficient temporal and
a high spectral resolution hard to attain simultaneously in
small samples. The situation is different for larger-scale sce-
narios.

In the present paper we report the extension of the GAS-
MAS technique to the monitoring of gas in remote porous
targets. “Classical” GASMAS [13] is pursued with diode
lasers directly coupled to a porous material and with the
detector again in direct contact with the multiple-scattering
sample. In contrast to the broad absorptive features of the
bulk material, the free gas distributed in pores or cavities in
the sample gives rise to typically 10,000 times sharper ab-
sorption lines than those characteristic of solids. These fea-
tures can only be observed using techniques developed for
atmospheric air-pollution monitoring, as much pursued by
the Lund research group. Recently, we realized that remote-
sensing GASMAS or LIDAR-GASMAS might be a new LI-
DAR possibility. A proposal was first put forward in [20]. In
contrast to the situation when the light is injected using a
probe in contact with the sample, remote light injection in a
sample gives rise to a very bright surface reflection. When
seen by a remote telescope, this reflection outshines the faint
light that has been scattered within the medium. In order to
favor the light which has travelled inside the material, an on-

@ Springer

axis aperture stop blocking the surface reflection can be used
in the telescope focal plane. We have performed first mea-
surements demonstrating the possibility to remotely monitor
gas anomalies in strongly scattering materials, such as snow.
We present proof-of-principle DIAL-like measurements to
analyze gases in polystyrene foam.

The general principle of the techniques presented is
shown in Fig. 1. The photons incident on the target are
heavily scattered inside the material. Some of them surface
again at a distance from the injection point, after having
visited deeper layers of the target. Such photons are col-
lected by a telescope system which is properly aimed and
are recorded by a fast and sensitive detector (e.g., a photo-
multiplier tube (PMT)). The waveform is digitized in a fast
oscilloscope/transient digitizer and is compared with the in-
cident waveform (the transmitted pulse). An echo from the
target surface followed by a distribution of delayed photons
is expected, the latter having a history of multiple scattering
inside the target medium. By finely tuning the laser wave-
length to an on- and a close-lying off, reference wavelength,
different signal shapes for the delayed photons are expected
due to differential absorption for the gas present in the pores
of the target; see Figs. 1(b) and 1(c). Like most LIDAR va-
rieties, the presented technique works in a backscattering
mode for many practical reasons. On the other hand, the di-
rect surface reflection, the target echo, which is ~10,000
times stronger than the scattering light, can easily blind the
PMT from seeing any scattering signal if it is not suppressed
effectively. Here we use two apertures to clean the halo of
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Fig. 2 Improved imaging
system for mobile LIDAR:

(a) improved annular aperture;
(b) the arrangement of an
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the well-collimated laser beam, so that the laser pulse only
illuminates a defined spot on the target. The light halo is due
to scattering in optical components. A small aperture in a
screen at the focal plane of the telescope defines its field of
view. By separating the observed spot from the illuminated
one, the PMT will in principle only see multiply scattered
photons. Due to imperfections an echo from the illuminated
spot still will occur; however, by this geometrical arrange-
ment most of the echo can be suppressed.

In a real-world scenario, it is desirable to scan the laser
beam and the detection field-of- view in synchronism by us-
ing a co-axial LIDAR system with a common folding mir-
ror. This is the arrangement used in the Lund mobile LI-
DAR system described in [21]. For photon economy rea-
sons, practical measurements would be performed using an
annular observation-defining opening aperture in the tele-
scope focal plane as illustrated in Fig. 2. As seen in Fig. 2(a),
the detection efficiency is obviously much improved as com-
pared to the case shown in Fig. 1(a). In order to collect the
laterally displaced photons on a finite size detector, a lens
arrangement, as illustrated in Fig. 2(b), could be used.

2 Experimental arrangements

‘We will now describe the experimental arrangements used in
our proof-of-principle experiments performed in the labora-
tory along the lines illustrated in Fig. 1 and in first outdoor
tests with our mobile LIDAR system using the annular aper-
ture arrangement (Fig. 2(a)).

2.1 Laboratory setup

In the in-door laboratory experiments, schematically illus-
trated in Fig. 3(a), we use a wavelength-tunable pulsed laser
system based on a dye laser pumped by a Nd:YAG laser
(532 nm). The laser pulse (190 mJ, 10 Hz repetition fre-
quency) from the pump has a width of 10 ns and is com-
pressed into ~2 ns by backward stimulated Brillouin scat-
tering in water [22]. The wavelength of the system can be
tuned from vacuum ultraviolet to near infrared by using dif-
ferent dyes and applying frequency doubling/tripling and
Raman shifting techniques. In the present work we operated
at 656 nm, 760 nm, and around 330 nm with a line width of
about 0.01 nm. The switching (on and off) around 760 nm

Extended

Additional lens

Telescope

Observed region

in Fig. 1 (a) Annular

aperture

was realized by accurately controlling a high-resolution
grating in the dye laser.

In order to control the distance D between the illumi-
nated spot and the observed region on the target (see the
inset of Fig. 3(a)), a rotatable prism was employed for scan-
ning the laser beam. Apertures in the optical path can be
used to clean the faint halo (due to scattering in optical com-
ponent) surrounding the well-collimated light. The scattered
light emerging from the observed region on the target was
collected by a telescope (with a diameter of 25 cm and a fo-
cal length of 1 m), set 6 m away, before arriving to a PMT
detector (Hamamatsu R2368). A 4 mm pinhole is set at the
focal plane of the telescope, corresponding to an observing
region with a diameter of 20 mm on the target. With a photo-
diode (PD), a small amount of light split from the laser beam
generated a trigger signal for a fast oscilloscope (Tektronix
DPO 7254) used to record the PMT signal.

2.2 Mobile LIDAR setup

The Lund mobile LIDAR system used in some initial tests
is shown in Fig. 3(b). The system is thoroughly described
in [21]. Basically, it is a co-axial system with a roof-top
scanning mirror. The transmitter is an Nd: YAG-pumped Op-
tical Parametric Oscillator (OPO) system with wide tunabil-
ity, augmented by nonlinear wavelength shifting techniques.
In our initial experiments we only employed the 355 nm
harmonic from the pump laser. The pulse length is about
10 ns. The signal sampling electronics of the system has a
modest time resolution and was therefore replaced by a Tek-
tronix TDS220 transient digitizer in the present application.
The annular aperture arrangement illustrated in Fig. 2(a) was
used. With a central aperture block radius of 5 mm, photons
emerging more than 30 cm from the laser impact point on
the 60 m distant roof-top target will reach the detector.

Figure 3(b) also depicts some possible practical applica-
tions of the new technique to be discussed later.

3 Measurements and results
3.1 Surface echo and multiple-scattering recording

We initially used 656 nm laser pulses, employing the laser
dye DCM, in laboratory measurements on a 10 cm thick
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block of polystyrene foam. Basic time-resolved signals are
shown in Fig. 4(a). The shape of the incident laser pulse is
shown as the solid grey line, with its peak position set at
time O corresponding to the time of arrival of the laser pulse
at the target. When the distance D between the illuminating
spot and the observed region is set to be 7 cm, the solid black
curve is obtained. Clearly it has a tail due to multiple scat-
tered light. Part of the recorded signal can, however, be sus-
pected to be due to a residual, prompt surface echo. To verify
this, we cover the observing region on the target by black pa-
per, and a small amount of echo light directly reflected from
the illuminating spot is recorded and shown as the dashed
grey line. We can clearly see that this echo light has the same
shape as the incident pulse but is delayed about 20 ns due to
the 6 m distance between the target surface and the PMT.
The isolated multiple scattering light (dot-dashed line) can
be obtained by subtracting the echo from the composite tar-
get signal. The intensities of the echo and the truly scattered
light are still comparable, although the echo light has been
greatly suppressed by the imaging system. We found that a

@ Springer

major part of the residual echo signal is due to scattering in
the telescope mirror surfaces, resulting in light which clearly
does not image sharply into the plane of the target-defining
telescope aperture.

By prism steering, the laser beam was directed for setting
different D values (see in the inset of Fig. 3(a)). The solid,
dot-dashed, dashed, and dotted lines in Fig. 4(b) correspond
to truly scattered light when D is 4, 5.5, 7, and 8.5 cm, re-
spectively. All these curves are obtained with the method
used in Fig. 4(a). As D increases, we can see the delay be-
tween the incident light (solid grey line) and the scattered
light gradually increase, and the tail due to multiply scat-
tered light becoming longer. This can be understood as due
to more extensive scattering with possibilities for photons
to penetrate deeper into the polystyrene foam material. We
note that scattering delays of 50 ns, corresponding to photon
traveling paths of 15 m inside the material are not uncom-
mon.

The same experiments were carried out on a 5 cm thick
fresh snow layer. Similar signals are also observed when
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Fig. 4 Experimental results on measuring multiply scattered and
direct echo contributions: (a) the desired isolated scattered light
(dot-dashed line) can be obtained by subtracting the direct echo light
(dashed grey line) from the recorded temporally expanded pulse (solid
dark line); (b) and (c) show the evolution of the multiply scattered light
in polystyrene foam and snow, respectively, as D increases (see text for
details)

setting D to 5 and 10 cm, corresponding to the solid and
dot-dashed lines, respectively, in Fig. 4(c). From the figure
we can see that the scattering effect of snow is weaker than
that of polystyrene foam. However, this result is encourag-
ing, since in a more weakly scattering material, photons can
access deeper structures of the target, which is required in
real-world applications to be discussed below.

3.2 Remote analysis of gas in scattering media

In order to make a proof-of-principle demonstration of the
possibility to remotely detect gas and gas anomalies in a
porous scattering medium, we used our laboratory setup in
experiments with molecular oxygen gas in the polystyrene
foam block. The wavelength of the dye laser was tuned
to the molecular oxygen A band around 760 nm, now by
employing the dye LC7710. Oxygen monitoring in “classi-
cal” GASMAS experiments using tunable diode laser has
been much pursued [13-19]. The present experiments were
performed with differential absorption at the R9QI10 line
at 760.654 nm. From Fig. 5(a) a clear difference can be
seen between the curves when the laser is at on- and off-
resonance wavelengths in recordings for a separation D of

Time (ns)

Fig. 5 Experimental results on analysis of the oxygen concentration in
polystyrene foam: (a) the difference between pulse curves correspond-
ing to on and off; (b) the ratio of on and off curves reveal the existence
of the oxygen in the polystyrene; (¢) the slope of the on/off curve in-
creases with time when a nitrogen filled polystyrene is exposed to the
air

7 cm. The ratio of the two curves, the DIAL curve [7], is
shown in Fig. 5(b). Clearly, there is a differential absorption
effect due to the normal atmospheric oxygen over the mea-
surement path; the influence of this effect can be seen by the
ratio not starting at 1.00. The sloping DIAL curve indicates
the increasing attenuation of the on-wavelength signal for
increasing effective path lengths in the scattering medium
and can be used to derive the (uniform) concentration of the
gas under investigation [7].

For observing effects of gas concentration anomalies
with practical applications in mind, we performed a con-
trolled gas exchange experiment. A block of polystyrene
foam was put in a plastic bag, with sealing. The sample
was left in this way over night to allow invasion of nitro-
gen (expulsion of oxygen) in the porous foam. We then ex-
tracted the block and immediately performed DIAL mea-
surements. As expected, the slope of the on/off curve is
zero at the beginning of the measurement (black curve in
Fig. 5(c)) corresponding to the absence of oxygen. The
slope of the DIAL curves obtained in measurements at
5 and 10 min obviously increases, due to the reinva-
sion of oxygen-containing normal air into the polystyrene
foam.
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Fig. 6 Comparison between
LIDAR-GASMAS signals
recorded for 656, 760, and

355 nm in polystyrene foam; the
multiple-scattering tail cannot
be seen at 355 nm due to strong
bulk medium absorption at this
wavelength in combination with
a lower temporal resolution &

Intensity (a. u.)

760 nm 355 nm

available in the mobile lidar
system

3.3 Scattering signal comparison for different wavelengths

Since the scattering and absorption coefficients of a mate-
rial strongly depend on the wavelength of the light, it is
important to find a proper wavelength to analyze a spe-
cific gas in a specific scattering material. Taking polystyrene
foam for example, we compare results for three different
wavelengths in Fig. 6. The data corresponding to 656 and
760 nm are obtained with the laboratory setup. We can see
that both of them have obvious tails due to scattering, com-
pared with the incident laser pulses (dashed curves). How-
ever, if looking in detail at the data, a slight difference can
be observed between the curves for 656 and 760 nm, since
both the scattering and absorption coefficients are different
at these two wavelengths for polystyrene foam. For further
comparison, a curve obtained with 355 nm laser light from
a frequency tripled Nd:YAG laser is shown. In this experi-
ment, carried out with the mobile LIDAR system, the dis-
tance to the polystyrene foam target is 60 m. The tempo-
ral resolution of this system is lower than for the laboratory
system. No scattering tail can be seen in the signal curve,
compared to the direct laser pulse temporal shape. Although
the cross section according to Mie scattering theory strongly
increases for short wavelengths, this effect is overwhelmed
by a stronger absorption in polystyrene for the UV wave-
length used. Actually, this was confirmed also in test exper-
iments at about 330 nm using frequency-doubled dye laser
radiation in our laboratory set-up. Even with the consider-
ably better temporal resolution, no multiple-scattering tail
was observed. However, by a proper combination of ma-
terial and wavelength, such as polystyrene foam studied at
760 nm, the multiple scattering tail should be observable,
as suggested from Fig. 4(b), also with the lower temporal
resolution of the present mobile LIDAR system.

4 Discussion and outlook

We have demonstrated the possibility to perform remote
sensing measurements on free gas distributed in a solid scat-
tering medium. The technique has connection to both mul-
tiple scattering LIDAR and in particular to GASMAS mea-
surements and can be considered as LIDAR-GASMAS. The
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challenge is to achieve a sufficient rejection of the direct tar-
get echo light in combination with having a sufficient tem-
poral resolution of the system. The right combination of tar-
get material and LIDAR wavelength must also be attained
to avoid strong absorption of the multiply scattered light,
which would effectively quench a temporally delayed tail.
Clearly, the gas to be studied also must have a sufficient ab-
sorption in such an optical window.

Considering possible practical applications of LIDAR-
GASMAS in the open environment, measurements on snow,
a material which is certainly strongly scattering, come to
mind. Water has a wide transmission window from about
190 to 1400 nm. Molecular oxygen has its A band around
760 nm, which is useful in combination with snow as well
as polystyrene foam. The VUV Shumann—Runge band of
oxygen, extending with a weak and useful tail of sharp
lines up till about 200 nm could also be considered. We
have already demonstrated the observation of suppression
of the natural oxygen signal due to a displacement gas. If
the presence of this latter gas is to be ascertained, clearly
a substantial concentration is needed to suppress the oxy-
gen signal due to the dilution of oxygen. In principle,
any dilution gas could then be observed indirectly through
the suppression of the oxygen DIAL signal. More desir-
able is clearly to make direct DIAL monitoring on the gas
of interest, requiring the compatibility of bulk transmis-
sion and realistic specific absorption lines. Direct detec-
tion yields signals rising from a basically zero background,
rather than observing a small reduction in a strong oxy-
gen signal as the signature of the presence of the gas under
study.

Two very demanding possible real-world LIDAR-
GASMAS applications could be considered, as already
indicated in Fig. 3(b). One is the localization of snow-
avalanche victims based on the high percent of carbon diox-
ide (5 percent) in exhaled air or the corresponding reduc-
tion from the ambient 21 percent abundance. A further
application may be the inspection of gas-covered natural
gas pipelines for possible methane leaks. Since the gas is
trapped and the path lengths are long, in the strongly scatter-
ing snow even small leaks might be detectable. Helicopter-
borne installation might be the most realistic one in both
cases.
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We note that methane has weak absorptive features
around 1.35 um, which should be compatible with the op-
tical properties of snow. Materials not containing high con-
centrations of liquid water may have more relaxed condi-
tions regarding wavelength extension into the IR region,
where most gases have strong absorption bands.

It should be noted that once the remote GASMAS tech-
nique is fully established, it could be scaled down to small
range but still being basically LIDAR, allowing non-contact
monitoring at a short distance. For example, food inspection
and moisture measurements using hand-held instruments
could be envisaged. Normal GASMAS applications so far
used contact injection of light into the sample and the detec-
tor in contact with the sample as well. In this way, problems
with the strong direct “echo” are avoided. With the spatial
imaging techniques developed here for LIDAR-GASMAS,
ways to suppress this signal are demonstrated, opening up
the possibility for close-range non-contact measurements in
many contexts.
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ABSTRACT

The vertical distribution of atmospheric aerosol
particles was measured with the Lund mobile lidar
system both at a mainly rural location in southern
Sweden and in a major city in the south-east of China.
Thereby, two sites with completely different
prerequisites regarding, e.g. population density, could
be compared straightforwardly. Since exactly the same
system and sampling methods were used, the lidar
signals obtained at the two sites could be compared
already in their raw form and still provide information
about the differing scattering properties. Results
showing the extinction coefficient profiles at the two
sites are also presented.

1. INTRODUCTION

Man’s impact on Earth has for many years grown to
alarming levels. A very important factor is the steadily
increasing global population, currently being 6.8 billion
people. Increasing needs for transportation and living
standard have made human energy consumption and
pollution impact a significant issue.

Recently, the awareness about the importance of
reducing these impacts and creating a sustainable
environment has increased. The situation is generally
considered to be critical and tremendous global efforts
have to be put into research, education and designing
proper policies. Many countries around the world have
set up regulations to decrease pollution from traffic and
factories. To evaluate and assure the effectiveness of
these interventions, it is crucial to continuously measure
their effects.

Hazardous anthropogenic aerosol particles constitute a
major pollution component and cause a direct risk
factor. However, many aerosols have natural origin and
do usually not pose any direct hazards. Still, all
particles in the atmosphere affect its physics and
chemistry and thereby also the climate forcing effects,
which are very much in focus of the discussions today.

The lidar technique has over many years developed to
become an important method to measure the aerosol
particle concentration with the help of the backscattered
light.
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The general lidar equation in Eq. 1 describes how the
signal, P, at the detector depends on the backscattering
coefficients for aerosols and molecules, £, and S,
respectively, and the corresponding extinction
coefficients, oy and a,,.
R
=2 [(ee g (Ry+ayy (R))dr

P(R)=K(RYp4(R)+ By (R))e @ IR ()

Here, K is a system response coefficient which is
generally varying through the short range.

The main advantage of the lidar approach is that, e.g.,
vertical concentration profiles can be obtained directly
from ground-based measurement stations without any
need for time consuming point sampling. The
information about the particle concentration is,
however, not directly obtained from lidar
measurements, but extensive signal processing is
necessary to evaluate the results. These ‘lidar inversion
methods’ have developed and increased in complexity
along with improved processor power and knowledge.
This process has been of great importance to get more
reliable data and to be able to better compare
measurements from lidar systems located at different
global positions, but continued improvements are still
necessary.

Here we present measurement results acquired at
completely different locations but obtained with the
same mobile lidar system and sampling methods. In this
way the results could be compared, even without
advanced data processing and differences between the
sites are obvious already from the raw lidar recordings.

2. LIDAR SYSTEM

The mobile Lund lidar system is, apart from the
possibility of removing the transmitting dome which is
normally used for weather protection and beam
steering, thoroughly described in [1]. However, a short
overview of the most essential elements used in the
campaigns is given below.

The lidar system is shown at the sites in Sweden and
China in Figure 1.
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Figure 1. The lidar system at (A) the Swedish and (B) Chinese
site. The transmitting dome is on both pictures currently
mounted.

The light source consist of two 20-Hz Nd:YAG lasers.
The possibility to generate arbitrary wavelengths is
provided by an OPO system, however; in the present
work the 3™ harmonic emission at 355 nm from one of
the lasers was used with pulse energies of around 100
mJ. The light is expanded and transmitted vertically
without any further optics or horizontally via a folding
mirror situated on the roof. Generally, the vertical mode
is utilized during aerosol measurements, but by
transmitting horizontally, system calibration (mainly
related to geometrical compression) to homogenous air
is possible. The backscattered light is focused on to a
photomultiplier by a coaxial Newtonian telescope.

3. MEASUREMENTS AND RESULTS

3.1  Raw lidar signals

In April 2009 measurements were performed at the
rural Vavihill background air monitoring station
location in the south of Sweden. The site is far from any
industry or heavy traffic, thus the amount of locally
produced anthropogenic particles is expected to be low.
However, during this time of the year — Spring — pollen
and other natural aerosols may be present in non-
negligible amounts. During the four days of the
measurement campaign, there was no extended time
period of perfectly clear weather; only shorter clear
periods occurred.

The measurements in southern China were performed
in November the same year. The measurement site was
located in a major city with a population of several
millions, with abundant traffic and some industrial
emissions. In Figure 2 lidar recordings obtained on
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April 8 and November 22 in China and Sweden,
respectively, are presented.

X375 — Urban - China |
— ~* Rural - Sweden|

PAP [a.u.]
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Height [m]

Figure 2. Raw vertical lidar signals obtained in urban China
and rural Sweden, shown in solid (blue) and dotted (red),
respectively. The curves have been normalized to each other
with respect to their integrals.

Both these curves represent clear weather conditions at
the two locations to minimize impact of temporal
moisture etc. As the emitted energy might fluctuate
slightly from pulse to pulse, but also over extended time
periods, the recordings are normalized to each other
with respect to their integrals.

o Urban - China log(P)/ [P Ja.u.]
@
- 4
~
=R
6
-8

Rural - Sweden

0 1000 2000 3000 4000

5000 [m]

Figure 3. Raw lidar signals obtained at the two sites shown in
a logarithmic colour scale. The time (y) axes in the figures
correspond to hour of the day on November 22 in China and
April 8 in Sweden. During the measurements in Sweden, the
recording was stopped for a few minutes at around 15:20.
This time period is shown with diagonal lines.
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In Figure 3 a similar comparison between raw signals is
shown for recordings obtained during several hours at
the two sites. Again, the signals have been normalized
to each other; however, here they are shown in
logarithmic form to clearer reveal differences in the
colour scale.

3.2
Even though the raw lidar recordings directly can reveal
differences between the atmospheres at the two sites,
processed data will normally provide more information.

Processed lidar signals

The connection between extinction and backscattering
is for both aerosols and molecules given by the
extinction-to-backscattering ratio, S. For the molecular
part this ratio is governed by Rayleigh theory, S)~
o/Py=81/3. For the particles the corresponding ratio is
set to 8.0 with guidance from ground reference
measurements at the Swedish site.

The inversion used in these examples, given by Eq. 2,
was presented by Frederick G. Fernald already in 1983
[2].

The aerosol extinction coefficient, a,, at the height
position number, 7, is in the numeric iterative form
given by:

S4

zz/‘,(i—l):—gaM(i—l)Jr
X(l-il)eA(szi) ©)
X(0) . ) 1)y p
@ (()+ S4B i)/ Sus +{X(X)+X(17])EA( 1 )}AR

where  AG-1,i)=(S,/ Sy ~Dles -+ (H)AR  and

X(R)=P(R)R¥K(R).

3.2.1

At the rural Swedish measurement site, a nephelometer
was used in parallel to the lidar measurements to
provide a ground reference. With the help of this, the
data from Sweden were analyzed with a variant of Eq. 2
with incessant calibration to the nephelometer at low
altitudes.

Calibration procedures

In the comparative study presented here, the possibility
of a ground truth reference was not realized in the
measurements in China. The inversion was therefore
performed with the assumption of a constant extinction
coefficient at a height of 5 km, set to the same value,
ay=2-10°m"' for both sites. This value generated
extinction coefficients at low altitudes at the Swedish
site which corresponded well to the values given by the
nephelometer.
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Horizontally recorded data provided a calibration to
minimize the impact of the range varying system
constant, K(R). Still, the non-linear system response at
very low altitudes is considered too large to provide
reliable analyzed results below 340 m.

The calibration and sampling procedure is described in
detail in [3], which elucidates on the measurements in
Sweden.
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In Figure 4 the total extinction coefficient, ay+oayy,
calculated from the recordings presented in Figure 2 is
shown for the range 340 m — 3.0 km.

Results for the extinction coefficient

— Urban — China
~* Rural — Sweden

o (kmi']

1500 2250 3000

Height [m]

= 1
340 750
Figure 4. The total extinction coefficient, ay+ayy,
corresponding to the lidar recordings shown in Figure 2. The
solid (blue) and dotted (red) curves represent the extinction
coefficients at the urban Chinese and rural Swedish sites,
respectively.

The curves in Figure 4, especially the one at the urban
site, showing a strongly increased extinction coefficient
at low altitudes suggest that the particle loaded air is
mainly situated below 1 km.

From Figure 2 it is clear that little light returns from the
scattering events at altitudes above 1.5 km at the site in
China. This obviously complicates the analysis at high
altitudes and the data is therefore more reliable closer to
the ground. Nevertheless, during certain times strong
signals, mainly from clouds, could be seen up to at least
7.5 km also at this site.

In Figure 5 a ‘time-scan’ calculation of the aerosol
extinction coefficient for the time periods shown in
Figure 3 is presented.

During the hours of the presented recordings from
China the extinction coefficient profile was quite stable
in time compared to the one from Sweden. The
instability of the latter originates from the, at the time,
rapidly changing weather conditions in this rural area
where both low moisture and haze, clouds, and clear
weather were represented.
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Figure 5. The aerosol extinction coefficient calculated for the
time period between 13:00 and 19:00 in urban China and in
rural Sweden.

4.  DISCUSSION

The results from the measurements show that large
scale differences between the atmospheric conditions
can be distinguished already in unanalyzed lidar data,
however, inversion of the lidar signals more clearly
indicates stronger scattering at low altitudes in the
urban area.

In this abstract we present a comparison between data
obtained during a time period of six hours. As weather
conditions are constantly changing, both as diurnal
variations, and over the year, general conclusions
should not be drawn. Similar measurements during a
time period of several months would provide evident
information of the general air quality situation.

The weather conditions in the Chinese city during the
measurements were very dry and sunny, while as
mentioned, the conditions were changing in Sweden. If
the clearest periods, e.g. at around 14:30 — 16:00 and
17:00 — 18:00, of the rural Swedish measurements are
compared to the clearest in urban China, the low-height
extinction is obviously stronger in the latter.
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We investigate the possibilities of light detection and ranging (lidar) techniques to study migration of the
damselfly species Calopteryx splendens and C. virgo. Laboratory and testing-range measurements at a
distance of 60 m were performed using dried, mounted damselfly specimens. Laboratory measurements,
including color photography in polarized light and spectroscopy of reflectance and induced fluorescence,
reveal that damselflies exhibit reflectance and fluorescence properties that are closely tied to the gen-
eration of structural color. Lidar studies on C. splendens of both genders show that gender can be re-
motely determined, especially for specimens that were marked with Coumarin 102 and Rhodamine
6G dyes. The results obtained in this study will be useful for future field experiments, and provide guide-
lines for studying damselflies in their natural habitat using lidar to survey the air above the river surface.
The findings will be applicable for many other insect species and should, therefore, bring new insights
into migration and movement patterns of insects in general. © 2009 Optical Society of America

OCIS codes:

1. Introduction

A. Background

Light detection and ranging (lidar) techniques have
been developed for almost half a century and have
since been widely used in, e.g., aerosol monitoring
[1-6]. Stationary lidars and mobile systems have
been employed with a wide variety of platforms,
ranging from submarines, ships, trucks, cranes, air-
planes, to satellites [7-10]. Aerosol studies typically
involve vertical soundings or the generation of three-
dimensional distribution maps. The data are usually
obtained by time-resolved measurements of elastic
backscattering using a limited number of laser fre-
quencies. Even polarization of backscattered light
can be analyzed to provide information regarding
the number of scattering events and particle size dis-
tribution [10,11]. Apart from the strongly dominat-

0003-6935/09/305668-10$15.00/0
© 2009 Optical Society of America
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280.3640, 010.1100, 300.2530, 350.4238, 240.5698, 030.1670.

ing elastic backscattering methods, three further
lidar methods have been developed for detailed spec-
tral analysis and classification of aerosols. These
methods are based on (laser-induced fluorescence
(LIF) spectroscopy [12-16], Raman spectroscopy
[17], and laser-induced breakdown spectroscopy
(LIBS) [18-22]). LIF methods have been employed
in the past to distinguish between different types
of pollen and aerosols that can potentially be used
in biological warfare [16]. Raman lidar gives weak
signals and has mostly been employed on water
and nitrogen [17]. The LIBS method is more difficult
to employ, but recent work has demonstrated assess-
ment of aerosol salinity [22], following very early
Russian work on cement particles [18]. Traditionally,
aerosol particles are considered to be solid or liquid
particles that can range from smoke, which has a
particle size of a few nanometers, to friction particles
and raindrops of several hundred micrometers in
size. In addition to these advances, insects and even
vertebrates, such as birds and bats, could potentially
be detected using lidar techniques. In the past, bird
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and insect monitoring and tracking have been exces-
sively investigated wusing radar methodologies
[23-26], including the classification of animals by
multiband (matched) illumination [27,28]. Such ap-
plications of remote sensing techniques have impor-
tant implications for local agriculture, as they allow
pest forecasting. Reflectance signatures measured
with multiband radar methods are typically given
by interference arising from the structures of the re-
flecting object. However, similar advances in the use
of lidar techniques have been slow, and until now,
only a few studies have directly investigated the fea-
sibility of lidar in insect and vertebrate monitoring.
One example comes from a lidar study on honey bees
in land mine detection [11]. That study measured
backscattered light at a single wavelength and in
two polarizations to detect bee echoes and to build
up stochastic histograms to summarize the bee
concentration in relation to the actual land mine
locations. In addition, lidar sounding of fish de-
monstrated the possibility to detect moving live scat-
terers [29,30]. The bee study was followed up by
investigations involving background rejection by
wing beat modulation of reflected light [31,32]. Such
an approach has also been used in the bird radar
community [33], with the difference that the modu-
lation frequencies are several magnitudes smaller.

B. Motivation and Strategy

The present paper describes spectroscopic studies of
two odonate species (Odonata: damselflies and dra-
gonflies), the banded demoiselle Calopteryx splen-
dens and the beautiful demoiselle C. virgo [34]. In
particular, the main focus of this study was to test
the feasibility of lidar for damselfly monitoring
and study of movement patterns. Damselfly larvae
are highly sensitive to water pollution and oxygen
concentrations and have thus been used as biomar-
kers in the past [35]. Another important characteris-
tic of damselflies is that, like all other insects, they
are ectotherms and are particularly sensitive to
changes in temperatures. Therefore, increasing am-
bient temperatures are expected to force insect spe-
cies to shift their distributions by expanding into new
geographic areas and by trying to escape from areas
that become climatically unsuitable [36]. In Europe,
many documented cases of range shifts among in-
sects have been attributed directly to increasing tem-
peratures [37]. For example, out of the 35 European
butterfly species that were studied [38], 22 have
shifted their ranges northward by 35-240km over
the last century, whereas only two have shifted
south. There is also direct evidence that the species
studied in the present work, Calopteryx splendens
and C. virgo, are currently affected by climate
change. In a recent study [39] Hickling et al. showed
that 23 of the 24 temperate Odonata species in the
United Kingdom, including the two Calopteryx
species, significantly expanded their range size
and northern range limit between 1960 and 1995.
Together, these data strongly indicate that European

populations of these insects are currently moving
northward.

Migration studies of insects are crucial for under-
standing the roles of gene flow in connecting popula-
tion over a wide spatial scale [40,41], but progress in
this area has been hampered by the difficulty of
marking individuals. As a consequence, studies typi-
cally involve neighboring and low numbers of popu-
lations. Migration in insects is relatively difficult to
study with traditional methods, such as radio trans-
mitters or light loggers, because the size and weight
of damselflies makes the attachment of the dispro-
portionately large devices difficult. An alternative
approach would be to mark neighboring populations
with combinations of two or three different fluores-
cent dyes, such as Rhodamine variants, and then
detect migrated marked individuals at a given popu-
lation [42], by correlating the spectral fingerprint of
each detected individual with the population of ori-
gin. Such dyes could either be sprayed or powdered
on individual specimens or absorbed by the indivi-
dual through the metabolic uptake of food or water
(e.g., during the aquatic larval stage) [42-46]. A
number of fluorescent dyes have already been used
for freshwater tracking and environmental studies,
and other dyes already exist due to detergents in
wastewater [47]. Even with only a few appropriate
and noninterfering dyes, a much larger number of
site locations could be monitored simultaneously
by using various nonparallel spectral combinations
of the few dye types. This is especially true if the
probability of detecting two individuals in a single
voxel is small.

This paper presents optical spectroscopic features
and the feasibility of damselfly monitoring using li-
dar and lidar LIF methods, and is organized in the
following way. In Section 2 the general photophysical
aspects of Odonata are discussed. Then, in Section 3,
we develop strategies for the remote classification of
the two damselfly species and the respective genders
in order to produce species and gender selective
three-dimensional distributions and behavioral
studies over a temporal scale [48]. In particular,
we demonstrate how to generate broadband “white”
light by autofluorescence on the surface layers of C.
splendens and C. virgo in order to detect how struc-
tural colors affect fluorescence. Such surface probed
fluorescence studies have resemblance to those pre-
sented in [49]. In addition, laboratory and outdoor
test range measurements are also described, includ-
ing descriptions of methods for damselfly marking
[42] to study migration of individuals between popu-
lations. For this we further investigate lidar LIF
methods enhanced by fluorescent dye marking. In
the latter case, individuals are marked with dye
either by spraying or powdering dyes directly on
the individual [46] or by adding dyes to the water,
which is then incorporated into the body by the indi-
vidual during the larval phase [50]. We further show
how the structural imprint of the dye-enhanced
fluorescence can be used for remote classification
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of species and genders. Finally, in Section 4, we dis-
cuss the results and give suggestions for future work.

2. Damselfly Species Description and Relevant
Photophysics

Photographs of Calopteryx splendens and C. virgo of
both genders are shown in Fig. 1. The optical proper-
ties of the majority of insects are determined both by
the chemical absorption imprint yielding “classical”
colors, and structural colors, due to interference
[51-58]. This becomes particularly clear when dam-
selflies are observed in polarized light [58]. While
common lidar methods like LIF lidar, differential
absorption lidar (DIAL), and LIBS lidar commonly
measure chemical colors, structural colors have
never been measured in the lidar community, due
to the fact that organized cells or organelles and
layered structures on the nanoscale are required
for the effect to be noteworthy. Even though ordinary
cells might leave weak structural imprints in tra-
ditional reflectance, absorption, or fluorescent
measurements [59,60], such effects are typically
neglected. The main features of the reflectance of
the damselfly abdomen can be explained by the ar-
rangement of approximately 100 nm sized scattering
nanospheres. (This is illustrated in Fig. 7(c) adopted
from [61], to be discussed later.) This arrangement
provides damselflies with their typical retroreflec-
tive properties, and an approximately 100 nm broad
reflection band shifting from the blue to the green re-
gion, depending on the sizes of the nanospheres and
on the angle of observation with respect to surface
orientation and illumination. The nanosphere ar-
rangement is situated just below the chitin cuticu-
lum; the cuticulum can be more or less melanized
[62]. Both chitin and melanin absorption peaks
around 330 nm and both chitin and melanin produce
broad fluorescence spectra covering the structural
features in the blue and green region [63-65].
Further, certain Ordonates are known to have wax
covered wings [66]. Botanical waxes are well studied
in LIF lidar [67]. Typically, wax absorption increases
dramatically below 355 nm and the maximum fluor-
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Fig. 1. (Color online) Males of C. virgo have almost completely
melanized wings, whereas males of C. splendens have melanized
wing patches. The wings of C. virgo females are brown, while the
wings of C. splendens females are typically green.
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escence yield is usually obtained around 330 nm ex-
citation. Even waxes provide broad fluorescence
spectra peaking in the blue region [68]. Reflectance
can be further modified by absorbing ommochrome
granules, which are situated beneath the scattering
arrangement and prevent nonscattered light from
being reemitted and, thus, strengthen the structural
color. Furthermore ommochromes in certain Odona-
ta species react to the temperature, regulating the
temperature of the ectotherms by either migrating
into the nanosphere region or contracting to a deeper
lying layer, which increases reflectance. Such effects
can be expected to alter even the fluorescence. The
lowest of the six visual spectral bands typically found
in Odonata [69] goes as far as 350 nm in the UV; thus,
it is not unreasonable to expect the studied species to
sexually signal via altered reflectance in this band.
Vibrant structural colors are exhibited by the blue
males of C. splendens and the green males of C. virgo
[70]. Females of both species appear less colorful,
with brown, green, and golden shadings. Males
and females of the two Calopteryx species differ sig-
nificantly in the absorption properties of their wings,
due to differences in the amount of melanin. Males of
C. virgo typically have over 90% of their wings
melanized, whereas males of C. splendens have
melanized patches covering about 50% of the wing
surface [71-74]. Females of both species lack the mel-
anized wing patches, but C. virgo females are brown,
while C. splendens females are typically green [50].

3. Methods, Measurements, and Results

Optical measurements were performed under
controlled conditions, both on a macro scale in the la-
boratory and on a 60 m lidar testing range. Measure-
ments were taken in order to gain insights into the
optical properties of the studied species and to devel-
op realistic and practical methods for future field
work.

A. Laboratory Measurements

The reflective properties caused by the structural col-
ors were investigated in detail in the laboratory. To
confirm that the blue and green shades are indeed
structural, two samples were photographed from a
distance of 60cm with a Sony F828 digital still
red-green-blue (RGB) camera with a fixed visible
linear polarizing laminated film (Edmund Optics) at-
tached to the objective. The sample was illuminated
by collimated light from a filament source (100 W
Oriel, halogen—tungsten blackbody source) at an an-
gle of 15°; see Fig. 2. For the experiment, two dried
specimens (C. splendens, male and female) were fixed
on a wire, and were photographed with parallel and
perpendicular polarized illumination with respect to
the polarizer on the camera objective. The photo-
graphs with maintained polarization reveal green,
golden, and blue shades (Fig. 3), whereas the depo-
larized pictures are considerably darker and show
mostly brown and reddish colors. For the conveni-
ence of the viewer, the intensities of the depolarized
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Fig. 2. Setup for color imaging and whole-body polarized reflec-
tance studies. Samples are observed either with a color camera
(RGB) or a spectrometer (Spect.) at low angle (« = 15°) through
a linear polarizer (P1). Collimated white illumination is provided
by a tungsten filament lamp (F) which can be polarized in parallel
or perpendicularly to P1 using P2.

photographs in Fig. 3 are multiplied by a factor of 5.
Depolarized reflections originate mainly from the
hairy parts of the specimens, more specifically, from
multiple reflections of the four-folded wing and the
abdomen tip. By subtracting the depolarized inten-
sity from the polarized, we retain the pure structural
color and, again, green, golden, and blue shades are
observed. This finding is in contrast to the appear-
ance of multiple-scattering biological samples, such
as leaves or skin, where the structural color appears
flat white, simply describing the refractive index of
the sample (specular reflex). Following that, the sam-
ples were studied in a stereo microscope with a ring
light configuration, and the results showed that the

o
]
i3
o
E
=3
o
3
@
3
8
o
o
]
2
o
3
Q.
°
3
@
7
3
-
o

Fig.3. (Color online) Photograph of damselflies in polarized light.
Photographs a and c, indicated with ||, are photographed with par-
allel polarizers. Photographs b and d, indicated with I, show the
depolarized light amplified by a factor of 5 to make it visible to the
reader. Subtraction gives us the two figures to the outermost right,
where structural colors remain.

structural blue and green shades were distributed
over the entire body and wings, despite the fact that
the effect to the naked eye was most obvious on the
abdomen and thorax.

Studies of the whole-body reflectance were also
performed by exchanging the RGB camera with a
spectrometer (Ocean Optics USB4000) with an off-
axis parabolic mirror telescope; see Fig. 2. Again,
the spectral reflectance of the polarized and depolar-
ized lights were measured for both specimens (C.
splendens males and females); see Fig. 4. The depo-
larized reflectance is more than 1 magnitude smaller
than the polarized, and the blue and green structural
imprint disappears. The units are referenced to a @
50 mm barium sulfate plug (approximately the size of
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Fig. 4.

(Color online) Polarized and depolarized whole-body reflectance measurements of C. splendens males and females. The blue and

green reflectance features, respectively, disappear when polarizers are crossed. (Note the different scales.)
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the specimen). The whole-body reflectances in Fig. 4
were also measured at a 15° angle with respect to the
illumination. Further angular studies (data not pre-
sented here) reveal that the specimens have strong
retroreflective properties, and that most light is re-
flected back directly toward the illumination. Also,
the structural features are displaced to lower wave-
lengths when the angle between illumination and ob-
servation increases (shifts of the order of 50 nm were
observed over 60°). This might have biological rele-
vance, since the appearance to aquatic predators
would be more bluish and match the sky, while the
appearance to terrestrial predators would be slightly
more greenish and match the vegetation.

Since broadband reflectance time-resolved lidar is
labor intensive to perform, considering requirements
for pulsed collimated sources, it would be consider-
ably more realistic to perform LIF lidar. For this
reason, the resemblance of reflectance and fluores-
cence was studied. It is well known that fluorescence
spectroscopy cannot be performed without the influ-
ence of reflectance and transmission or considering
photon migration spectroscopy. Thus, we can expect
certain correlations between the two methods. Dried
C. splendens specimens were measured at several
spots using a bifurcated fiber probe; see Fig. 5.
The illuminating fiber was connected to a diode laser
at 375nm (Power Technology Incorporated) or a
white-light xenon flash (Ocean Optics, PX-2) for
fluorescence and reflectance measurements, respec-
tively. The collected light was detected in a spectro-
meter (Ocean Optics, USB4000) through a GG400
long-pass filter [75]. The sample and probe remained
fixed at a 5 mm distance from the target in the fluor-
escence and reflectance measurements.

It is a general phenomenon that shorter excitation
wavelengths are typically absorbed in the outer
layers of biological samples [49,67] and autofluores-
cence from a number of biological compounds is
usually produced with a small Stokes shift and with
broad bluish—greenish fluorescence spectra. The
measurements were performed at various spots on

Fluorescence

Xe flash lamp

Fig.5. Setup for fiber point measurements. Either a UV laser line
or white light is passed into the bifurcated probe. The sample geo-
metry is maintained constant between the measurements. A long-
pass GG400 filter prevents blooming in the spectrometer (Spec.).

the specimens; however, not all data are presented
here. Both laboratory and lidar test-range measure-
ments suggest that bluish reflecting samples appear
even more bluish under fluorescence, and greenish
reflecting samples appear even more greenish under
fluorescence; see Fig. 6. Our current understanding
is that excitation light is absorbed in the outer layers
of the cuticulum, either by wax, melanin, chitin, or in
the scattering nanospheres themselves, producing
broadband fluorescence light, which, in turn, is re-
flected by the underlying structural color-generating
layers. In this way, the structural color enhances the
blue or the green part of the fluorescence that is
produced.

B. Lidar Test-Range Measurements

The Lund mobile lidar system, which is thoroughly
described in [7] and displayed in Fig. 7, was used
for remote measurements on damselflies. It is basi-
cally a coaxial system with a @ 40 cm vertically look-
ing telescope with the optical path folded by a roof-top
scanning mirror. The repetition rate is 20 Hz. One la-
ser transmitter is a @-switched Nd:YAG laser, where
the fundamental (1064nm), the second-harmonic
(532nm), the third (355 nm), and the forth-harmonic
(266 nm) frequencies can be produced simultaneously.
A second transmitter is a Nd:YAG-pumped optical
parametric oscillator (OPO) system with wide
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Fig. 6.
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(Color online) Comparison between reflectance and fluorescence spectra. In general, all measurements performed in this study

suggest a positive correlation between fluorescence emission and reflectance.
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Fig.7. (Color online) (a) Setup for test-range experiments. Insects
were mounted on thin clean aluminum threads and were detected
toward a bright sky background. (b) The versatile mobile lidar pro-
vides pulsed light continuously from 200 nm to 4 ym. (¢) The UV la-
ser light induces broad fluorescent light in the wax or chitin, which
is, in turn, partly reflected in the nanosphere array.

tunability, augmented by nonlinear wavelength-
shifting techniques. In our initial experiments, we
employed only the 355 and 266 nm radiation for de-
monstration. In the measurements, the pulse ener-
gies are limited to 25 and 10md, respectively, for
these two wavelengths. The FWHM of the laser pulse
is approximately 15 ns, corresponding to about 2.25 m
axial resolution. The spot size for the test-range mea-
surements of targets at 60m was approximately @
10 cm. For the time-domain recording, a photomulti-
plier tube (PMT) (EMI 9816 QA) was used as the de-
tector and an oscilloscope (Tektronix TDS544B) was
used as the digitizer, sampling every 4 ns. The elastic
signal was recorded through a 45° 355nm dichroic
mirror followed by a Schott UG11 filter to further sup-
press the background. Two fluorescence bands were
recorded simultaneously by additional PMTs but will
not be presented in this paper. For initial remote
spectral analysis of LIF, an intensified fiber-coupled
optical multiple channel analyzer (OMA) system is
employed. With a 1 mm diameter fiber to transport
light from the telescope focal plane to the spec-

trometer, and using the fiber end as the “slit,” a spec-
tral resolution of 14 nm was obtained. Detailed infor-
mation of the OMA system can be found in [76].
Fluorescence with excitation at 355 nm was detected
from the 60 m distant target through a 5 mm GG400
Schott filter, and fluorescence with excitation at
266 nm was detected though a 3mm WG305 Schott
filter; in each case the filters were used to suppress
the overwhelming elastic signal while transmitting
fluorescence at the lowest wavelengths as possible.

Elastic lidar returns from damselflies, which are
mounted at 60 and 80 m distances, are shown in Fig. 8.
Pulses at the third-harmonic Nd:YAG wavelength,
355 nm, were sent out after initial expansion into a
5 cm diameter beam, and echoes were collected with
thelidar telescope. Elastic photons were selected with
a diachroic 45° laser line mirror followed by a Schott
UG11 high-pass glass filter. The signal was recorded
by the PMT. Measurements were performed on two
dried specimens of C. splendens, exposed to the ex-
panded laser beam and with the gray sky as the back-
ground. The damselflies were held by thin aluminum
wires (echoes from the wires were relatively small).
The orientation and the position of the two specimens
in the beam were heavily randomized by high wind
speeds. Apart from the strong reflection from the win-
dow of the lidar system, both specimens are clearly
resolved. The second echo is slightly weaker than
the first. This might be explained by different orien-
tation and positions in respect to the beam; also, the
first specimen is partly shadowing both excitation
and backscattered photons. Also, the trivial LIDAR
signal falloff with range is at play.

Results from fluorescence measurements with the
OMA system are shown in Fig. 9, for 355 and 266 nm
excitation. Slight differences between the genders of
C. splendens can be seen. The autofluorescence spec-
tra were recorded at a 60m distance at 355nm
excitation and in the lidar laboratory at 266 nm ex-
citation (due to weather conditions). The insect speci-
mens were the same. but the orientation was random
as before. Beam sizes were @ 10 cm and 1 cm, respec-
tively. A GG400 and a WG305 Schott long-pass filter

Intensity (a.u.)

0 20 40 60 80 100 120 140 160 180

Distance (m)
Fig. 8. Elastic lidar recording of mounted damselflies; the trans-
mitted wavelength is 355 nm. Data are from a single laser pulse
and the echoes arises from two fixed specimens (C. splendens fe-
male and male respectively) separated by 20 m. Fluorescence time
series recording were also performed but are not presented in this
paper.
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Splendens male (Blue) ex:355nm

Splendens female (Green) ex:355nm
++=s- Splendens male (Blue) ex:266nm
——Splendens female (Green) ex:266nm

Fluorescence intensity / [a.u.]
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Wavelength / [nm]

Fig. 9. (Color online) Normalized fluorescence spectra for 266
and 355 nm excitation; in both cases, imprints of the structural col-
or are observed. Data from 20 laser shots were averaged.

were used, respectively. Emission spectra are broad
and cover the region of 400—-600 nm, where structural
imprints are expected to occur. Emission spectra
could be explained by previous measured spectra
of both melanin and chitin. Even if the signal is
weak, a slight difference between a blue and a green
reflecting sample can be observed at both excitation
wavelengths (Fig. 9). Both chitin and melanin ab-
sorption peak around 330 nm and the signal-to-noise
ratio could probably be improved by moving to such
an excitation wavelength.

Results offluorescencelidar measurements on dam-
selflies prepared with Coumarin 102 and Rhodamine
6G dye are shown in Fig. 10. In preparation for migra-
tion studies and population encoding experiments,
dried specimens of both genders of C. splendens were
sprayed with water solutions containing these dyes.
Fluorescence spectra were measured at a 60 m dis-
tance with the same procedure as before. Apart from
the obviously much stronger fluorescence signal from
the two dyes, males and females with, respectively,

—— C. Splendens female (Green) Rhodamine 6G

Fluorescence intensity / [a.u.]

400 450 500 700 750 800

550 600 650
Wavelength / [nm]
Fig. 10. (Color online) Fluorescence spectra for 355 nm excitation
for dye-marked females and males of C. splendens. Strong dye
fluorescence bands are seen with slight modifications due to struc-
tural colors. Data from 20 laser shots were averaged.

5674 APPLIED OPTICS / Vol. 48, No. 30 / 20 October 2009

Coumarin 102 . __Rhodamine 6G 2Autofluorescence

2.2
7.8 0.04|
21 ~
7.6 0.035| 2 ]
£
S 1.9
g 7.4r 0.03
£
§ 1.8
7.2 10.025-
2 17
5
.4
7 0.02 -
1.5
6.8 - 0.015 &
1.4
&5 Male Female 001 Male Female Male Female

Fig. 11. Calopteryx splendens male/female contrast in autofluor-
escence and when using dye-enhanced fluorescence. Bars show
standard deviation for a total of 20 shots. The overlap in autofluor-
escence is interpreted as lack of signal rather than lack of physical
difference of the samples.

blue and green structural colors show distinct fluores-
cence spectra. This is in accordance with the view that
thegenerated fluorescentlightisreflectedin theinsect
structures and, thus, the structural color imposes an
imprint on the observed fluorescence.

Separation of male and female damselflies based
on the measured ratio between two fluorescence in-
tensities (at 485 and 560 nm, 25 nm FWHM, respec-
tively) is illustrated in Fig. 11. In this case, we define
the bands mathematically, with the spectra provided
from the OMA, but such bands could easily by imple-
mented using optical filters in front of PMTs with
much higher sensitivity. When we take the ratio
between the two bands, intensity units cancel, and
the influence of all geometric effects due to sample
orientation, position with respect to the laser beam,
collection efficiencies, etc., cancel. We see a clear dis-
tinction between the C. splendens male and female
specimens for the dyed samples. For the autofluores-
cence, the tendency is the same, but the contrast is
poorer. This is mainly due to noisy signals rather
than lack of physical differences.

4. Discussion

We have performed a feasibility study to investigate
the possibilities of lidar to study interpopulation
migration and movement of the damselfly species
Calopteryx splendens and C. virgo. Laboratory, as well
as testing-range measurements, of dried, mounted
specimens at distances of 60 to 80 m were performed.
The damselflies exhibit reflectance and fluorescence
properties that are closely tied to the generation of
structural colors. Laboratory measurements, includ-
ing color photography in polarized light and spectro-
scopy of reflectance and induced fluorescence,
revealed these phenomena and an interesting connec-
tion between reflectance and fluorescence features.
To our knowledge, we are the first group to acquire
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structural colors using lidar. The number of C. virgo
samples was limited as the dried samples are consid-
erably fragile; hence, they quickly disintegrate in the
measurement wind conditions. Laboratory measure-
ments on C. virgo involving polarized color photo-
graphing and point reflectance/fluorescence were
carried out. The results of these measurements also
confirmed that the reflectance is indeed largely influ-
enced by nanostructures and, as for C. splendens, the
emitted fluorescence is positively correlated with the
reflectance at the same wavelength region. Studies on
lidar data of C. splendens of both genders showed that
males and females can be remotely distinguished,
especially for specimens that were marked with the
dyes Coumarin 102 and Rhodamine 6G. The strength
of the fluorescence signals (when studied with an
optical multichannel analyzer connected to the lidar
telescope) indicated that an arrangement of a small
number of PMTs, each detecting a chosen spectral
band, is advantageous for realistic single-shot
recordings of flying insects. With such a setup,
range-resolved recordings are obtained, which is
advantageous compared to the gated spectrometer
approach, where the time gate has to be preset. Such
an approach is now being implemented in preparation
for upcoming field experiments, where damselflies in
their natural habitat will be studied with the lidar
beam positioned at different heights over the river
surface. Field studies have the potential to bring
new insights into the migration, movement, and fly-
ing patterns of Calopteryx damselflies, and will pro-
vide guidelines for studies of other insect species.
One concern when using LIF lidar at 266 nm is the
transmission of the excitation light in the atmo-
sphere; depending on varying conditions, ozone
absorption and air scattering will attenuate the exci-
tation pulse. Early work experience from previous
field campaigns tells us that lidar returns can be de-
tected in horizontal soundings at kilometer ranges
even at 254nm, where ozone absorbs the most
[77,78]. The conditions might, however, not always
be feasible. Alternative solutions for acquisition of
structural colors by lidar might be found in multiband
illumination with several laser lines, or with pulsed
supercontinuum light sources [79,80]. However, the
issues concerning eye safety in field settings would
be much more severe than for the eye-safe UV used
in, e.g., LIF lidar.
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the Lund Laser Centre, Sweden. Fruitful discussions
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Prum, Joseph A. Shaw, Eric Warrant, Erik Svensson,
Lisa Orr, and Can Xu are gratefully acknowledged.
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Results from field experiments using a fluorescence lidar system to monitor movements of insects are re-
ported. Measurements over a river surface were made at distances between 100 and 300 m, detecting, in
particular, damselflies entering the 355 nm pulsed laser beam. The lidar system recorded the depolarized
elastic backscattering and two broad bands of laser-induced fluorescence, with the separation wavelength
at 500 nm. Captured species, dusted with characteristic fluorescent dye powders, could be followed
spatially and temporally after release. Implications for ecological research are discussed. © 2010 Optical

Society of America
OCIS codes:  280.3640, 300.2530.

1. Introduction

Lidar techniques have been developed for almost 50
years for atmospheric monitoring by analyzing the
return echo from the aerosols distributed in the
atmosphere [1-3]. The fluorescence lidar variety is
useful in assessing phenomena in addition to those
relying on elastic backscattering from aerosols. Be-
cause of the existence of alkali atoms and iron ions
in an extremely low-pressure environment, fluores-
cence lidar is a unique technique for monitoring
conditions in the upper atmosphere [3]. At a shorter
range, the Swedish research group at Lund Univer-
sity, and others, have shown that remote targets
within a few hundred meters can be analyzed suc-
cessfully using laser-induced-fluorescence (LIF)
spectroscopy [4]. Based on a well-developed mobile
lidar system [5], the applications range from the op-
tical diagnosis of historical monuments to the analy-
sis of hydrological and vegetation targets. With the
knowledge of measurements ranging from aerosols
with sizes of less than 1um to macro solid targets,

0003-6935/10/290001-01$15.00/0
© 2010 Optical Society of America

such as the Roman Colosseum [6], we are currently
at the intermediate spatial scale by studying flying
insects.

Monitoring insects and studying their movements
is of great importance in biological research and
environmental monitoring. For instance, damselfly
larvae are highly sensitive to water pollution and dis-
solved oxygen concentrations and, thus, are used as
biomarkers [7]. Like other ectotherms, damselflies
are sensitive to ambient temperature, and many spe-
cies have undergone a northward shift in their distri-
bution due to global warming [8]. Dispersal studies of
insects are also critical for understanding the role of
dispersal between populations over wide spatial
scales [9], which is important when developing con-
servation policies. The traditional method is limited
to marking individuals with different dyes and then
collecting individuals from neighboring populations
[10]. Advanced remote detection techniques in this
field have developed slowly. Pioneering work using
elastic lidar to study honeybees for land mine detec-
tion has been reported [11-13].

Noticing the potential advances of LIF techniques
in insect monitoring and the natural connection with
the dye markers used for traditional tracing, we
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demonstrated for the first time fluorescence lidar
techniques for damselfly (Calopteryx splendens and
C. virgo) monitoring at a distance of 60m [14]. For
initial remote spectral analysis of LIF, an intensified
fiber-coupled optical multiple channel analyzer sys-
tem [15] is employed. By averaging signals, even the
autofluorescence from mounted dead damselflies
was useful for distinguishing between species and
sexes [14]. Importantly, damselflies dusted with dif-
ferent types of dye can be spatially resolved and dis-
tinguished from the fluorescence signature in a
single lidar pulse. To further test the feasibility of
such a technique, two weeks of field experiments
were carried out in southern Sweden, where three
geometrical arrangements were set up over a river
surface [see Fig. 1(a)], and damselflies that were fly-
ing into the laser beam were detected and counted
statistically. During the campaign, three groups of
damselflies were dusted with dye powder and
released into the natural environment. The fluores-
cence signatures in lidar signals reveal their pre-
sence, dispersal patterns, and activity in later
measurements.

This paper is organized as follows. First, the
fluorescence lidar equipment is introduced in
Subsection 2.A, followed by a description, in
Subsection 2.B, of the geographic setting of the field
experiment where three lidar paths are set up. The
selection and use of fluorescence dyes in the short-
range test and in the field experiments are described
in Subsection 2.C. Subsection 3.A shows a method
used to distinguish three species of damselflies
(dusted with different dyes) using their fluorescence
signatures. In Subsection 3.B, the statistical results
are presented and discussed in the spatial domain,
as well as in the time domain, also taking weather
conditions into account. In addition, the application
of a method used to extract insect echoes out from
the electronic perturbance is introduced in Subsec-
tion 3.C. Finally, we discuss the general applicability
of the technique in biological systems and the biologi-
cal implications of the findings.

2. Experimental Methods

A. Lidar Equipment

The experimental facility is based on the Lund
mobile lidar system [5], which is modified for the cur-
rent study in important ways. The main equipment
is presented in Fig. 1(b). The third harmonic (355 nm)
of the Nd:YAG laser radiation is used with an energy
of 40 mdJ /pulse, and with a pulse width of 10 ns. After
expanding to a beam diameter of 5cm, the laser
beam is transmitted by a mirror (40cm x 56 cm)
placed in a transmission dome, which can scan ver-
tically and horizontally. A quartz window in the dome
is used to protect the mirror from atmospheric dirt
and dust. The elastic scattering and the fluorescence
from the targets are reflected by the same mirror and
collected by a telescope system with a diameter of
40 cm. The collected light is distributed by several

2 APPLIED OPTICS / Vol. 49, No. 29 / 10 October 2010

mirrors and is filtered, and then detected by three
photomultipliers (PMTs). As shown in Fig. 1(b),
the elastic scattering from the target is selected by
a laser line mirror (LM) and recorded by PMT-1 in
the time domain. A polarizer (P) is set at a crossed
angle against the polarization state of the trans-
mitted laser beam. Therefore, PMT-1 is sensitive
only to depolarized backscattering, but blind to the
copolarized echo from the target surface, and, hence,
insensitive to the flying orientation of the insect in
the laser beam. An extra-short-pass filter (SF) is
used to suppress the fluorescence light from the tar-
get and background light from the sky thereafter.
The fluorescence light passing through the LM is

Lund LIDAR Bus.

oy Beam stop

Nd: YAG (355 nm)

Oscilloscope

NV
§

Telescope |

(b)

Fig. 1. (Color online) (a) Geographic diagram of the measurement
locations. The inserted scenery picture is taken from the indicated
position and direction; also shown is a male C. splendens damselfly.
(b) Key equipment/components of the fluorescence lidar (PMT-1 is
for detection of elastic scattering, while PMT-2 and PMT-3 are for
yellow and blue bands of fluorescence, respectively).
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divided by a dichroic filter (DF) into two wavelength
bands, blue (400500 nm) and yellow (500—750 nm),
and measured by PMT-3 and PMT-2, respectively.
Before the DF, a long-pass filter (LF) is used to sup-
press the leakage of the elastic scattering through
the LM. Three channels of signals from the PMTs
are simultaneously recorded by a high-speed oscillo-
scope (Tektronix TDS544B), which samples every
8 ns. The start time of the sampling period is control-
lable by adding a tunable delay onto the synchroni-
zation trigger from the Nd:YAG laser. The recorded
data are then read out through a GPIB connection by
a computer in real time. The repetition rate of the
whole system is limited to 10 Hz by communication
speed, although the repetition rate of the laser sys-
tem is 20 Hz. By using such a three-PMT system,
both the elastic scattering and two bands of fluores-
cence can be analyzed in the time/spatial domain.

B. Field Site

Insect measurements were performed with the Lund
mobile lidar system at the Klingavilsan river, Veber-
od (5538'N, 1329'E), in southern Sweden, during
two weeks (1-7 and 24-30 June 2009); see Fig. 1(a).
The vehicle was parked near the river, and the laser
beam passed over a pasture enclosure, and was mea-
suring in three different geometrical arrangements
over the surface of the river. In the first week, the
measurements were carried out at Site I, where
the laser beam was folded by a plane mirror
(~50 x 60 cm?) in order to be close to the water sur-
face, and then terminated below a bridge. The insects
flying through the laser beam could be measured and
analyzed in real time. In the second measurement
week, the laser beam was moved to Sites II and
III. At Site II, the laser beam followed a section of
the river that included a peninsula and the beam
was terminated by a black beam stop that was set
up at the riverbank. Close to Site II, Site III was
set up by folding the laser beam closer to the river
surface, using the same plane mirror, but now
mounted on the peninsula.

Single-pulse lidar echoes corresponding to three
paths of the laser beam are shown in Fig. 2, corre-
lated to a satellite image (obtained via the Google
Earth tool) of the field. The backscattered signals
from the static targets, including the quartz window
(protecting the rooftop lidar mirror), a fence, the fold-
ing mirror, and the termination, are shown to be
stable in all three bands during the long-term mea-
surements. Ranges of interest are marked out in
Fig. 2(a) and corresponding lidar echo signals are
shown in Fig. 2(b). For instance, in Path I, the range
between the mirror and the bridge, corresponding to
Site I [compare with Fig. 1(a)], is from 186 to 260 m.
Any small “blips” in between the fixed target echoes
that show up in the elastic band are recorded by the
system, and later counted as one detection in the his-
togram. The two fluorescence bands are basically
used for analyzing dusted-and-released damselflies
in the second measurement week, since the auto-

fluorescence from natural damselflies was too weak
to be measured in a single pulse in daylight condi-
tions, while the dye-induced fluorescence can easily
be distinguished. From the static targets, we can see
fluorescence signatures from the quartz window (due
to the dust and dirt attached on the surface), but not
(or very weakly) from the metal fence, while they sa-
turate the PMTs at the black-painted terminations.
We realized that the intensity of the fluorescence sig-
nal from the quartz window can be used for normal-
ization, so that the instabilities of the fluorescence
signals, depending on the laser power, PMT sensitiv-
ity, etc., can be compensated for.

1 Mirror

“ Fence
U Beam stop

Fence Mirror Bridge

Window
(©m) (162,m) (186 m) (260 m)
Elastic

N

Yellow

T T T T
50 100 150 200 250 300
Range of Path-l (m)

Window Fence -Beam stop|

A "
T T T —
0 50 100 150 200
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Fence ;  Mirror _ eam st
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“..MMA
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(b)

Fig. 2. (Color online) (a) Three lidar paths are shown on a
satellite map; numbers indicate the lidar-target distances in me-
ters; (b) lidar echoes from the static targets in Path I (top), Path IT
(middle), and Path III (bottom).
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C. Application of Dyes

Before the field experiments, the performance of the
lidar system was tested in Lund. Two dead Calopter-
ygiid damselflies marked with different dyes (Cou-
marin 102 and Rhodamine 6G) were placed at
different distances (60 and 80 m, respectively) within
the laser path; see Fig. 3(a). The single-pulse reflec-
tion signal burst from the damselflies was then re-
corded by the three-PMT systems, as shown in
Fig. 3(b). Obviously, the intensity (ratio) of the two
fluorescence bands are different for the damselfly po-
sitioned at a closer distance, which is marked by Cou-
marin 102, a bluish dye, and the other one at a larger
distance, marked by Rhodamine 6G, which is red-
dish. The fluorescence spectra of these two dyes
for 355 nm excitation are shown in Fig. 10 of Ref. [14].
The above tests indicate that the fluorescence signa-
ture from a single lidar pulse is sufficient to distin-
guish damselflies marked with different dyes, which
was encouraging for studying flying damselflies in
their natural habitats.

In the later field experiments, three types of dye
powder from Swada Inc. were used to dust three
groups of captured damselflies belonging to the spe-
cies C. splendens and C. virgo. Specifically, 43 C.
splendens males were marked with Stellar green,
19 C. splendens females were marked with Comet
blue, and 20 C. virgo males were marked with Nova
red. It is worth mentioning that these dye powders
are used regularly by biologists for dispersal and
mating studies (see, e.g., [10]), and have been tested
to not harm the insects. The fluorescence spectra for
355 nm excitation are shown in Fig. 4. With the cutoff
wavelength of the dichroic filter, which distributes
the light energy into two PMTs, at 500nm, one
can expect that the blue dye will mainly be seen
by the blue-band PMT, while the red dye will be seen
by the yellow-band PMT, and the green dye by both.
Dusted damselflies were released at Site III during

Fixed specimens

7777777777777777777777777777 —= = sky
- -———————______ AN\ A\ _ background
Lund LIDAR
System ———60m—> House roof
(@
Elastic:
(355 nm) ‘ A
Blue:
(400-500 nm) A
Yellow:
(500-750 nm) L
T T T :
0 50 100 150

Distance (m)

Fig. 3. (Color online) (a) Setup for the test-range measurements,
and (b) range-resolved signals of the three channels, from two se-
rially placed damselflies marked with different dyes (Coumarin
102 and Rhodamine 6G).

4 APPLIED OPTICS / Vol. 49, No. 29 / 10 October 2010

i Transmissi
=~ (blue band) (yellow band)

-~

3

o

K

>

=

@

c

[0]

S L

i

§ Blue dye Green dye Red dye
%

£

£

[}

Z -

A.AlA T T T
400 450 500 550 600 650 700

Wavelength (nm)
Fig. 4. (Color online) Fluorescence spectra of three dye powders
used in the field experiments, with excitation wavelength at
355nm. The dashed—dotted line indicates the cutoff wavelength
of the dicroic filter.

the measurement in the second week, 29 and 30 June
2009. They appear occasionally in the laser path to-
gether with unmarked damselflies, and are distin-
guished by the lidar system from them by the
fluorescence signatures. Since the different species
and sexes are dusted with different powders, infor-
mation on species- and sex-specific habitat prefer-
ences and dispersal patterns can be obtained if a
large enough number of insects is dusted and re-
leased. For calibrating the signals at the two fluores-
cence bands, glass tubes with the individual dyes are
moved in and out of the laser beam (close to the
fence) to get the standard fluorescence signatures.
A detailed analysis of this procedure is given in
Section 3.

3. Data Analysis

A. Fluorescence Signature

The method of the fluorescence analysis of damsel-
flies is described here. Figure 5(a) shows several ex-
amples of single-pulse lidar curves corresponding to
different situations/events happening at Site III. The
background consists of static signals (in the situation
of no damselfly), and obvious “blips” (with the under-
lying area filled in) can be occasionally seen between
the fence and the mirror (marked by light yellow
shaded band), when damselflies fly into the laser
beam. For the unmarked damselflies, the signals
in the two fluorescence bands are not obvious due
to the weak autofluorescence; however, the elastic
backscattering is enough for statistical counting
(see Subsection 3.B). For the dusted-and-released
ones, the fluorescence signatures are clearly differ- B
ent for the three dye species. As expected, the blue
dye shows a stronger bluish fluorescence, while the
red dye shows stronger fluorescence in the yellow
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band, and the green one shows a relatively equal
intensity in both bands.

The echo signals corresponding to the damselflies
observed in the two fluorescence bands are normal-
ized to those arising from the quartz window at dis-
tance 0, before they are plotted in the scatter plot in
Fig. 5(b). Here the echo energy is calculated by inte-
grating the echo return intensity in the time domain.
By doing so we obtain higher accuracy than by sim-
ply selecting the peak intensity, considering that the
laser pulse width (10 ns) is comparable with the sam-
pling temporal interval (8 ns). As mentioned above,
the dye tubes were used for calibration. The normal-
ized signals corresponding to these “standard” sam-
ples are first plotted in Fig. 5(b) as crossed marks,
which separate clearly. The blue and red dyes occupy
the upper-left and bottom-right areas, respectively,
due to relatively strong bluish and yellowish fluores-
cence, while the green dye signals, with equal inten-
sities in both bands, are situated in between. With
such a calibration method, the signals corresponding
to the dusted damselflies can be plotted into the
same scatter plot and their respective dyes can be de-
termined based on which area they are located in.
The data from the field measurement of flying
dusted-and-released damselflies are shown as round
marks in the figure, and the three groups are well
distinguished.

B. Statistical Analysis
Using the strategy described in Subsection 3.A, dam-

[B] selflies that appear in the laser beam were detected

and statistically counted. The range-resolved results
are shown in Fig. 6. For Site I, the data close to the
mirror are disturbed by the riverbank vegetation
moving in the wind. Many of the measured insects
that were found close to the bridge were mosquitoes
(according to visual observations), which cause weak-
er echoes than the damselflies. Mosquitoes and dam-
selflies can thus be separated by adjusting the
threshold for selecting echoes. The decay of the lidar
curve with range (R), following R~2, has been consid-
ered when setting the threshold. Damselflies were
mainly detected between 210 and 250 m. Three sig-
nal locations, indicating positions in which damsel-
flies frequently appeared, were correlated with
reed stands (preferred territories of damselflies
[16]). For Site II, damselflies were mostly found
around the peninsula, which was consistent with
our visual observations. It is interesting to compare
the results with Site III, where the peninsula was oc-
cupied by the mirror. During the measurements at
Site III, we released three groups of damselflies near
the fence on 29 and 30 June 2009. In later measure-
ments, they are recorded, distinguished, and plotted
in Fig. 6(c). The spatial distribution of the marked
damselflies is comparable with that of the unmarked
individuals.

Statistical analyses were also performed in the
time domain. Figure 7 shows the result obtained
at Site I, on 2 June 2009, together with the weather

parameters. The damselflies were identified (shown
in black) using the threshold method described
above. The number of actively flying insects (includ-
ing both mosquitoes and damselflies) decreased con-
siderably as the temperature dropped and wind
speed increased. The observed increase of damsel-
flies in activity between 15:00 and 16:00 is probably
due to other environmental factors, such as increased
Sun radiation due to local cloud movements. Results
from the three consecutive measurement days at Site
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Fig. 6. (Color online) Spatial distributions of the flying damsel-
flies at (a) Site I, (b) Site II, and (c) Site III. The colored histograms
in (c) indicate dusted-and-released damselflies. The females
marked with blue dye and males marked with green dye belong
to the species C. splendens, whereas the males marked with red
dye are C. virgo.

III, where dusted damselflies were released on 29
and 30 June 2009, are shown in Fig. 8. From the
figure, it can be seen that several of the marked dam-
selflies were alive on 30 June 30 2009, which corre-
sponds to 1-2 days after they were originally
marked.

C. Perturbation Removal for Enhanced Damselfly
Detection

One particular feature of insects in lidar data is their
sudden temporal occurrence and disappearance,
which is in great contrast to influences of perturbing
static objects along the line of propagation of the light
pulse. Such completely static features could, in prin-
ciple, have been removed simply by subtracting an
“empty” curve that contains only static information
[such as the curves shown in Fig. 2(b)] from all mea-
surements. In the real world, the strong reflections
from the fence and the mirror in this case, can induce
nonoptical features, e.g., oscillations caused by elec-
tronic reflections in the PMT cables or depletion of
the charges in the dynodes. Such an unstable pertur-
bance, together with a triggering uncertainty from
the quasi-static features in the backscattering signal,
makes the simple subtraction approach inapplicable,
especially in the range closely after the mirror [see
Fig. 5(a) from Site III], where the insect signals
can be easily masked. Therefore, we investigated
the possibility of removing these quasi-static effects
from the data by using the singular value decompo-
sition (SVD) method [17]. SVD is generally not con-
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Fig. 7. (c) Measured counts of all insects (gray) and damselflies
only (black) activity correlated to (a) the wind speed and (b) the
temperature, at Site I. The inset of (¢) shows the details of the his-
togram corresponding to damselflies.

sidered suitable for describing temporal phenomena;
however, it can be applicable in some cases as a quick
tool that requires no detailed information, as tradi-
tional input—output system identification methods
would [18,19]. We successfully managed to describe
the quasi-static background as a linear combination
of three time series generated with SVD. As the in-
sects only occur in about one out of a thousand shots,
these events will be heavily suppressed by the data
not involving a hit. The result of the removal can be
seen in the example in Figs. 9(a) and 9(b). In this
case, the insect echo is completely hidden in the ring-
ing of the elastic PMT after the strong diffuse reflec-
tance from the mirror [Fig. 9(a)]. While single pulses
in any of the PMTs might be caused by “ghost
photons” with intensity levels above the background,
it is much less likely that such pulses occur simulta-
neously in two of the PMTs. One way to increase the
contrast of true hits in respect to the ghost photons is
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Fig. 8. (Color online) Three days of measurements at Site III.
Gray and colored histograms indicate unmarked and dusted dam-
selflies, respectively. Times for release of the dusted damselflies
are marked. No measurements are performed during the periods
marked by cross-hatching.
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lations, etc. The hit was detected on 29 June 2009, 11:35:27. (c) The
insects give rise to a skewness in the intensity histogram. The
dotted curves are the negative values. The separation indicates
that the insects do, in fact, give an increased intensity return.

to make use of the fuzzy logical AND operator, namely,
to multiply the fluorescence signal by the elastic sig-
nal. This method is especially valid for marked dam-
selflies that show obvious signals in fluorescence
bands. After the removal of the quasi-static contribu-
tion, unbiased histograms can be produced on the re-
turned fluorescent intensities times the elastic. In
Fig. 9(c), we have produced such a histogram for
the range between the fence and the mirror at Site
III. The statistics are carried out on three time sec-
tions of totally 3h on 29 and 30 June 2009. To study
the insects in particular, the data containing infor-
mation of road dust plumes from passing cars (dis-
cussed below) were excluded. The negative values
generally represent the noise level; their amplitudes
are plotted with dotted curves to compare with the
positive values plotted as solid curves. Clearly, the
reflection signals from the insects produce much
higher positive values compared with noise and,

hence, induce a skewness in the histogram; see the
mismatch between histograms in Fig. 9(c) corre-
sponding to positive and negative values. Similar
graphs were observed from the window to fence
and the mirror to the termination stretch, although
with less and more skewness, respectively. This is in
accordance with the ecological a priori knowledge,
with lower damselfly numbers at the closer range
where the laser beam passes the pasture field, but
a higher possibility of capturing the flying damsel-
flies over the river surface at the farther range.
The SVD method discussed above for quasi-static sig-
nature removal works consistently, and was applied
successfully over several days of measurements.
Figure 10 shows an example in which the removal
method works on 25s of data recorded in the after-
noon of 29 July 2009. The three (elastic, blue, and yel-
low) bands of signals, with quasi-static features
removed, are plotted as blue, green, and red, respec-
tively, into a red—green—blue (RGB) false color map.
All three channels are multiplied by the elastic chan-
nel to further enhance the contrast. Before the fence,
a road dust plume induced by a passing car can be
clearly seen on a zero background, thanks to the suc-
cessful removal of the static/quasi-static features.
Particularly, in the range between the mirror and
the termination, where originally the insect echo
was impossible to see before the removal operation,
now clear information appears in different false col-
ors due to different fluorescence performance. The
green-dyed damselfly, with reflection signals in all
three channels, shows as white in the map, while
the natural (nondyed) one shows up as blue and
the blue-dyed one shows up as cyan.

29-June-2009 Non-static

15:36:50
Road dust plume
k7
=
]
L
o
o Natural
£
=
15:37:110 50 100
Range (m)
Fig. 10. (Color online) False color RGB representation of 25s of

lidar data with the quasi-static signal removed. Blue, elastic;
green, blue fluorescence; red, yellow fluorescence. The inorganic
road dust from a passing car gives rise to distributed elastic scat-
tering signals, moving in the wind. The insect signatures appear
only for a fraction of a second.
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4. Discussion

In this paper, we demonstrate the potential of lidar
as a remote-sensing technique to model the spatial
and temporal activity of Calopteryx splendens and
C. virgo damselflies in the wild. Although several re-
view articles on the potential of lidar in habitat mod-
eling have appeared in the last few years, the
number of applications on natural populations is
low, and most of the studies until now have concen-
trated on bird habitats [20,21] rather than on birds
themselves. In particular, we show that lidar can be
applied to monitor unmarked damselflies in their
natural habitats, and how the use of fluorescent dust
helps to differentiate between damselfly sexes and
species using a single lidar pulse. Applying such a
computerized imaging setup on scales ranging from
100 m to a couple of kilometers will enable biologists
to design new experiments and to address new and
interesting questions regarding insect ecology, evolu-
tion, or optimal wing morphology. In addition, lidar
monitoring is an efficient way to assess, for example,
population sizes, lifetimes, and dispersal distances
and rates, and such data are commonly needed for
conservation planning.

Studying the ecological requirements and habitat
use of invertebrates in a quantitative way is usually
both time consuming and difficult. By using lidar, we
show that quantitative data on the temperature and
wind speed requirements of C. splendens and C. virgo
can easily be collected during only a few days in the
field. For ectotherms, like these damselflies, data on
thermal tolerance ranges will be increasingly impor-
tant in the face of global warming [22,23], since it
might tell us about the prospects for local extinction
or predict potential northward shifts in the distribu-
tion of species. In addition, we have estimated the
type of vegetation and at which distances from the
water the two species of damselflies occurred, and
this adds additional important information about
the environmental requirements of these species.
Furthermore, the stationary nature of lidar allows
the rapid assessment of temporal and spatial activ-
ities of individuals in a population. Data collection in
such a setting would also be more objective, com-
pared to commonly employed visual censuses by hu-
mans, which would increase comparability between
sites and observers. Through the marking of differ-
ent species and sexes with different types of fluores-
cent dyes, we could also estimate the dispersal
patterns and rates of the marked damselflies, and
study if habitat use is sex or species specific. This ap-
proach would also be useful for mark—recapture stu-
dies, a common technique for estimating population
sizes where the recapture rate is usually the limiting
factor.

From Fig. 6, a tendency for male C. splendens
(marked by green powder) to be more dispersed along
the river than C. splendens females and C. virgo
males can be seen. The difference in dispersion be-
tween males of the two species can be attributed
to two factors. First, C. virgo males have been shown

8 APPLIED OPTICS / Vol. 49, No. 29 / 10 October 2010

to be more aggressive than C. splendens males and
are, thus, more dominant [24—26]. This difference in
competitive ability is likely to result in the displace-
ment of some C. splendens males from their preferred
territories, and interspecific contests between males
will also often lead to males of C. splendens being
chased away by C. virgo males. Hence, C. splendens
males might more often be actively displaced from
their river territories than males of C. virgo and,
hence, be in search for new territories. Second, male
C. splendens commonly force copulations with
females, while C. virgo males are more likely to per-
form a courtship display to initiate mating [27].
Forced copulations are being achieved by following
flying females and then by forcing the females to
bring up their abdomen to engage genitalia [28].
The chasing of females probably contributes to the
wide dispersion of C. splendens males, thus further
increasing the overall spread of males along a river.
It should be noted from our result that C. splendens
males were more dispersed along the river than fe-
males, contradicting previous findings, but this
might be an artifact of the scale of different studies.
A tendency for females to disperse greater distances
than males has been observed in both C. splendens
[29] and in the bue-tailed damselfly Ischnura elegans
[30]. However, our study measured fine-scale disper-
sion patterns (scale of a few meters), while the two
aforementioned studies investigated large-scale dis-
persion patterns (hundreds of meters), which were
not measured in the current study. Thus, it is possi-
ble that the different results are caused by different
scales at which the studies were conducted, and that
small and large dispersion patterns differ between
the sexes of C. splendens. In order to address this ex-
plicitly, more studies are needed to rigorously test
this prediction. The finding that males prefer vege-
tated habitat near the water is consistent with pre-
vious studies on habitat use in these species [26,31].
Aquatic plants provide C. splendens males with good
oviposition territory and perching spots [32].

Biodiversity is diminishing at an accelerating pace

[33], and, therefore, data on biodiversity and spatial
distribution are urgently needed for conservation
planning. However, the lack of taxonomists and
funds precludes particularly the mapping of taxono-
mically diverse groups, such as invertebrates [21].
Therefore, management strategies mostly concen-
trate on charismatic vertebrates and only a few con-
spicuous invertebrates and ignore most other species
[34]. However, the diversity of invertebrates is de-
clining even more rapidly than that of plants and ver-
tebrates [35], even though invertebrates are involved
in important ecosystem functions, such as pollination
and food webs. We thus clearly need better methods
to rapidly, effectively, and cheaply assess the abun-
dance and distribution of invertebrate species. The
results of our study are, therefore, encouraging
and timely for future assessments of invertebrates.
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5. Conclusions

Following proof-of-principle measurements [14], we
have now performed successful real-world field ex-
periments on insects in vivo and demonstrated the
potential of the technique. Lidar provides simple
but ecologically meaningful variables for a rapid ex-
trapolation of activity, richness, and composition of
insect assemblages across large areas. This enables
conservationists to evaluate habitat over large areas
and to define diversity hot spots, as well as to moni-
tor changes in the distribution and abundance in re-
sponse to environmental change. Low fluorescence
yield of chitin at 355nm excitation is a limitation
when using nondyed species. However, improvement
could be expected by employing, e.g., 266 nm (quad-
rupled Nd:YAG laser), or 308 nm (XeCl excimer la-
ser) for a better match to the chitin absorption
band. Further, the extended fluorescence band avail-
able then would also enhance the chance for classifi-
cation without marking. We did not note any
perturbance of the measured species when hit by
355nm light; however, a shorter excitation wave-
length would also be desirable to decrease such a pos-
sibility. Full sunlight measurement conditions were
shown to be possible; clearly performance is im-
proved for lower light levels. The fact that we esti-
mate a probability rather than a concentration as
in, e.g., aerosol lidar applications, implies that a
large number of laser shots, in our case thousands
of shots, are required to produce a good statistical
distribution. Thus, the insect concentration should
be considerable to produce a measurement in a lim-
ited time. This is particularly true if two-dimensional
or three-dimensional mappings are desired.

With the experience gathered in the present work,
it should be possible to perform lidar monitoring of
insects of considerable impact on the ecology
community.
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from the Swedish Research Council through a project
grant, and through a Linnaeus grant to the Lund La-
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‘We present a method for remote classification of birds based on eye-safe fluorescence lidar techniques.
Mechanisms of quenching are discussed. Plumage reflectance is related to plumage fluorescence. Labora-
tory measurements on reflectance and fluorescence are presented, as well as test-range measurements.
Also we present examples of birds’ in-flight lidar returns. The methods are suitable for studies of night
migrating species and high-altitude classification with implications for the detailed understanding of

bird migration and global virus spread. © 2010 Optical Society of America
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1. Introduction

Birds, with their highly mobile lifestyle, have been
able to successfully colonize new geographic areas
and thereby have extended their breeding ranges to
include most habitats of all continents [1]. At certain
times of the year, millions of birds depart on migration
flights across continents and seas. Many of these
migration flights are performed at night, hidden from
our eyes. Some birds have adapted to perform long mi-
gration flights across vast inhospitable areas, such as
the Saharan desert and the Mediterranean Sea dur-
ing their migrations between their summer breeding
grounds in Northern Europe, and areas where they
spend the winter in tropical Africa [2,3]. A large
proportion of migratory songbirds fly at night and
at high altitudes (>500 m) between these remote des-
tinations [4,5]. By flying at night, the flight will poten-
tially be less disturbed by turbulent wind conditions
compared to daytime [6], and the birds will reduce the
risk of being taken by predators [7]. Furthermore, by
migrating at night, the birds can maximize the time
spent on feeding during daytime [2,8].

0003-6935/10/244531-14$15.00/0
© 2010 Optical Society of America

2. Existing Methods

The intensity of migration, flight altitude, and direc-
tions of nocturnal bird migration flights have been
studied by using a number of remote sensing meth-
ods, such as surveillance and tracking radars [9-14],
ceilometers [15,16], infrared (IR) cameras [13,17], as
well as lunar obscuration [18,19]. The surveillance
and tracking radars and IR cameras enable the ob-
server to get a relatively good estimate of the height
distributions and numbers of birds passing over-
head, while the ceilometer providing the same type
of data is very limited in range (applicable altitude
range is from a few meters to about 200 m) [15,16]
and is not able to cover dominating flight altitudes
under natural conditions. Moon watching (i.e., lunar
obscuration) gives more crude estimates of directions
and altitude ranges, but can be useful when there are
limited possibilities to use major equipment (i.e., sur-
veillance and tracking radar) because a pair of bino-
culars is all that is needed for observations, and large
areas can be covered with many observation sites
[20,21]. So far, it has not been possible to identify
the species observed with the moon watching or
the other methods. In some areas, migrating birds
might even be confused with nocturnal insects and
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mammalian migrants, such as bats, since some of the
species explore the same time interval for migration.

All remote methods used so far to record nocturnal
migration in free-flying birds have been limited by
not being able to reveal what species have been ob-
served. With a few exceptions, like the common swift
(Apus apus), which has a very characteristic wing-
beat pattern during flight and which can be identified
by a tracking radar [22,23], most birds migrating at
night and at high altitude will have to pass unidenti-
fied, as the flight speed and wing-beat frequency for
birds of the same size range is similar, making only
classifications of a few size groups possible by using
tracking radar [24]. Another confounding factor is
the altitude at which the birds migrate, which often
exceeds 500 m during normal migration flights across
the landscape [4,5,25]. For example, soaring birds
normally occur up to a few thousand meters [26], mak-
ing it difficult to visually identify the species, not only
at night, but also during the day. To study the special
adaptations for nocturnal as well as diurnal flight, the
timing of migration for different age and sex classes of
birds and the passage relative to topography, winds,
and weather parameters, it would be of great interest
to identify the individual birds down to the species,
but also—when possible—to sex and age level. In this
paper, we examine the possibility of using a fluores-
cence (light detection and ranging (lidar) system to
identify the species of birds, on the basis of their size,
plumage characteristics, and spectral features from
their plumage.

3. Lidar Technique

Lidar techniques have been successively developed
following the invention of the laser 50 years ago,
but even a search-light-based variety was tested be-
fore that (for overviews of the field see, e.g., [27,28]).
In alidar system, an intense and short-duration laser
pulse is transmitted into the atmosphere, and light,
as scattered from objects or aerosol particles, returns
to a receiving telescope placed adjacent to the trans-
mitter. The optical return is converted to an electronic
signal in a photomultiplier tube (PMT) and is re-
corded in a transient recorder/digital oscilloscope.
Range resolution is obtained from the time-of-flight
information (a fixed target 150m in front of the
system yields an echo after 1us), and the best resol-
ving ability is limited by the pulse duration (a 7ns
pulse yields an echo half-width of 1m; nonoptimal
electronics prolong the echo). Apart from ranging
applications yielding target distance, elastic back-
scattering from aerosols can yield information on
their distribution and properties. Distributions of pol-
lutant gases with sharp absorptive imprints can be
obtained with the differential absorption lidar (DIAL)
variety of the technique, where the laser source is in-
termittently tuned between an absorbed and a nonab-
sorbed wavelength. The laser light can also induce
fluorescence, which is utilized in fluorescence lidars.
In particular, this is being exploited in long-range sys-
tems, where meteorite-produced alkali atoms and
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iron ions in the upper atmosphere are monitored.
At closer range, broadband fluorescence in solid tar-
gets can be induced, as discussed in, e.g., [27]. Appli-
cations include characterization of oil spills at sea,
algal blooms, vegetation, and building facades (cul-
tural heritage). In the zoological realm, lidar tech-
niques have also been employed for studies of fish
(see [29] and references therein), honeybees [30,31],
and damselflies [32,33]. The present project on bird
fluorescence lidar emerged out of the damselfly stu-
dies performed in our group.

4. Motivation

There are a number of bird flight and migration phe-
nomena that would be of great interest to study if it
were possible to identify the species (and age and
sex) of the birds migrating at night and at high alti-
tude during the day. For instance, more general ques-
tions related to selection of time of migration and
flight directions relative to winds and topography,
as well as the altitude of migration, could be studied
for migrants with different morphology and flight
adaptations. Comparative studies of bird migration
could be performed at different geographic areas
and during different times of the year. It would also
be possible to study the composition of bird migrants
for a given area, how their migration flight behavior
might differ between species, and how the bird
movements might lead to the spread of bird-borne
diseases, such as avian flu and avian malaria, tick-
borne diseases, and seeds [1,34].

5. Bird-Light Interaction

In the ultraviolet, visible, and near-IR (UV-VIS—
NIR), plumage reflectance arises from microstruc-
tures of the barbs and leaflike barbule sheets, which
range in thickness down to a couple of micrometers,
with the even smaller barbicel hooks attached [see
common wood pigeon Columba palumbus feather
in Fig. 1(a)]. The barbules are neatly arranged, over-
lapping, and generally there is no line of sight
through a single feather. The many air-solid inter-
faces between feather structures in the hollow feath-
ers and in vacuoles cause the incident light to be
reflected and transmitted according to Snell’s law
and the Fresnel equations. On the macroscopic scale,
the many dispersion events cause incident light to
behave diffusively, as is known from the theories of
multiple scattering, photomigration, and tissue op-
tics [35,36], and it eventually leaves the plumage
to reach the observer. After such migration, light
loses information regarding polarization and coher-
ence; for this reason, this contribution to the total
reflectance is referred to as incoherent scattering.
Along the migrated path, the light can be absorbed
by chromophores that are embedded in the s-keratin
matrix [37,38], which is the main constituent in
feather structures [39]. The refractive index in the
visible range is typically 1.55 [40]. The absorption
of both p-keratin and the mammalian-occurring
a-keratin increases slowly from 400 to 300nm,
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Fig. 1. (Color online) (a) Left, typical feather from pigeon; the
melanin concentration is higher in the top part. Barbs are con-
nected to the central trunk. Right, transmittance image at
590 nm; the barbules are attached to the two barbs and are neatly
arranged, covering each other. A single barbule dangling from its
barbicels transmits roughly half of the light. (b) When a UV laser
pulse impinges on the plumage, a polarized specular angle-
dependent elastic echo returns. After internal scattering events,
polarization is lost and the echo is emitted omnidirectionally. Part
of the excitation light will be quenched by the melanin granules
with low fluorescent yield; remaining UV light is absorbed in
the keratin matrix and produces broad emission. Emitted light
will, in turn, be quenched by present chromophores on its way
to the surface. The shorter the wavelength, the shorter the mean
absorption depth, d, the less excitation quenching, and the more
fluorescence resembles reflectance. See Eq. (1). Transmission elec-
tron image (TEM) (with permission from M. D. Shawkey [76]). The
darker embedded spots arise from melanin granules.

increases dramatically below 300 nm, and peaks at
280 nm [41]. The most common chromophores are the
black eumelanins and the reddish pheomelanin,
which have dull spectral features with a monotoni-
cally increasing absorption toward lower wave-
lengths, and produce black, grayish, and brownish
colors, whereas the second most common class of
chromophores is carotenoids, which exhibit rela-
tively sharp and characteristic spectral features and
give rise to yellow, orange, and red colors ([37],
Chaps. 5, 6). In certain taxa, chromophores such as
pterins, porphyrins, and psittacofulvins can also be
found ([37], Chap. 8). The number of chromophores
used for bird-bird communication is not expected
to be much higher than the number of spectral bands
in the focal species [42]. The spectral features used in
communication are also expected to appear in the full
region covered by the available spectral bands of the
focal species [42]. Birds have four spectral bands,
ranging from approximately 350 to 700 nm [43]. This

range includes a UV band, which is not visible to the
human eye, as well as light visible to humans; how-
ever, the remaining spectral bands are not positioned
identically to those of humans. It is worthwhile to re-
call that the color space of birds is typically of higher
dimensionality than ours, which complicates bird
studies considerably [38].

In addition to the absorption taking place in the
keratin matrix and the embedded chromophore
granules, the reflectance of the feathers also depends
on the presence of oils and waxes with a slightly low-
er refractive index. The large majority of birds se-
crete a preen oil, consisting mainly of diesters, from
the uropygial gland [44]. Such grease films are typi-
cally less than 100nm in thickness (thus thinner
than the evanescence field), and transparent in the
region of 350-700nm. However, they do typically
exhibit strong absorption below 320 nm [45].

Blue, UV reflecting, and iridescent plumages are
typically based on constructive interference. Reflec-
tance of such plumages will depend strongly on the
angles of illumination and observation with respect
to the surface orientation [46]. Structural color is ty-
pically produced by repetitive structures; that is,
dominant spatial frequencies of changing refractive
index along the optical axis in nanostructures in the
feathers [37], Chap. 7, [47]. Such nanostructures can
consist of ordered arrays of air-filled vacuoles or mel-
anin granules. Structural effects alter the ratio be-
tween reflected and transmitted light from a single
nanoarray. For effective structural colors, chromo-
phores are required to prevent transmitted light
from escaping the plumage after multiple scattering
in the underlying plumage [Fig. 1(b), bobolink,
Dolichonyx oryzivorus]. Because a structural color
occurs because of interference, the effect cannot be
described either by diffusion theory or by the Monte
Carlo simulation commonly applied in tissue optics.
For this reason, the structural contribution to the to-
tal reflectance is referred to as coherent scattering.

When considering laser-induced fluorescence (LIF)
in birds for remote classification, the natural choice
of excitation wavelength would be 266 nm, consider-
ing the bird eye-safety issue of using 355 nm exci-
tation, as is common in remote LIF setups. Bird
reflectance at 266 nm is not well studied because it
is well below the UV sensitivity bands of any animal
[48]. Preen oils and waxes and keratins increase
heavily in absorption below 320nm and produce a
considerable broad bluish fluorescence, peaking
around 400 (for botanical waxes) [49] and 380nm
(a-keratin) [50]. In certain more rare taxa, including
parrots, by using porphyrins as chromophores we can
expect high fluorescence yield and relatively sharp
and characteristic spectral features. Even if not di-
rectly pumped at 266 nm, the fluorescence emission
from keratin might serve as an indirect pump for
porphyrins. Fluorescence yields of melanins and
carotenoids are low in comparison to those of greases
and keratin. Embedded melanin granules are,
however, expected to quench both excitation and
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emission from keratin fluorescence. For this reason,
we can expect to be able to classify birds by quantify-
ing both eumelanin and pheomelanin content by
spectrally analyzing the fluorescent emission from
plumage, even if the fluorophores are identical for
most feathers.

A typical effect in fluorescence spectroscopy is that
the interrogation volume becomes more superficial
the lower the excitation wavelength is [51]. The scat-
tering coefficient is roughly 600 cm™ in solid keratin
without granules or vacuoles, and the absorption
cross section of solid keratin at 266 nm is roughly
2400 cm™' [41]. This implies that half of the light
is deposited in the outermost 2 ym in solid keratin,
corresponding to the thickness of a single barbule.
The preen wax coatings have absorption coefficients
of the same order of magnitude but are typically not
thicker than 100nm. Melanins have a cross section
that is roughly a factor of 10 higher than that of ker-
atin at 266 nm [52] and reach volumetric fill factors
of up to 50% [53]. Because of the high scattering coef-
ficient and absorption cross section at 266 nm, we can
expect most of the excitation energy in the outermost
1 um of the plumage. The resulting fluorescence light
is created omnidirectionally in the interrogation
volume. One part is quenched (reabsorbed) by the
chromophores upon leaving the volume before reach-
ing the surface, and the other part, propagating in-
ward, is reflected in the plumage before reaching
the observer [Fig. 1(b)]. For this reason, we can ex-
pect the fluorescence to be highly correlated with
reflectance as long as the dominant fluorophores in-
volved are the same from sample to sample and their
emission covers the region where the chromophores
absorb. We refer to this method as on-target white-
light generation, which allows us to measure re-
flectance, including structural features [32], in the
UV-VIS region with LIF lidar without risk of blind-
ing the sample species.

Temporal delays in fluorescence from plumage
might arise from the excited state lifetimes. The life-
time of keratin is 1.4 ns and of melanin is 2.2 ns [54].
Scattering lifetimes are expected to be at least 1 or-
der of magnitude faster, where most visible photons
have left the plumage after 100 ps, corresponding to a
3cm path.

There is a great spatial variance in plumage colors
in birds. The color can vary even within a single
feather and barbule [37,38], and birds often differ
in coloration between different body parts. Sexual di-
chromatism, where the sexes have different color
patterns, is also common in birds [55]. Seasonal vari-
ation [56-58] and molt [59] are also known to affect
plumage color, and some bird species also have a
different nuptial plumage. In addition, color can be
condition dependent, especially for carotenoid-based
colors [60].

Museum specimens have been shown to accurately
represent the coloration of wild birds [45], but some
of the substances used for preservation can change
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the reflectance spectra of the plumage, although the
frequency of damaged skins is very low [61].

In the thermal-IR region between 2.5 and 25 um,
plumage emissivity is approximately 80%, regard-
less of the chromophores. The plumage provides
isolation and has been demonstrated to maintain
large temperature gradients. Down is known to have
exceptionally low transmittance in the mid- and
thermal-IR region [62]. Down and feathers exhibit
several strong features in the whole region and have
a remarkable point close to 5.8 ym where scattering
disappears and the plumage becomes completely
transparent due to Christiansen’s effect [63,64].
While IR features do not reflect the chromophores,
there seem to be several structural imprints in the
mid-IR within the atmospheric windows on both
sides of the CO, band from 3.5 to 5.5 ym. Such struc-
tural features might be species specific and feasible
for passive remote classification (measurements not
presented here). Further out in the radio frequency
(RF) region, the reflectance or radar cross section
(RCS) is governed by the entire naked body structure
of the bird. As for optical structural colors, the RF
reflectance is highly dependent on the illumination
and observation angles and is often measured as a
spherical function in relation to the bird pitch and
roll orientation, which can be estimated from the
flight trajectory. The spherical RCS function depends
on the polarization with respect to the body orienta-
tion of the bird. The elastic return can be expected to
be partly depolarized according to the linear depolar-
ization ratio for the given wavelength in any of the
regions: RF, IR, VIS, and UV. Spectral reflectance
features in the RF appear when the wavelength
matches the dominant features of the body from
the angle of observation, with a maximum around
10 cm [65]. Finally, the phase in the wing-beat cycle
will change the properties of fluorescence, emissivity,
and reflectance in the UV, VIS, IR and RF.

6. Proposed Strategy

We propose the use of LIF lidar to acquire additional
parameters for classification of nighttime migrating
birds. We plan to use 266 nm, the fourth harmonic of
a commercial pulsed Nd:YAG laser, as excitation be-
cause this wavelength is eye safe for birds [66]. The
UV light will induce broadband whitish light in the
plumage, which, in turn, will be partially reabsorbed
(quenched) by the chromophores present and even-
tually be detected through a telescope. For the pur-
pose of consistency of the geometry, vertical sounding
should be performed to induce the fluorescence on
the chest. For a field test, a main focus will be on
migration points where the hit probability is high.
Also, for upcoming field studies, the methods are
planned to be integrated with IR and RF instrumen-
tation, which provides additional information re-
garding trajectories and wing beats.
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7. Methods and Setup

We will now describe the materials, techniques, and
equipment used in our measurements. Twenty-four
bird samples were borrowed from the Lund Zoologi-
cal Museum. The samples were selected in terms of
being representative species, genders, and ages that
could potentially be sighted during summertime in
Sweden. Several of the same or similar species with
several genders without sexual dimorphism yielded
similar results and are not included in this paper.
The more interesting samples presented throughout
this paper are presented in Table 1. Most samples
are less than 100 years old, are well conserved in
plastic envelopes in catalog loggers, and have not
been exhibited.

A. Point Measurements

Samples were air dusted and measured with a point
fiber probe operating in reflectance and fluorescence
modes [Fig. 2(a)]. The museum skins can be assumed
to accurately reproduce the reflectance of living sam-
ples. Considering that no new fluorophores have
been observed [46,61] and considering the principle

of conservation of energy, we can derive that, if reflec-
tance remains the same in the range of keratin exci-
tation and emission, then the fluorescence signature
cannot change significantly. The plumage is illumi-
nated angled at 30° to the surface normal in order
to reject the specular reflection. Although this geo-
metry slightly diminishes structural imprints, the
effect could still be observed. In the spectroscopic
measurements, we used light-emitting diode (LED)
illumination switched among a 255 nm AlGaN/GaN
LED (255UVTOP); 355, 375, and 395nm AlGaN
LEDs (NS355L-5RLO, NS375L-ERLM, RLU395-
8-30); and a 450-700nm InGaN + Ce:YAG LED
(5W4HCA-H30, Roithner-Lasertechnik). The current
was kept constant by a LM317 regulator and the
internal temperature was estimated from the cur-
rent—voltage characteristics to compensate for the
temperature-conversion-efficiency dependence. The
sample geometry is identical between the reflectance
and the 355 nm excited fluorescence measurements.
Light is collected in a 600 ym UV fiber and fed to a
compact spectrometer (Ocean Optics, USB4000). The
reflectance and the fluorescence at 355 nm excitation

Table 1. Latin Names, Popular Names, Apparent Color and Sex of All Samples Presented in Figures Throughout This Paper”

Latin Species Name Trivial Name Color/Body Part Sex Comments Figure Symbol
Acrocephalus arundinaceus  Great reed warbler Brown/back Adult 3 and 4 —
Beige/side Adult 12 A
Acrocephalus s. scirpaceus Reed warbler Light brown/chest Female Adult 3-6 o
Brown/back Female Adult 5 and 6 —_—
Brown/side Female Adult 11 ¢
Columba palumbus Common wood Gray/feather Adult 1
pigeon
Corvus monedula Jackdaw Dark gray/front Female Adult 11 .
Corvus f. frugilegus Rook Black/chest Female Adult 3 and 4 ———
Black/side Female Adult 12 *
Dolichonyx oryzivorus Bobolink Black/feather Adapted 1
barbule from [76]
Erithacus r. rubicula European robin Red/chest Male Adult 3-6 uammm 8
Front Male Adult1l 11 <
Larus michahellis Yellow-legged gull Entire bird Adult 2
Motacilla a. alba White wagtail Light gray/chest Male Adult 3 and 4 —
Gray/back Male Adult 5 and 6 e
White/forehead ~ Male  Adult 5 and 6 i e
Gray/groin Male Adult 5 and 6 ;@
Black/chest part ~ Male Adult 5 and 6 seeee; @
Parus caeruleus Blue tit Yellow/chest Male Adult 3-7 ‘e I
Blue/head Male Adult 3 and 4
Blue/tail Male  Adult 5 and 6 B
Blue/side Male  Adult 11 +
Sturnus v. vulgaris European starling  Black-irid./chest Male Adult 5 and 6 e
Many birds/side M/F Juveniles, 8
in flight
Black-irid./side Male Adult 10 -
Black-irid./side After autumn 11 and 12 |
molt
Saxicola rubetra ‘Whinchat Orange/chest Male Adult 3 and 4
Sylvia atricapilla European blackcap ~ White/chest Male Adult 3 and 4
Gray/side Male  Adult 12 ®

“Samples giving rise to similar reading have been omitted for the convenience of the reader. Museum samples were selected to be
representative of their kind. The choice of species was based on the expectation for sightings in the season and habitat where the lidar

was stationed.
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Fig. 2. (Color online) (a) Ground truth measurements were performed with a compact combined reflectance and fluorescence sensor.
Various excitation wavelengths for fluorescence, as well as broadband light for elastic measurement, is provided by a selection of LEDs.
(b) The Lund mobile lidar system was emitting at 266 and 355 nm in this study. A two degrees of freedom scanning mirror allows the beam
direction to be controlled. The returning light is collected by a 40 cm telescope. The return can be discretized according to polarization and
wavelength with a number of PMTs. (c) In-flight European starlings were recorded at an 85m distance during another experiment on

damselfly dispersal [33].

are filtered with a 5mm thick long-pass filter
(GG420, Schott), which suppresses the excitation.
The excitation spectrum at 355 nm is cleaned up with
a 1mm excitation filter (UG11, Schott). The reflec-
tance is calculated using a flat 50% gray reference
(Oriel) and the fluorescence at 355 nm excitation is
white-light calibrated against a blackbody reference
(Oriel). The fluorescence induced by 255 nm radia-
tion is observed directly without any spectral filters;
it is not white-light calibrated, but spectra can be
compared relatively.

Fluorescence lifetimes were measured on a
number of samples, including eumelanized, pheome-
lanized, carotenoid, and structural colored plumage.
The instrument is a multi-excitation, multi-
emission, single-photon counting system developed
by the Photonics Group, Department of Physics, at
Imperial College London [67]. The plumage was ex-
cited by mode-locked lasers at 355 and 435 nm with a
repetition rate of 37 MHz. The resulting fluorescence
is detected in 16 bands in the range of approximately
385-600nm. Time-resolved fluorescence instru-
ments are typically developed to measure character-
istics that are independent of reabsorption, which
otherwise influences the fluorescence spectra.

Initial total transmittance measurements in the
range of 2—-25 ym have been conducted with a Fourier
transform spectrometer (ATI Mattson, Infinity series
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FTIR). The results will not be discussed further in
this paper.

B. Lidar Measurement

The lidar facility for the experiments is based on the
Lund mobile lidar system [68]. The main equipment
is presented in Fig. 2(b). The third (355nm) and
fourth (266 nm) harmonics of a Nd:YAG laser radia-
tion with energy of around 40 and 6md/pulse,
respectively, and with pulse width around 15 and
4 ns, respectively, were used for excitation. After ex-
panding into a beam diameter of about 5cm, the
laser beam is transmitted by a horizontally and ver-
tically scanning mirror with a size of ~40 cm x 56 cm
and mounted in a rooftop dome. A quartz window is
used to protect the dome from dirt and dust in the
atmosphere. The elastic scattering and the fluo-
rescence from the targets are reflected by the same
mirror and collected by a telescope system with a
diameter of 40 cm. The collected light is distributed
by a number of mirrors and filters to three PMTs for
analysis. As shown in Fig. 2(b), the elastic scattering
from the target is filtered out by a laser line mirror
(LM) and recorded by PMT 1 in the time domain. A
polarizer (P) is set at a crossed angle against the
polarization state of the transmitted laser and,
therefore, PMT 1 is only sensitive to depolarized
backscattering. An additional short-pass filter (SF)
is used to further suppress the fluorescence light
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Table 2. Optical Component List for the Three-PMT System

Components Excitation
355nm 266 nm
Laser line mirror (LM) 45° 355nm 45° 266 nm
Polarizer (P) Film polarizer none
Short-pass filter (SF) UGll—1mm UG11—1mm
Long-pass filter (LF) GG400—5 mm WG305—3 mm

Dichroic filter (DF)

Edmund Blue/Yellow

Edmund Blue/Yellow

from the target and background light from the sky.
On the other hand, the fluorescence light transpar-
ent through the LM is divided by a dichroic filter
(DF) into two wavelength bands (blue and yellow)
and measured by PMT 2 and PMT 3, respectively. Be-
fore the DF, a long-pass filter (LF) is used to suppress
the leakage of the elastic scattering through the LM.
The list of the optical components mentioned above is
shown in Table 2 for different excitation wave-
lengths. The three channels of signals from the PMTs
are simultaneously recorded by a high-speed oscillo-
scope (Tektronix TDS544B), which samples every
8ns. The recorded data are read out through a GPIB
connection by a computer in real time. However, the
repetition rate of the whole system is limited to 10 Hz
by the communication speed, although the laser sys-
tem is running at 20 Hz. By using such a three-PMT
system, both the elastic scattering and the two bands
of fluorescence signals can be analyzed in the time/
spatial domain.

The field experiments were originally arranged for
studying the migration of damselflies. Details will be
found in a forthcoming publication [33]. As shown in
Fig. 2(c), geometrically there is a metal fence at
~110m away from the lidar bus, and a mirror at
~150m is used to fold the laser beam for possible
measurements at a longer distance over the surface
of a river. Finally, a termination is set at ~175 m dis-
tance. During the damselfly measurements, by acci-
dent a group of starlings flew into the laser beam at a
distance of ~100 m and were recorded by our system.
This observation stimulated us to obtain the 24 bird
samples from the Lund University Zoological Mu-
seum to measure them at the same place in the field
(where the natural birds were encountered). It is
worthwhile to mention that the weather conditions
were sunny during the measurements. The illumi-
nation from sunlight can be easily quantified by
analyzing the background intensities at the two
fluorescence channels.

8. Analysis

A. Point Measurements

Reflectance spectra of nine particularly characteris-
tic samples of special interest are presented on a
logarithmic scale in Fig. 3. White, gray, and black
varieties resulting from different eumelanin con-
tents are observed with flat reflectance curves at
different levels. Brownish, orange, and reddish
pheomelanin-containing feathers bend and attenu-

ate reflectance toward the blue, as, for example,
the orange chest of a whinchat (Saxicola rubetra).
A yellow feather from a blue tit (Parus caeruleus)
shows the characteristic double absorption dip of a
carotenoid, while tail feathers with structurally gen-
erated blue shades from the same bird show a mono-
tonic increase in reflectance toward the blue. In the
355nm excited fluorescence in Fig. 4, white, gray,
and black feathers maintain the same shape, but
are scaled differently. For the brown, orange, and
reddish pheomelanin feathers, the slope toward
the red is different, indicating that the plumage is
indeed redder even in fluorescence. In the case of
the yellow carotenoid (lutein) feather, again, the dou-
ble absorption dip can be observed, but this time in
fluorescence quenching. The blue feather is harder to
interpret in this measurement. The low values might
indicate that even excitation light at 355nm is
reflected rather than absorbed and consequently
reemitted as fluorescence.

The fluorescence measurements with 255 nm exci-
tation were performed in a similar geometry as the
previous measurements. These measurements are

Selected Reflectance Spectra
100F T T T T T4

Reflectance / [percent]
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Wavelength / [nm]
Fig. 3. (Color online) Reflectance spectra, curves colored accord-
ing to appearance to humans. From top: light brown, reed warbler;
white, white wagtail head; light gray, white wagtail chest; red,
European robin; yellow, blue tit (note the sharp feature of the car-
otenoid lutein); orange, whinchat; brown, reed warbler; black,
rook; and structural blue, blue tit.
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Fig. 4. (Color online) Fluorescence spectra excited at 355nm,
curves colored according to appearance to humans. From top: light
brown, reed warbler; white, white wagtail head; light gray, white
wagtail chest; yellow, blue tit; orange, whinchat; red, European
robin; brown, great reed warbler; structural blue, blue tit; and
black, rook.

presented on a logarithmic scale in Fig. 5. The curves
are not white-light calibrated but can be compared in
between. All the spectra have been normalized on the
elastic light around 255 nm, even if we can expect the
absolute reflectance to vary at 255 nm due to melanin
variations. As in the previous measurement, white,
gray, and black eumalanized plumages maintain the
same shapes but they are scaled differently. Brown
and reddish pheomelanized plumages are shifted to-
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Fig. 5. (Color online) Fluorescence spectra excited at 255 nm, se-
lected examples; curves colored according to appearance to hu-
mans. From top: light brown, reed warbler; white, white wagtail
head; red, European robin; yellow, blue tit; light gray, white wagtail
chest; brown, reed warbler; gray, white wagtail; structural blue,
blue tit; black iridescent, European starling; and black, rook.
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ward the red. The blue plumage is shifted toward the
blue; thus, we conclude that even structural colors
are positively correlated with the fluorescence, from
which we understand that the interrogation volume
of the fluorescence measurement is more superficial
than the nanostructures causing the blue reflec-
tance. The double absorption peak of the carotenoid
is observed in the yellow feathers from the blue tit.

Even if we can expect somewhat lower sensitivity
on the spectrometer at 255nm, we notice that the
fluorescence is considerable in comparison to the
elastic light for the bright feathers. This is a major
problem and might to some extent invalidate all
elastic reflectance work performed with deuterium
lamps in the avian and reptilian community, because
using a broadband light source sums along the
columns of the emission excitation matrix (EEM)
(Fig. 6); thus, such reflectance measurements require
the sample to have negligible fluorescence, which
obviously might not always be the case.

The 14 spectra, out of which the more interesting
ones were presented in Fig. 5, including varieties of
eumelanized and pheomelanized plumages, a carote-
noid, and a structural blue plumage, were analyzed
using singular value decomposition (SVD) [69,70].
From the eigenvalues, we could read that 81% of
the variance could be explained by the first principal
component, 91% including the second, and 96% in-
cluding the third one. The first component represents

va*,: 50
iy
Fig.6. Correlations in the EEM for a yellow-chested blue tit, with
fluorescence exaggerated for demonstration purposes. The elastic
diagonal (yellow curve, R) shows the reflectance of solid keratin
with a carotenoid absorption dip. The fluorescence emission spec-
trum at 266 nm excitation (purple curve, E) shows the imprint of
the absorbing carotenoid. Traditional methods for reflectance in
ornithology sum all excitation elements (green curve, F) and as-
sume fluorescence to be negligible. In ornithological LIF lidar,
we can expect a fluorescence element F'(Aey, dep) to be negatively
correlated with the reflectance E(4.y); this explains why the struc-
tural blue plumage with high UV reflectance appears dark in fluor-
escence in Figs. 4 and 5. This is known as excitation quenching. In
contrast, F(Aey,dem) can be expected to be positively correlated
with the reflectance R(4ey)) due to emission quenching; this ex-
plains why red reflecting plumage appear even redder in fluores-
cence. Data extracted and remodeled from [37], Chap. 5, pp. 40, 49.
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total keratin fluorescence and describes eumalanized
plumages; the second component represents a red-
shift of the fluorescence and manages to describe
pheomelanized plumages and also the blue struc-
tural color with negative loadings. This can be
understood when comparing the dark brown and
blue reflectance spectra in Fig. 3. The relatively
sharp features caused by the carotenoid can only be
accounted for when including a third principal
component. Estimating the number of independent
spectral components and localizing them in the spec-
tral domain is crucial for designing spectral bands of
a system for remote discrimination. According to this
analysis, the optimal band choice for discriminating
eumelanized, pheomelanized, and blue structural
plumages is B1, 370-485, and B2, 485-600nm.
Including the carotenoid, the band choices should
rather be B1, 370-420; B2, 420-500; and B3,
500—-600 nm. In addition, a polarized or depolarized
elastic band at 266 nm, B0, for estimating the beam—
bird overlap on lidar hits is valuable; in this case, the
different atmospheric attenuation of the returning
elastic light should be considered, and the elastic re-
turned energy would correlate with the amount of to-
tal energy deposited in the plumage. By dividing the
returned energies in the remaining bands with this
estimate, the scenario-dependent variance could be
reduced. Because the specular reflectance might be
highly dependent on the surface orientation, using
depolarized elastic scattering could further contri-
bute to confinement in the color space.

When normalizing with the elastic band and pro-
jecting the spectra on total fluorescence (first princi-
pal component from the SVD analysis) and redshift
base spectra (second principal component from the
above SVD analysis), the two-dimensional (2D) scat-
terplot presented in Fig. 7 is obtained. Plumage with
different reflective characteristics can easily be sepa-
rated, even in fluorescence. Clusters from plumage
with similar reflective characteristics are more likely
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Fig. 7. Scatterplot of first and second principal components from

Fig. 5.

to overlap in the scatterplot. The overlap in these
scatterplots will eventually determine the success
of remote classification. Obviously, overlaps are less
likely in color spaces of higher dimensionality, but
such scatterplots tend to be difficult to present on flat
paper. Also, no improvement in discrimination can be
expected by adding more spectral bands than the
number of significant chromophores with indepen-
dent spectral components involved. In Fig. 7, we no-
tice the great spatial variance of measurements from
different regions on the same sample, in a complete
hit lidar situation, the acquired fluorescent signa-
ture is spatially averaged over the entire body; thus
a gray bird might give identical echo as a black- and
white-spotted bird; see for, example the different
body parts of the white wagtail (Motacilla alba).

From the time-resolved data not presented in this
paper, we could indeed conclude that the lifetime
decays hold no information regarding the embedded
chromophores, confirming our understanding of the
quenching processes. Two spectral components were
found in the decay; the lifetime at 390 nm was ap-
proximately 1.0ns, whereas the lifetime was 1.6ns
at 580 nm.

To conclude this section, we propose the relation
between plumage reflectance and fluorescence:

Rsample (l)
Rwhite (j')

Fsample uem)

= (1 -exq(4ex)) Fopit (/1 ) )

(0

where Rg,mple(4) is the diffuse reflectance, Rypite(4) is
the diffuse reflectance of white plumage, Fampie(dem)
is the fluorescence spectrum, Fypite(4em) is the fluor-
escence of white plumage, and exq(4.) is the prob-
ability of embedded chromophores quenching the
excitation.

Empiric results not presented in this paper show
that exq is of the order of 20% at 355 nm excitation
and that exq diminishes as the excitation wavelength
decreases; thus, the lower the excitation wavelength,
the more superficial the absorption field [shorter d in
Fig. 1(b)] and the more resemblance to reflectance. A
number of refinements can be done to the model—
these include a bias taking into account the missing
first specular reflection in the fluorescence ratio
since the light is internally generated; however,
this effect is compromised by the fact that the fluo-
rescence is created omnidirectionally, whereas the
superficial light in the elastic measurement would
still remember its initial propagation in the very
superficial layers. It is reasonable to presume dull
dependency of the refractive index and dull exponen-
tial spectral effect due to differences in migrated
path lengths; however, most such refinements of the
models and estimation of additional parameters are
numerically ill-conditioned with the dull features of
the melanins.

B. Remote Lidar Measurements

To explore the feasibility of using lidar to locate and
distinguish between bird species, measurements

20 August 2010 / Vol. 49, No. 24 / APPLIED OPTICS 4539

157



Feasibility study: fluorescence lidar for remote bird classification

158

were done in the field, both on birds in flight and on
museum specimens. The investigations were done
with 266 and 355nm excitation.

Figure. 8 shows an example of a lidar return signal
from a starling in flight obtained at a distance of
~100 m. The signal is time/distance resolved in one
elastic, E, reflectance channel at 355 nm, one fluores-
cence channel ranging from 400 to 500 nm, denoted
blue fluorescence, B in figures, and one channel ran-
ging from 500 to 750 nm and denoted yellow fluores-
cence, Y in figures. Further, a linear polarizer on the
elastic channel allows either polarized or depolarized
light to be detected. The reflection from the weather
protecting quartz window in the dome [see Fig. 2(b)] is
clearly seen in the elastic channel, while almost no
fluorescence is observed. This observation shows that
the leakage/filter fluorescence between the elastic
and the fluorescence channels is small and any signal
in the latter channels will indeed be fluorescence. At
a distance of ~100 m, all three channels show strong
signals from a bird, demonstrating a broad flu-
orescence emission in both the blue and the yellow
wavelength range. Direct intermediate comparison
between the signals in the different channels is, how-
ever, not meaningful because of arbitrary gain set-
tings. Shortly after 110m, the reflection from a
nonfluorescent metal fence wire is seen. Again, only
the elastic channel is giving an output.

The possibility of distinguishing between different
species with lidar was further investigated by record-
ing the return signal in a similar way as for the star-
lings in vivo, but for the same museum birds that
were investigated with laboratory point measure-
ments. The birds were each put in and out of the lidar
beam pathway in a fluctuating manner to simulate
birds passing through the field of view of our system.

Since the lidar return is discretized in three spec-
tral bands, we are able to overview the entire data set
with a red-green-blue (RGB) representation. Figure
9 shows a RGB color image of all data acquired in a
small time period, during which a museum bird was
moved in and out of the beam several times. Elastic

Lidar signal with flying Starlings in field
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Fig. 8. (Color online) Single-shot echo from starling in flight.
Elastic echoes arise from quartz window and metal fence. The
relative areas under the European starling echo can be used for
classification purpose.
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signals at 355 nm are shown in blue, fluorescence be-
tween 400 and 500 nm in green, and fluorescence be-
tween 500 and 750 nm in red. The first blue line is
the stationary elastic signal from the quartz window.
As the bird is moved into the beam, all channels show
increased return signals at the corresponding dis-
tance marked in the figure. Consequently, both the
elastic signal from the folding mirror and the return
signals from all channels at the position of the termi-
nation go down, since the incident energy was re-
duced from the earlier impact. These observations
are presented more quantitatively in Fig. 10, where
the echo energy (fast-time integral of intensity re-
turn), being a measure on the total recorded signal
from the bird, the termination point, and the back-
ground light level (refer to regions in Fig. 9.) for each
laser pulse, is exposed as a function of time.

It is essential to have a measure of how much
light was illuminating the bird, i.e., the bird—beam
overlap, to be able to quantize the fluorescence
strength, not least when considering species classifi-
cation. The bird—beam overlap has to be found for
each laser pulse producing the fluorescent return.
One approach is to normalize the fluorescence with
the elastic signal, as in Fig. 5; however, the elastic
reflectance, including the specular reflectance, might
be highly dependent on the surface orientation of the
plumage. Another approach to estimate the bird—
beam overlap is to estimate the energy drop from la-
ter returns. In Figs. 9 and 10 middle, we observe how
the obstruction of the bird is decreasing the signal
from any light that is reflected or generated behind
the bird. The amount to which these signals are af-
fected is a measure of the overlap between the beam
and the bird. The termination point in the case of ver-
tical measurements could, for example, be a cloud
base. Another similar possibility is to observe the de-
crease of the total backscattered atmospheric signal
from air and aerosols behind the bird. Both these
are examples of active techniques to quantify the

LIDAR return

‘Time / {s]
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* == Bifds "=
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Distance / [m]
Fig. 9. (Color online) False color RGB representation or T-scan of
complete lidar data acquired during 10 s. Blue, elastic; green, blue
fluorescence; red, yellow fluorescence. Regions of interest are
marked.
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Fig. 10. (Color online) Intensity of the three cross sections
marked in Fig. 9 plotted versus time. Notice the interplay, which
allows estimating bird—beam overlap and also simultaneous deter-
mination of active fluorescence and passive reflectance.

bird—beam overlap. We also observe that the back-
ground light level after pulse termination is affected
by the presence of a bird in the field of view; this can
be explained by the amount of sunlight reflected in
the plumage and into the telescope during the
1ms the recording is done. This suggests that, not
only do we acquire blue and yellow laser-induced
fluorescence, but even blue and yellow passive re-
flectance simultaneously. In the case of the black
European starling in Fig. 10, we observe an anticor-
relation, meaning that the starling plumage is dar-
ker than our termination point. This could even be
accomplished in vertical soundings with a cloud layer
termination or the blue sky.

In earlier studies [33], as well as in this study, we
have noticed one particular characteristic of zoologi-
cal lidar; while clouds and dust plumes appear as
distributed backscatters with a relatively slow time
dependency matching the wind speeds, insects and
birds in nature appear as sudden blips, giving rise
to a much larger echo confined in spatial range as well
as in temporal occurrence. The range confinement
matches the lifetime of the matrix, typically around
1ns if resolved by the system. The temporal confine-
ment matches the overlap of the flight trajectory and
the point spread function of the system. With our sys-
tem we typically observed temporal occurrence in the
order of a fifth of a second. This very unique feature
simplifies separating the species echo from a quasi
static background such as moving clouds.

The normalized fluorescence from the in vivo star-
lings and the museum samples were analyzed to
explore the feasibility of remote species classifica-
tion. The echo energy for the time/range resolved

355 nm excitation
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Fig. 11. (Color online) Scatterplot showing selected species with
355nm excitation; total normalized fluorescence on the Y axis and
redshift on the X axis. Dots are colored according to the human
visual perception. From upper left: brown, reed warbler; red,
European robin; black, European starling; black, rook; and blue,
blue tit.

return signals were analyzed and intercompared.
Figures 11 and 12 show the results of two such com-
parisons. Figure 11 is a 2D scatterplot obtained from
measurements done in the field with 355 nm illumi-
nation. Each point in the plot corresponds to the re-
flection and fluorescence from a single laser pulse. As
in Fig. 7, the vertical axis shows total fluorescence,
while the horizontal axis represents the redshift.
The five birds represented in the figure are a Eur-
opean robin (Erithacus rubecula), a blue tit, a reed
warbler (Acrocephalus scirpacaeus), a European
starling (Sturnus vulgaris), and a jackdaw (Corvus
monedula).

266 nm excitation
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Fig. 12. (Color online) Scatterplot showing selected species with
266 nm excitation; total fluorescence on the Y axis and redshift on
the X axis. Dots are colored according to the human visual per-
ception. From upper left: gray, European blackcap; beige, reed
warbler; black, European starling; and black, rook.
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The scatterplot in Fig. 11 shows promising results,
indicating that it, in fact, is possible to separate dif-
ferent species of birds with the help of a multichannel
fluorescence lidar. The five different species of birds
tend to gather at different positions in the plot, illus-
trating the variation in fluorescence between them.
The European robin, which has a clear red belly, tends
to go to the right side of the plot and also shows a re-
latively strong fluorescence compared to the other
birds. Another species that fluoresce much is the reed
warbler, which, on the other hand, has a hue more
shifted toward the blue. In the center of the plot,
the points from the somewhat darker starling gather
with less strong fluorescence. The fluorescence color
is as expected between the red robin and the more
grayish great reed warbler. The jackdaw also shows
a low fluorescence, which goes well with the fact that
it is dark gray and black. it can also be observed that
the blue tit shows a very low ratio between fluores-
cence and elastic reflection. The reason for this, as
is revealed by the point fluorescence measurements
in Fig. 4, is that the fluorescence is indeed very low
for the bird at this wavelength. Because the reflec-
tance for the blue feathers is high, the denominator
in the y axis becomes large, while, at the same time,
there is little light left to generate fluorescence.

Figure 12 is a similar scatterplot obtained from
rooftop measurements at the test range in Lund
[33] with 266 nm excitation. The four birds presented
are a great reed warbler (Acrocephalus arundina-
ceus), a European black cap (Sylvia atricapilla), a
European starling, and a rook (Corvus frugilegus).

The measurements done with 266 nm excitation
were performed with a much lower output power
from the laser than the ones with 355 nm excitation.
This fact and other ones made the signals weaker,
and the resulting scatterplot is not as clear as the
one for 355nm excitation. Still, some separation
can be distinguished in the backscattering and fluor-
escence. As an example, the black rook shows low
fluorescence, the relatively dark starling somewhat
more, while the generally brighter European black
cap and great reed warbler fluoresce more. One
might discern that the European black cap is more
shifted to the blue than the great reed warbler.

9. Discussion, Conclusions, and Perspectives

We have demonstrated eye-safe remote measure-
ments of chromophore concentration and structural
colors in plumages on distances of 100 m. From ear-
lier experiences with elastic DIAL lidar on atomic
mercury, at 254nm, and the equally well-suited
wavelengths of 308 and 313 nm for ozone monitoring
[71,72], we know that returns from a solid target
could be acquired from a single shot in a couple of
kilometers. For several shots averaged, even the
upper biosphere at 10 km is accessible [73]. In fluor-
escence lidar, which is an inelastic spectroscopic
method, the UV light is only attenuated by the atmo-
sphere one way, in contrast to elastic methods. We
have explained the mechanisms relating the reflec-
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tance to the fluorescence of plumages. We cannot
expect to classify species with the same or similar
plumage reflectance, nor would we be able to classify
birds with the same or similar spatial average reflec-
tance, e.g., a gray pigeon and a black-and-white wag-
tail, in a single shot. At the 266 nm experiments, our
laser system was not running optimally and our out-
put power was further limited by the damage thresh-
old of the general purpose scanning mirror, which
does not reflect optimally at 266nm. In vertical
sounding, we would avoid this issue and the cross
section of an in-flight bird in vertical sounding would
obviously be larger. The other main limitation of our
method is that plenty of continuous background light
is binned by the broad fluorescence channels. For this
reason, we can expect the method to perform much
better at night. We have demonstrated that a refined
analysis of the background signal carries infor-
mation on the passive Sun-induced reflectance or
transmittance (depending on the geometry). For this
reason, it might be of interest to track the Moon
with the lidar during the night, compromising back-
ground levels for simultaneous passive transmission
spectroscopy.

In terms of improved bird classification, not much
information would be gained by more than four spec-
tral bands. However, we suspect that large improve-
ments could be achieved by fusing fluorescence lidar
with radar or thermal-imaging methods. While excel-
lent in acquiring chemical information, the big disad-
vantage of this type of stochastic lidar, in comparison
to, e.g., DIAL lidar, is the fact that we do not get a
measurement for certain in each shot. Thermal-IR
imaging seems incapable of acquiring properties of
the chromophores; on the other hand, it can easily
acquire an entire night sky in real time. If a dedi-
cated system was to be developed, the thermal image
could be used for lidar tracking, providing complete
sky coverage and several shots for each migrating
bird. Of special interest is the fact that indexing the
fluorescence return in the phase of the wing-beat cy-
cle should provide clues on the spatial variation on
the bird. Such a system would probably take a couple
of years to develop, even if an existing commercial
lidar solution could be suitable [74,75]. Eventually,
ornithological preknowledge of the limited number
of expected migrant species would help in the classi-
fication process.

From an ornithological point of view, several ex-
periments of interest could be performed. These
would include nighttime classification, and high-
altitude classification at migration points for pur-
poses of counting and migration statistics. Typical
migration points in Scandinavia would be geo-
graphic northward-pointing tips in the spring, such
as Skagen, Kullaberg, and Andgya, and sourthward
pointing confinements in the autumn, e.g., Falsterbo
and Ottenby at the southern point of the island of
Oland in the Baltic Sea. At locations of capture sites
at bird observatories, such as Anacapri, Italy,
comparisons can be made to the species of migrants
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captured during different parts of the migration sea-
sons. Observations could be related to morphological
traits and weather conditions for more profound
physiological studies. Other experiments could con-
sist of marking without recapturing studies. This
would be achieved by attaching fluorescing material,
e.g., nylon strings or rings to the captured species.
The string could be fluorescence encoded with effec-
tive fluorophore mixtures that clearly separate in
clusters in the color spaces. The markings could con-
sist of gender, age, or breeding habitat, which would
be registered at the position of the lidar. We see
several new applications of lidar to nocturnal bird
migration studies and observations of free-flying
birds, and we intend to perform further tests in real
field situations in the near future.
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1. Introduction

Tunable diode laser spectroscopy (TDLS) has been proven to be a successful technique for
trace-gas environmental monitoring [1-4]. By using frequency modulation (FM) or
wavelength modulation (WM) methods, TDLS can measure optical absorption in atomic or
molecular samples, with a high resolution and sensitivity in real time. In FM-TDLS, for
instance, the minimum detectable absorption could be as low as 107 [1]. The high sensitivity
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originates from the dramatically increased signal-to-noise ratio (SNR), which can be
expressed as

Id .
\/(NSI)Z + (ﬂﬁ)z +N

I is the intensity of light arriving at the detector and x describes the absorption signal. N I,

SNR = (1)

,B\/? ,and N, are the laser source noise, the detector quantum noise and the detector thermal
noise, respectively. N I, which is induced by the fluctuations of the laser source, dominates

at low frequencies but can be suppressed efficiently by going to high frequencies (N, <1/ f).

In FM-TDLS where the laser source is modulated at radio frequencies, ﬂ\/? and N, (light-
intensity independent) instead dominate, and therefore, the SNR can be improved by
increasing the laser intensity. This ultimately corresponds to quantum limited measurements.
Apart from the absorptive technique just described, a group of zero-background methods
exists. Here a spectroscopic signal (/) rises from a zero or low background. For instance,

laser-induced fluorescence spectroscopy produces a signal only when the laser frequency is
tuned to the molecular absorption line. This technique is sensitive enough to track a single ion
or atom [5, 6]. Likewise, in photo-acoustic spectroscopy, the acoustic signal appears solely
when the laser wavelength matches an absorption line to excite the molecules [7]. A further
example is polarization spectroscopy, developed for low absorption signal applications by
Wieman and Hinsch [8]. Here a crossed polarizer placed in front of the detector will normally
block out the linearly polarized laser light background. Only at the line center the polarization
plane is rotated by the polarized sample and a signal occurs from zero back-ground providing
a higher sensitivity compared with standard saturation spectroscopy [9]. The SNR of such
zero-background techniques is described by

SNR =

2

Is
\/(Nl\ls P+ (ﬂ\/f)2 +N?

Here, a high SNR can still be obtained even if N /g (N <<1) dominates in the absence of

high-frequency modulation. Most importantly, the small quantity /; now replaces the large
quantity / when measuring small signals.

In the present paper, we propose and demonstrate, as we believe, for the first time, a
TDLS scheme working on a zero background. By using laser beams with equal strength but
with a phase shift of 7 causing destructive interference in a Michelson interferometer, the
recorded light intensity can be balanced out to zero. When one light beam used for gas
probing suffers an absorption induced by a gas sample, the balance is disrupted and a non-
zero signal appears. In the paper, we demonstrate, through theoretical analysis and
experimental work, that the zero-background TDLS presented can improve the SNR
compared with a direct absorption TDLS. It should be mentioned that a similar principle was
used by Dakin et al. to create a spectroscopically structured broadband light source for
correlation spectroscopy [10].
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Fig. 1. (a). Schematic diagram of zero-background TDLS; (b) the principle for forming the zero background.

2. Measurement principle and analysis

As shown in Fig. 1(a), a fiber-optic Michelson interferometer is employed in a destructive
interference mode to form a zero output intensity, which constitutes the background for the
spectroscopic signal to be recorded. It is worthwhile noting that fiber-optics is not necessary
for the proposed technique, thus making it also very suitable in the IR region, where fibers are
not readily available. We demonstrated the technique by using a fiber-optic Michelson
interferometer only because of its proper compatibility with the light source. When the optical
path difference (OPD) of the two arms is adjusted to zero, the intensity of the light at the

detector in the absence of gas absorption can be expressed as I, =+ P(1—k)*, where P is the
laser power and k (0 < k < 1) is a balance factor for intensities of the two interfering light
beams. If & is close to 1, a very low light intensity, i.e. a zero background, can be achieved
(see Fig. 1(b)). When the laser wavelength is tuned to the absorption line of the sample, which
is inserted in one arm of the Michelson interferometer, an absorption (A) is induced in this
arm and the balance is perturbed. The light intensityf; at the detector in the presence of an
absorption increases to I =+ P(1—k~/1- A)*. By defining § =1—k, L can be approximately
written as

s ~L1PER’A 4145+ 57). 3)

Figure 2(a) shows the calculated values of I as A increases from O to 0.1, for different
unbalance factors d . One can see that when 6 =0, both the signal and the responsivity
(aa—AS) rapidly drop to zero for small A. However, the responsivity for measuring a small

signal can be improved by a non-zerod (see the second term in Eq. (3)). As an amplification
coefficient, J is comparable with the bias angle € in a polarization spectroscopy [8].
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Fig. 2. Calculated results of (a) responsivity and (b) SNR for an increasing absorption ratio, for

different values of O . The gray dashed curve in (b) shows the SNR of a direct absorption
TDLS.

Further, the SNR of the system, which determines the minimal detectable signal and
sensitivity, is calculated assuming that the noise N/ in Eq. (2) still dominates (otherwise it
is in the quantum limited range and the SNR can be improved by increasing the laser power):
LI -1
N, I,

K

SNR = )
The corresponding calculated results are shown in Fig. 2(b). It is obvious that when 6 =0
(I, =0, ie. zero background), Eq. (4) turns to a constant 1/N_, which means that a good
SNR can be achieved independent of the signal [/, or the absorption A. For real-world
applications, SNR curves of 0 # Oare calculated. From Fig. 2(b), obviously better SNR can
be seen compared with that of the direct absorption spectroscopy (gray dashed curve), which
is known to have a SNR = A/N, . For instance, when & =0.05 (corresponding to that the
intensity ratio of the interfering light beams is 0.9), the SNR of the method presented is 17

times better than that of the direct absorption spectroscopy, when an absorption ratio of 0.01 is
considered.

A trade-off can be seen by comparing Figs. 2(a) and 2(b). The unbalance factor J can
improve the responsivity on the one hand; while the increased background will certainly
decrease the SNR on the other hand. Thus, a suitable value for § should be carefully chosen
depending on different applications.

3. Experiment and results

An experimental set-up was constructed as shown in Fig. 1(a). A distributed feed-back (DFB)
diode laser module (Denselight, DL-BF12-CLS051B-S1648) is employed. The wavelength of
this single longitudinal mode laser is around 1648.21 nm, for measuring absorption lines of
methane, CH, [11]. The laser module has an inner current and temperature (I & 7) controller.
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The laser wavelength can be tuned by controlling the driving current with an external voltage
signal. After passing through an optical isolator (for avoiding reflected light to damage the
laser source), the light enters a fiber-optic Michelson interferometer, which is formed by a 1:1
fiber coupler and two reflecting mirrors. A 10 cm long gas cell, filled with a 12 mbar gas
mixture (15% CH, and 85% air), is inserted in one arm (i.e., the gas sensing arm) of the
Michelson interferometer. The glass windows of the gas cell are tilted to avoid reflected light
entering the system. A fiber-optic polarization controller in the other arm (i.e., the reference
arm) is used to balance the polarization states of the interfering light beams. A section of fiber
can compensate the OPD between the two arms for avoiding etalon effect when the laser
wavelength is scanned. The coupling efficiency of the fiber collimators can be adjusted by
tuning the angles of the mirrors and therefore equal light strength can be obtained in the two
beams of interfering light. The output port of the Michelson interferometer is connected to an
InGaAs detector (New Focus 2033), the signal of which is recorded by a DAQ card (NI-6154)
installed in a personal computer. The same card also provides controlling signal for the DFB
laser module.

0.05
wi (nm)
008' 10- 1648.213 1648.220
M 0.04
__0.06 0.8 5
3 s ] e
3 5 003
> g 0.6 [
z £ 8
5 004 & 002 =
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Fig. 3. (a). Measured light intensity corresponding to the reference arm (gray) and the gas
sensing arm (dark); (b). SNR comparison between direct absorption TDLS (gray curve at top)
and the system presented (dark curve at bottom). The inset of (b) shows that the calculated
spectrum agrees with the measured one.

In order to prove that the system presented can reduce system noise extremely well and
hence improve the SNR, we add extra noise on the scanning voltage (0.5 - 2.3V) of the DAQ
card. The noise in the laser intensity is artificially enlarged to 6.5% of the maximum intensity
value, together with noise in laser frequency and phase. Principally, all these three types of
noise can be suppressed by the presented balanced Michelson interferometer. However,
considering the intensity measurement in a direct absorption TDLS, the phase noise can be
ignored and since the frequency noise transfers into effective intensity noise, we only study
the intensity noise in the measurements. The intensities of the light passing through the
reference and gas sensing arms are measured independently. From the results shown in Fig.
3(a), they overlap very well until absorption lines of CH,4 appear around 1648.22 nm, which
corresponds to 1.7 V scanning voltage. The data after 2.1 V, where the laser unfortunately
exhibits mode jumps, are not used in later experimental results. The transmission spectrum of
CH,, i.e. the ratio of the curves in Fig. 3(a), is shown as the noisy gray curve in Fig. 3(b). It
fits well with the calculated results of two R6 absorption lines of CHy, using the HITRAN
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database [11]. Here, a direct absorption TDLS suffers from a bad SNR (3.1) even in the
presence of an obvious absorption signal of about 20%. If instead the horizontal position of
the mirror in the reference arm is tuned to adjust the Michelson interferometer working in a
destructive interference mode, a low-intensity background is achieved, and an increasing
signal instead of a signal reduction due to absorption appears at 1.7 V. From the dark curve at
the bottom of Fig. 3(b), we can see that the SNR (13.8) is improved by 4.5 times, which is
close to the calculated result, 5 times higher SNR for a perfect (6§ =0) zero-background
TDLS, compared to a direct absorption measurement for the case when the absorption is 20 %
(beyond the upper range in Fig. 2(b)). As an imperfection, we noted that the laser wavelength
tunes considerably faster after 1.4 V when the controlling voltage is linearly scanned, which
explains the kink in the curve. The non-zero background shown in the curve is induced by a
non-zero ¢ obtained in practice, even with efforts to minimize it as much as possible in the
experiment. This shows the limitation on the minimal detectable signal when the absorption
becomes small and the SNR decreases dramatically, as illustrated in Fig. 2(b).

(b)
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>
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= ©

0.1

0.0

T T T T T
05 1.0 15 20 25
Voltage (V)

Fig. 4. (a). Oscillating pattern with an envelope including spectroscopic information; (b) and
(c) show the details of windows b and c in (a).

4. Discussion

Without any extra stabilizing scheme, the destructive interference setting of a Michelson
interferometer cannot be kept for a long term. For better system performance, an
interferometer with a stable OPD should be built. One possibility is to construct a closed-loop
controlling circuit for the Michelson interferometer, in a similar way as used, e.g. in a build—
up optical cavity [12]. By detecting the light intensity at the output port of the interferometer,
a specific algorithm, e.g. a proportional-integral-derivative (PID) algorithm can control a
piezo-driven mirror to lock the OPD of the interferometer working in destructive interference
and a zero-background can be stably maintained. Another possibility is to use a self-stabilized
interferometer, e.g. a Sagnac fiber loop [13]. In such an interferometer, two interfering light
beams always pass through the same optical path and the destructive interference condition is
naturally kept at the output port. In the fiber loop a smart scheme should be included to induce
differential absorption (due to the gas) between the light beams propagating clockwise and
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counter-clockwise. In such a design, many advantages are expected compared with the
Michelson interferometer demonstrated in the proof-of-principle work in this paper. For
instance, if a Michelson interferometer is employed in real applications, the balance factor of
the two arms will degrade because of, e.g., mechanical instability, and phase noise will be
induced in long optical paths of flowing sample gas. However, all these problems can be
naturally solved in case the interfering light components always experience the same optical
path.

Instead of developing complicated close-loop electronics to stabilize the interferometer,
we find that if an active fast modulation is applied on the OPD, the slow drift is replaced by
an oscillating pattern where the constructive and destructive interference is achieved
alternatingly. It could be realized by shaking one of the mirrors piezo-electrically. The
modulation range should be larger than one wavelength but sufficiently small that the etalon
effects are not appearing, considering that the laser wavelength scans at the same time. For
demonstration, we move the reference mirror swiftly on the linear stage. From the measured
result shown in Fig. 4(a), we can see in one scan of the controlling voltage, that the
interference pattern oscillates rapidly between destructive and constructive conditions. If the
minimal values (corresponding to destructive conditions) are utilized, an increasing signal
positioned on a low background (see Fig. 4(b)) can also be obtained, similarly as in Fig. 3(b).
Although the integrated signal intensity is reduced, (which is already described in Eq. (3)), we
believe that the SNR can be improved. Evidence is shown in Fig. 4(c). The noise
corresponding to the destructive condition is obviously decreased compared with that
corresponding to the constructive one. The noise in this modulation mode is even lower than
for the case without modulation (compare with bottom curve of Fig. 3(b); note that the same
extra noise is still applied), since N, o<1/f . On the other hand, the spectral sampling is

decreased as a penalty in this case. However, the basic features of the new technique
introduced are still clearly demonstrated.

5. Conclusion

In conclusion, we have demonstrated an efficient method to decrease the noise in TDLS by
operating at a close-to-zero background, without any high-frequency modulation on the light
source. This is achievable by using a Michelson interferometer set to destructive interference.
The method has similarities to polarization spectroscopy, but is a linear spectroscopy method.
A fiber-optic implementation was demonstrated, constituting a realistic approach for real-
world gas monitoring. The proposed technique is particularly attractive in applications where
high-frequency modulation is difficult to realize.
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An active phase controlling scheme based on a proportional-integrative-derivative(PID)-controlled piezo-electric
transducer is presented with the purpose of stabilizing a quasi zero-background absorption spectrometer. A
fiber-based balanced Michelson interferometer is used, and an absorption due to a gas sample in one of its
arms results in an increased light signal to a detector, which otherwise, thanks to destructive interference,
experiences a very low light level. © 2010 Optical Society of America
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1. Introduction

To observe the spectrally narrow absorption lines of
gases is one of the most powerful approaches to gas mon-
itoring. Because of the specificity of the energy structure,
each gas molecule has a unique absorption spectrum.
Thus, by studying a spectral region with a broad-band
light source in combination with a high-resolution op-
tical spectrometer, or by spectrally scanning a narrow-
band laser, gases can be identified. Tunable diode laser
absorption spectroscopy (TDLAS) is, thanks to prop-
erties like narrow line-width, easy tunability, compara-
tively low cost and easy operation, very effective in char-
acterization of free gas absorption lines in various situa-
tions.

In its most straight-forward form, gas absorption is
measured in a ‘bright-field” way as a reduction of an
incident light intensity level. The fact that absorption
in this ‘direct” way (DLAS, direct laser absorption spec-
troscopy) is measured as a minor reduction of a high light
level limits the achievable signal-to-noise ratio which is
strongly connected to the light flux at the detector. This
is obvious from Eq. 1 where the signal-to-noise ratio,
SNR, is related to the total noise, Nio, and the light
intensity, I, at the detector.
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Here A is the absorption fraction, and NI, 3v/T and
Nr indicate laser source noise, quantum noise and ther-
mal noise at the detector, respectively. By increasing the
light intensity, the laser source noise will become dom-
inant and the other two terms ignorable, but for fur-
ther improvements other approaches are necessary. This
can, e.g., be to modulate the light source and detect fre-
quency overtones from the non-linear absorption profiles
and thereby transfer the signal to higher frequencies to
suppress the 1/f (pink) laser source noise, NgI. This
is done in wavelength- and frequency modulation spec-

troscopy (WMS and FMS), where absorption fractions
down to 1077-107# are reachable [1]. Another group of
techniques referred to as zero-background or ‘dark field’
measurements exists in which the source noise is inher-
ently decreased since the signal to be detected is not
carried by a huge background light flux; instead all light
at the detector is ideally useful signal. Examples of such
techniques are laser-induced fluorescence, Raman- and
polarization spectroscopy [2]. Another important exam-
ple, although not generating an optical signal, is pho-
toacoustic spectroscopy [2]. Within Fourier transform
(FT) spectroscopy, low background absorption measure-
ments by optical subtraction through destructive inter-
ference has been used to increase sensitivity, as proposed
in 1967 [3]. The technique has successfully been imple-
mented in numerous FT spectrometers to be able to use
more sensitive detectors designed for low light fluxes;
see e.g., [4,5]. Drawing inspiration from such approaches,
Guan et al. [6] presented a method to transfer the idea
into the diode laser field and measure gas absorption
with TDLAS implemented in a balanced Michelson inter-
ferometer design. The basic principle there is that with-
out any absorption present, the light intensity in the two
arms of the interferometer is the same, and if the total
path lengths in the arms differ by a half wavelength (plus
an integer number of wavelengths), meaning that the
phase difference is 180°, destructive interference forces
the light level at the detector to be zero. Any absorption
in one of the arms will disturb this intensity balance and
complete destructive interference is no longer possible.
In that setup, two approaches were used to achieve the
condition of fixed phase difference between the arms. The
first one was to let the interferometer drift freely, waiting
for moments to occur when the desired phase difference
is achieved, and then scan the absorption line of the gas.
The other approach was based on a translation of one of
the mirrors in the interferometer. This causes the phase
difference to rapidly change, resulting in a fast oscilla-
tion between constructive and destructive interference
and by only considering the points of minimum detector
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Fig. 1. Schematic diagram of the optical and electronic
setup

intensity, an absorption profile can be reconstructed.

Discussed in Ref. [6] is the possibility to implement
an active phase controlling system, e.g. a feed-back
loop. This could improve both the performance and
the usefulness of the system. Many designs have been
presented to, passively or actively, phase control in-
terferometers (see, e.g. [7-10], and references therein);
some of them are even capable of maintaining any cho-
sen phase difference between the arms. None of these
schemes are, however, suitable for our application. The
main reason is that we require a simple and robust
design which can easily be implemented in an in situ
situation. With today’s highly performing feedback al-
gorithms, e.g. Proportional-integrative-derivative (PID)
controllers, the system design could be compact and reli-
able. We therefore present a new scheme where the phase
difference is actively stabilized with the help of a lock-in
assisted PID regulator and a piezo-electric transducer.

The whole setup will be described and, since the opti-
cal setup in general is common with our earlier paper, the
focus will be put on the scheme for interferometer sta-
bilization. Some requirements and performance for the
stabilization are discussed. Representative results will be
presented and the potential for the approach will be the-
oretically modeled and discussed.

2. System setup

The electro-optical setup is shown in Fig. 1. It is, in
the optical parts, similar to the one used in our first
paper. Light from a 1648 nm diode laser (DenseLight
DL-BF12-CLS051B-S1648) passes through a protective
isolator and is split into two equal parts in a 1:1 fiber cou-
pler. For the probe arm, a polarization controller (PC) is
installed to assure equal polarization of the light in the
reference and probe arms (when returning to the coupler
the second time). In the reference arm, a compensating
fiber (CF) is installed to make the arms the same length
within approximately 1 mm to enable interference con-
trol during wavelength scan. The beams from the two
fibers are each reflected on a mirror after a short free
space propagation. The probe beam passes through a
7.5-cm cell with pure methane (standard isotope com-
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Fig. 2. The intensity at the detector (top) and the out-
put, Sps, from the lock-in amplifier (bottom) as a func-
tion of mirror displacement. At position 1 and 3 the mir-
ror dithering results in large intensity modulations, but
with a phase shifted 180° between them. At position 2
the dithering results in a small or non-existing intensity
modulation. Demodulation at the lock-in amplifier gives
the signal in the bottom drawing. This signal is suit-
able as input to the PID which now can push the mirror
towards a null position.

position, 10 mbar). As the light from the two beams
arrives at the detector (PD, NEW FOCUS 2033), it will
interfere depending on the difference in path length. Dur-
ing the measurement, this path length difference, 2z, is
controlled by a piezo-electric transducer, to maintain a
low light level at the photo diode detector. Generally,
PID algorithms cannot directly regulate to a local min-
imum position. Here, however, it is necessary to control
the intensity to the local minimum position of perfectly
destructive interference (freely referred to as the ‘null’
position). The approach to circumvent this problem is
to adapt designs used since long, e.g. within laser sta-
bilization (see, e.g. [11,12]). The idea is to implement a
small modulation and employ lock-in techniques.

3. Stabilizing the interferometer

The intensity of light at the detector varies depending
on the mirror displacement, z, is described by Eq. 2.

2 .
I(x) = I + I + 2/Ty Tpcos(2r - 7“), @)

where I; and I, [W/m2] are the intensities in the two
arms and A [m] is the wavelength of the light.

If the position of one of the mirrors is modulated with
a signal from an oscillator (in this case forming part of
the lock-in amplifier, EG&G Princeton 5209), this will
result in a modulation of the light intensity at the de-
tector as well. The amplitude and phase of this intensity
modulation depend on the interference situation as can
be seen in the upper part of Fig. 2, where a solid thick
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Fig. 3. The output signal from the detector with and
without active stabilization. During the first 75 s the
interferometer is free-running, the stabilizing scheme is
then implemented and after around 300 s, the system
is again running free. The offset from zero during the
stabilization is due partly to a detector offset but also a
non-perfect polarization matching and power balance.

(blue) curve shows the intensity of the light at the de-
tector as a function of mirror displacement (z), according
to Eq. 2. At the position of perfect destructive interfer-
ence the resulting intensity modulation will be small or
non-existing (and at double the modulation frequency),
while it will be larger at each side of this null position,
although with opposite (180° shifted) phase between the
sides. If this intensity-modulated signal (having the same
frequency as the mirror dithering) is demodulated at the
lock-in amplifier by the signal from the same oscillator
with a certain fixed phase delay, this will (under the con-
dition of small modulation) result in an output signal,
S, proportional to the derivative of the interference
signal, as shown at the bottom of Fig. 2.

The PID regulator (SRS SIM960) is now, by proper
choices (depending on dithering amplitude and fre-
quency, lock-in sensitivity, etc.) of the proportional (P),
integrating (I) and (possibly) differentiating (D) param-
eter, suitable for keeping the interference at a destructive
position, by pushing Sy; toward zero. The parity of the
controller constants should match the slope direction of
Spr, which depends on the relative phase between the in-
put signal at the lock-in amplifier and the local reference
oscillation. If the parity (set by the sign of P) is shifted,
or if the phase delay is changed so that the oscillator ref-
erence and Sy ; are completely out of phase, a position of
complete constructive interference will instead be found.
In principle, it is possible with this scheme to control
to various phase angles by adjusting the set-point and
parity of the PID, however, in our application, only the
complete destructive mode is of interest.

The stabilization scheme, crucial for the absorption
measurements, shows stable performance in the normal
laboratory environment. Fig. 3 shows the behavior of the
system during a few minutes of operation.

During the time of controlling the intensity RMS
(root-mean-square) variation is less than 5x107° of the
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Fig. 4. The FT of the signal for different conditions of
interference resulting in mean detector outputs of 0.51,
0.25, 0.13, 0.038 and 0.014 V, corresponding to mirror
positions 50, 34, 23, 11 and 0.59° off from 180°. When the
system is driven towards the point of complete destruc-
tive interference, the FT at the modulation frequency of
9 kHz decreases rapidly and finally diminishes into the
noise.

maximum value without stabilization. This would, if all
noise came from regulation instability, correspond to
controlling the phase difference within 10 mrad or 0.6°
RMS. Some of the noise, however, comes from thermal
noise at the detector etc.; the controlling is thus better
than the stated values.

An argument for non-modulating approaches to sta-
bilize interferometers is that the modulation is itself in-
herently disturbing the stability. It is therefore crucial to
keep the modulation amplitude sufficiently small to pre-
vent such impacts, while at the same time large enough
to be detected by the lock-in amplifier at small drifts
from the null position. The amplitude of the dithering
is here adjusted directly on the signal generator of the
lock-in amplifier. To make sure that the oscillation is not
too large, the frequency spectrum of the detected light
signal was studied and scrutinized for any residual os-
cillations at the piezo dithering frequency, 9 kHz. When
the phase difference approaches 180°, the residual inten-
sity modulation decreases rapidly and finally vanishes
into the noise at the null position. The DC component,
which forms the background level, is greatly reduced as
well. Fig. 4 shows the Fourier transform (FT) of the de-
tected light signal as the interferometer approaches the
desired position.

4. Absorption measurements

To show the function of the presented gas absorption
technique compared to DLAS, the absorption of methane
at around 1648.2 nm was measured with the two meth-
ods. The direct measurement is performed in the way
that the diode laser is swept over the two absorption
peaks of the gas (see the blue, dotted line in Fig. 5)
while the reference arm is blocked with black paper and
the signal from the photo diode detector is recorded. The
same wavelength interval is then swept with the probe
arm instead blocked (red, dashed) as a reference of the
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of the cell in dotted (blue) and the interferometric scan
in dash-dotted (black).

laser RAM (residual amplitude modulation).

The interferometric mode was then utilized with both
arms cleared and the stabilization system implemented.
The corresponding signal is seen as an increase from zero
(black, dash-dotted curve).

In this case, the absorption in the gas cell is strong and
the SNR is high for both the direct and the interferomet-
ric measurement, so, to show the potential of the tech-
nique, the performance is modeled in the case of smaller
absorption and for systems with different performance
regarding phase control.

5. Simulations

In the following section we will discuss how the de-
tectable absorption fraction depends on how well the
interference phase is kept by the system. If the phase
difference between the two arms of the interferometer de-
viates from 180, the signal at the detector will vary ac-
cording to Eq. 2. This will induce additional noise in the
measurement and quickly limit the smallest detectable
absorption. The presented technique inherently strongly
suppresses source noise, which often is the limiting fac-
tor in sensitive measurements, but as will be shown, to
reach low absorption levels the controlling system needs
to be precise and not allow the phase to deviate far from
the null position.

In Fig. 6, results from simulations based on the data
measured and presented in Fig. 5 are shown. Data from
the measurement were collected and smoothed to be able
to precisely control the noise. Gaussian noise with an
RMS of 0.5% of the absolute intensity was then added
on the probe and reference arm signals. Half of the noise
is the same in both arms and half is unique to each
arm; the reason for this is that fluctuations in the source
would come through the same in both arms, but on top of
this each arm would experience its own shot noise. The
absorption signal for a DLAS measurement, and with
the presented method, was then simulated for absorp-
tion fractions with peak values 50, 10, 5.0 and 2.5% and

Wavelength [nm - 1648]

Fig. 6. Simulation of a scanned methane cell signal
DLAS, shown in dashed black, the scanned reference
arm (without gas), shown in dotted grey, the equivalent
(magnified) scan with the interferometric method shown
in solid black and the DLAS scan divided with a line
fitted to the reference scan in solid grey. The last curve
can be thought of as the actual absorption signal from
the direct method and has the absorption ratio scale to
the right of the of the plot.

the corresponding signal-to-noise ratios are presented.

Regarding the interferometric simulation, the control-
ling system has in this example an added random (Gaus-
sian) phase fluctuation of RMS 0.2°. The cell scan signal
is in this mode calculated based on Eq. 2. The SNR is
calculated as the peak height (of the peak at 1648.24 nm)
of the signal from an ideal absorption profile, fitted to
the cell scan signal, divided by the RMS deviation of the
residual between this ideal and simulated profile.

Regarding the DLAS case, the absorption signal is cal-
culated as the difference between a line (without noise)
fitted to the reference arm signal and the simulated cell
scan signal. The SNR is then calculated the same way as
for the interferometric case - an ideal profile is fitted to
the signal and the peak height of this gives the ‘S’. The
noise is again the RMS deviation between the ideal and
simulated signals.

Fig. 7 shows the SNR as a function of absorption frac-
tion for a DLAS measurement and the interferometric
method with different values on the phase fluctuation.
Included in the figure is also the line corresponding to
a frequently adapted approximate value for the SNR of
a source-noise limited DLAS measurement, A/Ng. (The
interferometry simulations in Fig. 6 correspond to the
0.2° curve.) It is obvious how, by improving the phase
stability of the system, a high SNR can be kept for di-
minishing absorption fractions, even if the source noise
is comparatively big and no signal averaging is utilized.
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Fig. 7. Simulation of the signal-to-noise ratio as a func-
tion of absorption fraction in the gas cell for the normal
TDLAS and the interferometric method with different
phase stability performance. The phase stability num-
bers indicate the RMS phase fluctuation of the piezo
position in degrees. The light intensity is the same in
both arms of the interferometer.

6. Discussion

The absorption fraction detection limits of the newly pre-
sented technique is heavily dependent on the phase con-
trol, and with a system devoted to absorption measure-
ments the SNR at low absorption fractions is many times
better than for DLAS. The simulations presented are
based on a relatively noisy system, a fact insinuating
even better real-life performance with a stable laser. An-
other improvement possibility not mentioned here but
discussed in [6] is the potential to actually amplify the
absorption signal by, purposely, introducing an unbal-
ance factor between the light intensity of the two arms
of the spectrometer.

Important to remember is that the thermal noise of,
e.g., the detector can become severe when the light level
is small. This is, however, a limitation which can always
be counter-acted with more incoming light and good
(possibly cooled) detectors.

A general imperfection of the approach of stabilizing
an interferometer by controlling one of the mirrors with a
piezo-electric transducer the limited translation distance
of this component. At certain occasions, if the interfer-
ometer drift is large, the piezo might reach one of the two
position limits and the controlling thereby fails. Unavoid-
ably, the stabilization will therefore occasionally collapse
and the piezo should preferably be returned to its cen-
ter position. We have, however, found that the recovery
of the controlling can be very fast and the absorption
measurement can rapidly be resumed.

Apart from the advantage of having quasi zero-
background, the presented technique could also gain dra-
matically increased potential if some kind of additional
modulation is employed. In the same way as in WMS
and FMS, by introducing modulation, shifting the sig-
nal to higher frequencies, the absorption detection limit

could be improved. One possibility could be to modulate
the unbalance factor by introducing a time varying loss
in the I‘CfCI‘CHCC arm.

7. Conclusions

We present a powerful new technique for sensitive gas
detection based on molecular absorption. In contrast to
normal absorption techniques, where a minute light re-
duction is observed in a high light intensity, the absorp-
tion is manifested in a signal rise from a basically zero
background. Such a favorable detection condition resem-
bles features typical in sensitive techniques such as flu-
orescence and photoacoustic spectroscopy, or in polar-
ization spectroscopy. The new method is based on de-
structive light interference, similar to approaches pre-
viously used within broad-band light Fourier transform
spectroscopy, but now brought into the field of tunable
narrow-band lasers. The versatility of such a system can
improve applied gas sensing systems in many situations,
e.g. industry. The traditional delicacy in handling inter-
ferometers was overcome by a robust electronic stabiliz-
ing approach. The case of methane detection was illus-
trated, methane being an important green-house gas and
a major cause of devastating coal-mine explosions.

Acknowledgements

This work was supported by the Swedish Research Coun-
cil. We would like to thank Michele Giunta and Clément
Derrez for assistance in the initial parts of implementing
the PID, and Prof. Stefan Andersson-Engels for valuable
comments.

References

1. P. Werle, F. Siemr, M. Gehrtz, and C. Brauchle,
“Quantum-limited FM-spectroscopy with a lead-salt
diode laser,” Appl. Phys. B 49, 99-108 (1989).

2. See, e.g., S. Svanberg, “Atomic and molecular spec-
troscopy, 4th ed.,” Springer, Heidelberg (2004).

3. H. Bar-Lev, “A dual-beam infrared interferometer-
spectrometer,” Infrared Phys. 7, 93-98 (1967).

4. D. Kuehl, and P.R. Griffiths, “Dual-beam Fourier trans-
form infrared spectrometer,” Anal. Chem. 50, 418-422
(1978).

5. P.S. Jensen, and J. Bak, “Measurements of urea and glu-
cose in aqueous solutions with dual-beam near-infrared
Fourier transform spectroscopy,” Appl. Spectrosc. 56,
1593-1599 (2002).

6. Z.G. Guan, M. Lewander, and S. Svanberg, “Quasi zero-
background tunable diode laser absorption spectroscopy
employing a balanced Michelson interferometer,” Opt.
Expr. 16, 21714-21720 (2008).

7. D.B. Neumann, and H.W. Rose, “Improvement of
recorded holographic fringes by feedback control,” Appl.
Opt. 6, 1097-1104 (1967).

8. V.V. Krishnamachari, E.R. Andresen, S.R. Keiding,
and E.O. Potma, “An active interferometer-stabilization
scheme with linear phase control,” Opt. Expr. 14, 5210-
5215 (2006).

179



Active feed-back regulation of a Michelson interferometer to achieve zero-background absorption
measurements

9. A.A. Freschi, and J. Frejlich, “Adjustable phase con-
trol in stabilized interferometry,” Opt. Lett. 20, 635-637
(1995).

10. A.D. Kersey, D.A. Jackson, and M. Corke, “Passive com-
pensation scheme suitable for use in the single-mode fi-
bre interferometer,” Electron. Lett. 18, 392-393 (1982).

11. T. W. Héansch, and B. Couillaud, “Laser frequency stabi-
lization by polarization spectroscopy of a reflecting ref-
erence cavity,” Opt. Commun. 35, 441-444 (1980)

12. J. L. Hall, “Stabilized lasers and precision measure-
ments,” Science 202, 147-156 (1978)

180



PAPER IX

Food monitoring based on diode laser gas
spectroscopy

M. Lewander, Z.G. Guan, L. Persson, A. Olsson, S. Svanberg.
Applied Physics B 93, 619 - 625 (2008).






Paper IX

Appl Phys B (2008) 93: 619-625
DOI 10.1007/500340-008-3192-2

Applied Physics B

Lasers and Optics

Food monitoring based on diode laser gas spectroscopy

M. Lewander - Z.G. Guan - L. Persson - A. Olsson -
S. Svanberg

Received: 16 April 2008 / Revised version: 14 July 2008 / Published online: 30 September 2008

© Springer-Verlag 2008

Abstract Food is frequently packed in a controlled envi-
ronment of gas, in order to extend shelf life. It is of great
importance to be able to monitor the status of the packed
food to ensure quality. We demonstrate a technique to mon-
itor the gas inside packages non-intrusively by using a laser
spectroscopic method in scattering solid materials. The tech-
nique named GASMAS (GAs in Scattering Media Absorp-
tion Spectroscopy) is based on tunable diode laser absorp-
tion spectroscopy and relies on the fact that free gas in-
side solid materials absorbs much sharper spectrally than
the bulk material. Results from time dependent measure-
ments of molecular oxygen and water vapour in packages
of minced meat, bake-off bread, and the headspace of a milk
carton are presented. We show that the technique allows gas
measurements inside the food through the package, and as-
sessment of the integrity of the package.
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1 Introduction

Food handling, preservation and packaging is an important
aspect of great public interest and concern. The natural pres-
ence of oxygen in food products and packaging environ-
ments, hastens chemical breakdown and microbial spoilage
of the food products. Traditional packaging methods are
therefore largely being replaced by newer techniques, fre-
quently falling under the Modified Atmosphere Packaging
(MAP) or Controlled Atmosphere Packaging (CAP) cate-
gories. These methods replace the natural oxygen content
inside the package with other gases such as carbon diox-
ide (COy) or nitrogen (N2). Food decay and fouling are
largely the result of oxidative processes on the one hand,
and microbial action on the other hand. Such deteriorating
processes are further accelerated with an increased storage
temperature. Foods are frequently packed in plastic films,
mostly made of polyethylene (PE), polyethylene terephta-
late (PET), polyvinyl chloride (PVC), polypropylene (PP),
or mixtures thereof. Films may be completely tight or be-
ing semi-permeable. An equilibrium of gas concentrations
may arise due to the interaction with the product and the gas
contained in the package. Here, different permeability of the
film to different gases is an important aspect. Frequently, the
gas composition is actively changed at the time of packag-
ing, either by flowing gas during the packaging or by first
subjecting the product to vacuum followed by inlet of the
desired gas mixture [1-4].

Oxygen is a very active gas and it is therefore impor-
tant to control its concentration in food packaging. Gen-
erally, it is desirable to reduce its concentration from am-
bient (21 percent) to a few percent, reducing the oxidative
processes and thereby extending the shelf life. Reducing the
oxygen concentration even further can lead to the onset of
fermentation, which is unwanted in, e.g. fruit storage [5].

@ Springer
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However, other products, such as bakery, poultry and bacon,
can advantageously be stored in an oxygen-free surround-
ing. There is one instance when an oxygen concentration
above the ambient (even up to 80%) is applicable; for the
treatment of meat to keep the red pigment of myoglobin that
gets reduced to deoxymyoglobin in anoxic environments, re-
sulting in brown or greyish meat colours [6].

Carbon dioxide is an effective replacement to oxygen as
an anti-microbiological gas. High concentrations of this gas
prevent the growth of aerobic bacteria. In addition, low tem-
peratures are good to prevent such growth, also because wa-
ter and lipids dissolve carbon dioxide much better at low
temperatures. Nitrogen behaves like an inert gas in food
packaging. It does not dissolve well in water or lipids and
thus ensures that a package looks filled and is not collapsing.
Pasta is often packed in 100% nitrogen. Frequently, a com-
bination of high carbon dioxide and nitrogen concentrations
is used in MAP, e.g. in cheese and cured-meat packaging.

The packaging obviously also prevents a product from
drying out and it protects the product from external micro-
bial attack. Aeromonas hydrophila, Clostridium botulinum,
Yersina enterocolitica, Listeria spp., and Escherichia coli
are examples of pathogens which grow even under refrig-
erated conditions [4].

It is of great importance to be able to assess the status
of packed food to ensure its quality and suitability for con-
sumption. Many sensing techniques have been developed.
However, some spoilage micro-organisms do not cause overt
evidence of spoilage [4, 7]. Gas chromatography and other
sampling techniques require puncturing the package for gas
extraction. Measurement techniques should preferably be
non-intrusive in nature, in order to maintain packaging in-
tegrity and reduce waste of samples. In particular, not break-
ing the package is a matter of considerable importance in the
MAP community. Measurement of the oxygen contents in a
sealed package can be done by performing optical measure-
ments. This can be done using small sensor disks prepared
to change in colour in the presence of oxygen. Alternatively,
and more commonly used, the sensor disk is prepared with a
ruthenium- or platinum-containing dye, the fluorescence of
which is quenched by oxygen [8]. However, the techniques
are intrusive from the point of view that the small disks have
to be introduced in the package at the time of sealing. There
is a cost and a safety aspect ensuring that the active reactive
agent does not influence the product or the consumer.

Gas absorption spectroscopy in a spectral region where
the packaging material as well as the product is transpar-
ent is of particular interest to ensure non-intrusive, real-time
measurements. This is the route we have taken, and below
we will report our initial experience on gas monitoring in
packages of meat, bakery products and milk.

Natural products, such as foods, frequently exhibit a very
strong light scattering, making the application of normal gas
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spectroscopic techniques [9] difficult. Normally, gas moni-
toring, whether pursued with classical or optical techniques,
is limited to the headspace in transparent packages. Recently
(in 2001), a method for gas analysis in scattering materials
was introduced in our group. The GASMAS (GAs in Scat-
tering Media Absorption Spectroscopy) technique analyses
the sharp absorptive imprint in the scattered light leaving
the organic material [10-12]. This means that the gas in-
side the product in the form of pores can be analysed op-
tically for the first time non-invasively. The pores can be
small compartments or a larger cell surrounded by scattering
material. Mostly, molecular oxygen gas has been explored
using semiconductor lasers operating around 760 nm, but
also water vapour has been studied [12]. Examples of pre-
viously studied samples with the GASMAS technique are
polystyrene foam, fruit, wood, and human sinuses [11-15].
The possibility to measure two gases simultaneously is a
particular asset when using GASMAS, since the multiple
scattering in porous/inhomogeneous media makes the opti-
cal path length undefined, complicating the straightforward
application of the Beer—Lambert law for concentration eval-
uation. Water vapour (interrogated around 935 nm) can be
used as a reference gas. Under the condition of a 100% sat-
uration, which is the case in an enclosed volume with liquid
water present, the concentration of water vapour is known,
since it is only determined by the temperature. In this way
the concentration of, e.g. oxygen can be determined by nor-
malisation, assuming that the optical properties are close to
similar for the two wavelengths employed, or that proper
correction can be applied. This normalisation procedure has
been used in connection with diagnostic gas monitoring for
human sinuses and is discussed in [13] and [15].

In the food-related area, we have performed initial oxy-
gen measurements on fruits, especially apples [14]. We have
now extended these types of measurements to minced meat,
bakery products and an intact gable top carton with milk.

In the next section we describe the experimental setup
used for the measurements which are described in a subse-
quent section. The data analysis employed is then explained.
Finally, the results are discussed and an outlook for the fu-
ture is made.

2 Method
2.1 Experimental setup

An overview of the spectroscopic equipment used to moni-
tor gases in food products in packages is given in Fig. 1. The
setup is basically the same as developed for human sinus
cavity monitoring, and a detailed description can be found
in [15].
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Fig. 1 Experimental arrangement for simultaneous measurements of
free molecular oxygen gas and water vapour

The wavelength of two pigtailed distributed feedback
(DFB) lasers (Nanoplus) are scanned across the RI1R11 ab-
sorption line of molecular oxygen at a vacuum wavelength
of 760.564 nm, and the rotation-vibrational transition (vibra-
tion; (000) — (121), rotation; J” =3 — J' =4, K, =0—
K, =0,K] =3 — K| =4) of water vapour at 935.686 nm,
by employing sawtooth ramps at 5 Hz on the injection cur-
rents. At these wavelengths the food stuffs and the pack-
ages are transparent, enabling gas detection non-intrusively.
Sinusoidal modulations of 10295 Hz for molecular oxygen
and 9015 Hz for water vapour are superimposed on the saw-
tooth ramps to enable phase sensitive detection. The laser
light is fibre-optically coupled together and divided into two
arms, the reference arm and the sample arm. The reference
arm carries a small fraction of the laser light and is directly
guided to a photo diode (S3590-01, Hamamatsu). The sam-
ple arm contains a large portion of the laser light and is
guided to the food sample. The diffusely emerging light of
the food package is detected with a large area, 18 x 18 mm,
photo diode (S3204-08, Hamamatsu). The current signals
from the detectors are amplified in two steps, first with a
trans-impedance amplifier (DHPCA-100 and DHPCA-200,
Femto Messtechnique GmbH) and then with Stanford Re-
search Model SR560 units which also function as a high-
pass filter (12 dB/octave at 3 kHz), removing the sawtooth
part of the signals. The high-passed signals are synchro-
nously sampled with a PCI card (National Instrument 6120
with maximum sample rate 800000 S/s and 16 bits). The
sample rate used in the experiments was 400000 S/s. The
collected data are then analysed by a Matlab program per-
forming the digital wavelength modulation procedure en-
abled by the synchronised sampling.

2.2 Gas investigation

Packages of minced meat, bake-off bread, and milk in a
gable top carton were investigated using the technique de-
scribed.

To study the possibility to monitor changes in a modi-
fied atmosphere the gas composition was measured for one
minced meat tray package over three days. The meat pack-
ages were purchased in a local grocery store, which had
packed the minced meat in a tray of polystyrene foam, and
covered it by a plastic film. The fibre-coupled light was in-
jected through the plastic film covering the minced meat
and the light passing through the meat and tray was de-
tected. To reduce the data analysis process and due to previ-
ous experience of slow time dependencies an average time
of 10 minutes was used despite that an average time of
1 minute was sufficient regarding photon statistic. Previous
to the measurements the package was placed in a cold en-
vironment. However, the measurements were performed in
surrounding room temperature, resulting in different temper-
atures of the sample over time. The temperature was mon-
itored with a temperature logger (Picotechnology TH-03).
Two temperature sensors were used. One was placed on top
of the plastic film of the studied minced meat sample and
one was inserted into the contents of a similar package as
the one under-going the spectroscopic study. The tempera-
ture values were also averaged for 10 minutes.

For the bake-off bread a plastic package containing eight
buns packed in a modified oxygen-free atmosphere was
used. The light was injected through the plastic film into
one bun. The light was detected in a transmission mode.
After one hour a large sized hole of about 1 c¢cm in diam-
eter was made in the package, resulting in air flowing into
the package. The signal was measured for 24 further hours.
An average time of 10 minutes was used to reduce the data
evaluation process. The package was all the time at room
temperature.

The headspace of a milk container was monitored by in-
jecting the light through one surface and detecting scattered
light through a different surface as shown in Fig. 2. The
milk carton is made of white and red paper, about 0.5 mm
thick. An averaging time of 1 minute was used. After around
30 minutes a small hole of about 2 mm diameter was intro-
duced.

2.3 Data analysis

From the data collected with the PCI card, each laser, and
hence the different gases, can be distinguished due to the
different sinusoidal modulation frequencies. The synchro-
nised sampled data enable post analysed phase-sensitive de-
tection. Here this is done by using fast Fourier transfor-
mation. A detailed description of the technique is found
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Fig. 2 (a) Photograph of a milk
carton. (b) Milk carton
measurement geometry, one
possible light path illustrated

in [16]. Briefly, the collected data are Fourier transformed.
A window function selects the desired harmonic and down-
converts it to zero frequency, before inverse Fourier trans-
formation is made. The absolute value of the complex signal
after phase adjustment results in the wavelength modulation
spectroscopy (WMS) signal.

The 2f WMS signal is normalised by division with the
offset of the 1f WMS signal, since this offset for given
laser driving conditions is proportional to the light intensity.
To correctly utilise such normalisation for quantitative gas
analysis, it is necessary that calibration measurements on
gas with known concentrations are performed for identical
laser driving conditions. The normalised 2f WMS signal is
then subjected to balanced detection. This process is made to
subtract interference phenomena that occur in the setup, and
other systematic defects. The balanced detection is made by
minimising the difference between the normalised 2f WMS
signal, ysamp(x), and a function containing both a polyno-
mial p(x), a polynomial ¢(x) times the reference 2f WMS
signal yref(x), and an ideal signal shape yjgear(x) (the 2f
WMS signal obtained for a measured long air path). The
variable x refers to sample point of the data:

Ysamp(X) = po + p1x + pax” + (go + q1%) e (*)
+ €+ Yideal (X — X0). (e8]

The shift of the ideal signal centered at x is present to ac-
count for small drifts. The amplitude of the fitted ideal signal
is proportional to the absorption of the species- and the path
length the photons have traveled in the sample. As a cali-
bration the standard-addition method is used, by converting
the amplitude to an equivalent mean path length Leg. This
property is the length the light has to travel through ambi-
ent air (at 24°C and a relative humidity of 20%) to obtain
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Gas headspace

Milk

the same signal, and is dependent of both the absorption of
the gas and the traveled path length in the gas of the sample.
‘We note that it is important to measure temperature and rel-
ative humidity accurately, since errors directly transfer into
the evaluated oxygen concentration.

Due to the complex dependence of Leq on the bulk prop-
erties, it is of interest to divide it with the Leq of another
species of known concentration for which the interrogated
light has traveled the same path length. Under the assump-
tion that scattering and absorption of the bulk material of the
sample are equal for the two wavelengths used for measure-
ment on the two gases, the path lengths are equal. If liquid
water is present in a sample with closed volume, then the
concentration of water vapour can be determined if the tem-
perature is known.

3 Results and discussion
3.1 Minced meat

Typical molecular oxygen and water vapour signals obtained
in measurements of minced meat are shown in Fig. 3. The
grey line is an ideal signal fitted according to (1).

Figure 4a shows the obtained Leq values of water vapour
in a minced meat package over time. The temperature mea-
sured inside a similar package is shown in Fig. 4b. The cor-
responding partial pressure is calculated through the Arden
Buck equation [17] and presented in Fig. 4c. The tempera-
ture measured on top of the minced meat sample correlated
with the one measured inside the meat, only with an off-
set as a difference. The sharp increase of signal can be seen
to originate from the temperature dependence of the water
vapour signal. To eliminate the temperature effect the ratio
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the change in the optical properties in the bulk material or in
pore size for the packed minced meat.

The Leq value of molecular oxygen in the minced meat
package over time is presented in Fig. 5a. In Fig. 5b, the
temperature-compensated water vapour signal, used as a ref-
erence to diminish the influence of the sample changes, is
shown. The ratios of the Leq values of molecular oxygen and
the temperature-compensated water vapour values are pre-
sented in Fig. 5c. Division with reference gas measurement
results in values not including the scattering and absorption
properties of the bulk material, under the assumption that
the optical properties in the bulk material are the same for
the two wavelengths used. The calculated ratio corresponds
to the molecular oxygen in the package, and can be seen to
decrease over time, interpreted as the minced meat consum-
ing ambient oxygen by oxidation.

3.2 Bake-off bread

Data for the bake-off bread are shown in Fig. 6. At the
dashed line a hole of about 1 cm is made in the pack-
age, providing ambient air to freely pass into the package.
The initial values of molecular oxygen signal, close to zero,
show an absence of oxygen which indicated that the pack-
age is tight to oxygen prior to penetration. At puncture,

Time [min]

Fig. 4 Measurement of minced meat over time: (a) Leq of water
vapour, (b) temperature measured inside a similar package, (c) satu-
rated partial pressure of water vapour corresponding to measured tem-
perature, (d) ratio between the Leq of water vapour and the partial pres-
sure of water vapour at different times

an immediate change is measured in the molecular oxy-
gen and water vapour content. This can be interpreted as
the bake-off bread trying to reach a new equilibrium in the
new ambient situation. The increase of the water vapour sig-
nal shows that a 100% relative humidity was not present in
the non-perforated package due to lack of water, not allow-
ing saturation. However, water vapour was present in the
non-perforated package since an initial value of 450 mm
was measured. The time constant of the diffusion of mole-
cular oxygen and water vapour into the bread bun was
7 =211 min and 7 = 258 min, respectively, using an ex-
ponential fit.

3.3 Milk carton headspace
Headspace measurements through a scattering package were

performed by studying the gable top of a milk carton. Typ-
ical signals from the milk carton measurements are shown
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Fig. 6 A bake-off bun inside a modified atmosphere. The vertical
dashed line indicates when a hole was made in the package. The grey
dashed lines are exponential fits to the data resulting in the indicated
time constants T

in Fig. 7 and correspond to an Leq of 220 mm of molecu-
lar oxygen and an Leq of 380 mm of water vapour. Multiple
passages over the headspace due to the scattering package
and milk indicated in Fig. 2 result in a larger signal than cor-
responding to the physical geometry. Data for water vapour
and molecular oxygen from the measurements over time are
shown in Fig. 8a. As the package is perforated an offset in
the water vapour and oxygen signal is seen. Under the per-
forating process small displacements of the detector and in-
jecting fibre are noted, which can provide an explanation for
the offset. Small displacements of especially the injecting fi-
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Fig. 7 Signals from measurement on the headspace of a milk carton,
with fitted ideal curves (grey). The accumulation time was 60 s
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Fig. 8 Data obtained for the headspace of a milk carton. For each
data point an accumulation time of 60 s was used. At time around 30
minutes a small hole was punctured at the top of the package. The grey
dashed line is drawn for the guidance of the eye

bre can give effects on the path length of the detected light.
In Fig. 8b, the ratio of the oxygen and water vapour sig-
nal is presented and is stable over the whole investigation.
A 100% relative humidity is expected since the large wet
surface fully moisturises the gas in the head space in spite
of the ventilation. This behaviour has also been observed for
human sinus cavities [13]. The stable ratio suggests that the
oxygen concentration in the headspace in the milk carton
is the same as in the ambient air. It can be noted that the
variations seen in the stable part of the measurement are not



Paper IX

Food monitoring based on diode laser gas spectroscopy

625

diminished with the normalisation process with a reference
gas. Slow varying residual interference effects are possible
explanations to this phenomenon which demands further ex-
amination.

4 Conclusions

We present results from measurements showing the feasi-
bility of the GASMAS technique as a powerful tool for
studying food stuffs and food packaging. Measurements
on minced meat packages, bake-off bread packages and
the headspace in a milk carton illustrate the possibility to
monitor the packed food stuff, as well as the package in-
tegrity, non-intrusively. The stable or only small increase
in the temperature-compensated water vapour signal in the
minced-meat measurement suggests that in minced-meat
monitoring the reference gas might not be necessary in an
industrial monitoring device. The increase of water vapour
signal as the bake-off bread package is penetrated reflects
that a 100% relative humidity was not reached in the non-
punctured package. The concentration of water vapour can
thus not be calculated and not used as a reference gas. The
non-response for puncture of the ratio in the milk carton
measurement indicates that the oxygen concentration in the
headspace is the same as in the ambient air. The change
in the optical path length due to the small displacement
in the perforating process was shown to be eliminated by
using water vapour as a reference gas. This supports the
use of a known water vapour concentration for extracting
the oxygen concentration. The oxygen signal referenced to
a temperature-compensated water vapour signal is then re-
lated to the oxygen concentration, and might be used for
non-intrusive checking of fouling. The assumption that the
sampled volume of the two wavelengths used is similar has
been discussed in [13] where the validity for the case of
human sinus monitoring was experimentally noted. At any
rate, a correction factor could be determined by independent
gas concentration measurement. These aspects will be fur-
ther explored.

The measurements of the bake-off bread are promising
in the way that they indicate that the GASMAS technique is

suitable for non-intrusive monitoring of the tightness of the
food package. After these proof-of-principle measurements
we now aim at in-depth studies of different products in close
cooperation with expertise in the corresponding fields.
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Abstract:  We present a portable system for non-invasive, simultaneous
sensing of molecular oxygen (O;) and water vapor (H,O) in the human
paranasal cavities. The system is based on high-resolution tunable diode
laser spectroscopy (TDLAS) and digital wavelength modulation spec-
troscopy (dWMS). Since optical interference and non-ideal tuning of
the diode lasers render signal processing complex, we focus on Fourier
analysis of dWMS signals and procedures for removal of background
signals. Clinical data are presented, and exhibit a significant improvement
in signal-to-noise with respect to earlier work. The in situ detection limit,
in terms of absorption fraction, is about 5 x 10~ for oxygen and 5 x 10~*
for water vapor, but varies between patients due to differences in light
attenuation. In addition, we discuss the use of water vapor as a reference in
quantification of in situ oxygen concentration in detail. In particular, light
propagation aspects are investigated by employing photon time-of-flight
spectroscopy.
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1. Introduction

High-resolution tunable diode laser absorption spectroscopy (TDLAS) is a powerful tool for
selective and sensitive gas sensing, and is widely used in science and technology [1, 2, 3].
The conventional experimental configuration involves either open path monitoring or gas cells
(single or multi-pass), while data evaluation typically relies on lineshape theory in combina-
tion with the Beer-Lambert-Bouguer law of light transmission. In 2001, it was demonstrated
that TDLAS can be used also for sensing of gases inside porous and highly scattering (tur-
bid) solids [4]. In contrast to the conventional conditions described above, measurements of
gases in pores of solids involve working with diffuse light, heavy attenuation, severe optical
interference and unknown optical pathlengths [5]. To emphasize these unusual and aggravating
experimental conditions, the technique is often separately termed gas in scattering media ab-
sorption spectroscopy (GASMAS). The technique has been used to characterize various porous
materials, such as polystyrene foam [4], wood [6], pharmaceutical tablets [7], and human sinus
cavities [8]. Reviews of GASMAS are available in Refs. [9, 10].

A fundamental aspect of GASMAS is the great contrast between the spectrally sharp absorp-
tion lines of free gases (lines used in this work are about 0.006 nm FWHM) and the slowly
varying absorption spectra of solids. This contrast allows detection of weak gas absorption
even under heavy background absorption. So far, GASMAS has been used to detect molec-
ular oxygen (O;) at around 760 nm, or water vapour (H,O) around 935 or 980 nm. Since
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the corresponding absorption lines are weak, GASMAS has relied on wavelength modulation
spectroscopy (WMS) to increase sensitivity. WMS is a well established tool in TDLAS [11],
and involves sinusoidal modulation of the laser wavelength and detection at harmonics of the
modulation frequency (detection at the second harmonic, 21, is a common choice). The WMS
technique shifts the absorption signal to a frequency range less affected by low-frequency noise
of system components, and allows baseline-free recordings of derivative-like versions of the
actual absorption feature [12, 9]. Traditionally, WMS relies on analog function generators for
laser modulation, lock-in amplifiers for detection of signal harmonics, and oscilloscopes for
data acquisition. By synchronizing data acquisition with function generators for laser modula-
tion, it is possible to simultaneous record multiple WMS harmonics without the need of lock-in
amplifiers [13]. The WMS system can be further simplified by employing a single plug-in board
with synchronized outputs and inputs for laser modulation and data acquisition [14]. These ap-
proaches can be termed digital wavelength modulation spectroscopy (dAWMS), and is based on
recording of the raw detector signals. Equivalents to the traditional WMS signal, as generated
by a lock-in amplifier, are obtained by employing a digital lock-in amplifier (e.g. the LabVIEW
lock-in toolkit) [14] or by means of Fourier analysis [13, 7].

Diagnostics of the human sinuses is a particularly interesting application of the GASMAS
technique [8]. The maxillary and frontal sinuses are located behind the cheek bones and
the frontal bone, respectively. In a healthy state the sinuses are air filled cavities ventilated
through the nasal ventricle. Sinusitis, now often termed rhinosinusitis, is an infection of the
sinuses, causing nasal blockage and mucus obstruction [15]. Current diagnostic methods of the
paranasal sinuses include case history and, in selected cases, computed tomography (CT) [16].
The diagnostic potential of the GASMAS technique has been demonstrated on volunteers with
a laboratory system for oxygen spectroscopy [17, 8]. As discussed in Ref. [8], the diagnostic
value of the approach may be significantly increased by incorporating simultaneous sensing of
both water vapor and molecular oxygen. The reason is that cavities in the human body often
can be assumed to be at 37 °C and at 100% relative humidity, and that the in situ concentration
of water vapor thus can be considered known. Assuming that the optical pathlength through the
gas-filled cavity is the same at 760 nm and 935 nm, the water vapor data can then provide the
information on optical pathlength needed to estimate the in situ oxygen concentration. Sequen-
tial sensing of H,O and O, in human sinuses has been demonstrated using a laboratory setup
based on traditional, analog WMS [8].

In this work, we present a portable system designed for a clinical trial aimed at monitoring
gas in the paranasal sinuses of 40 patients undergoing investigation for sinus-related problems.
The system is based on dAWMS, and allow simultaneous sensing of HO and O;. The clinical
performance is significantly better than previous reported clinical work [18] (tenfold improve-
ment in signal-to-noise). We report our experiences from using pigtailed diode lasers and optical
fibers in TDLAS instruments, and the signal processing required to reach the improved perfor-
mance is described in detail. In addition, for the first time, we employ photon time-of-flight
spectroscopy (PTOFS) to investigate the photon migration aspects of optical sinus diagnostics.
By estimating photon pathlengths at 786 nm and 916 nm, we can scrutinize the idea of using the
water vapor absorption at 935 nm to estimate optical pathlength at 760 nm. Finally, we discuss
the possibility of constructing a simpler TDLAS system for monitoring of gas in the paranasal
sinuses.

2. Materials and methods

2.1. TDLAS instrumentation

The TDLAS system for our clinical application is a fiber-based dual beam system based on
coherent sampling and digital wavelength modulation spectroscopy (dAWMS). A schematic of
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the instrumentation is given in Fig. 1. The wavelength of two pigtailed DFB lasers (Nanoplus,
Germany) are scanned across single absorption lines of molecular oxygen (at 760.445 nm,
peak absorption 2.6 x 107> mm~! for 21% O,) and water vapor (at 935.686 nm, peak absorp-
tion 2.4 x 10~* mm~! for H,O at 100% relative humidity and 37 °C). Diode laser modulation
and data acquisition is managed by a PCI board with synchronized outputs and outputs (NI-
6120, National Instruments). The modulation consists of a fs.q, = 5 Hz triangular waveform
for wavelength scanning together with a faster sinusoidal waveform for wavelength modulation.
The amplitude of the wavelength modulation is chosen so that the 2 /' harmonics are maximized,
i.e. set to 2.2 times the absorption linewidth (half width at half maximum). Straightforward sep-
aration of the two absorption signals is ensured by choosing different modulation frequencies,

fm, for the wavelength modulation of the two lasers (9,015 and 10,295 Hz for the oxygen and

water vapor lasers, respectively) [18]. Modulation signals are sent to two diode laser drivers
(06DLD103, Melles Griot), which are used to operate injection currents as well as for tempera-
ture stabilization.

Severe optical interference originating from optical components makes single beam TDLAS
operation unfeasible. Instead, single mode optical fiber couplers are used to create a dual beam
configuration (sample and reference arms). The output from the two pigtailed diode lasers are
about 4 mW each. Due to non-ideal performance of these couplers, the optical powers available
in the sample arm are only 0.25 mW (935 nm) and 1 mW (760 nm). A fiber probe is used
to inject light into the tissue, and a 18x 18 mm? unbiased large-area photodiode (S3204-8,
Hamamatsu) is used to detect transmitted diffuse light. Light in the reference arm is detected
by a 10x10 mm? unbiased photodiode (S3590-01, Hamamatsu). Low-noise transimpedance
amplifiers (DLPCA-200, FEMTO Messtechnik, Germany) convert photodiode currents, and the
amplification is typically set to 10° or 107 V/A in clinical measurements. The resulting voltage
signals are coherently sampled at f,=400,000 samples/s by the PCI board. Averaged voltage
data are stored on disc and post-processing of data is required to obtain absorption imprints.
Each dataset corresponds to one full period of the scan frequency, i.e. 80,000 samples (and is
in general a result of averaging over several scans). The signal processing is described in detail
in the following section. Note that both modulation frequencies, as well as the scan frequency,
satisfy the criteria for coherent sampling (i.e. an integer number of cycles are sampled) [19].

2.2.  Signal processing

As described in the previous section, the system stores an amplified version of the raw photo-
diode output. In contrast to conventional WMS, where a lock-in amplifier is used to monitor
a single frequency channel, this means that the data contains information on multiple harmon-
ics, as well as on detected intensities. For the case of single beam setups, Fourier methods for
extracting WMS signals from such data have been described by Fernholz et al. [13] and Svens-
son et al. [7]. However, due to complex background signals, the dual beam data generated by
the system used in this work requires special treatment. A detailed description of the signal
processing is therefore given below.

An example of acquired raw data from the sample arm, u,(¢), and its corresponding Fourier
spectrum is shown in Fig. 2. Data from the two arms, ie. us(¢) and u,(¢), are processed in
similar ways, and we therefore drop the subscripts in steps that apply for both signals. The
initial processing steps are performed in the Fourier domain (Eq. 1).

U(o) = Z{ut)} (1

As can be seen in Fig. 2, individual harmonics of the modulation frequencies appear as sep-
arated peaks in the Fourier spectrum. In order to study a specific harmonic 7 of a specific
modulation frequency @, the signal simply needs to be bandpass filtered. The bandpass filter-
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Fig. 1. A schematic of the instrumentation. A PCI board with synchronized analog outputs
(AO) and analog inputs (AI) manages both laser modulation and data acquisition. In order
to utilize the full dynamic range of the AO, voltage dividers (VD) are used to reduce the
signal level before modulation signals reach the diode laser drivers. Simultaneous sensing
of Oy and H;O is achieved by using two pigtailed DFB diode lasers operating around
760 nm and 935 nm, respectively. In order to allow separation of the two corresponding
absorption signals, the two lasers are operated at different modulation frequencies, f,,. The
laser outputs are arranged in a dual beam configuration: one photodiode (PD) provides
the reference signal, and a second records a signal carrying gas absorption information.
Transimpedance amplifiers (TIA) convert and amplify the photodiode currents, and the
resulting voltages are coherently sampled and averaged.
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Fig. 2. Raw data exemplified by a measurement on a 1000 mm path through ambient air.
Two lasers contribute to the detected signal, and the individual contributions and their
sum are shown in (left). A single-sided amplitude spectrum of the full signal (both lasers)
is given in (right), showing 1-3/ WMS components due to interactions with absorption
features. Note that the 1/ components are dominated by residual amplitude modulation
(RAM) of the diode lasers (see text for a discussion on RAM).
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ing is achieved in the frequency domain by using a super-Gauss window centered at + @, with
the width 6. The operation is stated in Eq. 2 (where the factor 2 is included to compensate
for the signal amplitude lost by neglecting the negative frequencies), and the resulting signal is

denoted U, r(®).
8
UMW”zXU@ﬁX%P<—(w_;;a%)> )

In order to study the evolution of w,, frequency content as the laser is scanned, we down-convert
,, to zero frequency,

V(@) =Uyp(@0+n- o), 3)
and perform a subsequent inverse Fourier transformation:
Vo (0) = F " {Vap(@)}. )

The resulting time-dependent signal, v;jf(t), is complex valued and can be studied in phase-
amplitude plots (a plot of the real versus the imaginary part) [13, 7]. In a phase-amplitude plot,
a pure sinusoidal signal will thus appear as a single dot. The signal amplitude is given by the
distance to the origin, and its phase is given by the angle with respect to e.g. the real axis. In
WMS experiments, the strength of harmonics vary as the laser is scanned across an absorp-
tion feature (or other transmission profiles). In the ideal case (linear tuning characteristics), the
phase-amplitude plot will therefore show values along a line (pure amplitude changes and 180°
phase jumps). For the 1/ harmonic, the line will have a significant offset due to the residual
amplitude modulation (RAM) of the laser diode (modulation of the laser frequency is accom-
panied by power modulation). For higher harmonics, WMS is ideally free from baseline, and
the line will therefore cross the origin. It is important to realize that a phase-amplitude plot
with values along a line does not guarantee a good signal-to-noise ratio. The reason is that all
transmission profiles, not only gas absorption, will give rise to line-type phase-amplitude plots
(including etalon fringes and other interference effects that typically limit TDLAS).

Before taking a look at experimental signals, it is, however, useful to make some additional
processing. In order to reach a quantitatively relevant signal, it is necessary to perform intensity
correction (signals are proportional to the detected intensity). The detected signal is, however, a
sum of the contributions from the two lasers (wavelengths). In order to determine the individual
contribution of a specific light source, we use the 1 f RAM of the lasers. Since the two laser are
modulated using different frequencies, the 1 / RAM signals are easily distinguished (and given
by the average of v} f(t)). The exact procedure for intensity correction is stated in Eq. 5, and the
resulting normalised quantity is denoted T/nff-(t). Note that a time-dependent calibration factor,
k(t), is introduced and used to convert the 1 / RAM into a measure of average signal level and its
evolution as the laser is scanned. This manoeuver makes it possible to compare obtained signal
levels with WMS theory (e.g. that the 2/ WMS peak signals should corresponds to about 0.3
times the actual absorption fraction). Note also, that the procedure includes removal of offsets
(these are not of any diagnostic value in subsequent analysis).

v, (1) — mean(v; (1))

Var(t) = k(1) x mean(vi (7)) ~ v

Figure 3 shows 1-3 /" phase-amplitude plots originating from interactions with an absorption
line of molecular oxygen. As can be seen in the left column, strong absorption results in the
expected line-type phase-amplitude plots. The middle column shows sample arm data from ex-
periments on L=2 cm ambient air, giving an absorption fraction typical to that encountered in
the clinical experiments. There, the phase-amplitude plot no longer exhibit the line-type struc-
ture expected in ideal WMS experiments. In order to emphasize this, the figure compares data
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Fig. 3. Phase-amplitude plots of sample arm V;/-(t)-signals originating from ambient air
(free-space) measurements. In order to show the signal structure, offsets have been re-
moved. For the fiber-based system used in the present work, large absorption is required
to produce a line-type phase-amplitude plot (left column, LZ=100 cm pathlength through
ambient air, 3 x 102 absorption fraction). In the case of low absorption, the phase plot is
completely dominated by background effects (middle column, L=2 cm, 5 x 10~* absorp-
tion fraction). In contrast, single beam operation without optical fibers results in line-type
phase-amplitude plots even at low absorption (right column, =2 cm, optical system as in
Ref. [5] while data acquisition and laser control is managed by the system presented in this

paper).
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obtained using the fiber-based system (left and middle columns) with data obtained using an
optical system that involves nothing but a VCSEL diode laser and a photodiode (right col-
umn). When utilizing our fiber-based setup, the observed signal structure is a complex result
of non-ideal laser tuning, interference fringes and gas absorption. In order to extract the often
minor contribution from gas absorption, we have developed a scheme for subtraction of back-
ground effects. We assume that the signal registered in the sample arm, v;, can be described by
a combination of the simultaneously recorded reference arm signal, v, and a so called abso-
lute reference recording of a strong, well-known gas absorption, v, ,. (recorded using the same
system, but not simultaneously). In this work, the absolute reference originates from measure-
ments in ambient air (L,,. = 1 m for evaluation of clinical data). The model is explicitly stated
in Eq. 6 (note that the n f-subscript has been dropped).

Vi () = pT (1) +47(0) XV (1) + ¢ X Vg . (1 — o). (©6)

Here, p*(¢) and ¢*(¢) are complex polynomials introduced to handle baseline differences be-
tween the reference and sample arms. ¢ is a real coefficient and gives the fraction of the absolute
reference needed to explain the gas absorption registered in the sample arm. Phase difference
between new experimental data and absolute reference recording can be handled by replacing
¢ with a complex valued coefficient (¢*). Such differences can occur due to changes in ambient
temperature and diode laser operation settings. Differences in the location of the absorption
within the scan is accounted for by introducing the shift parameter 7. The best model fit is
determined by means of non-linear Levenberg-Marquardt optimization on 7y (note that for a
given £y, the optimization problem reduces to linear regression). The absorption signal, w*, is
reached after subtraction of fitted background signals:

W (1) = v (1) = ppy(t) + g5 (1) x V7 (1) (O]

A conventional WMS signal is reached by determining the signal phase, f3,, and extracting the
amplitude variation, as stated in Eq. 8.

WMS, /(1) = Real{ (1, (1) — mean(i,(1)) ) x exp(~iB) } ®)

Figure 4 illustrates the importance of background subtraction, showing model fits and re-
sulting WMS signals. As customary in GASMAS, experimental signals are measured in terms
of equivalent pathlength in ambient air, L.,. If needed, a superscript is used to differentiate
between water vapor, LZ}O, and oxygen signals, Leoqz. When evaluation is performed using the
scheme described above, the L., is related to the pathlength used in the recording of the absolute
reference, L, ., as stated in Eq. 9.

Leq = Cfit X Lay. )

While the concentration of molecular oxygen in air can be assumed fixed at 21%, the abun-
dance of water vapor varies strongly with temperature and relative humidity. In this work, water
vapor signals are measured with respect to equivalent pathlength in air at 37 °C and 100% rela-
tive humidity, e.g. the condition expected in cavities of the human skull. The absolute reference
recording used in evaluation of water vapor absorption is measured in ambient air, simultaneous
to the recording of an absolute reference for oxygen. The water vapor concentration in these
experiments is inferred from measurements of temperature and relative humidity. The Arden-
Buck equation provides the saturation pressure of water vapor [20], and is used to convert the
1000 mm pathlength in ambient air into its equivalent pathlength with respect to 37 °C and
100% relative humidity. The Arden-Buck equation is given in Eq. 10, where p is the pressure
in atmospheres, and 7" the temperature in °C.

17.502T ) (10)

_ -3 17.502T
p=6.032>10""exp (240.97+T
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Fig. 4. Background subtraction exemplified using clinical data (molecular oxygen in the
frontal sinus). Due to the triangular modulation used for laser modulation, each scan
(dataset) include two interactions with the absorption feature. Differences in laser response
in up- and downwards scanning requires that the imprints are evaluated separately. De-
spite fairly strong absorption, the absorption imprint is heavily distorted by background
signals (left column). The observed structure can, however, be explained by the model in
Eq. 6. Line-type phase-amplitude plot is obtained after background subtraction (middle
column), and the resulting WMS signals (right column) exhibit good signal-to-noise ratio.
The absolute reference was recorded on 1000 mm path of ambient air, and ¢ ; = 0.032 thus
suggest an absorption that corresponds to 32 mm in air, i.e. 9 x 10~* in absorption fraction
(Leg = 32 mm).
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Note, for example, that a 150 mm pathlength at 37 °C and 100% relative humidity generates the
same absorption of water vapor as a 1000 mm pathlength at 25 °C and 30% relative humidity
(i.e. typical laboratory conditions).

2.3.  Water vapor as a reference gas

The equivalent mean path length, L, is of course dependent on both gas concentration and
pathlength through gas. Since the pathlength is unknown in GASMAS, it is generally not pos-
sible to determine gas concentration. This complication may be circumvented if one performs
simultaneous measurements on a gas with known concentration. For sinus diagnostics, water
vapor has been used for this purpose [8]. If (i) the concentration of oxygen in the sinuses equals
the atmospheric concentration, (ii) the optical properties (scattering and absorption) is the same
at the two wavelengths used, and (iii) the gas in the sinus is at 37 °C and 100% relative hu-
midity, Lg} should equal Lﬁ{}". Unfortunately, since water vapor is measured at 935 nm and
oxygen at 760 nm, differences in equivalent pathlengths may be assigned to differences in op-
tical properties rather than a change in oxygen concentration. Nonetheless, the ratio of the two
has proven to be fairly stable [8]. In this work we employ photon time-of-flight spectroscopy
(PTOFY) to investigate differences in optical properties (see below in Sect. 2.4 and Sect. 3.3).

2.4.  Photon time-of-flight instrumentation

Differences in light propagation between 760 nm to 935 nm is studied by employing pho-
ton time-of-flight spectroscopy (PTOFS). The utilized system has been described in detail
elsewhere, and has for example been used for in vivo spectroscopy of human prostate tissue
[21, 22]. Briefly, the system is based on pulsed diode lasers and time-correlated single photon
counting. Picosecond laser pulses are injected into the tissue, and transmitted diffuse light is
collected and resolved in time. The obtained photon time-of-flight histograms can be used to
determine optical pathlengths, average absorption and scattering coefficients. The two diode
laser used operate at 786 nm and 916 nm, respectively, thus only slightly deviating from the
two wavelengths used for the gas spectroscopy.

3. Results

3.1.  System performance

The general system performance was analyzed by investigating how well the system can resolve
differences in pathlength through ambient air. The results for the 2 / harmonic are presented in
Fig. 5, and show that the precision is on the order of 1 mm. The performance varies slightly
between the different harmonics, as reported also in Ref. [7]. Such effects may be assigned to
problems of interference fringes occurring in experiments involving source-detector separations
in the mm range. For example, the free spectral range of a 50 mm air etalon matches the width
of the absorption linewidth (at atmospheric conditions), and may therefore be detrimental to
the measurement.

3.2.  Clinical data

Clinical data are acquired at the Radiology Clinic of the Lund University Hospital, within the
framework of a clinical study aimed at comparing laser-based gas sensing with conventional CT
diagnostics. The study is approved by the local committee of ethics, and patients are enrolled
after informed consent. The maxillary sinuses, behind the cheekbone, are studied by placing
the fiber probe in contact with one side of the mouth cavity roof, close to the sinus under study.
The diffuse light is detected on the cheekbone. To monitor the frontal sinuses, behind the frontal
bone, the fiber probe is placed under one side of the eyebrow, close to the nasal bone, injecting
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Fig. 5. Investigation of system performance by measurements on series of distances of
ambient air (2/ signals, molecular oxygen). When using the fiber-based clinical system,
the resolution is about 1 mm L, i.e. about 3 x 1075 (average absolute deviations from
the fitted line, < |€| >). The resolution is significantly better, about 0.02 mm Ly, when the
optical system is replaced with a non-collimated VCSEL and a single large-area photodiode
(this system is described and used in Refs. [5, 7]). For this series, note the initial pathlength
offset of about 5 mm.

Fig. 6. CT images of the maxillary (a-b) and frontal sinuses (c-d). Black areas surrounded
by white borders (bone) correspond to air filled cavities. Each division on the scale corre-
sponds to 1 cm.

the light up in the frontal bone. The scattered light is detected on the forehead, with the bottom
part of the detector located about 1 cm above the eyebrow. Light is acquired during 20 s (100
scan averages). Ambient light sources are turned off or blocked during the measurement.

Figure 6 shows CT images of the frontal and maxillary sinuses of one of the patients enrolled
in the clinical study. The results of gas measurements on this particular patient is given in Fig.
7 (frontal sinuses) and Fig. 8 (maxillary sinuses). The signal-to-noise ratio, SNR, is calculated
by taking the ratio of the WMS peak and the maximum absolute value of fit residuals. The SNR
obtained suggest a detection limit of about 2 mm for both oxygen and water vapour (when
using the 1 or 2/ harmonics). This corresponds to absorption fractions of about 5 x 10~ for
oxygen and 5 x 10~ for water vapour. The measurement resolution is better than the maximum
residual value, and is thus expected to be significantly better than 2 mm. It should, however, be
noted that the performance varies between patients due to large variations in light attenuation.
The improvement in signal quality, with respect to earlier clinical data, is significant [18].

3.3. Photon time-of-flight data

The results of photon time-of-flight (TOF) experiments are reported in Fig. 9 and Tab. 1. The
total optical pathlength is on the order of 100 mm, but varies strongly. Clearly, there are sig-
nificant differences with respect to light propagation between the two wavelengths used for gas
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Fig. 7. 1-5f WMS signals from measurements on the left frontal sinus of a patient (black)
together with fitted absolute reference data (red). CT images of this frontal sinus is found in
Fig. 6. The detected power was 9 uW for 760 nm and 1 uW for 935 nm (transimpedance
amplification was set to 10°). The slightly lower Ley for water vapor is typical, and is
investigated in Sect. 3.3. Note the weak signal strength at higher harmonics, reducing the
signal-to-noise ratio and causing increased uncertainty in L, estimation. Note also that the
water absorption is about ten times stronger than the oxygen absorption.

spectroscopy. The data suggests that light used for oxygen sensing (760 nm) travels between 30
and 50% longer than light used for sensing of water vapour (935 nm). This fact explains why
LZ}O typically is systematically lower than the Leoq2 (see e.g. Fig. 7). The differences between
the two Leg-values are, however, typically lower than the 30-50% implied by PTOFS. This dis-
crepancy can be assigned to the non-trivial division of the total pathlength between tissue and
sinus cavity. Considering the complexity of light propagation in strongly heterogenous materi-
als such a discrepancy is not unexpected. The issue may deserve further attention, and could be
studied by Monte Carlo simulation.

Since the geometry of sinus measurements is complex and unknown, no appropriate model
for light propagation is available. However, at late photon time-of-flights, the shape of the TOF
distribution is mainly governed by the Beer-Lambert-Bouguer exponential decay exp(—,ct),
where U, is the absorption coefficient, and ¢ the speed of light in the medium. Absorption
coefficients can thus be estimated from the decay of the TOF distribution (the final slope of the
intensity plotted in log-scale) [23]. This estimation should, however, be considered rough, since
geometry and scattering properties greatly influence its accuracy [9].
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Fig. 8. 1-5f WMS signals from measurements on the left maxillary sinus of a patient
(black) together with fitted absolute reference data (red). CT images of this maxillary sinus
is found in Fig. 6. The detected power was 2.7 uW for 760 nm and 0.15 uW for 935 nm
(transimpedance amplification was set to 10°).
5000
s . 786 nm ) 916 nm
1
E 4000 ‘I'. <TOF>=0.85 ns ! ' <TOF>=0.58 ns
I
£ 3000f 1) ;o
3 I \ I
] " v
c 2000} 1| o
2 o !
2 1000f 1\ |
o h \ // B

#109769 - $15.00 USD
(C) 2009 OSA

0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0
Photon time-of-flight [ns] Photon time-of-flight [ns]
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Mean TOF [ns] Mean path [mm]  Abs. coeff. [cm™!]
786nm 916nm 786nm 916nm 786nm 916 nm

Volunteer 1, Frontalis 0.54 0.40 116 86 0.13 0.16
Volunteer 1, Maxillaris 1.38 0.90 296 193 0.10 -

Volunteer 2, Frontalis 0.61 0.45 131 97 0.11 0.14
Volunteer 2, Maxillaris 0.85 0.58 182 125 0.10 0.16

Table 1. Photon pathlengths and estimations of average absorption coefficients, as obtained
from PTOFS. Mean pathlengths are calculated from mean TOF, assuming a refractive index
of 1.4. For the measurements on the maxillary sinuses of volunteer 2, low light transmission
prevented proper analysis of absorption coefficient.

4. Discussion

The system described in this work is clearly capable of providing useful clinical data on the gas
contents of human paranasal sinuses. There are, however, alternative system designs that could
achieve similar or even better performance. The advantages of using optical fibers to deliver
light is the straight forward construction of an appropriate medical probe. In addition, fibers
allow convenient coupling of different light sources, rendering the use of multiple light sources
fairly simple. The major drawback, however, is that the use of pigtailed diode lasers and optical
fibers appears to degrade the system performance. Despite the elaborate schemes for back-
ground suppression described in this paper, the performance is still significantly poorer than
comparable single-beam systems that avoid optical fibers [5, 9]. However, considering for ex-
ample the high sensitivity fiber-based gas sensor developed by Engelbrecht [24], we expect that
we can improve our current fiber-based system. Nonetheless, the possibilities of constructing
a single-beam system, avoiding pigtailing and optical fibers, should be investigated. Potential
advantages include reduced system complexity, significant cost reduction, as well as simpler
and more robust data evaluation. The small size of diode lasers renders it possible to construct
a medical probe that injects light directly from the output of the diode lasers. The ideal solution
would be a single diode laser capsule that contains different diode lasers, operating at differ-
ent wavelengths. Furthermore, replacing pigtailed DFB-lasers with e.g. VCSEL lasers (shown
feasible in Ref. [14]) would make the system much more cost-efficient.

Another issue that deserves some attention is that the access to multiple WMS harmonics
reveals some technical imperfections. We have observed discrepancies between the L.,-values
obtained from the different harmonics. Water vapor appears to be particularly affected. Pos-
sible technical explanations include differences in detector response with harmonic frequency
and light distribution over the large-area photodiode. We are also investigating whether differ-
ences in conditions between the measurements of absolute references and the actual clinical
measurements can effect system behavior. In order to determine and improve measurement
accuracy, these effects require further attention.

Finally, since high light attenuation may degrade the sensitivity, the values given for detection
limit show be considered as guidelines. Nonetheless, a look through the full clinical dataset
shows that 2 mm L., most often is a fair indication of the limit of detection. We will discuss
this important aspect in detail in a forthcoming article that will focus on the clinical data.
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Abstract: A novel technique for studying photon propagation in scattering
media is proposed and demonstrated, as is believed, for the first time.
Photons propagating through the medium, from a frequency-ramped single-
mode diode laser, meet a reference beam from the same source, at a
common detector, and beat frequencies corresponding to various temporal
delays are observed by heterodyne techniques. Fourier transformation
directly yields the temporal dispersion curve. Proof-of-principle
experiments on polystyrene foam and a tissue phantom suggest, that the new
method, when fully developed, may favorably compete with the more
complex time-correlated single-photon counting (TCSPC) and the phase-
shift methods, now much employed.
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1. Introduction

Photon propagation in scattering media is a broad field with applications ranging from
radiative transfer in astrophysics, atmospheric radiative balance in climatology, to light
propagation in biological tissue. The latter field is much studied with regard to optical
mammography, measurements of tissue oxygenation and bleeding due to vessel rupture, as
well as for dosimetry in photodynamic therapy. An early application concerned brain
monitoring [1]; in a subsequent study imaging of structures in living human tissue was
demonstrated [2]. Studies of photon propagation in tissue can be pursued in the spatial domain
(CW lasers), but more frequently in the temporal domain using pulsed lasers (time-of-flight
measurements) or modulated CW lasers (the phase-shift method, where also amplitude
demodulation is monitored). An early overview of different techniques for studying light
propagation in biological tissue is provided in [3]. More recently, the general field of tissue
optics has been much studied, where the aspects of wavelength dependence of the absorption
and reduced scattering coefficients of tissue, x4, and g, respectively, are important, yielding
information on the concentration of tissue constituents. A number of discrete wavelengths
generated in swiftly pulsed diode lasers can be used in connection with time-correlated single-
photon counting (TCSPC) electronics [4]. An example is given in [5], where the optical
properties of human prostate tissue were determined. Alternatively, a short-pulse white-light
source can be used in conjunction with a combination of a spectrometer and a time-resolving
streak camera [6]. Then, in principle the optical properties of the medium can be evaluated
from data generated in a single laser pulse. Such time-resolved white-light spectroscopy has
also been extended to the study of pharmaceutical preparations [7].

Time-resolved measurements are also common in the laser radar field [8] and in
reflectometry in optical fiber networks [9], although the time scales then are much extended.
As illustrated in recent measurements on scattering media at a few meters distance [10], there
is a seam-less transition from the large to the small time scales.

In laser ranging and in reflectometry there is special emphasis on capturing the distinct
echoes from interfaces. Likewise, in early medical studies much emphasis was on “gated
viewing”, i.e. capturing the part of the pulse propagating through a medium without suffering
scattering. Numerous techniques were developed for that purpose [3]. In particular, a method
was developed by Toida et al. [11], where a CW laser was used in a Mach-Zehnder
interferometer configuration with one beam passing the scattering medium, and a frequency-
shifted reference beam being joined on a common detector. The heterodyne signal between
the two beams, detected at the difference frequency, is due to the ballistic (unscattered) signal
only, since other components all have varying phase due to delays. In the present paper the
same basic geometry is used; however, we now realize that also the scattered components can
be analysed, and also sorted in time using the same approach, but now employing a CW laser
with an added frequency ramp; a technique which is readily achieved with a diode laser with a
linear current ramp superimposed on the driving current. We in this way demonstrate the
recording of time-resolved photon propagation curves, such as those obtained in time-
correlated single-photon counting (TCSPC), but using simpler equipment. The simplification
is similar as the one obtained by using the phase-shift technique instead of the TCSPC
method. The technique, to our knowledge here demonstrated for the first time, draws
inspiration from heterodyne gated viewing [11], fiber optic reflectometry [9] and in particular
from the frequency modulated continuous wave (FMCW) ranging technique [12], where
single-scattering is assumed. We show that the extension to multiple scattering is straight
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forward and that only moderate modulation and detecting speeds are needed, but still a high
spatial resolution and a good signal-to-noise ratio (SNR) are achieved within a short time of
averaging.

The paper is organized in the following way. The measurement principle and the analysis
method used in the new method are presented in the next section. Then proof-of-principle
experiments on polystyrene foam and a tissue phantom are presented and the data retrieval
procedure is explained. Finally, the new method is put in relation to previous approaches in
view of complexity, temporal/spatial resolution and acquisition speed, and general
conclusions are drawn.

Frequency modulation
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Fig. 1. (a) Schematic diagram of the technique presented; (b) Principle of analyzing photon
propagation in the frequency domain.

2. Principle and analysis

Fig. 1 (a) and (b) show the experimental set-up used in the present experiments, and the
basic idea of data retrieval, respectively. In the FMCW technique, the frequency of the laser
source is linearly modulated with, e.g., a triangular waveform. The modulated light is then
separated into two beams, a reference beam and a probe beam. The reference beam passes
through a well-known distance while the probe beam passes through an unknown optical path
length. Both beams arrive at the same detector and interfere with each other. A beat frequency
(f,) proportional to the time delay (7) between these two beams will be induced in the detected
signal (see the right part of Fig. 1(b)). This specific frequency can be used to deduce the path
length of the probe beam and hence realize the space ranging. In most reported applications of
the FMCW technique, e.g. [12], the reflected photons are single-scattered, and the beat
frequency is detected with high contrast and at a narrow bandwidth. However, in the case
when the probe beam passes through a multiple scattering medium, the path lengths of the
photons will show a distribution with a position of the maximum and a width, which are
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dependent on g’, y, and the thickness of the sample. This part of the beam is labeled as sig
and is shown as a dashed curve in the left part of Fig. 1(b). If we denote the field of the
reference beam at the detector as

E, =A, expl- jo,1) 1)
the field of the signal light that arrives to the detector at the same time can be expressed as a
superposition of different components of the beam with photons which have passed through
different effective path lengths,

E, = Z A;ig exp{— j[(wmf =S 'Ti)' r+ ¢(Ti)]}' @)

Here, S =27z -Af /AT is the slope of the frequency modulation (see Fig. 1(b)), 7;is the time
delay of each component compared with the reference beam, and the square of the amplitude,

2
A;ig , is proportional to the number of photons of the corresponding component. The

interference signal of E,,r and E;, can be detected as

1=DC+3 A A, cos[S-7,-1- )]+ 3 N AL Al coslS-(c, —7,)- 1+ 4~ $(z)] 3)

i

The first term is a DC component of the interference signal. The second term indicates the
interference between E,,, and each component of E;, . The third term corresponds to the

interferences among different components of E;, . The intensity of the third term is much

weaker than that of the second term containing the reference signal itself, and can thus be
ignored. Obviously the second term consists of components with different frequencies

. o2
(proportional to the delays 7;), and different amplitudes (proportional to A;I-g , and A;I-g is

proportional to the number of photons). Therefore, the distribution of the time delays
(effective path lengths) of photons passing through a scattering sample can be obtained by

A Al

2
simply analyzing the spectral power ( sig| ) of the interference signal of Eq. (3) in the

frequency domain.
Since the working principle is based on optical interference, the measuring range of z;is

limited by the coherent length of the light source. A laser with a good coherence property is
needed for the technique presented. Suitable laser sources include distributed feed-back (DFB)
diode lasers (with coherence length of hundreds of meters), external cavity diode lasers
(ECDLs; kilometers), and Nd:YAG ring lasers (tens of kilometers) [13]. Good coherence
properties ensure the heterodyne efficiency between the reference and probe beams. Similar as
for the FMCW technique [12], the minimal resolvable optical path length (R) is determined by
the frequency range of the modulation ( Af ), i.e., R=~c/Af (c is the speed of light in

vacuum). Considering the g, and g’ of a scattering medium, e.g., a tissue sample, being
constants even if the frequency of the laser source is tuned across 500 GHz (corresponding to
~1 nm wavelength difference when the central wavelength is located at 750 nm), the
resolution, R, of the technique presented is expected to be of the order of 0.5 mm, which,
however, degrades due to nonlinearity of the wavelength ramping (which has been thoroughly
discussed in publications, e.g. Ref. [14]), and Doppler broadening in the frequency domain.
Motion in the medium under study, e.g. blood flow in human tissue, or even Brownian
motion of scatters, as well as mechanical instabilities in the interferometric apparatus are
sources of broadening. A more detailed discussion will follow in Section 4. One advantage
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originating from the heterodyne technique used is that the amplification is proportional to the
amplitude of the reference beam (see the second term of Eq. (3)), allowing a high sensitivity
of the system.

3. Experiments and results

For demonstration, an experimental system was built as shown in Fig. 1(a). A DFB diode
laser (Toptica Photonics, LD-0760-0040-DFB-1) operating in a single longitudinal mode, was
employed as the light source. The central wavelength is around 760 nm and the line-width is
less than 3 MHz (corresponding to a coherence length of 100 m). By ramping the driving
current with a triangular waveform, the tunable range of frequency of the diode is around 40
GHz (corresponding to an estimated resolution, R, of 0.75 cm, according to the expression
R ~c/Af ). The collimated light is divided by the first beam splitter into two parts, with 4%

working as reference beam and the remainder working as the probe beam. The probe beam
experiences multiple scattering in the sample under test, and penetrates through as signal light,
which is collected by an imaging lens. The second beam splitter is used to overlap the
reference beam and the signal light at the detector, a PMT tube (Hamamatsu, R5070A). A
delay line is inserted in the probe beam to set an offset delay between the signal light and the
reference beam. The tunable attenuator is used to adjust the intensity of the reference beam,
for optimizing the amplifying function while not saturating the PMT. The detecting direction
of the PMT is specially set as 90° against the probing beam, for convenience to test both
transmission and reflection versions of the technique, as shown in Fig. 1(a).

While the driving current is modulated by a 10 Hz triangular waveform, the signal from
the PMT is amplified by a current-to-voltage amplifier (Femto, DLPCA-200), and recorded
by a data-acquisition card (National Instruments, NI-6154) installed on a computer. In real
time, the spectral power of the signal in the frequency domain is analyzed with a fast Fourier
transform (FFT) program on the computer. The spectral curves are averaged 100 times within
10 s to achieve a better SNR. Here, averaging is required to extract the weak signal (due to
multiple scattering of the samples) from the background noise of the PMT. Averaging time
can be reduced by employing a more powerful light source.

Frequency (kHz)
25 3.0 35 40 25 3.0 35 40 25 3.0 35 40

(@) (b) ()

Spectral power (a.u.)

08 10 12 14 08 10 12 14 08 10 12 14
Optical path length (m)

Fig. 2. Spectral responses for different samples (a) white paper, (b) tissue phantom, and (c)
polystyrene foam (transmission mode). Curves are normalized by the maximum values.

Scattering samples of different materials were tested in the transmission mode. Fig. 2
shows the results corresponding to a piece of normal printing paper (white, 100 pum thick), a
tissue phantom (a 10 mm thick sample of gelatin containing ink as absorber, z,°=6.9 cm™' and
14,=0.3 cm™), and polystyrene foam (11 mm thick, g’ is ~ 30 cm™ and g, is ~0.001 cm™,
respectively). As expected from Eq. (3), the curves of (b) and (c) show extended tails in the
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frequency domain (or optical path length domain), due to massive multiple scattering in the
tissue and the foam. The curve of (c) is broader than that of (b), since z’ of the polystyrene
foam is much higher than that of the tissue phantom in this experiment. The thin white paper
exhibits a relatively narrow curve. However, the width of the curve (~3 cm) is broadened
compared with the theoretical spatial resolution limit (0.75 cm for the 40 GHz sweep utilized).
Due to lateral multiple scattering a broadening is expected and further, a Doppler broadening
will occur due to the vibrations and instability of the paper sample and the interferometer
structures during averaging in the measurements.

Pieces of polystyrene foam with different thickness (/) were also tested in the transmission
mode, and the resulting curves are shown in Fig. 3. With increasing /, the curve moves
towards longer path length and the tail extends longer, which matches the fact that photons
experience longer effective path length in a thicker scattering sample. For a piece of
polystyrene foam with 1 cm of thickness, the distribution of photon arrival times shows that
even path lengths of half a meter occurs.

Similar results can be obtained when the scattering sample is tested in a reflection mode.
A piece of polystyrene foam (with infinite thickness) is set as shown in the inset of Fig. 1(a).
Instead of changing /, the gap (d) between the illuminating point and the observing point is
varied. The result shown in Fig. 4 illustrates that with larger d, deeper penetrating photons can
be detected, and longer effective path lengths can be seen. However, the SNR degrades as a
penalty, since less photons survive to be observed at a position further away from the
illuminating point.
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Fig. 3. Spectral responses corresponding to different thickness (/) of polystyrene foam
(transmission mode). Curves are normalized by the maximum values.
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Fig. 4. Spectral responses when the gap (d) between the illuminating and observation points
is set to different values (reflection mode). Gray curves are normalized by the maximum
values. Dark smoothed curves are obtained by applying a sliding average over 100 Hz.

4. Discussion

Although only proof-of-principle experiments are carried out, we believe that the new
technique presented can potentially compete with conventional time-resolved and phase-shift
methods in view of degree of complexity, spatial resolution, and sensitivity (acquisition
speed), and might even show advantages in some aspects.

In time-resolved systems, the spatial resolution in the measurements is limited by the pulse
width of the light source. Initially, Q-switched solid-state lasers were frequently utilized in
such systems. Later, more compact Q-switched fiber lasers were developed to replace
complex and large-sized solid-state lasers. However, the output wavelengths of fiber lasers are
very limited for spectroscopic applications, such as those considered, e.g., in [4] and [5].
Theoretically, if a femto-second laser is employed, a highest resolution on the sub-micrometer
level can be achieved. Again, this resolution is not practical in spectroscopic applications, due
to the limitation that the Fourier relationship puts between the pulse width and the bandwidth
of the laser source. Diode lasers are extremely compact, cost effective, tunable and available
at many wavelengths. They can be pulsed at high repetition rates, but pulse energies are
minute compared to those obtained from Q-switched lasers. Thus, transient digitizer
techniques cannot be used for capturing time-resolved signals. Instead, the TCSPC technique
is frequently employed to generate a histogram of individual photon arrival times at the
detector, a PMT which is cooled down to reduce dark current counts. Fast electronics
matching the pulse width of the laser source are required. The sampling time needed depends
on the repetition rate and average output power of the laser source, and the sensitivity of the

(C) 2009 OSA 31 August 2009/ Vol. 17, No. 18/ OPTICS EXPRESS 16297

217



Assessment of photon migration in scattering media using heterodyning techniques with a frequency
modulated diode laser

detector. An alternative technique is the phase-shift method, where the delay-induced phase
shift and demodulation with regard to the source modulation depth are measured. Since both
the laser and the detection system work in CW mode, the electronics required are much less
complex compared with TCSPC methods. Modulation of the source and demodulation at the
detector are achieved with readily available radio electronics. The spatial resolution of this
technique is determined by the upper modulation (demodulation) frequency.

Both the TCSPC and the phase-shift methods operate at high frequencies since the
techniques basically compete with the speed of light. In contrast, the new technique presented
here transforms the fast phenomena down to audio frequencies by employing the heterodyne
principle, where the slow beat frequency between two optical frequencies being different just
because of the propagation delay is detected. The semiconductor laser source is repetitively
ramped in frequency at a slow rate (of the order of 10 Hz) and the different beat frequencies
corresponding to different delays are retrieved by Fourier transformation of the detected
signal. The longer the ramp sweeps the laser optical frequency, the better the temporal
resolution will be.

Using an external cavity diode laser with tuning range of several tens of nanometer, a
resolution of tens of micrometer can be realized, which has been proven for the FMCW
technique, e.g. in [15]. However, in many spectroscopic applications, the tuning bandwidth of
the laser source is more limited and the expected resolution degrades. One extremely
attractive feature of the FMCW technique, being of heterodyne nature, is that signal
amplification is achieved by making the reference beam suitably strong, and noisy signal
amplification electronics are thus largely eliminated. These attractive features in combination
make the technique here presented viable and competitive. We realize, however, that for
heavy multiple scattering the light at the detector is distributed over a substantial area. The
reference beam must thus likewise be expanded for spatial matching. We believe that by
optimizing beam overlap the signal-to-noise ratio obtained in our preliminary work presented
here could be substantially improved.

We note, that the new heterodyning technique by its nature is sensitive to Doppler shifts
and Brownian motion. We recall, that tissue perfusion can be measured using the Doppler
flowmetry technique (see, e.g. [16]), where also heterodyning between moving blood cells
and fixed cellular structures is utilized to retrieve a distribution of Doppler-shifted
frequencies. Actually, the situation has many similarities with the one presented in our paper.
Not unexpectedly we noticed a signal broadening when measuring on an instable paper
sample. Such phenomena can be expected to be seen in clinical applications, where tissue
blood flow, heart beating, etc., can obviously superimpose a Doppler broadening on top of the
beat frequencies induced by true photon propagation delays. While the perfusion induced
broadening information can be useful in some contexts, its detrimental influence could be
reduced by deconvoluting the Doppler broadening from the measured curve to yield a true
propagation delay curve. This might be done by measuring the frequency-shift distribution
when not ramping the laser frequency.

We note, that blood flow and instability-induced effects can be minimized by simply
increasing the ramping rate of the diode laser, inducing larger propagation delay frequency
shifts, while the Doppler broadening, due to physical motion, remains the same. For a typical
superficial blood cell speed of 3 mm s™ the Doppler broadening will be of the order of kHz,
which is similar to the propagation delay shifts measured in our experiments. If the ramping
rate is increased from 10 Hz to 1 kHz in the experiments, the propagation time delay
frequency shifts will be 100 times larger, and a 1 kHz Doppler broadening will become
insignificant. The only fundamental temporal resolution factor will now be the frequency
excursion of the ramp. Clearly, the detection bandwidth needs to extended from ~10 kHz to
~1 MHz, which is, however, still reasonably modest.
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5. Conclusion

In conclusion, we have demonstrated a new frequency-resolved technique to study photon
migration in multiple-scattering media. Both transmission and reflection measurement modes
were realized. Short averaging times, low ramping rates and low signal recovery frequencies
are attractive features in first proof-of-principle applications of the technique presented. The
new method is inherently technically less complex than customary time- or phase-resolving
techniques, and it could be expected, that when fully refined it might favorably compete with
such techniques, which have benefitted from decades of development. A detailed comparison
with customary techniques will be the subject of forthcoming work. In particular, the
influence of instabilities and Doppler effects due to blood flow (in clinical applications) on the
technique presented needs to be further investigated.
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An optical sensing system for the concentration of CH, based on FBG
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Abstract: Based on a special catalyst and fiber Bragg gratings (FBGs) ,an optical sensing system is proposed to measure the
concentration of CHy. The temperature around the catalyst rises rapidly as the CHy concentration increases, which can be
detected by an FBG-type sensor through monitoring the wavelength shift of the reflection spectrum. By employing a well-
matched FBG as a reference. the wavelength shift of the sensing FBG can be transformed effectively into the variation in the
measured optical intensity. An experiment is demonstrated to show the good performances of our system,such as the high

resolution and good stability to the environmental temperature.
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Based on a special catalyst and fiber Bragg gratings (FBGs), an optical sensing system is proposed to measure the concen-

tration of methane. The temperature of the catalyst rises rapidly as the concentration of methane increases, and hence it can

be detected by an FBG-type sensor through monitoring the wavelength shift of the reflection spectrum. The experimental

results show the good performances of our system, such as the high resolution and temperature stability.
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Recently, the accidents happened frequently under Chinese
coal mines and people have paid more attention to the safety
of coal mines. Since methane is an essential component of
the explosion gases in a coal mine, it is very important to
develop a sensing system for the coal mine to monitor the
concentration of methane accurately, safely and in real-time.
The sensor of the conventional technique of measuring the
methane concentration is based on a special catalyst. The
temperature of the catalyst will increase as the concentration
of methane in the air rises and the increased temperature can
be detected by a temperature sensitive platinum resistance
with a Wheatstone-bridge structure!'?). The resolution of such
a sensor is about 0.01%. However, the performance of this
electronic sensor may be degraded by the electromagnetic
interference (EMI) from some high-power equipments in the
coal mine. On the other hand, it is dangerous to utilize the
electric sensors under coal mine since the electronic circuit
may produce spark to cause explosion. Except those
drawbacks, it is not easy to connect multiple electronic sen-
sors to form a sensing network, which is often required in the
coal mine. .
Compared with the electronic sensors, optical fiber sen-
sors are immune to the EMI, easier to form a network and
more sensitive to the measurands. The fiber Bragg grating
(FBQG) is very sensitive to stress and temperature®*. Based
on the wavelength division multiplexing (WDM) technology,

*  This work is partially supported by Zhejiang provincial government

(under grant No. 2004C31G2010019) and Hangzhou municipal
government (under grant No. 20051321B14)

*##%  E-mail: guanzuguang @coer.zju.edu.cn

multiple FBGs are easy to form a sensing network, which is
widely used in monitoring structure health 5.

In this letter, we proposed for the first time to employ
FBGs to measure the concentration of methane in the air.
Since the reflection spectrum of a FBG shifts towards a longer
wavelength as the ambient temperature increases, the con-
centration of the methane in the air can be detected by moni-
toring the spectrum of the FBG which is close to the catalyst.
In order to reduce the system cost and the crosstalk induced
by the variation of the environmental temperature, we em-
ploy a reference FBG to interrogate the sensing signal from
the sensing FBG with an edge-detection technology. The ex-
perimental results show that the resolution of our system is
pretty high (a minimal value of 64 ppm can be detected) and
the crosstalk induced by the environmental temperature is quite
low (the variation of the output voltage is less than 0.52 mV
when the temperature in gas cell changes from 30 'C to 60 C).

The FBG is a periodic perturbation of the refractive index
in the fiber core. The mode propagating forward in the fiber
core can be coupled into a count-progrationg mode by the
FBG at a special wavelength position, which can be expressed
asf®l:

A=2n A (1)

eff
where n_is the effective refractive index of the fiber core,
and A it the period of the FBG. This wavelength position is
proportional to the temperature around the FBG” and the
relationship can be expressed as follows:

= OA , M
AA=2(n,; 5—T—§-A—BT )AT )
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Based on this principle, FBG can be used as a temperature

Sensor.
CH,
Isolator Coupl Sensing FBG
S O
—e—
Methane
Optical catalyzer
power-meter o)
\ Reference FBG
I Reference FBG : Gas cell
! A\ Sensing!

#FBG

Fig.1 Schematic diagram of the proposed system. The

inset illustrates the sensing principle: the light inten-

sity received by the optical power-meter decreases as

the mismatch of the reflection spectra between sens-
ing and reference FBGs increases.

As we described in the introduction, the surface tempera-
ture of the catalyst for the methane will increase as the con-
centration of the methane in the air rises. Through monitor-
ing the shift of the spectrum of the FBG that is fixed close to
the catalyst, the concentration of methane can be detected.
Although optical spectrum analyzer (OSA), multi-wavelength
meter and some other commercial instruments can be used
to monitor the reflection spectrum of the sensing FBG, they
are not recommended in industrial applications due to their
high prices. Instead, we employ a reference FBG to interro-
gate the sensing signal with an edge-detection technology.
As shown in Fig.1, a sensing FBG is fixed close to the meth-
ane catalyst in a gas cell while a reference FBG is also lo-
cated in the cell (but shielded from the catalyst). The reflec-
tion spectra of the sensing and reference FBGs are designed
to be identical (when there is no methane in the cell) and the
measurand-induced spectral mismatch between these two
FBGs can reduce the intensity received by the optical power-
meter (please see the inset of Fig.1). Since the spectrum of
the reference FBG has a narrow bandwidth (less than 0.2
nm), the sensitivity of our scheme is pretty high. The spec-
trum of the sensing FBG is also influenced by the variation
of the environmental temperature. However, in our edge-de-
tection technique, this kind of crosstalk can be eliminated by
the same-level shift of the spectrum of the reference FBG
located in the same environment.

We fabricated a FBG with a reflection wavelength (1) of
1550.85 nm (please see the inset of Fig.2). The sensing FBG
and methane catalyst are packaged in a well designed me-
chanical device which is placed in a gas cell (please see Fig.
3). The concentration of the methane in the gas cell can be

Optoelectron. Lett. Vol.3 No.6 <0411 »

adjusted by controlling the volume of the input methane with
a high-precision flow-meter.

The relationship between the reflection wavelength of the
sensing FBG and the methane concentration is measured by
an OSA (ANDO AQ6317), which is shown in Fig.2. The
spectrum of the sensing-FBG shifts towards a longer wave-
length as the methane concentration in the gas cell increases
and the sensitivity is about 0.051 nm/1%. The resolution of
measuring the methane concentration of this scheme is about
0.39%, which is limited by the wavelength-resolution (0.02
nm) of the employed OSA.

o 15510 F
@
215510t
1550.9 |
1
S 1550.8 |-
]
= 155074 4 1 n

w k

0 1 2 3 4
Concentration of methane (%)

Fig.2 The reflection spectrum of the sensing FBG
shifts towards the longer wavelength as the concentra-
tion of the methane in the gas cell increases. The inset

shows the reflection spectrum of the sensing FBG

Fig.3 The picture of the well-packaged methane-sensor
(inside the gas cell)

We developed an edge-detection system as shown in Fig.
1. A broadband light passes through an isolator to avoid the
reflective light damaging the light source and a fiber coupler,
and then is reflected by a sensing FBG close to a methane
catalyst. The reflected light with a narrow-band spectrum will
pass through another fiber coupler and meet a reference FBG
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with a spectrum well-matched to that of the sensing FBG.
Finally, a photodiode is used to detect the intensity of the
double-reflected light. As the concentration of the methane
in the gas cell increases, the temperature around the catalyst
rises and leads to a mismatch between the spectra of the sens-
ing and reference FBG. Consequently, the light intensity re-
ceived by the photodiode decreases. Since the reference FBG
is located close to the sensing FBG (but shielded from the
catalyst), our system is sensitive to the methane concentra-
tion but insensitive to the variation of the environmental
temperature. The sensitivity of this system is 0.783 V/1%
and the resolution can be as high as 64 ppm (which is 60
times higher than the resolution achieved by using an OSA).

e
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2 ‘ Tree
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15500 15504 15508 13512

0O 1 2 3 4 5 6

Concentration of Methane (%)

Fig.4 The output of the optical power meter decreases
as the concentration of methane in the gas cell increases.
The inset shows the evolution of the spectra (of the light
received by the power meter) when concentration of
methane is 0%, 3%, 5%, and 6%.

Optoelectron. Lett. Vol.3 No.(

The variation of the output voltage is less than 0.52 mV wher
the temperature in the gas cell changes from 30°C to 60°C.

A novel methane concentration measurement technolog;
based on a pair of FBGs is proposed. A methane catalyst i
employed to transduce the concentration of methane into th
temperature information, which can induce the shift of th
spectrum of a sensing FBG. By employing another FBG as
reference, an edge-detection system is set up to improve the
resolution of our sensing system. In the meanwhile, the
crosstalk induced by the variation of the environmental tem
perature is also reduced by this technique.
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Coherence Multiplexing of Distributed Sensors Based
on Pairs of Fiber Bragg Gratings of Low Reflectivity

Zu-Guang Guan, Student Member, OSA, Daru Chen, and Sailing He, Senior Member, IEEE

Abstract—A coherence multiplexing scheme for distributed sen-
sors based on fiber Bragg grating (FBG) pairs is introduced. Each
pair of identical FBGs forms a Fabry-Pérot (FP) interferometer
(FPI) and induces an additional optical path difference (OPD) that
is proportional to the center-to-center interval between the two
FBGs (one for sensing and the other for reference). The interfer-
ence intensity reaches its maximum when the FPI-induced OPD is
compensated by scanning one arm of a Michelson interferometer
to a certain position. The variation of the measurand induces a
mismatch between the central reflection wavelengths of two FBGs
and consequently reduces interference intensity. To separate the
interferometric signals for demultiplexing, the intervals between
the two FBGs are preset to different values for different sensors.
In order to improve the multiplexing ability of the system and
reduce the crosstalk among the sensors, we use gratings of low
reflectivity. Temperature sensing is demonstrated to show the high
sensitivity (—1.92%/°C) and low crosstalk of our distributed
sensing system.

Index Terms—Coherence multiplexing, distributed sensors,
fiber Bragg grating pair (FBGP), interference intensity, interfer-
ogram, scanning Michelson interferometer (MI).

I. INTRODUCTION

IBER BRAGG gratings (FBGs) play an important role

in fiber-optic sensing because of their intrinsic nature
and advantages such as wavelength-encoded operation [1]-[5].
With the development of some multiplexing techniques, in-
cluding wavelength division multiplexing (WDM) and time
division multiplexing (TDM), the FBG array has also been
widely utilized recently in fiber-optic distributed sensing such
as structural health monitoring. The WDM technique requires
each FBG sensor to operate at a different peak reflection
wavelength, and hence, a broadband light source is necessary.
In addition, some special wavelength-sensitive devices (such
as a tunable Fabry—Pérot (FP) filter [2], a Fourier transform
spectrometer [3], or a wavelength division coupler [4]) are
needed in analyzing the sensing signals. In the TDM technique
[5], the optical input is typically pulsed, and each FBG sensor
at a different sensing location will reflect a pulsed signal with
different time delays, which will be demultiplexed by a high-
speed switching gate at the central processing office.
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Coherence multiplexing is a different technique that can
multiplex many sensors to a single optical signal, without
requiring relatively complex time or wavelength multiplexing.
By arranging the geometry of each sensor (usually an inter-
ferometer), the optical path differences (OPDs) induced by
different remote sensing interferometers are in different ranges
so that the multiplexed signals can be demultiplexed by a local
scanning interferometer. Recently, such technique has widely
been applied in fiber-optical distributed sensing [6]-[10].

In this paper, we propose, for the first time (to the best
of our knowledge), a coherence multiplexing system using
many pairs of FBGs (i.e., replacing each sensing interferometer
mentioned above with a pair of FBGs), as shown in Fig. 1. A
pair of identical FBGs with low reflectivity forms an in-fiber FP
interferometer (FPI), and the OPD induced by the sensing FPI is
a product of the effective index and two times of the center-to-
center grating interval (here, only the first round trip of light
propagation is considered due to the low reflectivity of the
FBGs). When the OPD induced by the FPI is compensated by a
scanning Michelson interferometer (MI), interference between
the light fields reflected by the first and second FBGs will
produce an interferogram. By arranging the grating intervals of
different FBG pairs (FBGPs) at different ranges (each range
should be wide enough to avoid overlapping between the
adjacent interferograms), the interferograms corresponding to
different sensing FBGPs can be distinguished in one scan of the
MLI. In each FBGP, one FBG is shielded from the measurand, as
the reference and the other FBG are exposed to the measurand
for sensing. The interference intensity (i.e., the maximal value
of the envelope of the interferogram) will decrease as the
mismatch between the central reflection wavelengths of the
two FBGs increases [see Fig. 4 and Fig. 1(b)]. One advantage
of the present sensing system is that neither broadband nor
narrow-pulsed light source is needed. All the FBGs used in this
system can be identical, and this can significantly reduce the
manufacture complexity. Besides those, the cost of our system
can be much cheaper than a WDM or a TDM system since the
interrogation device is simply based on a mechanical scan.

II. THEORY

Based on the general principle describing the optical low-
coherence reflectometry (OLCR) [11], we develop a theoretical
model to explain the sensing mechanism of the present sys-
tem shown in Fig. 1. The spectral filtering effect should also
be considered in our model since an FBG is a wavelength-
dependent device. In a conventional OLCR, the sample to
be measured is placed at one arm of the MI. However, the

0733-8724/$25.00 © 2007 IEEE
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Fig. 1. Schematic diagram of the present coherence multiplexing system for FBGP sensors. The insets show the sensing mechanism of the presented system.
(a) FP interferometer formed by a pair of FBGs. (b) Mismatch between reflectance spectra of the two FBGs induced by some measurands.

sample/measurand in the present sensing system is actually
related to an FBGP-formed FPI (not in any arm of the MI),
which induces an additional OPD to the input light entering
the MI. When the FPI-induced OPD is compensated by the MI
and the remaining OPD is within the coherence length of the
light, the interference occurs between the light fields reflected
by FBG-1 and FBG-2. We are not interested on the variation of
the OPD induced by each sensing element, as in most systems
of coherence multiplexed sensors [7], [8], but on the variation
of the interference intensity induced by the mismatch between
the reflectance spectra of two FBGs.

Let Ey(w) denote the field of the input light source. We can
approximate the field reflected from the FPI as (here, only one
reflection from each FBG is considered due to a low reflectivity
of the FBGs)

By (w) = (p1(w) + 7§ (w)pa(w) exp(—iA¢)) Eo(w) (1)

where p;(w) and po(w) are the reflection coefficients of
FBG-1 and FBG-2, respectively, and 7y (w) is the transmis-
sion coefficient of FBG-1. The detailed expressions for these
reflection/transmission coefficients can be found in [12]. The
additional phase difference A¢ induced by one round trip of
OPD inside the FBGP can be expressed as

2nefle-c
= ey,

A¢p )

c

where [.-. is the center-to-center interval between two FBGs,
nef s the effective index of the fiber for the guided fundamental
mode, and c is the speed of light in a vacuum.

The field then enters a scanning MI, as shown in Fig. 1.
By neglecting the wavelength-dependence of the fiber coupler
(with a coupling ratio of 1:1), the field at the detector can be
given by

By(w) = 5 (1 + exp(—idy)) By (w) (€]

| =

where Ay (the phase difference induced by the unbalanced MI)
can be expressed as

Ap = 2zw/e (C))

where coordinate z is the relative position (with respect to the
reference mirror) of the translating mirror.

Therefore, the light intensity received by the detector can be
written as

+00
1

1(z) x 2—§R / Ej(w)E2(w)dw )
s

where R denotes the real part. By considering only the terms

dependent on (Ap — A¢), ie., oscillating parts, the above
equation can be simplified as

+o0
1) x 3-8 [ ) p @) [Eoe)

X exp [72' (QTW sz — Ad))] dw . (6)

From (6), one can find that the interference intensity (i.e.,
the maximal value of the interference envelope) is roughly
proportional to the overlap integral of p;(w) and pj(w). This
indicates that the mismatch of the central reflection wavelengths
of the two FBGs, which is caused by the variation of the sample/
measurand, will reduce quickly the interference intensity since
the slopes of |p; (w)| and |p2 (w)| are quite sharp [see the overlap
of the two reflection spectra in Fig. 1(b)].

From (2), (4), and (6), one can deduce that the interference
pattern is a cosine oscillation with a Gauss-like envelope. The
shape of the envelope is related to the reflectance spectra of the
FBGs and their overlapping degree. The maximal interference
intensity occurs at z = negle-.. The FBGP-induced OPD is
totally compensated by the MI at this position. The whole
envelope occupies a range around |z — nele-c| < leo/4, where
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Fig. 2. Comparison of the (a) simulated and (b) measured ac part of the
interferograms of an FBGP. The insets show the simulated and measured
reflectance spectra of a (smooth gray curve) single FBG and (rapidly oscillating
black line) FBGP.

leo is the coherence length of the reflective light (inversely
proportional to the bandwidth of the reflectance spectrum).
This indicates that the interference signal, including the sensing
information of the corresponding FBGP, can be obtained when
the mismatch between the OPDs of the FBGP and the MI is
within l.,/2. Otherwise, when the OPD mismatch is larger
than [.,/2, the interference intensity approaches to zero. If
the center-to-center intervals of different FBGPs are preset to
different values and the minimal difference of these intervals
is larger than lc,/2n.q, the interferograms of the FBGPs can
be distinguished (i.e., the crosstalk of the signals from different
FBGP sensors can be avoided) by scanning position z (for one
of the mirrors).

III. SIMULATED AND EXPERIMENTAL RESULTS

In order to verify the theoretical model developed in the
previous section, we present in this section both numerical
simulation and experimental results on some interferograms.

Fig. 2(a) shows a simulated interferogram [i.e., the oscillat-
ing part described in (6)] based on the theory in Section II. The
parameters of the FBGP used in the simulation are 535 nm for
the grating period, 2 mm for the grating length, 1.15 x 10~*
for the dc index change, 0.90 x 10~ for the ac index change,
and 28 mm for the center-to-center interval of the two gratings.
The effective index of the fundamental guided mode of the fiber
is 1.448. For simplicity, the light-source spectrum is assumed
to be constant. From Fig. 2(a), one can see that an interfero-
gram occurs when the mirror position z is around 40.5 mm.
This indicates that the OPD of the FBGP (2n.fl.-) is about
81 mm (2z). The inset of Fig. 2(a) shows the simulated re-
flectance spectra of a single FBG (the smooth curve) and the
FBGP (the rapidly oscillating curve).

The FBGP is fabricated on a commercial photosensitive
fiber (Fibercore Ltd., U.K.; neg = 1.448) with a side-exposure
technique. The phase mask, with a pitch of 1070.6 nm, is used
to achieve a grating period of 535.3 nm. The grating length
(2 mm) is controlled by an optical slot, and a high-accuracy
linear stage is used to fix the exposure positions of two FBGs
with an interval of 28 mm. Index modulation can be tailored
by adjusting the total number of laser pulses. The measured
reflectance spectra of a single FBG and the FBGP are shown
in the inset of Fig. 2(b). By comparing the insets of Fig. 2(a)
and (b), one can see that the measured spectrum of the FBG and
the fringe spacing in the measured spectrum of the FBGP agree
well with the corresponding simulated results. The fringes in
the measured spectrum are not as sharp as those in the simulated
spectrum since the resolution of the measurement is limited by
our optical spectrum analyzer.

We have set up a coherence interrogation system with a
computer-controlled scanning MI (see Fig. 1). The light source
used here is a superluminescent light emitting diode (SLED)
with a central wavelength around 1550 nm and a bandwidth
of about 80 nm. The bandwidth of the source in our system is
only required to cover the spectral bandwidth (~1 nm) of the
FBG; the broadband light source is used here simply because
of its availability in our laboratory. The reflective light from the
FBGP then enters a scanning MI through a circulator. The MI
is composed of a fiber coupler, two collimators, a fixed mirror,
and a translating mirror mounted on a computer-controlled
linear stage. Light intensity is converted into an electrical signal
using a photodiode, which is then sent to a Data AcQuisition
(DAQ) system installed in a computer. We scanned the mirror
with a stable speed of 1 mm/s and acquired the signal with
a sampling rate of 1 kHz. The interferogram is obtained at a
mirror position (z) of around 40.5 mm, and the oscillating part
of the interferogram is subtracted using a high-pass filter (or
removing the dc part of the data with a simple computer code),
which is shown in Fig. 2(b). By comparing Fig. 2(a) and (b),
one can see that the measured interferogram agrees well with
the simulated interferogram (even the small side lobe at the
right side of the main interferogram).

Figs. 3 and 4 show both the simulation and experimental
results for the interference evolution induced by the mismatch
between the central reflection wavelengths of two FBGs.
The measured and simulated interferograms, corresponding
to wavelength mismatches of 0, 0.2, 0.35, and 0.55 nm, are
shown in Fig. 3, from which one can see that the interference
intensity decreases rapidly as the mismatch between the central
reflection wavelengths increases. The appearance of the double
or triple peaks for the wavelength mismatches of 0.35 and
0.55 nm may be due to the involvement of some side lobes of
the spectrum in the interference. Each point of the interference
intensity (before normalization) is obtained from the measured
interferogram (see Fig. 3) by taking the corresponding peak
value of the envelope (see Fig. 5) of the oscillating part (see
inset of Fig. 5). The interference intensity is then normalized
(with the value corresponding to the case when the central
reflection wavelengths of the two FBGs are matched), which is
shown in Fig. 4, from which one sees that the sensitivity of the
present sensing system is pretty high (—12.5%/0.1 nm).

Authorized licensed use limited to: Lunds Universitetsbibliotek. Downloaded on December 31, 2008 at 08:37 from IEEE Xplore. Restrictions apply.

233



Coherence multiplexing of distributed sensors based on pairs of fiber Bragg gratings of low reflectivity

234

2146

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 25, NO. 8, AUGUST 2007

ﬁ*ﬁ

Onm 4 Onm
38 40 42 4 38 40 42 4
1 1
> >
= =
@ 0 @ 0
] - ] Il"
a4 0.2nm £ 4 0.2nm
k-] 38 40 42 4 o 38 40 42 44
5] 5]
N Ny
< <
E, E.
(=] (=]
b4 B b4
4 0.35nm 4 0.35nm
38 40 ) 4 38 40 a2 4

|

4 0.55nm

0 s i IR e

A 0.55nm

38 40 42 44
Mirror Position z (mm)

38 40 42 4
Mirror Position z (mm)

Fig. 3. (Gray line) Simulated and (dark line) measured evolutions of the interferograms when the mismatch of the central reflection wavelength of the two FBGs
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Fig. 4. Dependence of the simulated and d interference intensity on
the mismatch of the central reflection wavelength of the two FBGs.

IV. MULTIPLEXING OF DISTRIBUTED FBGP SENSORS

To demonstrate the multiplexing of the present distributed
sensing system, we fabricated two other FBGPs (LPGP-2 and
LPGP-3) with different grating intervals (36 and 44 mm, re-
spectively) using the same technique described in Section III.
The center-to-center interval of the two gratings in LPGP-1
is 28 mm. All the gratings in these three FBGPs are identical
and with a reflectivity of about 15%. The reflectivity should
be lower if more sensors are to be multiplexed. The three
FBGPs are connected in series with delay lines (to avoid the
interference between different FBGPs), as shown in Fig. 1.
Within one scan of the mirror in the MI, the interferograms of
the three FBGPs are obtained, and they are well separated from
each other (as shown in the inset of Fig. 5). The envelope of the
oscillating part of the interferograms is obtained and shown in

1.5

FBGP-1

-
o
!

Normalized Intensity
e
o
1

0.0 T T T T T T
40 45 50 55 60 65

Mirror Position (mm)

Fig. 5. Well-separated signals of the three FBGPs. The inset shows the
original interferograms.

Fig. 5. One can see three peaks of the envelope at around 40.5,
52.1, and 63.7 mm, which agree well with the theoretical analy-
sis in Section II. The maximal interference intensity occurs at
2 = negl - for each FBGP. The peak intensity decreases due to
the optical loss induced by a ~15% reflection in each preceding
grating.

To test the performance of our sensing system in terms
of sensitivity and crosstalk, some experiments on temperature
sensing are carried out here. In each FBGP, one of the FBGs is
shielded from the measurand (as the reference), and the other
is exposed to the measurand for sensing, which is the local
temperature for this example. Obviously, the measurand will
induce some mismatch between the central reflection wave-
lengths of two FBGs in the FBGP. The wavelength mismatch
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Fig. 6. Interference intensities for FBGP-1 (in an increasing local temper-
ature; circle marks fit with a dark line) and FBGP-2 (kept in a constant-

ure environment; gle marks fit with a gray line). The inset shows
the evolution of the interferograms for these two FBGPs.

can be detected by monitoring the corresponding interference
intensity (i.e., the maximal value of the interference envelope),
as we have discussed before. We increase the local temperature
of the sensing FBG in FBGP-1 while keeping the reference
FBG shielded from any temperature variation. From Fig. 6, one
sees that the interference intensity of FBGP-1 decreases as the
local temperature increases, and sensitivity can be as high as
—1.92%/°C. A small change in temperature (less than 0.1 °C)
can be determined over a range of 35 °C. For comparison, the
temperature around FBGP-2 (i.e., around both the sensing and
reference FBGs) remains unchanged. The interference intensity
of FBGP-2 is relatively kept stable (see Fig. 6). The slow
decrease of the intensity is due to the shift of the spectrum of
the sensing FBG in FBGP-1 as the surrounding temperature
increases from 25 °C to 60 °C. The slope of a crosstalk-
induced decrease is less than 0.23%/°C (which can be reduced
further if gratings of lower reflectivity are employed). The
above experimental results indicate that our sensing system can
be employed to demultiplex distributed FBGP sensors with high
sensitivity and low crosstalk.

V. DISCUSSION

Obviously, the maximal number of distributed FBGP sen-
sors is 2neg[max{le-c} — min{le-c}]/lco, Where max{l.-.}
and min{l.-.} are the longest and shortest /.. of the FBGPs to
be demultiplexed, respectively. max{l.-.} should not be larger
than 2 x min{l.-.}; otherwise, the interferogram of the shortest
FBGP, corresponding to two round trips of OPD, will overlap
with the interferogram of the longest FBGP, corresponding to
one round trip of OPD. Therefore, the maximal number of
distributed FBGP sensors is 2neg min{lc-.}/lco. Several tens
of sensors can be multiplexed in our system since min{l.-.}
is in the order of centimeters, while [, is in the order of
millimeters. If more sensors are to be multiplexed, one can
increase min{l..} or decrease l,,. As mentioned before, the
coherence length [, is inversely proportional to the bandwidth

of the reflectance spectrum. Thus, we can also design an
FBG with a wider reflection bandwidth (through, e.g., chirped
gratings) to reduce the coherence length I, and consequently
increase the total number of sensing elements to be multiplexed.
However, on the other hand, too wide bandwidth will degrade
the sensitivity of the present FBGP sensor.

Another factor that limits the multiplexing ability of our sys-
tem is the optical loss induced in each sensor. The interference
visibility of the last sensor will be influenced by the reflections
of the preceding sensors. From Fig. 5, we can clearly see that
the signal-to-noise ratio of the interferogram corresponding to
the last sensor is more worse than that corresponding to the
first one. Therefore, one should use gratings of low reflec-
tivity if many sensors are to be multiplexed in the present
system. In addition, the low reflection in each sensing FBG
can also minimize the crosstalk among the sensors in series.
By considering the sensitivity of the photodiode, a reflectivity
of 2%-3% for each grating is enough. This is also the standard
value for the reflective devices used in a conventional coherence
multiplexing sensing system [10].

Compared with the light source used in a WDM or TDM
system for distributed FBG sensors, a cheaper CW light source
with a bandwidth of about 1 nm (typical bandwidth of a
diode or fiber laser) can be used in our coherence multiplexing
system. Although the proposed sensing system requires twice
more gratings than a conventional system, the fabrication cost
is reduced since the gratings used are identical and can be
fabricated simply with a single phase mask. Our coherence
multiplexing system is quite different from a conventional one,
in which only the variation of the OPD (i.e., the peak position
of the interferogram) is measured for each sensing interfer-
ometer. In our system, the variation of the measurand induces
a mismatch between the central reflection wavelengths of the
sensing and reference FBGs in an FBGP and consequently
reduces the corresponding interference intensity (i.e., the peak
value of the interferogram). Each sensor in our system is pretty
sensitive to the variation of the measurand since the slopes of
the reflectance spectra for the two FBGs are quite sharp; thus,
their overlap is quite sensitive to any relative shift of the central
reflection wavelengths for the two FBGs. Besides sensitivity,
the stability of our system should also be considered. One can
make the spectra of the grating pair in each sensor stable over a
long time using, e.g., the annealing processing and mechanical
package.

VI. CONCLUSION

We have proposed a coherence multiplexing system for
distributed FBGP sensors for the first time (to the best of
our knowledge). As an example, a sensing system of three
distributed FBGPs (with different grating intervals) has been
demonstrated to show its good performance in sensing temper-
ature (a high sensitivity of —1.92%/°C has been achieved).
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