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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
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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.
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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-



Environmental Remote Sensing

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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Figure 3.18. The measured wind speed/direction (a), and ground
temperature (b) during the diurnal Hg monitoring. (c) The average
concentration of Hg in low (dark) and high (gray) layers of atmo-
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



Light Detection and Ranging

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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TUNABLE DIODE LASER ABSORPTION

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 §

Polarization

Controller
Isolator

>l Ref.arm
Diode laser Ctau‘r;')ef Collimators
Detector Sen. arm
Comp. Gas cell

2
-
[ os=
s| .=
c s i
T los=== IA --- Ref.arm
: — Sen.arm
15(0), o 1s(4)
AN
0
i Wavelength

(b)

Figure 4.3. (a). Schematic
diagram of zero-background
TDLAS; (b) the principle for
forming the zero background,
adapted from Paper VII.

51



4.2.2 Real-world application considerations

Detector

Lock-in output

Lock-in output

Feedback Control
(a)

Mirror
position

Mirror
position

7 Time

(b)

Figure 4.4. (a)The schematic

diagram of the feed-back control
on the interferometric phase, and

(b)illustration of the working
principle, adapted from
Paper VIII.

52

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.
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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)
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Paper
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08 10 12 14
Optical pathlength (m)

Figure 4.19. Spectral responses

for different samples. Curves are

normalized to the maximum

values [Paper XI].

63






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
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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 evo