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ABSTRACT

Two diode lasers with optical spectroscopic properties for absorption

and emission spectroscopy have been used as sources in the Shldy of

economically important biological materials. In the emission spectroscopy a

fluorosensor with a diode lasing at 396 nm was used to conduct in-vivo and in­

vitro water-stressed study on the leaves of male and female plants by recording

their chlorophyll fluorescence induction kinetics at the red and far-red bands as

well as their ratios. Using the cWorophyll fluorescence induction kinetics

curves in combination with multivariate data analysis method, discrimination

and classification models were formulated which made it possible to

differentiate and classify the sexes of the nutmeg plant which can be used as a

tool for the early sex prediction of the plant. In the absorption spectroscopy

molecular oxygen in some fruits and wood species were probed by means of

GAs in Scattering Medium Absorption Spectroscopy (GASMAS) technique

using a continuous diode laser emitting at 760 nm. The wavelength modulation

second derivative absorption signals of the oxygen gas were measured relative

to their direct absorption signals and a ratio established. This ratio was found to

be directly proportional to the gas concentration in the scattering medium

under study. For the wood the equivalent optical path lengths in different

directions reflected its anisotropic nature while the differences in equivalent

optical path length were found to relate to their densities. The different time

constants obtained for the fruits and wood species is a potential technique for

identifying and characterizing these species.
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CHAPTER ONE

INTRODUCTION

Laser-induced fluorescence of plants and trace-gas assessments has gained

considerable interest in several bioloaical environmental and medical processesb ,

and applications. This is because many conventional analytical methods work by

separation of species, which is time consuming and expensive. Therefore molecular

detection or excitation by laser-based technique has become, particularly, a

favourable approach. Combination of laser-based methods with techniques which

do not require large quantities of molecular species, but even very few molecules,

has opened up many fascinating possibilities to study physical processes of and on

such molecules.

In recent times, diode laser as a source has been widely applied on

biological materials for assessments and diagnostics. This is because diode lasers

enable sensitive detection of photophysical parameters, which are very difficult to

assess with conventional techniques using lamps. These diode laser based methods

measure the optical parameters of the biological materials in their natural

environment reducing or even avoiding the influence of the measurements on the

measured parameter.

Several optical-based analytical methods have been developed using diode

lasers. The high intensity and spectral quality of diode laser light enable highly



sensitive detection of various substances. Some of these methods which were not

feasible with low-intensity light sources have become readily applicable.

Great advances that have been made in the development of diode lasers in

the operative spectral regions ranges from ultra violet (UV) through the visible

(VIS) to the near-infrared (NIR) at room temperatures and have shown promising

applications. One of these is the use of diode lasers as light sources for

spectroscopic applications. The small size and high operationability of diode lasers

are paving way for a new generation of compact, portable and relatively

inexpensive sensors. These sensors have been used for chemical species detection,

gas sensing and temperature. Other areas of application include velocity, pressure,

mass flux, combustion, atmospheric sciences and medicine.

Diode laser-based spectroscopy applies the concept of light interaction with

matter on the principle that every atom and molecule may absorb and or scatter or

emits. Such phenomena tend to associate specific characteristic spectral features of

the material under study to enable the atom or molecule in the material to be

identified. Important information on the properties of the atoms or molecules in that

medium, .thus the material, can be gained for diagnosis, characterization,

discrimination and classification of the material for subsequent applications in

diverse fields.

There are basically three maIn types of diode laser-based spectroscopic

techniques used for various purposes and they are outstanding for a variety of

applications. These are absorption, scattering and emission (fluorescence)

techniques. They divide themselves conveniently into groups with respect to the
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process of interaction. Depending on the type of application, and in turn the type of

species to be detected, the different techniques have different applicability. These

techniques have been used to obtain information about solids, liquids and gases in

various applications in biological, medical and envirollmental fields (Svanberg,

2004). However, much is left to be done on biological materials using the above

techniques.

The reason for the success of the diode laser-based spectroscopic

teclmiques is that laser light has a number of spectacular properties that make it

useful for detection of atoms and molecules in solid, liquid and especially gas

phase. The most important attribute of diode lasers for spectroscopic applications is

that it often has a narrow frequency width. Of special importance is their ability to

detect the presence of small or unknown concentrations of species in gas phase

under various types of conditions. There are a number of diode laser-based

techniques that has been developed during the past two to three decades and the

general denominator is their high sensitivity and selectivity.

The narrow frequency width is the basis for the high species selectivity that

laser techniques possess. Another is that it has a high directionality with the aid of a

lens system. This implies, among other things, that it can be sent over long

distances, as is done in teclmiques for probing the atmosphere, or focused down to

micrometer-sized spots. Additionally there are safety advantages in non-invasive

sampling and the use of fibre optics light transmission so that the monitoring and

control of equipment can be kept at a safe location. In order to be able to mn a

given instrumentation under optimum or at least suitable conditions. one has to

3



have a good understanding of the underlying mechanisms of the techniques. This is

indeed a matter of crucial importance for the applicability and reliability of the

techniques.

The wavelength of all individual diode lasers can be slightly tuned by

temperature and current control. The tuning range depends on the laser materials

and structure. Due to the linewidth and limited tuneability additional optical

techniques are normally required for their application as spectroscopic light

sources. Several techniques have been developed in order to operate the diode laser

in a single mode with narrow linewidth and to extend the tuning range.

For spectroscopic purposes, especially absorption spectroscopy, in the near

infrared (NIR) the detection sensitivity decreases because weaker vibrational

transitions are detected. However, this is outweighed in many cases by the

tremendous practical advantages of easy to use, robust, reliable devices operating at

room temperature with relatively high output emission power and at a single

discrete wavelength. In addition, inexpensive spectrometer components can be

lIsed. The very narrow wavelength spread of the light emission can ensure that

interferences from other transitions are negligible. The ability to directly vary the

output emission, that is, by modulation in order to improve detection sensitivities,

also remains as a technical advantage.

Diode Laser Absorption and Scattering

Light absorption is a process by which energy of light (or photons) is taken

up by an atom or a molecule where the energy difference between two suitable

4



levels matches that of the photon energy. The process results in the reduction of the

intensity of the energy radiated into a medium, caused by converting some of or all

the energy into another form. For polychromatic irradiation the reduced intensity is

detected in a range of radiation frequencies or wavelengths, featuring a spectral

finger print known as a spectrum. The study of spectra, especially to determine the

chemical composition of substances and the physical properties of atoms and or

molecules is termed spectroscopy. For a narrow-band laser only one wavelength is

irradiated, and the laser light is attenuated if the wave matches an absorptive

transition.

In principle, a laser absorption spectroscopy system consists of a laser light

source, a sample to be investigated and a detector. The principle is to illuminate the

sample with the laser light source and to detect the attenuated transmitted light. The

fundamental method of light absorption spectroscopic detection has been direct

absorption spectroscopy, which is based on measuring the intensity of the

transmitted light after it has propagated through an absorbing medium and relating

it to the initial intensity. When a diode laser is used as the light source, the

absorption process is termed diode laser absorption spectroscopy. Since diode

lasers are tunable, this technique is generally known as tunable diode laser

absorption spectroscopy (TDLAS). TDLAS is a highly selective and versatile

teclmique.

Depending on the molecules making up the sample, some specific

frequency or frequencies may be absorbed. The transmitted light intensity for a

non-scattering medium depends on the transition probability described by the
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absorption coefficient (a), the concentration (c) and the path length (I) of the light

within the sample. These factors influence the strength and the shape of the

absorption spectrum and are specific to the atoms and or molecules.

The absorption coefficient (a) is a basic quantum mechanical property and

strongly depends on the frequency or the wavelength of the laser light. For gases a

also depends on other physical parameters such as temperature, velocity and

pressure of the sample. All these factors influence the strength and the shape of the

absorption spectrum. Since absorption of molecules is determined by the number of

absorbers encountered, it is obvious that concentration (c) and effective pathlength

(I) of the light through medium influence the absorption in a synunetric way.

Quantitative information of the attenuation due to the absorption of the light

beam by the molecules of the sample, in the absence of scattering and emission

such as fluorescence, is governed by the Beer-Lambelt Law expressed as

1(1) = I(O)exp(-acl), (1)

where 1(0) = Ii is the irradiance at [ = 0, that is, the surface of the absorbing

material, and 1(1) is the irradiance after a path length of [units.

When a laser light beam, passing through the sample does not continue in

its original straight path but it is deflected to other directions by undergoing

multiple reflections in the sample, until the photons are either absorbed or

converted to other form of energy, or escape from the medium, the light is

considered to be scattered. The scattering process normally maintains the original

frequency or the wavelength of the laser light, but it may also change, due to
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Doppler and Raman effects. Laser light scattering also attenuates the transmitted

laser light depending on how dense or thick the medium may be.

The Beer-Lambert absorption equation becomes modified for the case when

the sample is found in a highly scattering medium, such as a gas in a porous solid.

The attenuation of the light beam due to scattering may often be approximated by

the formula

1(/)= I(O)exp(-f3I), (2)

where the coefficient ~ being the scattering coefficient, which also depends on

wavelength, and the number of scatterers. If both absorption and scattering are

causing the attenuation, the total light attenuation coefficient is therefore given as

1(1)= I(O)exp(-acl-f3I), (3)

In this case, the path length of the light is affected by the scattering due to the fact

that the laser light travels through complex paths inside the medium before

detection, due to the multiple scattering. Therefore, the optical path length I

becomes longer than the dimensions of the sample.

However, in highly scattering samples, the transmitted laser light intensity

is very weak due to the scattering, and weak absorption imprints may be obscured

by high noise levels. In this case, using direct diode laser absorption spectroscopic

technique would be greatly affected by the high noise levels, though it is basically a

highly selective and versatile technique. In many experiments the absorption of the

molecules might be very weak, on the per mole level of the sample, for example,

are just a few percent. Therefore, for spectroscopic gas investigations modulation

techniques may be employed to increase the sensitivity.
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An experimental technique that is widely used to monitor weak signals in

absorption spectroscopy is harmonic detection (Reid et aI., 1978 a, b; Reid &

Labrie, 1981; Cassidy & Reid, 1982). Harmonic detection has been used in recent

years with tunable diode lasers to measure very weak signals in the ranges of sub­

parts-per-billion (ppb) concentrations. In general, the laser is modulated at a high

frequency by varying the cutTent of the tunable diode laser while the laser is tuned

slowly through the signal feature of interest. The interaction between the sample

and the spectrally modulated radiation field leads to the generation of a signal that

varies at the modulation ti·equency. Thus, the signal is detected coherently with

frequency-sensitive and phase-sensitive detection electronics such as a lock-in

amplifier referenced to the modulation frequency, or some multiple thereof.

This type of detection results in a significant improvement in signal-to­

noise ratio. Thus, tunable diode laser absorption spectroscopy based on modulation

is a method of choice for gas monitoring in which high sensitivity is required, such

as in highly laser light scattering media.

Depending on the choice of modulation frequency relative to the width of

.the studied absorption feature, the detection frequency, the number of modulation

tones, and the method is referred to as wavelength modulation spectroscopy

(WMS) (Moses & Tang, 1977; Reid & Labrie, 1981), frequency modulation

spectroscopy (FMS) (Bjorklund, 1980; Bjorklund et aI., 1983; Lenth, 1984; Lenth

et aI., 1985) or two-tone frequency modulation spectroscopy (TTFMS) (Cooper &

Gallagher, 1985; Janik et aI., 1986; Cooper & Watjen, 1986; Cooper & Warren,
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1987; Silver & Stanton, 1988; Avetisov & Kauranen, 1996; Avetisov & Kauranen,

1997).

Diode Laser-Induced Fluorescence Spectroscopy

Due to its low demand on systems and samples, fluorescence spectroscopy

has been one of the most used optical methods for analysis. After the absorption of

photons, the excited molecule emits a characteristic fluorescence spectrum. Like a

fingerprint, it allows a differentiated statement about the fluorescing molecule.

Fluorescence has numerous measurement aspects, including intensity and

excitation wavelength dependence, and quantities such as fluorescence decay time,

anisotropy, polarization conditions, quantum yields and Stokes' shifts, which can

be accessible for analysis. These parameters for the detection of substances

allow alleviating some diffIculties which may occur when applying fluorescence

spectroscopy, for example, matrix and quenching effects. There are also cases

where one parameter may give little or no information at all; in this case, other

parameters may be used. However, there are substances which show an extremely

low fluorescence yield or even no fluorescence at all due to other fast decay

pathways such as intersystem crossing.

When using diode Jaser-induced fluorescence (DLIF) spectroscopy, the

extraordinary characteristics such as the high spectral intensity and well defined

wavelength of diode lasers are specifically utilized. These allow a selective

excitation of the sample and the manufacture of compact instruments (Barocsi et

aI., 2000; Gustafsson et aI., 2000; Anderson et aI., 2004). By using these lasers, it is
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possible to record the excitation spectra and thus the excitation wavelength as an

additional parameter.

Simplicity, speed, sensitivity, non-destructiveness, and the ability to analyse

both organic and inorganic materials using fluorescence spectroscopy are the main

strengths of DUF. Besides outstanding sensitivity and good selectivity, particular

advantages of DUF technique include the capabilities for in situ analysis and

remote sensing. The major advantage of in situ laser-Induced fluorescence (UF)

measurements is absence of sampling and sample preparation procedures preceding

the analysis. Such procedures are error-prone, time consuming and expensive.

In the past few years, a variety of laboratory and field instruments based on

fluorescence spectroscopy have been introduced. Some instruments use a nitrogen

laser (337 nrn excitation wavelength) as the excitation source, while others use the

3rd or 4111 harmonic of the Nd:YAG laser with excitation wavelength of 355 nm or

266 nm, respectively (Svanberg, 2004). However, these instruments are not as

compact as when diode lasers are used (Gustafsson et aI., 2000; Anderson et aI.,

2004). The other advantage of the diode laser is that it can be operated with 9 V

battery.

Food crops represent one of the major components of our survival. Since

most of the leaves of these plants exhibit distinct native fluorescence it is promising

to apply DUF analysis for detection and characterization of economically

important food crops. The employment of fluorescence techniques for analysis of

plants has received much attention in recent times (Baker & Rosenqvist, 2004).
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A general concept for in situ analysis is to increase the dimensionality of the

measured data. Since the substances have to be analysed in a complex matrix and in

the presence of other interfering compounds, higher information content is crucial

for a subsequent analysis since there is no clean-up step and no separation

involved. Therefore, the LIF system should be able to record multi-dimensional

fluorescence data, for example, fluorescence intensity versus emission wavelength

and time.

Biological Samples

Understanding plant processes has become an important scientific topic and

an economic factor, which requires effective research. This is because, plants

behaviour and characteristics influence wide areas of modern life; many resources

may go waste because certain plants have not been classified well in terms of their

sexes and thus affect their potential for a good economic yield.

The capacity of a leaf to use and dissipate light energy depends both on

genotype and environmental conditions (Griffin et a\., 2004). Chlorophyll

pigments, the fluorophores from green plants, absorb predominantly in the UV and

the visible range, mainly in the blue and red regions. Fluorescence occurs in red

(RF) and far-red (FRF) bands (Chapelle et a\., 1984; Lichtenhaler, 1988;

Govindjee, 1990; Kl"ause & Weis, 1991; Valentini et aI., 1994; Agati et a\., 1996).

Their spectra depend on the concentration of the chlorophyll and/or the

photosynthetic efficiency of the leaf as well as on other factors (KTause & Weis,
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1991; Lichtenhaler, 1992). They also vary with time based on the conditions of the

leaf at that specific time (Krause & Weis, 1991; Lichtenhaler, 1992).

The temporal variation of chlorophyll fluorescence, known as induction

kinetics (Kautsky effect), has been known for a long time (Kautsky & Hirsch,

1931; Govindjee, 1982; Krause & Weis, 1984; Govindjee, 1990; Lichtenthaler,

1992) and has become an important and useful tool in plant research. This is

because the Kautsky effect can provide the necessary information about the

apparatus of the molecular energy transduction of the leaves in relation to their

properties (Lichtenhaler, 1988; Snel & van Kooten, 1990; Barocsi et aI., 2000),

from which one can draw useful conclusions about the plants.

Measuring the chlorophyll fluorescence is a widely accepted in-vivo method

for the investigation of plant conditions, and the method is now applied in larger

scale field applications involving issues such as environmental protection or

agricultural technologies (Lang et aI., 1995; Barocsi et aI., 2000; Baker &

Rosenqvist, 2004). Research has shown that the excitation wavelength considerably

influences the shape of the fluorescence emission spectrum of leaves (Cerovic et

aI., 1999; Anderson et aI., 2004). Laser-induced chlorophyll fluorescence has been

used to monitor the growth and quality, and to predict harvest time as well as to

screen plant varieties in terms of yield of agricultural products (Cerovic et aI.,

1999; Nedbal et aI., 2000; Takeuchi et aI., 2002; Anderson et aI., 2004; Baker &

Rosenqvist, 2004).

Indirectly, chlorophyll fluorescence phenomenon allows us to study

different functional levels as well as the effects of adverse conditions on green
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plants. The chlorophyll fluorescence technique is nondestructive, non intrusive, fast

and reliable. Due to these advantages of chlorophyll fluorescence technique, it is an

attractive tool for basic and applied research and this makes it easy to use for many

purposes in the laboratory and field work. In most laser-induced chlorophyll

fluorescence research, ratios of the spectra peaks are used to retrieve the most

important information for conclusions to be drawn (Cerovic et aI., 1999; Subhash et

aI., 1999; Saito et aI., 2000 (a, b); Anderson et ai, 2004).

In practice, it is often necessary to monitor chlorophyll fluorescence spectra

as well as induction kinetics from different parts of a leaf. This is because since

chlorophyll pigments are not equally distributed in a leaf, chlorophyll fluorescence

emission tends to vary. Simply averaging the spectral data does not give a true

representation of the conditions. The spectra sets, therefore, become multivariate in

nature. Thus, quantitative analysis of these data requires powerful mathematical

and/or statistical methods in order to get a sound overview of these multivariate

data (Weber, 196 I; Berg et aI., 2005).

Multivariate data analysis (MDA) provides methods that allow one to

extract information and to display multivariate data by reducing the dimensionality

to only a few dimensions (Martens & Naes, 199 I; Esbensen, 2002; Johnson &

Wichern, 2002; Eriksson et aI., 2006). An important aspect of multivariate data

analysis is that all data points can be used.

Nutmeg (Myrislica fragrans Hoult) and Pawpaw (Carica papaya) are two

examples of agriculturally important green plants belonging to a family known as

dioecious. Dioecy is a condition where the male and the female flowers are borne
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on separate plants and both are required for fertilization. It therefore means that,

farmers in the nutmeg business have to wait for the trees to !lower so that the sex

can be determined and the males be thinned out, leaving the optimum situation of

one male for every ten female plants. Consequently, a substantial loss of resources

and productivity is incurred in its plantation if correct thinning cannot be performed

early.

Nutmeg is native in the Moluccas in East Indonesia. It is an evergreen tree

that has !lowers, and is unisexual. The nutmeg tree yields two spices, namely;

nutmeg, which is a seed of the kernel, and mace, which is the net-like crimson­

coloured leathery outgrowth covering the kernel. Platel shows some branches of

mature female nutmeg plant presenting the leaves, mature and immature fruits.

Plates 2 and 3 show the abaxial and adaxial side of leaves from male and female

nutmeg plant and the fruit and its contents: mace, kernel and nutmeg seed.

The fruits are used as spices and also to flavour milk dishes, cakes, punches,

pickles and ketchups. Nutmeg has medicinal and pharmaceutical use. It is used in

the perfume and cosmetic industries (Shulgin et aI., 1967; Gable, 2006). Nutmeg

plants are slow growing and start bearing fruit in the eighth year.

A major problem facing the farmers in the nutmeg industry IS how to

identify the sex of saplings at an early stage so that they can cultivate in their

orchards adequately large number of productive female trees with only a minimal

number of male trees. This is because the female plants are commercially valued

for production of fruits and seeds. However, quick, accurate and convenient sex

diagnostic methods for early sexing of seedling, so that more female plants can be
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Plate 1. Branches of mature female nutmeg plant showing the leaves, mature

and immature fruits. The burst fruits show the mace, which covers the kernel

oftfte nutmeg seed.

Plate 2. Abaxial and adaxial side of leaves from a) female and b) male nutmeg

plants.
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Plate 3. a) Nutmeg fruit from a mature female nutmeg plant, b) is a burst fruit

showing the kernel covered by the mace, c) is the mace covering kernel of the

nutmeg seed, d) is tbe mace witbout tbe kernel e) is kernel covering tbe

nutmeg seed and f) is tile nutmeg seed.

grown to make cultivation profitable, have not been achieved so far. The selection

between female and male has remained frustratingly unsuccessful (Shibu et aI.,

2000). Therefore, farmers have little or virtually no control whatsoever in

manipulating the sex ratio of saplings at planting. Thus, early sex diagnosis of

nutmeg seedlings would be of linmense importance to nutmeg industry. The issue

ofsex detennination in nutmeg is a conceptuall)' interesting area ofresearch apart

from its commercial importance.

Attempts to develop methods capable of identifying sexes at early stages

have been initiated in various fields of study in recent years. Some techniques

utilize molecular marker tools (Mulcahy et al., 1992; Hormaza et aI., 1994; Biffi et

aI., 1995) and sex-specific DNA markers (Shibu et aI., 2000) while others are based

on morphological, physiological and biochemical parameters (Flach, 1966; Phadnis
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& Choudhary, 1971; Nayar et a!., 1977; Zachariah et a!., 1986; Packiyasothy et aI.,

1991). Polymerase chain reaction (PCR) techniques have also been introduced as a

diagnostic method for early sexing of seedlings (Parasnis et a!., 2000). All these

techniques, however, are intrusive and destructive. It is therefore important to

develop simple, quick and non-intrusive methods that can be used to identify and

discriminate between the sexes of plants as early as possible in order for the

farmers to make informed decisions.

Since, the capacity of a leaf to use and dissipate light energy is a function of

genotype of the leaves (Griffin et a!., 2004), laser-induced chlorophyll fluorescence

looks as a promising technique to be attempted in discriminating the sexes of

nutmeg.

A fm1her interesting aspect of agriculture is the optimum handling of post­

harvested fruits to avoid losses in the ripening process. In food processing, fruits

are considered nearly acidic and the acidity naturally controls the type of organism

that can grow in them, with yeasts and moulds being the only spoilage organisms

likely to be found on fruit products. Moisture content, oxygen concentration,

temperature, nutrients, pH and inhibitors are the major factors that influence the

growth and activity of micro-organisms in foods (Mountney & Gould, 1988).

Obviously, by manipulating any of these factors, the activity of micro-organisms

within foods can be controlled. These micro-organisms are broadly classified into

aerobic and anaerobic.

The quantity of molecular oxygen concentration in fruits is an important

factor that determines the quality and shelf-life of the fruit. This is because
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molecular oxygen is a biological active molecule that determines the type of

respiration process, aerobic or anaerobic, that should take place in the fruit.

Aerobes grow in the presence of atmospheric oxygen while anaerobes grow in the

absence of atmospheric oxygen. Between these two extremes are the facultative

anaerobes which can adapt to the prevailing conditions and grow in either the

absence or presence of atmospheric oxygen. Thus, controlling the availability of

free oxygen is a means of controlling microbial activity within a fruit.

Respiration rate in normal aerobic respiration, where carbon dioxide is

produced after taking in oxygen, decreases with decreasing oxygen concentration

and increasing carbon dioxide concentration. On the other hand, fermentation,

which is an anaerobic respiration process, is initiated when there is a continual

decrease in oxygen concentration to critical levels and this causes a rapid decay of

the fruit. This produces off-flavours and thus loss of quality as well as shorter shelf­

life (Barmore, 1987; Gillies et aI., 1997; Toivonen & DeEll, 200 1). All this is

because the organic compounds' assess to oxygen affects the metabolic process of

respiration that releases energy necessary to maintain the life processes of the fruit.

Ambient temperature is also a very important factor here because respiration is

highly dependent on the temperature (Fidler & NOlih, 1967; Yearsley et aI., 1997).

However, the oxygen requirements vary from fruits to fruit and very high

carbon dioxide concentrations can also cause damage to the fruit (Karel & Jurin,

1963; Heliog et aI., 1998). An ideal situation would be the one resulting in an

oxygen concentration low enough to slow down respiration and maturation but
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higher than the critical concentration for initiation of anaerobic respiration (Karel &

Jurin, 1963; Mannapperuma & Singh, 1994).

These discussions show that there IS great interest 111 optimizing both

oxygen and carbon dioxide concentrations during the post-harvest period of fruits.

This has brought about the development of conventional methods, such as

controlled atmosphere (CA) storage and modified packaging (MAP), to prolong the

post-harvest lifetime and inhibit physiological deterioration in fruit. The

physiological tolerance to oxygen and carbon dioxide of a particular fruit

determines CA storage and MAP (Cameron et aI., 1995; Beaudry, 1999).

Thus, for optimal gas concentrations, there is the need for a technique to

measure and model the internal gas content and gas exchange in fruits and package

systems. A common technique for assessing the gas content has been the use of a

flush-through system, in which the gas exchange can be estimated from the

concentration difference between the inlet and outlet gas flow (Andrich et a!., 1994;

Varoquaux et aI., 1995). In this teclmique, the flow of the gas has to be relatively

high in order not to make systematic errors. In order to monitor small concentration

differences the technique normally requires sensitive detection, which is often

accomplished by a gas chromatographic system combined with unselective

detectors, or more selective spectroscopic devices such as laser-based

photoacoustic trace gas detectors (Oomens et aI., 1996).

The other technique normally used, for measuring especially the internal

gas contents and its dynamics, is the intrusive electrode-based probes or extraction

of gas from the fruit interior by syringes (Oomens et aI., 1996; Dadzie et aI., 1996;
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Konopacka & Plochatski, 2004). These intrusive teclmiques destroy the tissue,

which affect the ongoing physiological processes. A non-intrusive compact and

easily implemented technique for measuring gas exchange inside fruits would thus

be of interest for assessments of internal gas dynamics relevant to, for instance, the

optimization of CA storage and MAP of fruits. This can be helpful to sort fruit

cOITectly and thereby improve the quality of fruit delivered to the consumer (Song

et aI., 1997) by optimizing the concentration of oxygen during the post-harvest time

of the fruit. Thus, biologically active molecular oxygen, whose concentration is of

crucial importance for ripening processes and the quality of fruit, is an imp0l1ant

topic of study.

Diode laser sources can be used to probe any gas provided the absorption

lines of the gas is in reach of diode laser, but its limitation could be the bulk

material containing the gas. Further, fmits are porous materials that contain water

and strongly absorbs beyond 1.4 flm, and so the radiation is heavily scattered.

However, by using single-mode continuous-wave diode laser radiation in­

combination with modulation techniques the gas can be detected sensitively,

without disturbance from the broad absorption features of the bulk material. Diode

lasers are used because they are highly suitable for sensitive absorption

spectroscopy with high spectral resolution and they are available in different

wavelength ranges. Diode lasers have uncomplicated wavelength tunability, and

relatively low cost compared to other lasers.

Molecular oxygen gas is detectable in fmits when employing their A-band,

which is situated around 760 run (Sjoholm et aI., 200 I; Somesfalean et aI., 2002).

20



Technique of studying free gas embedded in scattering materials, denoted

GASMAS an acronym for ~s in ~cattering media ~bsorption ~pectroscopy

(Sjoholm, 2001) has been demonstrated. The gas contents in the scattering medium

give rise to signals of certain strength, which is determined by the gas

concentration as well as the average path length travelled by the light in the

scattering medium. In particular, gas and transport of gas through the porous

material can be studied either in transillumination or backscattering geometry

(Sjoholm et aI., 2001; Somesfalean et aI., 2002; Persson et ai, 2005).

The GASMAS technique relies on the fact that the absorption features for

free gas are about 103 times narrower than the spectral features of the surrounding

liquid and solid. This makes it possible to discern the gas. A proper diode laser with

single mode output can be tuned on a particular molecular transition by just

changing the injection CUlTent and/or the temperature. Schemes based on

wavelength modulation of the source through application of an oscillatory

component to a driving current allow for effective noise reduction detection

techniques. Other advantages are that diode lasers are compact and are easy to

operate frequently at room temperature.

Leaving plants and fruits, we now turn to different field of the biosphere,

the properties of wood derived from trees. Wood is an extremely versatile material

with a wide range of physical and mechanical properties among the many species

of trees. It is a renewable resource with an exceptional strength-to-weight ratio

(Simpson et aI., 1980; Hoadley, 1990; Miller et aI., 1994), and a valuable

engineering material. A chief attribute is its availability in large variability
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regarding properties to fit almost every demand. Tlu'oughout history, the unique

characteristics and comparative abundance of wood have made it a natural material

for houses and other structures, furniture, tools, vehicles, and decorative objects.

Today, for the same reasons, wood is appreciated for a multitude of uses.

All wood is composed of cellulose, lignin, hemicelluloses, and mll10r

amounts (5% to 10%) of extraneous materials contained in a cellular structure.

Variations in the characteristics and volume of these components and differences in

cellular structure make woods heavy or light, stiff or flexible, and hard or soft. The

properties of a single species are relatively constant within limits; therefore,

selection of wood by species alone may sometimes be adequate. However, to use

wood to its best advantage and most effectively in engineering applications,

specific characteristics or physical properties must be considered.

Generally, wood identification can often be made quickly on the basis of

readily visible characteristics such as colour, odour, density, presence of pitch, or

grain pattern. The grain pattems and colours of wood make it an esthetically

pleasing material, and its appearance may be easily enhanced by varnishes,

lacquers, and other finishes (Panshin & De Zeeuw, 1980; Hoadley, 1980).

Physical properties such as directional properties, moisture content,

dimensional stability, thermal and pyrolytic (fire) properties, density, and electrical,

chemical, and decay resistance (Winandy, 1994; Simpson & TenWolde, 1999) are

the quantitative characteristics of wood. These properties vary along tlu'ee mutually

perpendicular axes: longitudinal, radial, and tangential as shown in figure 1,

because of the grain or fibre direction and the manner in which a tree increases in
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diameter as it grows. The longitudinal axis is parallel to the fiber (grain) direction,

the radial axis is perpendicular to the grain direction and normal to the growth

rings, and the tangential axis is perpendicular to the grain direction and tangential

to the growth rings.

Radial

~~~"""-- Tangentiaf

Long:tudinal

Figure 1. Three principal axes of wood with respect to grain direction [After

modification: (Winandy, 1994)).

Wood finishers refer to wood as open grained and close grained, which are

terms reflecting the relative size of the pores, and this determines whether the

surface needs a filler or not (Hoadley, 1980, 1990). The pores can be filled with air

or other gases which may be an undesirable situation. Therefore, the studying of the

gas and the influence of the density and the anisotropy of the wood on the gas will

give much information on the wood.

Absorption spectroscopy is the same common method that can be used to

monitor the gas contents. However, because wood is inhomogeneous and porous

means that it is highly scattering, making the optical path length through the sample

undefined like in fruits. The GASMAS technique can be applied to monitor free

23



molecular oxygen and its transport in wood in order to probe the influence of

density and anisotropy of the wood on this gas.

Scope of work

The research work presented in this thesis focuses on the use of diode laser

spectroscopy on biological samples for agricultural applications. Special emphases

are placed on the applied nature of diode laser spectroscopy, more than on the

fundamental aspects of the laser-matter interaction. The research work is in two

parts; one part of the work makes use of the gas in scattering media absorption

spectroscopy (GASMAS) teclmique, using oxygen as the sample gas, in extracting

physical information from different types of woods and fruits for forestry and

agricultural applications.

The other part exploits diode laser-induced chlorophyll fluorescence, an

emission technique, as applied to biological samples for plant selection processes

and rapid classification in agricultural crop improvement programmes. That is, to

identify ways in which laser-induced chlorophyll fluorescence induction kinetics

and multivariate data can be used effectively to improve plant selection processes

and rapidly classify plants, especially male and female plants, in agricultural

programmes.

Organization of Thesis

The thesis consists of five main chapters; chapters one to five. The present

one, Chapter one, gives an introduction to spectroscopy and diode lasers, in
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particular the concept of diode laser absorption as well as diode laser-induced

fluorescence. It also provides a discussion of the biological samples used in this

research. The background to the work, the scope of this work and the organization

of the thesis are also included in this first chapter. The literature on weak optical

absorption in combination with modulation techniques for highly scattering media

as well as laser-induced chlorophyll fluorescence is reviewed in chapter two.

Various analyses teclmiques are also reviewed in chapter 2.

Chapter 3 seeks to offer the experimental methods for studying absorption

and fluorescence phenomena involved in this research work. The results and

analyses of the various experiments and their discussion are then presented in

Chapter four. In the fifth and final chapter, conclusions are drawn and pertinent

recommendations given to aid further research in this area.
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CHAPTER TWO

LITERATITRE REVIEW

Diode Lasers

A typical diode laser of today is based on the double heterostructure,

arcbitecture wbere tbe active (laser) medium is sandwicbed between two otber

semiconductor materials with higher band gap energies. Homostructure devices,

due to their inefficiency, are no longer used.

For any practical application the diode laser forms part of a package. A

single unpackaged double heterostructure diode laser looks like tiny squares of

metallic "confetti". An example ofa single double heterostructure diode laser in an

electronic can with its electrical components and leads is shown in Plate 4.

fa)

Plate 4. (a) An example of single double heterostructure diode laser in an

electronic can with metal case (b) its electrical components and leads (With

permission from Spectra physics, a division of Newport Corporation)
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Diode lasers generate light from recombination of electron-hole pairs at a

forward-biased junction. Below a tlu'eshold, the laser does generate spontaneous

emission with an intensity that depends on the drive current. They have reflective

surfaces that create optical feedback and this has little impact when the drive

current is below the point needed to produce a population inversion, but it is critical

in the laser action.

At low drive current, energy release by the electron-hole pairs in the form of

photons is by spontaneous emission. As the drive current increases, it produces

more excitons that emit light spontaneously, increasing the likelihood that a

spontaneously emitted photon will encounter and stimulate emission from an

exciton that has yet to release its extra energy. Once the drive current reaches a

high enough level, it produces a population inversion between the exciton state and

the atoms with the extra electron bound in the valence band. That leads to a cascade

of stimulated emission as the laser crosses the threshold.

Diode lasers have a well-defined current threshold at which their output

shifts from low-power spontaneous emission to higher-power stimulated emission,

for laser operation. Below the tlu'eshold, the diode laser operates as a relatively

inefficient light emitting diode (LED). Above the current tlu'eshold, the diode

operates as a laser, converting a much higher portion of the input electrical power

into light energy. Therefore the tlu'eshold current is an impOJiant factor in diode

laser performance (Hecht, 2008).

Electrical power needed to reach the threshold current and fraction of the

above-threshold current that is not converted into light winds up as heat dissipated
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in the laser. This extra heat is not just wasted power but degrades the performance

of the laser and tcnds to shorten its lifetime so lower tlu'eshold lascr tend to have,

longer lifetimes (Sicgman, 1986; Silfvast 2004). High currents also strcss the laser

by putting highly concentrated power tlu'ough the junction.

Diode laser resonators are constructed by their orientation relative to their

active layer where the stimulated emission is generated. Edge-emitters are diode

lasers resonated in the plane of their junction layer because their output comes from

the active layer at the edge of the laser chip and they take a few different forms.

Their advantage is that they can extract laser gain from the length of the laser chip

to produce relatively high power. Examples of these types are Fabry-Perot lasers

(FP) and distributed feedback lasers (DFB) (Siegman, 1986; Silfvast, 2004).

Fabry-Perot lasers (FP) have the simplest type of diode laser resonator, a

linear cavity with flat minors on the two ends. However, such lasers are possible to

havc high gain and high powers (Siegman, 1986; Silfvast, 2004). They emit light

from both facets; however, in practice one facet is coated to reflect all or most of

the incident light, and the beam emerges from the other facet. The weak residual

light emerging from the rear facet can be monitored to provide control of the laser

operation.

Cavity modes of FP diode lasers are spaccd widely in the diode lasers

because the resonator consisting of the tiny laser structure is short. Thus, FP lasers

typically emit most of their light on one main wavelength mode at anyone time,

but may have side bands. However, the gain curve of diode lasers is broad and the

refractive index varies with temperature, which itself is a function of drive current.
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The FP laser wavelength might easily shift to another wavelength when the driving

current of its intensity is changed, a process known as mode-hopping. Because of

this behaviour FP laser are widely used. FP can be used also where low cost is

important and precise wavelength control is not critical.

For distributed feedback (DFB) lasers, a diffraction grating is fabricated in

the active layer. Regularly spaced gain region reflects light back into the active

layer at a nalTow range of wavelengths, so only a specific wavelength receives the

feedback needed for laser oscillation. The grating is positioned where there is no

laser gain resulting in what is called a distributed Bragg reflection (DBR) laser.

The spacing D of the grating selects the oscillating wavelength according to

a formula that also depends on refractive index n and an integer m that denotes how

light is being diffracted by the grating:

D = mA.
2n

(4)

In practice m = I or 2 is used. DFB resonators maintain the laser in a stable single

longitudinal mode, limiting the range of emitting wavelength and preventing mode-

hopping, which is critical for gas absorption spectroscopy (Somesfalean 2004).

However, since the refractive index of the laser depends on operating temperature,

the oscillation wavelength of the laser may shift slightly with temperature. The

maximum wavelength tuning is typically of the order of a few nanometers

Again, the diode laser emission can be limited to a narrow linewidth by an

external cavity with appropriate tuning optics such as a diffraction grating

(Somesfalean, 2004). With one facet coated to transmit nearly all light emerging

from the active layer into external optics, a unique wavelength can be selected. The
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selected wavelength is tuned by adjusting the optics to feed the light at a specific

wavelength back into the active layer of the laser, with the output of the laser at the

other end corresponding to that of the wavelength selected by the grating. This

wavelength selection technique provides a good optical spectroscopy source for gas

absorption spectroscopy.

The emitting area of edge emitters are thin and wide, producing rapidly

diverging beams that are hard to focus. They are also hard and expensive to

package.

Fortunately, external optics can correct for this broad beam divergence. A

cylindrical lens, which focuses light in one direction but not in the perpendicular

direction, can make the beam circular in shape. Collimating lenses can focus the

rapidly diverging beam from an edge emitter so it has similar properties as the

beam from a helium-neon laser. The addition of collimating optics reduces the

beam divergence.

Generally, optical feedback induced by large bandwidth optical

components, such as glass plates, lenses, mirrors in the optical path, etc. as opposed

to a wavelength selective grating with a naITOW bandwidth, constitutes an unwanted

effect that disturbs the longitudinal mode structure of the diode laser. It can induce

mode jumps, broaden the linewidth and cause unstable output power. So the

common practice in all experiments involving free-running diode lasers is to

slightly angle all transmissive optics and detector surfaces, to reduce the back

reflections to a minimum.
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An important alternative to the edge emitting diode lasers is the surface­

emitting laser, in which the beam emerges from the surface of the chip. They

produce beams with much lower divergence that is easier to focus. Surface emitters

have other advantages regarding the beam quality and come in two basic varieties:

vertical-cavity surface emitting lasers (VeSELs) that oscillate perpendicular to the

junction layer, and hybrid lasers that oscillate in the junction plane but output

directly t1u-ough the surface.

The overall gain within a VeSEL cavity is low because light oscillate

between a top and bottom mirrors that passes through only a thin slice of active

layer. Though the gain per unit length may be high in the active layer, the active

layer itself is so thin from top to bottom that the total gain in a round-trip of the

VeSEL cavity is small. To sustain oscillation, resonator mirrors on top and bottom

of the VeSEL are made to reflect virtually all the stimulated emission back into the

laser cavity.

The structure of the VeSEL is limited to generate powers in a range well

below the maximum available from edge emitters. However, .(VeSELs) have

extremely low thresholds cUlTents, making them significantly more efficient. Their

high efficiency and low drive current also give them a long lifetime.

The optical properties of diode lasers depend on their structures, and they

differ from those of other lasers. All diode lasers are physically small and emit

from a small apelture and this affects beam properties including divergence,

coherence, and mode structure. This is due to the fact that a beam emitted tlu-ough a
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small aperture, d, has a divergence angle 0, which is proportional to the wavelength

divided by the aperture.

Diode Laser as a Spectroscopic Source

For spectroscopic use, added benefits of the diode laser include, for

example, high spectral purity, high wavelength stability, uncomplicated wavelength

tuning, and excellent modulation capabilities. Diode lasers have many

spectroscopic applications owing to their increased wavelength coverage, high

output power, high reliability, and low price.

FP lasers can oscillate in more than one longitudinal mode, and hop

between modes when operating conditions change. DFB, DBR and external-cavity

lasers limit laser oscillation in a single stable longitudinal mode, giving them the

extremely narrow bandwidth required for absorption spectroscopy. The short cavity

of VCSELs limits them to oscillating in a single longitudinal mode, but their

bandwidth is not as narrow as DFB or DBR lasers, which internally stabilize the

output wave length. Large-aperture VCSELs oscillate in multiple transverse modes.

Wavelength emitted by diode lasers depend on the composition of the

semiconductor (Nakamura et a!., 2000). The two parameters that most directly

affect the structure of diode lasers are the band gap of the material and the lattice

constant, or spacing between atoms. The band gap depends on the atomic

composition of the semiconductor; in general, changing the composition changes

the band gap with some exceptions. Table I lists important types of semiconductor

lasers and their usual wavelengths.



Table 1. Major diode laser materials and wavelengths (Hecht, 2008).

Material Wavelength Range (/1 m) Absorbing Species

AIGaN 0.350 -0. 400 NOz, Chlorophyll

GaInN 0.375 -0.440 NOz, Chlorophyll

ZnSSe 0.447 - 0.480 NOz

ZnCdSe 0.490 - 0.525

AlGaInPIGaAs 0.620 - 0.680 NOz, Chlorophyll

Gaos1nosP/GaAs 0.670 - 0.680

GaAIAs/GaAs 0.750 - 0.900 Oz, HzO, NH3

GaAs/GaAs 0.904

InGaAs/GaAs 0.915 - 1.050 HzO

InGaAsPlInP 1.1 00 - 1.650 CO, COz, CzHz, CH4, NH3

InGaAsSb 2.0-5.0 Hydrocarbons, CO, COz, NzO,

PbCdS 2.7 - 4.2 Hydrocarbons, NO, SOz, NOz,

Pb88e 4.2 - 8.0 Hydrocarbons, NO, 80z, NOz,

Pb8nTe 6.5 - 30.0 Hydrocarbons, NOz, 80z, ...

Pb8nSe 8.0 -30.0 Hydrocarbons, NOz, 80z, ...

Most of these diode lasers can be operated at room temperature except for

the infrared diode lasers with wavelength from 2.7 - 30 I.un, which require some

form of cooling in their operations. This is due to their high heat generation, which

reduces their efficiency.
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The development of the blue diode lasers based on gallium indium nitride

(GalnN) was one of the top laser breakthroughs of the 1990s. This compound can

be used for blue and violet lasers. By adding aluminum to the compound the band

gap can be extended well into the ultraviolet. Longer wavelength visible diode

lasers are made by adding indium and reducing gallium concentration. Blue diodes

emitting at 440 n111 are standard products and ultraviolet diodes emitting at 375 l1l11

are also available.

Diode lasers with active layers of GaAlAs or GaAs are fabricated on GaAs,

and are usually called "gallium arsenide" lasers. They are among the oldest and

best-developed family of lasers. Pure GaAs active layers nominally emit at 904

nm, but replacing some of the gallium with aluminum increases the band gap to

generate sholier wavelengths. The shortest wavelengths from GaAlAs lasers

typically are around 750 l1l11.

The strong molecular fundamental rotational-vibrational absorption bands

in the middle infrared region (2 - 15 ).lm) of several atmospheric species make the

lead salt diode lasers especially attractive for spectroscopic applications and, in

fact, many scientific trace gas spectrometers incorporate a diode laser of this type.

However, these lasers operate only at cryogenic temperatures which

increases device cost and makes operation and handling more complex. In addition,

the reliability of these lasers for practical spectroscopic implementations has for a

long time been regarded as unacceptable among optical spectroscopist.

The infrared diode lasers are only produced in small batches and at a much

lower level of manufacturing sophistication, and cannot benefit from the high
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manufacturing capabilities as the visible and near-infrared diode lasers. Infrared

lasers have not been used in the work presented in this thesis - instead visible and

near-infrared diode lasers were employed.

Wavelength Tuning of Diode Lasers

One of the most important characteristics of a diode laser for atomic and/or

molecular spectroscopy is its tunability. The wavelength of a diode laser can be

tuned by altering the temperature or by varying the drive current. A change in the

drive current changes the junction temperature (Jou'le heating). The wavelength

changes because of the temperature dependence of the bandage, which shifts the

gain curve. A further influence is the temperature dependence of the refractive

index, which alters the optical path length in the cavity. These two temperature

dependencies are quite different; for example, in an AIGaAs diode laser, the gain

curve tunes about 0.25 l1lTV
DC and the change in the optical length of the cavity

tunes about 0.06 nnvDC. These results in a temperature-wavelength tuning curve

that consists of several continuous tuning ranges, which are interrupted in the FP

lasers by mode jumps making a large portion of the total wavelength range covered

by a particular FP diode laser inaccessible.

In practice a continuous tuning range of 20-80 GHz before the diode laser

jumps to a different longitudinal mode is typical for most lasers operating in the

visible and near-infrared region [Siegman, 1986; Silf-vast, 2004]. The laser

temperature can be tuned between 0 - 60 DC and in some diode lasers up to 85 DC,

when using a Peltier element in close connection to the diode laser capsule. In
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practice though, one usually does not go below 5 - 10 DC or above 50 DC, to avoid

water condensation and thermal degradation which significantly shortens the diode

laser lifetime.

Typically, coarse wavelength tuning of a diode laser is accomplished by

changing the temperature while fine tuning is realized by changing the drive

current. One of the important advantages of the diode lasers over other optical

sources is that their amplitude and frequency can be modulated very easily and

rapidly by changing the injection current. The fundamental concept of all

modulation techniques in spectroscopy is to shift the detection band to a higher­

frequency region, where the noise level is small. This also enables effective

attenuation of low-frequency components by conventional filtering. The shift to a

high-frequency region can be accomplished by either amplitude modulation (AM),

frequency modulation (FM) or fast scan integration.

Diode Laser Light-Matter Interaction

The interaction of light with matter is the combined effect of the properties

of the light source and the characteristics of the matter. In general, when the light

source is monochromatic in nature, for example a diode laser, the variables

involved in the light -matter interaction process is limited.

There are several factors that influence the light-matter interaction. The

power density provided by the source is considered one of the main factors. The

amount of source power coupled into the medium under irradiation is a function of

the laser power output. At a constant power density, that is, the power per unit area,
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the radiant fluence rate in the sample at the core of the spot size increases with the

spot size.

When laser irradiation reaches the matter surface' under an angle, a

progressively higher percentage of photons will be reflected off the surface at an

increasing angle of oblique incidence. For example, collimated irradiation presents

a greater challenge than diffuse irradiation in deriving an expression for the light

distribution inside a turbid medium that is irradiated by a laser beam.

The fundamental interaction of laser radiation with matter depends in part

on the wavelength of the light and the dimensions of the particles involved in the

interaction. These particles can be of atomic size to complex molecule in the case

of biological materials. For biological materials, the tissue type and the state as well

as the medium of the biological sample primarily influence the optical properties of

the sample. Therefore, these optical properties are used to characterize light

propagation through these materials.

When light enters medium, the photons may be aIU1ihilated, redirected, or

converted into lower energy photons. This translates into absorption or scattering

events or both in the material. Optical properties are different for distinctive

biological tissue, and these differences are not always distinguishable by visual

examination. The optical parameters are in fact a function of delivery protocol of

the light source, tissue composition, and temperature and water content of the

tissue. Different tissue and tissue constituents will interact with light according to

their specific optical parameters, and require individual attention in the

classification of their optical properties.
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Laser Absorption Spectroscopy

Annihilation of photonic energy from the lascr sourcc whilc interacting with

electrons. atoms or molecules is termed absorption. This int~raction brings about

the convcrsion of the original photons into new photons with lower energy, e.g.,

fluorescence or phosphorescence or into heat.

When a photon, which is the particle characterization of the light wave,

interacts with an atom or molecule, light resonance absorption may occur. An

electron is excited to one of the higher available discrete energy levels by absorbing

all of the photon encrgy. This occurs only if the photon energy precisely matches

the atomic or the molecular energy difference corresponding to thc electron jump.

If it docs not, the absorption does not take place and anothcr typc of photon-to­

electron intcraction may occur.

Once the electron reaches the new energy level, it will remain there for a

discrete amount of time before spontaneously falling back, e.g., to the original

energy level. Dw-ing this transition, the total energy of the process must be

maintained to satisfy the law of conservation of energy. Consequently, a new

photon is emitted from the atom or molecule with the same encrgy as the original

photon. The ability of matter to absorb photons is represented by the parameter Ila

with units per length (per mm or per cm), which is defined as the probability per

unit path length that a photon will encounter an absorption event.

As already noted. the transmitted intensity I(v) through a medium at

frequency v is attenuated exponentially according to Beer-Lambert law:

(5)
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where Io(v) is the original intensity, u(v) is the absorption cross-section, c is the

concentration of the absorbing species and I is the length of the path through the

medium. Figure 2 illustrates a gas absorption line showing original light intensity 10

and the transmitted light intensity 1.

&=10-1

Io

Frequency

I

Figure 2. Gas absorption line showing original light intensity 10 and the

transmitted light intensity I.

The absorption cross-section can in turn be expressed as a function of a line-

strength S and line-shape function ep (v-va) according to

o-(v) = Set>(v - Yo)

where Va is the frequency at the line centre. The absorption cross-section is

commonly expressed as absorption coefficient a (v) given as

a(v) = a-(v)N

where N represents the number density of the species present.
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Different mechanisms exist that tend to contribute to broaden the linewidth

of the absorption line (Demtroder, 2003). These mechanisms are classified into

homogeneous ones, which are the same for all molecules, and nonhomogeneous

ones. which act differently for different molecules. A basic broadening is always

present and is a direct result of the Heisenberg uncertainty relation.

According to this relation, the limited lifetime of any state gives rise to a

natural line width such that a state with an uncertainty in time. 6t will have a

corresponding uncertainty in energy 6E, and thus in frequency, tlv, expressed as

6E 6t 2: h/4n

with the minimum energy, 6Emin given in terms of 6v as

6Emin =h 6v

(8)

(9)

In frequency units the natural line width, which is a homogeneous broadening, is

given by

(10)

where r is the mean lifetime of atom or molecule. This equation is true, since it can

be shown that 61 = r. Under standard conditions this natural linewidth is in the

order of 0.1 to 100 MHz.

The effective natural linewidth is dominated by thermal motion and

collisions of the atoms and the molecules and is influenced by temperature, T, and

the pressure, P, of the atoms or molecules. This is typical for gases. At low

pressures, the varying velocities and flight directions of the particles under study

cause different absorption frequencies within a certain interval. The line broadening

resulting from different atoms or molecules, contributing to dilTcrent parts of the
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line profile, is called the Doppler broadening. The Doppler width !\1'/J. with a full­

width at half-maximum (FWHM) or half width of I.\v. which is described by a

Gaussian line shape, is

( )
1/ {[ ( )2 ]}2 In2 /2 4 v V

gll(v-vo)=~ - exp - - 0 In2
!>,.1'1l J[ !>"1'2

/l

with

!>,., -2 (2kTln2)1;;
'/l - Vo .,,' ,

IVIC-

(II)

(12)

1'0 is the central frequency of the source of radiation, R is the general gas constant

with Boltzmann's constant k. M is the atomic weight and c the speed of light. The

typical Doppler width in the visible range for a typical light source with T and Mis

about 103 MHz (or 10.3 nm) and in the infra-red (10 flm) the width is about 50 MHz

(Svanberg,2004).

'With increasing pressure, collisions between different kinds of atoms results

in pressure broadening, the Lorentzian broadening. The intensity distribution of

such line broadening, with FWHM or half width of 1.\1' = (27'[1)"1, is given by

/(1')=~[ 2 ~V yJ,
J[ !>"v + v-vo

(13)

where 1" is the effective lifetime of the excited state; generally mueh shorter than the

actual lifetime. and S is the line strength.

The collisional width L\1'p (P. T) IS calculated for any temperature and

pressure using the relation
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II

( 14)

The collisional width, 6vp (P. n of the resulting Lorentzian curve is about 0.5 to 5

GHz at atmospheric pressure and room temperature. At intermediate pressures,

normally between 10 to 100 Torr, the spectral line will be described by the Voigt

profile, which is a convolution of a Gaussian and a Lorentzian profile.

Scattering Spectroscopy

Interaction between optical radiation and small particles, such as atoms or

molecules in which no energy is lost, results in a more complex mechanism.

Scattering is said to have occurred when the photons from the laser do not match

any energy level difference of the interacting matter. The scattered photons are

redirected by the interacting matter into new directions. There are three kinds of

scattering processes, namely, Rayleigh, Raman and Mie scattering. They are

grouped based on the wavelength and the size of the scattering particles.

In cases where non-resonant laser radiation interacts with particles' sizes

that are smaller than the wavelength of the laser radiation, Rayleigh scattering

occurs. It is an elastic process meaning that the scattered photons have the same

energy as the incoming ones. The condition for this type of scattering is expressed

as

A »r

where r is the radius of the atomic dimension, A the wavelength.
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Both Raman and Rayleigh scattering regain non-resonant radiation.

However, in Raman scattering vibrational or rotational energy can be subtracted or

added to the primary photon energy leading to an inelastic scattering process. In the

case of Rayleigh scattering the molecule returns to the original cnergy level via a

virtual excited state and a photon is produced with the same energy as the original

one just like in the ease of resonance absorption. The difference is that there is no

time delay between the energy transitions and the emission of the photon.

If the incident photon supplies energy to the molecule that is not returned,

then the molecule will have a net gain in energy and the emitted photon will have a

lower energy, and we talk about Stokes Raman scattering. If, on the other hand, the

molecule transfers energy to the photon we deal with anti-Stokes Raman scattering.

The average scattering cross-section, (J as a function of wavelength, A is

given by

with

5' s:a(A.) = 128Jr a- 6+3u
3,1,4 6-78

(16)

.(17)

The No is the density of molecules per unit volume at standard pressure and

temperature, and 0 is the depolarization factor. For n near unity, the Rayleigh

scattering cross-section can be written as

(18)

showing a characteristic J/X' dependence on the wavelength.
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When the dimension of the particle is of the order of magnitude or greater

than the wavelength of the radiation with which the light radiation interacts, the

interaction is described by Mie scattering.

The average scattering angle distribution wcighted over the probability of

each scattering angle. is called the scattering phase function. It is expressed by

g= fp(e)cosOdw= fp(s,s }(s,s):lcv.
h

(19)

wherc pre) equals the probability of a photon being scattered in the direction e, and

p(s,l) equals the probability of a photon coming in from direction s is redirected

into direction I (and the integration in equation (19) takes place over the full 471:

steradian spherical geometry). When a sample material is illuminated by a light

source, several of these scattering effects may occur simultaneously.

Most biological surfaces have a rough texture and therefore angles of

incidence affect the light distribution within the media. This is as a result of gradual

loss of photons of light across the surface due to increased reflection at larger

angles of incidence, following Snell's law of reflection. In addition the interface

betwecn the two media will be subject to Snell's law of rcfraction, which

determines the direction of the rays of light at thc boundary or the various media.

The initial encounter with a different index of refraction will bc when entering the

biological medium itself, and subsequently the inhomogeneities within the medium.

Absorption within Scattering Medium

In the presence of strong scattering due to particles the Beer-Lambert law is

no longer valid, since it neglects the presence of other causes of light extinction
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from absorption. Light scattered out of the probing light beam will normally not

reach the detector. Extinction due to scattering by solids and liquids can be

assumed to be varying slowly with wavelength, "A. In contrast, gases have sharp

absorption lines.

Applying the principles of differential absorption - defined as part of the

total absorption of any molecule "rapidly" varying with wavelength, then the gas

absorption coefficient, uaCA) shows rapid variation with wavelength, A. Thus, a

more comprehensive description of the gas absorption in a scattering medium can

be expressed as

leA) =I, (A)exp{-[auCA)c+a,(A)]I} (20)

where ua("A) is the absorption coefficient due to the gas within the medium, Us(A) is

the scattering coefficient due to the scattering of the medium, c is the concentration

of the gas present in the medium and Ii is the intensity of the light before entering

the scattering medium. Expressing intensity, 10(1..) of the light in the scattering

medium in terms of the scattering properties of the medium as

equation (20) can be written as

ICA) = 10 (il) exp[- a.,(A)cl]

(21 )

(22)

The technique of observing differential absorption IS insensitive to

extinction processes, which vary only slowly with wavelength, since such

processe·s attenuate the total available light intensity; however, they have influence

on the detection limit. Likewise slow variations in the spectral intensity of the light

source or in the transmission of the optical system are also eliminated.
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This procedure is only applied to species that contain reasonably narrow

absorption features. This, thus; limits the number of molecules detectable by this

technique. Care is also taken to ensure that the transmission of the instrument and

the spectral response curve of the detector are only slowly varying functions of the

wavelength. At short wavelengths, the usable spectral range or differential optical

absorption is limited by rapidly increasing Rayleigh and Mie scattering.

For small concentrations, the measurement is between two large values of

light intensities I and 10. And in such cases, absorbance, A is small and therefore

difficult to use direct absorption measurements in a finite path length~ t. This is

because near the absorption signals are noisy as a result of the inherent radiation

source noise.

According to Beer-Lambert's law for small concentrations, the transmitted

intensity can be approximated as .

Therefore, the absorbance, A is given as

MA=- = a (A)cl
I "o

(23a)

(23b)

The limit or concentration detectability is determined by the path length and signal-

to-noise ratio in the spectrum. Detectability is increased in direct response to

reduction of the noise. The noise level is a function of the source intensity, the

number of scans, the spectral resolution, the stability of the optical components,

and especially the quality of the detector. Lowering the noise level in the spectrum

46



and increasing the size of the absorption features are the two ways to lower the

detection limit for a given gas sample.

The detection limit for a particular substance depends on the differential

absorption cross section. the minimum detectable absorbance. ;1 and the length of

the light path. In general A is determined by photoelectron statistics (short noise),

which is a function of light intensity, and noise, B. Photoelectron shot noise is

. I 1/2proportlona to N , where N is the total number of photons recorded around the

center of the absorption line during the time interval ( of the measurement (Sigrist,

1994).

The main approach used to increase the size of the spectral features is to

lengthen the optical path. The principal limitation on the path lengthening is that it

should not waste the available photons. So, while for a given minimum detectable

absorbance the detection limit improves proportionally to the length of the light

path, the actual detection limit will not always improve with a longer light path.

This is because with a longer light path the received light intensity I(A) tends to

become lower, increasing the noise associated with the measurements of I(l) and

thus increasing the minimum detectable absorbance. A sensitive technique is

employed to get the absorption signal out from the noise. The wavelength

modulation technique has been considered to be one of the best ways for improving

absorption sensitivity (Silver. 1992; Reid & Labrie. 1981).
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Modulation Techniques in Laser Absorption Spectroscopy

Application of modulation in absorption spectroscopy IS to increase the

sensitivity in the optical measurement (KJuczynski & Axner. 1999). Different

modulation techniques using diode lasers are ampl itude and frequency

modulations.

Amplitude modulation (AM) is accomplished by mechilllically chopping the

laser beam at frequencies not higher than a few kHz, which represent the highest

modulation frequency of commercially available choppers. AM is combined with

phase-sensitive detection. The AM signal is detected by a lock-in amplifier

operating at the chopper frequency while the laser wavelength is slowly scanned

across the absorbing feature. The minimal detectable change in absorbance with

this method is low. generally not better than 10-3
. The slow wavelength scan makes

this method susceptible to environmental fluctuations, such as temperature changes

and atmospheric turbulence along the laser beam path. However, advantages with

this method are the very simple set-up and that the measured spectrum provides

absolute calibration, since the absorption feature is recorded together with the off­

absorption light intensity.

Modulation of the diode laser drive current leads to the generation of

sidebands in the laser field. If no molecular absorption is present there is a

cancellation of the beat notes prodded between the sidebands and the carrier. If the

laser field is scanned across an absorbing feature, the balance is lost and a beat

signal appears which is detected by frequency and phase-sensitive electronics,

either by lock-in amplifier or by a mixer.
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Different frequency modulation (FM) techniques are very attractive in

conjunction with diode lasers because of the ease with which such lasers can be

modulated by applying an ac (modulation) current directly on the drive current. A·

strong reason for frequency modulation is to move the detection band into a higher

frequency region, where the noise of different origins is strongly reduced.

Depending on the modulation frequency, the FM techniques arc divided into three

different subgroups, namely, wavelength-modulation spectroscopy (WMS),

frequency-modulation spectroscopy (FMS), and two-tone frequency-modulation

modulation spectroscopy (TTFMS). WMS makes use of modulation frequencies

much lower than the halfwidth of the absorption line, FMS uses a modulation

frequency comparable to or higher than the halfwidth, while ITFMS for technical

convenience uses two modulation frequencies also comparable to or higher than the

halfwidth, usually separated by a few MHz. For all FM techniques, WMS, FMS as

well as TTFMS, the absence of a large and sometimes sloping intensity background

in the FM is a great advantage. However, the recorded spectrum does not provide

any absolute calibration which constitutes a drawback. Owing to this, a separate

signal calibration has to be made.

PMS and TTFMS use much higher modulation frequencies than normally

employed in WMS, typically in the radio-frequency region (0.1- 3 GHz). In FMS

and TfFMS only discrete components in the detection electronics are used

(essentially a phase-shifter and a mixer), and a properly designed bias-T is essential

to impedance match the sine-wave generator and the diode laser. The reason for

applying FMS is two-fold: large modulation frequencies maximize the differential
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absorption experienced by the sidebands and the laser excess noise is negligible at

these frequencies. In TTFMS large modulation frequencies can be applied to

maximize the di rfcrential absorption experienced by the sidebands. However,

detection is performed at a lower beat frequency, typically in the MHz range,

allowing the use of relatively inexpensive and low-bandwidth detectors and

demodulation circuitry, which constitutes a technical convenience. A further

advantage of TTFMS is that the phase-sensitive detection recovers the signal at a

frequency that is different from those of the two signal generators. Thus, cross talk

into the signal channel can be avoided, eliminating a potential noise source.

WMS usually employs modulation frequencies in the range I - 100 kHz

(low-frequency WMS) and sometimes also in the 1 - 10 MIIz (high-frequency

WMS) region. Frequency and phase-sensitive detection can be made either at the

fundamental frequency (1 v) or at some higher harmonics, second (2v), third (3v),

etc. which produce lineshapes similar to the derivatives of the original absorption

lineshape. This has given rise to the often used name derivative spectroscopy.

Most frequent detection is at twice the modulation· frequency (2v). The

implementation of low-frequency WMS is relatively simple: the modulation current

is superimposed on the laser drive current directly via the diode laser driver and a

commercially available lock-in amplifier is used for detection. This is the reason

for the extensive use of this technique.

The wavelength modulation technique is one or the derivative spectroscopy

methods for achieving a high signal-to-noise ratio and resolving problem of

scattered light or stray effects in absorption spectroscopy. Although derivative
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spectroscopy methods are basically identical, the trace-gas detection methods that

use current-modulated diode lasers are generally separated into two categories, the

wavelength modulation (WM) and frequency modulation (FM) techniques,

depending on the order of magnit~de of modulation in comparison with the width

of the absorption feature (Reid et a!., 1978; Reid & Labrie, 1981; Bomse et a!.,

1992; Supplee et aI., 1994; Gustafsson et, aI., 2000).

Derivative spectroscopy is a very widespread technique within the near­

infra-red region for gas absorption. This is therefore important in near-infra-red

spectroscopy, because the bands in the near-IR spectral range, as a rule; overtones

or combination modes of fundamental modes in the mid-infra-red,and such

overtones always have broader bands within which there are sharp absorption lines.

In order to draw fine absorption bands out against a background of broad and

mutually-overlapping bands, derivatives are used.

Wavelength modulation (WM) techniques are characterized by a

modulation frequency II that is much smaller than the line width of the absorption

feature i\lll.ine (ll « 61lI.ine). Nearatmospheric pressure, the absorption lines usually

extend over several GHz (Rothman et a!., 1992; Rothman et a!.. 1998) making WM

techniques easier to implement than FM techniques in their single and two-tone

varieties, where the modulation frequency II is comparable or higher than the line

width of the absorption feature i\llLinc (ll »i\llLine).

The modulation frequencies generally used in WMS are generally between

some kilohertz; or some tens of kilohertz; whereas the FM amplitude 61l is of the
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same order of magnitude as the width of the analyzed absorption feature, that is,

several gigahertzes at atmospheric pressure.

Harmonic signals are produced using tunable diode lasers (TDL) when a

sinusoidal modulation of angular frequency ffim is superimposed upon the diode

current~ resulting in a time variation of the diode frequency given by the expression

V(/)=V +McosaJ I
'"

(24)

where v is the mean frequency of the time, t varying diodc frequency and M, the

sinusoidal modulation amplitude. The mean frequency v is slowly tuned by low

frequency, COm ramping of the diode current. For modulate amplitudes of

modulation, it can be assumed that the incident laser intensity is independent of

frequency v over the narrow range of frequency required to modulate and tune over

an isolated line in TDL experiments (Olson et aI., 1980; Reid & Labrie, 1981;

Iguchi, 1986). In harmonic detection, the concern is with weak absorption lines,

and analysis is confined to values a '(v)l, such that a'(v)/;S; 0.05 (Reid & Labrie,

1981 ).

The time dependent term of I(v(t)), a '(v + M cos aJ",1 ), is an even function

of time and can be expanded in a cosine Fourier series as

'"
a' (V + M cos aJmt) = L All (V) cos naJmt

n=O

(25)

where All (V) is the nih Fourier component of the modulated absorption coefficient

and v i"s considered to be constant over a modulation period.

If the modulation amplitude M is sufficiently small the Fourier components

can be expressed as (Reid & Labrie, 1981)
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A (--)_ 21." "dna(v)
"v --M---

n! dv n

I"'~;

n>1 (26)

This small amplitude limit is often referred to as derivative spectroscopy as the

output signals are proportional to the derivatives of the absorption line.

Individual Fourier components of the detected laser beam, after passing

through the sample, can be selected using a lock-in amplifier set to detect at the nth

harmonic of the modulation frequency, COm provided the time constant of the low-

pass filter of the lock-in amplifier is substantially longer than the period of the

modulation (Iguchi, 1986). In this case the processed signal S(nv) is proportional to .

n>l (27)

Wavelength modulation spectra are normalized by 10 to directly match the Beer-

Lambert law.

Equation (26) can be rewritten as

v(t)-vo = V-Yo + M COSCO t=k+mcosUJ t (28)
m m 'L\v L\v L\v

where VQ is the central frequency and L\v the half width at hal f maximum (HWHM)

of the absorption line. The k and m are defined as

v-v
k = 0

L\v

and

M
m=-

L\v

This nom1alized modulation amplitude, m is called the modulation index.
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The case where the g .
as pressure broadenmg dominates the absorption line,

(l'(v), described by a Lorent' fun'
. ZIan ctlon and absorption coefficient at line centre

normalized to unity, is given by

a'(k,m)L = 1
1+ (k + mcosOJn.tY

(31)

Examples of a direct absorption signal, the first derivative sig~al, S(l v) and

the second derivative signal, S(2v) of (l (v) described by a Lorentzian function are

shown in Figure 3.

~.....
Vlo

~

Frequency Frequency Frequency

Figure 3. Plots of intensity verses frequency for various absorption signals. a)

direct absorption signal without derivative, b) first derivative signal, S(1 v) and

c) the second derivative signal, S(2v) of a (v) described by a Lorentzian

function..

When Doppler broadening is dominant, the absorption line, (l'(v), described

by a Gaussian function, is given by
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a'(k,mt = expl-ln2(k +mcoswmlY J (32)

The differences between Gau' d L "sSlan an orentzlan lme shapes are seen at small and

large values of m but the general b h' . "1" 'fie avlOUf IS SImI ar, m partIcular at a speCllC

value of m, the two line shapes have common maximum second derivative signal,

S(2v) (Reid & Labrie, 1981).

WMS shifts the detection bandwidth from dc, where measurements are

limited by the excess (I Iv) noise, to frequencies where radiation-induced detector

shot-noise is instead the limiting factor (Cooper & Gallagher 1985). This method

involves the superposition of a small modulation at frequency v on the radiation

injection current (Jacobsen et a!., 1982).

Typically, the amplitude of the current modulation is comparable to the

width of the spectral feature under study. As the laser beam traverses the sample,

optical absorption by the target gas convert some of the wavelength modulation

into amplitude modulation of the laser intensity.

This induced amplitude modulation occurs at the modulation frequency v

and its integral harmonics, nv (n = J, 2 ... ). Phase-sensitivc electronics, such as

lock-in amplifier. are used to demodulate the detector photocurrent at a selected

harmonic of the modulation frequency (typically n .~ 2).

By implementing this technique at sufficiently high frequencies, excess

laser noise is minimal and detector-limited sensitivity is achieved. Although the

optimum. frequencies are laser dependent, studies have shown that detection

frequencies as low as 50 kHz are often sufficient to achieve these objectives (Silver

& Kane, 1999; Sjoholm et aI., 200 I; Somesfalean et aI., 2002).
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The second harmonic signals, S(2v)
produced by WMS are directly

proportional to absorbance but th " .
. e lactor relating the 2v signal to absorbance at

line centre is best determined by dl' t . I
rec expenmenta calibration. Ideally, such

calibration is done by compa . d' . . .nng a Irect transmIssIon measurement of absorptIOn

with a 21' measurement for the specific absorption feature under study or by

calibrating the 21' signal directly to a known gas concentration (Silver & Kane,

1999; Somesfalean et al.. 2002).

Studies have shown that signal-to-noise ratios (SNRs) of WMS can be

more easily accounted for; generally they vary inversely with the square root of the

bandwidth approaching megahertz rates, so that high bandwidth detection can be

obtained with moderate degradation of the signal. Due to the high frequency

modulation capacities of diode lasers, detection bandwidths approaching megahertz

rates are feasible for major species such as water and methane that have large line

strengths (Silver & Kane, 1999; Andersson et aI., 2006).

Gas in Scattering Medium Absorption Spectroscopy (GASMAS) Technique

In contrast to solids and liquids, frec gases exhibit exceptionally sharp

absorptive features. Solids and liquids have slow wavelength dependence due to

their absorption and scattering properties. Therefore. detected radiations in bulk

materials are not influenced when the wavelength of a single-mode probing laser is

slightly.changed. However, detecting these gas species in highly scattering media

f I . I II geometric dimensions is one of the difficult tasks since theo re atlve y sma

. d eCI'ally the optical path lengths are relatively very short.concentratIOn an esp

56



Using modulation techni . .
ques, even m the presence of a large background,

the implanted gas gives rise t f b .
o my ut narrow SIgnal that can be picked and this

gave birth to a measuring tech' k.n
mque own as gas in scattering medium absorption

spectroscopy (GASMAS) (Sjoholm et a!., 2001).

The GASMAS technique provides new opportunities for studying gas

enclosures in natural and synthetic materials. This new technique can be used for

characterization and diagnostics of free gas in scattering solids and turbid liquids.

Initial demonstrations included proof of-principle measurements of the embedded

oxygen concentration relative to an equivalent column of air and of the internal gas

pressure as wel1 as assessment of the gas exchange.

For any ambient gas absorption measurement technique to be useful, there

are some basic but very important requirements that the technique must fulfill. It

must be sufficiently sensitive to detect the gas under consideration and be specific,

which means that the result of the measurement of a particular gas must be neither

positively nor negatively influenced by any other trace gas species simultaneously

present in the probed volume of air. Given the large number of different molecules

present in air, this is not a trivial condition.

Simplicity of design and use of the instruments based on it; capability of

real-time operation and the possibility of unattended opcration and dependence of

the measurement on ambient conditions are further considerations. In fact, these are.

the conditions characterizing the new gas in scattering medium absorption

spectroscopy (GASMAS) method.
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The absorption and scatteri '
ng cross sectIons or the bulk materials display

slow wavelength dependencc' th th '
. us ese propertlcs arc assumed to be constant over

the wavelength range tuned m k' h ' "
, a Ing t e techmque sImIlar to di rferential absorption

spectroscopy, Wavelength modulation techniques are used to increase the detection

sensitivity and to discriminate ef'" t' I . b k . .lec Ive y agaInst ac ground sIgnals, allowIng for

detection of around absorption fractions of the light received.

The laser Source for this technique fulfills two different groups of

requirements: from the physical point of view it is tunable. single mode and it is

possible to modulate its emission frequency; from the practical point of view the

laser is small, simple to handle, reliable and, relative cheap. Thus diode lasers are

very suitable.

Further consideration as far as the single modc operation is concerned is

that, usually the investigation is done on light gas molecules at room temperature

and pressure, so that linewidths are of the orders of GHz. The technique does not

accept multimode emission from diode laser, as the different modes have spacing

of hundreds of GHz and there is a power competition among them.

It is always advantageous to remove any baseline. especially during a

calibration, that is, any constant level in the independent data, so that the variations

in the data are favoured over the absolute levels. This is reason why the 2v signal

becomes very important in this technique.

In a scattering medium, the mean path length. Ispl of the light is much longer

than the straight injection-detection distance of thc light, or the geometrical

dimensions of the scattering material as a result of the scattering. There will be a
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larger probability to lind more . .
gaseous molecules In a hIghly scattering material,

since the light will travel a 10 d'
nger Istance along more complicated pathways.

Therefore. the effective gas ab '. .
. sorptIon In the scattering medium can be related to

the concentrations in a column of free air.

As consequences of the scattering, the absorption cross section is

considered to be the sum of two cross sections, one that varies slowly with the

wavelength, for instance, describing a general slope. The other one varies rapidly

with wavelength due to an absorption line. The extinction due to the scattering is

slowly varying with wavelength, which is the characteristic of solids and liquids.

Thus. this technique describes the part of the total absorption where any molecular

absorption "rapidly" varying with wavelength·- differential absorption.

As the diode laser wavelength is selected, basically by generally scanning

across the gas absorption feature, the full absorption profile is acquired and fitted to

calibrate or as a reference spectra for the determination of the absorbance. From the

Beer-Lambert law for small gas concentrations, absorbance in this case is given by

A, = C1>J~.)c1 (33)

which is proportional to the strength of the 2v wavelength modulation

spectroscopy signal, SWMS, as shown in Figure 4, as long as the absorption is small.

The amplitude of the 2v signal is dependent both on the relative differential

absorption due to the gas of interest and the amount of light reaching the detector,

i.e. the absolute size of the absorption dip. Thus. for standardization, the 2v signal

. I' d s'ng the dl'rect signal SD;r This normalized signal is referred to asIS norma Ize u I . .

the GAS MAS signal and is denoted GMS, i.e.
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Figure 4. Second harmonic component (2v) of WMS signal and its

corresponding pure absorptive imprint (Alnis et al., 2003).
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GMS= SWMS
SOir

(34)

Thus, the OMS is also proportional to the absorbance as long as the absorbance is

small. The SWMS is calculated from the peak-to-peak value of the 2v signal.

I.

I'
I

I

One simple way of calibrating the arbitrary OMS and transform it into a

more meaningful quantity is by using the method of standard addition or by

performing a long-path measurement, where the direct absorption signal would be

strong enough for observation.

If an equivalent absorbance of the gas in the scattering mediwn is equated

to that in air, then

C L =c Iair .eq sm'
(35)

where Cair and C
sm

are the gas concentrations in air and in the scattering mediwn

respectively, which in this case are the same. Therefore, Leq represents the
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equivalent distance in air that r~sults in the Same absorbance as that detected in the

scattering medium, referred to as the equival t hen mean pat.

The equivalent mean path 1 gth L . .en ,eq IS determmed by the standard addition

technique commonly used in physical chemistry. In this technique, known amounts

of the species of interest are added to the sample species of unknown concentration

which can then be evaluated. The Leq depends on both the concentration of the gas

and the scattering coefficient of the scattering material.

The gas concentration Csm in the scattering medium can be extracted if I is

separately determined by using temporally resolved measurement, where the time

history of the photons traversing the sample is monitored (Somesfalean et aI.,

2002). With the known absorption coefficient of the trace gas and the GMS value,

the Csm is calculated. High gas content and strong scattering properties in not too

small samples are the major factors leading to high GMS values.

In performing measurements with the proposed technique, two basic

geometric configurations can be considered; one is a trans-illumination'

arrangement and the other one a reflection scheme as shown in Figure 5.

Diode Laser
Diode Laser Detector

(a) Detector (b)

. t' onfigurations for gas in scattering media
Figure 5. Two baSIC geome riC c .

. 'llumination and (b) reflection scheme.
absorption spectroscopy; (a) tranS-l
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This procedure can only be a r d
pp Ie to species the spectrum of which contains

reasonably narrow absorption feat . '..
ures. ThIs technIque IS Insensitive to extinction

processes. which vary onl I I
y s ow y with wavelength, like those due to solid and

liquid particles. Since such processes tt ha enuate t e total available light intensity,

however, they have a strong i tl .n uence on thc dctectlon limit. Likewise, slow

variations in the spectral intensity of th l' h- e Ig t source or in transmission of the

optical systems are eliminated.

Measurements of the GASMAS type are useful for analyzing the gas

diffusion properties of porous materials. By monitoring the rate at which gaseous

molecules re-invade a sample previously exposed to a different gas, diffusion

coefficients can be evaluated. Such gas transport studies using the GASMAS

technique have also been demonstrated (Somesfalean et aI., 2002).

A limitation associated to this technique- is that, the scattering material and

other compounds in the medium should not be in the absorption range of the light

source. Water is widely distributed in all types of biological tissues and strongly

absorbs light for wavelength larger than 1400 nm (Svanberg. 2004). Thus, this

technique works very well in wavelength well below this limit. J,ikewise, in human

tissue, hemoglobin absorbs strongly below 600 nm, and longer wavelength must be

employed. -

Fluorescence Phenomenon

Excitation of a molecule by a photon, which occurs as a result of the

.. . h . with electrons in the molecule. can only occur with
mteractlOn of the llg t wave
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incident light of specific wavelengths f: II' .
a mg on absorption bands of the molecule,

In the decay of the excited state se I
vera processes may be involved.

When molecules emit Ii ht fi
g rom electronically excited states after the

excitation of the molecule by ultraviolet or vl'sl'ble Il'ght photon it results in

Photoluminescence. The electronic configuration of the excited state and the

pathway of emission from the m I I d . .
. 0 ecu e etermme the type of photolummescence,

which is made up of fluorescence and phosphorescence.

Fluorescence is an emission process from a singlet cxcited state and emitted

photons due to radiation less relaxation in the excited state have longer wavelength

than the excitation wavelength, Molecules that emit fluorescence light are usually

called fluorophores (or fluorescent molecules) and the characteristic time that a

molecule remains in an excited state prior to returning to the ground state is called

fluorescence lifetime and is an indicator of the time available for information to be

gathered from the emission profile. Fluorophores may undergo conformational

changes and/or interact with the surrounding molecules for the duration of the

excited statc lifetime.

The electronic states of a fluorescent molecule (tluorophore), especially for

biological molecules, can be described by a Jablonski energy diagram (Lakowicz,

1999), as shown in figure 6. This illustrates an excitation from the ground singlet

state So to the excited singlet states S I and S2. A molecule rapidly relaxes down to

h I I I f S S by internal conversion (Ie), which is a non-radiative
t e ower eve 0 I or 2

. , t the ground singlet state So can result in the emission of a
process. De-eXCitatIOn 0

Ccur through internal non-radiative conversion,
fluorescence photon or can 0
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FIgUre 6. A typical Jablonski diagram illustrating the ground singlet state So,

first excited singlet state SI and· the second excited singlet state ~; and the

excited triplet state T1[Modified ,after (Lakowiez, 1999)].

The relaxation can take place to any vibrational level in So and hence the total

fluorescence from the mofecuIe wiH not be a sharp peak at one distinct wavefength,

but a broader distribution,

From the excited state 51, a transition can also take place to a triplet state

T 1, even tbougb tn'i'& 1S sp'in-forb'idden and tbe uans1ti.ons from the tI'ipkt state T 1

back to So are also spin-forbidden. Thus, it will take a relatively long time before

the molecules relax, through internal conversion and or by emission of a -photon, a

process called phosphorescence~which is similar to fluorescence~ but with a much

-longer -t-imeconstant {Lakowicz, 1999). The probability forinter-system -cr-ossing is



low due to the unpaired electrons p d d b
ro uce y molecules that undergo spin

conversion. which is an unfavo bl
ura e process (Lakowicz. 1999),

High degree of chemical re " ..
actIvIty exhIbited by molecules in the triplet

state makes it a very importance stat Th' .
e. IS often brings about photo-bleaching and

production of damaging free rad' I I
Ica s. ntersystem crossing is also made possible by

molecules containing heavy atoms, such
as the halogens and many transition

metals, and are normally phosphorescent.

In many cases, excitation by high energy photons leads to the population of

higher electronic and vibrational levels (82, S3, etc.), which quickly Idose excess

energy as the fluorophores relaxes to the lowest vibrational level of the first excited

state. Some Jluorophores emit from higher energy states.

As noted. since some energy is lost in the non-radiative relaxations,

fluorescence has a lower energy and thus a longer wavelength than the exciting

photon. The maximum wavelengths difference between the excitation and emission

spectra of a particular fluorophore is well-known as the Stokes shift. The molecular

structure of the molecule determines the size of the Stokes shift, The value of the

shift can range from few to over several hundred nanometers, Fluorescein for

example has a Stokes shift of approximately 20 iun, while quinine has a shift of

110 nm and that for the porphyrins is over 200 nm (Lakowicz, 1999).

Fluorescence quantum yield, defined as thc probability that an excited

fl h 'II roduce f1uorescence of a given fluorophore varies with itsuoroP. ore WI p ,

. 1 ~ t 'I'hese factors include interactions bctween the fluorophoreenvlronmenta lac ors.

d
· lIes and the localized concentration of the fluorescent

and surroun mg mo ecu .
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species. The effects of these [a t .
c ors vary wldel "y Irom one fluorophore to another

(Lakowicz, 1999). The fluoroph' .
Ore In the excIted state can be considered as

completely different as in the ound .
gr state, and thus can display an alternate set of

properties in regard to interactions . h . .
Wit Its envIronment in the excited state relative

to the ground state.

Most natural and arti ficial I h'b'samp es ex I It auto-fluorcsccnce or endogenous

fluorescence, that is, fluorescence from natural fl h (S b 2004). uorop ores L van erg, .

Fluorescence distributions, under UV light irradiation, from several fluorophores

yield a broad UV and visible wavelength distribution. With visible light

irradiation, fluorophores yield a broad fluorescence in the visible and sometimes in

the near infrared region. The signal-to-noise ratio for fluorescence signals is

frequently high, providing a good sensitivity to the process. In complex biological

systems, due to energy transfer or the presence of a quenching agent, fluorescence

may vary locally over a wide range, resulting in intensity fluctuations or spectral

shifts. Different lluorophores have different decay times and the same fluorophore

may have different spectra and decay times under different conditions which can be

of diagnostic value. Thus, fluorescence is specific and selective in nature, which

makes the phenomenon an important tool for discrimination.

A conventional fluorescence spectrum is fluorescence intensity against

emIssIon wavelength at a fixed wavelength or fluorescence intensity received

. h' fi d t 1 band as a function of the excitation wavelengths. MoreWIt In a Ixe spec ra

11 fl e emission and excitation spectrum is a three-dimensional
genera y, a uorescenc

. fl e intensity as a function of both the excitation and the
representatIOn, uorescenc '
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emission wavelengths. The method offers
a fundamental improvement in the

sensitivity and reliability of detection,
especially when multiple fluorophore are

present in the same location.

Fluorescence spectra f
rom natural molecules are very complex and the

contributions from the different fl h
uorop ore can usually not be separated. Different

excitation light sources may decrease th II ' ,e overa intensIty of the fluorescence

spectrum without changing its shape. Naturally, the shape of the spectrum depends

on the excitation wavelength sine th' d 'h ' , ., e IS etermlnes w at energy transItions In the

fluorescence are possible,

Several other relaxation pathways that have varying degrees of probability

compete with the fluorescence emission process, The excited state energy can be

dissipated non-radiatively as heat. The excited fluorophore can also transfer energy

to another molecule in different types of non-radiative process. such as quenching

and photo-bleaching. The two phenomena are distinct in that quenching is often

reversible whereas photo-bleaching is not.

Quenching arises from a variety of competing processes that induce non-

radiative relaxation of excited state electrons to the ground state, which may be

either intra-molecular or inter-molecular in nature, Most quenching processes act to

reduce the cxcited statc lifetime and the quantum yield of the affccted fluorophore

stateexcited

and thus lower fluoresccnce emission dramatically or. in some cases, completely

I'· . A on example of quenching is observed with the collision of ane Im1l1ate It. comm

fluorophore and another (non-fluorescent) molecule in its

, I' ' adiationless deactivation of the fluorophore and its return
enVIronment, resu t1l1g 111 r
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to the ground state. In most cases . h
, neIl er of the molecules is chemically altered in

the collisional quenching proce Th .
ss. e mechanisms for collisional quenching

include electron transfer .
sPin-orbit cOupling, d·an Intersystem crossing to the

excited triplet state.

A second type of quenching mechanism, termed static or complex

quenching, arises from non-fluorescent complexes formed between the quencher

and fluorophore that serve to lim·t b . b· ..
I a sorptIOn y reducmg the populatIon of actIve,

excitable molecules. This effect OCcurs when the fl 0 t . fiorm au rescen specIes

reversible complex with the quencher molecule in the ground state, and does not

rely on diffusion or molecular collisions. In static quenching, fluorescence emission

is reduced without altering the excited state lifetime. A fluorophorc in the excited

state can also be quenched by a dipolar resonance energy transfer mechanism when

in close proximity with an acceptor molecule to which the excited state energy can

be transferred non-radiatively. In some cases, quenching can occur through non-

molecular mechanisms, such as attenuation of incident light by an absorbing

species, including the fluorophore themselves.

Scattered excitation light can also interfere with the fluorescent signal in the

detection arm in the form of quenching. This scattered light is mostly generated by

the Rayleigh scattering of the excitation light and its effect becomes more

low concentrations of the fluorophore when the fluorescent lightsignificant at

. . b mparable with the intensity of scattered lightmtensltx ecomes co

I h · ccurs when a fluorophore permanently looses the ability
Photo-b cae II1g 0

photon-induced chemical damage and covalent modification.
to fluoresce due to
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Upon transition from an excited singlet
state to the cxcited triplet state,

fluorophores may interact with anoth
er molecule to produce irreversible covalent

modi fications. The triplet state is rei f I I . .
a Ive y ong-hved with respect to the singlet

state, thus allowing excited molecules h I
a muc onger time frame to undergo

chemical reactions with component . th .
Sine envIronment. The average number of

excitation and emission cycles that OCcur for a part' I fl h b fi hlCU ar uorop ore e ore p oto-

bleaching is dependent upon the molecular structure and the local environment.

Some Ouorophores bleach quickly after emitting only a few photons, while others

that are more robust can undergo thousands or millions of cycles before bleaching

(Lakowicz, 1999).

Photo-bleaching is reduced by limiting the exposure time of fluorophores to

illumination or by lowering the excitation energy. These techniques can also reduce

the measurable fluorescence signal. Limiting exposure of the fluorophores to

intense illumination has been found to be the best protection against photo-

bleaching (Lakowicz, 1999).

Quantitative fluorescence dynamic measurements enable investigators to

distinguish between fluorophores that have similar spectral characteristics but

different decay constants and can also yield clues to the local environment. In

addition, dynamic measurements are less sensitive to photo-bleaching artifacts than

are intensity measurements (Lakowicz. 1999).

I' 0 orophores is studied either by varying the excitation
Fluorescence rom u

d
. the emissions at a fixed wavclcngth, producing

wavelength while etectmg

. . fi d citation wavelength and the fluorescence being
excitatIOn spectra, or by a lxe ex
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detected at different wavelength .
s, resultIng In fl

uorescencc emission spectra.
Excitation spectra can be helpful' . . .

In IndIcatIng the most appropriate wavelength

(Lakowicz, 1999), in laser-induced fl
Uorescence studies.

Laser-Induced Fluorescence (UF) .
IS the fluorescence emission from atoms

or molecules that have been excited t h' h
o Ig er energy levels by absorption of laser

radiation. In the laser-induced fluoresce t h'
nce ec mque. a laser is tuned to the

allowed dipole transition from a I t
ower 0 an upper state of thc tluorophore under

consideration, and the fluorescence light that is emitted during the subsequent

decay is observed. Laser-induced fluorescence methods can make use of pulsed or

continuous lasers for steady state and dynamic processes.

Lasers with wavelength ranging from UV to visible have been used in both

laboratory and field fluorosensors or fluorometers (Svanberg. 2004). With the

advent of the diode lasers. these fluorosensors have become compact for easy

handing especially in areas such as environmental protection, medical or

agricultural technologies (Lang et aI., 1995; Bar6csi et al.. 2000: Gustafsson et aI.,

2000; Anderson et aI., 2004). Fluorosensors using diode lasers have now become

relatively inexpensive compared to the conventional ones, which use excitation

sources like Nd:YAG lasers and nitrogen lasers.

Important instrument considerations in fluorescence measurement are the

type of application and site, e.g. research, monitoring or control in laboratory or

fi ld nts method of sensing-remote or contact- and versatilityIe measureme ,

. I d' rt b'!I'ty and measurement options availability of programmable
InC u mg, e.g., po a I

. I' (8 ocsi et al 2000). Fluorescence measurements can eitheron-board calcu atlon ar .,
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be performed by point
measurements . '.

or In an Imaging geometry. Point

measurements involve the colI r
ec Ion of spectroscopic information in a small

fluorophore area, frequently usin .
g an optical fibre probe to guide the excitation to

the sample and to collect the fluore . .scence emiSSIon.

Chlorophyll Fluorescence

Light energy absorbed by t 'dcaro enOl sand chlorophylls, the photosynthetic

pigments of green leaves is prima .\ d ~ h .' ., n y use lor p otochemlcal quantum conversIOn

in photosynthesis, whereas only small proportions are re-emitted as chlorophyll

fluorescence light or heat depending on the intensity of the illuminated light

(Krause & Weis, 1984; Govindjee et aI., 1986). The ultrastructure of the leaves,

the pigment composition and the function of the chloroplasts, which contains the

chlorophylls and carotenoids, can efficiently be adapted either to high light or to

low light conditions (Lichtenthaler, 1981).

The light-absorbing pigments that act as antenna collect photon energy and

funnel it efficiently to reaction centres. The excitation energy antenna molecules

are transferred to the reaction in picoseconds. This time period is significantly

shorter than the excited-state lifetime (nanoseconds range) thus allowing almost all

the absorbed photon energy to reach the reaction centre where it is used to perform

appropriate photochemistry.

There has been a demonstration that at least one of the steps In

photosynthesis is under genetic control (Levine, 1968). This genetic control of

photosynthesis can be envisaged as proceeding along two pathways. First, the
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control can be direct. For exam I h
P e, t ere may be g .

. enetlc control over the synthesis
of enzymes specifically involv d .

. e In photosynthetic reactions. This control may be

independent of a second pathway' . h' .
In w lch genetic changes in chloroplast structure

alter the site of photosynthesis as t ttl
o a ect numerous photosynthetic reactions.

A leaf may not be able to c .
arry out certaIn light-requiring reactions of

photosynthesis if it possesses genetic bl k hi'
. oc stat ay along thc Ilrst pathway. In the

case of the second pathway th If'
, e ea pIgments may be altered or the leaf may be

pigment-deficient, and therefore are mutants which act indirectly on

photosynthesis. Genetic alteration at a locus may control the process of

photosynthesis. A mutation at this locus may result in either a genetic uncoupling

of photosynthetic phosphorylation or a disruption of electron_~ransfer below the

level of the release of molecular oxygen. There is also the possibility of a genetic

block affecting acceptors of phosphate from adenosine triphosphate.

In nature the condition for chlorophyll fluorescence from leaves and plants

IS found at sun light exposure. However, because chlorophyll absorption bands

possess a wide spectral range, different artificial light sources sueh as lasers light,

light emitting diodes (LEDs) and lamps, covering the 300 - 650 nm range (Barocsi

et aI.. 2000; Gustafsson et aI., 2000;Anderson et aI., 2004; Ek et aI., 2008) have

been used as sources of excitation for chlorophyll fluorescence. The wavelength of

the excitation especially if it is long influences the shape of the chlorophyll

fluorescence emission.

I r:: t res of an instrument for chlorophyll fluorescence depend onmportant lea u

f 1· t' and measurement conditions. A compact and portablethe type 0 app Ica JOn .
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analytical instrumentation d
eployable in the laboratory

and in the field is very
attractive. Size of the light

SOurce and tho er components of the instrument
obviously become very important.

When the emitted chlorophyll fl
uorescence intensity or the chlorophyll

fluorescence yield is measured as a funct' f h
Ion 0 t e wavelength, the chlorol?hyll

fluorescence signal is referred to th hi
as e c orophyll fluorescence spectrum. When

chlorophyll fluorescence light is ·t· d '.mom ore as a functIOn of time the study is termed

chlorophyll fluorescence induction kinetics (Kausky effect) (Govindjee, 1995).

Factors, such as temperature, carbon dioxide concentration, water radiant energy

flux rate, and their. interactions that affect the rate of photosynthesis, influence

chlorophyll fluorescence spectra and induction kinetics.

Light, which is significantly essential for photosynthesis, can cause severe

physiological stress when provided in excess. If a very high intensity light is

delivered to the fluorophore, it renders the fluorophore unable to fluoresce, a

phenomenon termed photobleaching. In the process of photobleaching free oxygen

radicals are produced which cause visible tissue damage. However, chlorophyll

fluorescence lifetimes are independent, to a larger extent, of the photobleaching of

the fluorophore. On the other hand, this stress occurS when other factors, such as

excess or Iimited water, very low or extreme temperatures, reduce rates of

I thI'S sI'tuatI'on the leaf is unable to utilize the absorbed lightphotosynthesis. n

energy, a phenomenon termed photoinhibition.

However, the process of photosynthesis is also self regulatory, because

. h s and dispose off the absorbed excess photon energy
carotenOIds act as quenc er
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and in the field is very

and other co .mponents of the Instrument

analytical instrumentation d
eployable in the laboratory

attractive. Size of the light source

obviously become very important.

When the emitted chlorophyll fl
uorescence intensity or the chlorophyll

fluorescence yield is measured as a fu .
nctlOn of the wavelength, the chlorophyll

fluorescence signal is referred to as th hi
e c orophyll fluorescence spectrum. When

chlorophyll fluorescence light i . d .
s momtore as a functIOn of time the study is tenned

chlorophyll fluorescence induction kinetics (Kausky effect) (Govindjee, 1995).

Factors, such as temperature carbo d' 'd . ., n IOXI e concentratIon..water radiant energy

flux rate, and their. interactions that affect the rate of photosynthesis, influence

chlorophyll fluorescence spectra and induction kinetics.

Light, which is significantly essential for photosynthesis, can cause severe

physiological stress when provided in excess. If a very high intensity light is

delivered to the fluorophore, it renders the fluorophore unable to fluoresce, a

phenomenon termed photobleaching. In the process of photobleaehing free oxygen

radicals are produced which cause visible tissue damage. However, chlorophyll

fluorescence lifetimes are independent. to a larger extent, of the photobleaching of

the fluorophore. On the other hand, this stress occurs when other factors, such as

excess or limited water, very low or extreme temperatures, reduce rates of

photosynthesis. In this situation the leaf is unable to utilize the absorbed light

energy, a phenomenon termed photoinhibition.

However, the process of photosynthesis is also self regulatory, because

'd t enchers and dispose off the absorbed excess photon energy
carotenOl s ac as qu
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before photo oxidation damage can oc
. Cur as a result of strong absorption (excess

Photon harvesting) during periods f hi h . . .
o g madlance such as midday (Govindjee

and Coleman, 1990).

Laser-induced Chlorophyll Fluorescence Spectra

Chlorophyll fluorescence emission from leaves excited by laser radiation is

commonly termed laser-induced chlorophyll fluorescence (LICF). Laser-induced

fluorescence methods make use of pulsed or continuous wave (CW) lasers for

steady and dynamic processes. The laser-induced chlorophyll fluorescence

emission spectrum of leaves is characterized by red band, 630 -700 nm and far-red

band, 700 - 800 nm as shown in Figure 7,

600
700

Wavelength (run)

(RF), a far-red

emission spectrum of a leaf excited with
Figure 7. Chlorophyll fluorescence

396 nm laser light (Anderson et al., 2004).

. 'tat'on l'ntact leaves emit red fluorescence
. V) I light eXCI 1 ,Under ultraVIOlet (U aser

(FRF) from chlorophyll a, and blue-green
fluorescence
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fluorescence (BG) from hYdrox' .
ycmnamlc acids d h .

an ot er pIgments, which are little
known, within the 630 -700 nm 700

, - 800 nm and 400- 500 nm regions,

respectively (Harris & Hartley 1976' Ch
' , appelle et a!., 1984; Chappelle et a!., 1985;

Chappelle & Williams, 1986; Lan & .
g Llchtenthaler. 1990; Stoher & Lichtenthaler,

1993; Stober et a!., 1994' B h .
. usc mann & Llchtenthaler. J998; Cerovic et a!., J999;

Meyer et a!., 2003).

The chlorophyll fluorescence emanates from mesophyII chloroplasts and

depends not only on the chlorophyll contents, but also on the flavonoid contents the

epidermis that screen UV-excitation of the mesophyll (Day et a!.. 1994; Bilger et

a!., 1997; Ounis et a!., 200 I) and they can influence the leaf fluorescence signature.

The peak wavelength within these bands depends on the leaf type and other factors

(Lichtenthaler, 1986, 1988; Lichtenthaler & Rinderle, 1988 a,b; Rinderle &

Lichtenthaler, 1988). Due to this screening, the UV light cannot penetrate much

into the leaf and therefore the chlorophyll fluorescence is only coming from the

surface of the leaf and the intensity of chlorophyll fluorescence is fairly low when

excited with UV light (Lichtenthaler et a!., 2005).

In contrast, excitation from violet-blue or red rcglOns, where the

photosynthetic pigments exhibit their main absorption. has bccn found to produce

stronger chlorophyll fluorescence emission. However, the violet-blue and red

radiation penetrates the leaf mesophyll to different degree and depth due to the

. f:C b t 'th lower dependence as compared to UV light. Thesame screemng elect u WI

. ., . t Iy absorbed by chlorophylls but also by carotenoids,
VIOlet-blue radIatIOn IS no on

h leaf mesophyll to a lower degree than the red
and thcrefore passes into t e
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excitation radiation being ab b d
SOl' e only by the chi

. orophylls. For this reason the
VIOlet-blue and red radiation . d

In uced chloroph II fl
. y uorescence emission spectra

have dIfferent shapes (Lichtenthaler .
& RInderIe, 1988, 1988b; Rinderle &

Lichtenthaler, 1988). This is bee h
ause t e red radi l' . da Ion In uced red band chlorophyll

fluorescence, also emitted in th d
. . e eeper mesophyll part of the leaf, and is

reabsorbed by the absorption band f h .
sot e Intact chlorophyll a to a higher degree

than the violet-blue radiation induced hI h I
c orop y 1 fluorescence, which primarily

emanates from the upper leaf parts (I ichtenthal & R' d I- er In er e, 1988; Buschmann &

Lichtenthaler, 1998).

In leaf tissue with densely packed chloroplasts, re-absorption strongly

lowers the red band relative to far-red emission. It has been shown that the

chlorophyll fluorescence spectral shapes of leaves are closely connected to the

inner organic constituents through interlinked absorption, re-absorption, scattering

and emission process (Saito et aI., 1998).

Furthermore, irradiance from excitation sources of shorter wavelengths for

example UV sources, compared to that from the longer wavelengths, reaches the

leaf mesophyll only at the upper outer mesophyll range next to the upper epidermis

(Lichtenthaler et a!., 2005). Hence, the chlorophyll fluorescencc signature and the

information obtained from it is principally representative for a small chloroplast

layer of the upper outer leaf. Thus, the chlorophyll fluorescence yield strongly

depends.on the wavelength of the excitation radiation.

The red chlorophyll fluorescence peak decreases with increasing

d t preferential re-absorption of the emitted redchlorophyll content ue 0
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fluorescence by the intact leaf hi
c orophyll (Lichtenthaler. 1990: Krause & Weis,

1991), Simultaneously, the sho Id '
U er In the far r d '

- e regIon develops into a new
fluorescence maximum, the position of' .

whIch may he between 730 and 740 run

depending on the chlorophyll conte tn,

Due to the variability of the hI
c orophyll fluorescence spectral a good

characterization is provided by the hI h
c orop yll fluorescence intensity ratio (IRIIFR)

between the red band peak intensity (I ) and th f' db' ,
R e ar-re and pcak mtenslty (IFR) or

the chlorophyll fluorescence area ratio of the ba d (1"" 7) Th dn s 'Igure , e measure

relative intensity of the individual chlorophyll fluorescence parameters and area

ratios differ from instrument to instrument due to the dependence of excitation

radiation and the spectral sensitivity of the fluorescence sensor,

Monitoring of leaves and plants by using laser-induced chlorophyll

fluorescence (LIeF) spectra has been a successful technique for chlorophyll content

indicator and for detection of stress in plants (Chappelle et a!., 1984), The

fluorescence ratios are affected by structural factors such as chlorophyll

concentration (Lichtenthaler, 1990), UV stress, water stress and high irradiance

(Agati et a!., 1995; Subhash & Mohanan, 1995).

The intensity ratio, also represented as F690/F735. has been observed

. ddt s condl'tl'ons due to a decrease or lower accumulation rate ofIncrease un er s res

hI h II II b decline in the photosynthetic function (Lichtenthalerc orop y as we as y a

, h I & Rinderle 1988a b' Rinderle & Lichtenthaler, 1988;
1986, 1987; Llchtent a er " ,

. . I 1993) These factors normally result in lower chlorophyll
Stober & Llchtentha er, " . "

h
· h oted above, can be sensed in a non-destructive

contents of the leaves w IC , as n
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way through the chlorophyll n
uorescence d h

an t e ratio or the peak intensities
(IRII F1d· A tcmporary loss of the chloro

phyll and the regeneration of the pigment
content when thc stress factors are .

removed have al b' .so een mOnitored by the ratio
IR / 1m (Lichtenthaler et al. 1990' K a & .

, , ruse WelS, 1991).

Short-term and long-term stre ffi
ss e ects are not only seen in changes of the

ratio lR
/ 1m but also in many other chlorophyll fluorescence parameters

(Lichtenthaler, 1988; Lichtenthaler & Rinde Ie 1988b) Th .
r , . e ratIo OR / IFR) not only

increases due to a lower chlorophyll content but also when photosynthesis declines

due to a short-term stress which does not affect the chlorophyll content

immediately (Lichtenthaler & Rinderle, 1988; Rinderle & Lichtenthaler, 1988).

The values of the ratio are quite different when the fluorescence is excited with

UV, violet-blue or red light. but the increase in ratio due to the stress is seen in all

cases (Lichtenthaler & Rinderle, 1988b; Lichtenthaler, 1988). Thus, the detection

of the ratio has become useful, in both ground-truth control and remote sensing

applications for monitoring' the state of health of terrestrial vegetation

(Zimmennann & Gunther, 1986; Rosema et aI., 1998; Svanberg, 2004).

Laser-induced chlorophyll fluorescence ratios from chlorophyll

fluorescence intensities as well as the areas under the chlorophyll fluorescence

bands have also been used to monitor plant growth and to predict the crop yield as

I
'etl'es (Anderson et al. 2004). The use of the laser-we I as to screen crop van '

, II fl . ce ratio in assessing the behaviour of certain plantsInduced. chlorophy uorescen

. . h also been reported. Lear growth with or without
that exhibit leaf heliotropIsm as
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I
I
I
I
I

mineral deficiency can also be tI I
a lowed using chloro h

. p yll fluorescence spectra and
ratIOS.

Laser-induced Chlorophyll FI
uorescence Induction Kinetics

When green leaves are dark .
-adapted for at least 20 minutes the,

photosynthetic photosystems beco . .
, me ImpaIred. Under this condition, when light is

again induced on such leaves it t k ~..
, a es a lew mInutes for the leaf to achieve

cooperation of its two photosystems PSI d PSII G . . . .
. , an ( oVIndJee, 1990). This time

lapse is required to guarantee the photosynthetic net CO
2

assimilation. This light-

triggered induction period of the photosynthetic apparatus to its functional state,

which is caused by several changes, can be detected and measured via laser-

induced chlorophyll fluorescence induction kinetics (Kautsky effect) (Kautsky &

Hirsch. 1931; Lichtenthaler, 1992; Govindjee, 1995).

This laser-induced chlorophyll fluorescence induction kinetics IS

characterized by a fast rise of chlorophyll fluorescence from the initial level called

ground fluorescence, Fa to a maximum fluorescence level, Fill . within some few

seconds depending the sample. It has been established that only PSII is involved in

the chlorophyll fluorescence rise, thereafter, PSI starts to work and drains off

electrons from PS [I. The cooperation of PSI! and PSI as well as the photosynthetic

electron transport goes into full operation when the net CO2 assimilation and

t· e triggered (Lichtenthaler, 1992; Lichtenthaler et al., 2005).oxygen .genera Ion ar- .

Th ' . d I dccline of the relative chlorophyll fluorescence intensityIS IS seen as a gra ua

f:
- ., 3 5 . tes to a much lower steady state F, as shown in Figure 8,rom I~m within - mtnU
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Irradiation time (8)

F0 = Initia. fluorescence

f em .
rn 8)Umum fluorescence

Fs = steady state fluorescence

F .
v ::: variable fluorescence

Fd = fluorescence decrease

Figure 8. Laser-induced chlorophyll fluo . d . . .rescence ID uctIon kinetIcs (Kautsky

effect) curve from a 20 minute pre-darkened h . .green p otosynthetically active

leaf (After modification: [Lichtenthaler and Babani, 2004]).

known as slow induction kinetics. Thus, the chlorophyll fluorescence kinetics

reflects various partial reactions in PSII occurring at different time scales.

Chlorophyll fluorescence induction kinetics curves can be determined with

either conventional chlorophyll fluorometers or fluorosensors which use continuous

radiation or pulse amplitude modulation (PAM) fluorometer's (Barocsi et al., 2000;

Lichtenthaler et al., 2005). The measuring principle of PAM fluorometers is quite

different from those of the conventional chlorophyll fluorometers. PAM can be

used to measure chlorophyll fluorescence induction kinetics curve with strong

"white light" given as a saturating flash or continuous irradiation. The reason is

that, as part of the essential requirement and standard condition of PAM

th hl hyll fluorescence induction kinetics in PAM fluorometer
measurements, e c orop
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is induced by non-saturating .
ContInuous red

radiation (I FD .
called actinic light (Lichtcnth I '-' 01 650 or 655 nm)

a er ct aI., 2005).

The characteristic qua t't'
nIles of Ie h

aves ave been derived f
(initial) or the slow decayi . rom the rising

- ng peflod of the c
. urve or both of the chloro h II

fluorescence mduction kineti p y
cs curves (Barocsi et J •

a ., 2000; Llchtenthaler et aI.,
2005). From the slow com-

ponent of the chlorophyll fluorescence-induction

kinetics. the chlorophyll fluoresc d
ence ecreaseJd given as

(36)

and the ratio of the fluorescence decre r. -
ase, Jd to the steady state fluorescence Is, ,

given as

(37)

have been used in many applications. Determination of the slow fluorescence

induction kinetics and thus /d and R{d values requIre only strong and continuous

light, which must saturate the fluorescence emission and the process of

photosynthesis (Haitz & Lichtenthaler, 1988; Lichtenthaler et aI., 2005).

Research has shown that the greater the fd val~e, the higher the net

photosynthetic rate of the leaf examined. This has been attributed to the fact that in

fully or partially sun exposed leaves of green plants this chlorophyll fluorescence

decrease /d value, is mainly caused by the photosynthetic quantum conversion

process. however. also including some non-photochemical processes.
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The Rfd values have be
en used as an inductor .

, of photosynthetic activity of
leaves (Llchtenthaler, 1984 1986' L' h

' ,IC tenthal I
er et a" 1986; Nagel et aI., 1987;

Lichtenthaler & Rinderle, 1988) R
' esearch have h '

sown that higher Rfd values

reflect efficient photosynthetic activit (L' h
y, IC tenthaler 1984. 1986; Lichtenthaler et

a\., 1986: Lichtenthaler and Rinderle 1988a) .
, , Thus. Rid has bccn used as a quicker

way of screening the vitality of stressed ltd
P an s an plants that have been damaged

(Lichtenthalcr et a\., 2005),

Measurements have sh h 'I; .own t at RJa values determined in the red

chlorophyll fluorescence band exhibit higher values than those determined in the

far-red fluorescence band (Buschmann & Schrey, 1981; Haitz & Lichtenthaler,

1988; Lichtenthaler & Rinderle, 1988a), The reason is that the intensities of the

chlorophyll fluorescence changes during the light-triggered induction kinetics are

higher in the red than in the far-red band (Lichtenthaler et a\., 2005), According to

Prundel (PfundeL 1998) and Franck and coworkers (Franck et a\., 2002), the low

Rfd values at the far-red band as compared to the red band are due to relatively high

ground fluorescence of Fo, This is because at room temperature the far-red PSI

chlorophyll fluorescence also contributes to this far-red band but rather little to the

red band.

I d Rrd values of sun exposed leaves are higher than
For examp e, measure .I'

shade leaves as well as leaves from green-houses, and they exhibit a highly

net photosynthetic rate of the leaf, especially
significant linear correlation to

h
i ffected by photoinhibition (Lichtenthaler et a\.,

outdoor plants that are muc ess a

Rfd alues have been found to depend on the time
2005), For post-harvested leaves, .I' v
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interval between plucking of 'h
t e leaf and

measurement and h
measure for the efficiency of th ave been used as a

e photosynthetic activities
Bader, 1988). (Schneckenburger &

From the Rfd values obt . '
. aIned from the two h

c lorophyll fluorescence bands
(red and far-red), another param t

e er termed leafada' .ptatlon mdex Ap, expressed as

Ap == 1_ I + Rfd(l'Rl == R,fd(ll) + Rfd(l'R)
I + Rfd(ln J + Wd --

'/' (II)

(38)

where Rfd'RJ and R,fdrF11) are the Rfd values for red and C d b d .. lar-re an, respectively,

can be calculated lor intact and photosynthet' II' .Ica y acllvc green plant tIssue. The Ap-

values for example decline with senescence and are usually lower for damaged

leaves (Lichtenthaler & Rinderle, 1988).

The fast rise of the chlorophyll fluorescence is from the initial level the,

ground fluorescence F(} to a maximum fluorescence level, Fm within 0.1 - 0.2 s

with saturating light. With non-saturating continuous radiation, such as LED at 650

or 655 nm, the maximum level is obtained within OJ - 0.8 s.

The difference between Fm and F(} has been lermed variable fluorescence,

F
v
. Ratio, F./F

m
is the most frequently applied chlorophyll fluorescence ratio

because it is easy and fast to determine. A decline in F/Fm indicates a decline in

quantum yield of PSI! photochemistry and a disturbance in or damage to the

photosynthetic apparatus, but the cause of the damage cannot bc determined by this

t
· 1'/'[;" h t'o much more sensitive 10 the photosynthetic apparatus of

ra 10. • I r () IS anot er ra 1
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a leaf. It contains the same inf, ,
ormatlon as FIF b

, m ut exhibit h' h
higher dynamic range. Ig er values and a

Othcr parameters and
ratio that have been .

. . used In analyzing chlorophyll
fluorescence mductlOn kinetic .

s are the flse time T
I ~ and fall time Tp , expressed,

respectively, as

TI/ =; 0.5(F - F )
/2 m 0,

T" =; (100% - P)(F - F. )
m 0'

where P is FnlFoand expressed in percentages.

Multivariate Data Analysis

(39)

(40)

Spectra containing data sets with many physical parameters have groups of

these parameters varying together. One reason is that more than one parameter may

be measuring the same dri ving principle goveming the behaviour of the spectra. In

many systems there are only a few such driving forces. Another reason is that

important characteristics of the spectra may be completely or partially obscured

during measurements, because individual measurements may be noisy and contain

large variability. These problems can be simplified by replacing a group of

variables with few representative new variables.

The task of extracting the driving principle governing the behaviour of the

spectra from the many measured variables in general has been addressed by means

f I
'. . d I SI'S (MDA) techniques. which deals with optimum

o mu tlvanate ata ana Y

. . . fi a set of measured data by application of relevant
extraction of mformatlOn rom

. ' . I I (Martens & Nres, 1991: Esbensen, 2002; Davies
mathematIcs and statlstlca too s
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and Fearn, 2005; Davies, 2005) Th' .
. IS rather br d

Oa eharaeterizatio f1
that many techniques co . . n re eets the fact

nstltutIng MDA h
ave evolved f. . rom a number of rather

dIverse fields. e.g. economics
, psychology and eh .

emlstry. lienee, MDA lacks a
distinctive definition.

Multivariate methods are r b .
oust to nOIse a d bl •, n ena e a filtering of the data

such that the systematic information (the Heffe ". . .
cts ) IS hlghllghted. This is because

the latent variables become stabilized b . I d'
y me u mg many relevant variables, even if

each of the measured variables is ve' '.
ry nOISy. Multlvanate data analysis seeks to

overcome the limitation of noisy variables r . t db' .egIs ere, y uSing all vanables at the

same time.

Large data tables in general, and short and wide matrices in particular,

require the use of multivariate projection methods, such as Principal Component

Analysis (PCA), for analysis. Multivariate analysis by projection has the following

advantages: it deals with the dimensionality problem, handles many variables and

few observations, few variables and many observations. and almost square matrices

of any size (Esbensen, 2002; Davies & Fearn, 2005: Davies. 2005). Further, it

copes with multi-collinearity, missing data, robust to noise. separates regularities

from noise, provides informative diagnostic and graphical tools (Esbensen, 2002;

Davies & Fearn, 2005; Davies, 2005).

h 'b'lity of finding correlations by chanceIn multivariate data, t e pOSSI I

. . I . h . asing number of variables. In the comprehensive
Increases dramatlcal y WIt Incre

. . formation from a multivariate data set may be
framework of MDA, extractIng In

b applying principal component analysis or
approached in numerouS ways, e.g. Y
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classifying samples.

discrimination and classificat'lo
n analy' (E

SIS "sbensen. 2002' 0 .
Davies, 2005). Both of these a ' aVles & Fearn, 2005;

pproaches can b
e very effective, especially for

Calibration, as used in MDA . .
, IS In short to relate Some more or less

concealed characteristics of the syste t
m 0 a set of dir tlec Ymeasurable parameters or

in other words, to relate a set of impl" 't .
ICI properties of a system to a set of explicit

properties. These implicit and explicit pro rt' ,
pe les are quantified by a set of so-called

dependent and independent variables.

Principal Component Analysis

Principal component analysis (PCA), introduced in 1933 by H. Hotelling

(Hotelling, 1933), is an exploratory statistical multivariate technique designed to

identify unknown trends in a multidimensional data set, say X, PCA is an applied

linear algebra technique that computes the most important basis to re-express a

complex and noisy multidimensional data set. Application examples of PCA are

numerous, from neuroscience to computer graphics (Esbensen, 2002; Davies &

Fearn, 2005; Davies, 2005).

PCA is a non-parametric method of extracting relevant information from

th I 'd' . I d t t X by reducing the complex multidimensional datae mu tl ImenSlOna a a se, ,

. . h that the principal hidden or latent factors areset to a lower dImensIOn suc

, . I pace help build more effcctive data analyses
revealed, The reduced-dlmenslOna s

'f clustering and so on.for classification, pattern recogm Ion
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PCA produces a new sct of d' .
Imenslons

or axes against I'
multidimensional data set is re wllCh the original

. preSented, descri bed
. or evaluated. This analysis

approach enables one to discove d
r an Work with the . '.

. . pnnclpal latent components
rather than the ongInal data.

When two or more signals or d' .
ImenSlOns a h' hi. re Ig y correlated or dependent,

they are likely to represent highly relat d h
e p enomena. Thus, the variances in the

data are where the signals or dimens'
Ions can be best discriminated and key

underlying phenomena observed. So in PCA I .
, , Corre ated vanabIes are combined

and uncorrelated ones, particularly the observations th t h h' h .'a ave 19 vanance, are

focused on. At the end of the analysis, smaller set of variables that explain most of

the variance in the original data, in more compact and insightful form is sought for.

The new variables or dimensions in PCA are linear combinations of the original

ones and uncorrclated with one another, that is, orthogonal in the original

dimension space. They are captured as much of the original variance in the data set

as possible and are called principal components, (PCs). The PCA as a projection

method projects the experimental multidimensional data set onto new axes, the

principal components (PCs), and gives better representation of the data set without

losing much infonnation.

P · . I t I SI'S is considered as a form of rotation of the existingnnclpa componen ana Y

space defined by original variables. The new
axes to new positions in the

h
I and stand for the directions with maxImum

dimensions or axcs are ort ogona

variability.
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The multidimensional d
ata set, X of

., n observatio .
dimensIOns or van ables, whieh ~ ns OCcurrmg in m

lorms the .
naive basis rcll r

measuring the data, is repreSented as ec mg the method used in

Xu Xu xLm

x= X 1.1 X l .1 X,
-.111

= [XI Xl ... X.,J (41 )
X 11.1 Xn.2 Xn.m

Each column in the data table corresponds to .
one vanable Xlk and one row Xii

corresponds to the values observed at .
one pomt at a time. Thus, the data points are

vectors in a multidimensional space and th '.. e pnnclpal component analysis of the

data gives vectors of scores. with values th t' .. a summanze all the vanabies entering

the analysis. The projection P of the vector X' onto a '. (d' . .., ,naXIs tmcnslon) U IS

·1
i

., !-,

i\
:L
.1

i

.,
; I

p = ux = r-I ]lJI P2 ... Pm' (42)

where p is the PC and u represents the direction of the PCs. The direction of

greatest variability is that which the average square of the projection is greatest,

such that the overall x is maximized.

Some of the PCs derived from the multivariate data can give an index which

will provide the maximum discrimination between samples (Everitt & Dunn,

200 I). In some applications, the PCs are an end in themselves and may be

amenable to interpretation (Everitt & Dunn, 2001; Esbensen. 2002; Bengtsson et

a!., 2005).

M f PC obtal'ned for the use as input to another analysis. One
ore 0 ten ·s are

I
.. ., I ent regression (PCR). pes arc useful when there

examp e IS In pnnclpa compon

. bl relative to the number of observations and are
are too many explanatory vana es
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highly correlated. Both .
Situations

lead to probl
. d ems~

techniques, an may be 0 en applying regression
vercome b

y reducing the ex
smaller number of principal. planatory variables to a

components (Everitt & D
I d

unn, 2001)
n or er to compute fo . _ .

r u, X IS hrst
mean-centered h h

set, Y, have zero mean who h . suc t at the new data
, lC IS a pr .

ereqUlsite for PCA (Es .
& Wichern, 2002). In other' - bensen, 2002; Johnson

words, YIS given as

,
L:
;. I
, i, ,
I .

!
,.,

X m representing the sample means of the m variables in the

multivariate data X. Y , thus, becomes a (n, m)-dimensional matrix like X. This

approach centers the original axis system at the centroid of all data points.

In certain experimental results, the multidimensional data set need to be

preprocessed in some way in order to improve the quality of the analysis (Reeves &

Delwiche, 2003) before they are mean-centered. In its simplest form preprocessing

can be a visual inspection of the data in order to exclude any outliers from the data

before the analysis. If the data appears to be noisy, the data may also be

smoothened by using for example Fourier transform filtering or spline

interpolation. Baselines, especially in spectra. are often removed by differentiating

the data once or twice so that the variations in the data are favoured over the
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absolute levels. In some cases . t
, In erested part of th .

. . e data IS selected F .
relationshIp data, preprocessing . or non-lInear

, can take th ~e lorm ofli .
. '. . neanzation in order to obtain

data wIth a sImpler dIstribution d
an a more stable

variancc. However, these
techniques sometimes greatly c I'

omp Icate the abilit '.
." Y to provide mterpretation or

provIde IJttle to no Improvement in the '.
predIctIon (Kelley et al.. 2004).

The covariance matrix COl' of Y d fi' , e med as

I,
cov=_Y'Y

n-I (44)

r
where Y is the transpose of Yand 1// -I)'. '"

In IS a constant for normalIzatIOn with n

still denoting the number of observations in X, is computed. This covariance

matrix provides important information on the spread of the variable values in X.

The COy is a square symmetric matrix, m x m, with the m diagonal elements being

the variances of X of particular measurement types. The off-diagonal terms of COy

are the covariance between measurement types. The cov captures the correlations

between all possible pairs of measurements and gives information on whether

changes 111 any two variables move together. It contains the correlations

(similarities) of the original axes based on how the data values project onto them.

The correlation values reflect the noise and redundancy in the measurements. By

. I I f the variances correspond to the interesting trend orassumptIOn, arge va ues 0

d " I 'd' . nal data set and the vice versa. Large values in off-ynamlcs In the mu tl ImenSlO

diagonal terms correspond to high redundancy.

'. r 't variables are measured in di fferent units with
In expenments where exp lCI

. fl ce of each variablc is normalized by
large numerical differences. the In uen
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dividing the elements of Y by th
e standard deviation (J t

(Esbcnscn. 2002: JOhnson & W· h ' 111 0 get a new matrix, Z
Ie em, 2002). That is
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This process enhances the influence of th . .
e varIables wIth small variances and

reduces the influence of the variables with high . Th '. .varIance. e correlatIOn matrIX,

corr, defined as

I. !
I

. I
I

corr == ZTZ

where ZT is the transpose of Z, is then computed.

(46)

At this stage, we look for weights, w that maximize u(cov)uT or u(corr)u7' ,

subject to u being unit-length, that is, uTu = I. This is achieved when w is a

principal eigenvector of the matrix coy or corr, such that

T Tu(cov)u == UAU =A

or

(47)

(48)

. ., . I f the covariance matrix, coy or correlation matrix
where A IS a pnnclpal elgenva ue 0

T. 'f I this case there are two types of u, the left-hand
corr and u IS the transpose 0 u. n '

u, LHU and right-hand u, RHU.
e denoted PC loadings, also known as

The elements of the LHU vectors ar .

lied loading vectors. because it is the
th mselves are ca

the variance. and the vectors e .
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transformation matrix between the '.
ongInal variable .

s space and lh
by the orthogonal PC vectors Th e space spanned

. ere are in thO
, IS case m coeffi .

making up the column vectors (I . IClents for each PC
oadIng vectors) .

In the matrix I HU Th
contains the new base data set onto h' . . . . e RHU

w Ich X was projected.

The loading vectors indicat h
e ow the variabl

es are combined to form the PC
scores. A plot of the PC loadings h

sows the variabl hcs I at arc responsible for the
trends in the data set and how much each .

vanable contributed to each Pc. These

indicate the variables that are importa t d
n ,an correspond to the directions in a PC

score plot.

So, the new axes are the eigenvectors of the matrl'x of covariance or

correlations of the original variables which captu th . '1 " f .., re e SImI antIes 0 the ongmal

variables based on how data samples project to them.

The first PC (PC I) retains the greatest amount of variation in the sample

and corresponds to the line with maximal variance. The data points are projected

with values along this new axis. The second PC. pe2 retains the second greatest

amount of variation in the sample but orthogonal 10 PC J and Ihe data points are

again arranged so that the variance is as large as possible. The procedure continues

to PC3 and so on. Thus, the k1hpC retains the klh greatest fraction of the variation in

the sample but orthogonal to (k-I )lh PC. The k1h largest eigenvalue of the COy or

. h . . h Ie along the k1h PC PCs once identified can be used
Corr IS t e vanance In t e samp '"

for classification and discrimination or as parameters for modeling in other

multivariate techniques.
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The usefulness of this artificial variants (PCs) constructed from the

ved variables is obtained by determining the proportions of the total variance
~~ .

for which it is accounted. The components of lesser significance can be eliminated

without losing much information provided the eigenvalues are very small. If, for

example, 95 % of the variation in a multivariate data set involving 20 variables can

be accounted for in the PC I and PC 2, then almost all the variation could be

expressed along a double continuum rather than in 20-dimcnsional space. This

would provide a best summary of the data that might bc useful in later analysis.

The new co-ordinate values, collected as columns along given PC, are

called the PC scores. These columns are orthogonal and are PC score vectors. The

PC scores are the co-ordinates of the data points in the PC space and a plot of these

PC scores in the PC space results in a PC score plot.

The eigenvalue denotes the amounts of variability captured along that

dimension and tell about the explanation grade and suggest the possible truncation

or PCs to be retained. Factors often considered when determining the number of

PCs to be retained include the amount of total sample variance explained, the

relative sizes of the eigenvalue (variances of the sample components), and the

subject-matter interpretations of the components.

A useful visual aid to determining an appropriate number of PCs has been a

"Scree plot", a graphical method of plotting the ordered Vk against k and deciding

visually when the plot has flattened out, i.e., a bend in the scree plot. The number

of PCs is taken to be the point at which the remaining eigenvalues are relatively

small and all about the same size (Johnson & Wichern, 2002). Alternatively,
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· r's rule which suggests that from all the m PCs only the ones whose
J(alse '

variances are greater than unity or, equivalently, are the components that should be

retained, explain at least (11m) 100 % of the total variance, can also be used. This

criterion has a number of positive features that have contributed to its popularity

but cannot be defended on a safe theoretical ground (Esbensen. 2002).

Outliers, duplicates or other strange measurements. if any, are identified and

in some cases removed from the data set for better classification and so on. In other

times, the outliers may be the most interesting trends in the data set. These outliers

are identified in loading plots or PC score plots.

An idea about where the PCA fails IS obtained by comparing a

reconstructed and a raw data set. The mean of the squared residuals give the

absolute mean residual for each observation that has been compressed.

Two Group Discrimination and Classification

For groups of observations, a subset of variables of the groups and

associated functions of this subset and a set of associated variables can be located

in order to maximum separation among these groups using discriminant analysis.

Discriminant analysis is one of such exploratory multivariate methods of

determining variables and reduced set of functions concerned with maximally

separating set of observations obtained for the groups. This analysis method is

employe.d on a one-time basis in order to investigate observed differences when

causal relationships are not well understood. The following references (Everitt &
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Dunn, 200 1; Johnson & Wichern, 2002; Esbensen, 2002) are good sources for more

comprehensive discussions on discrimination and classification.

The objectives of any discriminant analysis is to construct a set of

discriminants that can be used to explain or characterize the group separation with a

reduced set of variables, as well as to analyze the contributions of the original

variables to the separation and evaluate the degree of separation. The immediate

objective of discrimination analysis' is to describe. either graphically or

algebraically. the differential features of the observation from the several known

collections. The numerical values of the discriminants are such that the collections

of the data are separated as much as possible.

Maintaining maximum separation for the subset of the original variables in

discriminant analysis requires a number of functions known as rank or

dimensionality of the separation. Such functions when linear are referred to as

linear discriminant functions (LDF) and can locate the exact contrast, up to a

constant of proportionality that lead to significant separation. When comparing the

significance of two means with a common covariance matrix, E of the population, a

two group LDF can be develop to obtain a contrast in the sample mean vectors that

can lead to maximum separation of the sample group means.

In order to locate a meaningful mean di fference, a variable-at-a-time,

independent of the other variables in order to assist in a model when the mean

difference is found to be significantly different from zero, correlation between the

discriminant function is calculated. Correlations of variables with the linear

discriminant function have been used as a past-hoc data analysis tool.
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For two group discriminant analysis, it is assumed that the two independent

samples f1"om two multivariate normal populations have common covariance

t 'x 1: and unknown means /1/ and /17. A linear combination of the variablesrna n , •

from the two groups that provides for the maximum separation between the groupS

is the Fisher's two group linear discriminant function, L. given as

p

L=/x=""vx
LJ.lj'
i=1

(49)

The discriminant scores that brings about a maximum separation between the two

groupS is a vector defined as

(50)

where S is the common sample variance, an unbiased estimate of L and Xi is the

sample mean for the observations in groups 1 and 2.

The discriminant scores are evaluated at the group mean vector Xi, using the

difference in the mean discriminant· scores such that it is exactly equal to

Mahalanobis' D2 statistic defined as

(51 )

HoteHing's -r statistics, defined as

(52)

IS used to test for the difference in the mean vectors of the two groups. If yJ is

significant then the sa~ple group centroids for the two classes are said to have

gOod separation. However, the square of the univariate student {2 statistic is equal to
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2 h a simple t test on the discriminant scores is equivalent to calculating r for
T•t US

. for the difference in the mean vectors for the two groups.
tesung

for discriminant scores, say y, representing the dependent variable and the

my independent variables X, = -I and X2 = 1 for the two groups. A regressiondum .

equation of the form

(53)

where VI and V,:> arc the constant coefficients. is fitted to the discriminant scores. A

sample linear discrimination function, LDF, L == a· X as the estimate of the LDF,

where a == ~.1 (,u, - ,u2)' wi II lead to significant separation between the two groups.

The' number of variables can be reduced and yet maintain significant

discrimination, which can be approached using F statistic.

Classification analysis is another multivariate method technique that is

closely connected with discriminant analysis. While discrimination analysis is often

done to sharpen the separation between groups of observations and to understand

the variables that carry the groups separation information. the classification

analysis is often performed to predict a probable group membership from an

observation. The objectives of these two methods tend to overlap because linear

discrimination functions are often used to develop classification rules. The primary

difference is that variables used to develop classification rules are usually applied

to a group of known number of groups.

Classification analysis seeks to sort observations into classes with the

emphasis On a rule that can be used to optimally assign new observations to the

already labelled classes. So the concern of classi fication analysis is the
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I P
rnent of rules for allocating or assigning observations to one or more

deve a

s This leads to well-defined rules that can be used to assign new observation.
grOUP' .

This analysis method usually requires more knowledge about the parametric

structure of the groups.

So. creating rules for assigning observations to groups that minimize the

total probability of misclassi fication of the average cost of misclassification are the

objectives. A good and optimal classification procedure results in few

misclassifications, that is, the probability of misclassification is small and accounts

for the costs associated with misclassification taking prior probabilities of

occurrence into account.

Supposing two groups are labeled a and p and have probability density

functions (Pdfs) .II(X) and .12(X) respectively, associating with them. Again,

supposing PI and P2 are their prior probabilities that x is a member of a and P

respectively, where PI + P2 =1. And, let CI = C(211) and C2 = C0l2) represent the

misclassification cost of assigning an observation from Pand a and from a and p.

Then, assuming the pdfs are known, the total probability of misclassification (TPM)

is equal to PI times the probability of assigning an observation to p given that it is

from a, P(21 f), plus p2 times the probability of assigning an observation into a

given that it is from p, P(1j2). Hence,

(54)

The error rate that minimizes the TPM is the optimal error rate (OER). Considering

cost, the average or expected cost ofmisclassification (ECM) is defined as
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nable and better classification rule is established when the ECM is made as
Areaso

a
ll as possible. However, costs of misclassifieation are hardly known.

sm
Using LDF and assumptions that II = I 2 = I and PI = P2 and that CO 12) =

c(112) Fisher developed a LDF known as Fisher's Linear discriminant (FLD).

function (Fisher, 1936). This discriminant function is used to find the linear

combination of features that best separate the two groups. The FLD function simply

uses unstandardized discriminant coefficients and may be used as a classification

rule for classifying an observation x into a or p. The LDF as a rule does not

required normality because p4fis not assumed. The groups' covariance matrices are

assumed to be equal, because a pooled estimate of the common covariance matrix

is used.

The method transforms the multivariate observation x. by taking a linear

combinations of x to create univariate observations, y's such that the y's derived

from the groups a and p are separated as much as possible. A fixed linear

combination of the x's takes the values ofy's for the observations from group a and

the values of y's for the observations from group p. The difference between the

means of the univariate y's of the two groups, y, and Y2 expressed in standard

deviation units is used to assess the separation of these two sets. That is,

(56)

where .

(57)
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ooled estimate of the variance. The objective of this process is to select a
is the P

ombination of x to attain maximum separation of the sample means YI and
linear c

The ratio of the vanance between the groups to the vanance within the

groUPS is the separation, R between the two group distributions as defined by

Fisher. That is

(58)

where Wi;, is the weighted mean and Wi S{'",,'cd W is the weighted variance for

group i = J, 2 as a result of the linear combinations of the variables of the groups.

The w is the overall possible coefficient vectors. The R is in a sense represents the

measure of the signal-to-noise ratio for the group labeling.

The linear combination

Y ; (- -)1 S-l=W X = X, -x, {''''''''dX (59)

maximizes the ratio and thus the separation over all the possible coefficient vectors

w. The maximum of this ratio, from equation (50), is

where

In allocating a new observation Xo to say a, if

v - (- _ - )1 S-I X > M
J 0 - X I X , {'(m'rd 0-:-

_ I (- _ - )' S'-I (~+ ~, )M-- XI x, '-roolt-I! I ..
2 -

100

(60)

(61)

(62)



is allocated to Pif
elseXo

(63)

The group mean and group covariance are estimated from the training sets.

Although the estimates of the covariance may be considered optimal in some sense,

this does not mean that the resulting discriminant obtained by substituting these

values is optimal in any sense, even if the assumption of normally distributed

classes is correct.

When the number of observations of each sample exceeds the number of

samples, the covariance estimates do not have full rank, i.e. sorting of the

covariance estimates into order and replacing each value by its relative position in

the order will not be complete, and so cannot be inverted. One way of dealing with

such situation is the use of pseudoinverse; a matrix inverse-like object that may be

defined for a complex matrix, even if it is not necessarily square. Another way,

regularized discriminant analysis, is to artificially increase the number of samples

by adding white noise to the existing samples. These new samples do not actually

have to be calculated, since their effect on the class covariances can be expressed

mathematically as

. J

~''''K' = ~ + n- J (64)

Where J is the identity matrix, and n is the amount of noise added, called the

regularization parameter. The value of n is usually chosen to give the best results

on a cross-validation set. The new value of the covariance matrix is always

Invertible, and can be used in place of the original sample covariance in the above

fOnnulae.
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CHAPTER THREE

EXPERIMENTAL SET UP, MATERIALS AND METHODS

The experimental set up was in two parts corresponding to the two fields of

investigation; fluorescence spectroscopy, in particular diode laser-induced

fluorcscence. and absorption spectroscopy in particular tunable diode laser

spectroscopy. The equipment was used to understand different characteristics of

leaves of nutmeg plants. The equipments and components used are described

below.

Compact Continuous Violet Laser-induced Fluorosensor

Laser-induced chlorophyll fluorescence studies in this research were

conducted with a compact continuous violet diode laser-induced fluorosensor

(Gustafsson et a!. 2000, Anderson et a!. 2004). The fluorosensor consists of a

continuous violet diode laser, optics, a probe, detector system and a data acquisition

and control unit. The continuous violet diode laser (Nichia NLHV500), was

Powered by an LDD200-Ip series type laser diode driver (Wavelength Electronics)

that had a maximum power dissipation of 2.5 watts. The dIode laser could generate

a maximum operating power of 5 mW at room temperature and lases at a

wavelength of 396 nm. The laser diode driver was operated with a 9 V DC source.

The amount of laser power for excitation could be adjustable from the diode laser
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driver. The laser was in a tube fitted with a lens (Gel tech C230TM-A) for

collimating the laser output radiation and a narrow band interference filter (CYI

F25-400-4-0.5) for the 'cleaning' of the output broadband spontaneous emission

beam.

The output laser beam was guided to the sample by a 600 11m core diameter

fused silica step index multi mode optical fibre, of 0.22 numerical aperture, via a

dichroic beam splitter and fibre-port lens assembly (PAF-SMA-6-NUY-Z). The

output end of the fibre was supported by a fibre holder and kept in contact with the

leaf surface. Laser-induced fluorescence was emitted spatially in all directions and

a fraction of it was collected by the same fibre and guided back to an Ocean Optics

miniature fibre optics spectrometer, USB2000, through a coloured glass cut-off

filter (GG420; A. > 400 nm, T = 99%). The filter was placed in front of the detector

unit, to eliminate any elastically back-scattered violet laser radiation from the

sample.

The detector unit had been configured into a plug and play mode and had a

2048-element linear silicon CCD array detector (SonybILX511) and a grating

system optimized for UY-IR detection. The USB2000 plugs into the USB port of

any desktop or notebook PC, thus eliminating the need for any external AID

converters. Wavelength calibration, which was unique to the USB2000

spectrometer, had been programmed into its memory chip (EEPROM). 00IBase32

software (Ocean Optics Inc.) read these values from the output of the spectrometer.

This software enables a computer to read the wavelength calibration coefficients

and the spectrometer serial number installed on the memory chip for the computer
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rnrnunicate with the USB2000 spectrometer. The software is a 32-bit user­
to eo

eustornizable and advance acquisition program which enables a real time display of

its data. The spectrometer was driven by the computer via the USB connection. The

operating temperature was in the range of 10° to 50 °C. Its signal to noise ratio for a

single acquisition at full signal is 250: 1.

The detector unit, the violet diode laser and the optics of the system were

mounted in a dark housing which was made of a plastic (dimension 12 x 22 x 6

em3) with an aluminum cover. This further reduces the amount of stray light

(ambient light) intrusion.

The 00IBase32 software allows users to evaluate the effectiveness of the

experimental setup and data processing selections and make changes to the

parameters instantly and thus read their effect and ultimately save data either

manually or automatically. It allowed for the use of process functions such as

signal averaging, boxcar pixel smoothing, electrical dark signal correction and stray

light correction.

Fluorescence signals were acquired in the scope mode for both full spectra

acquisition and/or discrete wavelengths for induction kinetics. The time could be

normalized and the normalization function allowed for the designation of separate

integration times for reference and sample scan. As part of the discrete wavelength

acquisition function, up to six (6) single wavelengths and two (2) mathematical

combinations of these wavelengths can be monitored and recorded.

The main programmed functions during the measurement were the

folio . h k 1 tl fi .Wing: starting measurements for t e pea wavc eng 1S; can IguratlOn of
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wavelength channels and mathematical combinations; configuration of time

channels for induction kinetics and saving data. This fluorosensor could be used to

detect and measure fluorescence. both in the field and in the laboratory.

The use of this Ouorosensor as a system to measure laser-induced

chlorophyll fluorescence induction kinetics was demonstrated by Anderson et al.

(Anderson et al. 2004; Anderson et aI., 2008). An alternative version of this

compact fiber-optics fluorosensor employing three light-emitting ultraviolet diodes

as excitation sources has also been produced (Ek et aI., 2008).

Measurements of Chlorophyll Fluorescence Spectra of Nutmeg

Completely developed male and female nutmeg leaves, second from the

apex of a branch, were used in this research. In all, 20 leaves were used, 10 leaves

for each sex. They were obtained from the Council for Scientific and Industrial

Research (CSIR), Plant Genetic Resources Centre in Bunso. Eastern region of

Ghana. The studies started in 2003. Figure 9 shows the experimental arrangement

for the detection of the violet diode laser-induced chlorophyll fluorescence from in­

vivo green nutmeg leaves.

In order to check the wave calibration of the spectrometer in the fluosensor,

the spectrum of a helium-neon laser of known output wavelength was observed.

The intensity level of the diode laser light was measured with a handheld power

meter (NTS4-0 18, Edmund Optics) and a background spectrum was recorded

through the optical fibre by sending the light to clean aluminium plate without a

sample at 396 nm.
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Figure 9. Experimental set-up for the detection of chlorophyll fluorescence

from in vivo leaf using the violet diode laser fluorosensor.

The lower side of the leaf was placed on aluminium plate for background

Cover to avoid collection of ambient light corning through the back of the leaf.

Violet diode laser light lasing at 396 run and of 1.2 mW output power was sent to

the nutmeg kaf under investigation. Male and female leaves of the nutmeg plants

Were studied. In each case, cWorophyll fluorescence intensity within 600-800 nm

spectral range was recorded at steady-state conditions of the fluorescence,

Excitation" and detection of the fluorescence was performed via the upper surface of

the leaves and at an ambient temperature of29 0c.
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Measurements of Chlorophyll Fluorescence Induction Kinetics of Nutmeg

The same set up as in Figure 9 was lIsed for chlorophyll fluorescence

induction kinetics (Kautsky effect). Two characteristic chlorophyll fluorescence

peak wavelcngths from the nutmeg leaves from the initial measurements were

selected for the chlorophyll fluorescence induction kinetics study. An initial

calibration test for chlorophyll fluorescence induction kinetics was also conducted

on the samples for optimizing the time of exposure.

All the leaves from the male and the female nutmeg plants were then pre­

darkened for 20 minutes and placed on a non-fluorescent aluminum plate for each

measurement. These samples were then illuminated with the violet laser diode for

180 seconds. The laser light and the chlorophyll fluorescence lights emitted were

guided via the same 1.0 m fibre cable onto the sample and then back to the

spectrometer. Data were collected on an interfaced laptop computer. For each of the

samples, the chlorophyll fluorescence induction kinetics at the two wavelength

regions, red and far-red band, as well as their ratio, red band to far-red band, were

recorded. The two characteristic chlorophyll fluorescence bands (red-F690 and far­

red-F730) and their ratio were measured using two channels and a mathematical

combination of these bands.

After these measurements the leaves were kept in different physiological

conditions, that is, they were separately immersed into distilled water and stored in

a normal ambient environment with an average temperatilre or 27 0c. Chlorophyll

fluorescence induction kinetic measurements from the leaves of the male and the

female plant sets were then taken after 24 hours. The leaves were put back into the
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e distilled water and after another 24 hours recordings of the chlorophyll
sam '

fluorescence induction kinetics were again made. The procedure was continued

until the nod hour.

Gas in a Scattering Medium Absorption Spectroscopy (GASMAS) Setup

The gas in a scattering media absorption spectroscopy (GASMAS) set-up

consists of a diode laser (Sharp LT03] MDO) as a light source with a lasing

wavelength of 757.0 nm at 25°C and an output power of approximately 7.0 mW.

This is placed in a thermo-electrically cooled mount and controlled by aprecision

diode laser driver (Melles Griot 06DLD203A) with a temperature and a current

controller. The injection current of the diode laser is periodically ramped, using a

ramp generator (Tektronix RG501A), in order to scan the frequency across the

absorption line of the gas. in this case free oxygen, and sinusoidally modulated,

using a function generator (Philips PM5139). The signals are then mixed together

using a power divider (Suhner, son 6dB, ] W DC-2000 MHz) and the signal

connected to the diode laser driver. The thermo-electrically cooled mount with the

diode laser are placed in a nitrogen-flushed chamber.

Two measurement geometries can be used In this setup, namely, trans-

illumination and backscattering. Complete schematic set-up of GASMAS for trans-

illumination measurements is shown in Figure ]Oa. The arrangement used for

backscattering geometry is sl ightly more complicated as can be seen in Figure lOb.
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Figure 10. a) Complete schematic set-up of GASMAS for trans-illumination

measurements b) modified GASMAS schematic setup for backscattering

(single-sided) measurements.

Asmall right-angle prism providing total internal reflection is positioned in front of

the fibre centrally located over the detector.

The modulated light from the diode laser is transported through an optical

fibre to the sample and at the end of the fibre the light is sent through a collimating

lens placed in a nitrogen-flushed adapter. The collim~ted light is sent through the

sample under study and detected using a photomultiplier tube (PMT)

(EMI 9558 QA) detector with a 50 mm diameter photo cathode. The PMT is used

with a DC power supply (Hewlett-Packard, 6525A). The signal from the PMT is

divided into two signals, one is sent directly to a digital oscilloscope (Tektronix

TDS520B) . . . ., and IS called the direct absorptIOn sIgnal, and the other signal sent to

the phase-sensitive second-harmonic detection using a lock-in amplifier (EO & 0
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· elOn Applied Research 5209). The output signal from the lock-in amplifier ispnnc

then sent to the digital oscilloscope as the extracted second-harmonic component,

called the 2v signal. The peak-to-peak value of the 2v signal (SWMS), in the

absorption regime. is normalized by dividing it by the interpolated light intensity at

the peak of the direct absorption signal (SOir) to get the GASMAS signal, GMS.

At the sensitivity fall-off towards longer wavelengths of the PMT, a Schott

RG695 coloured-glass long-pass filter is attached directly to the photo cathode of

the PMT. This makes it possible to create a window of detection approximately

around the desired wavelength of the gas (oxygen), suppressing much of the

unwanted light. This is because the light power of interest is extremely low in

contrast to the ambient room light. A circular aperture, placed on the PMT, is used

to limit the detection area. The extracted second-harmonic component from the

lock-in amplifier and the direct signal are accumulated for several scan in the

digital oscilloscope. The signals are computer controlled through GPIB (National

Instruments":. 2003) communication by a LABVIEW (National InstrumentslD 2003)

program.

The set up described can be modified at times depending on the type of

sample and laser being used, as well as the objective of the research work. A

photograph of a set-up (Plate 5), without the nitrogen-flushed optics, is now in

place at Fibre Optics Centre in Cape Coast, Ghana.
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Plate 5. Complete set-up for gas in scattering media absorption spectroscopy

(GASMAS) (or trans-iHumination measurements, without the nitrogen-flushed

optics, at Fibre Optics Centre in Cape Coast, Ghana.

Oxygen Gas in Scattering Medium Absorption Measurements

Different sets of samples, wood, fruits and mushroom, were used in these

studies. The wood samples were made up ofBalsa (Ochromapyramldate), Norway

Spruce (Picea abies), European Larch (Larix decidua), Alder (Alnusgltinosa)

Aspen (Populus tremula), Ash (Fraxius excelsior), Birch (Betula sp) and Scots

Pine (Pinus sylvestris). Th.e fruits weIe Grann.y Smith. apple (Malus domestica),

orange and avocados. They were bought in a local supennarket. The selection of

the samples was made to test the effectiveness of the GASMAS technique.
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An ideal second derivative (2v) wavelength modulation spectroscopy

(WMS) signal was then obtained by recording an experimental curve with a good

signal-to-noise ratio using polystyrene foam (Sjoholm et aI., 2001; Somesfalean et

aI., 2002). This curve was used as the standard curve to fit all other measured

curves in an automated mode.

The wood samples were placed directly on the photomultiplier tube

cathode. The diode laser was temperature tuned to the molecular oxygen line at

761.003 nm. the R7R7 transition of the A-band. The laser injection current was

swept at a repetition frequency of 4 Hz, allowing a linear scan over the absorption

line. A 55 kHz sine wave modulation was superimposed on the current ramp, and

the signal from the PMT was divided into two parts. one is sent directly to the

digital oscilloscope and the other signal is sent to the phase-sensitive second-

harmonic detection using the lock-in amplifier. The output signal from the lock-in

amplifier was then sent to the digital oscilloscope as the extracted 2v signal. Signal

averaging of between 32 and 1024 scans depending on the level of the noise, was

performed on the digital oscilloscope.

The optical densities of the samples varied by several orders of magnitude

and so did the light levels reaching the detector. The PMT gain was adjusted by

changing the supply voltage to achieve high amplification and linearity in the

detected signal.

First, measurements of 6 mm thick slabs of the wood of the different

species and different densities were performed. Different aspects relating to the

light propagation and embedded gas in the wood were studied. By shining light
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through the samples and adding known distances of ambient air, the gas content in

. the
the porous samples was expressed as an equivalent mean path length, that IS,

path length in air rendering the same absorption as encountered by oxygen in the

sample. Each sample was measured at three different points, and at each point three

different averages consisting of 512 individual scans were acquired ~sing a circular

detection area with a diameter of 25 mm. Measurements were also performed on

denser species of wood. namely; Pear, Norway Maple. Beech, Pedunculate Oak,

Wych Elm, wild Cherry and Hornbeam.

The inherent anisotropy of the wood was also investigated using cubes of

15 mm side length using Norway spruce and Scots pine. The oxygen light

absorption and the light transmission were measured for both kinds of wood

through the cube by letting the laser beam entering them through three different

principal directions, that is. radially through the annual rings, longitudinally along

the annual rings along the stem, and tangentially along thc annual ring layers,

respectively. Each principal direction was measured from both sides, and for each

side three different averages consisting of 5] 2 individual scans were acquired using

a circular detection area with a diameter of 6 mm.

Dynamic processes related to gas diffusion in wood were also investigated

by measuring the light absorPtion of oxygen in samples of wood directly after

keeping them in a pure nitrogen gas for some time and then being brought out into

ambient air. Measurements were done on one sample for different storage times in

pure nitrogen gas as well as on different samples at the same storage time. All the

measurements were done in transillumination mode.
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In the case of the fruits and mushroom, both transillumination and

backscattering techniques were used. Additionally, sinusoidal modulation of about

9 kHz was superimposed on the diode laser injection current to achieve a

wavelength modulation of the light allowing sensitive wavelength modulation

spectroscopy (WMS). In the transmission geometry a circular aperture with a

diameter of 6 mm was used to limit the detection area.

Launching the laser light into the scattering medium. 10 the case of the

backscattering geometry is slightly more complicated, as shown in figure 14b. The

backscattered light that had travelled through the medium was collected in an

annular aperture with an inner and outer aperture diameter of 10 and 21 mm,

respectively.

Measurements were made for both transillumination and backscattering

geometries in ambient air after different treatments; pre-treated by immersion in

nitrogen gas for 24 hours and pre-exposed to atmosphere with higher oxygen

concentration than that in the ambient air for 12 hours.

Preliminary backscattering geometry measurements on avocados were

measured to explore their maturity. The conventional approach of hardness

measurement of the avocados was performed with a Stevens LFRA Texture

Analyzer equipped with a circular probe with a diameter of 2S mm. Each avocado

was compressed about 2 mm with a probe speed of 0.2 mm/s while the maximum

force was measured. Gas exchange into an intact orange was also measured after

nitrogen exposure.
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CHAPTER FOUR

RESULTS, ANALYSIS AND DISCUSSIONS

This section deals with the results, analysis and discussion of the diode

laser-induced fluorescence measurements on the leaves of the male and female

nutmeg plants, as well as the gas in scattering medium absorption spectroscopy

(GASMAS) measurements from the wood samples and the fruits.

Chlorophyll Fluorescence

Figure 11 shows some of the fluorescence intensity spectra recorded from

the in vivo green leaves of the female and male nutmeg plants, which show

characteristic chlorophyll fluorescence features.

It can be observed that the peak intensities of the red band are higher than

that of the far-red band in all spectra. This is as a result of the cWorophyll

fluorescence coming from only chlorophyll and accessory pigments from the

mesophyll region near the surface. The emitted light from the red band was

reabsorbed only from the few surface chlorophyll pigments yielding also some far­

red band emission. This is because the violet light, which has a short wavelength,

cannot penetrate much into the leaf due to absorption.

Considering the wavelength (396 om) of the continuous violet diode laser,

and the chlorophyll fluorescence emission peak wavelengths of the leaves from the
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male and female nutmeg plants, the energy of the fluorescence emission was

typicalIy less than that of the excitation source. There were Stokes shifts in the

fluorescence as discussed above. The cause of this Stokes shift might be the energy

transfer witlIin the pigments for photosyntllesis or rapid decay of tile excited

electIons to the lowest vibrational level of the singlet state of the chloroph)'U

molecule or both.
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Figure 11. Fluorescence intensity spectra of in vivo leaves, second from the

apex, from a) female and b) male nutmeg plants excited with continuous violet

diode lasing at 396 nm wa'Velengtb.

As seen from Figure 11, almost the same chlorophyll fluorescence emission

spectra, in terms of shape, were observed around peak wavelength of 685 nm in the

red band and 740 DIll in the far-red band but the fluorescence intensities varied.

This means that the chlorophyll pigments fTom the leaves of the nutmeg plants,

both male and female, have the same Stokes shift. These chlorophyll fluorescence
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intensities give information about the reemitted light after photochemical quantum

conversion in photosynthesis, which suggests that different parts ofthe leaves have

different photochemical quantum conversion response.

On rile average, rile chloropltyll fluorescence intensityoftlte leaves from the

male nutmeg plants was higher than that of the female, as shown in Figure 12. 'fhis

suggests that, on the average few photons were being used by the male le8l'es for

photosynthesis compared to that ofthe female leaves.

Figure 12. Average chlorophyll fluorescence intensity spectra of the in vivo

leaves from the female and the male nutmeg plants excited with continuous

violet diode lasing at 396 nm wavelength.

Using paired t-Test at 0.05 level on the chlorophyll fluorescence spectra

from female and male leaves t = -19 and p = 0 were obtained, which shows that the

two means are significantly different. Also, One-Way ANaVA at the 0.05 level

gave F = 5 and p = 0, indicating that the means are significantly different.

117



Howevcr. there is obviously no large variation between chlorophyll fluorescence

spectra for classi fication and therefore discrimination power between the leaves of

male and female plants seems to be absent. The ratio of the peak intensities of red

to far-red bands did not also show much difference between the leaves from the

male and the female nutmeg plants.

Figure 13 shows typical male and female chlorophyll induction kinetic

curves recorded in the red band at 685 nm. While the maximum fluorescence

intensities from the leaves of the male plants range between 40 and 550 arbitrary

units (a.u.) those from the female plants range from 250 and 400 a.u.

The minimum values of the steady intensities range between 20 and 150

a.u. in the case of the leaves from the female plants. For the leaves from the male

plants the steady state intensities range between 80 and 110 a.u. It can also be

observcd that it takes a longer time for the leaves from the female plants to get to

the steady state compare to the leaves from the male plants. This can be seen from

the average induction curves as shown in Figure 14.

The different shapes of the slow chlorophyll fluorescence induction curves

observed in these experiments may reflect different functional state of the system of

CO2 fixation in the individual leaves. In fact, the decreased in fluorescence

intensity may have resulted from stimulation of Calvin cycle activity by enzyme
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Figure 13. Typical chlorophyll fluorescence induction kinetics of in vivo leaves

second from the apex, from a) female and b) male nutmeg plants excited with

continuous violet diode lasing at 396 nm wavelength and detected at 685 nm in

die red band.
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Figure 14, Average chlorophyll fluorescence induction curves of in vivo leaves,

from female and male nutmeg plants excited with continuous violet diode

lasing at 396 nm wavelength and detected at 685 nm in the red band.

119



activation (Dau, 1994b). Therefore, the fluorescence quantum yield of the

induction curves were multiphase and resulted from a number of processes

proceeding the photosynthetic chlorophyll fluorophores in response to the

illumination of the violet light after the dark adaptation period.

The chlorophyll induction kinetic curves were transferred into a form

readable by Microsoft Excel where the initial data treatment was undertaken. The

data contained in the curves were converted into a matrix consisting of the time, the

variables, and fluorescence intensity values as the observations in Excel

spreadsheets. The data were grouped as 685 band, 740 band, and their ratio. In all,

there were 306 variables and 44 observations, so the data was made up 44 x 306 =

13464 data points. Randomly, 11 x 306 data points of chlorophyll fluorescence

induction kinetic curves each from the female and the male plants were prepared as

training data for Principal Component Analysis (PCA).

The data were then exported into Matlab software platfom1 (MATLAB 7.0,

Mathworks Inc.), which was used to perform the PCA and classification. Matlab

uses column-oriented analysis for multivariate statistical data, where each column

in the data set represents a variable and each rowan observation. In this case the

intensities at the various time series were represented as the variables in the

columns, and the different measurements were represented as the rows, such that

the (i,j)th element is the ith intensity of thejth time.

Vsing the principal component analysis (PCA) tool of the Matlab software

the same set of fluorescence data was used in order to achieve the main purpose of

our studies to address the screening for early detection of the plant sex by violet

120



laser-induced chlorophyll fluorescence induction kinetic. PCA was first performed

on the raw fluorescence data of 22 x 306 data points for 685 nm and 740 nm bands,

and the ratios, to establish whether 'the differences could be uti lized to classify the

individual bands and the ratio for the individual plant sex. Orthogonal principal

component (PC) scores, loading, latent and t-square values were generated for each

band as well as for their ratio.

The fluorescence PC scores were the fluorescence data formed by

transforming the original data into the space of the principal components. This

output was the same as the input data. The loadings represented the PC coefficients.

The loadings were the linear combinations of the original fluorescence data

variables that generated the new variables in the PC scores. The latent contains the

eigenvalues of the covariance matrix of fluorescence data. The latent was a vector

containing the variance explained by the corresponding Pc. Each column of PC

scores had a sample variance equal to the corresponding element of variances. The

t-square had the Hotelling's T2 statistics for the data and it is a measure of the

multivariate distance of each observation from the centre of thc data set.

The eigenvalues of the principal components (PCs) contributing to the total

variance of chlorophyll fluorescence induction kinetics curves of the 685 run band,

740 nm band and the ratio were plotted as illustrated as a scree plot for the first 20

PCs in Figure 15. It can be observed that the eigenvalues drop off rapidly with

increasing PC numbers and the first few PCs retained the maximum variance of the

fluorescence data. The percent of the variability explained by each PC was
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calculated in order to know the contribution of each PC and to select the important

pCs for classification and discrimination.
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Figure 15. The scree plot showing the eigenvalues of the first 20 principal

components (PCs) out of the 306 PCs contributed to the total variance of the

chloropllyU fluorescence induction kinetics curves for (a) 68S nm band, (b) 740

nm band and (c) the ratio.

Using the Kaiser Criterion, which retains eigenvalues greater than 1 in the

scree prot, omy 3 pes were retained in the 685 DIn and 740 DIn bands as weH as for

their ratio. In the case of the 685 DIn and 740 run bands the 3 pes contribute 99.67

% and 99.47%, respectively, to the total variance of their chlorophyll fluorescence

induction kinetics curves, wm\ethe 3 pes of the ratio contribu.te 99.45%. However,

the Score plots showed no clear distinction beh\'een the h\'o sexes after considering
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possible outliers and replicates using mean squared residuals. This can be seen in

Figures 16, I7and 18.

In order to locate the region within the curves where the differences

between the curves can be observed, the variances for dIe first tlrree PCs were

plotted against time as shown in Figure \9. PC\ for both 6&5 ron and 740 nm bands

of the l'anance in the chloroph}'l1 fluorescence induction kinetics cun'es indicate

that the fluorescence intensities of the leaves decrease exponentially from a higher

value to a steady state while their ratio (685/740) increases with time.

PC2

Figure 16. The scatter plots of the three principal components of the

fluorescence induction kinetics at red (685 nm) band of leaves from the male

and the female plants ofnutmeg.
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Figure 19. The slow chlorophyll fluorescence induction kinetic curves of the

three principal components in their new basis after principal components

analysis. ihe new basis curves represent that of (a) the 685 nm band, (b) the

740 am bRad Rnd (c) the 6851740 ratio.

The pe2 for both 685 nm and 740 nm bands shows that some of the leaves have an

exponential growth in their fluorescence contributions up to 150 s before coming to

a steady state. PCl and PC2 intersect at 1SO s and remain almost the same to the

end.

In the case of the 1atio, pel inc1eased within the £1st 50 s and started

decreasing, but intersected PC1 around 150 s. PC3 indicates in both 685 nm and

740 nm bands that some fluorescence intensities of the leaves decrease to a IlQint

and start increasing before it comes to a steady state. Thus, the leaves show

Common fluorescence intensity properties at 150 s and beyond.. and their

differences can be found within the first 150 s. These suggested that fluorescence
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intensities curves below 150 s contain information that can be used for discriminant

analysis. The 3D score plot ofPCr, PC2 and PC3 for the chIorophyH intensities for

the first 100 s, shown in Figures 20, 21 and 22, indicates that the use of the region

of the spectrum below 150 s facilitates improved discrimination between the two

sexes.

Based on the result obtained from the peA a discrimination linear function,

was created using the three pes from the red and far-red band as weU as the ratio.

For the red band the discrimination function is

YR =0.4737 - 0.0002Xu~ +0.0028X.1R +O.0004X~R

where XI/?, J::'''/i' and ,f,"/i' represent PC1, PC2 and PC3, respectivel)', of the

chloroph.yU fluorescence induction curves inthe red band.

pel

Figure 20. Scatter plots of red (685 nm) band for the first 100 s of the

chlorophyll fluorescence induction kinetic curves of leaves from mal de an the

female plants ofnutmeg.
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chlorophyll fluorescence induction kinetic curves of leaves from male and the

female plants of nutmeg.

Figure 22. The scatter plots of red to far red ratio for the first 100 s of the

female plants of nntmeg.

Figure 21. Scatter plots of far-red (740 nm) band for first 100 s of the

chlorophyll fluorescence induction kinetic curves of leaves from male and the
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· . CV (' '" CV 'mplies thatThe cntIcal value, , lor classIficatIOn IS 0.3561, such that YI/ < 1

the slow chlorophyll fluorescence induction curve belongs to a male plant else it

belongs to a female nutmeg plant.

The discriminant function for far-red band is

0.//== 0.4737 + 0.0005X11:11 + 0.0096Xml + 0.0012X'I-1l (65)

with critical value, CVFR == 0.3550 and where X/FR, X2FR and X3FR represent PCI,

PC2 and PC3, respectively. of the slow chlorophyll fluorescence induction curves

in the far-red band. When YFR < CVFR then the slow chlorophyll induction curve

belongs to a male plant else it belongs to a female nutmeg plant.

For the slow chlorophyll fluorescence intensity ratio:

0/A1' == 0.47 + 0.02XIIIAT + 0.55X2/IAI' - 0.04X"w· (66)

where X/RAT, X 2RAT and X3RA ?" represent PC 1, PC2 and PC3, respectively, of the slow

chlorophyll fluorescence intensity ratio for the first 100 s, with a critical value,

CVRAT = 0.55.

The distribution of the chlorophyll fluorescence induction kinetic curves,

from the red (685 nm) and far-red (740 om) bands and their ratio, from the leaves

of the male and the female nutmeg plants is shown in Figure 23. The graph shows

the performance of the discrimination functions with three pes as parameters.

Figure 24 shows the average chlorophyll fluorescence ratio for the intact

male and female leaves of the nutmeg plants within 100 s. Each ratio was an

average 'of 44 measurements of the male and the female nutmeg leaves. The

chlorophyll fluorescence ratio of the female is higher than that of the male though
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Figure 23. Distribution of the chlorophyll fluorescence induction kinetic

curves from red (685 nm) and far-red (740 nm) bands and their ratio from the

leaves of tile male and tile female nutmeg plants sllowing tile performance of

the discrimination function with three pes

the chlorophyll fluorescence intensities at 685 om and 740 om of the female are

less than that ofthe male.

Three-dimensional plots of the chlorophyll fluorescence ratios for the first

100 s for the male and the female leaves of the nutmeg plants for the four

measuring days are shoV'i'll in Figure 25. They show that the female plants are

higher in ratio than the male plants.

In both in vivo leaves and the leaves kept in water the chlorophyll

fluorescence ratio of peak red band to peak far-red band is higher for the leaves

from the female plants when excited with violet diode laser.
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Figure 24. Tbe average cbloropbyll fluorescence intensity ratio (or tbe intact

male and female ka~a of nutmeg plants for tbe first 100 So

,.
""Jgj.:,
."
.~ >:
!=

..

Figure 25. The chlorophyll fluorescence ratios within 100 s of the nutmeg

leaves fOt" the (a) fi:n4 second and third da)'~ (b) firs4 third and fourth da)' (c)

first, second and fourth day and (d) second, third and fourth day

measurement of the male and female nutmeg plants.
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These chlorophyll fluorescence ratios reflect the chlorophyll content of the leaves

(Lichtenthaler, 1987a; Lictanthaler & Buschmann, 1987; Guyot & Major, 1988;

Lichtenthaler et aI., 1990) from the male and the female plants.

Chlorophyll fluorescence depends to a great extent on the pigment content

and the re-absorption of leaves (Buschmann & Lictanthaler, 1988; Guyot & Major,

1988; Dahn et a!., 1992). This is due to the fact that, in green leaves about 90 % of

the emitted chlorophyll fluorescence at the red band is re-absorbed by the

chlorophyll pigments of the leaf (Gitelson et aI., 1999). The effect of re-absorption

is high when the leaves possess relatively high chlorophyll pigment content, thus

resulting in a lower chlorophyll fluorescence ratio (Dahn et aL 1992; Agati, 1993;

1995; Gunther et aI., 1994; Gitelson et aI., 1999). These explanations suggest that

the leaves from the male plants had higher chlorophyll pigments concentration than

that from the female plants.

Chlorophyll fluorescence decrease ratios (R(d), calculated from the average

values of the slow chlorophyll fluorescence induction kinetics curves for both the

male and the female plants, are shown Figures 26 and 27. The graphs show Rfd-

values of the in vivo leaves of the male and female nutmeg plants as well as when

the leaves were subjected to 72 hours in water, for the rcd band (685 nm) and the

far-red-band (740 nm), respectively. For both red and far-red bands. the ~(d-values

of the female intact leaves were greater than those of the male fresh leaves. The

same patterns were observed when the leaves were kept in water for 24 hours,

however, with decreased ~(d-values in both male and female plants.
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Figure 26. The chlorophyll fluorescence decrease ratio, from the male and

female nutmeg plants, derived from the chlorophyll fluorescence induction

kinetics curves at red band of tile intact leaves (first day) and leaves kept in
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water (second to fourth day).
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Figure 27. The chlorophyll fluorescence decrease ratio, from the male and

female nutmeg plants, derived from the chlorophyll fluorescence induction

kinetics curves at far-red band of the intact leaves (first day) and leaves kept

in water (second to fourth day).
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The ~fd-value for the male plant started increasing after 24 hours, while that of the

2nd
female plant continued its decrease to the 48th hour before an increase in the 7

hour.

The R[d-values give information about the number of photons emitted at the

onset of the slow induction kinetics relative to the number of photons at the steady

state. It indicates the functionality of the complete photosynthetic processes from

the quantum conversion to CO2 fixation under steady state. The higher Rfd-values

of the leaves from the female plants within 24 hours reflect higher capacity of the

leaves for photosynthetic quantum conversion and CO2 fixation. The general

decrease in the ~fd-values indicates that the leaves loss much more photons in the

fonn of fluorescence emission reflecting a progressive damage of the

photosynthetic apparatus as well as the stress on the leaves by the water. For now,

no or only partial explanation may be given to the increases in the ~fd-values from

the 48th hour for the male and nnd hour for the female. A partially explanation to

that effect is that the leaves may have closed their stomata as a defence mechanism

to the presence of the water and therefore reducing their photosynthetic

functionalities, until they were able to withstand the water stress. A test, using

statistical ANOVA, was made on the ratios of the male and female plants for the

differences between the predetermined positions, which were used as variables.

The result of the p-value was less than 0.0001 for both male and female nutmeg

leaves, indicating very significant differences among the variables. A t-test using a

significant level of 5 % on the average data between the sexes indicate that the

mean for the male and the female leaves were different. The p-value wa I
s ess than
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0.0001 indicating a very significant difference between the malc and the female

plantS.

Using 25 sample data as the training data, Fisher's discriminant linear

function with equal cost and equal priors for the ratios of the male and the female

plants, and for maximum separation of the two sexes, gave an allocation rule

(67)

where XI, Xz, ... ,x6 represent the ratios of the six predetermined positions used as

variables, with a critical value, CV = 295. So that. if Yo ~ CV, then the ratio belongs

to the female plant else it is a male plant. The maximum separation in the sample

was 173. Evaluating the above Fisher's discriminant linear function with 5 sample

data showed 95 % success of the discrimination function for intact leaves from the

male and the female plants of the nutmeg.

Using the Fisher discrimination linear function with equal cost and equal

priors for the ratios of 25 sample data of the water stressed leaves of the male and

the female plants, and for maximum separation of the two sexes also gave an

allocation rule

(68)

with a critical value CV" = 2870, where rio r2 and rJ representing the average ratios

of the 241h
• 48 th and nnd hour, respectively, in water. Thus, if Ys ::: CVs, then the

ratio belongs to the female plant, else it is a male plant. The maximum separation in

the sample was 166. Evaluation of the function with the evaluation data of 5 water­

stressed sample data showed 97 % success of the discrimination function using the

ratio of the stressed leaves of the male and the female plants of the nutmeg.
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Fisher discriminant function classifies the sample data in a satisfactory

level. It was observed that misclassification was 5 % in the case of intact leaves and

3 % in the case of the water-stressed leaves. Thus. the di ffcrcnce in male and

female leaves of nutmeg plants is enhanced when the leaves are kept in water.

Gas in Scattering Medium Absorption Spectroscopy (GASMAS)

An experimental wavelength modulation spectroscopy signal of a IO-m

column of oxygen in free air and the corresponding pure absorption imprint are

shown in Figure 28. The slight asymmetry of the WMS signal is due to the

variation of the modulation depth during the laser scan. It is convenient to perform

experiments, of gas in scattering medium absorption spectroscopy (GAS MAS)

using oxygen, since it is a common gas with a suitable absorption wavelength,

around 760 om.

Figure 28, Experimental wavelength modulation spectroscopy signal of a IO-m

column of oxygen in free air and corresponding pure absorption impr' tIn.
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Molecular oxygen normally diffuses into porous materials from the

surrounding atmosphere. Wavelength-modulation spectroscopy (WMS) employing

the lock-in technique was used to pick up the second-harmonic component of the

signal. The component of the signal oscillating at the modulation frequency is

similar to the first derivative of the direct signal, and. correspondingly, the

component oscillating at twice the modulation frequency is similar to the second

derivative, etc.

Since the direct signal is sloping, due to the simultaneous change in both

wavelength and intensity as a function of injection current, the 1f signal is subject

to a disadvantageous offset. This gives an advantage in using higher-order

components. However, the amplitude normally decreases by increasing the

hannonic order. These are the reasons why the component of the signal oscillating

at twice the modulation frequency was selected as the output from the lock-in

amplifier.

In the measurements, the diode laser and the lens that coupled the laser light

into the fibre were placed in an enclosure flushed with nitrogen to eliminate oxygen

from the ambient air. Also, the sample was placed directly on the photomultiplier

tube (PMT) in order to obtain a high photon collecting efficiency and a high

dynamic range, For high gains of the PMT it was necessary to work under dark

conditions, not to saturate the detector with background light. With relatively high

transmitted light intensities it was possible to spatially limit the detection areas by

using the mask with a circular aperture. The maximum wavelength drl'ft I
was ess

than 500 MH7Jh. Thus, with a pressure-broadened oxygen linewidth of b
a out 3.5
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I, 'bl evenGHz at ambient pressure, the drift of the laser wavelength was neg 191 e

during substantial averaging,

In the absorption regime explored, the peak-to-peak value of the signal

(SWMS) is linearly proportional to the gas-related differential absorption and to the

light intensity reaching the detector, Hence the WMS signal was always normalized

by dividing it by the interpolated light intensity at the peak absorption wavelength

(SOir), The optical densities of the samples varied by several orders of magnitude

and so did the light levels reaching the detector.

The information extraction was enhanced by first performing a least squares

curve fit of an ideal WMS curve to the noisy recorded WMS curve. The ideal

WMS curve was obtained by using an experimental curve recorded with a good

signal-to-noise ratio. Therefore, instead of directly using the peak-to-peak value of

the noisy curve, the corresponding fitting factor constitutes a measure of the gas

absorption.

The standard addition method for which fixed lengths or light path through

the air were added to the geometric length of the sample enabling the equivalent

mean path length (Leq) of the light through the samples to be estimated. Figure 29

shows a graph of how these equivalents mean path lengths were estimated.

On the wood samples, anisotropy related to the fibre structure was studied.

This kind of measurement was of fundamental interest in the understanding of light

transport in inhomogeneous porous materials. The results of the orientation of the

annual rings relative to the direction of the impinging light, that is, the inherent
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Figure 29. Graph of standard addition method for estimating equivalent mean

path length, (Leq ) of the light source through the fruit and wood samples (After

modification (Alnis et aI., 2003»).

anisotropy influencing the light transport on the Norway spruce wood are presented

in Figure 30. The error bars indicate the 95% confidence interval and it can be seen

that the spread in the data increases for increasing gas absorption. which is related

to longer path-lengths and a decreasing amount of light transmitted.

The measurements on a cube of Scots Pine (Pinus sylveslris) (p = 668

g1dm\ rendered the same relative difference between the three orientations but

with equivalent mean path lengths approximately half the corresponding values for

the less dense cube. The lowest gas absorption, and the highest light transmission,

was found for the case in which the light was guided along the fibres, that is, when

the light path in the wood was shortest.
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Figure 30. Oxygen absorption measurements through a cube (side 15 mm) of
,~.

Nonvay spruce wood radially (R), longitudinally (L) and tangentially (T) along

the annual ring layers (From Alnis et al., 2003).

The equivalent mean path lengths of oxygen in eight different types of wood as

plotted against the density of the material (ten different densities) are shown in -

Figure 31. The annual rings in the measured samples had an inclination of

approximately 45° to the primary impinging laser beam. Data are given for Balsa

(Ochroma pyramidale, curves 1-3), Norway Spruce (Picea abies, curve 4),

European Larch (Larix decidua, curve 5), Alder (Alnus glutinosa, curve 6), Aspen

(Populus tremula, curve 7), Ash (Fraxinus excelsior, curve 8), Birch (Betula sp_,

curve 9), and Scots Pine (Pinus sylvestris, curve 10). The error bars indicated

correspond to ±2 standard deviations. The density of wood is an average of the

whole sample, and that there could be local variations within the sample.

139



100

200 400
. 3

Density (gfcm )

600 800

Figure 31. Equivalent mean path length of oxygen for eight different types of

wood plotted versus the density of the material [From (Alnis et aI., 2003)].

It can clearly be seen that with increasing wood density the oxygen

absorption decreased. Measurements were also performed on denser species, Pear,

Norway Maple, Beech, Pedunculate Oak, Wych Elm, Wild Cherry and Hornbeam,

but the emerging light intensities were too low and consequently the gas absorption

signals were too noisy with the present'detection system. The most optically dense

sample that still gave a measurable gas absorption signal was that of Ash. The

lowest gas absorption, and the highest light transmission, was found for the case in

which the light was guided along the fibres, that is, when the light path in the wood

was shortest.

The dynamic processes related to gas diffusion in the wood are illustrated

shown in Figure 32. The curves presented on each data point were obtained by
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Figure 32. Diffusion of oxygen into the same 10-mm thick sample of Balsa

wood that had been stored in pure nitrogen for 80, 180 and 420 minutes

[From: (Alnis et aI., 2003)].

averaging 64 individual scans on the oscilloscope, an integration time of 16 s. The

curves show decay close to an exponential curve. The period of previous oxygen-

free. storage affected the amount of gas exchanged in the sample; the signal started

from a lower level for longer periods in the oxygen-free environment. However, the

time constant of re-invasion seemed not to be affected by the length of the pre-

treatment, and was found to be approximately three hours.

The diffusion of oxygen into 10-rom-thick slabs of Norway spruce (p == 431

gldm\ Balsa (P == 150 gldm\ and Balsa (p = 71 gldm3
) are presented in Figure 33.

The graph reveals that the time scale of gas re-invasion was different in different

samples of wood. Somewhat unexpectedly, the gas penetration was found to be

fastest in the densest material. It was observed that both long and short time

constants sometimes govern the gas transport. It seems that gas spreads quickly
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Figure 33. Diffusion of oxygen into 10-mm-thick samples of Norway Spruce (p

::: 431 g/dm\ Balsa (p = 150 g/dm3
), and Balsa (p = 71 g/dm3

) [From (Alnis et

aL,2003)].

through coarser structures, while penetration through the cell walls of the balsa

wood was slow. The equivalent mean path length as a function of time for the

Granny Smith apple under different treatments and different measurement

geometries is shown in Figure 34.

They all show simple exponential curves with different time constants. For

the 24 hours nitrogen exposed apple, the transillumination measurement (a) gave a

time constant of 97 minutes and in the case of the backscattering measurement, the

time constant was 77 minutes. This difference in time constant is due to the

differences in the probe volumes of the measurement geometries.
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Figure 34. Gas exchange in ambient air on a Granny Smith apple after

different treatments, (a) transillumination geometry measurement after apple

immersion in nitrogen gas for 24 hours (b) backscattering geometry

measurement after apple immersion in nitrogen gas for 24 hours and (c)

backscattering geometry measurement after pre-exposing the apple to a

higher concentration of oxygen gas [From (Persson et aI., 2005)].

The time constant for the backscattering measurement geometry of the high

concentrated oxygen gas exposure was 77 minute and the gas content equilibrium

curve was slightly lower. This might be due to the extreme levels of oxygen the

apple has been exposed to, which might have speeded up the fermentation process

of the apple, thus producing more liquid water to reduce the gas content.

The result of the consumption of oxygen by mushroom and apple using

backscatte.ring geometry is shown in Figure 35. The samples were kept in a sealed

environment and oxygen is consumed leading to lower signal. The change in the

Oxygen signal is faster for the mushroom than for the apple, which is as a result of
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Figure 35. Gas exchange in ambient air in backscattering geometry on a (a)

mushroom and (b) Granny Smith apple while sealed in plastic bags [From

(persson et aI., 2005)].

the faster respiration rate of the mushroom compared to that of the apple (Gross et

ai.,2004).

The oxygen diffusion curve for an intact orange after nitrogen exposure is

as shown in Figure 36. The time constant was estimated to be approximately 150

minutes. No change in the OMS value with time could be observed for the equally

treated pealed orange, which could be due to the lower signals obtained compared

to the background noise. However, the results indicated that there is the possibility

to study oxygen dynamics in the peal of the orange.

The averages together with error bars corresponding to one standard

deviation of the OMS values from three avocados with different maturity levels are

shown as a bar graph in Figure 37. The average values were from four

measurements.
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Figure 36. Gas exchange in backscatter geometry for an orange; data intact

orange pre-treated by immersion in nitrogen gas for 24 hours. An exponential

function is fitted to the data [From (persson et aI., 2005)].
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Figure 37. Equivalent mean path length measured for three avocados with

different maturity, in backscatter geometry [From (Persson et aI., 2005)].

With increasing maturity it was observed that the GMS values decreases which

may be due to both lower gas contents and less scattering.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDAnONS

conclusions

In this work, two diode lasers lasing within the visible and near infrared

region at 396 nm and 760 nm respectively were used as spectroscopic sources to

study biological materials. Chlorophyll fluorescence emission and gas in scattering

medium absorption spectroscopy (GASMAS) were the spectroscopic techniques

used. These lasers were generally having unique properties of compactness,

wavelength tenability, relatively high output power and relatively narrow

bandwidth.

Chlorophyll fluorescence slow induction kinetics for 100 s from the green

leaves of male and female nutmeg plants in combination with multivariate analysis,

specifically principal component analysis (PCA) and discrimination and

classification functions, linear discrimination function for the male and female

leaves was then generated. These functions made it possible to discriminate and

classify the male and the female nutmeg plants. This is a potential technique for sex

discrimination and classification for both in-vivo and in-vitro green leaves of

dioecious plants.

The main difference between the slow chlorophyll fluorescence induction

kinetics from the green leaves of the male and female nutmeg plants was found

within the region where C02 fixation is initiated. This shows that slow chI h
orop yll
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fluorescence induction kinetics measurement for a longer time tend to dilute the

differences.

In the case of gas in scattering medium absorption spectroscopy

(GASMAS). this research has established interesting facts on wood samples. The

equivalent mean path length of light is short along the longitudinal annual ring

layers of the wood and the longest when measured tangentially along the annual

ring layer. Also, with increasing wood density the oxygen absorption decreases.

The lowest oxygen gas absorption and the longest light transmission were found for

the case in which the light was guided along the wood fibres.

In gas diffusion studies, for both wood samples and fruits, the GASMAS

signals showed decay curves close to simple exponentials. Gas penetration was

found to be fastest in the densest sample. The time constants of re-inversion of

oxygen were the same for the same sample of different length of pre-treatments but

different for different samples of woods and fruits. It has also been established that

different probe volume of measurement geometries bring about different time

constants.

The results from the measurements of the fruits show the potential of using

the GASMAS technique as possible technique for diagnosis of gases in fruits for

quality assessment.

This work has contributed to the study of plants and biological processes,

by providing simple and fast technique for the discrimination of nutmeg plant sex

and by using analysis of gases in porous biological materials from which t
wo peer-

reviewed papers has been published.
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Recommendations

For increased monitoring and classification capability, multispectral

techniques on data generated, using either light emitting diodes (LEDs) or diode

lasers, can be used to get valuable information from the samples. Single source

imaging or multispectral imaging in both spatial and temporal domains, such as

using induction kinetic imaging, can also be used to advance this research.

For applications and advancements of gas in scattering medium absorption

spectroscopy GASMAS, it is being recommended that additional gases with

absorption compatible with the bulk material transmission are studied. Water

vapour in scattering media is of special interest.. Time constants for fruits as a way

of establish their shelf-life is also recommended. Gas diffusion and effusion studies

using GASMAS in food also seem feasible, as recently demonstrated by Lewander

et al. (Lewander et aI., 2008).

The basic detection principle of GASMAS, that is wavelength modulation

spectroscopy, can also be used to monitor environmentally important gases such as

methane and N02.
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