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ABSTRACT

Tunable diode laser absorption spectroscopy can be utilised for
gas detection in biological and medical applications. The common
approach is to analyse transmitted light according to the Beer-
Lambertian law. Normally, the light has a well-defined path length
through the gas sample since it can be assumed that it has negligi-
ble scattering properties. Samples which, by contrast, have strong
scattering properties, meaning that light is extensively scattered,
are investigated in this work. In such materials, the light travels
an undefined path through the sample. Thus, light propagation
in scattering media must be understood. The aim of this work
has been to combine knowledge from two fields, namely, tunable
diode laser absorption spectroscopy and light propagation in scat-
tering media, in order to extract information of gas contents within
porous samples for biological and medical applications.

Porous materials containing free gas are common in our every-
day environment. Examples are wood and other construction
materials, and fruit and many other food stuffs. The human
paranasal sinuses located within the human skull are air-filled cav-
ities surrounded by strongly scattering tissue. Thus, light trans-
port through the cavities becomes complicated. Measurements
of molecular oxygen at 760 nm and water vapour at 935 nm
were successfully performed within the sinuses on volunteers, us-
ing tunable diode laser absorption spectroscopy combined with
wavelength modulation techniques. To fully understand the sig-
nals recorded, measurements on phantoms, representing human
sinuses, and Monte Carlo simulations, were first carried out.

Gas measurements based on the same technique have also been
demonstrated in pharmaceutical tablets to investigate the poten-
tial for extracting information on the porosity of the tablets. This
is of importance since the porosity is directly related to the drug
delivery time to the body after administration.

To understand the drying process of wood, the same type of
measurements were carried out on samples of wood. The results
showed that it is possible to extract additional information on
the drying process, not provided by the commercial techniques
available.
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In horticultural produce different gases have a significant role
in the respiration process. Promising gas measurements have been
performed on fruit, in particular apples, to study the potential
of developing a system based on tunable diode lasers to measure
the gas content within the product when different packaging tech-
niques are employed.

From the experience with the setups and the various measure-
ments performed in the laboratory, a mobile system based on two
pigtailed diode lasers was developed, making measurements out-
side the laboratory possible. Based on the previous promising
results, a clinical trial at the Lund University Hospital in cooper-
ation with the Ear, Nose and Throat Clinic, the Radiology Clinic,
and the Oncology Clinic has been initiated to investigate the hu-
man sinuses in healthy and diseased sinuses. Preliminary results
are presented in this thesis.



POPULARVETENSKAPLIG
SAMMANFATTNING

Spektroskopi ar den vetenskapsgren som anvinds for att studera
samspelet mellan stralning/ljus och materia for tillimpningar i
bade diagnostiska och terapeutiska syften. Da ljus sénds in i ett
prov sétts olika fysikaliska processer igang. I denna avhandling
studeras foretradesvis en process som kallas for absorption. Vid
absorptionsspektroskopi ar vaglangden av ljuset, som sénds in i
provet, noga avstidmd for att motsvara en Overgang mellan tva
energinivaer hos atomen eller molekylen som ska studeras. Detta
mojliggor en specifik absorption av ljuset, vilket innebér att ener-
gin hos ljuset 6vergar till atomen eller molekylen. I princip kan
koncentrationen av en absorbator, t.ex. en gas, bestdmmas genom
att méta intensiteten av ljuset efter det att ljuset passerat provet,
dvs det sa kallade transmitterade ljuset. Denna intensitet jamfors
sedan till intensiteten av ljuset innan det passerat provet. Da
prov med forsumbara spridningsegenskaper undersoks, dvs da det
insédnda ljusets vag i provet ar densamma som provets tjocklek, kan
mangden ljus som absorberats direkt relateras till koncentrationen
av den absorberande gasen.

Det finns manga naturliga och syntetiska material som &r
porosa med gasfyllda kaviteter (halrum). Dessa material har
en kraftig spridning av ljuset. Detta innebéar da att ljus som
sdnds in inte kommer att ta den kortaste striackan genom provet
motsvarande materialets tjocklek, utan spridas inuti provet. Detta
resulterar i att den striacka som ljuset fardats i materialet kan
vara manga ganger langre &n materialets dimensioner. Detta be-
tyder i sin tur att det inte gar att direkt relatera méngden ab-
sorberat ljus till den absorberande gasens koncentration. Under
dessa forutsdttningar maste det tas hénsyn till hur ljuset utbreder
sig i spridande material.

Malet med denna avhandling har i huvudsak varit att under-
sOka mojligheten att anvénda diodlaserspektroskopi for att stu-
dera gaskoncentrationer i spridande material for biologiska och
medicinska tillimpningar. Metoden har fatt namnet GASMAS
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vilket star for GAs in Scattering Media Absorption Spectroscopy.
Som ljuskélla har lagenergetiska diodlasrar anvénts med noggrant
valda vagldngder for att overensstdmma med energidvergangar i
olika gaser av intresse. Eftersom ljuset sprids ar det mojligt att
studera bade bakatspritt ljus och ljus som transmitterats genom
provet. I denna avhandling har bada dessa aspekter utnytt-
jats. Bakatspridning &r for en del tillampningar det enda som
kan utnyttjas, eftersom baksidan av provet inte &r tillgdnglig.
Metoden vaglangdsmoduleringsspektroskopi har tillimpats for att
Oka kénsligheten hos tekniken. Den innebér att svaga absorp-
tioner kan observeras genom att det insdnda ljuset méarks med en
modulationsfrekvens. Detektionen av ljuset sker sedan vid samma
frekvens. Eftersom endast ljus med den givna frekvensen detek-
teras, undertrycks allt brus med andra frekvenser och en Gkad
kénslighet erhalls.

En biologisk tillampning av metoden, som anvants i denna
avhandling, &r studien av ansiktsskelettets bihalor, vilka finns
hos vuxna och é&ldre barn, bl.a. i Overkdkarna och bakom
pannan. Bihalorna har forbindelse med néshalan via smala
gangar. I icke-infekterade bihalor kan luft, vétska och slem fritt
passera. Varje ar far ungefar 3% av Sveriges befolkning diag-
nosen bihaleinflammation. Oftast &r diagnosen endast baserad pa
patientens sjukdomshistoria och onodig ordinering av antibiotika
forekommer. For en mer sdker diagnos maste en skikt-rontgen
(CT-understkning) av skallen utforas, vilket &r kostsamt och inte
heller helt ofarligt for patienten.

I denna avhandling har vi undersokt mgjligheten att anvanda
GASMAS-metoden, beskriven ovan, for att pa ett icke-invasivt
sétt, och utan anvindning av joniserande stralning, karakteri-
sera bihédlorna. Laserljuset appliceras via fibrer pa hudytan eller
mot gomtaket, beroende pa vilken bihala som understks. Ljuset
detekteras sedan med kénsliga detektorer som placerats externt
pa hudytan. Vaglingden av ljuset som sénds in &r noggrant
avstdmd sa att information av syrgas- och vattenangeinnehallet
i bihalorna kan erhallas. Tekniken gor det &ven mdojligt att under-
sOka kommunikationen mellan nishalan och bihalorna genom att
kvavgas spolas in i ndshalan samtidigt som det kontinuerligt méts
hur gassammansattningen fordndras i bihalorna. Hos en frisk pa-
tient registreras en minskning av syrekoncentrationen, da bihalan
fylls med kvdvgas. Hos en sjuk patient, daremot, blockerar
svullnaden av slemhinnorna passagen mellan kaviteterna. Lov-
ande resultat har erhallits fran studier pa frivilliga testpersoner
och dessa resultat presenteras i denna avhandling. En klinisk
studie har paborjats tillsammans med Oron- Nis- Halskliniken,
Rontgenkliniken samt Onkologiska kliniken i Lund. Under denna
studie genomgar patienterna en planerad CT-undersékning av
skallen och direkt efter gors lasermétningar. Detta ger en mdjlighet
att direkt jamfora de bada teknikerna. Preliminéira resultat fran
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denna studie diskuteras i avhandlingen.

Lakemedel i form av tabletter anvands idag i stor utstréckning
som medicinering for att bota eller lindra symptom av sjukdomar.
Det ar viktigt att varje tablett av samma sort ger samma dos
till kroppen efter det att den intagits av patienten. Tablettens
16slighet &r relaterad till dess porositet. GASMAS-metoden
diskuterad ovan har anvénts for att underséka om syrgaskoncen-
trationen inuti dessa ljusspridande tabletter kan anvandas for att
studera porositet. Resultaten av dessa undersckningar diskuteras
i avhandlingen.

Samma icke-invasiva metod har anvénds for att undersoka
gaskoncentrationer i livsmedel. Forpackningsmetoder for
livsmedel syftar till att stdnga ute syrgas. Frukter ar mycket
kénsliga for gaser. En for hog syrgaskoncentration paskyndar mog-
nadsprocessen och en for lag koncentrationen kan astadkomma
jasning. Detta innebar att det finns en optimal syrgaskon-
centration som ger produkterna optimal hallbarhet. Olika
forpackningstekniker har utvecklats for att reglera méangden syre
i livsmedel. 1 dessa sammanhang &r det viktigt att, pa ett
ickeforstorande satt, kunna uppskatta syrgaskoncentrationen. 1
denna avhandling har gasmétningar utférts pa matprodukter, ex-
empelvis dpplen. Mojligheten att anvanda sig av diodlaserspek-
troskopi inom férpackningsindustrin har demonstrerats genom att
studera gasutbyte genom olika forpackningsmaterial, exempelvis
plast.

Maétningar har dven utforts under torkningsprocessen av tré.
Den arliga virldsproduktionen av virke &r ungefar 3 miljarder m?.
Ungefir hilften av detta virke anvinds inom byggnadsindustrin
déar det dr mycket viktigt att trdet da &r torrt for att undvika
mogel och fukt i byggnader som uppfors. I denna avhandling har
diodlaserspektroskopimetoden anvénts for att studera mojligheten
att folja torkningsprocessen. Foréndringen av syrgas och vatten-
angekoncentrationen har métts under férloppet och lovande result-
at har erhallits gillande metodens anvindbarhet i detta syfte.
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INTRODUCTION

CHAPTER 1

Spectroscopy elucidates the interaction between electromagnetic
radiation and matter. Researchers have for decades used spec-
troscopic methods to gain information about matter in various
applications, for instance, in the environmental, biological, and
medical fields. The principle is based on the fact that every atom
and molecule has its own specific way of interacting with light.
This is the case since each atom and molecule has a different set of
energy levels. These sets of energy levels can be considered as fin-
gerprints for each atom and molecule. Resonance transitions can
occur between different levels by absorption or emission of light,
providing highly specific spectroscopic features. Thus, it is possi-
ble, by illuminating a sample with electromagnetic radiation and
analysing the radiation after interaction, to gain information of
various kinds.

Light propagation in scattering media, such as human tissue,
has for a long time been an interesting topic for research related
to medical applications. In contrast to illumination with electro-
magnetic radiation in the X-ray region, electromagnetic radiation
from the visible region to the near infrared (NIR) region will not
propagate straight through the tissue as it is illuminated. In this
case light becomes multiply scattered within the tissue. Thus the
path length of the light within the sample will be many times
longer than the dimension of the sample; see Figure 1.1. Scatter-
ing leads to image blurring. The most common techniques used
at hospitals today to provide images of human tissue are X-ray
radiography including computed tomography (CT), magnetic res-
onance imaging (MRI), single photon emission computerised to-
mography (SPECT) and positron emission tomography (PET).
However, optical investigation can supply additional information
to these methods.

Spectroscopy is commonly used to investigate gas compositions
for a variety of applications. The system usually consists of three

Visible-NIR light

X-rays

Figure 1.1. When electromagnetic
radiation in the visible region to
the NIR region illuminates tissue
the radiation becomes multiply
scattered, resulting in a blurry
image. By contrast, a clear image
is obtained when radiation in the
X-ray region is used.



Gas sample

Incident Detected
light light

Figure 1.2. Basic principle of gas
absorption spectroscopy. The
incident light will propagate
straight through the sample
containing the gas. If the
frequency of the light corresponds
to an energy transition it will
become attenuated in relation to
the concentration of the absorbing
gas and the sample dimension.

main components; a light source, the sample containing the gas
to be investigated and a detector. The basic principle is to illumi-
nate the sample with the light source and to detect the transmitted
light. Depending on the species in the sample, some specific fre-
quencies might be absorbed and an attenuation of the transmitted
light will be detected. By contrast to the case explained above
with scattering samples, the light will propagate straight through
the gas in this type of measurements; see Figure 1.2.

Our environment consists of many materials which are both
scattering and contain free gas. How optical gas absorption spec-
troscopy can be used to investigate these media is practically an
unexplored area. The basic ideas behind gas absorption spec-
troscopy cannot be directly applied since the light will become
multiply scattered. Here knowledge of light propagation in scat-
tering media has to be considered. This has been the main issue
in most of the work presented in this thesis; gas absorption spec-
troscopy in scattering media.

Outline of the thesis

The outline of this thesis is as follows. In Chapter 2 scattering
matter containing free gas will be discussed in which measurements
of different gas species and gas exchange have a significant role.
The following chapter gives a short review of light interaction with
matter. Chapter 4 starts with a discussion of the basic principles
of laser light, followed by a brief presentation of the light source
commonly used in this work, namely, the tunable semiconductor
laser. The final part of this chapter introduces the basic principle
of the main technique used, namely, gas absorption spectroscopy.
In Chapter 5 a short presentation of the possibilities to model light
propagation in scattering media is provided. In the final chapter,
some gas measurements in the applications discussed in Chapter 2,
using the technique denoted GASMAS (GAs in Scattering Media
Absorption Spectroscopy), are presented.



CHAPTER 2

(FAS EXCHANGE IN BIOLOGICAL AND
MEDICAL CONTEXTS

Gas exchange of various kinds can in some way be considered as
the key to life. The major part of this thesis has involved mea-
surements of gas contents and exchange in biological and medical
processes by using diode laser absorption spectroscopy. This chap-
ter will not describe exhaustively all applications in which gas ex-
change occurs or where it is of importance to investigate the gas
content in biological and medical contexts. Instead some back-
ground knowledge will be given to the applications studied in this
thesis.

The major part of the medical applications investigated in
this work has involved the human sinuses. To start with, a brief
overview will be given of the different air-filled cavities within the
human skull, such as the nasal cavity, the oral cavity, the paranasal
sinuses, and the mastoid bone. The gas content within these cavi-
ties can in some cases be directly related to health status. In Sec-
tion 6.2.1, measurements of molecular oxygen and water vapour
within the paranasal sinuses and the mastoid bone, based on diode
lasers, will be discussed (Papers I —IV).

Further, a short presentation of the processes in the respiration
within living tissue will be given. By controlling the concentration
of different gases during the storage of horticulture produce, the
shelf-time can be extended. Discussions of one method to measure
the gas concentration in packaging of produce will be presented in
the last chapter of this thesis, in Section 6.2.2 (Papers V and VI).

For pharmaceutical tablets gas concentration measurements
can be of importance when the release time of the drug after ad-
ministration is to be investigated. This is, for example, related to
the particle size of the active substance and the porosity of the
tablets. A brief description of pharmaceutical tablets will be given



2.1 Cavities in the human skull

in this chapter and measurements of the gas contents of tablets
will be discussed in Section 6.2.3 (Paper VII).

In the final section of this chapter, a brief discussion of the dry-
ing process of wood will be presented. The concentration of oxygen
and water vapour can during the drying process be related to the
moisture content of the wood. In Section 6.2.4 measurements of
these gases in wood will be discussed (Paper VIII).

2.1 Cavities in the human skull

The human skull contains hollow cavities, which are connected to
each other through ventilation channels. In a healthy individual,
these cavities are air-filled and air transport occurs, while in an
unhealthy state some of these cavities may be filled with pus, lig-
uid, and swollen mucosa. In this section, the nasal cavity, the oral
cavity, the paranasal cavities, also called sinuses, and the mastoids
will be discussed. In the section about the paranasal cavities an
unhealthy condition called sinusitis, implying that either an in-
fection or an inflammation is present in the cavities, will also be
mentioned. Most of the material in this section basically follows
that presented in Refs 1-3.

2.1.1 The nasal cavity

The nasal cavity is a large space located behind the outer part of
the nose in the middle of the face. One of the functions of the nasal
cavity is to clean, heat and humidify the air as it is inhaled. It is
also involved in olfaction with the olfactory nerve for the sense of
smell.

The hard and semihard part of the nasal cavity consists of
cartilage in the front and of bone in the back. It is divided into
two halves by a vertical partition called the septum nasi. The
cavity is protected above by the nasal bone and on the sides of
the cavity it is enclosed by the maxilla bone and the ethmoid bone
(see Figure 2.1). The ethmoid bone separates the nasal cavity from
the brain, while it is separated from the mouth by the palate. The
paranasal sinuses are connected to the the nasal cavity via small
tubes called ostia. The paranasal sinuses are further discussed
in Section 2.1.3.

The front of the nasal cavity protrudes inside the nose, while
the back is continuing with the pharynx. The function of the
pharynx is to close the esophagus by a series of reflex mechanisms
during breathing and swallowing.

There are, in both the right and left side of the nasal cavity,
three horizontal outgrowths called conchae (the inferior, middle,
and superior concha), depicted in Figure 2.2. The superior and
middle conchae are parts of the ethmoid bone, whereas the infe-
rior conchae are separate bones. The conchae disrupt the airflow
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Figure 2.1. Anterior, lateral, and inferior view of the human skull with
some of its bones indicated (Adapted and modified from Ref. 4).

and direct the air towards the olfactory epithelium (special tissue
involved in the process of smelling) in the roof of the nasal cavity.
It increases the surface area of the inside of the nose, thus further
enhancing the sense of smell.

The tissue which covers the wall of the nasal cavity contains
many blood vessels, which is of importance for the function of the
nasal cavity to heat and humidify the inhaled air. Heat from the
blood in the vessels helps to increase the temperature of the air.
Moisture is added to the inhaled air by special cells in the mucous
membrane, which is a thin layer of tissue covering the inside walls
of the nasal cavity. In the process, the air is thereby heated and
moistened before it reaches the lungs.

As mentioned before the inside walls of the nasal cavity consist
of the mucous membrane. This membrane produces mucus. The
inside of the cavity is also covered by small hairs, called cilia. The
mucus and the cilia trap and remove dust and germs from the
air as it flows through the nasal cavity. The cilia also move the
mucus from the nasal cavity down to the pharynx, where it can be
swallowed.

2.1.2 The oral cavity

The oral cavity or buccal cavity is commonly known as the mouth.
Through the oral cavity and the nasal cavity air is inhaled during
breathing.

The roof of the mouth is formed by the palate. It separates
the oral cavity from the nasal cavity. The palate consists of the
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Figure 2.2. Sagittal planes of the human skull with indications of some
parts of the nasal cavity, oral cavity and the paranasal cavities. The
openings between the nasal cavity and the paranasal cavities are also
indicated (Reproduced with permission of Netterimages.com).
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hard palate (the frontal 2/3 of the palate) and the soft palate. The
hard palate is supported by bone, while the soft palate is formed
by skeletal muscle and connective tissue. The dorsal continuation
of the soft palate is called the wwvula. The palate and the uvula
are depicted in Figure 2.2. During swallowing, the soft palate and
uvula move upward to direct food away from the nasal cavity down
towards the throat.

2.1.3 The paranasal sinuses

A number of air-filled cavities, called the paranasal sinuses, are
located within the bones of the human skull [1, 5]. These sinuses
are divided into four subgroups (indicated in Figure 2.2) that are
named according to the bones (depicted in Figure 2.1) in which
they are enclosed;

Maxillary sinus: Located caudally of the eye in the maxillar
bones

Frontal sinus: Located cranially of the eyes in the frontal
bones

Ethmoidal sinus:  Located laterally and cranially of the nasal
septum, backwards into the skull

Sphenoidal sinus:  Located at the centre of the skull base in the
sphenoid bone

The maxillary sinuses, located in the maxillar bones, are the
largest of the paranasal sinuses and are pyramidal in shape. The
location of these sinuses is close to the floor of the orbital cavities
(eye cavities) and to the upper teeth. Therefore, problems with or
pain in the teeth are often confused with unhealthy states of these
sinuses.

The frontal sinuses, located in the frontal bone, are rarely sym-
metrical, and the septum between them frequently deviates to-
wards one or the other side of the centre line. The frontal sinuses
are not present at birth, but begin to form at about the age of two
years and are generally fairly well developed between the seventh
and eighth year, but reach their full size first after puberty.

The ethmoid sinus is located behind the bridge of the nose
between the eyes in the ethmoid bone. It comprises of a cell system
with about 7 to 12 small chambers, that collectively make up the
sinus.

Deep within the skull behind the ethmoid sinus are the sphe-
noid sinuses, located in the sphenoid bone. The sphenoid sinuses
have approximately the size of a large grape. The right and left
sphenoid sinuses are separated by a thin bone septum.

All the paranasal sinuses are connected to the nasal cavity
through small orifices called ostia, which allow drainage and ex-
change of air, liquid and mucus (previously discussed in Sec-
tion 2.1.1). The openings (meatii) are indicated in Figure 2.2.
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The paths of airflow between the different sinuses and the nasal
cavity are listed below:

Maxillary sinus —  Middle concha

Frontal sinus —  Middle concha

Ethmoidal sinus —  Middle and superior concha
Sphenoidal sinus —  Behind the middle and superior concha

So far no one has convincingly been able to demonstrate any
important physiological function of the human sinuses. Different
hypotheses on the possible functions have been proposed, such as
decreasing the weight of the skull, heat insulation, and augmenting
the resonance of the voice. However, it appears that the only im-
portant issue concerning the sinuses that everyone can agree upon
is that they should be kept free from diseases such as inflammation
and infections [5, 6].

Sinusitis is either an infection or an inflammation of one or more
of the paranasal sinuses of either bacterial, fungal, viral, allergic or
autoimmune origin. When a cold is contracted, the mucous mem-
branes in the sinuses, the nasal cavity and the meatal openings
connecting them become swollen. This can lead to the blockage of
the meatii, which can result in mucus and bacteria filling up the
cavities with sinusitis as the outcome. The most common symp-
toms of sinusitis are facial pain, headache, tenderness of the sinus
areas, nasal drainage that is thick and coloured, cough and fluid
from the nasal cavity. Often sinusitis includes a combination of
the above-mentioned symptoms. Unfortunately, it is very difficult
to distinguish between a normal cold, which most often clears up
without any treatment, and sinusitis.

Sinusitis can be acute (going on for less than four weeks), sub-
acute (4 — 8 weeks) or chronic (lasting 8 weeks or more). All
three types of sinusitis have similar symptoms, and are thus often
difficult to distinguish within a limited time span. Acute sinusi-
tis is often induced by bacteria, such as Haemophilus influenzae,
streptococci, or staphylococci while the cause of chronic sinusitis
is more obscure. It has been suggested that chronic sinusitis is
caused by a long-standing viral infection or a response to fungal
allergies, but strong evidence is still lacking.

Every year, more than 37 million people in the US are diag-
nosed with sinusitis [7]. In a Swedish study it was shown that
2.2 % of all consultations in a Primary Care Unit were due to si-
nusitis [5]. Today, the diagnosis of sinusitis is mostly based on the
anamnesis given by the patient, and in some cases on paraclinical
investigations such as X-ray, ultrasound, and low-dose comput-
erised tomography [8]. Sinusitis is treated with antibiotics and
often followed by one week of sick-leave. Unfortunately, unneces-
sary antibiotic treatment is very common due to the non-specific
diagnostics, as investigations based on ultrasound and X-rays are
performed only in cases with persisting symptoms.
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If sinusitis is untreated, it can lead to bronchitis and pneumo-
nia. Bronchitis is a pulmonary disease characterised by inflamma-
tion of the bronchi of the lungs. Pneumonia is an infection illness Maxillary sinus
of the lungs and the respiratory system in which the alveoli (micro-
scopic air-filled sacs of the lung responsible for absorbing oxygen
from the atmosphere, further discussed in Section 2.2.2) become
inflamed and flooded with fluid quenching the respiration to work
correctly.

2.1.4 The mastoid bone

The mastoid bone is an air-filled, honeycomb-like structure located
behind the middle ear as a portion of the temporal bone (depicted
in Figure 2.1). Its function is'largely unknown. The .air containi.ng Figure 2.3. CT image with
cells are connected to the middle ear through an air-filled cavity  nastoid and maxillary sinuses
called the mastoid antrum. This means that the ventilation of the indicated (transversal section).
mastoid depends on the ventilation of the middle ear itself through
the Eustachian tube, as indicated in Figure 2.2.
Although the mastoid bone serves as a reservoir of air to allow
normal movement of the eardrum, its connection to the middle
ear may also result in the spread of middle ear infections to the
mastoid bone (mastoiditis). The mastoid bone then becomes filled
with infected material and its honeycomb-like structure may be de-
stroyed. The diagnosis of mastoiditis is often based on the medical
history of the patient, a physical examination and paracentesis of
the eardrum. Sometimes a CT scan is done providing additional
information. Mastoiditis is treated with antibiotics. In some cases,
surgery is needed for drainage. If left untreated, the inflammation
can spread to the surrounding tissue, including the brain, causing
serious complications.
Figure 2.3 shows a CT image on which the mastoids and the
maxillary sinuses are indicated. The mastoids appear as irregular
dark shapes.

2.2 Respiration

2.2.1 Cellular respiration

Cellular respiration is a key feature of life and occurs in all living
cells. During respiration carbohydrates, particularly glucose, are
broken down to release energy needed for the cell. The cells in the
body need energy, for example, to maintain temperature, and cells
in horticultural products need it for the ripening process.

There are two kinds of respiration in organisms; aerobic and
anaerobic. Aerobic respiration is a complex process of chemical re-
actions in which oxygen is used to break down glucose into carbon
dioxide and water. This releases energy in the form of energy-
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carrying molecules. A simplified reaction for aerobic respiration
can be written as;

CeH1206 + 605 — 6CO2 4+ 6 H,O + energy

Respiration sometimes occurs without oxygen, and this is called
anaerobic respiration. In this case, glucose is only partially bro-
ken down, and the end products are energy and either lactic acid
or ethanol (alcohol) and carbon dioxide; this process is termed
fermentation.

2.2.2 Gas exchange in the lungs

The essential organs for gas exchange in the human body are the
lungs. The principal function of the lungs is to transport oxygen
from the atmosphere into the bloodstream and to excrete carbon
dioxide from the bloodstream into the atmosphere. The gas ex-
change occurs in the alveoli in the lungs. These are small cavities
with a radius of about 0.1 mm and a wall about 0.2 pym thick.
The gas exchange does not require energy since it is driven by pas-
sive diffusion. Oxygen and carbon dioxide diffuse across the walls
between the alveoli and the blood; see Figure 2.4. Factors that
influence diffusion include the surface area, the diffusion distance,
and the concentration gradient.

In the human lung, the alveoli provide a large surface area
(about the size of a tennis court) and their thin walls provide a
short diffusion distance. A high concentration gradient is ensured
by

- directing blood with low oxygen and high carbon dioxide
levels to the lungs,

- pulmonary ventilation (breathing), which maintains a high
level of oxygen and a low level of carbon dioxide in the
alveolar air.

Thus, the alveoli and associated blood supply are well suited for
the diffusion of oxygen into the blood and carbon dioxide into the
air in the alveoli.

An average person will normally exchange about ten litres of air
per minute. The inhaled air contains approximately 21% oxygen
and the air exhaled contains about 17% oxygen and 4% carbon
dioxide [1, 9].

2.2.3 Respiration in horticulture

Oxygen and carbon dioxide are biologically active molecules of im-
portance in metabolic processes in horticultural products through
their influence on the respiration process. The concentration of
oxygen is recognised to be one of the main factors in the respi-
ration of fruit and vegetables. However, it has been shown that
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the consumption of oxygen, and thus the respiration rate, also de-
pends on the concentration of carbon dioxide [10, 11]. A reduction
of respiration rate is often regarded as the main cause for a slower
rate of maturation and change of quality. To slow down the res-
piration rate, the optimal conditions are a low concentration of
oxygen and a high concentration of carbon dioxide. However, too
low concentration of oxygen will result in fermentation. Thus, a
critical concentration of oxygen exists [12]. It should be noted
that the metabolic processes and thus the respiration process of
horticultural products is highly dependent on the species [13].
The respiration rate does not only depend on the concentra-
tions of the gases involved in the respiration process, but also
on the temperature. As the temperature increases, the oxygen
uptake also increases [14]. Different techniques have been de-
veloped to reduce the respiration rate of various kinds of fresh
horticultural produce for the purpose of extending storage du-
ration and shelf-life [11, 15]. The two most common methods
are controlled-atmosphere storage (CA) and modified-atmosphere
packaging (MAP). In CA, the gaseous composition of atmosphere
around the product is artificially modified to regulate the respi-
ration rate. The temperature is also often controlled. Different
films, which are highly permeable to oxygen, are used in MAP.
These are used to optimise the conditions for the product. It is
of importance to design MAP according to the highest expected
temperature during the storage period, since, as mentioned, the
oxygen consumption increases with the temperature while the per-
meability of the film might not change to the same extent.

2.3 Pharmaceutical tablets

Medication is commonly administered as pharmaceutical tablets
to cure or to reduce the symptoms of a disease. They consist of
an active substance together with an inactive substance serving
as a carrier. The chemical form of the active substance used and
its mixture with the inactive substance depend on the disease the
tablet is being administered for, and the rate of drug release re-
quired to achieve the therapeutical performance.

It is important that each tablet of the same kind delivers the
same dose of the active substance to be absorbed by the body after
administration. For optimisation, the ingredients, which may be
powdered or granular, should be fairly dry and have a uniform
particle size. The porosity of the tablet is also directly linked to
this issue.

Tablets are often coated. This is done, for example, to prevent
the tablets from sticking together, to decrease an unpleasant taste,
and/or to make them easier to swallow. In some cases, coating is
important to protect substances which are sensitive to oxidation
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and moisture. The type of coating used can effect the dissolution
rate of the tablet and thus the release of the drug into the body,
which can be both an advantage and a drawback.

Tablets as medication are often ordinated by the physician to
be taken more than once during a treatment period. This is done
in order to maintain a high concentration of the active substance
over a longer time to achieve an efficient dose to fight the dis-
ease. In Figure 2.5 a typical concentration curve for the drug in
the blood as a function of time after a tablet is administrated is
depicted. The tablet starts to dissolve in the stomach as soon as
it is swallowed, which results in an increase of the dose delivered
to the blood. After the maximum is reached, which depends, for
example, on the factors discussed above, the release of the drug to
the blood takes place through diffusion [16].

2.4 Moisture in wood

Wood is a very important material in the world today. The world-
wide production of timber was approximately 3.4-10% m? in 1993.
About 55% of the this volume was used as fuelwood and almost
all of the rest for industrial and construction purposes [17].

In many applications, the moisture content of the wood is of
importance. It is usually defined as the weight of water in the
wood expressed as a fraction (often percentages) of the weight of
oven-dry wood. The moisture can exist in three different ways:

(i)  As liquid water (free water)
(ii) As water vapour in cell lumina and cavities
(iii) As water held chemically (bound water) within cell walls

In trees, the moisture content can range from about 30% to 200%.
It might seem strange that the moisture content can exceed 100%
but this just means that the weight of the water is higher than
the wood matrix when it is dry. The fibre saturation point (FSP)
of wood is defined as the point when the cell walls are completely
saturated and no water exists in the cell lumina. This state gives a
moisture content of about 30% on the average for all wood species,
but can vary by several percent between individual species and
individual samples [18, 19].

The drying process of wood starts directly after the tree is
felled; see Figure 2.6. The capillary forces will transport the lig-
uid water towards the surface where it will evaporate due to the
heat being transported to it from the surrounding atmosphere.
The bound water in the cell walls will then also evaporate until
an equilibrium is reached with the surrounding atmosphere. As
the liquid water evaporates, the cells have a partial pressure of
fully saturated water vapour (100% relative humidity) until there
is no more liquid water in the cells walls. The water vapour par-
tial pressure then decreases through diffusion to the surrounding
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environment. The moisture content of the wood will, in the end,
depend on the relative humidity and the temperature of the sur-
rounding environment [19, 20].
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CHAPTER 3

LIGHT INTERACTION WITH MATTER

By studying light that has interacted with matter, important infor-
mation for diagnostic as well as therapeutic purposes can be gained
in many applications. This information originates in the fact that
every atom and molecule has its specific way of interacting with
light.

In this chapter different processes that may occur when elec-
tromagnetic radiation is propagating in matter will be discussed.
Some basic principles concerning light are presented as a start.
This is followed by a short description of the configurations of
atoms and molecules, giving rise to the so-called spectral finger-
print, which can be used to distinguish different species.

3.1 Electromagnetic radiation

In everyday life people refer to light as the narrow portion of elec-
tromagnetic radiation which is visible to the human eye. A basic
characteristic of electromagnetic radiation is the frequency or the
wavelength. The human eye is sensitive to wavelengths from about
400 nm to 700 nm. Depending on the wavelength, the eye will per-
ceive different colours of the electromagnetic radiation. The light
from the sun contains all wavelengths, and is an example of poly-
chromatic light. If the light contains only one wavelength the light
is called monochromatic, which is the case for laser light.

The electromagnetic spectrum is divided into different regions
with different ways of production and detection. The most com-
mon regions of interest are shown in Figure 3.1, where also the
visible region is enlarged.

The elementary particle that defines light is the photon. Ac-
cording to Planck, each photon has a well-defined energy, depend-
ing on the wavelength, A [m], or frequency, v [Hz], as;

hc
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where h is Planck’s constant (6.63-1073* Js) and ¢ the speed of light
(3.00-10% m/s). The concept that light can be considered as parti-
cles was expressed by A. Einstein [21] and is in the citation for his
Nobel prize 1921. The theory was experimentally supported by the
photoelectric effect, schematically depicted in Figure 3.2a. When
electromagnetic radiation interacts with a metal surface, the en-
ergy of the radiation is absorbed and photoelectrons are emitted.
Even though the intensity of the radiation is increased, nothing
will happen if the frequency of the light is not sufficiently high.
However, above the threshold the number of photoelectrons emit-
ted will increase with the intensity of the beam. This observation
can be explained by considering the impinging beam as consisting
of individual particles, each with a specific energy. For an electron
to be emitted a particle with an energy above the threshold is re-
quired. One interacting particle results in one emitted electron.
When the intensity of the beam is increased, i.e., thus increasing
the number of particles in the beam, more particles will interact
with the matter and more electrons will be emitted [22].

Before Einstein’s discoveries, light was considered as having
wave properties. One of the most important experiments of wave
theory is Young’s double slit, depicted in Figure 3.2b. Consider
a plane wave propagating towards a screen with two small slits.
If the light pattern is studied behind the screen, a pattern con-
sisting of intense light alternating with darkness can be observed.
This pattern can be explained by assuming the light to have wave
properties. After propagating through the small slits, the light is
diffracted and bulges outwards causing two wavefronts propagating
towards the viewing screen. The two wavefronts will then inter-
fere constructively and destructively resulting in maximum light
intensities alternating with minimum light intensities [23].

As previously discussed, it has been shown experimentally that
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light exhibits both particle and wave properties. Which assump-
tion is chosen often depends on which phenomenon or experiment
is being considered.

3.2 Atoms and molecules

Atoms consist of positively charged protons and neutral neutrons
forming the nucleus, and negatively charged electrons circling it.
The electrons can be considered as being arranged in well-defined
configurations described by quantum mechanics [24], where each
configuration has an energy associated with it. This is often de-
picted by an energy level diagram as shown in Figure 3.3.

A molecule is formed by two or more atoms that are bound
together and settle at a mean internuclear distance (typically of
the order of a few A) such that the total energy of the whole
system is minimised. Apart from the discrete energy states that
atoms have, molecules also have vibrational and rotational energy
levels. These energy levels exist due to the motions of the atoms
with respect to each other (see Figure 3.4).

The bond between the atoms in a molecule is elastic and will
stretch and compress with a certain frequency related to the mass
of the nuclei and the elasticity of the bond. The compression and
extension of the bond can be likened to the behaviour of a spring
giving rise to the simple harmonic oscillator model. This model
is often used in the literature as a good starting model when dis-
cussing vibrational levels of a molecule. A more expanded poten-
tial model is the Morse function, which is an empirical expression,
derived by P. Morse, depicted in Figure 3.5. The shape of the
potential curve from this expression also takes into account the
fact that a molecule can break and dissociate into atoms when
the bond is stretched to a certain extent. The separation between
the energy states due to vibration is of the order of 0.1 eV where
spectroscopy in the IR region is applicable, in contrast to the en-
ergy difference of electronic states which is a few eV, suitable for
spectroscopy in the visible and UV region.

The rotational energy levels of a molecule occur due to rotation
around the centre of mass of the molecule. The energy levels due to
rotation are separated by about 0.001 eV, suitable for spectroscopy
in the microwave region [25].

3.3 Physical processes

This section will describe the fundamental processes absorption,
stimulated emission, spontaneous emission and fluorescence that
can occur when electromagnetic radiation interacts with an atom
or a molecule. Scattering phenomena will also be discussed. The
description of these processes follows the one presented in Ref. 26.

Energy

Figure 3.3. A schematic energy
level diagram of an atom.

Figure 3.4. The origin of
vibrational and rotational energy
levels in a molecule.

4 Potential curve
representing the
ground electronic state

Vibrational levels

Energy

} Rotational levels

v

Internuclear separation

Figure 3.5. Illustration of an
electric state of a molecule
according to the Morse function
with vibrational and rotational
energy levels indicated.
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3.3.1 Absorption

Consider two energy states, 1 and 2, of an atom, with energies,
E, and Es, respectively. The atom is initially found in state 1.
If the energy of the incoming photon corresponds to the energy
difference between the two energy states it can be absorbed. The
energy of the photon is then transferred to the atom by exciting
it to level 2; see Figure 3.6. The rate of change of the population
in level 1, (dé\il )abs, must be proportional to the population of the
level, N1, and to the absorption rate, Wi, as expressed by

<le> — Wi Ny,
abs

— 3.2
o (3:2)
where W5 is proportional to the absorption cross-section, 12, and
the intensity of the incoming radiation, F', as

Wis =012 F, (3.3)

where 015 depends on the particular transition considered in the
absorption process.

3.3.2 Spontaneous emission

If an atom has been excited to energy level 2, it tends to decay
back to energy level 1, which is at a lower energy. The redundant
energy must then be released in some way. One possibility to do
this is by spontaneous emission of a photon with an energy corre-
sponding to the energy difference between the two states involved;
see Figure 3.7.

The rate of change of population in level 2 due to spontaneous
emission, ( %)SP, depends on the rate of spontaneous emission,
A, and the population of the level, Ny, according to

NN AN,
dt ).,

The positive constant A is inversely proportional to the lifetime of
the state, 7gp;

(3.4)

(3.5)

3.3.3 Stimulated emission

Another way for an excited atom to release its energy when de-
caying to the lower state is by stimulated emission. An incoming
photon with energy corresponding to the energy difference between
the states considered in the transition can stimulate the atom to
decay. During stimulated emission, an additional photon to the
incoming one is emitted with exactly the same phase, direction
and energy as the incoming one; see Figure 3.8.
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The rate of change of population in level 2 due to stimulated
emission, (%)sh can be written as

O
dN. X 7
2 Tt
— ] =-—Wa- Ny, (3.6) ~—0
S |11
where Wy, is the rate of stimulated emission, which is equal to; _\/\/V\> Fluorescence

Wo1 = 091 - F. (3.7 l__l

091 is the stimulated emission cross-section and depends on the
particular transition being considered. The similarities between
Eq. 3.2 and Eq. 3.6 should be noted. If the two states considered Figure 3.9. Illustration of
are non-degenerate, then Wi = Wy (which also means that o012 =  Auorescence.

o21). In the case of degenerate states (when the state consists of

a number of sublevels with the same energy) the two constants gy

and go can be introduced representing the number of sublevels in

the states. This results in

g1Wiz = g2Wa1 = g1012 = g2021. (3.8)

3.3.4 Fluorescence
Basic principle

Fluorescence can be considered as emitted light during the relax-
ation of an excited atom or molecule, as depicted in Figure 3.9. An
atom or molecule can also decay from a state with higher energy
to a state with lower energy without the emission of light. This
process, known as quenching, is a non-radiative decay. The energy
is then released by collision processes with surrounding atoms or
molecules and results in heat generation. The longer the lifetime
of the state the higher is the possibility for non-radiative decay. In
the gaseous phase, higher pressure also results in a higher proba-
bility of quenching. At lower pressure, quenching can be neglected
and strong fluorescence is obtained, while at atmospheric pressure
the fluorescence can be reduced by a factor of 103 to 10° [27].

An excited molecule will, through internal conversion, very
rapidly end up in the lowest excited state (on a picosecond time-
scale), depicted as a dotted wave in Figure 3.9. From here the
molecule can decay back to the levels within the ground state
through a non-radiative process or under emission of fluorescent
light (on a nanosecond time-scale). In the liquid and solid phase,
the energy levels are not discrete as in the case of free atoms or
molecules in the gaseous phase. Rather, the energy levels consist
of a continuum of levels due to the interaction between the differ-
ent molecules. The fluorescence spectrum will then arise from an
assembly of molecules and consists of many superimposed lines to
give a smooth appearance.
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Figure 3.10 shows a typical fluorescence spectrum of tissue il-
luminated by light at 405 nm. The spectrum is built up of con-
tributions from various fluorophores, for example collagen, elastin,
and NADH. The excitation wavelength and corresponding emis-
sion maxima for the different fluorophores are discussed in Ref. 28.

Photodynamic therapy

The fluorescence spectrum can be used in medicine to characterise
tissue. A therapeutic treatment, which has been developed, based
on knowledge of molecular interaction, is photodynamic therapy
(PDT). This is a treatment for some types of cancers. It may
also be used to treat some non-cancerous conditions of the skin
and eye [29-31]. For a photodynamic effect to occur, three ba-
sic elements are needed; photosensitizer, light and oxygen. The
photosensitizer can frequently be seen as a tumour-seeking agent,
which is administered in a stable form systematically or topically
to the body and will accumulate to a higher degree in the diseased
cells. The lesion under treatment is then exposed to light of a spe-
cific wavelength which excites the sensitizer; see Figure 3.11. The
sensitizer molecule returns to the ground state after a certain time
and can release its energy in three different ways, namely, emission
of heat, emission of light, or conversion to an intermediate energy
state (triplet state) which is the case illustrated in Figure 3.11. In
the triplet state the sensitizer can convert molecular tissue oxygen
to form singlet oxygen. The singlet oxygen can then react with
the cells and cause functional and structural damage which leads
to cell death and bleaching of the sensitizer.

The effect of the treatment can be studied by recording the
fluorescence of the tissue before and after PDT, which was done
in Paper IX. In this particular paper the PDT effect is investi-
gated by using a photosensitizer called Temoporfin with a fluo-
rescence peak at 652 nm. The substance is topically applied on
skin tumours. The amount of photosensitizer fluorescence remain-
ing after the treatment compared to before treatment was used to
determine the effect of the treatment. In Figure 3.12 typical spec-
tra recorded before and after treatment at the centre of a tumour
during this study are shown. By comparing the intensity of the
peak at 652 nm, a bleaching of about 70% was obtained in this
particular case.

Many different tumour-seeking agents exist, such as phtalo-
cyanine and TOOKAD, developed and used for different types of
cancers. In this thesis we will not discuss different photosensitizers,
but refer to Refs 32, 33. In contrast to many other treatments for
cancer, PDT is not known to have any form of cumulative toxicity.
Therefore it can be repeated if required without any danger.



Light interaction with matter

3.3.5 Light scattering

When light interacts with matter it may be scattered. There
are two different types of scattering processes; elastic scattering
and inelastic scattering which will be discussed in the current sec-
tion. Elastic scattering basically means that a photon encounters
a particle and changes its direction but retains its energy; see Fig-
ure 3.13a. In the case of inelastic scattering both the direction of
the photon and its energy will be changed; see Figure 3.13b. The
inelastically scattered photon can either gain energy or lose energy
in the interaction event.

Rayleigh and Raman scattering

When light interacts with particles which are much smaller in size
than the wavelength of the light, Rayleigh scattering can occur.
This is an elastic process. This process can be seen as excitation
by the injected light to a virtual energy level and very rapid decay
back to the original state with light emission at the same energy
but in a new direction; see Figure 3.14. Rayleigh scattering has a
strong wavelength dependence (A~*) which means that blue light
is scattered much more than red light. In the atmosphere, this
process is often used to explain why the sky is blue; since the
blue wavelength is scattered to a greater extent than longer wave-
lengths, one then experiences blue light coming from all regions of
the sky.

Raman scattering is similar to Rayleigh scattering with the dif-
ference that it goes through an energy change, making it an inelas-
tic scattering process. The molecule is excited to a virtual energy
level but de-excited into a different energy level, see Figure 3.14.
The emitted photon can both gain and lose energy, resulting in
Anti-Stokes and Stokes Raman lines, respectively. In the case of
Stokes scattering the molecule absorbs energy while in the case of
Anti-Stokes scattering the molecule loses energy [27].

Mie Scattering

Mie scattering may occur when the size of the particle is of the
same order or larger than the wavelength of the light. The behav-
iour of the scattered light is more complex than Rayleigh scatter-
ing. It does not depend only on the size of the particle but also
on the shape and the index of refraction. Mie theory considering
spherical particles is frequently a starting point in the investiga-
tion of light interaction with biological tissue, since the cellular
structures in the tissue are of the order of hundreds of nanometers
to a few micrometers, which is comparable in dimension to the
wavelengths generally used in biomedical applications [34, 35].
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Figure 3.13. a Elastic scattering;
the scattered photons change the
direction but remain the same
energy. b Inelastic scattering; the
scattered photons change both
direction and energy.
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Figure 3.14. Illustration of
Rayleigh and Raman scattering.
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CuapTEr 4

TUNABLE LASER SPECTROSCOPY

Spectroscopy is considered as the study of the interaction between
radiation and matter, as discussed in the Introduction. It has been
used for decades for numerous applications. Lasers are nowadays
commonly used to pursue spectroscopy of gases. In this chapter the
basic principles of the light source mostly used in this thesis will
be presented, namely, tunable semiconductor lasers. Before these
lasers are introduced a brief overview will be given of the basic
principles of laser light and its characteristics. In the final section
gas absorption spectroscopy based on the Beer-Lambertian law will
be presented together with some basic ideas that are needed to un-
derstand the spectral signals generated. To achieve high sensitivity
when performing gas absorption spectroscopy a technique referred
to as wavelength modulation spectroscopy (WMS) is commonly
used. The basic idea is to shift the detection to higher frequencies
to minimise the 1/f noise. This method is also described in the last
section together with a brief overview of interference fringes, origi-
nating from interference between surfaces in the light path between
the light source and the detector. In many cases these fringes set
the detection limit for gas absorption measurements when WMS
is applied.

4.1 General principles of laser light

Laser is an acronym of Light Amplification by Stimulated Emission
of Radiation and is, as the name implies, amplified light which is
based on stimulated emission (discussed in Section 3.3.3). The
action of lasing was first seen experimentally in 1960 [36] and was
based on work published a few years earlier. This work led to the
Nobel prize for 1964 being awarded to N. Basov, A. Prokhorov and
C. Townes [37, 38]. Since then lasers have become one of the most
rapidly growing technologies in the world.
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4.1 General principles of laser light
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A laser device consists of three basic elements, namely, an
external energy source or pump, an amplifying medium or laser
medium, and an optical cavity or resonator (see Figure 4.1). To
achieve laser operation a prerequisite is population inversion in the
laser medium. Assume a system with two energy states. If more
atoms or molecules exist in the higher state than in the lower state
the system is said to have population inversion. This is created
and maintained by the pump, which is an external energy source.
It can be optical, electrical, chemical, or thermal in nature. The
pump energy is absorbed by the laser medium. The most im-
portant requirement of the laser medium is its ability to support
population inversion between the two energy levels involved in the
laser action (in practise this requires a third energy level). The
laser medium is the part of the laser which determines the wave-
length of the laser radiation depending on the transition used for
lasing. The medium may be a gas, liquid or solid (the case of a
semiconductor medium will be further discussed in Section 4.2).
Due to the wide selection of media, laser light is available from
the deep ultraviolet region well into the infrared region. The laser
medium is placed into an optical resonator, which usually consists
of two mirrors directing the photons back and forth through the
laser medium, creating a standing wave by constructive interfer-
ence in the cavity, to achieve amplification. One of the mirrors has
100% reflectivity while the other has somewhat less to allow the
laser beam to propagate out through the cavity [23, 39].

In the laser medium, amplification is obtained through stimu-
lated emission. Assume that a beam of photons, with the flux F',
is injected into the medium in the z-direction, see Figure 4.2. The
difference of flux in this direction before and after the medium will
then be dF' due to absorption and stimulated emission (assuming
that spontaneous emission can be neglected). Absorption will re-
move photons and stimulated emission will add photons. If S is the
cross-sectional area of the beam, SdF must be equal to the differ-
ence between stimulated emission and absorption events occurring
in the shaded area in the figure per unit time. The difference in
flux can then be written as

dF = oy F [NQ - (QQNI)] dz, (4.1)
9

where 097 is the stimulated emission cross-section, N7 and Ny the
population in two states involved in the process, and ¢g; and g
their degeneration. The relationship between absorption cross-
section and emission cross-section has been used (Eq. 3.8) which
states that

92021 = g1012- (4.2)

To obtain a positive dF', or, in other words, for the medium to
behave as an amplifier (i.e., dF'/dz > 0), Na must be larger than
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92N1/g1. This means that a population inversion has to exist in
the medium [26].

The first laser, operating with ruby (aluminium oxide with
chromium), was based on a three-level system [36] (see Fig-
ure 4.3a). The Cr3* ions are raised by the external source from
level 1 to level 3 and decays to level 2, which is a state with a
much longer lifetime (i.e., 73 << 73). The laser action then oc-
curs between level 2 and 1 where a population inversion has been
achieved. This scheme involves the ground state (level 1) of an
atom, which is a well-populated state and therefore the pumping
process needs to be very efficient. This difficulty can be avoided by
using one more state, in an arrangement called a four-level laser
(see Figure 4.3b). In this scheme, the atoms are raised from level 1
to level 4 by an external pumping process from where they rapidly
decay to level 3. Inversion population is then created between
level 3 and 2 where level 2 is chosen with a very short lifetime [27].

Characteristics of laser light are that it is coherent, directed and
monochromatic. This is due to the fact that all photons have been
created through stimulated emission and therefore have the same
phase and direction. Strongly monochromatic light is achieved
since oscillation can only occur corresponding to the resonant fre-
quency of the cavity, creating constructive interference (standing-
waves) of the light given as

L=g- 57y’ (4.3)
where L is the length of the cavity, n the refractive index in the cav-
ity and g an integer number. T'wo examples of different numbers of
q, creating standing waves through constructive interference inside
the cavity, are depicted in Figure 4.4. Normally the ¢ numbers are
much larger. Generally, a number of modes will oscillate under the
gain profile of the medium, where population inversion exists, and
it is said that the laser operates in multi-mode.

4.2 Tunable semiconductor lasers

Since the introduction of semiconductor lasers in the 1960’s [40—-
43], only two years after the first laser was demonstrated, they
have today become a common device in our daily life. Their small
size, low cost and tunability are some of the reasons behind their
popularity in many opto-electronic devices. Today semiconductor
lasers can be found in applications ranging from everyday items
such as laser pointers and CD players, to devices used in research
projects such as the cooling and trapping of atoms. This sec-
tion presents the basic principle of semiconductor lasers, or laser
diodes, and gives an overview of the different designs used and
their characteristics.
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Figure 4.3. a Three-level laser
scheme. b Four-level laser scheme.
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4.2.1 Basic principles

The semiconductor laser is based on the interaction between elec-
tromagnetic radiation and a semiconductor. Electrons in semicon-
ductors can interact with radiation in the same ways as they do
in atoms; by spontaneous emission, by stimulated emission and by
absorption (processes discussed in Section 3.3). The electron tran-
sitions in the semiconductor lasers occur between bands of states.

The basic operating principle for semiconductor lasers is shown
in Figure 4.5. Assume a semiconductor at zero temperature with
a valence band completely filled with electrons while the conduc-
tion band is completely empty (see Figure 4.5a). Some electrons
are excited from the valence band to the conduction band by a
suitable pumping process. After a very short time, typically a few
picoseconds, electrons in the conduction band will drop down to
the lowest unoccupied state in the conduction band at the same
time as electrons in the top of the valence band fall down to lower,
unoccupied levels in the valance band, leaving ”holes” in the top of
the valence band. Two Fermi levels can now be introduced, Ef,
and E},ﬂc for the valence and conduction band, respectively. The
Fermi level defines the energy at which the states below are com-
pletely occupied by electrons and with empty states above. Light
emission can now occur when electrons in the conduction band
recombine with holes in the valence band (see Figure 4.5b) [26].

The first semiconductor laser demonstrated was called a ho-
mostructure laser. It was made from chips of heavily doped gallium
arsenide [40-43]. In the homojunction structure, two semiconduc-
tors are grown together; one n-doped (containing extra electrons
not bound to the neighbouring atoms) and one p-doped (not elec-
trons enough to completely bond with the neighbouring atoms thus
resulting in holes in the valence band). An energy level diagram
of a p-n junction is shown in Figure 4.6a.

In thermal equilibrium, the Fermi level must be the same
throughout the system. The doping levels, the donor and acceptor
concentration, are chosen to assure that the Fermi level, indicated
in the figure by a dotted line, lies within the conduction band on
the n-doped side and within the valence band on the p-doped side.
The holes and the electrons cannot recombine due to the poten-
tial barrier. However, if a positive voltage Vy, (pumping process),
called a forward bias voltage, is applied to the p-type region the
potential barrier is lowered, see Figure 4.6b. This will allow elec-
trons to be injected into the conduction band from the n-type
region, while holes will be injected into the valence band from the
p-type region. If the voltage is chosen such that the product eV,
approaches the band gap energy Epq4, population inversion will be
created in the active region. Stimulated emission of light will oc-
cur in the active region with photon energy corresponding to the
band gap. To provide feedback for laser action, two parallel sides
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are polished for semitransparent mirror action. A resonator is thus
formed.

4.2.2 Tunability

The wavelength of the emitted radiation is, as mentioned, deter-
mined by the band gap of the semiconductor material used. Today
diode lasers are available from the UV region to the infrared region.
The band gap of the semiconductor depends slightly on the tem-
perature, which can be used to tune the wavelength of the light. A
typical tuning rate is about 0.3 nm/°C. Normally, diode lasers al-
low temperatures between 10°C to about 50°C, which means that
the wavelength can be tuned through about 10 nm. An alterna-
tive method and more convenient to change the wavelength is to
change the driving current. This results in a temperature change
of the junction [44].

It is not only the band gap that changes with temperature but
also the cavity length and the refractive index. As discussed in Sec-
tion 4.1, the cavity length will determine which wavelength will be
amplified by constructive interference; see Figure 4.4. The cavity
change leads to mode-jumps, meaning that not all wavelengths in
the tuning region offered by temperature changes are available.
This is depicted in Figure 4.7 [44]. Clearly, mode-jumping be-
haviour is normally highly unwanted. Different designs have been
developed to overcome this problem, which is discussed in the next
section. However, the phenomenon can also be turned into an ad-
vantage when performing diode laser gas spectroscopy. If a rapidly
mode-jumping laser, switching between many individual modes, is
used, these modes will sometimes hit an absorbing wavelength in a
complex molecular spectrum, and sometimes hit in between. The
transmitted intensity will depend both on the presence of absorp-
tion as well as the output power of the specific mode. By compar-
ing the intensity pattern obtained for a laser beam coming from a
region of unknown gas composition with the clear pattern obtained
for a gas-filled reference cell, the amount of the particular gas can
be estimated (Paper XIII).

4.2.3 Designs

Since the introduction of the semiconductor laser, several alterna-
tive designs to the homostructure have been developed. The main
problem with the homostructure laser is the high threshold cur-
rent required to obtain population inversion in the active region
and therefore making room temperature operation difficult due to
strong absorption of the semiconductor material leading to exces-
sive temperature rise. A few years after the homostructure laser
was introduced, a more efficient, double-heterostructure scheme
was introduced [45, 46]. This structure is based on a low band
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Figure 4.7. A schematic drawing
of wavelength tunability of a
semiconductor laser by changing
the operating temperature.
Mode-jumps are indicated.
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of a semiconductor laser based on
double-heterostructure.

27



4.2.3 Designs
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gap material sandwiched between two high band gap layers, as de-
picted in Figure 4.8. This allows more of the electron-hole pairs
to contribute to amplification and less light to be absorbed by the
surrounding layers, resulting in a higher concentration of the beam
within the active region [47].

The most common type of diode lasers, and the most econom-
ical ones are those called Fabry-Pérot diodes. These lasers are
based on the description above where two artificial mirrors (dif-
ferent refractive index on opposite sides of the active medium)
are used to create a cavity. The drawback of these lasers is that
they are noisy and often operate in longitudinal multi-mode (not
only one single wavelength is emitted). To achieve single-mode
operation of these lasers an external cavity can be used. Two dif-
ferent designs are commonly used, namely, the Littrow and the
Littman configuration, depicted in Figure 4.9 [48, 49]. These are
based on using a grating to back-couple the light emitted from the
diode laser into the cavity. The first diffraction order is coupled
back to the laser while the zeroth order is used as the output. In
the Littrow configuration only one component is used, namely, a
diffraction grating, and the wavelength is tuned by rotating this
grating. In the Littman configuration the diffraction grating is
fixed while a rotatable mirror is used for the tunability. The ad-
vantage of the Littman configuration is that as the grating is fixed
the direction of the output beam is not affected during tuning,
in contrast to the Littrow configuration. On the other hand, the
Littrow configuration is more compact.

More expensive diode lasers are the distributed feedback (DFB)
laser and the distributed Bragg reflector (DBR) laser. These lasers
can be said to be Fabry-Pérot single-mode lasers containing an in-
tegrated grating structure. In the DFB laser the grating is placed
within the active region where one of the reflecting mirrors is re-
placed by a grating along the cavity. In the DBR laser the grating
is located outside the active region.

In contrast to the semiconductor lasers discussed, where the
laser action occurs between the conduction band and the valence
band, the laser action in quantum cascade lasers, QCLs, involves
only the conduction band; see Figure 4.10. These lasers were in-
troduced in 1994 [50-52] and are often compared to an electronic
waterfall as "when an electric current flows through a quantum-
cascade laser, electrons cascade down an energy staircase emitting
a photon at each step”. The QCLs operate in the mid-infrared re-
gion. They consist of sandwiched thin layers of semiconductor ma-
terials. These layers produce coupled quantum wells working to-
gether as active regions in which the laser action will occur through
the relaxation of electrons. The electron in one of the wells (active
region) tunnels into the next well (through the injection/relaxation
region) and stimulates the next photon to be emitted and so on,
as depicted in Figure 4.11. This process of a single electron caus-
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ing the emission of multiple photons as it traverses through the
QCL structure gives rise to the name cascade. The wavelength of
the emitted light is determined by the thickness of the layers of
the semiconductor materials, in contrast to the other diode lasers
discussed, where the band gap sets the wavelength. The stack of
active regions and injection regions is clad with two thick semicon-
ductor layers with low refraction index, that serve as a waveguide
to direct the light produced along the active regions.

4.3 Gas absorption spectroscopy

Laser-based gas absorption spectroscopy utilises spectral absorp-
tion lines to examine the quantity of a certain molecule present in
a gaseous mixture. The absorption lines represent transitions be-
tween different energy states of the molecule, which can originate
from a change in the electronic, vibrational or rotational configu-
ration of the molecule (discussed in Section 3.2).

When light is propagating through an absorbing sample such as
a gas, it will be attenuated according to the Beer-Lambertian law
if the frequency of the light corresponds to an allowed transition.
This law will be discussed in this section, but first the processes
influencing the strength and the shape of the absorption lines will
be briefly discussed. In gas absorption spectroscopy it is impor-
tant to choose the absorption line carefully. Different factors af-
fecting the decision will be discussed. To achieve high sensitivity a
technique called wavelength modulation spectroscopy can be used.
This technique decreases the influence of 1/f noise by shifting the
detection to a higher sampling frequency, and this is further dis-
cussed in this section. Finally, optical interference fringes will be
discussed. In many of the experiments carried out for this thesis,
the minimisation of the influence of the optical fringes, in order to
achieve high sensitivity in gas absorption spectroscopy, have been
the most prominent issue.

4.3.1 The intensity of spectral lines

Depending on which transition of an atom or molecule is to be
investigated, different intensities of the absorption line occur. The
intensity depends on four different factors; the transition proba-
bility, the population of the initial states, the concentration of the
gas and the optical path length of the light within the sample. In
this section an overview concerning these factors will be given.

Transition probability

The probability for a transition to occur is given by quantum me-
chanics. This requires a knowledge of the precise quantum me-
chanical wave functions of the two states considered for the tran-
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Figure 4.11. Operating principle

of quantum cascade lasers.
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sition, which is beyond the scope of this thesis, but is thoroughly
described in Ref. 24. However, to determine whether a transi-
tion is forbidden or allowed (whether the transition probability is
zero or non-zero) the selection rules, which state that the quantum
numbers characterising the states cannot change randomly, can be
used.

Population of states

Assume the case that a transition has the same probability to occur
from two different states to a third state. It is then obvious that
the state with the highest population will give rise to the most
intense spectral line. In other words, the population of a state is
significant for the intensity of the spectral line.

At thermal equilibrium the population of an energy state is
given by the Boltzmann distribution. Assume N molecules dis-
tributed between two different energy states with energies Fy and
FE5. The ratio between the population at each level is given as

Ny —an

N, eFT (4.4)
where AFE is the energy difference between the two states (E;—FE1),
T is the temperature [K], and k is a universal constant known as
Boltzmann’s constant and is equal to 1.38:10723 JK™! [25]. This
shows that, to some extent, it is possible to influence the intensity
of the spectral lines by changing the temperature of the sample.

In some applications, such as combustion, it is of great inter-
est to be able rapidly to determine the temperature of a sample.
Knowledge about the change of population in the energy levels
in relation to temperature can then be used. By detecting more
than one absorption line and comparing their relative intensity,
the temperature of the sample can be determined [53-56].

Optical path length and concentration

That the path length through a sample and the concentration of
the absorber in the sample influence the intensity of the spectral
line is obvious. The longer the light travels in a sample and/or
the higher the concentration of the absorber in the sample is the
higher is the probability for the light to be absorbed. It might seem
logical to expect that a path length twice as long would give twice
the absorption and vice versa for the concentration. However, this
is not the case for large absorptions. The relationship between the
incident and transmitted intensities of radiation, the concentration
of the absorber and the optical path length is further discussed in
Section 4.3.3. It should be noted that nothing can become darker
than black, which is a basic non-linearity. If all light is absorbed no
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transmitted light is obtained. The detected signal will not change
if the path length is enhanced or the concentration increased.

For air pollution measurements a retro-reflecting mirror is com-
monly used to increase the path length by a factor of two. The light
is then sent from one side of the sample and a mirror is placed on
the other side to reflect the light back again, where it is detected;
see Figure 4.12a.

In gas absorption spectroscopy measurements it is common to
use a multi-pass cell to increase the path length and thereby en-
hance the absorption; see Figure 4.12b [57, 58]. The cells are
designed, with two high-reflectivity mirrors, so that the incident
light will be reflected, in some cases up to a hundred times, within
the cell containing the absorbing gas. By using multi-pass cell
with a typical length of 0.3 — 1 m the optical path length can be
increased to about 100 m.

As will be seen later in Chapter 6, an increased path length
can also be achieved by taking advantage of scattering media. In
this particular chapter the technique denoted GASMAS (GAs in
Scattering Media Absorption Spectroscopy) will be discussed. The
parallels between the GASMAS method and long path absorption
are discussed in Paper XIV.

4.3.2 The width of spectral transitions

So far we have described transition lines without discussing their
actual sharpness. We have stated that the energy of the incident
light has to be precisely the right frequency, corresponding to the
energy difference between two energy states, in order for it to be
absorbed. However, this would result in an infinitely sharp line
width which is not the case. The experimentally recorded line
width arises from the facts, (i) that the transitions in atoms and
molecules are not infinitely sharp but have a certain fuzziness (i)
that the line width of the light source used in the measurements is
not infinitely sharp. In this section different broadening processes
giving rise to the line width of spectral transitions will be discussed.

The natural line width

The lower boundary of a sharp line is determined by the Heisenberg
uncertainty principle. This states that if a system exists in an
energy state for a limited time, At, the energy of that state will
be uncertain to an extent AE = hAv where

At X hAv =~ s ~ 1073 Js. (4.5)
2T

The uncertainty of the frequency, Av, is related to the lifetime of
the state, 7, as

Av = (4.6)
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Figure 4.12. Methods to increase
the optical path length. a Remote
sensing using a retro-reflector. b
Multi-path absorption cell.
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This line broadening, having a Lorentizian profile, is often referred
to as the natural line width of the spectral transition and is typi-
cally 0.1 — 100 MHz [25].

Doppler broadening

Atoms or molecules in the liquid or gaseous phase are in contin-
uous motion at various velocities and directions in relation to the
incident light. Thereby atoms and molecules can emit and absorb
light within a certain frequency interval. Shifts to both higher and
lower frequencies occur due to this random movement. This will
cause a broadening of the absorption line, called Doppler broaden-
ing, by which different atoms or molecules contribute to different
parts of the line shape. Doppler broadening results in a Gaussian
line profile, gp, defined as

n n VvV —V 2
gp(v — 1) = AlyD : 752)69510 (—l (2)(Au2D o) ) (4.7)

The Half Width at Half Maximum (HWHM) of the line profile,
Avp, is given by

2kT 1 /T
Avp = v Wln(Q):1.074-10“A—0 e (4.8)

where \g is the wavelength [nm] at the line centre, M is the mole-
cular mass, and T is the temperature [K] [27]. For example for
molecular oxygen at A\g = 760 nm, which is the transition most
frequently studied in this work, Avp ~ 600 MHz at room temper-
ature.

Pressure broadening

Another process giving rise to broadening of the spectral lines is
the pressure broadening process. This arises from the fact that the
atoms or molecules investigated undergo frequent collisions with
each other. This interaction results in a broadening of the line
width with a Lorentzian line shape, gr. With increasing pressure
this broadening mechanism will become more and more prominent.
The line profile can be calculated for any temperature and pressure

as
1

w14 (2)")

where 1 is the frequency at the line centre, and the HWHM, Avy,,
is defined as

gr(v —wo) = (4.9)

P (T,\"
An(PT)= ARt (1) @)
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where n is a coefficient that has different values for different
gas transitions and Avp (P, Tp) is the species-dependent collision
width at room temperature and atmospheric pressure and is about
0.5 - 5 GHz [27].

Combined broadening

In general it can be said that pressure broadening dominates at
high pressure, resulting in a Lorentizian profile, while Doppler
broadening dominates at low pressure, giving rise to a Gaussian
profile. In the intermediate regime the line profile is determined
by a convolution of the two and the line shape has a Voigt profile
(which for high pressures turns into a Lorentizian and at low pres-
sure results in a Gaussian profile). No analytical expression exists
for a Voigt line profile [59] but an empirical relation has been given
for the HWHM as [60]

Avy = 05346 Az, + /02166402 + Avd, (4.11)

In Figure 4.13 a Gaussian and a Lorentizian line profile with
the same HWHM are shown. The areas under the lines are nor-
malised to assume the same total absorption. It can be clearly
seen that the peak is higher in the case of a Gaussian line pro-
file and that the Lorentizian profile has wider wings. In the case
of atmospheric pressure and room temperature at which most of
the experiments in this thesis have been performed, the pressure
broadening contribution dominates and it is, as mentioned, of the
order of a few GHz.

4.3.3 The Beer-Lambertian law

The most fundamental method of spectroscopic gas detection is di-
rect absorption spectroscopy (DAS). This method is based on mea-
suring the intensity of the transmitted light after it has propagated
through an absorbing gas and relating it to the initial intensity.
The attenuation of the light is described by the Beer-Lambertian
law (see Figure 4.14 and Eq. 4.14).

Consider a beam of light with a specific frequency, v, and in-
tensity, Iy, which is propagating through a medium with N [m]
molecules per unit volume, as depicted in Figure 4.15. If the thick-
ness of a slice of the medium is dz, the number of molecules will
be N -dz per unit area. Let o [m?] describe the absorption cross-
section at the specific frequency (the probability of absorption at
the specific frequency). After the light has traveled a distance dz
the fraction of particles that have absorbed light is equal to c Ndz,
ie.:

dl

— = —oNdz.

i (4.12)
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Figure 4.13. A Gaussian and
Lorentizian line profile with the
same HWHM and equally strong
total absorption.

A Absorbing medium
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v

Figure 4.14. Attenuation of light
when propagating through an
absorbing gas according to the
Beer-Lambertian law

(see Eq. 4.14).

N molecules
per unit volume
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Cross-section
G per molecule

dz

Figure 4.15. Schematic drawing of
a slab of thickness dz with N
molecules per unit volume and an
absorption cross-section o
(Modified from Ref. 25).
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When passing through a sample of thickness L [m], the intensity
will change from Iy to I, and z will change from 0 to L, which
leads to the following equation containing two integrals

I p L
1
— = —/UNdz. (4.13)
Io
Io
By performing the integration the well-known Beer-Lambertian

law is obtained as
I =1Io-e oNL, (4.14)

For weak absorption, i.e. low optical density, the Beer-Lambertian
law can be rewritten in a linear regime as

I I
In (;) = —oNL~ 1—Ii = —oNL=1I, = I(1—oNL) (4.15)
0 0

where only the first term in the Taylor expansion In (%) ~l-1

Ip
has been used [24].

4.3.4 Choice of absorption line

To achieve high sensitivity in gas absorption spectroscopy it is
important to choose the absorption line wisely. A review of this
issue is provided in Ref. 61. Several factors influence which line is
best to study. Of course if highest sensitivity is desirable, a line
as strong as possible should be used. However, there are many
reasons why it is not always possible or most suitable to choose
the strongest line available in the wavelength range considered as
we will see. When using diode lasers as light sources it may not
be possible since the tunability of the diode laser is not always
continuous due to mode-jumps; see Figure 4.7. So even if a diode
laser is specified to operate with a wavelength close to the strongest
line, the line may not be accessible. The characteristics of the laser
can also change over time and it may therefore be better to choose
a wavelength of the light source with a tunability in a region with
many strong lines. This will increase the probability that at least
one line will always be accessible.

It is also important, if possible, to choose an absorption line
which is isolated from interfering lines from the same or other
species present. Absorption of other species can influence the
transmission of the light, thereby making it impossible to choose
the strongest line available.

In the infrared region (IR), liquid water and water vapour ab-
sorb over a wide frequency range. When performing measure-
ments within the human body, an optical tissue window is often
discussed. In this wavelength region tissue can be considered as
comparatively transparent due to the relatively weak absorption of
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its major species and thereby offering the possibility to reach deep
targets. This window ranges from about 600 nm to 1.3 pm [62].
The lower limit is due to heavy absorption by haemoglobin and
the upper limit is due to absorption of water (further discussed
in Section 5.1.4, where also the absorption of tissue is depicted
in Figure 5.5). In the mid-infrared region (MIR), gas absorption
spectroscopy is often performed in one of the two atmospheric win-
dows (3.4 — 5 pm and 8 — 13 pm) where the absorption of water
vapour and COs is relatively low. These windows are very rich
spectral regions where many gases absorb in their fundamental
rotational /vibrational bands.

The choice of absorption lines is made easier with the access
to spectral line databases such as HITRAN [63, 64]. This data-
base contains information about more than one million transitions.
Information such as the wavelength and intensity of the lines for
different temperatures and pressures is available.

4.3.5 Wavelength modulation spectroscopy

The most straightforward method for spectroscopic gas detection
is DAS by which the absorption at the line centre is compared
with the absorption slightly to the side of the line. However, in
the case of weak absorption, this technique is often not used since
measuring a small difference in two large signals gives a low detec-
tion sensitivity. To improve this, modulation techniques are often
applied to reject the large DC-offset related to the transmission
and thereby using the dynamics of the electronic system better.

Wavelength modulation spectroscopy, WMS, with second-
harmonic detection is a well-known technique for spectroscopic gas
detection to increase signal-to-noise ratios (SNR). The technique
attempts to increase the sensitivity by shifting the detection to
higher sampling frequencies in order to minimise 1/f noise. The
method is often referred to as derivative spectroscopy when investi-
gating weak absorption since the appearance of the detected signal
at different harmonics is very similar to the corresponding deriv-
ative of the absorption profile [563-56, 61, 65-68]. This technique
has been used in most of the work presented in this thesis.

In WMS, a fast wavelength modulation is applied to the laser
light as the wavelength is slowly scanned across the absorption
line under study. The modulation frequency used is typically in
the kHz range which is much smaller than the HWHM of the ab-
sorption line. The modulation is superimposed on the laser driver
current to achieve a frequency variation of the laser light according
to:

v(t) =0+ ap, - cos(wt), (4.16)

where 7 is the constant laser frequency (or slowly varying com-
pared to the sinusoidal modulation due to ramping over the ab-

35
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Figure 4.16. a Schematic drawing
of how the modulation of the laser
wavelength is transformed to an
intensity modulation of the
detected signal at different
locations of the absorption
feature. b Illustration of detected
1f signal corresponding to the
envelope of the
harmonic-component of the signal.
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sorption line), a,, is the modulation amplitude and w is the mod-
ulation frequency. The frequency variation leads to the intensity
of the laser varying in a similarly way:

I.(t) = Iy + ig - cos(wt + 1), (4.17)
where I is the constant laser intensity and ig is related to the
modulation amplitude. A phase shift, ¢, will also appear between
intensity and wavelength modulations.

According to the Beer-Lambertian law (discussed in Sec-
tion 4.3.3) the intensity of the light detected after propagating
through an absorbing medium is

Ip(t) = 1o - 7(v(t),

where 7(v(t)) is the transmission coefficient, which depends on the
absorption coefficient and the optical path length.

By using Eq. 4.16 for the frequency, the transmission coefficient
can be written as

(4.18)

T(v(t)) = 7(V + am - cos(wt)). (4.19)

This is an even periodic function in wt and can be expanded in a
Fourier cosine series as

T(U + ap, - cos(wt)) ZH’“ U, am)cos(kwt), (4.20)
k=0
where the functions Hy (7, a,,) are given by
17
Hy(p,am,) = o /7(17 + Qpy, - cosu)du, (4.21)
77

—T

—+
/T(D + ap, - cosu)cos(ku)du, k > 0. (4.22)

—T

1
Hy(v,am) = o
For weak absorptions and small modulation depths, the kth order
Fourier component Hy, is proportional to the kth derivative of the
absorption signal, which explains why WMS is often referred to as
derivative spectroscopy.

In Figure 4.16a, a schematic drawing of an absorption profile
of a molecule is depicted. The modulation of the laser wavelength
transformed to an intensity modulation of the detected signal at
different locations of the absorption feature is illustrated. It can
clearly be seen that the detected signal will result in a large ampli-
tude fluctuation over the absorption line while the signal is fairly
independent of wavelength modulation outside and at the centre
of the absorption feature.



Tunable laser spectroscopy

WMS is performed together with phase sensitive detection, us-
ing a lock-in amplifier, to isolate a particular harmonic. This de-
tection singles out the component of the detected signal at a spe-
cific reference frequency and phase, and detects the envelope of
the signal harmonic component. Noise signals at frequencies other
than the reference frequency are then rejected and do not affect
the measurement. In Figure 4.16b the illustration of a detected 1f
signal corresponding to the schematic absorption profile depicted
in Figure 4.16a is shown. Generally, the amplitude of the harmonic
components decreases for increasing harmonics, suggesting that 1f
detection might be the best choice. However, since the laser out-
put power is increased with frequency due to ramping of the laser
current there will be a residual amplitude modulation (RAM) sig-
nal also when there is no absorption line. This results in a large
offset in the 1f signal requiring a large dynamic range of the de-
tection equipment, which is the main reason why 2f detection is
often preferred over 1f detection in WMS.

Figure 4.17 shows an experimentally obtained first-harmonic
(1f) signal and a second-harmonic (2f) signal, with the back-
ground subtracted, as well as their corresponding direct signal of
the R11Q12 absorption line of oxygen. Here the remaining offset
of the 1f signal can clearly be seen.

The line shape of the 2f signal depends strongly on the modu-
lation amplitude. A too small amplitude will result in a weak and
noisy signal, while a too large amplitude will just make the sig-
nal broader. The optimal modulation amplitude is somewhere in
between. Reid et al. describe a procedure to optimise the modu-
lation amplitude in a WMS setup for the 2f signal [65]. Obviously,
the optimal modulation amplitude is the one at which the sig-
nal is strongest. In Figure 4.18a the modulation amplitude has
been changed from 1.6 GHz to 8.2 GHz over the R11Q12 signal of
molecular oxygen. It can here clearly be observed how the modu-
lation amplitude influences the line-shape of the signal. Reid et al.
showed that by forming the ratio, R, between the maximum posi-
tive value, P, from the baseline of the 2f signal and the maximum
negative value, N, from the baseline (indicated in Figure 4.18b),
the optimal modulation amplitude occurred at a ratio of 1.7. In
Figure 4.18c and d, P and N, and the ratio R are shown for the
signals shown in Figure 4.18a. It can be seen that for a,, equal
to about 6 GHz, P has its maximum and R is approximately 1.7.
A ratio of 1.7 corresponds to a modulation index, m, which is
the modulation amplitude divided by the HWHM of the absorp-

tion line (m = xom—
VHWHM

when optimising the setup used for the measurements undertaken
in Papers II, ITI, VII and XI.
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Figure 4.17. Experimentally
obtained signals over an air path
of 4.7 m corresponding to an
absorption fraction of 0.12. The
laser is tuned across the R11Q12
oxygen absorption line at
760.445 nm. The modulation
amplitude is chosen to optimise
the 2f signal. When recording the
direct signal the modulation is
switched off.
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Figure 4.19. a Schematic drawing
of light being reflected between
two surfaces. b The transmission
or Airy function for different
reflection coefficients, R.
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Figure 4.18. Optimisation of modulation amplitude, a,,, when the laser
is tuned across the R11Q12 oxygen absorption line at 760.445 nm ac-
cording to Ref. 65. a Experimentally obtained signals when changing
am between 1.6 GHz and 8.2 GHz. b Indications of P and N corre-
sponding to the maximum positive value and maximum negative value
from the baseline of the 2f signal, respectively. ¢ P and N as a function
of a,,. d The ratio R between P and N.

4.3.6 Noise - Interference fringes

Many research groups, in different fields, working with optics are
daily fighting noise such as 1/f noise (also called flicker-noise)
and thermal noise in the electronics. In tunable diode laser spec-
troscopy, WMS is commonly used, as discussed in Section 4.3.5.
This method means that the detection is moved to higher frequen-
cies so that the 1/f noise can be considered as negligible in con-
trast to interference fringes mimicking the weak absorption line.
In practice, these fringes often set the detection limit.
Fabry-Pérot fringes occur through interference of transmitted
light between surfaces in the light path [23]. In Figure 4.19a a
schematic drawing of light being reflected between two surfaces
is shown. If the difference in optical path length, A, between two
transmitted beams corresponds to a multiple, m, of the wavelength
according to
A = mA\ = 2ndcos(6), (4.23)

where n is the reflective index and d the distance between the two
surfaces, the two beams will interfere constructively.

The reflection coefficient, R (further discussed in Section 5.1.1),
of the surfaces plays an important role for the variation of the
intensity in the fringe pattern. In Figure 4.19b the transmittance,
T, also called the Airy function in the literature, as a function of
the phase difference (§ = kA where k = 27) is plotted for different
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reflection coefficients. The transmission is given by

It 1

LT T U AR R (672)

(4.24)

where I is the intensity of the light after propagation through the
sample and I; the intensity of the incident light. The 4R/(1 — R)?
term is often called the coefficient of finesse, §.

In diode laser gas absorption spectroscopy measurements,
fringes can mimic absorption lines and thereby become a prob-
lem in weak absorption measurements. If the free spectral range,
Avysy, which is the separation between maxima (indicated in Fig-
ure 4.19b), is of the same order as the line width of the absorption
line, fringes can become a problem. Avy,, is defined as

c
2nd’

where ¢ is the speed of light. For example, the HWHM of the
absorption lines used in this thesis are in the GHz regime. Fringes
mimicking these lines occur by the interference between two sur-
faces separated by a few cm. However, to suppress fringes mim-
icking the absorption line when performing gas absorption spec-
troscopy measurements, it is unfortunately not sufficient to avoid
distances in this range, as the detected interference fringes are a
superposition of many fringes arising from different distances.

By forming the ratio between I,,,, and I,,;, a measure of the
contrast can be achieved. Weak absorption can be confused with
low contrast fringes. For example for R= 4%, g’"# ~1.2.

Different approaches to minimise the influence of optical inter-
ference fringes can be used. First of all, it is important to design
the optical setup carefully. This can be done by using anti-reflex-
coated optics and by wedging and angling all windows and surfaces
a few degrees away from the beam normal to hinder constructive
interference. Vibrators placed at locations where the fringes occur
are often used to mechanically modulate the etalon spacing. The
fringes can then be averaged to zero, since they will shift relative
to the absorption spectrum [66, 69]. This method was the main
approach used in Papers V, VI and VIII to minimise the influence
of optical fringes.

Another approach is to use balanced detection. The basic prin-
ciple is to divide the original beam into two beams. One of these
beams is sent through the sample while the other is sent directly
to the detector and will thereby contain information only about
noise. This signal can then be used as a reference signal and be
subtracted from the signal obtained from the beam that has trav-
eled through the sample. This approach has been used in the
measurements presented in Papers II, ITI, IV, VII, XII and is
further explained in Paper XI.

AVfST = (4.25)
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CHAPTER D

MODELING OF LIGHT IN SCATTERING

MEDIA

When electromagnetic radiation interacts with matter the light
can be reflected at the surface of the medium, transmitted through
the medium, absorbed by the medium and/or scattered inside the
medium; see Figure 5.1. When multiple scattering events occur
light may be scattered back into the original direction of propaga-
tion.

To model light propagation in scattering media the radiative
transport equation (RTE) is commonly used. The RTE will be
briefly discussed in this chapter. To use the equation, certain opti-
cal properties, which characterise the propagation in the medium,
have to be known. A short description of these will be given. To
solve the RTE, different approximations are often necessary. In
this chapter one of them, the diffusion approximation, will be dis-
cussed. The Monte Carlo method, which is based on statistics and
is commonly used when simulating light propagation in scattering
media, such as biological tissue, is then discussed. This method
was used in Papers IIT and X. For further reading, see, for in-
stance, textbooks such as Refs 34, 35.

5.1 Optical properties

The optical properties are macroscopic average properties of im-
portance when studying light propagation in scattering media.
The properties are listed below, and each of them will be discussed
in this section.

Scattering medium

Incoming
photons

Reflected
photons

\‘Absorptlolh

N\

Transmitted
photons

Figure 5.1. Different processes
that can occur when light
interacts with a medium.
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5.1.1 Refractive index

Reflected light Transmitted light

Incident light

Figure 5.2. Illustration of Snell’s
law in the case of n1 < na.
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Optical property Denotation | Unit
Refractive index n 1
Scattering coefficient I m!
Anisotropy factor g 1
Absorption coefficient Lo m!

5.1.1 Refractive index

When light propagates in a medium, with a given index of refrac-
tion, nq, towards a medium with a different index of refraction, ns,
a fraction of the light will be reflected back at the surface while
some will be transmitted into the other medium in a different direc-
tion; see Figure 5.2. The indices of refraction, n; and ns, together
with the angle of incidence, 61, will determine the direction, 65,
in which the transmitted light will propagate, according to Snell’s
law [23]:

. ny .

sinfy = — sin6;. (5.1)

n2

The wavelength of the light within the second medium, Ao, will
also change with respect to the wavelength of the incident light,
A1, as

ni
= —-— . .2
A2 " A (5.2)

The angle of the reflected light, 67, is equal to the angle of the
incident light.

There are two physically different situations to deal with in the
interpretation of Snell’s law:

External reflection: Light propagating towards an optically denser
medium n; < ng

Internal reflection: Light propagating towards an optically thinner
medium n; > n9

When light propagates towards an optically thinner medium (in-
ternal reflection) Snell’s law states that at a specific angle of inci-
dence, referred to as the critical angle, and angles above no light
will be transmitted. For example, if light is propagating in biolog-
ical tissue with a refractive index of ny = 1.4 (for biological tissue
the refractive index normally ranges from 1.38 to 1.42 [70, 71])
towards air (ny = 1), the critical angle for internal reflection will
be 46°. If we instead consider the case discussed in Paper X where
light propagation is investigated in Delrin plates (n; = 1.48) sep-
arated by an air gap, the critical angle for internal reflection will
be 42°.

The fraction of the light intensity that is reflected, referred to
as the reflectance R, and that which is transmitted, referred to as
transmittance T, is determined by Fresnel’s formulae [23];

R— 1 <tan2(01 — 92) sin2(01 — 92))
2 \tan?(0; +62)  sin®(6; +65) )

(5.3)
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T=1-R (5.4)
In the case of normal incidence (1 = 0) these formulae can be of)
simplified to ¢ /S(r‘
)2 R L
R = M’ (5.5) i | :
(nl + n2)2 “ 1
4 7
T=1-R=_—22_ (5.6)
(nl + n2) Figure 5.3. The angular

. . . bability of scatteri t.
For the Delrin case discussed above and presented in Paper X, Zr;nad;rle g;l-gnssclat Oe:n[gt ?:E;fslfaﬂy

the fraction of reflected light for normal incidence from the Delrin  assumed that the scattering
plates (n; = 1.48) towards air (ny = 1) is about 4%, which means gﬁikggﬁy&fgﬁgmmemc for the
that 96% is transmitted across the interface. The same process

occurs when light propagates from air towards the Delrin plates at

normal incidence.

5.1.2 Scattering coefficient

When light interacts with media it may be scattered, as previ-
ously discussed in Section 3.3.5. In the case of biological tissue,
Mie scattering is the dominating scattering process. The scatter-
ing probability for a medium containing a uniform distribution of
identical scatterers is characterised by the scattering coefficient,
is [m]. The reciprocal is called the scattering mean free path,
Is [m], and represents the average distance a photon travels be-
tween consecutive scattering events. The scattering coefficient de-
pends on the wavelength of the light; it decreases with increasing
wavelength [34, 35].

5.1.3 Anisotropy factor

When light scatters, the direction of propagation changes. This
can be characterised by a scattering phase function, p(s,s’), which
describes the angular probability of scattering events from direc-
tion s’ to s. The new direction is characterised by two angles;
the deflection angle, 6, and the azimuthal angle, ¢. It is usu-
ally assumed that the scattering probability is symmetric for the
azimuthal angle as depicted in Figure 5.3.

In biological tissue, the Henyey-Greenstein function is often
utilised to describe the scattered light. The function describes the
probability distribution for the cosine of the deflection angle, cos 8,
as follows

1-g?
2(1 + g2 — 2g cos 0)3/2’

where ¢ is the anisotropy factor and is equal to {cos 8). This factor
can have values between -1 and 1. A positive g-factor indicates
forward-directed scattering, isotropic scattering is characterised
by a g-factor of 0, and a negative g-factor describes backward-
directed scattering. The g-factor normally varies between 0.6 and

p(cosf) = (5.7)
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5.1.4 Absorption coefficient

1.0 for different tissue types [72]. The Henyey-Greenstein func-
tion is shown for ¢ = 0, 0.5 and 0.8 in Figure 5.4. The function

}153 g=0 was originally proposed for galactic scattering [73], but it has been
(2] . . .
S ~ g=0.5 shown to represent scattering in tissue very well [74].
02
Q8
gs A 5.1.4 Absorption coefficient
c
T If the medium being studied contains absorbers, the light is subject
- 0 T to absorption as it propagates. As in the case for scattering events
Deflection angle, 9, [rad] . . 1
to take place, an absorption coefficient, p, [m™], can be used to
y characterise the probability for an absorption event to take place in

a medium containing a uniform distribution of identical absorbers.
The reciprocal is the absorption mean free path, I, [m], and repre-
/ «  sents the average distance a photon travels before being absorbed.
The total absorption coefficient is the sum for the different ab-
sorbers in the medium considered and it is strongly dependent on
Figure 5.4. The the wavelength, since the different absorbers interact with light of
Henyey-Greenstein phase function  different wavelengths [34, 35]. Tissue, for example, contains many
for three different values of the . . .
anisotropy factor, g. different absorbers. The dominating ones are deoxy- and oxy-
haemoglobin, water and melanin, as depicted in Figure 5.5 [75].

c

S .

g 5.2 Transport equation

[}

Q

<8’ One approach, which can be used to model light propagation in

- scattering media, is described by the radiative transport equation
03 05 ?»[1 | 2 3 (RTE), also known as the Boltzmann equation [34, 35, 72]. The

um

equation is based on energy conservation within a small volume,
Figure 5.5. The absorption dV. A small package of energy, which is defined by its position,
spectrum for human tissue in the r(t), and its direction, s, can lose energy by absorption or scatter-
;’{;?C% )region (Adapted from ing events and gain energy by light scattered into the s-direction or

T from a local light source positioned at r(t). The RTE describes the
change of radiance, %—%, at the position r(t) in the s-direction inside
dV. The radiance, L, has the unit [W/m?sr]. The RTE consists
of various terms, which take the events described into account, as:

1 0oL
LS o VL8, ) ~ (o + )L, 0) +

us/ L(r,s', t)p(s,s)dw’ + q(r,s,t), (5.8)
4T

where ¢, is the speed of light within the medium. The differ-
ent terms on the right-hand side of the equation are listed and
described below:

—s-VL(r,s,t): Losses of energy over the boundary
of dV
—(ta + ps)L(r,s,t): Losses of energy due to absorption

and scattering within dV'
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ps [, L(r,s',t)p(s,s')dw’: Gain of energy due to light scattered
into the s-direction from the
s’-direction

q(r,s,t): Gain of energy due to local light
sources within dV/

The RTE is in many cases difficult to solve analytically. Most
of the complications arise from dealing with boundaries and geo-
metric aspects of tissue, and light sources.

5.3 Diffusion approximation

When ps > pg,, the transport equation can be approximated by
the diffusion equation [34, 35]. This approximation requires that
the light can be considered to be diffuse, which can be fulfilled
when the light source and the detector are separated by a certain
distance. A rule of thumb, often applied in tissue optics, is that
diffusive conditions can be assumed to pertain after ten scattering
events when g is assumed to be 0.9 for tissue [72]. This is ex-
plained by the reduced scattering coefficient, which will be further
discussed below.

In the description of the diffusion approximation, the radiance
is expanded in spherical harmonics according to

o) 1
Lir,s,t) =Y > \/%le(r,t)lflm(s). (5.9)

=0 m=—1

For practical use the expansion is truncated after N terms giving
rise to the Py-approximation. In the diffusion approximation the
Pi-approximation is usually employed, implying that only terms
corresponding to ! = 0, 1 are taken into account. The radiance can
then be written as

L(r,s,t) ~ %qﬁ(r,t) + %F(r,t) .S, (5.10)
The integrated radiance over all directions at position r is de-
scribed by ¢(r,t) [W/m?], which is an isotropic term. This term
is also called the radiant energy fluence rate. The net radiance
vector (radiant flux vector) is equal to F(r,t) [W/m?].
The time-resolved diffusion equation for the photon fluence rate
can now be created from the RTE by assuming an isotropic light
source and a flux vector constant over time, as

1 96(r.1)

em  OF DV?¢(r,t) — pad(r,t) + q(r,1), (5.11)

where ¢, is the velocity of the light in the medium and D is the
diffusion coefficient usually expressed as
1

D= ST (5.12)
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5.4 The Monte Carlo method

Forward scattering =
g=0.85

us H
/g —

Isotropic scattering =
g=0

/g ——
1/ ——

Figure 5.6. Illustration of how
light can be considered as
isotropic on a length scale defined
by the reduced scattering
coefficient, p’;. Two photon paths
are depicted, one with an
anisotropy factor representing
forward scattering and one with
an anisotropy factor representing
isotropic scattering. The two
paths result in the same reduced
scattering coefficient.
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The property p, is called the reduced scattering coefficient and
describes the isotropic scattering as:

fy = ps(1 = g). (5.13)
This property shows that it is not possible to separate us and g
when the light can be considered to be diffuse, and is depicted
in Figure 5.6. This figure shows that light interacting with matter
with a g-factor corresponding to forward-scattering can be consid-
ered as isotropic on a length scale defined by p..

This equation is complicated to solve analytically in practical
situations. However, solutions do exist for simple geometries. For
a homogeneous medium and an isotropic point source, the equa-
tion can be solved by its corresponding Green functions. For inho-
mogeneous samples, the finite-element method can be used. The
medium is then divided into a mesh and the diffusion equation is
solved numerically for each mesh element.

5.4 The Monte Carlo method

As stated above, analytical solutions of the RTE for realistic sce-
narios are more or less impossible. Numerical techniques are fre-
quently used. One of the most common approaches is the Monte
Carlo (MC) method. The method is today widely used to simulate
light transport in scattering media. It is based on launching a large
number of photons into a model representing the sample and then
following their propagation and recording the photon histories as
the particles are scattered and absorbed [76, 77].

In the simulations, the photons enter the model in packages of
a given weight, W. The packages then propagate in the model in
step of variable size before photon-sample interaction occurs. Each
individual step is simulated by statistical methods. Both step size
and direction are governed by probability functions and a random
number generated. After each step, a fraction of the weight is ab-
sorbed while the remaining weight is scattered. The probability
function for the scattering direction is the scattering phase func-
tion. This process is repeated until the photon escapes the model
by reflection or transmission, described by Fresnel’s formulae dis-
cussed in Section 5.1.1, or the weight is below a certain threshold.
In the latter case, the photon package is either terminated or gains
some weight, decided by a technique called Russian roulette. The
technique gives the photon one chance out of m to survive and in
that case it receives a new weight equal to mW. Otherwise the
weight is reduced to zero. This means that the energy is conserved.

Since the method is statistical in nature, it requires a large
number of injected photons to obtain a reliable result. This can in
many cases be very time-consuming and demands large computer
resources.



Modeling of light in scattering media

Monte Carlo simulations have been used in Papers ITI and
X, where light propagation in models representing human sinuses
are investigated. The simulations were performed by using a soft-
ware called ASAP™ (Advanced Systems Analysis Program) [78].
This software, however, handles rays with a certain flux instead
of photons with a certain weight. The software is supported
by many drawing programs, such as Rhinoceros, making three-
dimensional models easy to create and investigate. Every ray is
followed throughout the model and every change of direction to-
gether with the remaining flux is recorded. This makes it easy to
analyse the result and to understand the propagation through the
model.
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Tunable diode laser spectroscopy is frequently used for gas mea-
surements in biological and medical applications. The common
approach is to apply the Beer-Lambertian law, discussed in Sec-
tion 4.3.3, directly to measurements on samples with a well-defined
optical path length where the scattering properties are negligi-
ble compared to the absorption properties, as depicted in Fig-
ure 6.1a. In 2001 a technique referred to as GAs in Scattering Me-
dia Absorption Spectroscopy (GASMAS) was introduced, which
non-intrusively investigates free gas dispersed in highly scatter-
ing, porous media [79]. This technique combines knowledge of
light propagation in scattering media together with common tun-
able diode laser spectroscopy. Light injected into these samples
will not propagate straight through the sample but will instead be
scattered and its path length within the sample will increase; see
Figure 6.1b. This prevents the straightforward utilisation of the
Beer-Lambertian law since no direct information about the opti-
cal path length can be obtained. This section will first discuss the
basic principles of the technique and then go through some of the
applications so far investigated.

6.1 Basic principle

The GASMAS technique relies on the fact that the absorption fea-
tures of free gases are about a factor of 10.000 narrower than those
of solid materials. Figure 6.2 shows the absorption spectrum of hu-
man tissue from the UV region to the IR region where broadband
absorption features can be observed. In the lower part of the figure
the absorption lines of the A-band of molecular oxygen have been
inserted, corresponding to the wavelength interval of about 10 nm.

Incident Light

Sample Hy>> L

Sample << Mg

(b)

Figure 6.1. Schematic drawing of
light propagation in a sample. a
shows a situation where the
absorption properties dominate
over the scattering properties and
b shows when the scattering
properties dominate over the
absorption properties.
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Figure 6.2. The GASMAS
technique investigates the 10.000
times narrower absorption
features of free gas compared to
tissue. Top: The absorption
spectrum of human tissue
(Adapted from Ref. 75). Bottom:
The absorption lines of the
A-band of molecular oxygen
obtained from the HITRAN data
base [63, 64].
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Figure 6.3. Schematic drawing of
different detection geometries
applicable during GASMAS

experiments.
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In Papers VIII and IX broad structures arising from the ab-
sorption of water in the liquid phase and fluorescent light of a
sensitizer used in PDT treatment (discussed in Section 3.3.4) have
been investigated. However, during GASMAS measurements the
gas content in a sample is studied by tuning the wavelength of a
diode laser across an absorption line. These absorption lines have
a HWHM in the GHz range corresponding to a wavelength incre-
ment of about 0.001 nm. Over this frequency range the absorption
of the bulk material can be considered constant.

To achieve higher sensitivity, the WMS technique, together
with lock-in detection, is employed (discussed in Section 4.3.5). An
equivalent mean path length, L.g, is estimated from the second-
harmonic signal. L., corresponds to the distance the light has
to travel in ambient air to achieve the same signal strength. It
should be noted that this quantity depends both on the scatter-
ing coeflicient of the sample and the gas concentration within the
sample. By applying time-resolved spectroscopy, which was done
in Ref. 80, the scattering properties of the sample can be esti-
mated and the gas concentration can be evaluated from L.,. In
the measurements presented in Paper III information about the
gas concentration was extracted from L., by detecting two gases
at wavelengths with similar scattering coefficient and forming the
ratio. In this particular work molecular oxygen at 760 nm and
water vapour at 935 nm were detected inside the human sinuses.
However, any two gases with reachable absorption lines located
close enough to each other to make it possible to assume similar
scattering properties could be used.

In the case of studies of tissue, the absorption lines have to
be located within the optical window (600 nm — 1.3 pm) allowing
penetration of the light into the tissue. The optical window bound-
aries are in the lower wavelength region, limited by haemoglobin
absorption and in the upper part by liquid water absorption which
can be seen in the upper part of Figure 6.2 (previously discussed
in Section 5.1.4).

Due to the fact that light is highly scattered, two detection
geometries can be applied when performing GASMAS measure-
ments; a transmission detection geometry and a back-scattering
detection geometry. These are depicted in Figure 6.3. In the trans-
mission geometry, the light is injected into one side of the sample
and detected on the other side. This geometry has been used in
the work presented in Papers V and VII. For some applications,
it is difficult to access both sides of the sample, in which case a
back-scattering detection geometry is more suitable. The light is
then injected and detected on the same side of the sample. This
is for example the case in the measurements presented in Papers I
and VL.
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6.2 Applications

Many different studies have been performed by using the GASMAS Incident Light
technique. So far only molecular oxygen at about 760 nm and .
water vapour at either 935 nm or 980 nm have been detected, but, Surrounding 1o << i
in principle, any gas can be studied. Tissue o/

e s v ¥
6.2.1 Cavities in the human skull Detected Light

As discussed in Section 2.1.3, the human skull contains air-filled Fi 6.4. 11l . )
igure 6.4. Illustration of light

cavities, called sinuses. These have been investigated by detecting  propagation when performing

molecular oxygen and water vapour with the GASMAS technique. — measurements on human sinuses.
.. . . . . The light is scattered in the

This is not a typical GASMAS sample, since it contains one large  gyrrounding tissue and gets

gas cell within scattering tissue; see Figure 6.4. However, the attenuated when crossing the

principle is still the same. Photon C}f;fsm;fegsizsv% bing gas.
The first measurements on a human were performed in a back-  containing gas imprint in

scattering geometry, detecting oxygen in the frontal sinuses (Pa-  transmission detection geometry.

per I and Ref. 81). Even with a poor signal-to-noise ratio (SNR),

a significant difference in the level of the oxygen signal was ob-

tained when comparing measurements on the frontal sinuses with

measurements outside the sinuses. The noise arose mainly from

optical interference fringes (discussed in Section 4.3.6) created by

the in-coupling of the laser light to the fibre. Also the statistics

obtained for the photons were poor. The setup was improved by

pigtailed lasers, allowing balanced detection, resulting in improved

SNR (Paper XI). This setup made it possible to detect oxygen and

water vapour in the maxillary and the frontal sinuses of several vol-

unteers (Paper ITI). The ostial function (ventilation between the

nasal cavity and the sinuses) was also studied by flushing pure ni-

trogen into the nasal cavity while measuring the oxygen and water

vapour contents in the human sinuses. The invasion of nitrogen

could be recorded as it replaced oxygen in the cavities as well as

the reinvasion of oxygen after terminating the flushing for healthy

volunteers.
Different detection geometries were applied to achieve interac-

tion between the light and the different cavities (Paper III). From

these promising results, an application was submitted to and ap-

proved by the Local Ethics Committee of Lund University Hos-

pital allowing a clinical trial in cooperation with the Ear, Nose

and Throat Clinic, the Radiology Clinic and the Oncology Clinic

at Lund University Hospital. Oxygen and water vapour measure-

ments as well as ostial function studies of the maxillary and the

frontal sinuses will be performed and compared to the CT images

of the skull provided for all patients. These CT images also include

information about the mastoid bone (discussed in Section 2.1.4).

Thus, a preliminary study of the mastoid bone was included in

the ethical application and approved. In this mastoid bone case,

the fibre will be positioned behind the ear at the tip of the mas-
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Figure 6.5. One of the first
oxygen balanced detected 2f
signals obtained from the mastoid
bone on a healthy volunteer [82].
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Figure 6.6. L., of oxygen and
water vapour as a function of time
from measurements on minced
meat at room temperature [83].
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toid bone and the lower part of the detector at the level of the
upper part of the ear. One of the first oxygen signals detected
from the mastoid bone in a healthy volunteer in the laboratory is
shown in Figure 6.5. This signal corresponds to an L., of about
15 mm [82].

To perform measurements outside the laboratory the system
had to be mobile. The setup that is used during the clinical trial
is explained in Paper I'V, the planning of which is based on the ex-
perience gained from the one presented in Paper XII. Preliminary
results from the ongoing clinical trial are also presented in Pa-
per IV. A full analysis of the clinical data for all patient included
in the study will be presented for the frontal and maxillary sinuses
as well as for the mastoid bones in forthcoming publications.

6.2.2 Respiration

Molecular oxygen, which has a significant role in the respiration
process of biological tissue (previously discussed in Section 2.2)
was studied in fruit, particularly apples, in Papers V and VI.
In this application, the gas exchange between the product and
the atmosphere is very important, for example, in the modified
atmosphere packaging (MAP) industry, different packaging tech-
niques are used to prevent the product from being exposed to a
high oxygen concentration and thus to prevent quick maturation.
Gas exchange studies were performed by placing the sample, with
and without plastic films wrapped around it, in an atmosphere of
low oxygen gas concentration. The response of the oxygen sig-
nal was then measured when the sample was placed in ambient
air. The advantage of measuring gas exchange by the GASMAS
technique is that it can be assumed that the scattering properties
remain constant during the gas exchange and therefore the changes
of measured L., can directly be related to the gas concentration.

Preliminary results have been obtained from measurements of
oxygen and water vapour in minced meat. After processing, the
meat is placed in a plastic package to prevent fouling. Measure-
ments were performed with the packages at room temperature.
As mentioned in Section 2.2, the respiration process is, apart from
being dependent on the oxygen concentration, also dependent on
temperature. In Figure 6.6 L., for oxygen and water vapour can
be seen [83]. The data were recorded with two different setups
on two different packages of meat. It is difficult to draw any other
conclusion from the recorded data than that it is possible to detect
some signals, since L., depends on both the gas concentration and
the scattering properties of the sample. Another issue is that two
different setups and samples were used. In the future, it would be
interesting to use the setup explained in Paper IV to simultane-
ously detect the two gases at the same location on the sample and
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to find the ratio to extract information about the gas concentra-
tion.

6.2.3 Pharmaceutical tablets

In the pharmaceutical industry, knowledge of the porosity or den-
sity of tablets is of great interest in order to maintain the same dis-
solution rate in tablets of the same kind (discussed in Section 2.3).
This is related to the process of pressing the tablets. The density
of the tablets will influence the L., measured by the GASMAS
technique. A higher density can intuitively be expected to give
rise to a larger L., since the scattering properties will increase. At
the same point, a higher density can also result in a decrease of the
L., since it will contain less space with gas inside the sample. In
the measurements presented in Paper VII it was observed that the
recorded L., for oxygen increased with decreasing density. In this
study, a constant volume of the substance was pressed to different
thicknesses. Thus, a thicker sample means a lower density. It was
also observed that smaller particles of the substance resulted in
an increase in L.q. It is difficult to extract any conclusion from
the measured L., in this paper due to the fact that it depends
on both gas concentration and scattering properties. Again, this
calls for measuring two gases simultaneously or for measuring the
scattering properties by time-resolved spectroscopy [80], to extract
information about gas concentration in the sample. However, fre-
quently it might be sufficient to perform a calibration relating the
product of the path length and concentration, i.e. L¢q, to the
property of the tablet required.

6.2.4 Moisture in wood

The moisture content in wood is of great interest in many ap-
plications, since in most cases it is required to be low (discussed
in Section 2.4). After the tree is felled, the wood is dried until it
reaches a certain moisture content, appropriate for the particular
application for which it is to be used. When studying the drying
process of wood, the amount of water in the liquid phase is often
investigated.

In Refs 79, 84 oxygen was measured in samples of wood by
the GASMAS technique. Gas exchange studies were performed
by exposing the samples to pure nitrogen and then studying the
reinvasion of oxygen by measuring the L., while they were exposed
to ambient air. Again, as described in Section 6.2.2, the change of
recorded L., is due only to changes of the gas contents since the
scattering properties of the sample are assumed to be constant.
In the work presented in Paper VIII and Ref. 85, oxygen and
water vapour in samples of wood were measured by the GASMAS
technique as the samples were drying after having been soaked in
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liquid water. It could be shown that the gas contents could be
related to the moisture content. An advantage of the GASMAS
technique is that it is non-intrusive in contrast to most techniques
used in the industry today to estimate moisture in wood.
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COMMENTS ON THE PAPERS

I On the potential of human sinus cavity diagnostics

using diode laser gas spectroscopy

The first in vivo experiments on gas monitoring in the
human sinuses are presented. Molecular oxygen at 760 nm
was detected by using tunable diode laser absorption spec-
troscopy. The main part of the experiments were performed
on phantoms consisting of two scattering plates separated by
a variable air gap representing measurements of the human
maxillary and frontal sinuses. Some preliminary results of
frontal sinus measurements performed in a back-scattering
detection geometry on a human volunteer are presented.

Contribution: I took a substantial part in system
integration, measurements, data evaluation and manuscript
preparation.

II Non-intrusive optical study of gas and its exchange

in human maxillary sinuses

Molecular oxygen at 760 nm was detected in the maxillary
sinuses by using tunable diode laser absorption spectroscopy.
The setup used was based on a pigtailed laser and balanced
detection. Measurements were performed on two volunteers;
one with constantly recurring sinus problems and the other
with no history of such problems. Significant differences in
signal level were obtained. The communication between the
sinuses and the nasal cavity was investigated by flushing
pure nitrogen through the nostril while continually recording
the oxygen signal. A decrease of the signal was observed on
the healthy volunteer.

Contribution: I took a substantial part in system
integration, measurements, data evaluation and manuscript
preparation.
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III

v

Gas monitoring in human sinuses using tunable
diode laser spectroscopy

Molecular oxygen at 760 nm was detected in the maxillary
sinuses on 11 volunteers by using tunable diode laser
spectroscopy. The signal levels were compared to Monte
Carlo simulations. In the experimental data a significant
difference in signals arising from oxygen imprint were
observed when volunteers with widely different anamneses
regarding maxillary sinus status were compared. Detection
of water vapour at 935 nm was also performed. Three
different detection geometries were investigated to access
information of both the maxillary sinuses and the frontal
sinuses. Gas exchange studies between the sinuses and the
nasal cavity were performed and interesting information of
the gas contents in the sinuses was obtained.

Contribution: I took a substantial part in system
integration, measurements, data evaluation and manuscript
preparation.

Simultaneous detection of molecular oxygen and
water vapour in the tissue optical window using
tunable diode laser spectroscopy

A transportable system for gas detection is presented based
on two pigtailed diode lasers to simultaneously detect mole-
cular oxygen at 760 nm and water vapour at 935 nm. The
wavelength of the lasers is scanned across the absorption
lines by using a computer board. The same board is used
to record the signals. Software-based lock-in detection is
employed. Preliminary results on gas measurements of
human sinuses from an ongoing clinical trial obtained at the
local hospital are presented.

Contribution: I took a substantial part in system
integration, measurements, data evaluation and manuscript
preparation. I participated only to a minor extent to the
programming of the computer board.
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VI

VII

Diode laser absorption spectroscopy for studies of
gas exchange in fruits

Molecular oxygen at 760 nm is measured non-intrusively in
horticulture produce, particularly apples, by using tunable
diode laser spectroscopy. Gas exchange studies are presented
with differently treated apples by exposing the apples to
pure nitrogen and recording the reinvasion of oxygen while
exposure to ambient air. The influence of different packaging
techniques is discussed.

Contribution: I took a substantial part in system
integration, measurements, data evaluation and manuscript
preparation.

Studies of gas exchange in fruits using laser
spectroscopic techniques

Molecular oxygen at 760 nm is measured non-intrusively
in horticulture produce, in particular apples, by employing
wavelength modulation diode laser absorption spectroscopy.
A practical detection geometry, namely, back-scattering
geometry, for applications in industry is presented. Applica-
tion in food packaging, e.g., studies of modified atmosphere
packaging process are discussed.

Contribution: I took a substantial part in system
integration, measurements, data evaluation and manuscript
preparation.

Noninvasive characterization of pharmaceutical
solids by diode laser oxygen spectroscopy

Molecular oxygen is measured at 760 nm non-intrusively
in pharmaceutical solids by employing tunable diode laser
absorption spectroscopy in combination with wavelength
modulation spectroscopy. The possibility of relating the
signals obtained to the porosity of the tablets is investigated.
Promising results are presented.

Contribution: I was involved in the experimental build-up
and took part in the experimental work. I contributed to a
minor part of preparing the manuscript.
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VIII

IX

Spectroscopic studies of wood-drying processes

The drying process of wood is studied by simultaneously
measuring the contents of molecular oxygen at 760 nm and
water vapour at 980 nm using tunable diode laser absorption
spectroscopy. The results are compared with commercially
available techniques to measure moisture contents which are
based on measurements related to liquid water. The results
of the technique demonstrated show that it is possible to
extract additional information of the drying process not
provided by the standard techniques.

Contribution: I contributed to the preparation and
the experimental work which is based on tunable diode laser
spectroscopy. I wrote a minor part of the manuscript.

Fluorescence monitoring of a topically applied
liposomal Temoporfin formulation and
photodynamic therapy of non-pigmented skin
malignancies

A new sensitizer is studied in connection with photodynamic
therapy of non-pigmented skin malignancies in humans in a
clinical trial. The distribution of the sensitizer within the
tumour and the surrounding tissue was investigated prior to,
during and after the treatment by recording the fluorescent
light using a point-monitoring system and an fluorescence
imaging system. A bleaching of about 30% was obtained at
the centre of the tumour providing promising possibilities
for the sensitizer.

Contribution: I took part in most of the clinical
work. I was responsible of the data evaluation from the
point monitoring measurements. I wrote a minor part of the
manuscript.
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Monte Carlo simulations related to gas-based
optical diagnosis of human sinusitis

Monte Carlo simulations are performed by using a software
called ASAP™ (Advanced Systems Analysis Program)
related to phantom measurements provided in Paper I
based on tunable diode laser spectroscopy. Good agreement
was obtained between the simulations and the experimental
data. Simulations were performed to optimise the detection
geometry. The possibility of using the experimental tech-
nique to perform imaging of the human frontal sinuses was
investigated. Promising results are presented.

Contribution: I took a substantial part in the preparations
and in the analysis of the simulations. I wrote the major
part of the manuscript.

Approach to optical interference fringes reduction
in diode laser absorption spectroscopy

A new approach based on software to reduce the influence
of interference fringes in tunable diode laser spectroscopy
when studying weak absorption lines is put forward. The
idea behind the method is to perform balanced detection
by dividing the light from the laser into two beams, one
which is directly guided to a detector while the other first
goes through the sample. A set of parameters is estimated
by comparing the reference signal and the sample signal
at frequency regions outside the expected gas imprint. A
matched version of the reference signal is then subtracted
from the sample signal over the whole frequency scan.
Signals better by a factor of about two are obtained when
comparing this approach to standard, balanced detection
systems.

Contribution: I took a substantial part in the set-
ting up of the experiment and in the experimental work
based on the software approach. I contributed to a major
part of the implementation of the algorithm presented. I
wrote the major part of the manuscript.
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XIIT

Flexible lock-in detection system based on
synchronized computer plug-in boards applied in
sensitive gas spectroscopy

A compact and flexible diode laser absorption spectroscopy
system based on computer boards is presented. Software-
based lock-in detection was performed. The system is
demonstrated by measuring molecular oxygen at 760 nm in
scattering media such as a bamboo stalk and the human
frontal sinuses. Promising results have been obtained in the
work aimed at developing a compact, transportable system.

Contribution: 1 participated in the planning of the
setup and in some of the spectroscopic measurements. I
contributed to a minor degree to the preparation of the
manuscript.

Temporal correlation scheme for spectroscopic gas
analysis using multimode diode lasers

A method to perform gas measurements using multimode
diode lasers is presented. The method is based on simulta-
neously detecting two signals; one which has passed through
a reference cell containing the gas under investigation and
the other after passing an external gas cell with an unknown
gas composition. This is done while the wavelength of the
laser is scanned across several absorption lines of the gas
of interest. The two spectra obtained are compared and
the elimination of light intensity fluctuations due to mode
competitions is achieved.

Contribution: 1 participated in a minor part of the
experiments and in the writing process of the paper.
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XIV Laser spectroscopy of gas in scattering media at

scales ranging from kilometers to millimeters

This paper presents a review of the work performed in the
molecular spectroscopy group at our department. Parallels
between free gas monitoring using diode laser absorption
spectroscopy in scattering media and monitoring of gases in
the atmosphere using differential absorption Lidar (LIght
Detection And Ranging) are discussed. We show that the
basic ideas are very similar, while the spatial and temporal
scales vary greatly.

Contribution: 1 participated in most of the experi-

mental work based on tunable diode laser spectroscopy. I
took a minor part in the preparation of the manuscript.
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ABSTRACT A method for studying human sinus cavities and
inflammation status is described. Diode laser spectroscopy of
molecular oxygen gas in the cavity is performed at 760 nm
through the strongly scattering facial tissue in a backscattering
geometry. Model experiments on tissue-like scattering plastics
were made to elucidate the possible penetration depths and the
expected signal levels. Measurements on the frontal sinuses of
a healthy volunteer verify the viability of the technique. The po-
tential for dynamic gas measurements of the possible occlusion
of the channels connecting the sinuses with the nasopharyngeal
cavity are discussed, and demonstrated in model experiments
using a gas with a composition different from that of the am-
bient air. Extensions to other biomedical diagnostics arenas
are discussed. The results obtained suggest that a complemen-
tary method for real-time and non-intrusive medical diagnostics
using compact instrumentation could be developed.

PACS 39.30.+w; 87.64.-t; 87.80.-y

1 Introduction

Sinus cavity inflammation affects 37 million peo-
ple annually in the US [1]. In the present paper, we describe
a method for diagnostics of sinusitis, based on absorption
spectroscopy on free oxygen gas. The human sinus cavities
are normally air-filled and the presence of this gas can be ob-
served by wavelength modulation spectroscopy using tunable
diode lasers. Viral infection may lead to mucosal swelling fol-
lowed by liquid and pus filling the cavities thereby altering
the gas signal. This is the basis of the present work, where we
demonstrate how the molecular oxygen signal around 760 nm
can be observed through the external facial tissue as light is
backscattered from deeper lying structures through the gas
filled cavity. Alternatively, a transmission geometry is also
considered for the maxillary sinuses using fibre-optic light in-
jection from the oral cavity and cheek monitoring.

The sinus gas signal can be studied statically, but also
dynamically, by observing the presence or absence of gas
transport through open or occluded nasal channels, respec-
tively. In such measurements, a gas of non-ambient oxygen

B Fax: +46-46-2224250, E-mail: sune.svanberg @fysik.lth.se

composition is used, such as air exhaled from the lungs. Hu-
man tissue exhibits a comparatively low absorption in the
range 600—1400 nm (tissue optical window), where scatter-
ing, however, is strongly dominant. Optical transillumination
in this wavelength interval is being investigated for optical
mammography [2, 3]. The technique presented in the present
paper utilizes experience gained in gas in scattering media ab-
sorption spectroscopy (GASMAS) [4, 5], where, however, gas
distributed throughout the scattering medium is studied. Such
distributed gas gives rise to a very sharp (0.001 nm) absorptive
imprint in contrast to the broad structures due to molecules
in liquids or solids [6,7]. In the present work, light passes
through a macroscopic gas cavity mediated through diffusely
scattering “mirrors”, and the cavity status can be assessed
from a measurement head pressed towards the facial tissue.

2 Medical background and investigational plan
2.1 Facial anatomic background

The facial skeleton in the nasopharyngeal areas
features several cavities, also called sinuses (Fig. 1). The
frontal sinus most often consists of one single cavity but can
sometimes have different compartments. The maxillary and
sphenodial sinuses are bilateral. The ethmoidal cellular sys-
tem is also bilateral and consists of many smaller communi-
cation cavities. The frontal sinus is located in the frontal bone
of the skull just above the eye bulbs. The maxillary sinuses
are located on each side in the maxillary part of the cheek just
below the orbital floor. The ethmoidal cells and the spheodal
sinus (not shown in Fig. 1) are located in the medial and dorsal
part of the nose. All sinuses are connected to the nose cavity
for drainage and air exchange.

2.2 Sinus inflammation and diagnostics

Inflammation of the nasal accessory sinuses is most
often related to viral infections in the area or to allergic re-
actions. This usually causes a swelling of the mucosal tissue,
resulting in an occlusion of the drainage passage. In these
closed cavities, bacteria will grow and cause clinical manifes-
tations, called sinusitis. The diagnosis of sinusitis is based on
the anamnestic history of the patient along with clinical inves-
tigations, such as cheek palpation and visual inspection with
a speculum for purulent fluid of the nasal cavity. Paraclin-
ical investigations include sinus X-ray, ultrasound, and low
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FIGURE 1 (a) Illustration showing the location of the frontal and maxillary

sinus. (b) CT image of human frontal sinus, horizontal section (¢) CT image
of frontal and maxillary sinuses, vertical section

dose computerized tomography. Among these methods, ultra-
sound and sinus X-ray investigations are seldom used these
days. Assessing the sinus status is sometimes not straight-
forward, and a simple tool for additional diagnostics would
be welcome. A powerful diagnostic modality might lead to
areduction in unnecessary antibiotic treatment.

Here, we discuss the potential for an optical technique
based on laser spectroscopy. The location of both the frontal
and the maxillary sinuses is well suited for optical investi-
gations from the outer part of the face. The frontal sinus is
separated by a bone and tissue structure of approximately
10mm and the cavity has a thickness of typically 10 mm.
The maxillary sinuses are located behind approximately the
same thickness of bone and muscle tissue. The cavities exhibit
a larger transverse air distance of up to 3 cm. As discussed
below, this might sometimes call for measurements in trans-
mission. The ethmoidal cells as well as the sphenoidal sinuses,
may be reached from the nasal cavity for light injection as well
as detection. The former aggregation of cells can be infected
(ethmoiditis), especially in children, which is considered as
a particularly serious condition, given the close proximity to
the orbital cavities.

2.3 Study design

The present exploratory investigation of sinusitis
diagnostics based on gas spectroscopy was performed in two
stages. First, a model system consisting of two air-spaced
plastic scatterers was investigated in backscattering and in
transmission with a number of parameters being varied. Sec-
ond, measurements on the sinus cavities on a volunteer were
performed.

3 Experimental set-up

The gas detection setup performs absorptive laser
spectroscopy in diffusely scattered light. A schematic dia-
gram of the setup is shown in Fig. 2. A near-IR single mode
diode laser, Sharp LT031MDO, with a nominal output power
of 7mW, was used as the spectroscopic light source. By
applying a ramp at a repetition rate of 4 Hz to the driving
current, the diode laser was temperature tuned across the

FIGURE 2 Schematic diagram of the experimental arrangement

R7R7 molecular oxygen line, situated at 761.003 nm (vac-
uum wavelength). A 9 kHz sine-wave was superimposed onto
the current ramp to produce a wavelength modulation of the
light, thereby allowing sensitive wavelength modulation spec-
troscopy (WMS).

An optical fibre with a 600 um core diameter was used
to guide the light to the sample. For backscattering measure-
ments, a small right-angle prism positioned in front of the
fibre and centrally located to the detector, was used to pro-
vide total internal reflection in order to launch the light into
the sample, which effectively was exposed to about 2 mW. An
annular aperture with an inner and an outer aperture diam-
eter of 10 and 21 mm, respectively, was used to collect the
backscattered photons from the sample. For the transmission
geometry, the fibre was positioned above the sample and a cir-
cular aperture with a diameter of 5 mm was used in front of the
detector. In order to achieve efficient photon collection with
ahigh dynamic range, the light was detected with a photomul-
tiplier tube, Hamamatsu 5070A, protected from visible light
by a blocking colored glass filter, Schott RG715.

The absorption signal was detected by splitting up the sig-
nal from the photomultiplier tube into two parts. One part,
referred to as the direct signal, was directly sent to a com-
puter controlled digital oscilloscope. The other part, referred
to as the WMS signal, was sent to a lock-in amplifier, EG&G
Princeton Applied Research 5209, providing phase-sensitive
detection at twice the modulation frequency, before sent to
another channel on the oscilloscope. Wavelength modulation
spectroscopy with lock-in detection is often referred to as
derivative spectroscopy, since the signal looks like the deriva-
tive of the absorption profile. In this case, when detection
is performed at twice the modulation frequency, the lock-
in signal looks like the second derivative of the absorption
profile.

The amplitude of the WMS signal is determined by the
absolute size of the narrow gas absorption feature, i.e., the
fractional absorption due to the gas and the amount of light
reaching the detector. By measuring the peak-to-peak value
of the absorption signature in the WMS signal and normalis-
ing it with respect to the amount of light reaching the detector
(the direct signal), we can estimate the absorption due to the
gas of interest. For small absorptions, the WMS signal is pro-
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portional to the absorbance and thus to the product of the gas
concentration and the path length travelled by the light.

A method called standard addition was adopted in order
to calibrate a normalized measured WMS signal and trans-
form it into a more meaningful quantity. By adding known
path lengths of ambient air to be traversed by the laser light in
addition to the scattering object and by plotting the acquired
normalized WMS values as a function of added air, we can es-
timate an equivalent air distance. The data points in this plot
are expected to fall on a straight line. The zero crossing yields
the equivalent distance in ambient air, Lq, giving rise to a sig-
nal with the same magnitude as a signal from the sample [8].

4 Measurements

4.1 Model system measurements

Our human phantom measurements were per-
formed on the system shown in Fig. 3. Laser light is injected
into a primary scatterer S; of thickness /;, separated by a dis-
tance d from a secondary scatterer S, of thickness /,. The
scatterers are made from white Delrin-type plastic, which has
an estimated reduced scattering coefficient of about 2 mm™!
in the NIR region, similar to that of human tissue [9]. As in the
case of human tissue, its absorption coefficient at the wave-
length used, 760 nm, is negligible compared to its scattering
coefficient.

In Fig. 3a (backscattering geometry) photons injected into
S are multiply scattered internally. Some photons escape into
the air gap separating the scatterers and cross it along straight
lines before penetrating into S,. Here, multiple scattering oc-
curs and some photons cross the air gap again to be scattered
againin S;. A small fraction of the photons primarily injected
into S; will ultimately pass this scatterer again after passing
the air gap twice before being detected by the photomultiplier.
Such photons have travelled an air distance longer than 2d.
For a pathlength of 2d = 20 mm, a fractional absorption of
4% 107* due to the R7R7 oxygen line, is expected for air of
normal ambient composition. Most of the light reaching the
photomultiplier is backscattered only from S; and thus will
not have a gas absorptive imprint. Therefore, the fractional ab-

- Filter

- "
a b
FIGURE 3  Arrangement of a phantom imitating the case of measurements

on the (a) frontal sinuses (backscattering geometry) (b) maxillary sinuses
(transmission geometry)

PMT

sorptive signal will be diluted. Gas signal contributions from
multiple passes through the air gap will be negligible. Clearly,
the unwanted contribution from photons scattered in S; can
only be strongly reduced by choosing a sufficiently large cen-
tral beam stop before the photomultiplier cathode. This is in
accordance with the normal observation that by increasing the
distance between the source and the detector, deeper volumes
of the scattering medium are probed [10].

Measurements in transmission geometry are illustrated in
Fig. 3b. The main difference with the backscattering case is
that all photons reaching the detector must now have crossed
the air gap. However, the dominant signal contribution now
comes from a single air-gap pass.

In order to study the influence of the primary and sec-
ondary scatterers in the backscattering geometry, thus emu-
lating measurements on the frontal sinuses, a first series of
measurements was performed where the oxygen signal was
measured for a fixed value of /, while d and [, were varied,
see Fig. 4a. In a second series of measurements, the same pro-
cedures were carried out, this time, with a fixed value of I,,
while /; was varied; see Fig. 4b. From Fig. 4a, we note that the
total oxygen signal increases with increasing secondary scat-
terer thickness. This increase, however, rapidly decays and
eventually stops after a certain thickness, around 30 mm, be-
yond which the secondary scatterer can be considered as an
infinitely thick scatterer. This case pertains to clinical meas-
urements where bone and brain constitute the massive sec-
ondary scatterer and large variations due to the properties of
this scatterer are not expected. However, as can be seen in
Fig. 4b, the primary scatterer will effect the measurements
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FIGURE 4 (a) Oxygen signal as a function of cavity thickness for differ-

ent secondary scatterer dimensions with a fixed primary scatterer of thickness
3 mm, measured in backscattering geometry. (b) Oxygen signal as a func-
tion of cavity thickness for different primary scatterer thicknesses with
a fixed secondary scatterer thickness above 30 mm, measured in backscatter-
ing geometry
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FIGURE 5 (a) Oxygen signal as a function of cavity thickness for differ- the frontal sinuses. In all cases the oxygen signal is ex-

ent secondary scatterer dimensions with a fixed primary scatterer of thickness
10 mm, measured in transmission geometry. (b) Oxygen signal as a function
of cavity thickness for different primary scatterer dimensions with a fixed
secondary scatterer of thickness 10 mm, measured in transmission geometry

to a much larger extent since different humans have differ-
ent depths into the sinuses. The signal starts to fall off for
air distances above a certain threshold since photons from S,
are more likely to be scattered outside of the finite size de-
tector. By the same rationale, the signal levels are lower for
a thicker primary scatterer. Since the maximum oxygen sig-
nal occurs for air distances of the order of 5—10 mm, this effect
will most likely not be a limitation in human measurements
on the frontal sinuses. However, for the thicker maxillary si-
nuses, the occurrence of the same signal for two different path
lengths might cause problems. The transmission alternative
pertaining to that case yielded data shown in Fig. 5.

In this geometry, the detection area and the thickness of
the primary and the secondary scatterers do not have the same
impact on the oxygen signal. The oxygen signal will always
increase with air distance, since all collected photons must
have travelled through the air distance. In Fig. 5a, where the
primary scatterer thickness has been kept fixed, it can be seen
that the oxygen signal increases with thicker secondary scat-
terer. Increasing the secondary scatterer thickness is equiva-
lent to increasing the effective collection angle of the detector,
giving added weight to oblique light rays through the air gap.
In Fig. 5b the influence of the thickness of the primary scat-
terer has been studied. Little influence is observed, except
from a minor effect at small air gaps. This effect comes from
the fact that for a thicker primary scatterer a larger emission
area results, presenting a larger solid angle to the detector
arrangement. This introduces an additional path length for
certain photons that reach the detector through the secondary
scatterer. However, this effect decays rapidly with larger air
gap since the additional path length becomes an increasingly
smaller fraction of the air gap at hand.

pected to change for the fixed geometry at hand. The bag
was connected with a larger nitrogen filled bag via a valve
and a plastic tube, in which cotton wool was inserted to re-
duce the passage. Figure 6 shows the change in oxygen sig-
nal when the gap oxygen content is reduced through diffu-
sion, measured in backscattering geometry with /; =3 mm
and /» > 30 mm. Specifically, no change in signal is ex-
pected when the passage is blocked, as is also shown in the
figure.

4.2 Human tests

In order to investigate the viability of the method
for real human diagnostics, signals were recorded with the
measurement head against the forehead of a volunteer. Data
from measurements on the left and right frontal sinuses, and
at closely-lying reference (solid tissue) locations are given
in Fig. 7. The average Leq on a frontal sinus varies substan-
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FIGURE 7  (a) The average L.q from measurements on and off the frontal
sinus on a healthy volunteer (as shown in Fig. 7b) together with error bars
corresponding to one standard deviation. (b) X-ray image on the volunteer,
showing the extent of the frontal sinuses
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tially, which is expected since the sinus is not a cavity with
fixed thickness. The measured Leq is in the same order as
the phantom measurement in backscattering geometry with
[y = 10 mm and /, > 30 mm, see Fig. 4b. On the other hand,
reference measurements outside the frontal sinuses results in
a very stable zero signal, see Fig. 7a. Consistently, it was
also noted that a human underarm yielded a stable zero level.
These results indicate the possibility for real-time monitor-
ing of the gas content across the frontal sinuses resulting in
a low-resolution oxygen gas image. Clearly, a substantially
improved signal-to-noise level would be required, which can
be expected from an optimized set-up.

5 Discussion

The measurements presented for the phantom and
for the volunteer show that the method proposed is viable
for monitoring the presence of gas in normal human sinus
cavities, as well as gas exchange through the connecting
passages. The results suggest that anomalies due to sinus in-
fections, with air being replaced by liquid, and a clogged
passage way will be detectable, and that a new method for
nonintrusive and real-time diagnostics can be developed.
For the dynamic gas measurements, the difference in oxy-
gen content in inhaled and exhaled air, 21 and 16%, re-
spectively, might be used, employing the proper breathing
technique.

A clinical trial including patients affected by inflamma-
tion and healthy volunteers must be performed in order to
demonstrate the clinical usefulness of the approach. In par-
ticular, patient-to-patient variations could then be studied.
The prospects for the construction of a compact handheld in-
strument with substantial diagnostic power seem good. Future
developments may include measurements on other physiolog-
ical gases such as carbon dioxide or methane with overtone
absorption bands in the tissue optical window. In particu-
lar, measurements of concentration ratios are independent of
the scattering properties and may supply valuable diagnostic
information for occluded sinus cavities. Dynamic measure-
ments might also take advantage of the higher contrast pro-
vided by using carbon dioxide, for which the concentration
increases from close to zero in ambient air to about 5 percent
in exhaled air. Alternatively, air with a high helium content, or
with anomalous oxygen or nitrogen contents, might be used
in the dynamic measurements. Helium is being employed in

lung spirometry and for magnetic resonance imaging using
hyperpolarized nuclei [11].

The techniques demonstrated in the present paper should
be applicable to further diagnostics tasks in medicine. The
lungs are normally surrounded by an air enclosure in the pleu-
ral room, which can be displaced by pleural fluid in connec-
tion with various illnesses. This condition is clinically iden-
tified by percutation at the chest wall. A much more exact
diagnostic might be the application of the present technique in
a backscattering geometry, where areas containing air could
be distinguish from those filled with pleural liquid. Measure-
ments through the ear drum should also be straight forward,
although many conventional techniques for ear diagnostics
are available.

With light penetration depth being a limiting factor in
measurements of the kind discussed here, neonatal and pre-
mature children allow further possibilities, including lung and
gastrointestinal gas surveillance.
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ABSTRACT

We demonstrate a novel non-intrusive technique based on tunable diode laser absorption spectroscopy to in-
vestigate human maxillary sinuses in vivo. The technique relies on the fact that free gases have much sharper
absorption features (typical a few GHz) than the surrounding tissue. Molecular oxygen was detected at 760 nm.
Volunteers have been investigated by injecting near-infrared light fibre-optically in contact with the palate inside
the mouth. The multiply scattered light was detected externally by a handheld probe on and around the cheek
bone. A significant signal difference in oxygen imprint was observed when comparing volunteers with widely
different anamnesis regarding maxillary sinus status. Control measurements through the hand and through the
cheek below the cheekbone were also performed to investigate any possible oxygen offset in the setup. These
provided a consistently non-detectable signal level. The passages between the nasal cavity and the maxillary
sinuses were also non-intrusively optically studied, to the best of our knowledge for the first time. These mea-
surements provide information on the channel conductivity which may prove useful in facial sinus diagnostics.
The results suggest that a clinical trial together with an ear-nose-throat (ENT) clinic should be carried out to
investigate the clinical use of the new technique.

Keywords: Diode lasers, Near infrared spectroscopy, Absorption, Molecular oxygen, Medicine, Human sinuses

1. INTRODUCTION

In addition to the mouth and nasal cavities, the human head comprises further air volumes, all connected to the
nose and the epipharyngeal area by venting channels. The middle ear, the frontal and maxillary sinuses are such
air-filled volumes that are all quite vulnerable to infection (conditions called otitis and sinusitis, respectively).
The cavities may then be filled with swollen mucosa, mucus and pus, and treatment with antibiotics is frequently
considered appropriate. Each sinus is connected by a channel with a mucous membrane lining to the nose for free
exchange of air and mucus. Anything that causes a swelling in the nose such as an infection, an allergic reaction,
or another type of immune reaction, can affect the sinuses. With any of these above mentioned conditions, these
passages may be blocked. In view of the many million patients suffering from this type of infection, improved
diagnostic tools, complementing or replacing ultra-sound and CT scans are desirable.'

Recently, we reported on a new technique for assessing the sinuses relying on the monitoring of the oxygen
absorption at about 760 nm. The absorption features are more then a factor of 1000 sharper than the spectral
signatures of the tissues. In the first study, a faint oxygen signal could be observed in a backscattering geometry
for the frontal sinuses of a healthy volunteer.” We have now explored the technique in a transmission geometry
probing the maxillary (cheek) sinuses by injection of light using fibre optics in contact with the palate, and
detecting the diffusely scattered light emerging out through the cheek bone. Strong signal differences in oxygen
imprint between two volunteers with widely different anamnesis regarding maxillary sinus status were observed.
By improved handling of noise and detrimental interference fringes, we now obtained prominent signals, which also
allowed a dynamic study of gas exchange through the venting channels. Sinus ventilation studies have previously
been performed by radioactive tracer gases, such as Xe'33, in combination with single photon emission computed
tomography (SPECT).® Another method attempted is to use stable xenon inhalation followed by computer
tomography (CT).?
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Diagnostic Optical Spectroscopy in Biomedicine 1V, edited by Dietrich Schweitzer, Maryann Fitzmaurice,

Proc. of SPIE-OSA Biomedical Optics, SPIE Vol. 6628, 662804, © 2007 SPIE-OSA - 1605-7422/07/$18

SPIE-OSA/ Vol. 6628 662804-1

85



Non-intrusive optical study of gas and its exchange in human maxillary sinuses

86

o, ‘%‘ Pigtailed DFB Diode Laser

SM Optical Fibre
10% 90%  Fibre splitter

Ref.PD \ &/ Volunteer

\‘[/ PMT Probe

I
2f 2f
lock-in lock-in

| |
]
! -
Oscilloscope :> Software-based |
]

balanced detection,

Figure 1. Schematic drawing of experimental arrangement for tunable diode laser gas absorption spectroscopy of oxygen
probing the human maxillary sinuses.

In the following section the experimental setup, the data evaluation and the measurement procedure will be
discussed. Results from two volunteers with widely different anamnesis regarding maxillary sinus status will then
be shown. At the end conclusions of the presented work will be drawn. An outlook of future work will then be
discussed.

2. MATERIAL AND METHOD
2.1. Experimental setup

A schematic drawing of the arrangement used in this study is shown in Fig. 1. The setup is based on a distributed
feedback (DFB) diode laser that is single-mode (SM) fibre-pigtailed and thermoelectrically cooled (Nanoplus,
Germany). The laser operates with an output power of about 4 mW. The light was scanned across the R11Q12
molecular oxygen absorption line at 760.445 nm (vacuum wavelength) by supplying a 4 Hz saw-tooth ramp to the
laser driver current. A 9 kHz sinus-shaped wave was superimposed on the laser driver current in a wavelength
modulation scheme to achieve sensitive detection.

The light from the fibre was split 90/10(%) with a single-mode fibre-coupled beamsplitter (Laser2000, Sweden)
to allow balanced detection. The fibre carrying the lower intensity was directly guided to a photo diode, PD,
(10DP/SB, OSI Optoelectronics), producing the reference signal. The other fibre part (90% of the intensity)
was positioned on the palate inside the mouth. The light then travels through the tissue with a fraction part
of it crossing the maxillary sinuses. The multiply scattered light was detected by a photomultiplier tube, PMT,
(5070A, Hamamatsu) at different locations on the cheek bone by a handheld probe. This signal is denoted as
the sample signal. The two signals were each split into two parts; one of the parts was directly connected to an
oscilloscope remote controlled, called the direct signal, while the other parts was first sent via a lock-in amplifier
(5209, EG&G Princeton Applied Research), where the 2f signal was detected.

2.2. Data evaluation

To suppress noise and perturbations, like optical interference fringes, software based balanced detection was
used. These procedures have been described in detail elsewhere.’® Briefly, the two detected 2f signals are first
normalised with the direct signals. A set of parameters is then estimated by comparing the normalised reference
signal and the normalised sample signal at frequency regions outside the expected oxygen imprint. A matched
version of the reference signal is then subtracted from the sample signal over the whole frequency scan.

SPIE-OSA/ Vol. 6628 662804-2
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Figure 2. Typical recorded signals in this study from the sample detector (to the left) and the reference detector (center).
The balanced-detection signal is also included with a fitted ideal function (to the right). The signal corresponds to an
Leg of 25 mm corresponding to an absorption fraction of 3.8 - 1074

Once a balanced-detection signal is computed, an ideal signal is fitted to it. This signal obtained from a
measurement where the oxygen imprint is many orders larger than the noise, created by measuring over an air
distance of several meters. Fig. 2 shows typical recorded signals. To the left a signal from the sample detector is
shown, in the center a corresponding signal from the reference detector is given, and to the right the computed
balanced-detection signal is included together with the fitted ideal signal.

A quantity called the equivalent mean path length, L.,, was estimated from the amplitude of the balanced-
detection signal. This quantity corresponds to how far light has to travel in ambient air to achieve the observed
absorption imprint. The calibration was done by employing the standard-addition method.”!® The signal
shown in Fig. 2 corresponds to an L¢, of 25 mm. We note that the L., signals depend on the gas concentration
as well as the effective light path way that becomes an undefined quantity in a scattering medium. However, as
we shall see, this difficulty can be suppressed under certain conditions.

2.3. Measurement procedure

Measurements were performed on two volunteers; one with constantly recurring sinus problems (Volunteer I) the
other one with no history of such problems (Volunteer II). A CT image of Volunteer I is shown in Fig. 3a. It
can clearly be seen that the left maxillary sinus is completely filled with inflamed swollen mucosa while the right
one is only partly filled.

Four different measurements are presented in this study and are listed below:

Signal levels: The L., was measured on both volunteers in the left and right maxillary sinuses. The fibre was
placed on the palate inside the mouth in close proximity to the particular sinus. The light was detected at
two different locations; on the cheek bone and translated towards the nose (about 2 cm). Measurements
were performed once a day during about a week.

Control: Two types of reference measurements were performed to investigate any possible L., offset in the
current setup. The signal was measured through the cheek and the hand of the volunteers. In the case of
reference measurements through the cheek, the fibre was placed inside the mouth in contact with the cheek
and the detector was positioned on the opposite side of the cheek. In the case of reference measurements
through the hand, the fibre was placed in contact with the palm and the detector was positioned on the
opposite side of the hand.

Reproducibility: The reproducibility of the measured L., values was also investigated for Volunteer II. 10
measurements were done on the each sinuses by removing the detector and fibre between each recording.
Measurements were done for the both the detector positions explained above.

Gas exchange: To study the ostia function (ventilation between nasal cavity and sinus cavity) L., was measured
continuously during inhalation of non-ambient air (pure nitrogen). Data was collected for about 3.5 min;
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1 min before flushing with nitrogen, 30 s during nitrogen flush through the nostril and for about about
2 min after terminating the flush, all the time pursuing normal mouth breathing. Each recorded signal
was averaged for about 15 s. Measurements were performed on both the left and right maxillary sinuses
on Volunteer I and II.

3. RESULT

Signal levels

The average measured L., values from the two volunteers together with error bars corresponding to two standard
deviations are shown in Fig. 3b. It was observed that similar values were measured at the different detector
locations. This is consistent with the results from Monte Carlo simulations of the signal strengths.'!>'2 In the
figure it can be seen that Volunteer I exhibits a small signal on the right sinus (Ley ~ 10 mm) while nothing was
detectable on the left side. The setup presented has a detection limit of L., of about 2 mm, corresponding to
an absorption fraction of 3-1075.10 In contrast to the measurements performed on Volunteer I, a much larger
signal was observed on Volunteer II in both the right (L¢q ~ 26 mm) and left sinus (L¢q ~ 20 mm). Clearly, a
significant difference on the oxygen imprint could be observed between the volunteer with constantly recurring
sinus problems and the volunteer with no history of such problems.

(a)
Right

/

e

Maxillary sinuses

i

he%

&
Volunteer T

R L R L
Volunteer I Volunteer 11
(sinus problems) (no sinus problems)

Figure 3. a) A CT image of Volunteer I with constantly recurring sinus problems. b) Signal levels study - Measured Legq
for both volunteers on the right and left maxillary sinus (Volunteer I with constantly recurring sinus problems, Volunteer
1T with no history of such problems).

SPIE-OSA/ Vol. 6628 662804-4



Paper IT

Sample Reference Balanced-detected
E 0.2 0 0.2
Tg 0 oo 0 ™ N
2 W -0.02
& -0.2 -0.03 -0.2
-10 0 10 -10 0 10 -10 0 10
Rel. freq. [GHz| Rel. freq. [GHz| Rel. freq. [GHz|

Figure 4. Control study - Typical recorded signals in this study from the sample detector (to the left) and the reference
detector (center) when performing reference measurements. The fibre has been placed inside the mouth in contact with
the cheek and the detector has been positioned on the opposite side of the cheek. The balanced-detection signal is also
included. The remaining noise floor corresponds to about a Le, of 2 mm (absorption fraction of 3 -107°).
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Figure 5. Reproducibility study - Average L., together with two standard deviations obtained from 10 measurements at
each detector position (I : Cheek bone, II : Towards nose) and maxillary sinus for Volunteer II. The fibre and the detector
were removed in between each recording.

Control

Before each measurement two reference measurements were performed. These measurements resulted in a con-
sistently non-detectable signal providing the information that no oxygen offset is present in the setup. In our
case a non-detectable signal corresponds to a L, of less than 2 mm as previously mentioned.'® In Fig. 4 typical
signals when performing reference measurements can be seen. From the balanced-detection signal the remaining
noise floor can be observed.

Reproducibility

Fig. 5 shows the average L., together with error bars corresponding to two standard deviations obtained from 10
measurements at each detector position (I : Cheek bone, II : Towards nose) and maxillary sinus for Volunteer IT
when removing the detector and fibre between each recording. As can be seen, the standard deviation corresponds
to about 10% for each position.

Gas exchange

Gas exchange studies were performed on both volunteers. No change could be observed in Volunteer I, while
Volunteer II showed a decrease of signal when the nose cavity was flushed with pure nitrogen through a plastic
tube positioned at the opening of the nostril. In Fig. 6 the invasion of Ny in the right maxillary sinus of Volunteer
IT can be seen. The reinvasion of oxygen into the sinus can as well be observed when terminating the Ny flush.
During the measurements the fibre was placed on the palate, and the detector on the right cheek bone without
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Figure 6. Gas exchange study - The measured L, (solid dots) together with a trend line (dashed line) in the right
maxillary sinus of Volunteer II having no history of sinus problems. The oxygen level is first measured, N2 is then flushed
into the nasal cavity through the nostril and the invasion of the gas in the sinus is measured. The reinvasion of air is then
recorded after terminating the N2 flush. Two balanced-detection signals are also included in the figure; one before and
one during N2 flush.

being moved. Signals were averaged for about 15 s corresponding to the spacing between the measurement points.
Two balanced-detection signals are also included in the figure; one signal before the gas is flushed and one during
flushing. A reduction of about 2/3 was obtained in the signal for the case presented. More experiments with the
same procedure have been performed showing different reductions depending on the Ny flow.

4. CONCLUSION AND OUTLOOK

The technique described allows the monitoring of free oxygen gas in human sinuses, both in backscattering
geometry, as demonstrated in Ref. [7] for the frontal sinuses, and in transmission geometry for the maxillary
sinuses, as shown above. Actually, hybrids, where light is injected through the orbital wall close to the upper
eye lid and the emerging light is detected against the forehead, or light is injected from the outside below the
cheek bone and detected above the cheek bone have proved to be feasible, yielding strong signals, without the
need of internal light injection.?

A person with sinus problems could readily be distinguished from a non-affected person also when varying
scattering conditions were not accounted for. The degree of scattering, however, do not influence the data
when the time constants for gas flow through the connecting channels are studied, since only the relative time
variation of the signal is recorded. Like-wise, by forming a ratio between signals due to two gases interrogated
at similar wavelengths, unknown scattering factors may be taken into account. Referencing around 935 nm to
water vapor in the cavity, with its concentration determined only by the temperature (naturally thermostated
to approximately 37°C), it should be possible to directly determine the concentration of oxygen in the sinus,
which might be related to the type of infection present.!® Monitoring of free water vapor in scattering media
was recently demonstrated in connection with wood drying.!4

Based on the promising results reported here, a clinical study with well diagnosed patients, for which CT
images are available, will be performed. This will be carried out together with an ear-nose-throat (ENT) clinic.

SPIE-OSA/ Vol. 6628 662804-6
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We anticipate, that a new and powerful non-intrusive optical method can be developed for assisting in fast and
improved diagnostics of the common sinus problems, which frequently are abated with antibiotics, on sometimes
uncertain grounds.
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Abstract. We demonstrate a novel nonintrusive technique based on
tunable diode laser absorption spectroscopy to investigate human si-
nuses in vivo. The technique relies on the fact that free gases have
spectral imprints that are about 10.000 times sharper than spectral
structures of the surrounding tissue. Two gases are detected; molecu-
lar oxygen at 760 nm and water vapor at 935 nm. Light is launched
fiber optically into the tissue in close proximity to the particular max-
illary sinus under study. When investigating the frontal sinuses, the
fiber is positioned onto the caudal part of the frontal bone. Multiply
scattered light in both cases is detected externally by a handheld
probe. Molecular oxygen is detected in the maxillary sinuses on 11
volunteers, of which one had constantly recurring sinus problems.
Significant oxygen absorption imprint differences can be observed be-
tween different volunteers and also left-right asymmetries. Water va-
por can also be detected, and by normalizing the oxygen signal on the
water vapor signal, the sinus oxygen concentration can be assessed.
Gas exchange between the sinuses and the nasal cavity is also suc-
cessfully demonstrated by flushing nitrogen through the nostril. Ad-
vantages over current ventilation assessment methods using ionizing

radiation are pointed out. © 2007 Society of Photo-Optical Instrumentation Engineers.
[DOIL: 10.1117/1.2777189]
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1 Introduction

The human paranasal sinuses are air-filled cavities embedded
in the cranial skeleton. The frontal sinuses are located behind
the frontal bone, while the maxillary sinuses are located be-
low the orbital floor in the cheek bones. The sphenoidal sinus,
split by a partial wall, is located centrally in the cranium. The
ethmodial cells are multifocal small cavities located on each
side of the upper part of the nose cavity. The sinuses are lined
with epithelium-bearing glands and cilia, which transport mu-
cosa toward the channel, or ostium, connecting the sinus to
the nasal cavity. The frontal and maxillary sinus ostia connect
to the middle nasal meatus. The function of sinuses is still
under discussion. They seem to be locations of nitric oxide
production important for ventilation functions.'? The anatomy
of the head is shown in Fig. ](a),3 with the sinuses schemati-
cally indicated; the frontal and maxillary sinuses are clearly
discerned in the magnetic resonance image (MRI) shown in
Fig. 1(b).

Good ventilation seems to be a requisite for healthy si-
nuses. Infection in the cavities, sinusitis, is affecting a very
large number of patients, in the U.S. alone about 37 million
people are annually diagnosed.4 Narrow ostia or partial or full
blockage can cause severe problems and chronic sinusitis. Na-
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sal polyps can be one cause. Excessive mucosal and pus pro-
duction are secondary signs of sinusitis. Infection is fre-
quently treated with antibiotics, and decongestants, such as
oxymetazoline and zylometazoline, are prescribed to improve
ventilation. Surgical intervention with intended ostial widen-
ing is necessary in severe cases for achieving long-term im-
provement. Clearly, a precise diagnosis of sinusitis is of im-
portance, particularly for deciding whether antibiotics should
be administered or not. Common present diagnostics may in-
clude the use of ultrasound, capable of seeing from the echo
structure if the cavity is air filled or not, and in severe cases
the use of x-ray radiography. However, none of these tech-
niques can assess the ventilation of the cavities or the compo-
sition of enclosed gas.

Ventilation studies for the paranasal sinuses have been pur-
sued with intrusive and nonintrusive techniques. Among the
former, cannulae have been used to measure pressure in the
sinuses and in the nasal cavity and their interrelation. Nitro-
gen gas has also been injected as well as gaseous radioactive
isotopes, in particular Xe'3, with a half-life of 5.2 days. Scin-
tillation cameras or single photon emission computerized to-
mography (SPECT) have been used to assess the transport of
the gas. Xe'’? has also been administered noninvasively
through breathing, followed by repeatedly performing the Val-
salvas maneuver.” Stable Xe gas, having a certain radio opac-
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Fig. 1 (a) Illustration showing the location of the human sinuses
(adopted from Ref. 3). (b) MRI image indicating the location of human
maxillary and frontal sinuses.

ity, has also been used noninvasively, followed by repeated
computerized tomographic (CT) recordings.6 Clearly, these
methods expose the patients to a considerable radiological
dose. Further, radioactive as well as stable Xe gas is very
costly, as is the the use of SPECT and CT installations. Hy-
perpolarized 3He has been used in MRI studies,” also costly
investigations. Thus, there is a need for a complementary
technique avoiding these hazards and costs while still allow-
ing a detailed assessment of ventilation and gas composition.

We demonstrate the possibility to statically and dynami-
cally nonintrusively study human sinuses by observing the
normal physiological gases of oxygen and water vapor. This is
done by using tunable diode laser spectroscopy on the gases
exhibiting narrow-band absorptive imprints in the near infra-
red spectral region. The present study extends and establishes
the methodology, which was first described in two recent ex-
ploratory papers.>’

The new development became possible by taking advan-
tage of optical spectroscopic techniques refined in the envi-
ronmental monitoring of free gas, and an understanding of
tissue optics, developed for purposes such as optical mam-
mography and photodynamic therapy dosimetry (e.g., Ref.
10). We could thus demonstrate the possibility to investigate
the frontal sinuses using tunable diode laser spectroscopy em-
ploying phase sensitive detection of wavelength-modulated
absorption signals.8 The presence of molecular oxygen was
measured close to 760 nm in a backscattering detection ge-
ometry. To understand the behavior of the expected signals, a
phantom was first investigated. It consisted of two Delrin
plates separated by a variable air gap, where the first plate
represented the frontal bone, the air space the frontal sinus,
and the second plate the underlying tissue. Some preliminary
results from a human frontal sinus were obtained. These mea-
surements have been modeled in Monte Carlo simulations,
and the possibility of imaging using a scanned probe was
discussed."" Since then, the experimental techniques have
been improved by using pigtailed lasers and balanced detec-
tion to suppress noise.”? This allowed us to study gas ex-
change between the maxillary sinuses and the nasal cavity by
using a transmission detection geometry. The fiber was placed
inside the mouth on the palate and the detector externally on
the cheek bone. For a short time, the nasal cavity was flushed
through the nostril with nitrogen gas and the decay of the
oxygen signal was recorded on a healthy volunteer, resulting
in the conclusion that the channels between the cavities were
open, allowing free gas exchange. No such behavior could be
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Fig. 2 Schematic drawing of the experimental setup used to study
human sinuses.

observed on a volunteer with constantly recurring sinus
problems.g

‘We demonstrate molecular oxygen measurements on max-
illary sinuses for 11 healthy volunteers using the transmission
detection geometry discussed. The measured values have been
compared with values obtained using Monte Carlo simula-
tions of a model representing the maxillary sinuses. To further
investigate the clinical potential of the technique, other differ-
ent possible detection geometries have been explored, allow-
ing monitoring of both the maxillary and the frontal sinuses.
A further gas—water vapor interrogated at 935 nm—has also
been studied, providing new information. Water vapor lines
around 980 nm were studied in a previous paper on drying
processes.13 Since liquid water, always abundantly present in
human tissue, also has an absorption peak at 980 nm, we now
choose a shorter wavelength where most of the liquid water
absorption is eliminated to allow depth penetration. Investiga-
tions of the gas exchange of the sinuses and the nasal cavity in
the different geometries have as well been performed using
pure nitrogen gas flushed through the nostril.

In the next section, the experimental setup and the data
analysis are presented. The gas monitoring procedure, includ-
ing the different detection geometries used, are described, fol-
lowed by an explanation of the model used in the Monte
Carlo simulations. Results of the measurements of the maxil-
lary and frontal sinuses using the different detection geom-
etries are then presented and discussed. Finally, conclusions
are drawn and suggestions for further work are put forward.

2 Materials and Methods
2.1

A schematic drawing of the experimental setup used in this
study is shown in Fig. 2. In the case of molecular oxygen
detection, a single-mode pigtailed distributed feedback (DFB)
diode laser (Nanoplus, Germany) operating at around 760 nm
with an output of about 4 mW is used as a spectroscopic light
source. When performing measurements on water vapor, the
laser is changed to another unit operating around 935 nm
(Nanoplus, Germany) with similar output. The laser is
scanned across an absorption line of the gas under study by
supplying a saw-tooth ramp (Hz) to the laser driver current.
To achieve wavelength modulation spectroscopy (WMS) with
lock-in detection, the operating current is also modulated by a

Experimental Setup
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sinusoidal wave at 9 kHz, with a modulation index of about
2.2 in both gas cases. In the case of molecular oxygen, the
R11Q12 absorption line at 760.445 nm (vacuum wavelength)
is used, and in the case of water vapor, the absorption line at
935.686 nm (vacuum wavelength) is used [vibration; (000)
—(121), rotation; J'=3—J'=4, K/=0—K_,=0, K!=3
— K. =4].

The light is fiber optically split 90/10(%) into two parts
with a single-mode fiber-coupled beamsplitter (Laser2000,
Sweden). The low-intensity part is directly guided to a silicon
detector (UDT 10DP/SB). This part is later used in the analy-
sis as the reference beam to obtain balanced detection for
efficient noise subtraction.'? The other part is guided to dif-
ferent positions on the human head, and the multiply scattered
light is detected externally on the human head according to
different detection geometries further discussed in Sec. 2.3 on
the gas monitoring procedure. In the case of molecular oxy-
gen detection, a photomultiplier tube (PMT) (Hamamatsu
5070A) with a circular detection area of 20 mm diam is used,
and in the case of water vapor detection, a photodiode
(Hamamatsu S3584-06) with similar detection area is used.
Both detectors are mounted as handheld probes.

The two detected signals are each divided into two parts.
They are sent to a computer-controlled digital oscilloscope,
one directly, referred to as the direct signal, and one via a
lock-in amplifier where the signal at twice the modulation
frequency is recorded, referred to as the 2f signal. WMS is
often referred to as derivative spectroscopy, since the different
harmonics are proportional to the corresponding derivative of
the signal. Thus, in the case of detection at twice the modu-
lation frequency, the 2f signal looks like the second derivative
of the direct absorption.

2.2 Data Analysis

The 2f signals are normalized with the direct signals to make
them independent of the amount of light reaching the detector.
The normalized 2f sample signal is then subtracted with a
processed version of the reference signal to achieve a bal-
anced detection signal.'” An ideal absorption signal is then
fitted to the balanced detection signal, and from this the peak-
to-peak distance is estimated, referred to as the WMS value.
For small absorptions, the WMS value is proportional to the
absorbance, and thus to the product of the gas concentration
and the path length traveled by the light. To transform the
WMS value to a more meaningful quantity, the standard ad-
dition method is used."* The standard addition procedure is to
add known path lengths of ambient air in-between the light
source and the detector. At each distance, the WMS value is
measured. A so-called equivalent mean path length L., can
then be estimated, corresponding to the air distance that the
light has to travel in ambient air to obtain the same oxygen or
water vapor absorption imprint. The calibration procedures
for both gases were performed at room temperature of 25°C
and a relative humidity of about 20%. It should be noted that
one would expect 100% humidity in the sinus cavities due to
liquid water in the surrounding tissue, with a temperature
close to 37°C. At such a temperature, the water vapor pres-
sure is about a factor of 2 higher than at 25°C.» Thus, a
particular water vapor signal from a sinus corresponds to
about 1/10 of the surrounding air path length yielding the
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same signal. This factor is further discussed in Sec. 4.

2.3 Gas Monitoring Procedure

The maxillary and frontal sinuses of human volunteers were
investigated using the nonintrusive technique presented. In the
case of the maxillary sinus, two different detection geometries
were used (PC and CC), and in the case of frontal sinus stud-
ies, a single detection geometry was used (OF) as follows.

¢ (PC) Palate - cheek bone geometry: fiber placed inside
the mouth against the palate close to the sinus under study and
the detector positioned on and around the cheek bone.

¢ (CC) Cheek - cheek bone geometry: fiber placed outside
on the cheek below the cheek bone and the detector posi-
tioned on the cheek bone.

* (OF) Orbital edge - frontal bone geometry: fiber placed
on the horizontal part of the frontal bone under the eyebrow
pointing up toward the frontal bone and the detector placed at
different positions on the frontal bone.

Before any measurements were performed on any human
sinuses, two types of reference measurements were carried
out to investigate any possible L, offset in the current setup.
The oxygen and water vapor signal were measured through
the cheek below the cheekbone and through the hand of the
volunteers where no free gas is expected. These measure-
ments resulted in a consistently nondetectable gas imprint sig-
nal, showing that no gas offset is present due to gas between
the setup components.

Molecular oxygen measurements were performed with ge-
ometry PC on 11 volunteers, 10 of which have no history of
sinus problems (volunteers 1 to 10) and one with constantly
recurring sinus problems (volunteer 11). The detector was
placed at three different positions; on the cheek bone, slightly
toward the nose, and slightly under the cheek bone. At each
detector position, three consecutive measurements were per-
formed by removing and repositioning the fiber and the de-
tector between each recording. The reproducibility of the
measured L,, values was also investigated by measuring ten
consecutive times at each detector position for one volunteer.

Measurements of oxygen and water vapor were performed
with detection geometry PC on the maxillary sinuses on vol-
unteers 1, 2, and 11, and on volunteer 1 also with geometry
CC. In addition, frontal sinus measurements with geometry
OF were performed on volunteer 1. In the case of geometry
PC and CC, the detector was positioned on the cheek bone. In
the case of frontal sinus study, detection geometry OF, the
detector was positioned at three different locations on the fon-
tal bone toward the particular sinus; about 10 mm and about
20 mm straight up above the light source, and about 10 mm
straight up over the center of the eyebrow. At each detector
position, ten consecutive measurements were performed by
removing the fiber and the detector between each recording.
Molecular oxygen was measured first, followed by water va-
por directly after using the same procedure.

To study the communication and ventilation between the
nasal cavity and the human sinuses, we investigated the tran-
sient response to pure nitrogen flushing of the nasal cavity for
about 1 min through the nostril. These measurements were
performed on volunteer 1 with all detection geometries and
volunteer 11 with detection geometry PC. Measurements
were continuously recorded for about 8 min. 1 min before
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Fig. 3 (@) A model used for Monte Carlo simulations created in
ASAP™ representing measurements on the human maxillary sinus ac-
cording to detector geometry PC. The region where the rays were
collected is indicated by the gray shaded area. The cross represents
the location of the light source. (b) The simulated Leg for the model
shown in (a). The different positions of the detector in the case of real
measurements are also indicated.

flushing, 1 min during flushing, and 6 min after terminating
the flush, all the time pursuing normal mouth breathing. Each
recorded signal was averaged for about 15 sec. Measurements
of molecular oxygen and water vapor were performed directly
after each other. To investigate the stability of the recorded
signals for the gas exchange study time period, the same pro-
cedure was also carried out without N, flush.

2.4 Simulations

Monte Carlo simulations were performed by using the Ad-
vanced Systems Analysis Program (ASAP) software.'® In this
work, we present a model according to Fig. 3(a) to simulate
measurements on the maxillary sinuses employing detection
geometry PC when detecting the multiply scattered light on
and around the cheek bone. The position of the light source is
indicated by a cross in the model. The maxillary sinus was

represented by an ellipsoid with typical human dimensions. It
was placed embedded in a scattering medium with optical
properties set to g=0.87 (anisotropy factor), u =16 mm™'
(scattering coefficient), and ,=0.0005 mm~' (absorption
coefficient) typical of bone."”

The flux and the pattern through the model for rays reach-
ing the detector were recorded. The distance each ray traveled
in the ellipsoid was calculated. By summarizing the product
of the distance in the cavity and the flux for each ray and
normalizing it with the total flux reaching the detector, the L.,
value could be estimated. Similar simulations have been pre-
sented in Ref. 11 for frontal sinus imaging.

3 Results and Discussion
3.1 Maxillary Sinus Study

Figure 3(b) shows L,, obtained through simulation measure-
ments on the maxillary sinuses according to detection geom-
etry PC. It can be seen that L,, values between 10 and 40 mm
can be expected when performing measurements on volun-
teers with typical maxillary sinus dimensions when the detec-
tor is placed on and around the cheek bone. These values are
heavily influenced by the optical properties used in the simu-
lations, but can still be used as an indication of the experi-
mental results to be expected. If, for example, a higher ab-
sorption coefficient is used, as was experimentally obtained
by Hoshi et al.,'"® a decrease of L., would be obtained.

The results from the molecular oxygen measurements on
the volunteers according to geometry PC are presented in
Table 1. The L., value shown is an average from the three
different detector positions. It was observed that the lowest
L, is always recorded when the detector is positioned below
the cheek bone, in agreement with the simulation results,
where the detection areas are also indicated [Fig. 3(b)]. All
volunteers with no history of sinus problems presented a de-
tectable oxygen absorption imprint. However, no oxygen im-
print could be recorded on the left side of volunteer 11. The
reproducibility of the measured L,, values was also investi-
gated at each detector position for one volunteer. A standard
deviation of about 10% was obtained when the average mea-
sured L., value was of the order of 30 mm. A clear left-right
asymmetry was observed for volunteer 11 as discussed before.
Smaller asymmetries were observed also for other volunteers.
However, it should be noted that the qu value depends on
concentration as well as path length, and thus detailed analy-
sis regarding anatomy are hard to draw.

The results from the measurements of oxygen and water

Journal of Biomedical Optics 1-4

Table 1 Measured L, values for oxygen in the maxillary sinus for volunteers 1 through 11 according to
detection geometry PC. N represents volunteers with no history of sinus problems and Y the volunteer
with constantly recurring sinus problems. The presented values are averaged from three different detector
positions; on the cheek bone, slightly toward the nose, and slightly under the cheek bone.

Volunteer

history 1 2 3 4 5 6 7 8 9 10 11

N N N N N N N N N N Y

left g [mm]  20+4 29+6 87 24x3 18+2 12x9 25:0 13+9 280 11x2

Right Leg [mm] 27+7 3123 17+2 16+4 218 1326 23x1 1226 29+9 12+2 10«3
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Fig. 4 L, for (a) molecular oxygen and (b) water vapor measured in
left and right maxillary sinuses for volunteers 1 and 2 using detection
geometry PC with the detector positioned on the cheek bone. The
data shown correspond to the average of ten recordings together with
two standard deviations. (c) The ratios of the L., for oxygen and water
vapor are shown.

vapor with detection geometry PC on the maxillary sinuses on
volunteers 1 and 2 are shown in Figs. 4(a) and 4(b). The
average L., values are presented together with two standard
deviations. It should be noted that the recorded L, for water
vapor is about 8 larger than the value for oxygen for volun-
teers 1 and 2. The same types of measurements were at-
tempted on volunteer 11. An oxygen signal of L,,=13 mm
was detected for the right sinus, whereas no signal could be
observed for the left side. No water vapor signal could be
detected on the right side due to heavy overall absorption in
the tissue and the partially filled sinus cavity.

As discussed previously, the estimated L,, depends on
both the concentration of the gas and the scattering properties
of the tissue. It can be assumed that the scattering properties
are approximately the same for the two different wavelengths
used."”?” However, the absorption coefficient may be different
mostly depending on the degree of oxygenation of the blood
and liquid water absorption.' "' If the same volume has been
sampled for the two wavelengths, the ratio between the L.,
values for oxygen and water vapor could provide information
on the oxygen concentration inside the sinuses, since the wa-
ter vapor concentration is always the maximum possible con-
centration at the given temperature (thermostated to about
37°C and 100% humidity in the cavities). In Fig. 4(c), the
ratios for the left and right maxillary sinus are shown. On
volunteers 1 and 2, it can be seen that this ratio is about the
same for both sides. It can also be seen that the two volunteers
maintain similar ratios. The average ratio is 0.13+£0.01. As-
suming that these volunteers have healthy and well ventilated
sinuses with about 20% oxygen concentration, a reduced ratio
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Fig. 5 Gas exchange study for the right maxillary sinuses using detec-
tion geometry PC on volunteer 1 (see text). (a) Leg for oxygen (solid
dots) measured as a function of time with N, flushing, together with a
line drawn for guidance of the eye (dashed line). (b) Same as (a)
without N, flushing. (c) Leq for water vapor (solid dots) measured as a
function of time with N, flushing. (d) same as (c) without N, flushing.

may indicate a lower oxygen concentration in the cavity.

Gas exchange studies were performed on volunteers 1 and
11 with the same detection geometry PC. A reduction of the
oxygen absorption imprint could be observed on volunteer 1
when flushing with N, as well as the reperfusion of air when
terminating the N, flush [Fig. 5(a)]. In Fig. 5(b), the stability
of the oxygen signal during the same time scale without N,
flush can be seen. In the case of water vapor detection, no
reduction of the signal could be recorded during N, flush [Fig.
5(c)]. A series of water vapor signal measurements is also
shown in Fig. 5(d), illustrating the stability of the data. The
results indicate that the flushing is not able to change the
humidity in the cavities. Figure 6 shows signals recorded at
three different time intervals during the gas exchange study
(indicated by corresponding numbers in Fig. 5). The fractional
absorption was 8.6 X 107 and 6.7 X 1073 for the largest sig-
nals observed for oxygen and water vapor, respectively. The
signals from reference measurements through the cheek di-
rectly after the study are also shown. The same molecular
oxygen measurements with nitrogen flushing were performed
on the right maxillary sinus of volunteer 11. These measure-
ments did not show any decrease in oxygen signal during the
N, flush period, indicating lack of communication with the
nasal cavity.

Oxygen and water vapor were measured according to ge-
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Fig. 6 Balanced detection signals measured for oxygen and water va-
por during the gas exchange study using detection geometry PC. The
numbers correspond to the ones indicated in Fig. 5. The relative fre-
quency range is about 30 GHz. The control signals are also shown for
both gases when measuring through the cheek.

ometry CC on the maxillary sinuses of volunteer 1 [see Figs.
7(a) and 7(b)]. We note a left-right asymmetry stronger than
observed for the same volunteer with data shown in Fig. 4
(left) when using a different detection geometry. This indi-
cates that tomographic information might be extracted regard-
ing anatomy using multiple geometries. The ratio between the
signals is shown for both sides in Fig. 7(c). An average ratio
of 0.12+0.01 is obtained for this geometry.

The same gas exchange procedure was carried out with
detection geometry CC on volunteer 1 (see Fig. 8). The same
behavior was observed as for detection geometry PC.

3.2 Frontal Sinus Study

Measurements of the frontal sinuses were performed on vol-
unteer 1 with detection geometry OF. In Figs. 9(a) and 9(b),
the average L., together with two standard deviations is
shown for the two gases, and the three different detector po-
sitions discussed above and seen in the top of Fig. 9. The ratio
between the L,, for oxygen and water vapor can be seen in
Fig. 9(c). An average of 0.12+0.01 is obtained.

The gas exchange between the nasal cavity and the frontal
sinuses was also studied with geometry OF. In Fig. 10, the
invasion of N, and reinvasion of ambient air can be seen for
volunteer 1 when detecting oxygen. Again, no such phenom-
ena could be observed when detecting water vapor.
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Fig. 7 L., for (a) molecular oxygen and (b) water vapor measured in
left and right maxillary sinuses for volunteer 1 using detection geom-
etry CC. The data shown correspond to the average of ten recordings
together with two standard deviations. (c) The ratios of the L., for
oxygen and water vapor are shown.
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Fig. 8 Gas exchange study for the maxillary sinuses using detection
geometry CC on volunteer 1 (see text). (a) L, for oxygen (solid dots)
measured as a function of time with N, flushing, together with a line
drawn for guidance of the eye (dashed line). (b) Leg for water vapor
(solid dots) measured as a function of time with N, flushing.

4 Conclusion and Outlook

We show that nonintrusive diode laser spectroscopy with
monitoring of common physiological gases such as oxygen
and water vapor is capable to assess important aspects of hu-
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Fig. 9 Leg for (a) molecular oxygen and (b) water vapor measured in
left and right frontal sinuses for volunteer 1 using detection geometry
OF and detection positions according to the top figure. The data
shown correspond to the average of ten recordings together with two
standard deviations. (c) The ratios of the L., for oxygen and water
vapor are shown.
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Fig. 10 Gas exchange study for the frontal sinuses using detection
geometry OF on volunteer 1 (see text). (a) Leg for oxygen (solid dots)
measured as a function of time with N, flushing, together with a line
drawn for guidance of the eye (dashed line). (b) L., for water vapor
(solid dots) measured as a function of time with N, flushing.

man sinuses and their potential diseases. It is demonstrated
that oxygen as well as water vapor can be detected within the
maxillary and frontal sinuses on volunteers by employing dif-
ferent detection geometries discussed in Sec. 2. Individual
variations and left-right asymmetries are observed. The oxy-
gen absorption imprint levels detected are in good agreement
with the results from Monte Carlo simulations implemented
with ASAP™ software. By forming the ratio between the two
signals (normalizing the oxygen signal on the water vapor
signal), it is shown that basically the same value is obtained
for all well ventilated sinuses studied. This is to be expected if
a constant concentration of (about 20%) oxygen is assumed in
the healthy sinuses, and if 100% water vapor saturation de-
velops in the sinus. Further, a prerequisite would also be that
the scattering and absorption coefficients are the same at 760
and 935 nm, resulting in the same effective path length
through the gas-filled cavity. Consulting the literature, it can
be found that this assumption is not fully warranted.'”'**" In
particular, the absorption coefficient depends on the degree of
blood oxygenation and amount of liquid water, and would
tend to increase the absorption at 935 nm, as compared to
760 nm. The scattering coefficient could be expected to be the
same within about 10%. The fact that a very similar signal
ratio is obtained for different volunteers, sinuses and geom-
etries, suggests that the assumption of a similar effective path
length is reasonable. We notice, however, that the experimen-
tal ratio was found to be about 0.12. Going from 20% relative
humidity to 100% influences the equivalent mean path length
by a factor of 5. Likewise, going from 25 to 37°C introduces
a factor of 2 in water potential pressure.” Thus an experimen-
tal ratio of 0.10 would be expected. The measured value of
0.12 could thus be interpreted in two ways. The air is not
attaining 37°C in dynamic exchange but only about 33°C,
which is not unlikely. A further explanation is that the effec-
tive sample pathway for the two wavelengths differ by a fac-
tor of 1.2 with a smaller path length at 935 nm due to in-
creased absorption. A combination of the two effects could be
present. Given that the experimentally observed effects are
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rather small, it seems like it should be possible to perform an
empirical correction after having gained clinical data. The re-
sults of the present work would mean that it would be pos-
sible to nonintrusively read off the oxygen concentration in a
sealed-off sinus cavity, which might be of clinical value if a
correlation to pathology could be established in a clinical trial.
It should be noted that a water vapor signal is always ex-
pected as soon as there is a gas-filled cavity. A zero reading
for oxygen would then by necessity mean that no oxygen is
present in the gas, not that the cavity contains no gas at all.

We also demonstrate that the ventilation of the sinuses (the
ostial function) could easily be measured observing the oxy-
gen signal, which is reduced when nitrogen gas is given
through the nostril as a displacement gas while the patient is
breathing normally through the mouth. By instead administer-
ing high-concentration oxygen gas, a much stronger signal
can favorably be achieved. The time constants for the gas
exchange can be determined by fitting the curves. The conve-
nience of a combination of a physiological gas and light for
gas exchange studies is in strong contrast to the previous use
of stable or radioactive xenon gas in combination with re-
peated CT scans or SPECT imaging, both leaving the patient
with a considerable dose of ionizing radiation. It was found
that the concentration of water vapor in the sinuses was not
influenced by the flushing with dry nitrogen gas. The conclu-
sion is that 100% water saturated gas is immediately obtained
in the sinus. This fact also corrobates the earlier finding that
water vapor reliably can be used as a reference gas of known
concentration in the well thermostated sinus (at 33 to 37°C).
By recording the relative intensity of two suitable oxygen or
water vapor lines, and their half-width with sufficient preci-
sion, the temperature and pressure can in principle be mea-
sured.

Sequential measurements are made on oxygen and water
vapor in the present studies. In a clinically adapted system,
the two types of measurements could in principle be made
simultaneously using the same detector and different modula-
tion frequencies. When exactly the same geometry pertains
for both kinds of measurements an even better stability for the
ratio signal can be expected. A clinical trial on sinus patients
jointly with an ear-nose-throat (ENT) clinic is planned to as-
sess the clinical practicality and potential benefits of the new
technique.

The demonstrated possibility to noninvasively assess the
oxygen concentration in a hollow organ by sending light
through a substantial layer of human tissue suggests that the
new technique might have important applications in assessing
the lung function in newborn and small children. With higher
power lasers, still without any noticeable thermal effect, cor-
responding measurements on the lung lobes in adults should
be feasible in lung ventilation studies, where, however, the
empirical path length difference correction might be larger.
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Simultaneous detection of molecular oxygen and water vapour in the tissue optical
window using tunable diode laser spectroscopy
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We report on a newly developed diode-laser spectroscopic system for simultaneous detection of
two gases. The technique is demonstrated by performing gas measurements on absorbing samples,
such as an air distance, and on absorbing and scattering samples, such as human tissue. Two
pigtailed diode lasers are used, operating in a wavelength modulation scheme, to detect molecular
oxygen around 760 nm and water vapour around 935 nm within the tissue optical window (600 nm
to 1.3 um). Different modulation frequencies are used to distinguish between the two wavelengths.
No crosstalk can be observed between the gas contents of the two gas channels. The system is
made compact by using a computer board and performing software based lock-in detection. The
noise floor obtained corresponds to an absorption fraction of about 6 - 107° for both oxygen and
water vapour. The power of the technique is illustrated by preliminary results from a clinical trial
investigating the human sinuses, performed in collaboration with the Ear, Nose and Throat Clinic,
the Radiology Clinic and the Oncology Clinic at Lund University Hospital.

OCIS: 300.6260, 300.1030, 170.3890, 170.7050.

I. INTRODUCTION

Simultaneous detection of more than one gas has dur-
ing the last years been a hot topic in the tunable semi-
conductor laser spectroscopy field. The rapid progress is
mostly due to the invention of quantum cascade lasers
(QCL’s) operating in the mid infrared region [1]. In this
region, many molecules have strong absorption bands,
such as CO, HyO, NO, and CO3, which might be over-
lapping spectrally. Due to the wavelength tunability of
the QCL’s, it is possible to scan over multiple absorp-
tion lines of different species and thus detect more than
one gas simultaneously [2, 3]. However, in tissue optics
the absorption of fluorophores strongly limits the pene-
tration depth in the mid infrared region. In the tissue
optics field, it is common to talk about a tissue optical
window, ranging from 600 nm to 1.3 pum, where tissue
can be considered as transparent due to relatively weak
absorption of major species making light penetration pos-
sible. The lower limit is due to absorption of hemoglobin
and the upper limit due to absorption of water [4, 5].
In this optical window, the absorption lines of gases are
weaker and fewer. This makes it difficult to achieve in-
formation about more than one gas by the use of one
laser source. A fruitful approach to improve on this is
to use sum- and difference-frequency generation. An ex-
ample of the former type is given in Ref. 6, where water
vapour, nitrogen dioxide and sulphur dioxide could be
measured using two diode lasers. The latter type is illus-
trated in Ref. 7, where molecular oxygen, water vapour,
and methane could be studied. However, the drawback
of these techniques is the low light intensity of the gen-
erated frequency (normally a factor of about 1000 lower
than the intensity of the light sources).

In the present paper, we report on a newly devel-
oped transportable system for diode laser spectroscopy

in biological and medical contexts. The system uses two
pigtailed diode lasers to simultaneously detect molecu-
lar oxygen at 760 nm and water vapour at 935 nm. It
employs a computer board and software based lock-in
detection. The light beams from the two lasers are fibre-
coupled together before entering the sample. Different
modulation frequencies of the lasers are used to distin-
guish between the two wavelengths. The system is not
limited to these absorption lines. Any gas could be de-
tected with the presented technique with the assumption
that lasers operating at the corresponding wavelengths of
the absorption lines of the gases are available. The pur-
pose of this paper is to describe the equipment arrange-
ment and its eventually applicability for clinical use. Ex-
amples from detection of the two gases in the human
sinuses will be provided. The results of an ongoing clin-
ical trial on human sinus cavities will be presented in
forthcoming publications [8, 9].

II. EXPERIMENTAL SETUP

A schematic drawing of the setup is shown in Fig. 1.
Two pigtailed DFB lasers (Nanoplus, Germany) are
scanned across the molecular oxygen absorption line
R11Q12 at 760.445 nm (vacuum wavelength) and the wa-
ter vapour absorption line at 935.685 nm (vacuum wave-
length, vibration: (000)— (121), rotation: J’=3— J'=4,
K,”=0— K,'=0, K.”=3— K.'=4), respectively. A Lab-
VIEW program creates the input signals, consisting of a
ramp with a superimposed sinus wave, to the laser drivers
through controlling a computer board (NI-6120, National
Instruments). The two ramps have the same frequencies
(4 Hz) while the amplitude of the ramps differ due to
various responses of the wavelength of the lasers with re-
gard to the driver current. The superimposed sinus waves
on the ramps make lock-in detection possible. The laser
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FIG. 1: Schematic drawing of the experimental arrangement
for simultaneous detection of molecular oxygen (760 nm) and
water vapour (935 nm) using tunable diode laser gas absorp-
tion spectroscopy. The sample can either be an absorbing
sample, such as an air distance, or an absorbing and scatter-
ing sample, such as human tissue.

used to detect oxygen is modulated by a frequency of
20.216 kHz and the laser used to detect water vapour by
a frequency of 9.016 kHz.

The light beams from the lasers are each split into
two arms, sample (90%) and reference (10%), by the use
of single-mode fibre-coupled beam splitters (Laser2000,
Sweden). The light from the two reference arms and
the two sample arms are brought together by two fibre-
coupled beam splitters (50/50%). The fibre carrying
the low-intensity light is directly guided to a photodi-
ode (Hamamatsu S3590-01) providing the reference sig-
nal. The light from the sample arm is guided to the
sample before being detected by a photodiode (Hama-
matsu S3204-08). The sample in this study is either
an air path or a scattering medium containing absorb-
ing gas. The intensities reaching the sample are about
1 mW for both laser wavelengths. The signals from the
detectors are amplified with two transimpedance ampli-
fiers (Femto DHPCA-100 and DHPCA-200) before be-
ing synchronously recorded by two input channels on the
computer board.

IIT. DATA ANALYSIS

The recorded signals are software-based lock-in de-
tected using a LabVIEW program (Lock-in toolkit for
LabVIEW). One of the advantage of this approach is no
limitation on which harmonic to study. All are available
to process from the detected signals. A more detailed
discussion of advantage using software-based lock-in de-
tection is provided in Ref. 10. The reference sinus waves
needed to perform lock-in detection are internally created
in LabVIEW. The 1f and 2f harmonics are computed for
both the sample and the reference detector at the two fre-
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FIG. 2: Typical recorded oxygen and water vapour signals
after background subtraction for measurements over an air
distance of about 20 mm. Insets can be seen in the 1f signal
plots enhancing the intensity region of interest for signals due
to gas imprint. The relative frequency range for both gases
corresponds to 35 GHz.

quencies, corresponding to the two gases. The 2f signals
of the two gases are normalised by dividing them with the
offset of the corresponding 1f signal. Before analysing the
normalised 2f sample signal, balanced detection is per-
formed. This is done to suppress noise and perturbations,
like optical interference fringes. This procedure has been
described in detail elsewhere [11]. Briefly, a set of para-
meters is estimated by comparing the 2f reference signal
and the 2f sample signal for each gas at frequency regions
outside the expected gas imprint. A matched version of
the reference signal is then subtracted from the sample
signal over the whole frequency scan. An ideal signal is
then fitted to the balanced-detection signal which is ob-
tained from measurements over a long air path resulting
in a recorded signal with a gas imprint much larger than
the noise.

The gas content is obtained for each gas by estimating
the peak of the balanced-detection signal with respect
to the base line. From this value, a quantity called the
equivalent mean path length, L., is estimated by the
use of the standard addition method [11], which was per-
formed in an atmosphere of about 30% relative humidity
and a temperature of about 27°C. The L., corresponds
to how far the light has to travel in ambient air to obtain
the same value.

It should be noted that when investigating scattering
samples the estimated L., for each gas does not only
depend on the gas concentration but also on the opti-
cal properties of the sample. A quantity independent of
the latter and thereby directly proportional to the gas
concentration can be estimated by forming the ratio be-
tween the two recorded L., for the different gases under
the condition that similar optical properties for the two
wavelengths can be assumed.
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FIG. 3: Recorded laser relative intensity noise (RIN) to investigate possible crosstalk between the two modulation frequencies
used to detect two gases simultaneously. The fibre and the sample detector have been separated with an air distance of about
25 mm. a) Both lasers on. b) Only laser for oxygen detection on. ¢) Only laser for water vapour detection on. d) No laser on.

IV. RESULTS AND DISCUSSION
A. Technique performance investigation

Typical recorded 1f and 2f signals from measurements
over an air distance of about 20 mm between the fibre
tip and the sample detector are shown in Fig. 2. The
signals have been averaged for about 25 s. The balanced-
detection signals are also included together with fitted
ideal signals. These signals correspond to an absorption
fraction of about 5-10~* and 9 - 10~* for oxygen and
water vapour, respectively.

To investigate possible crosstalk between the two gas
channels, the fibre and the detector were separated by an
air distance of about 25 mm. A fast Fourier transform
(FFT) was performed on the detected signals; see Fig. 3.
Signals were recorded with both lasers on, one laser on at
a time, and with no laser on. To the right in the figure,
frequency regions of interest for crosstalk investigation
are presented. As can be seen, no detectable crosstalk
was observed. To further study this issue, ten measure-
ments were recorded for each case. Signals were aver-
aged for about 25 s. In Fig. 4 typical obtained balanced-
detection signals can be seen and the averages of the mea-
sured L, for each gas channel together with standard
deviations are shown in Table I. This test also verifies
that no crosstalk occurs between the two gas channels.

By recording signals with no added air distance be-
tween the fibre tip of the sample arm and the detector,
the detection limit of the setup could be estimated. The
detected noise floor corresponded to an absorption frac-
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FIG. 4: Investigation of possible crosstalk between the two
modulation frequencies used to detect two gases simultane-
ously. The balanced-detection signals are recorded from mea-
surements over an air distance of about 25 mm. The relative
frequency range for both gases corresponds to 35 GHz.

| Leg[mm] Oz | Leg[mm] HyO

Both Lasers On| 23.5+1.5 24+1
O2: Laser On 244+1.5 -
H>0: Laser On - 26+1

TABLE I: The average L., from ten recordings over an air
distance of about 25 mm to investigate possible crosstalk be-
tween the two modulation frequencies used to study two gases
simultaneously. Examples of detected signals used are pro-
vided in Fig. 4.
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FIG. 5: a) A computed tomography (CT) image of human
frontal sinuses of a patient participating in the clinical trial;
transversal section. b) Corresponding recorded balanced-
detection signals from the left frontal sinus of the patient
with CT image shown in Fig. 5a using detection geometry OF
(see text). The oxygen signal corresponds to Leq = 22 mm
and the water vapour signal to Leq = 123 mm. c¢) Recorded
balanced-detection control signal through the cheek. The rel-
ative frequency range for both gases corresponds to 35 GHz.

tion of about 6 - 10~ for both oxygen and water vapour
when detected photons were not a limitation. This corre-
sponds to an L, of about 2.5 mm for oxygen and about
1.5 mm for water vapour with calibration atmosphere. It
was observed that the remaining pattern had a periodic
structure for both cases. Hence, the conclusion that op-
tical interference fringes set the limitation of detectable
signals can be drawn.

B. Initial clinical test

As part of an initiated clinical trial, we present data
from test measurements on human frontal and maxil-
lary sinuses performed at the Lund University Hospital
in collaboration with the Ear, Nose and Throat Clinic,
the Radiology Clinic and the Oncology Clinic. The cav-
ities, located within the human skull, are surrounded by
strongly scattering tissue and gas signal recordings for
such cavities have previously been demonstrated with
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laboratory equipment [12, 13]. For a healthy patient
the sinuses should be air-filled, while in conditions like
sinusitis (inflammation/infection of the sinuses), the mu-
cosa is swollen and they may be filled with pus and lig-
uid. The cause of sinusitis can, in many cases, be due
to passage blockage between the nasal cavity and the
sinuses preventing proper ventilation. The rationale be-
hind the clinical trial is to investigate the possibility of
using noninvasive diode laser based absorption measure-
ments of the sinuses for characterisation regarding gas
composition. The gas measurements are performed di-
rectly after the patients have undergone a computed to-
mography (CT) investigation of the skull, which today
is one of the most reliable diagnostic method of sinusitis.
Unfortunately, this method is expensive and uses ionising
radiation. Therefore, complementary and/or alternative
techniques are desirable.

1. Frontal Sinus investigation

To investigate the human frontal sinuses, a detection
geometry referred to as Orbital edge - Frontal bone geom-
etry (OF) has been utilised. This means that the sample
fibre is placed on the frontal bone below the eyebrow (the
roof of the orbita) pointing up toward the frontal bone
with the sinus cavity. The diffusely scattered light emerg-
ing out through the frontal bone, with a fraction crossing
the frontal sinus, is detected by placing the detector on
the frontal bone [13].

In Fig. ba a CT image of the frontal sinuses can be
seen of a patient participating in the clinical trial and
in Fig. 5b balanced-detection signals for the left frontal
sinus are shown. The signals correspond to an L., of
22 mm for oxygen and an L., of 123 mm for water vapour,
which agree with expected values reported in Ref. 13. It
was found that the ratio was about 0.18. The reason for
an L., of water vapour being a factor of about six times
larger than that for oxygen is that the calibration for
water vapour was performed in an environment with the
temperature 27°C and a relative humidity of about 30%.
The temperature within the body is approximately 37°C
and the humidity in the sinuses is 100% due to water in
liquid phase in the surrounding tissue. Both these two
factors will result in an increased L., for water vapour.
This is discussed in detail in Ref. 13.

At each occasion of measurements on patients during
the clinical trial, a control recording is performed. The
purpose of this control is to study any current offset of gas
signals in the setup. During these measurements the fi-
bre is placed on the inside of the cheek in the mouth and
the light is detected on the outside of the cheek. This
should result in non-detectable signals since no free oxy-
gen or water vapour are expected in the tissue. In Fig. 5¢
recorded balanced-detection signals from the control per-
formed just before the frontal sinus study are shown. As
can be seen no offset of either gas could be detected.
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FIG. 6: a) A computed tomography (CT) image of human
maxillary sinuses of a patient participating in the clinical trial;
transversal section. b) Corresponding recorded balanced-
detection signals from the right maxillary sinus of the patient
with CT image shown in Fig. 6a using detection geometry PC
(see text). The oxygen signal corresponds to Leq = 30 mm
and the water vapour signal to Le, = 185 mm. c) Recorded
balanced-detection control signal through the cheek. The rel-
ative frequency range for both gases corresponds to 35 GHz.

2. Magzillary Sinus investigation

For the maxillary sinus studies a detection geometry
referred to as Palate - Cheek bone geometry (PC) has
been used. In this detection geometry the sample fibre
is placed inside the mouth in contact with the palate in
the area directly under the maxillary sinus investigated.
The diffusely scattered light emerging out through the
cheek bone, with a fraction crossing the maxillary sinus,
is detected by placing the detector on the cheek bone [12,
13].

In Fig. 6a a CT image of the maxillary sinuses can be
seen of a patient participating in the clinical trial and in
Fig. 6b balanced-detection signals for the right maxillary
sinus are shown. The signals correspond to an L., of
30 mm for oxygen and an L., of 185 mm for water vapour,
which agree with expected values reported in Refs 12, 13.
The ratio of the gas signals are similar to the one recorded
for the frontal sinus within the margin for error. The
obtained balanced-detection control signals can be seen
in Fig. 6¢. No offset of either gas was obtained.
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FIG. 7: a) Ventilation study between nasal cavity and max-
illary sinus using detection geometry PC (see text). a) Leg
for oxygen (solid dots) measured as a function of time with
N> flushing together with a line drawn for guidance of the eye
(dashed line). b) Leg for water vapour (solid dots) measured
as a function of time with Ny flushing. ¢) Ratio between mea-
sured oxygen signal and water vapour signal (solid dots) as a
function of time with No flushing together with a line drawn
for guidance of the eye (dashed line). d) Recorded balanced-
detection gas signals. The numbers corresponds to the ones
indicated in a and b. The relative frequency range for both
gases corresponds to 35 GHz.

Preliminary studies of the ventilation between the
nasal cavity and the maxillary sinuses have been per-
formed utilising the PC detection geometry. The nasal
cavity on a healthy volunteer was flushed with pure ni-
trogen through the nostril for about 25 s, while continu-
ously measuring the gas composition within the sinuses.
Signals were recorded before, during and after termina-
tion of the flush. Each recorded signal was averaged for
about 12 s. In Fig. 7a and b the measured L., for oxygen
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and water vapour, respectively, for one of the maxillary
sinuses of the volunteer can be seen. In Fig. 7c the ra-
tio is shown and in Fig. 7d recorded oxygen and water
vapour balanced-detection signals corresponding to indi-
cated numbers in Fig. 7a and b are provided. This result
agrees with previously presented in Ref. 13. A decrease
of oxygen is recorded during the flush and the reinvasion
of oxygen is observed after its termination. However, for
the water vapour signal, no noticeable change can be ob-
served. This is not either expected since 100% humidity
in the sinuses remains during the flush. For the recorded
L4 for oxygen during the time period no considerations
have to be given with regards to the optical properties
of the surrounding tissue since they remain unaffected.
However, the water vapour signal is still needed to elim-
inate possible changes of recorded oxygen signal due to
movements of fibre and detector, and thereby different
sampling volumes, during the measurements. Thus, the
estimated ratio, shown in Fig. 7c, can be considered as
a more reliable picture of how the oxygen concentration
within the sinus changes than L., for oxygen itself. The
observations shown in Fig. 7 are typical for patients with
good ventilation.

V. CONCLUSION

We show the feasibility to detect two gases simulta-
neously, within the tissue optical window, by applying
wavelength modulation spectroscopy. The technique is
demonstrated on scattering and non-scattering absorb-
ing samples. Two different modulation frequencies are
used for two light sources to distinguish two gases. No
detectable crosstalk is obtained between the two gas
channels. Lock-in detection is performed by using a
lock-in toolkit provided by National Instrument. Pig-

tailed lasers and fibre optics are used to guide the light
from the lasers to the sample providing easy illumination
of inaccessible locations. The system is made compact
by utilising a computer board to provide modulation
signals imposed on the laser driver current and to collect
the signals after interaction with the sample. The entire
system is placed on a trolley (95 x 45 x 75 cm) making
it possible to perform measurements outside the labora-
tory. Preliminary clinical results from gas measurements
within the human frontal and maxillary sinuses recorded
at the Lund University Hospital are provided. In the
initial clinical measurements substantial signal interfer-
ence from different types of imaging equipment typical
for a Radiological Clinic was occasionally experienced.
It should be noted that such an environment would not
pertain to locations of intended future clinical use. A
full analysis of the clinical data for all patient included in
the study will be presented for the frontal and maxillary
sinuses as well as for the mastoid bones in forthcoming
publications [8, 9].
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Abstract

Gas exchange in fruits, in particular oxygen transport in apples, was studied non-intrusively
using wavelength modulation diode laser absorption spectroscopy at about 761 nm, applied to
the strongly scattering intact fruit structure. The applicability of the technique was
demonstrated by studies of the influence of the skin to regulate the internal oxygen balance
and of cling film in modifying it by observing the response of the signal from the internal
oxygen gas to a transient change in the ambient gas concentration.

Applications within controlled atmosphere fruit storage and modified atmosphere
packaging are discussed. The results suggest that the technique could be applied to studies
of a large number of problems concerning gas exchange in foods and in food packaging.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Diode laser spectroscopy; TDLS; Food packaging; Gas exchange; Fruit; Oxygen

1. Introduction

Molecular oxygen is a biologically active molecule, and its concentration in fruits
is of crucial importance for the ripening process and the quality of the fruits. In
particular, the oxygen availability affects the metabolic process of respiration, which
releases energy necessary to maintain the life processes by breaking down the organic
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compounds of the fruit. Thus, a decreased respiration rate causes a prolonged
lifetime. The rate of the normal aerobic respiration process in which oxygen is
consumed and carbon dioxide is produced, decreases with decreasing oxygen
concentration and increasing carbon dioxide concentration. However, an oxygen
concentration below a certain critical level initiates an anaerobic metabolic pathway
for the respiration. This process, known as fermentation, produces off-flavours and
causes a loss of quality and a rapid decay of the fruit. Also, a too high carbon
dioxide concentration can cause damage to the fruit tissue [1,2]. Thus, there is great
interest in optimising gas concentrations during the postharvest time of fruits.

Methods developed to prolong the postharvest lifetime and inhibit physiological
deterioration in fruits include controlled atmosphere (CA) storage and modified
atmosphere packaging (MAP). The optimum partial pressures of oxygen and carbon
dioxide in CA storage and MAP depend on the metabolic behaviours, especially the
physiological tolerance to oxygen and carbon dioxide of the particular fruit [3]. In
MAP, films with suitable permeability to oxygen and carbon dioxide are used to
optimise the concentrations of the gases which the fruits are exposed to. An ideal
type of package would be the one resulting in an oxygen concentration low enough
to slow down respiration and maturation but higher than the critical concentration
for initiation of anaerobic respiration [2,4]. The respiration rate is also highly
dependent on the temperature [5,6]. The oxygen uptake increases with temperature
while the permeability of the polymeric film frequently used in MAP does not
increase to the same extent. Thus, it is very important to design the MAP according
to the highest oxygen uptake that will occur due to temperature changes during
shipping and handling [7]. To be able to design an optimal package, there is a need
for methods to measure and model the internal gas concentrations and the gas
exchange in fruits and package systems.

Techniques for assessing the gas content in the air around horticultural produces
are readily available, although the implementation might be complicated. A common
technique is to use a flush-through system in which the gas exchange can be
estimated from the concentration difference between the inlet and outlet gas flow. In
order not to make systematic errors, the flow has to be relatively high [8,9]. However,
this requires sensitive detection techniques to be able to monitor the small
concentration differences, which is often accomplished by a gas chromatographic
system combined with unselective detectors, or more selective spectroscopic devices
like laser-based photoacoustic trace gas detectors [10]. When it comes to
measurements of the internal gas contents and its dynamics, intrusive electrode-
based probes or extraction of gas from the fruit interior by syringes are normally
used [10-12]. These methods destroy the tissue, which might 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 optimisation of CA storage and MAP of
fruits. The aim of the present work is to introduce a new non-destructive in-situ
technique to study gas inside fruits, based on diode laser absorption spectroscopy on
highly scattering media, rather than to reveal new knowledge about fruit physiology
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in itself. In the present study, we focus on oxygen content and gas exchange
measurements in fruits, although other gases such as carbon dioxide and water can
be considered. We show the possibility of studying gas exchange in apples through
their natural skins. The technique also makes it possible to determine the effect on
the gas exchange due to the protective action of cling film, and to study the
permeability of different films used in MAP. Although the present study is focused
on measurements on fruits, in particular apples, the methodology is general and can
be applied to a large number of problems concerning gas exchange in foods and in
food packaging.

2. Experimental technique
2.1. Gas absorption measurements

Gas concentrations can in principle be determined by measuring the gas
attenuation of narrow-band light, over a certain distance and employing the well-
known Beer—Lambertian law. The level of light unaffected by the gas can readily be
assessed by also measuring the intensity at wavelengths close to, but outside the
absorption profile.

This simple procedure requires a negligible variation of the absorption properties
between the different wavelengths, inside and outside the absorption line profile,
caused by other constituents than the gas of interest. This is often true in standard
gas measurements in the atmosphere [13], but also in porous materials. A
methodology based on the fact that absorption features of free gas are about
10000 times narrower than the spectral features of liquids and solids was recently
proposed and demonstrated. The method is referred to as gas in scattering media
absorption spectroscopy (GASMAS) [14]. The technique utilises narrow-band
tunable lasers, which makes it possible to scan the probing wavelength through the
whole pressure broadened absorption profile of the gas. In particular, the wavelength
tuning of compact, low-cost diode lasers can easily be achieved by changing the
driving current or the temperature of such lasers.

In a porous material the light is scattered, which results in optical path lengths
much longer than the distance of a straight line between the point of light injection
and the point of light detection in the material. As an example, light travels several
metres inside a few centimetre thick slab of polystyrene foam, which gives rise to
large differential gas absorption signals even if the geometrical dimensions of the
scattering sample are relatively small. Obviously, for absolute gas concentration
measurements in materials where scattering dominates over absorption, the actual
mean path length travelled by the light has to be measured [15]. However, for
assessments of relative gas diffusion dynamics the actual mean path length is not
required.

Although the optical path lengths can be long in a porous material, the differential
absorption at transition lines of oxygen in the A-band around 760 nm, in a realistic
porous sample, is in the best case just a few per cent. This calls for procedures to
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increase the detection sensitivity in the presence of noise. A common approach to
increase the signal-to-noise ratio is to appropriately modulate the probing light at a
specific frequency and to extract the corresponding frequency component, or a
harmonic of it, in the detected signal by the use of lock-in techniques. In the present
study, wavelength modulation spectroscopy (WMS) as discussed below was
employed.

2.2. Set-up

A key component in the measurement set-up, see Fig. 1, is the diode laser, Sharp
LT031MDO, with a nominal output power of 7mW, which was used to generate the
probing light. The wavelength of the light was scanned, with a repetition rate of
28 Hz, across the R7R7 oxygen line, with the vacuum wavelength 761.003 nm.
Additionally, sinusoidal modulation of 55kHz was superimposed on the diode laser
injection current to achieve a modulation of the light that could be used to perform
sensitive WMS detection. A Tefzel covered optical fibre with a core diameter of
600 um was used to guide the light to the sample under study. Before entering the
sample, the light was collimated by a collimating lens package, Thorlabs F230SM A-B.

After passage through the sample a photomultiplier tube, Hamamatsu 5070A,
masked by a circular aperture with a diameter of 6 mm, detected the light. Ambient
light was suppressed by the combination of the sensitivity fall-off towards longer
wavelengths for the photomultiplier tube, and a coloured glass filter, RG715, that
blocked shorter wavelengths. Additionally, the sample was surrounded by a black
box to suppress the ambient light even further. The signal from the photomultiplier
tube was split into two parts. One part, referred to as the direct signal, was sent
directly to a digital oscilloscope, Tektronix TDS 520B. The other part was filtered by
a home-made high-pass filter and phase-sensitive detection at twice the modulation
frequency, i.e. 110kHz, was achieved by the use of a lock-in amplifier, Signal

Nitrogen flushed chamber

Diode 7
\ Fibre
/ Collimator
b Q
T |
| Filter
. Oscilloscope
Laser driver Computer PMT

=

28 Hz 55 kHz Ref. Lock-in
yd'd '\IWWWW\ amplifier
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Fig. 1. Schematic layout of the GASMAS set-up used for molecular oxygen detection.
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Recovery 7280 DSP. This lock-in signal, referred to as the 2f signal, was sent to the
other channel of the oscilloscope, which was computer controlled through GPIB
communication by a LabVIEW program.

2.3. Evaluation

The oxygen gas content was evaluated from the recorded wavelength scans by
calculating the peak-to-peak value of the absorption signature in the 2f signal, as
illustrated in Fig. 2 (left). The amplitude of the 2f 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. it depends on the absolute size of the absorption dip. Thus,
the peak-to-peak value of the 2f signal was normalised to the amount of light
reaching the detector by dividing it with the interpolated direct signal, Sp;,, at the
absorption line centre; see Fig. 2 (left). This normalised GASMAS measurement
signal, GMS, is thus a measure of the absorption due to the gas of interest. As long
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Fig. 2. (Left) Direct absorption and second-harmonic component of the absorption for the R7R7 line in
the oxygen A-band measured along an approximately 10m long path in air. (Right) Standard addition
plot for molecular oxygen obtained with the GASMAS set-up showing the extrapolated equivalent mean
path length for a 20 mm thick slab of Jonagold apple.
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as the absorption is small, the GMS is proportional to the absorbance and thus to
the product of the gas concentration and the path length travelled by the light.
One simple procedure to calibrate the arbitrary GMS and transform it into a more
meaningful quantity is by using the method of standard addition, in which known
amounts of the quantity of interest is added to the unknown quantity, which then
can be determined. In the case of oxygen measurements, the light was sent through
additional known path lengths of ambient air before entering the sample under
investigation. The acquired GMS values were plotted as a function of the added
distance of air as can be seen in Fig. 2 (right), where a standard addition
measurement on a 20 mm thick slab of Jonagold apple is presented. The data points
fall on a straight line as previously discussed and by determining the intercept of this
fitted line with the added-distance axis, the equivalent distance in ambient air giving
rise to a signal with the same magnitude as the unknown signal from the sample can
be determined. In the case presented in Fig. 2 (right), the equivalent mean path
length, L, of molecular oxygen was found to be 22 mm. Since only a small fraction
of the apple volume is gas, this means that the light has travelled a substantially
longer distance through the apple than the geometrical dimensions of the apple.

3. Measurements and results
3.1. Introductory studies

In order to illustrate the general dynamics of gas in fruit samples a study of the
equivalent mean path length, L, of oxygen for fruit slabs of different thickness was
performed. Five varieties of apples, Jonagold, Granny Smith, Red Delicious, Golden
Delicious, and Royal Gala, bought in a local supermarket, were studied. The
different apples were sliced in slabs with well-defined thicknesses (+1mm) and the
equivalent mean path length was immediately measured, in order not to be affected
by oxidation processes. Several different positions on each apple slab were sampled,
since local variations in the slabs could be anticipated. Each measurement is an
average of 500 single wavelength scans and ten such measurements were performed
at each position in order to evaluate the influence of noise. The standard deviation of
the ten measurements at each position was found to be at most 0.12 mm, and was not
proportional to the equivalent mean path length measured, which is in accordance
with the fact that optical fringes are limiting the sensitivity. The thicker the apple
slab is cut, the more inhomogeneous the sampled tissue volume will be, which could
be one reason for the, with increasing thickness, increasing standard deviation of the
equivalent mean path length averages for the three different positions. The largest
standard deviation was found to be 1 mm, which occurred for the Jonagold 18 mm
slab. All these measurements made on the slabs were averaged into one value for
each slab as can be seen in Fig. 3. It was observed that the equivalent mean path
length for the apples studied follows a quadratic dependence on slab thickness in
agreement with theoretical expectations for a medium where scattering dominates
over absorption and the light transport can be treated as diffusing photons [15].
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Fig. 3. Equivalent mean path length of oxygen, L.y, for slabs of different apple varieties with various
thickness. Ten measurements, each consisting of 500 single wavelength scans, were performed at three
different places on the slab. Each data point is an average of these measurements. The WMS signal from
the 16 mm thick Granny Smith slab is shown in the inset.

Since slabs of the same thickness of these different varieties of apples were found to
have basically the same L4, all data points were fitted to a common quadratic
function, with a root mean square error of 1.5mm, see Fig. 3.

3.2. Gas transport studies

To elucidate the feasibility to study gas content inside an intact fruit and to follow
diffusion processes in real-time, the influence of the skin on the oxygen content inside
a Granny Smith apple was measured in ambient air. Furthermore, measurements
were also made on an aubergine to illustrate the possibility of using the technique on
produces with substantially lower light transmission.

The equivalent mean path length was measured as a function of time for
differently treated apples; see Fig. 4. One untreated apple, with a thickness of 70 mm,
was first measured. After that, the apple was immersed in nitrogen gas for about
24 h, by placing it in a plastic bag flushed with nitrogen gas before being sealed. Then
it was brought out into ambient air and the re-invasion of oxygen containing
ambient air was measured. The same apple was then pealed, immersed in nitrogen
gas for 12 h before the measurement procedure was repeated. Finally, a new apple,
with a thickness of 74mm, was exposed to an atmosphere with a higher
concentration of oxygen than in ambient air for about 12 h, before it was brought
out into ambient air and the measurement procedure was again repeated. The data
points that are shown in Fig. 4 are averages from 15000 wavelength scans,
corresponding to a sampling time of approximately 15 min.
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Fig. 4. Measurements of the gas exchange through differently treated Granny Smith apples in ambient air;
untreated intact apple (+), intact apple pre-treated by immersion in nitrogen gas for 24 h (V), pealed apple
immersed in nitrogen gas for 12h (O) and another apple pre-exposed to an atmosphere with higher
concentration of oxygen than in ambient air for 12 h (). Exponential functions fitted to the data together
with the estimated time constants are also included.

As was already observed in our first paper [14], the time evolution of the oxygen
equivalent mean path length was found to follow a simple exponential curve, which
is also expected with the experimental procedures utilized [16]. The time constant—
the time the signal takes to change its separation from equilibrium by a factor of 1/e
of its value at the starting time—was estimated by a fitting procedure.

As can be seen in Fig. 4, the time constant for the re-invasion of oxygen into the
nitrogen-exposed apple with skin is around 100 min. It can also be seen that it takes
the apple approximately 5h to reach the same steady-state oxygen concentration as
before the treatment. The figure also shows that in the pealed apple, the
concentration equilibrium of oxygen becomes about two times higher than it was
before the apple was pealed, and that the gas exchange goes about three times faster
than in the presence of the intact skin, which is in accordance with the assumption
that the major site of resistance to gas diffusion in fruits is most likely the skin [7].
The time constant for the oxygen-exposed apple was estimated to 150 min, which is
slightly different from the time constant estimated for the nitrogen-exposed apple.
However, any detailed conclusions about the physiological process should not be
drawn from this difference since different apples were used.

These two measurements of re-invasion of ambient air after exposure to oxygen
and nitrogen, respectively, were also performed on an aubergine, 57 mm thick, where
both the time constants were estimated to approximately 30 min; see Fig. 5. In the
figure it can also be seen that the equilibrium value for oxygen is about five times
larger in the aubergine than in the Granny Smith apple. It is well known that this
type of fruit contains considerable amounts of gas. However, it should be kept in
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Fig. 5. The rate of gas exchange through an aubergine in ambient air after a previous immersion in
nitrogen gas for 24 h (V). The same aubergine was after the first measurement exposed to an atmosphere
with higher concentration of oxygen than in ambient air for 12h before being measured again (+).
Exponential functions fitted to the data together with the estimated time constants are also included.

mind that the oxygen equivalent mean path length is sensitive to the gas
concentration as well as the scattering properties of the fruit.

3.3. Packaging measurements

In MAP different kinds of polymeric films are used with various permeabilities for
oxygen and carbon dioxide to delay ripening of the fruit [7,17]. To illustrate the
possibility of studying the protective action of cling film with the method presented,
the rate of gas exchange in freshly cut fruit was studied. In Fig. 6 diffusion curves for
slabs with similar thickness, around 15mm, of Royal Gala apple are shown. The
fruit was cut in slabs and immersed in nitrogen gas, as described above, for 24 h.
Before they were released into ambient air and measured, one slab was wrapped in
cling film inside the nitrogen environment while the other was not. The data that are
shown in the figure are averages of 2500 wavelength scans, corresponding to a
sampling time of approximately 3 min. An exponentially decaying function was fitted
to the data and the time constant was found to be in the order of a few minutes for
the unprotected slab, whereas the slab that was sealed with cling film had an
approximately seven times longer time constant. An even more successful sealing was
observed with a time constant around 8§ h.

An experiment to show the possibility of studying the impact of packaging on the
respiration rate was also done. A Granny Smith apple was placed in a sealed plastic
bag with limited access to oxygen. In Fig. 7 the diffusion curve is shown, and again
each data point is an average based on 15000 wavelength scans. The time constant
for this particular gas exchange was estimated to be around 300 min. However, the
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T=71min
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Time (min)

Fig. 6. The rate of gas exchange in freshly cut slices, 15 mm thickness, of Royal Gala apple in ambient air
after a pre-immersion of the slices in nitrogen gas for 24 h are shown. One of the two slabs was wrapped in
cling film before it was released into ambient air and measured (+) while the other one was not (V).
Exponential functions fitted to the data together with the estimated time constants are also included.
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Fig. 7. The figure shows how an apple consumes oxygen in an enclosed atmosphere. A Granny Smith
apple was placed in a sealed plastic bag with limited access to oxygen and measurements were performed.
An exponential function fitted to the data together with the estimated time constant are also included.

time constant is strongly dependent on the amount of air in the bag when it was
sealed, the respiration rate of the apple and the permeability of the plastic bag. The
outcome of this experiment is not the time constant in itself, but rather the
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illustration of the suitability of the technique to study the time evolution of gas
concentrations on their path to equilibrium inside modified atmosphere packaged
fruits. This is interesting in assessments of the influence of different polymeric films
on the produce inside modified atmosphere packages.

4. Discussion

Non-intrusive measurements of oxygen gas inside intact and sliced apple fruits
were demonstrated using the newly introduced GASMAS technique. In contrast to
other techniques the gas is measured non-intrusively inside the tissue rather than as
gas extracted from the fruits. Gas exchange through the intact skin and through
packaging films was demonstrated by observing the response of the oxygen
equivalent mean path length to a transient change in the ambient gas concentration.
The measurements suggest that the new technique might be developed into a
valuable tool for gas studies in plant physiology, CA fruit storage and in MAP
processes. Finally, this technique affords the prospect of real-time monitoring of gas
exchange for a broad extension range of food storage and packaging.
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Abstract

Non-intrusive, in-vivo, real-time measurements of oxygen contents and oxygen
diffusion in fruits using a laser spectroscopic technique are presented, where the
narrow absorption features due to the free gas in pores in the fruits are observed.
The technique is referred to as gas in scattering media absorption spectroscopy
(GASMAS), and is performed using tunable diode lasers. In particular, assessment
of oxygen transport in apples and oranges is demonstrated. To illustrate the
possibility to use the technique for studies of modified atmosphere packaging
processes, measurements on sealed horticultural produces were performed.
Furthermore, preliminary studies of avocados concerning the possibility to non-
intrusively determine the maturity of fruits are presented. This technique has
substantial potential for the development of compact devices providing new types of
information in postharvest fruit management.

INTRODUCTION

Assessment of free gas in porous materials is of considerable interest in several
environmental, biological and medical processes. In the present paper a novel application
of a laser spectroscopic technique to the study of gas exchange in porous agricultural
products, in particular fruits, is discussed. Although any gas with absorption lines in reach
of tunable diode laser sources can be probed by the technique, we here focus on
biologically active molecular oxygen, whose concentration is of crucial importance for
the ripening process and the quality of fruits. An overview of the influence of oxygen and
carbon dioxide partial pressures on selected phenomena affecting fruit and vegetable
quality has been given by, e.g., Beaudry (1999).

A common way to analyse gases in sifu is to use absorption spectroscopy that
employs a sufficiently narrow-band light source in combination with the Beer-Lambertian
law. However, in porous materials the radiation is heavily scattered, which results in an
enhanced average absorption path length compared to the geometrical dimensions of the
sample. One approach to measure non-gaseous constituents in scattering media is to use
time-resolved spectroscopy employing laser-produced white light; for a recent report, see
Abrahamsson et al. (2005). This type of setup was recently used for studies on apples
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(Cauchard et al., 2005). The spectral resolution needed in such systems is relatively low
since solid materials and liquids have broad absorption features with linewidths normally
not sharper than 10 nm, while free gases typically have a linewidth 10000 times sharper
(Sigrist, 1994). Thus, the small and narrow absorption imprint in the emerging, multiply
scattered diffuse light due to the gas can not be detected with such systems. However, by
using single-mode continuous-wave lasers combined with modulation techniques the gas
can be detected sensitively, without disturbance from the broader absorption features of
the bulk material. In particular, diode lasers are highly suitable for sensitive absorption
spectroscopy with high spectral resolution due to their availability in different wavelength
ranges, uncomplicated wavelength tunability, and their relatively low cost compared to
other laser sources. This methodology to study free gas embedded in scattering materials
has been denoted GASMAS (gas in scattering media absorption spectroscopy) (Sjoholm
et al., 2001; Somesfalean et al., 2002).

Measurements of molecular oxygen in wood have been performed in order to
illustrate the influence of the density and anisotropy of the sample on the GASMAS
signal (Alnis et al., 2003). Recently, studies of gas exchange in fruits, in particular apples,
have been reported (Persson et al., 2005). The gas contents in the scattering medium gives
rise to a signal of a certain strength, which is determined by the gas concentration as well
as the average path length travelled by the light in the scattering medium. The latter
quantity can be determined by time-resolved measurements allowing the true
concentration to be determined (Somesfalean et al., 2002). In particular, transport of gas
through the porous medium can be studied. Here, the sample is first exposed to a gas
environmental anomaly; it may be placed for a few hours in a sealed plastic bag first
flushed with pure nitrogen gas. Then, the sample is placed in the GASMAS setup and the
time evolution of the atmospheric oxygen re-invasion is measured spectroscopically. Such
gas transport in apples was first studied by Persson et al. (2005) in transillumination
geometry, and is further investigated in the present paper in a more practical
backscattering geometry. The technique presented may have powerful applications in the
study of fruit physiology, controlled atmosphere (CA) storage and modified atmosphere
packaging (MAP) performance.

EXPERIMENTAL PROCEDURE

Experimental arrangements for GASMAS measurements are shown in Figs 1 and
2a. The optics and electronics used are similar in the two arrangements and have been
described more in detail by Persson et al. (2005). Two measurement geometries have
been used; transillumination (Fig. 1) and backscattering (Fig. 2a). The spectroscopic light
source used was a diode laser, Sharp LT031MDO, with a nominal output power of 7 mW.
The wavelength of the diode laser was scanned by ramping the driving current at a
repetition rate of 4 Hz across the R7R7 molecular oxygen line, which is situated at
761.003 nm (vacuum wavelength). 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)
using a lock-in amplifier. The laser radiation was guided to the sample by a 600 um core
diameter optical fibre.
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Fig. 1. Schematic layout of the GASMAS setup used for molecular oxygen detection in
scattering porous materials such as fruits.

After light transport through the sample, a photomultiplier tube, Hamamatsu
5070A, detected the light. The ambient light was suppressed by a RG715 coloured glass
filter used in combination with the sensitivity fall-off towards longer wavelengths for the
photomultiplier tube. In the transmission geometry (Fig. 1) a circular aperture with a
diameter of 6 mm was used to limit the detection area. The arrangement used in the
backscattering geometry was slightly more complicated as can be seen in Fig. 2a. To
launch the laser light into the scattering medium, a small right-angle prism providing total
internal reflection was positioned in front of the fibre centrally located over the detector.
The backscattered light that had travelled through the medium was collected in an annular
aperture with an inner and an outer aperture diameter of 10 and 21 mm, respectively.

The DC and AC signals from the photomultiplier tube were detected separately.
The DC signal, referred to as the direct signal, was sent to a digital oscilloscope,
Tektronix TDS 520B. A high pass filter isolated the AC part and phase sensitive detection
was performed with a lock-in amplifier. 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 2nd 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 harmonic
order. Thus, the component of the signal oscillating at twice the modulation frequency,
i.e. 18 kHz, was selected as the output from the lock-in amplifier. This lock-in signal,
referred to as the 2f signal, was sent to a second channel of the oscilloscope, which was
computer controlled through GPIB communication by a LabVIEW program. An example
of an oxygen signal recorded in backscattering geometry for the case of a 67-mm Granny
Smith apple is shown in Fig. 2b.
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Fig. 2 (a). Modification of the GASMAS setup for backscattering (single-sided)
measurements. (b). Direct absorption and second-harmonic component of the absorption
for the R7R7 line in the oxygen A-band recorded from an Granny Smith apple in
backscattering geometry.

As indicated in the figure the oxygen gas content can be evaluated from the peak-
to-peak value of the absorption signature in the 2f signal. Clearly, the amplitude of the 2f
signal is determined by the absolute size of the narrow gas absorption feature, i.e., to the
fractional absorption due to the gas, and the amount of light reaching the detector. We are
interested in the normalised GASMAS measurement signal, GMS, which is proportional
to the fractional absorption. Thus, the AC signal (related to the oxygen content and the
amount of light detected) was divided by the DC signal (related to the amount of light
detected) as indicated in Fig. 2b. For small absorptions the GMS is proportional to the
absorbance and thus to the product of the gas concentration and the path length travelled
by the light. The standard addition method, just adding a path length of ambient air to be
traversed by the laser light in addition to the scattering object under study, was adopted to
calibrate a measured GMS and transform it into a more meaningful quantity. The
acquired GMS values were plotted as a function of the added distance of air as discussed,
e.g. by Persson et al (2005). The data points are expected to fall on a straight line, the zero
intercept of which yields the equivalent distance, Loy, in ambient air giving rise to a signal
with the same magnitude as signal from the sample.

RESULTS AND DISCUSSION

Before presenting our new data, recorded mostly using backscattering geometry,
we would like, in Fig. 3, to review some pertinent data obtained in our recent study
(Persson et al., 2005). The recordings were performed in transillumination on Granny
Smith apples using a setup of the type shown in Fig. 1. The gas content inside an intact
fruit and the exchange of the gas was followed in real-time.
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Fig. 3. Measurements of the gas exchange through differently treated Granny Smith
apples in ambient air; untreated intact apple (+), intact apple pre-treated by immersion in
nitrogen gas for 24 hours ([J), pealed apple immersed in nitrogen gas for 12 hours (O) and
another apple pre-exposed to an atmosphere with higher concentration of oxygen than in
ambient air for 12 hours (). Exponential functions fitted to the data together with the
estimated time constants are also included (Persson et al., 2005).

The equivalent mean path length, Le,, was measured as a function of time for
differently treated apples. A "flat" recording for an untreated apple, with a thickness of 70
mm, can be seen in the figure. The apple was then immersed in nitrogen gas for about 24
hours, by placing it in a plastic bag flushed with nitrogen gas before being sealed, as
discussed above. Then it was brought out into ambient air and the re-invasion of oxygen
containing ambient air was measured. The same apple was then pealed, immersed in
nitrogen gas for 12 hours before the measurement procedure was repeated. Finally, a new
apple, with a thickness of 74 mm, was exposed to an atmosphere with a higher
concentration of oxygen than in ambient air for about 12 hours, before it was brought out
into ambient air and the measurement procedure was again repeated. The time evolution
of the oxygen equivalent mean path length was found to approximately follow a simple
exponential curve, which also could be expected with the experimental procedures
utilised (Sjoholm et al., 2005). The time constant for the re-invasion of oxygen into the
nitrogen-exposed apple with skin was found to be around 100 min. It takes approximately
5 hours for the apple to reach the same steady-state oxygen concentration as before the
treatment. It can also be seen that in the pealed apple, the concentration equilibrium of
oxygen becomes twice as high as before the apple was pealed, and that the gas exchange
is three times faster than in an intact apple.

Similar recordings obtained with our new more practical backscattering detection
geometry (Fig. 2a) are shown for a 67-mm thick Granny Smith apple in Fig. 4. The same
apple was also measured in transmission geometry, rendering a slightly slower change in
the gas signal with time, which might be explained by the fact that the probed depth of the
fruit is different in the two geometries (Sjoholm et al., 2005).
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Fig. 4. Measurements of the gas exchange in transillumination and backscattering
geometries in ambient air on a Granny Smith apple after different treatments; pre-treated
by immersion in nitrogen gas for 24 hours in transillumination ([]), pre-treated by
immersion in nitrogen gas for 24 hours in backscattering geometry ([J), and pre-exposed
to an atmosphere with higher concentration of oxygen than in ambient air for 12 hours ().
Exponential functions fitted to the data together with the estimated time constants are also
included.

The same apple was also studied in backscattering geometry after oxygen
exposure. As can be seen in the figure, the gas content equilibrium of oxygen becomes
slightly lower, which might be due to the extreme levels of oxygen the apple has been
exposed to, which might have harmed the apple. However, the reason can also be due to
slightly different probed volumes of the apple.

To illustrate the possibility to use the GASMAS technique for modified
atmosphere packaging issues, two different horticultural produces, apple and mushroom,
with different expected respiration rates, were sealed in plastic bags and the consumption
of oxygen was measured inside the produces in backscattering geometry. The results
given in Fig. 5 show, as expected, that the change in the oxygen signal is faster for the
mushroom than for the apple, which is a result of the faster respiration rate of the former
compared to the latter (Gross et al., 2004).
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Fig. 5. The time evolution of the oxygen signal for two different horticultural produces
with different respiration rates, apple (O) and mushroom (), while sealed in plastic bags,
measured in backscattering geometry.

Finally, we illustrate some preliminary measurements in backscattering geometry
on other types of horticultural produces such as avocado and orange. The GMS values
from three avocados with different maturity are shown in Fig. 6. The hardness of the
avocados was measured with a Stevens LFRA Texture Analyzer equipped with a circular
probe with a diameter of 25 mm. Each avocado was compressed about 2 mm with a probe
speed of 0.2 mm/s while the maximum force was measured. With increasing maturity it is
noticed that the GMS values are reduced, probably related to both lower gas contents and
less scattering. These aspects could be elucidated in time-resolved measurements
(Somesfalean et al., 2002).

10
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2 4
0

220 290 400
Hardness (g)
Fig. 6. The equivalent mean path length, Leq, measured for three avocados with different
maturity, in backscattering geometry. Four measurements were performed on each
avocado and the averages together with error bars corresponding to one standard
deviation are shown.

Gas exchange into an orange, with and without peal, was measured after nitrogen
exposure. In Fig. 7 the diffusion curve for the intact orange is shown, where the time
constant was estimated to approximately 2.5 hours. No change in the GMS values with
time could be observed for the equally treated pealed orange, which could be due to the
low signal obtained compared to the background noise. However, the results indicate the
possibility to study oxygen dynamics in the peal of an orange.
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Fig. 7. Measurements of the gas exchange in backscattering geometry on an orange; intact
orange pre-treated by immersion in nitrogen gas for 24 hours. Exponential function fitted
to the data together with the estimated time constant is also included.

CONCLUSION

As illustrated by the preliminary work reported in the present paper and by
Persson et al. (2005) the GASMAS technique has potential to non-intrusively and in real-
time provide information on the conditions of horticultural produces. In contrast to other
techniques, the gas is measured non-intrusively inside the tissue rather than as gas
extracted from the fruits. Applications regarding basic plant physiology as well as in
controlled atmosphere fruit storage and in modified atmosphere packaging processes can
be foreseen. Also different stages of processing, including fermentation, could be studied.
We presently aim at developing compact and realistic equipment for GASMAS studies
also in the field.
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INTRODUCTION

Characterization of solid pharmaceuticals, ranging from
monitoring of solid-state reactions to understanding tablet
dissolution, is of great interest for pharmaceutical science.' The
quality of the finished product highly depends on knowledge
about the pharmaceutical materials used and the different unit
operations involved in manufacturing of pharmaceuticals.
Thus, availability of appropriate and reliable tools for
measurements of physical and chemical properties of drug
materials in situ during chemical and physical processing is a
key for optimized processing. In early stages of pharmaceutical
development a whole range of techniques for characterization
of the solid state is available, addressing, for example, particle
size and shape, density, porosity, calorimetry, thermo-mechan-
ical properties, specific area, and crystallinity.> However, most
of these techniques are slow and not well suited for fast
laboratory-based or process applications. Process analytical
technology (PAT) is a term describing a holistic approach to
pharmaceutical manufacturing based on in-depth understand-
ing through advanced process sensors and modeling tools.? In
order to succeed with this, new tools are needed, e.g., with
capability to directly measure physico-chemical attributes in
situ of the mechanical process. In this context, tools based on
spectroscopic techniques offer obvious advantages owing to
their speed, compactness, versatility, and ability to perform
noninvasive analysis.

By employing the spectroscopic technique referred to as gas
in scattering media absorption spectroscopy (GASMAS), it is
possible to extract information related to gas dispersed within
highly scattering (turbid) materials.* In our case, the key is
contrast between the sharp (GHz) absorption features of
molecular oxygen located around 760 nm and the broad
absorption features related to tablet bulk material. The
technique is based on high-resolution diode laser absorption
spectroscopy, and its main principle is illustrated in Fig. 1.
Light is injected into a highly scattering sample, often utilizing
optical fibers. The actual path length distribution of transmitted
photons will depend on the scattering properties of the sample.
Due to significant multiple scattering, the average photon path
length greatly exceeds sample dimensions. For example, the
average path length of photons that have traveled through a
pharmaceutical tablet typically exceeds 10 cm.’ During
passages through air-filled pores, photons in resonance with
an absorption line in the A-band of molecular oxygen can be
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absorbed. Oxygen absorption can be distinguished from bulk
absorption due to the extremely narrow absorption features
(GHz) exhibited by free gases. To resolve such narrow
features, high-resolution spectroscopy must be employed.
The resulting absorption signal depends on both the oxygen
content and the scattering properties (photons path lengths) of
the sample. Indirectly, it is thus related to mechanical
properties such as porosity and particle size.

The GASMAS technique has previously been used to study
the gas content in, for example, polystyrene foam, wheat flour,
granulated salt, wood materials, fruit, and human sinuses.*%°
Gas exchange dynamics has been studied by placing samples
of wood and fruit in nitrogen atmospheres and monitoring the
re-invasion of oxygen.”:$

In this paper we show the potential of using GASMAS for
determination of physical and structural parameters of
pharmaceutical solids. We present results from a study of
pharmaceutical tablets made from two different sieve fractions
(particle size distributions) and with different compression
forces. In addition, the prospects of a broader use of this
technique for pharmaceutical analysis are discussed.

EXPERIMENTAL

Instrumentation. A simplified schematic of the setup is
given in Fig. 2. The instrumentation and corresponding data
evaluation has been described in detail elsewhere.'® Briefly, a
temperature stabilized distributed feed-back (DFB) diode laser
(NanoPlus, Germany) is repetitively wavelength tuned over
one of the narrow absorption lines in the oxygen A-band
(R11Q12, 760.445 nm vacuum wavelength). The DFB diode
laser is pigtailed using a single-mode (SM) optical fiber,
yielding an output of about 4 mW. Sensitivity was vastly
increased by employing wavelength modulation spectroscopy
(WMS), in this case implemented by imposing an f =9 kHz
harmonic modulation on the laser diode injection current. A 90/
10% fiber splitter (Laser2000, Sweden) is used create a double-
beam arrangement (reference and sample arm), allowing
balanced detection. This maneuver is important in order to
minimize the influence of optical interference fringes. The
lower intensity optical fiber is immediately directed to a silicon
photodiode (PIN-10DP/SB, UDT Sensors), producing a
reference signal. The other fiber guides light to our sample
(e.g., tablet).

Samples were placed in contact with a long-pass filter
(Schott RG715), which in turn was placed directly on top of a
photomultiplier tube (PMT, 5070A, Hamamatsu) detecting
diffuse transmittance. The long-pass filter in combination with
the PMT sensitivity fall-off effectively suppressed unwanted
ambient light. Signals from the reference and sample detectors
are sent to lock-in amplifiers detecting at the second harmonic
(2f) of the modulation frequency f. The 2f signal is normalized
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Fic. 1. The principle of GASMAS. The key is the contrast between the sharp
absorption features of free gases (e.g., oxygen) and the broad absorption
features related to bulk material. This is illustrated by the change in absorption
spectra along a particular photon path. The gas absorption is typically much
weaker than bulk absorption and is thus exaggerated in the graph.

using direct detector signals. Software-based balanced detec-
tion is employed to remove contributions originating from
optical interference fringes. In addition, vibrators positioned
close to the sample were used to further suppress such effects.

Data Evaluation. Acquired 2f signals are evaluated using
curve fitting of an experimental long-path recording of the
oxygen absorption feature. This recording was performed using
the same setup as for tablet measurements. The oxygen imprint
is measured in terms of mm of equivalent path length through
air, Leq. That is, if L, = 10 mm, the oxygen absorption
exhibited by the turbid sample equals that of a 10 mm path
length through ambient air. The absolute relation between the
2f signal and the equivalent path length is established
experimentally by means of a standard addition calibration.
In this particular case, the standard addition involves adding
known path lengths of air to the sample arm. A detailed
description of these procedures is found in a previous
publication.'©

Pharmaceutical Samples. Measurements were performed
on 22 model tablets with microcrystalline cellulose as the main
constituent, manufactured using a wet granulation process.'!
The influence of particle size distribution was studied by
sieving the granulate, producing two different batches
consisting of 11 tablets each (particle sizes: <150 um and

DFB Diode Laser

modulation f —p —D‘—
&

SM Optical Fibers

10% 90%
Photodiode \® [ ] Sample
\I/ PMT
2f 2f
lock in lock in

Fic. 2. Simplified schematic of the setup. A 90/10% optical fiber splitter is
used to achieve the double-beam arrangement typical of applications requiring
high sensitivity. Lock-in amplifiers detect at the second harmonic of the
modulation frequency f. Software algorithms handle balanced detection and
data evaluation.
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Fic. 3. Data obtained for a 3.38 mm thick tablet from PS > 400 um. The 2f
signal after balanced detection (black) is shown together with a fitted oxygen
absorption signature (grey). The signal corresponds to an Leq of 17.4 mm. The
optical frequency is given relative to the oxygen absorption line (760.445 nm).
The corresponding wavelength range is 760.41-760.48 nm, where the lower
wavelength is to the right.

>400 pm). The tablets were compressed manually into various
thicknesses (3—4 mm). The tablets were round, without score or
engravings, and had a 10 mm diameter.

RESULTS

Examined tablets exhibited oxygen absorption correspond-
ing to 5-50 mm propagation through ambient air. A typical
example of the acquired 2f absorption signature is given in Fig.
3. To illustrate that obtained signals are related to oxygen
absorption, additional nitrogen atmosphere experiments was
performed. Tablets were then stored for several hours in plastic
bags filled with nitrogen. When inserting them into the setup
(while still in their plastic bags), obtained signals exhibited
nothing but the ordinary 3 mm L.q noise floor. When the plastic
bags was opened and ventilated, the expected signal quickly
appeared. This oxygen re-invasion could, however, not be
temporally resolved.

The overall influence of tablet compression and particle size
is shown in Fig. 4. Here, each tablet was measured four times
consecutively, and the average derived L.y is presented. The
acquisition time was 25 s in each of the four measurements,
and the standard deviation in these sets of four repetitions was
on average 0.8 mm (<150 pm) and 1.0 mm (>400 um).
However, these measures of uncertainty do not include

50
+ PS< 150 gm

40 e PS> 400pm

30

Leq [mm]

20

10

O L L 1 L L L
30 32 34 36 38 40

Tablet Thickness [mm]

Fic. 4. Equivalent path length L., versus tablet thickness. Shown values are
averages from four consecutive measurements. All tablets have the same weight
(300 mg) and diameter (10 mm), but intentional variations in applied
compression force yielded variations in tablet thickness.
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systematic errors due to optical interference fringes that remain
after balanced detection. The systematic errors due to such
fringes can be estimated by looking at the amplitude of
interference noise in spectral regions free from oxygen
absorption (consider, for example, the 10-20 GHz range in
Fig. 3). Furthermore, this noise was found to be stable between
the four consecutive measurements. In the current configura-
tion, optical noise remaining after balanced detection limits the
accuracy to about 3 mm L.q. This corresponds to an optical
absorption fraction of 7.5 X 107>,

In the range of examined tablet thicknesses, there is a highly
linear relation between tablet thickness and equivalent path
length. It is also clear that in case of comparable thickness,
tablets manufactured from the smaller granule particles (<150
pm) exhibited the largest oxygen absorption.

DISCUSSION

Our results clearly show that it is possible to detect oxygen
dispersed within pharmaceutical tablets. Hence, a new tool is
available for characterization of pharmaceutical solids. Using
the GASMAS technique, parameters such as porosity and
particle size may be determined in raw materials as well as
finished tablets. This may in turn lead to a better optimization
of pharmaceutical manufacturing processes. Required instru-
mentation involves standard components and is simple and
fairly compact. Further development is expected to improve
data quality.

The porosity of pharmaceutical tablets is normally estimated
by employing mercury intrusion porosimetry.'? This method
has several limitations: it is a destructive technique, it includes
hazardous handling of mercury, and it is not suitable for fast
laboratory-based or on-line analysis. Furthermore, mercury
porosimetry is only sensitive to open pores, while the presented
technique is sensitive to all pores containing oxygen. It would
thus be of interest to compare results from this technique with
results from mercury porosimetry. Moreover, this will also
provide opportunities for accessing functional properties such
as tablet hardness. Preliminary data on such parameters has
been shown before.!3:14

In addition to the results reported here, we propose
monitoring of gas diffusion dynamics. It would be attractive
to study oxygen reinvasion in samples that have been placed in,
for example, a pure nitrogen environment or a vacuum
chamber. Such dynamic experiments have been successfully
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demonstrated in, for example, wood and fruit materials.”® In
addition, we propose GASMAS measurements on tablets in
blister packages, allowing study of gas exchange through
blister materials.

Although the oxygen absorption signal clearly correlates to
relevant physical parameters, a detailed understanding of the
interaction of near-infrared light with the turbid sample
requires further studies. The signal is influenced by both
oxygen concentration and photon path length, both being
unknown quantities and adding to the total response. It would
thus be of great interest to separate these effects in future
research. Such a separation is possible by combining
GASMAS with time- or frequency-domain photon migration
techniques.® These techniques are frequently used in biomed-
ical optics, but have also been applied to pharmaceutical
solids.>!'> More such work is forthcoming.
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Abstract: By the use of wavelength-modulation diode laser spectroscopy,
water vapor and oxygen are detected in scattering media nonintrusively, at
980 nm and 760 nm, respectively. The technique demonstrated is based on
the fact that free gases have extremely sharp absorption structures in com-
parison with the broad features of bulk material. Water vapor and oxygen
measurements have been performed during the drying process of wood.
The results suggest that the demonstrated technique can give information
about the drying process of wood to complement that of commercially
available moisture meters. In particular, the time when all the free water has
evaporated from the wood can be readily identified by a strong falloff in
the water vapor signal accompanied by the reaching of a high-level plateau
in the molecular oxygen signal. Furthermore, the same point is identified
in the differential optical absorption signal for liquid water, with a sharp
increase by an order of magnitude in the ratio of the signal intensities at
980 nm and 760 nm.
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1. Introduction

Drying processes, i.e., the removal of moisture from materials, are of utmost importance in
many industrial contexts and everyday experiences. For instance, wood needs to be dried from
its natural moisture before its use as a fuel or as a construction material [1]. An important issue
is that moisture in building materials induces mold, especially if the ventilation is insufficient,
which is of major concern in the building sector [2]. Grain and cereals need drying for storage
and for further processing in the food industry [3]. Paper processing includes important drying
steps as is the case also in many further industrial processes.

Many natural materials are porous and hydrophilic. The pores can be filled with air or other
gases, but may also be partially or fully filled with water; a frequently undesired situation.
Capillary action is an important passive process when porous materials take up water. Materials
frequently swell (increase in volume) when wet. In nonporous media the process of osmosis is
in action. If the material has some rigid scaffolding structure, such as wood and other building
materials, the swelling is minor. Then the pores originally filled with air instead become water
filled. By increasing the vapor pressure of water by heating in combination with securing an
environment with reduced relative humidity, forced drying can be achieved.

The status of drying materials is often studied by handheld moisture meters that measure
the water content by an indirect method relying on the fact that the electrical properties of the
material is dependent on the water content. However, these instruments are not able to monitor
the whole drying process and are in some cases intrusive. Recent developments in diode-laser-
based spectroscopy pose an interesting alternative approach, which would be to monitor the
water vapor as well as the liquid water by a more direct, noninstrusive spectroscopic approach.

The present paper deals with the study of drying of wood using high-resolution near-IR laser
absorption spectroscopy. A tunable diode laser operating close to 980 nm is used to monitor
gaseous water. Liquid water also exhibits a broad absorption peak in the same wavelength
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region. For reference, atmospheric oxygen gas in the pores is also monitored in its A band
close to 760 nm. This wavelength also provides a convenient off-resonance wavelength in the
liquid-water spectrum for assessment of liquid-water contents.

Absorption spectroscopy is a very common method for measuring concentrations of sub-
stances utilizing the Beer—Lambert law and a suitable calibration procedure (See, e.g., [4]).
However, the application of this method is not straightforward for natural materials such as
wood, since the fact that they are inhomogeneous and porous also means that they are highly
scattering, making the optical pathlength through the sample undefined. This situation is com-
mon in medical optics, where scattering and absorption are intertwined [5], as is also the case
in analytical spectroscopy of pharmaceutical preparations [6]. Different techniques for han-
dling multiple scattering of light have been developed for assessing the concentration of liquid
and solid absorbing constituents. Spatially separated measurements [7] and time-resolved tech-
niques [8] constitute two main approaches for enabling concentration determinations. A recent
example on the determination of tumor sensitizer concentration in vivo is given in Ref. [9].

Such techniques have been extended to free gases present in porous media through the intro-
duction of the Gas in Scattering Media Absorption Spectroscopy (GASMAS) technique [10].
Normally a modest resolution is used in solid-state spectroscopy because of the broad absorb-
ing structures. However, if single-mode diode laser spectroscopy using sensitive modulation
techniques is employed, then structures appear that are typically 10,000 times narrower due
to free gas. So far, the GASMAS technique was applied to the monitoring of free molecular
oxygen in materials as diverse as wood, polystyrene foam, and fruits [10-13]. In particular, gas
transport through the media could be studied by first subjecting the material to a pure nitrogen
atmosphere and then observing the time constant for the reinvasion of normal ambient (oxygen-
containing) air. Concentrations could be determined by combining GASMAS measurements
with time-resolved measurement, revealing the time history of the photons inside the sample
[14]. The GASMAS technique was also very recently applied to the monitoring of human sinus
cavities [15].

The present paper focuses on spectroscopic monitoring of the drying of wood, and the GAS-
MAS technique has in this context been extended to water-vapor monitoring. The structure of
wood and the basics of wood-drying processes are presented in the next section. Conventional
methods for measuring moisture in wood are discussed in Section 3. The experimental arrange-
ments used in the present work are then presented in Section 4. Measurements and results are
described in Section 5. A discussion of the results and conclusions from the study are presented
in the final section.

2. Wood structure and its drying process
2.1. Wood structure

Wood has a complicated architecture, described in detailed, e.g., in Ref. [1]. In a tree the wood
structure supports the treetop, stores nutritious substances, and transfers minerals and water,
which have been absorbed by the root system. Thus, it needs to be strong, hydrophilic, and flex-
ible since a tree grows and lives in a changing environment. Even though there exist hundreds
of different types of wood material, they can be divided into two groups, hardwood (decidu-
ous) and softwood (coniferous); see Fig. 1. Hardwood is the most complicated of the two and
comprise wood such as balsa, white oak, ash, mahogany, etc. The density of hardwood may
vary from about 0.1 to 1.2 g/cm?, depending on type of wood. Hardwood is characterized by
a combination of complicated cell types orientated both vertically, tangentially, and radially.
Softwood, on the other hand, is distinguished by a much simpler combination of cells that runs
mostly vertically in a tree. Typical examples of wood that belong to the softwood group are
spruce, pine, and larch. The weight of softwood may vary from 0.3 to 0.7 g/cm?.
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Fig. 1. Microscopic pictures of hardwood (balsa) and softwood (pine).

From a microscopic point of view wood consists of cellular structures that handle tasks car-
ried out in a tree. Water and minerals are stored and transported vertically via cells, forming
vessels, and horizontally via cell structures called rays. In total, wood cells can be classified
into four different types; parenchyma (storage of nutritients), tracheids (support and conduc-
tion), fibers (support), and vessel cells (conduction).

In hardwood all four cell types are present, but tracheids are uncommon. Instead fibers and
vessels are responsible for support and conduction of water and minerals. Fibers are usually
1-2 mm long and 10-20 um wide, and their only function is support. However, vessel cells are
about the same length as the fibers but up to 0.5 mm wide. Since the ends of the vessels are
situated on top of each other they can make up a long tube. Thus, vessels act as an efficient
water tube since the ends of the vessels are more or less dissolved.

In softwood only two cell types are present, namely parenchyma and tracheids. Tracheids
are the most common cell type (about 90% of the softwood), and its main function is support
and conduction of minerals and water. The size of the cell is about 2—4 mm long and about
30-50 um wide. It is situated vertically in the tree and conducts water and minerals via small
pits located on the cell surface. Parenchyma cells are small, 200 x 30 um? in size, taking care
of the storage of nutritients.

2.2.  Wood drying processes

All types of wood consist of cellulose, hemicellulose, lignin, and extractives. The density of
wood elements is about 1.5 g/cm3, but since wood is based on a cell structure, with size that
differs per type of wood, the density of wood may vary from 0.1 to 1.2 g/cm? if the content of
water is kept low. However, since the wood cell structure is hydrophilic and full of air, wood is
heavily affected by water and moisture.

The moisture content in wood is defined as the ratio between the weight of water in a piece
of wood and the weight of the wood when no water is present. This means that the moisture
content is higher than 100% in a living tree. During this state water is stored in cells and vessels
(free water) but also in cell walls (bound water) that have expanded due to absorbed water.

If a tree is cut into pieces, the moisture content starts to decrease immediately; see Fig. 2.
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At first free water is moved to the wood surface by capillary forces where it is evaporated into
the atmosphere. Due to the evaporation process the surface temperature is decreased, and heat
must be transferred from the environment in order to maintain the drying of the wood.

Heat Heat Heat

.m 0 00

Q00

Fig. 2. Wood-drying process. At first the cells are filled with water, but in the end no free
water exists, and the absorbed water in cell walls is dried out until an equilibrium state with
the surrounding environment is reached.

When all free water has been evaporated the bound water starts to evaporate as well. This
state of the wood is known as the fiber saturation point (FSP) and it corresponds to a moisture
content of about 25-30%, depending of type of wood. Since bound water is situated inside
the cell walls, more energy is needed to evaporate it. Thus, the drying rate decreases and the
wood shrinks. In the end of the drying process, the wood reaches an equilibrium state with its
environment. The moisture content inside wood depends on temperature and humidity level of
the environment. A typical value of the moisture content for dried wood is 12—-15% [16-18].

3. Commercially available moisture meters

Handheld electric moisture meters are commonly used to measure the moisture content in
wood. The measurement technique was developed in the late 1930’s, and today there exists
a number of manufacturers that develop and sell handheld moisture meters for measuring, e.g.,
moisture in wood and concrete. Mainly, two different measurement principles exist: resistance
and dielectric type moisture meters [19-21].

The resistance type of moisture meter measures the electric resistance in wood between two
pins that are connected at the wood surface or inserted into the wood, with typical distances
of centimeters between the pins. If the wood is dry it acts as an isolator, and the resistance is
in the order of 10° MQ. However, since water in wood contains ions, the resistance in wood
decreases down to about 0.5 MQ when the moisture content is close to the saturation point.

In order to measure the moisture content using the resistance principal, one has to know
the type of wood and from what region it comes. It turns out that all species of wood have
different resistance curves even for one type of wood that has grown at two different locations.
Today, resistance curves for many species of wood are stored in the device and controlled by a
Mmicroprocessor.

Although the resistance type of moisture meter is easy to produce and operate, precautions
should be considered. At first this measurement method is intrusive. Secondly, the resistance
curve for wood is affected by temperature. Thus, a temperature sensor is included in some of
the meters. Other disadvantages are the limited measurement range and that the result depends
on whether the pins are inserted in parallel or perpendicular to the wood fibers. The upper
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limit is set by the fact that above the fiber saturation point (about 25-30% moisture content),
the resistance measurement data are not reliable. The lower limit (about 7% moisture content)
depends on the difficulties to measure resistance in the order of 103 MQ and above.

The dielectric type of moisture meter uses a nonintrusive measurement technique that mea-
sures the dielectric constant of the combined wood and water material. Since the dielectric
constant for water is much higher than that of wood (by a factor of 25), the moisture con-
tent may be estimated. Anyway, each type of wood has its specific dielectric constant. Specific
wood calibration data are stored in the device and controlled by a microprocessor. The dielectric
moisture meter is known to have poor performance compared to the resistance type. However,
it is commonly used for relative measurements. The surface electrodes are sensitive to other
materials close to the surface and density fluctuations of the wood. The measurement range
varies from 5% to about 25% moisture content.

4. Setup for diode laser spectroscopy on wood

We will now describe our spectroscopic setup for moisture studies. While measurements using
a light transmission or backscattered geometry can be made with the GASMAS method, the
former one was chosen because of its simplicity in terms of the optical arrangement and also
regarding the signal interpretation. However, a backscattering geometry is attractive in terms
of optical access and is also the only possible one for thick samples. Our setup is based on
two almost identical arrangements that are run simultaneously. One setup is used for oxygen
measurement while the second is used to measure water vapor (moisture) contents in the same
piece of wood. A schematic drawing is shown in Fig. 3. The oxygen measurement setup is
explained in more detail in Refs. [12]. However, in the present setup the photo multiplier tube
(PMT) sensor is replaced by a silicon detector (Photovoltaic PIN-10DP from UDT) with an
active surface of 100 mm?.

The major difference between the oxygen and the water-vapor setup is the wavelength of the
diode lasers used. For the oxygen detection a diode laser (Sharp LT031MDO) with a maximum
output power of 7mW, operating at 2 mW at the sample, is used to scan across the R7R7 oxygen
line at 761.003 nm (vacuum wavelength). The scan range was typically 20 GHz (0.04 nm).
A near-IR Fabry-Pérot diode laser (Specdilas F760) with a maximum output of 200 mW at
980 nm, and efficiently operating at 40 mW at the sample, is used as a spectroscopic light
source to detect the water-vapor line (vibration; (000)— (121), rotation; J’=5— J'=4, K,”’=0—
K, =0, K."=5— K ’=4) at 978.509 nm (vacuum wavelength). The scan range was typically
35 GHz (0.11 nm).

The basis for the measurement is that the wavelength of the laser light is scanned across
the absorption lines by sweeping the operating current of the lasers by the use of a 4 Hz
saw tooth ramp. To achieve wavelength modulation spectroscopy (WMS) with lock-in detec-
tion, the operating current is also modulated by a sinusoidal wave at 9 kHz with a modulation
index of about 1 in both cases. The laser light is focused into a fiber that guides the light to the
sample. The water vapor setup uses the same type of silicon detector as the one used for oxy-
gen. The output from each detector is split into two signal branches. One, directly connected
to an oscilloscope, is referred to as the direct signal, while the second part goes via the lock-in
amplifier before being connected to another channel of the oscilloscope, and is referred to as the
WMS signal. The data are stored and analyzed using a computer. Typical readings for oxygen
and water vapor are shown in the lower part of Fig. 3. The peak-to-peak value of the WMS sig-
nal is measured and normalized by dividing with the direct signal value at the corresponding
wavelength in order to determine the fractional absorption during the drying process.

As discussed for instance in [10], a method called standard addition, well known in analytical
chemistry, is used in order to calibrate a measured normalized WMS signal and transfer it to a
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Fig. 3. Schematic drawing of the spectroscopic setup of similar diode laser spectrometers
for oxygen (left) and water vapor (right). Typical readings of the WMS signals for oxygen
and water vapor in wood are shown in the lower part. The half widths of the signals are of
the order of a few GHz in both cases. The half widths at half maximum (HWHM) of the
absorption lines are, according to HITRAN, 1.61 GHz for oxygen and 2.72 GHz for water
vapor at standard conditions.

more meaningful quantity—a so-called equivalent mean path, L. It is determined by adding
free air path lengths in the collimated laser beam before it enters the test sample. The equivalent
mean path length corresponds to the distance that the light has to travel in ambient air in order
to obtain the same signal as in the sample L, - c4ir = (Lm,,,ple> * Csample> Where ¢y corresponds
to the gas concentration in air, (Lggnpe) to the mean path length in the sample, and ¢ to the
gas concentration in the sample. The calibration procedure is carried out by removing the wood
sample and placing an optical attenuation filter on top of the detector. A collimator lens was
placed at the end of the fiber. The normalized WMS signal was measured for different added air
distances between the collimator lens and the filter. A linear function between the normalized
WMS signal and added air distance is obtained. This function can then be used to estimate the
Ley. The calibrations are done once for each laser, and these calibration curves are used for all
experiments. Precautions were taken when the water-vapor WMS signal was calibrated. The
room temperature and relative humidity were measured by a hygrometer (Testo 608-H1) sensor
and the partial pressure of the water vapor was estimated.

An analog lab scale (Libror EB-280, Shimadzu) is used to measure the weight of the wood
in order to calculate the average moisture content during the drying process. At the end of the
drying process a commercial convection oven was used to dry the wood at 110°C in order to
determine the truly dry weight.
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5. Measurements and results

Uniform balsa wood pieces of 10 cm width, 30 cm length, and 0.8 cm thickness derived from
the same batch were used in the measurements. The figures of balsa wood shown in Fig. 1 are
from the wood samples studied. The wood was kept under water for typically three days and
was studied directly after being exposed to the ambient laboratory air. The drying could be
followed by reading off the analog scales, onto which the piece of wood was attached.

The results of conventional measurements of the moisture contents during the drying pro-
cess are shown in Fig. 4, with the instrument applied in a straightforward manner. The weight
reading from the scale, expressed as moisture content, is plotted together with data from the
resistance and the dielectric moisture meters. It can clearly be seen that the results from the me-
ters poorly describe the real drying process monitored by the scale for moisture content above
the FSP. Obviously there is a need for improved measurement techniques for moisture.

N
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150 = Dielectric
N\

-\ FSP30%

a
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Moisture content [%]
g

0 \4'*:-.-.
0 100 200 300 400 500 600
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Fig. 4. Measured moisture contents during the drying process of the sample. Curves indi-
cate moisture content (blue curve) when measured by logging the weight of the sample,
(red dashed curve) when measured by using a resistance moisture meter (Protimeter Tim-
bermaster), and (black dash-dotted curve) when measured with a dielelectric moisture me-
ter (MC-300W, Exotek). The fiber saturation point (FSP) is indicated in the figure (moisture
content=30%).

The temperature of the wood surface was also monitored with thermocouples. The measure-
ments were performed on a different sample. In this case the sample had been soaked in water
for a longer time than the case when recording the data in Fig. 4. Typical results are shown in
Fig. 5(a), where the blue curve shows a weight loss to a stable value of about 33% of the original
wet weight, the dry material plateau being reached after about 1200 min. The drying process
is, as expected, accompanied by a lowering of the temperature. During the first 600 min the
temperature was stable at 9°C below the ambient value (25°C), which was gradually reached
after 1200 min. Local possible heating, due to laser beams, was found to be very small. This
results in a marginal increase of water vapor pressure.

Since gaseous water (water vapor) is measured in our study it is interesting to consider the
vapor pressure of water as a function of the temperature. The corresponding curve is given in
Fig. 5(b). It shows the partial pressure of the vapor in a closed volume containing liquid water
at the given temperature. We note that the vapor pressure is increasing by a factor 1.8 when
the temperature rises from 16°C to 25°C. We also note that water vapor at ambient temperature
only accounts for a small percentage of the mass in normal air. Frequently ambient air does not
feature the full water vapor pressure corresponding to the ambient temperature. If there is no air
movement and large amounts of distributed liquid water the relative humidity would be 100%,
like in a sealed-off volume. Due to the exchange of dryer air, the effective humidity becomes
less. Readings of 20-40% relative humidity (percentage of the fully saturated value at the given
temperature) are common in indoor environments at wintertime in Sweden.
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Fig. 5. (a) Measured temperature at the surface of the sample and measured weight during
the drying process. (b) Vapor pressure as a function of the temperature [22].

‘We will now present data from our near-IR laser spectroscopic measurements. We performed
simultaneous (molecular) water vapor and molecular oxygen measurements at points separated
by about 10 cm on the piece of wood, assuming the material to be laterally uniform. These
data were recorded simultaneously as the temperature and weight data in Fig. 5(a). A small air
space was left between the sample and the detectors to allow water to homogeneously diffuse
out of the sample. The setup is shown in Fig. 3. Oxygen does not have a liquid phase in the
temperature range studied (it liquifies at 90K). In contrast, water has a liquid phase as well as a
gaseous phase, and the vapor pressure is, as just discussed, temperature dependent.

In understanding the dynamics of wood drying it is useful to first consider the behavior of
the molecular oxygen L., during the drying, which as mentioned before is proportional to the
normalized WMS signal. In Fig. 6(a) the fractional oxygen absorption is plotted in red. The
signal is proportional to the oxygen concentration times the effective distance travelled through
the gas-filled pores, the latter factor being strongly sensitive to the degree of light scattering in
the material. The signal is plotted as an equivalent path length in normal air containing 21%
oxygen, as previously discussed. It should be noted that the effective path length through the
material, useful in a standard Beer—Lambert law view, can be expected to change during the
drying process. One aspect is that while liquid water is an index-matching fluid reducing the
scattering when the pores are water filled, the scattering should increase when the air-filled
inhomogeneities develop during the drying process. We notice that the oxygen signal increases
from a non-zero value (there are air-filled pores even in the very wet wood) by a factor of about
8 to then stay constant at the high value, reached at about 1300 min when all the liquid water is
driven out and all the pores are instead gas filled.

The simultaneously measured gaseous water signal is included in blue in Fig. 6(a). Again,
the curve starts at a non-zero level (corresponding to the presence of gas-filled pores with
saturated water vapor also in the very wet wood). The signal increases to a maximum at about
1200 min, reached slightly before the oxygen signal maximum. At the same time as the oxygen
signal stays constant the water vapor signal gradually falls off to a steady value of about 25%
of the maximum value. This could be interpreted in the following way: Around 1200 min the
pores are almost void of water, as indicated by the dashed line in Fig. 5(a), but there is still
a sufficient amount of water to sustain the full saturated water vapor partial pressure. Shortly
thereafter, this is no longer the case, and the pores with constant volumes and situated in a
material with constant scattering properties gradually lose the saturated vapor pressure and
gradually attain the relative humidity value of the laboratory, which for the measurement case
with an ambient temperature of 25°C was separately measured to 24% with a hygrometer.
This is in good agreement with the measured signal falloff to about 25% of the value with
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Fig. 6. (a) Equivalent mean path length for water vapor and oxygen during the drying
process of balsa. (b) Ratio between detected equivalent mean path length for water vapor
and oxygen. (c) Direct signals for water vapor and oxygen during the drying process of
balsa. (d) Ratio between detected direct signal for water vapor and oxygen.

full saturation. The displacement of about 100 min between the reaching of the maximum for
oxygen and water vapor is compatible with the typical times for air diffusion in balsa wood
measured separately [11].

While the above observations are readily interpreted, the detailed behavior of the water vapor
signal during the drying is due to many different influences. Let us first state that if two per-
manent gases such as nitrogen and oxygen had been studied, the same type of behavior (apart
from small effects of different diffusivity), i.e., a constant ratio between the signals during the
drying phase, would have been expected. This statement has as a prerequisite that the two gases
absorb at close-lying wavelengths so that the scattering properties are similar. In contrast to
this, the ratio between the water vapor signal and the oxygen signal is strongly varying dur-
ing the drying process, as can be seen in Fig. 6(b). The temperature increase in the time span
400-1200 min (see Fig. 5, red curve) leads to an acceleration in the water-vapor signal level
beyond that for oxygen, for which the concentration is marginally reduced (a few percent) by
the temperature increase. This may explain the tendency of increase of the ratio curve toward
the end of the drying period. The high initial value in the ratio curve may be related to the time
constant for oxygen diffusion through the material also discussed with regard to the different
times for the two gases to reach the maximum WMS signal. It should be noted that in the drying
up of a pore, the walls of the cavity will be uniformly covered by liquid water due to the surface
tension. This may impair the transport of oxygen through the film while the water vapor can
freely build up in the central microbubble of the pore, see Fig. 2. Effects of this kind may also
influence the balance between the two gases in the cavities during the drying process. As noted,
when everything is dry, conditions are static with regard to scattering and the behavior of both
curves is clearly understood as discussed above.

So far we have been discussing the fractional absorptive imprint of the gas (intensity on
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the absorption line compared to the intensity off the line), which is decisive for concentration
measurements based on the Beer—Lambert law. However, it is also interesting to study the
dynamics of the total light (off the narrow absorptive features) at the two wavelengths used
(980 nm and 760 nm, respectively). Such measurements were performed and the results are
shown in Figs. 6(c)—(d) and in Fig. 7. The curves in Fig. 6(c) show a very different behavior
with the water signal increasing in the final phase of drying from an almost constant initial level
to a final value about 2.5 times higher. On the contrary, the 760 nm signal starts at a high level
and, with acceleration, reaches a steady value about 5 times lower when the wood is dry. The
ratio of detected direct signal for water and oxygen is shown in Fig. 6(d). In explaining these
phenomena it is important to note that liquid water has quite a strong broadband absorption
around 980 nm, as detailed in Fig. 7(a) and already noted in the Introduction. We note that
this absorption influences the on- and off-resonance frequencies for the narrowband water-
vapor signals alike, and does not influence the fractional absorption determining the water-
vapor concentration. However, the laser beam is clearly attenuated by the water contents. The
initial flat response of the 980 nm curve for the drying wood can be interpreted to mean that the
reduction of water during the initial drying is compensated by the increased light path length
due to the developing gas-filled pores. Finally, the absorbing liquid water disappears and the
detected light settles on a level determined by the attenuation of the light-scattering dry wood.

€

202 980nm —_, |
S o2

% 015

g 0.

o

c 0.1

2

=

8 0.05

o

[7]

a o0

< 600 700 800 900 1000

Wavelength [nm]

Fig. 7. (a) Absorption spectrum of 1 cm pure water reproduced from the measurements by
Matcher et al. [23]. (b) Images of the sample on the detection side for oxygen (760 nm)
and water vapor (980 nm) during its drying process.

The 760 nm light is off-resonance from the broad liquid water absorption as shown in
Fig. 7(a), and bulk absorption due to the water is small, in strong contrast to the case for 980 nm.
The high initial light level can be seen owing to the index-matching effect of the water in the
pores, which reduces the lateral scattering and allows more light to reach the detector. As the
wood dries the scattering increases and less and less light reaches the detector. Steady-state
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conditions then prevail in the dry wood. The significant change in the light levels, as well as the
normalized WMS signals for both wavelengths when the wood is nearly dry can be interpreted
as the final dry-up of the finest compartments long after the tube structure that contained most
of the water has dried up. The scattering increases a lot due to the appearance of small pores
of size comparable with the wavelength. This reduces the detected 760 nm light level. Also the
980 nm light level changes due to the continued loss of bulk water absorption.

The dynamics of the transmitted light levels at the two wavelengths could also be studied
using near-IR imaging of the transmitted light using standard Web cameras (Q-Tec 100). The
transmitted light blobs at 980 nm and 760 nm are shown in Fig. 7(b) for fully wet and fully
dry (waiting 20 h = 1200 min) conditions. The intensity in the center of the blobs (where the
detector is situated) is related to the intensities given in Fig. 6(c); the 760 nm signal is greatly
reduced and the 980 nm is increased. The final levels (20 h) correspond to an attenuation by
the sample of the incident light of about 80% for the 980 nm signal and 99.95% for the 760 nm
signal. These attenuations suggest that the wood sample thicknesses accessible in transmission
measurements cannot be considerably larger than 1 cm for most wood types. For thicker sam-
ples the backscattering geometry is still applicable. From recordings, such as the ones shown in
Fig. 7(b), information of the spatial distribution can also be extracted and compared with theory
[7]. However, a detailed analysis of the spatial distribution is outside the scope of the present

paper.

6. Conclusions and discussion

Removing moisture from materials is of major importance in fields as diverse as industrial pro-
cessing, handling of construction materials, and preparation of agricultural products. The origin
of excess water is frequently connected to material porosity. Optical measurement techniques
are attractive since they are nonintrusive and frequently deliver data in real time. However,
quantitative absorption spectroscopy is hampered by the strong scattering in inhomogeneous
materials, making the Beer—Lambert law not directly applicable. In the present paper we have
demonstrated the application of the GASMAS technique applied in transmission for the mon-
itoring of water vapor in wood, using corresponding molecular oxygen measurements as a
reference. The wavelengths used for the free gas monitoring, 980 nm and 760 nm, are also on-
and off-resonant for a broad liquid water absorption feature, and thus information of the bulk
water is also obtained. The signal intensities observed can mostly be interpreted as the result
of the interplay between specific absorption and scattering, both changing during the drying
process. In particular, the time when all the free water has evaporated from the wood can be
readily identified by a steep falloff in the water vapor signal accompanied by the reaching of
a high-level plateau in the molecular oxygen signal. The ratio between these signals, being di-
mensionless and largely independent of scattering, shows in particular the arrival at a fully dry
sample. This situation is also identified in the differential optical absorption signal for liquid
water, with a sharp increase of an order of a magnitude in the ratio of the (broadband) signal
intensities at 980 nm and 760 nm.

It is thus clear that optical spectroscopy can be a valuable tool for the practical monitoring of
drying processes while also yielding additional information on specifics of drying. For the prac-
tical application of the method, measurements in back-scattering geometry (as already applied
in our sinusitis monitoring [15]) is of great interest. In order to further elucidate the interplay
between scattering and absorption, time-resolved measurements of the photon history in the
wood for the two wavelengths would provide independent information on the scattering of the
material and the liquid water contents. Such measurements can be performed using white light
[6,9], capturing the full spectrum, or employing a number of pulsed diode lasers selected at
appropriate wavelengths [24].
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Meso-tetra(hydroxyphenyl)chlorin (mTHPC) (INN: Temopotfin) is a potent photodynamically
active substance in clinical use today. Usually, the substance is given systemically and a known
drawback with this administration route is a prolonged skin light sensitization. For the first
time to our knowledge, a liposomal Temoporfin gel formulation for topical application was
studied in connection with photodynamic therapy (PDT) of nonpigmented skin malignancies
in humans. Intervals of 4 hr between drug administration and light irradiation were used. Sensi-
tizer distribution within tumor and surrounding normal skin was investigated by means of
point monitoring and imaging fluorescence spectroscopy before, during, and after PDT, show-
ing high tumor selectivity. Furthermore, the bleaching of Temoporfin was studied during the
PDT procedure by monitoring the fluorescence following excitation by using a therapeutic
light. A 30-35% light-induced photometabolization was shown. No pain occurred during or af-
ter treatment. It was also observed that the treated area did not show any swollen tissue or red-
dening, as is often seen in PDT using topical 8-aminolevulinic acid. On controlling the patients
one week after treatment, healing progress was observed in several patients and no complica-
tions were registered.

KEY WORDS: mTHPC, PDT, basal cell carcinoma, fluorescence, bleaching, spectroscopic
monitoring, Temoporfin topically
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Introduction

This paper presents, to our knowledge, the first use
of a new photosensitizer, a liposomal Temoporfin
gel formulation, for topical application in humans.
Photodynamic therapy (PDT) is a modality for local
treatment of cancer and relies on a photosensitizing
agent being activated by light at an appropriate
wavelength, usually within the red wavelength re-
gion to optimize light penetration within tissue.!
Many of the sensitizers are selectively located in
malignant cells due to a vatiety of biological rea-
sons? and therefore selectivity in the therapy is
achieved. Provided the simultaneous presence of
sensitizer and oxygen, a cytotoxic reaction can be
photochemically induced, causing selective cell de-
struction. The PDT outcome is governed by a
combination of the effect of direct cell kill and in-
duction of apoptosis,’ vascular damage,* and an
elicited immune response.

The majority of photosensitizers are adminis-
tered systemically, which causes an unwanted side
effect of skin sensitization. In PDT of certain types
of skin abnormalities, topical application of a sensi-
tizer is preferable in order not to cause general skin
Topical —administration of &-
aminolevulinic acid (ALA) in combination with il-
lumination from a laser or a light-emitting diode
with light doses in the range of 35 and 200 J/cm?
has been successfully used for treatment of nonme-

sensitization.

lanoma skin malignancies over the past decades.®’
ALA is often supplied in a cream at a concentration
of 20%, and application times range between three
and six hours.® During this time period, the ALA
molecules diffuse into the tissue, followed by the
synthesis of protoporphyrin IX (PPIX), which is
the photodynamically active metabolite.2 Because of
an increased permeability of the ALA molecules
through the damaged epidermis of many cutaneous
tumors and differences in the enzymatic activity,
the accumulation of PPIX often displays a signifi-
cant selectivity between normal and malignant tis-
sue for shorter application times up to about three
to six hours.?2 The sensitizer distribution can easily
be monitored via the characteristic PPIX fluores-
cence within the red wavelength region, thus mak-
ing optical methods highly desirable as noninvasive

118

tools for sensitizer monitoring.

For superficial basal cell carcinomas (sBCC),
PDT following topical application of ALA has led
to cure rates (CRs) of 79-100%.¢ Although, for
nodular lesions, the reported CRs are often about
50-70%,7 a fact that has been partly explained by
the limited penetration (1-3mm) of the hydrophilic
ALA molecules. A further drawback of ALA-
mediated PDT is skin sensation, such as itching and
sometimes pain reported in many trials.”10 ALA-
PDT also induces immediate posttherapy tissue re-
actions with swollen, reddening, and oozing skin.

Due to the lipophilic character of ALA esters,
these derivatives are expected to show better bio-
logical availability and tissue penetration than ALA.
Peng et al. reported on a highly selective and ho-
mogeneous sensitizer distribution following topical
administration of methyl §-aminolaevulinate, Met-
vix®!1 A high tumor selectivity was observed by
means of PPIX fluorescence both in animal skin
tumor models and in human basal cell carcinomas
(BCCs).1213 On the other hand, as the PPIX mole-
cule is activated at slightly shorter wavelengths than
many other PDT agents, the light absorption of
hemoglobin limits the light penetration and treat-
ment depth to approximately a few millimeters.'*
Furthermore, the PPIX molecule itself presents
some shortcomings in terms of the localization of
the substance within the tissue,!®> and the relatively
low extinction coefficient of this sensitizer.!¢ These
factors might limit the treatment outcome irrespec-
tive of which kind of ALA is used.&!7

Meso-tetrathydroxyphenyl)chlorin -~ (mTHPC)
(INN: Temoporfin) has been reported as one of the
most efficient sensitizers, since relatively small drug
and light doses are required in order to achieve
treatment response.!® Another advantage with Te-
moporfin is the wavelength of the absorption
maximum at 652 nm as compared to 635 nm for
ALA, resulting in an enhanced light penetration.
Systemically administered Temoporfin in ethanolic
formulation, Foscan®, has been successfully used
for PDT of head and neck malignancies,!® pros-
tate,) and for BCCs.?! A major drawback utilizing
systemic administration of Temoporfin is the pro-
longed photosensitivity, subjecting patients to sub-
dued light conditions for several weeks following
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sensitizer administration. In addition, due to the
hydrophobic character of the mTHPC molecules, it
is practically insoluble in aqueous media. Following
systemic administration of the ethanolic formula-
tion, the sensitizer therefore forms aggregates, lead-
ing to limited transportation of the sensitizer within
biological media as well as poor tumor selectivity
and PDT efficacy.?>2* The above factors can also
lead to an intense inflammation at the injection
site.!

To overcome the problem of the extended
photosensitization associated with systemic admini-
stration of Temoporfin, Gupta et al. have reported
on PDT combined with topical mTHPC admini-
stration for treatment of Bowen’s disease and
BCCs.% In this study, the CR was 32% at the two
month follow-up. The authors suggested that the
formulation of Temoporfin they used was a limiting
factor for the treatment outcome.

Previously, our group has reported on sensi-
tizer distribution studies following topical admini-
stration of a novel liposomal formulation of Te-
moporfin in a murine skin tumor model.?¢ For Te-
moporfin gel application times of four and six
hours, the chemical extraction from different or-
gans revealed a selective accumulation of the sub-
stance within tumor tissue. The average sensitizer
concentration within lesions was 6.0 ng/mg,
whereas no detectable levels of generalized photo-
sensitivity were shown. Within the study, the
strongly fluorescing and absorbing characteristics of
Temoporfin were also used for monitoring the drug
distribution by fluorescence imaging and absorption
spectroscopy. These noninvasive methods con-
firmed the selective sensitizer distribution and indi-
cated sensitizer penetration depths of 34 mm
within the investigated tumors.

Following these initial promising results on the
animal skin tumor model, the same liposomal Te-
moporfin formulation is introduced for nonpig-
mented skin malignancies in patients. In this study,
we include spectroscopic measurements in order to
monitor the uptake of the liposomal Temoporfin
formulation in connection with PDT using laser
light at 652 nm. By incorporating Temoporfin in a
liposomal formulation, the substance is made more
suitable and transport within biological media is fa-
cilitated. The liposome encapsulated Temoporfin is

JEPTO 2007, Volume 26, Number 2

supplied in a water-based heat-setting gel, rendering
application times of several hours possible. Fluores-
cence spectroscopy data are presented as a tool to
study sensitizer distribution and treatment-induced
photobleaching. Clinical parameters, such as skin
sensations during the treatment and other local skin
reactions during the first week after treatment, are
monitored.

Material and Methods
Sensitizer

The sensitizer compound is comprised of a lipo-
somal formulation of mTHPC (Temoporfin) in a
thermogel matrix with a sensitizer concentration of
0.5 mg mTHPC/ml gel (Biolitec AG, Jena, Get-
many). The liposome formulation is based on di-
palmitoylphosphatidylcholine (DPPC), monosac-
charide, water, and polyoxyehthylene polyoxypro-
pylene block copolymers encapsulating mTHPC.??
The mTHPC gel is in a liquid phase at the storage
temperature of 4°C, but forms a highly viscous gel
when heated by the skin to temperatures above
26°C. The thermothickening thus aids in increasing
the retention time of the applied gel and transfer of
the sensitizer into the tissue. No penetration enhan-
cers are added to the Temoporfin gel.

Patients

The Temoporfin gel was used for topical PDT of
35 lesions in 10 consecutive patients in the ambula-
tory outpatient ward. The histopathology showed
basal cell carcinoma for 29 and squamous cell car-
cinoma for the remaining 6 lesions. The gel was ap-
plied on the visible lesion and an additional margin
of about 10 mm on the surrounding skin.
Tegaderm® was used to cover the area (Fig. 1A).
Four hours later, the gel was removed and the site
was carefully cleaned with alcohol. PDT was per-
formed by irradiating lesions with diode laser light
at 652 nm (Ceralas, Bonn, Germany) at a light dose
of 20 J/cm2 Two tumors in one patient were
treated with a different light doses; one with 40
J/cm? and one with 60 J/cm2 The optical fiber
used for light delivery was equipped with a mi-
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crolens, giving a uniform irradiance adjusted to 100
mW/cm?2.

Optical Measurements

Point-monitoring fluorescence spectroscopy meas-
urements were performed pre- and post-PDT to
study both the Temoporfin-related signal and tissue
autofluorescence. Several sites within and in close
proximity to the lesions were studied. The point-
monitoring fluorosensor utilizes a nitrogen laser
pumping a dye laser emitting pulsed excitation light
at 405 nm. The light is guided to the tissue through
an optical fiber with a core diameter of 600 pm.
The induced fluorescence light is transmitted
through the same fiber back to a detection unit.
This unit incorporates an RG435 cutoff filter, a
spectrometer, and a cooled intensified CCD re-
cording fluorescence spectra in the range from 450
to 800 nm.?8

In addition, a fluorescence imaging system was
used to monitor the whole treatment site, including
the surrounding normal skin margin prior to, during,
and after PDT. Fluorescence images were collected
by a CCD camera (C4742-80-12AG, Hamamatsu)
equipped with a liquid crystal tunable filter (LCTF
VIS 20-35, Varispec) and a zoom objective lens (50
mm focal length and f/1.8, Nikon). For the meas-
urements performed pre- and post-PDT, the excita-
tion light source consisted of 12 light emitting di-
odes with optical output centered at 405 nm, and
the fluorescence was imaged at 652 nm.

Measurements performed in order to study the
sensitizer photobleaching during PDT utilized the

i e

w .

treatment light at 652 nm to induce Temoporfin
fluorescence, which was detected at 720 nm. In
each treatment session, a total of 60 fluorescence
images wete collected at 3 s intervals in order to
follow the photobleaching of the sensitizer. For
evaluation of the Temoporfin bleaching kinetics, a
subset of 12 images, separated by approximately 16
s, were extracted from the data set. In each image,
four regions with an area of about 0.2 mm? were se-
lected, and the mean of the intensity within these
regions was calculated. This procedure was per-
formed for the same four regions in the consecutive
images. By normalizing the mean intensity for each
image to the mean intensity at the start of the irra-
diation, a normalized temporal profile of the fluo-
rescence intensity was calculated.

Results and Discussion

The use and handling of the novel liposomal Te-
moporfin gel was very convenient since the gel was
fluid only at the low storage temperature in the re-
frigerator. As soon as the gel was applied on the
skin of the patients, it became more viscous and
was not as easily smeared off the surface. Despite
this, a covering film was placed over the area in or-
der to keep the gel in place during the four hours
before PDT illumination (Fig. 1A). In contrast to
the use of the PPIX-precursor ALA, this liposomal
Temoporfin formulation is not dependent on an
enzymatic transformation. The application time is
only for the purpose of letting the substance diffuse
into the tumor tissue. The use of a four hour drug-
light interval was motivated by the results from a

IGURE 1. (a) A picture of a Temoporfin vial together with Tegaderm® dressing and a light protecting cover. (b) and

(c) Digital images from a tumor prior to the PDT procedure and one week after, respectively. Remaining scar structures

are due to previous non-PDT treatments.
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previous study in a murine skin tumor model.26
Unlike ALA, mTHPC is a strongly fluorescing sub-
stance. Any Temoporfin gel remaining on the skin
surface will thus cause a false non-tissue-uptake-
related fluorescence signal. Within this study, a
careful cleansing of the skin was of importance in
order to avoid influence by superficially located
Temoporfin gel.

Further comparison to ALA and its esters
shows an advantage for Temoporfin-PDT in that it
did not cause any discomfort to the patients. Previ-
ous work has reported that a majority of the pa-
tients experience painful sensations in the skin dur-
ing ALA-PDT.° Our own clinical experience in-
cludes rare cases of patients feeling inclined to in-
terrupt the ALA-PDT and not accepting another
PDT treatment using the same type of sensitizer.
Different methods, such as spraying water or using
a fan on the area treated, have been reported to re-
lieve the ALA-PDT-related pain. However, other
studies show less discomfort where only 25% of the
patients experienced some kind of skin sensation
and very few patients felt any pain.!® In the present
Temoporfin study, none of the treated patients
spontaneously complained about any pain. Also, on
interviewing all 10 patients concerning their sensa-
tions during the treatment, no one reported on any
pain, itching, or stinging, and all patients could fin-
ish the treatments without any complaints. As men-
tioned above, the PDT light dose was generally 20
J/cm? delivered at 100 mW/cmz2 This rendered the
treatment time acceptably short (approximately 200
s), an attractive feature, especially for elderly pa-
tients. This light dose resulted in only a partial
bleaching of the Temoporfin as monitored by the
fluorescence levels. Due to this fact, we increased
the light dosage up to 40-60 J/ cm? for a few
treatment procedures, as mentioned above. This in-
creased light dose also did not result in any incon-
venience for the patient. All the patients, treated
with the novel Temoporfin formulation and PDT,
were reviewed in order to record immediate post-
PDT reactions (Figs. 1B and 1C). In the case of
ALA-PDT, it is normal to see swollen tissue and
some reddening, oozing, and formation of small
pustules in the area where ALA is applied. No such
reactions were seen in the patients, who had under-
gone Temoporfin-PDT. It was also noted that tu-
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mor sites oozing or bleeding before the Temopor-
fin-PDT seemed to dry out during the first week
following the treatment. Therefore, no posttreat-
ment dressings or other medical procedures were
necessary.

Fluorescence spectroscopy, both in point-
monitoring and imaging mode, was used to study
Temoportin distribution within the PDT target area
Point-monitoring fluorescence spectra recorded in a
scan over a tumor, tumor border, and surrounding
normal skin margin out to 10 mm before and after
PDT are shown in Fig. 2, together with a digital
photo of the tumor. In the region outside the tu-
mor, the spectra shown are the average of data re-
corded at 2, 5, and 10 mm outside the visible
boundary of the tumor. For the center of the tumor
the spectra displayed are the average of three re-
corded spectra, whereas fluorescence spectra for
the tumor border represent single acquisitions. The
Temoportin fluorescence emission is clearly seen in
the red part of the wavelength region, peaking at
about 653 nm, and also a second broader peak at
approximately 720 nm. Beside the drug-related
fluorescence, the autofluorescence from the tissue
itself, characterized by broad emission in the
blue/green patt of the wavelength region, is also
seen. As known from earlier studies, the autofluo-
rescence shows very low intensity within the tumor
area as well as in the tumor border zones.? It can be
noted that in one of the areas outside the visible
border of the tumor, the autofluorescence is very
low and the Temoporfin signal high (the rightmost
spectrum), which may well represent an outstretch-
ing part of the tumor. Even if it is not histopa-
thologically proven, it is a clear indication to also
include this part in the PDT-irradiated field to en-
hance the radicality of the treatment. After PDT,
the substance-related emission is shown with a de-
creased intensity, which is a sign of photobleaching
of the drug during the PDT procedure.

By using both the Temoporfin-related signal
and the tissue autofluorescence, a diagnosis-related
contrast function, Cyiag, can be calculated (Fig. 3A)
as

MTHPC, 1,4, 690] = AU, 140, 600)

C. =
e A0, 1470 520]
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FIGURE 2. Fluorescence spectra induced by 405 nm excitation recorded from outside the lesion, border of the lesion,
and center of the lesion before and after the PDT procedure.
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The function results in higher values in tumor, since
the Temoporfin intensity is high and the autofluo-
rescence is low compared to normal tissue (Fig. 2).
This contrast function is slightly different from a
contrast based only on the Temoporfin fluores-
cence amplitude without taking into account the tis-
sue autofluorescence at this wavelength. Although
the latter is perhaps more related to the sensitizer
concentration and the PDT effect, Ciing, Wwas em-
ployed in the present work. The values of this con-
trast function obtained before and after PDT for
the tissue region in Fig. 2 are plotted in Fig. 3B. As
can be seen, the contrast between tumor and mani-
fest normal skin (the outermost left point) is very
high. It can also be noted that the effect of bleach-
ing due to PDT is substantial (about a factor of 2).
Typical fluorescence images of a tumor and
surrounding skin following excitation at 405 nm
with detection at 652 nm are shown in Fig. 4A. The
images are monitored before and after the PDT
procedure. The presented images are background
subtracted, where the background was acquired
without excitation light. For comparison, both im-

ages are normalized using the maximum intensity in
the first image. It can be observed that the sensi-
tizer distribution is heterogeneous within the tumor
an effect that was observed in most of the tumors
studied. Similar results were observed in the murine
skin tumor model following administration of this
liposome-encapsulated Temoprofin gel.?6 In that
study, the increased penetration within lesions was
ascribed to the absence of the stratum corneum,
whereas an intact epidermis prevented normal skin
from accumulating any detectable levels of the pho-
tosensitizer. Thus, the heterogeneous fluorescence
signals observed within this study may reflect the
status of the uppermost skin layers. A further ex-
planation of the heterogeneous Temoporfin distri-
bution might be the tumor growth pattern, since it
is well known that BCCs grow in spots or patches
with normal tissue intermixed within the tumor site,
as illustrated in the photograph in Fig. 2.
Fluorescence spectra acquired with the point-
monitoring setup are also presented before and af-
ter PDT (Fig. 4B). The spectra are normalized to
the maximum of the autofluorescence from sur-
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FIGURE 4. (a) Images of a tumor showing the fluorescence intensity at 652 nm for excitation at 405 nm before and
after the PDT procedure, respectively. (b) The fluorescence spectra obtained in point monitoring for excitation at 405
nm from three different locations marked by circles; outside to the left and to the right of the visible tumor location, and

inside the tumor area.
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rounding skin between 470 and 520 nm. Since the
Temoporfin signal shows a very low intensity in
surrounding normal skin, the spectra are shown
also with a tenfold magnification. A tumor demar-
cation based on the diagnosis-related contrast func-
tion, Ciiag, Of approximately 10:1 can be seen when
comparing the tumor center spectrum with the two
spectra from normal tissue outside the tumor. This
is comparable to the contrast obtained for the ma-
jority of the tumors included in the study. Post-
PDT, a decrease of the Temoporfin fluorescence in
the center of the tumor as well as in the surround-
ing tissue can clearly be seen.

The laser light at 652 nm used for treatment
also excites mTHPC fluorescence at 720 nm. Figure
5A shows the mean relative fluorescence intensity
over time for ten representative tumors following
excitation by the therapeutic laser light. The photo-
degradation of Temoporfin as monitored at 720 nm
can clearly be seen. A photobleaching of about 30—

a) 100

Relative Intensity [%]

35% is recorded after 200 s of therapeutic irradia-
tion (20 J/cm?), which concurs well with previously
reported results for the photobleaching in mTHPC-
sensitized spheroids.?’ Fluorescence images of a
tumor are shown at three different time intervals
during the PDT procedure (Fig. 5B); before, in the
middle, and at the end of the session. These fluo-
rescence images, detected at 720 nm following exci-
tation by the therapeutic light at 652 nm, also illus-
trate the treatment-induced photobleaching. An ap-
parent lower overall photobleaching can be ob-
served following fluorescence excitation at 652 nm
as compared to 405 nm excitation; see, for example,
Figs. 4B and 5A. This effect might be explained by
the different effective penetration depths of the two
excitation wavelengths, i.e., violet light probes the
superficial tissue regions where the therapeutic irra-
diation has efficiently bleached away most of the
photosensitizer, whereas the red excitation wave-
length also probes deeper into the tissue volume

Treatment time [s]

0 50 100

trniddle

150 200

FIGURE 5. (a) Decrease of the normalized fluorescence intensity at 720 nm detected over time for ten tumors follow-
ing excitation by the therapeutic radiation at 652 nm. Error bars represent +1 SD. (b) Fluorescence images at 720 nm
showing one of the tumors included in the data analysis after 0, 100, and 200 s of therapeutic irradiation, cotresponding

to 0, 10, and 20 J/cm?
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where less bleaching has occutred due to the lower
irradiance during treatment. These observations
might suggest that sensitizer photobleaching as a
parameter related to PDT outcome should be
monitored utilizing the same excitation wavelength
as for PDT induction whenever possible. Then a
more representative tissue volume is probed.

Conclusions

In conclusion, we have reported a significant selec-
tivity between tumor and surrounding skin at four
hours following administration of liposome-
encapsulated Temoporfin embedded into a thermo-
setting gel, constituting a novel Temoporfin formu-
lation for topical use. The uptake of the substance
was monitored by point-monitoring as well as imag-
ing fluorescence spectroscopy. Fluorescence was
induced either at 405 nm or by the treatment light
at 652 nm. The bleaching of the sensitizer was es-
timated from the fluorescence levels by comparing
the fluorescence images before, during, and after
PDT. Furthermore, our initial results show that this
new formulation is easily applicable due to its tem-
perature-dependent viscosity, rendering the gel to
firm after application onto the lesions. The light il-
lumination is not connected with any treatment-
related pain or other adverse reactions. As com-
pared to ALA-PDT, no swollen tissue or oozing
were noticed at the weekly follow-up. In cases
where the tumor area was associated with a wound
with or without bleeding, it was noted that these le-
sions seemed to dry up after a few days. After these
promising initial results, further studies are needed
in order to understand the penetration of the Te-
moporfin in skin following topical administration.
Furthermore, studies for following long-term tumor
response are being planned.
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1 Introduction

Sinusitis is an inflammation of the paranasal sinus mucosa,
which is treated with antibiotics and often followed by one
week of sick leave. Every year, more than 37 million people
in the U.S. are diagnosed with sinusitis. Today, the diagnosis
of sinusitis is mostly based on the anamnestic history of the
patient, and in some cases on paraclinical investigations such
as x-ray, ultrasound, and low-dose computerized tomography.
Unfortunately, unnecessary antibiotic treatment is very com-
mon due to the difficult diagnoses. Therefore, there is a great
need for simple, nonintrusive alternatives or complementary
methods to detect sinusitis.'”

We describe computer simulations related to a new spec-
troscopic method for human sinusitis detection, which was
demonstrated by Persson, Svanberg, and Svanberg.3 This
method is based on the sharp spectroscopic absorptive imprint
of molecular oxygen characterizing an air-filled cavity tra-
versed by diffusive light. Narrow-band diode laser radiation is
launched through the facial skeleton and traverses the frontal
sinus cavities in the forehead or the maxillary sinuses in the
cheekbone (see Fig. 1 for sinuses location). The light is then
diffusely scattered in the deeper lying tissues with part of the
light again traversing the cavities and is again scattered in the
facial tissue to reach an external detector. For the maxillary
sinuses, an alternative light transmission geometry can be em-
ployed, where the laser light is transported through an optical
fiber connected to the bucal mucosa, scattered through the
sinus cavity, and detected externally.

In Ref. 3 we successfully demonstrated sinus cavity moni-
toring on a healthy human volunteer. The study was supported
by extensive experimental trials on tissue-like plastic phantom
materials separated by an air gap to simulate the human
anatomy.

Journal of Biomedical Optics

While all the results could phenomenologically be well
understood, we have now performed detailed simulations of
light propagation to further guide the development of the
technique. For this study, we used the Advanced Systems
Analysis Program (ASAP™) software, which operates on the
Monte Carlo concept. We present simulation data in excellent
numerical agreement with experimental data, as well as guid-
ance for improved point monitoring and imaging applications
of the technique.

In the next section, we describe the tools used in the study,
which include the experimental setup, the computer simula-
tions, and the sinus models investigated in the latter. Then we
compare simulations with experimentally obtained data, and
we investigate the influence of the scattering coefficient and
the detection aperture and the possibility of imaging of the
frontal sinuses using the present technique. Finally, conclu-
sions are drawn.

2 Tools Employed in the Study
2.1 Experimental Setup

The experimental setup used in the measurements and previ-
ously reported’ is based on a diode laser operating around
760 nm where the molecular oxygen A-band is located. The
laser was tuned across a sharp individual line [typically a half
width at half maximum (HWHM) of a few gigahertz] by ap-
plying a saw-tooth ramp to the driving current of the diode
laser. To achieve sensitive lock-in detection, a sine-wave was
superimposed to the saw-tooth ramp in a wavelength-
modulation scheme.

The light was guided to the sample by a fiber. Two detec-
tion geometries were used, as shown in Fig. 2. In the back-
scattering geometry, a right-angled prism located in the center
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Fig. 1 (color online only) MRI image indicating the location of human
maxillary and frontal sinuses. A light path illustrating the present tech-
nique is also included.

of the detector was used to launch the light into the scattering
medium. An annular aperture with a central block was used to
collect photons backscattered from the sample. In the trans-
mission geometry, the fiber was placed on the opposite side of
the sample with respect to the detector. The detection was
made by a photomultiplier to provide efficient photon collec-
tion. A blocking colored glass filter was placed in front of the
detector to reduce ambient light.

The signal from the detector was split into two parts: one
directly connected to an oscilloscope, and an other processed
in a lock-in amplifier. The peak-to-peak value of the oxygen
absorptive signal, recorded as the second derivative, was es-
timated and normalized to the amount of light reaching the
detector. By applying a method called standard addition, a
so-called equivalent mean path length, (qu>”p, could be es-
timated corresponding to the distance light has to travel in
ambient air to obtain the same signal. This is described in Eq.
(1), where ¢, corresponds to the gas concentration in ambi-
ent air, (Lgppie) to the mean path length in the sample, and
Csample 10 the gas concentration in the sample.

(Legdexp " Cair = (Lsample) * Csample- (1)
2.2 Computer Simulations
The Advanced Systems Analysis Program, ASAP™, is a ray-

tracing software that can be used to simulate light propagation
in optical systems. Its implementation is based on the Monte
Carlo method and the Henyey-Greenstein approach, which
makes it well suitable for simulations in biological tissue and
other light scattering materials.* The basic idea of Monte
Carlo is to apply a probability view of light propagation,
where an individual photon can be absorbed or laterally scat-
tered by a certain angle according to relevant probability laws
applying to the situation. After launching a large number of
individual photons, the probability distributions are trans-
formed into intensity distributions that can be compared to
measured data. Basically, the physical experiment is repeated
in the computer, considering a multitude of identical incident
photons that later experience different fates.’
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Fig. 2 (Color online.) Phantom models used in experiments and simu-
lations representing (a) measurements on the human frontal sinuses
with a backscattering detection geometry, and (b) measurements on
the human maxillary sinuses with a transmission detection geometry.

All simulated models considered in the present work incor-
porate scattering materials representing the human tissue and
an air space representing the sinuses. By studying the rays
reaching the detector in the simulations, the equivalent mean
path length could be calculated for all models. For every ray,
ASAP™ computes information such as the flux at every sur-
face it enters or is reflected off, as well as the distance it has
traveled in all media. We then calculate the equivalent mean
path length (L), by adding up, for all rays, the product of
the distance L each individual ray has traveled in the air space
and its corresponding flux ¢ when reaching the detector, and
dividing it by the total flux reaching the detector. This is de-
scribed in Eq. (2), where n is the total numbers of rays reach-
ing the detector.

2 Lo
S

i

<ch>xim = (2)

It should be noted that rays reaching the detector that have
not traveled in the air gap will have L=0, and only contribute
to the simulated equivalent mean path length with a diluting
factor. These rays are referred to as short-cut photons.

2.3

The phantom model representing the human sinuses used in
the experiments and the simulations contains two scattering
slabs made of white Delrin-type plastic, with optical proper-
ties similar to human tissue (see Fig. 2). The scatterer closest
to the light source is referred to as the primary scatterer S,
and the other one is referred to as the secondary scatterer S5.
In the case of the transmission geometry, S, is the scatterer
closest to the detector, and in the backscattering geometry it is
the one located above S;. The thicknesses of the scatterers are
denoted /; and /,. In-between the scatterers, a variable air gap
was placed. The annular aperture determining the detection
area was simulated by a variable absorptive mask.

To describe imaging of the frontal sinuses, a new model
was created for simulations. In the case of imaging of the

Investigated Sinus Models
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frontal sinuses, the sinuses were represented by two ellipsoids
embedded in a scattering medium. The same backscattering
detection geometry shown in Fig. 2(a) was used.

3 Results and Discussion

3.1 Comparison between Experiments and

Simulations

To simulate the phantom experiments described in Ref. 3,
which represent measurements on the human sinuses, we cre-
ated a model in ASAP™ consisting of two scattering materi-
als S| and S,, respectively, with a variable air gap in-between
(see Fig. 2). The thicknesses /; and [, were varied, consistent
with the experiment. The optical properties (the anisotropy
factor g, the scattering coefficient u,, and the absorption co-
efficient u,) were measured for one of the Delrin plates used
in the experiments by the integrating-sphere technique(”7 to be
£~0.87, u,~14 mm~, and w,~0 mm™" at 760 nm. These
values were used in the simulations. A small absorption
14,=0.0005 mm~" was added to better fit the experimental
data. The index of refraction n for the Delrin plates was set to
1.48 and for the air gap to n=1.

Initial simulations, including all reflection and refraction
phenomena according to the Fresnel and Snell formulas, were
performed. It was noticed that the influence of the reflection
was of minor importance for angles below the critical angle in
our case. Thus it was suppressed in subsequent simulations,
resulting in a manageable computer time. Above the critical
angle, the total internal reflection was fully taken into ac-
count. The motivation to this approach has its roots in the fact
that the solid angle for impinging photons corresponding to
total internal reflection is much larger than that of shared re-
flection and refraction. Further, for photons impinging toward
an optically denser medium, reflection has a small contribu-
tion as compared to penetration into the medium for the domi-
nant fraction of the solid angle. For example, with two 10-
mm-thick Delrin  plates spaced by 10 mm, the
underestimation of the true Leq is about 8% and will, for
larger spacings, become smaller (numerical values are pro-
vided in the Appendix.

In Fig. 3 the simulated and the experimental L, are shown
for the backscattering detection geometry, representing mea-
surements on the frontal sinuses [model according to Fig.
2(a)]. The inner detection radius r; was about 6 mm, and the
outer r,, about 10.5 mm in both simulations and experiments.
Each simulated data point consists of launching 10° rays into
the model.

As during the experimental trial,® it was observed in the
simulation that an S, thicker than 30 mm did not influence the
outcome. This can be understood because the photons being
scattered deeper than 30 mm into S, have a very low prob-
ability to be detected. As can be seen in Fig. 3, the agreement
between the simulations and the experiments is very good. It
can be seen that introducing a thicker secondary scatterer re-
sults in L, increasing. This is because a thicker secondary
scatterer results in a higher probability for the photons to be
scattered back to the primary scatterer and be detected after
passing through the air gap. On the contrary, a thicker primary
scatterer results in a decrease of L,,. The photons have now a
lower probability of reaching the secondary scatterer, and
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Fig. 3 The equivalent mean path length L., as a function of air-gap
distance in phantom experiments and simulations for the backscatter-
ing detection model shown in Fig. 2(a), representing measurements
on the human frontal sinuses. The optical properties of the primary
and secondary scatterers are in the simulations set to g=0.87,

pe=14mm™", and u,=0.0005 mm~'. (a) Fixed primary scatterer
thickness ;=3 mm. (b) Fixed secondary scatterer thickness
l,=30 mm.

even if they do, the backscattered photons from the secondary
scatterer, are now more likely to be scattered outside the finite
size of the detector. Because of the finite size of the detector,
the signals first increase with increasing air gap until a certain
distance, where they start to decrease. The maximum of the
signal should be located at an air gap distance as large as
possible to prevent two air gaps from giving rise to the same
L., value, which could be critical in the case of real human
measurements. The signal behavior is explained in more detail
in Ref. 3.

The deviation between the experimental data and the simu-
lated data can be due to many reasons. In the experiments, the
thicknesses of the Delrin plates, the air gap, and the annular
detection aperture could not be determined as precisely as
they can be in the simulations. During the simulation it was
also observed that a small change in one of the optical prop-
erties influenced the outcome. It should also be noted that the
same optical properties were used for all the different Delrin
plates in the simulations. This might not be the case, since the
plates used in the experiments did not come from the same
batch.

Experimentally it is impossible to explore the influence of
multiple passes through the air gap. In contrast, this can easily
be done in the simulations. Table 1 shows the number of times
the detected photons pass over the air gap, for /;=10 mm and
1,=30 mm, and for different air-gap distances. It should be
noted that only even numbers of passes are possible, since the
photons have to travel back and forth to be detected. Similar
resultsgwere observed for the other thicknesses discussed in
Fig. 3.
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Table 1 Distribution of the number of passes through the airgap for
/=10 mm and /,=30 mm and different air-gap distances in the back-
scattering detection geometry according to Fig. 2(a).

Air distance [mm] 1 5 10 30 70
2 passes [%] 31 42 51 74 98
4 passes [%] 20 22 23 19 2
6 passes [%] 14 13 11 5 0
8 passes [%] 10 8 6 1 0
10 passes [%] 7 4 3 1 0
12 passes [%] 5 4 2 0 0
14 passes [%] 3 2 2 0 0
S [%] ~90 =95 =100 =100 =100

It can be seen that signals due to multiple passes can be
significant, in contrast to what was intuitively assumed in
Ref. 3. This illustrates the power of detailed Monte Carlo
simulations, taking into account the actual regime of values of
the optical constants.

It can also be seen from Table 1 that a larger air-gap dis-
tance results in fewer multiple passes. This phenomenon can
be explained by the finite size of the detector. It was observed
from the simulations that a thicker S; resulted in a increase of
multiple passes. This can be understood because a thicker
primary scatterer can collect oblique rays to be detected by
the finite size detector that have been through more multiple
passes. It was also observed that a thicker secondary scatterer
increases the number of multiple passes, as a thicker second-
ary scatterer allows more photons to be scattered back to the
primary scatterer.®

In Fig. 4 the simulated and the experimental L, are shown
for the transmission detection geometry, representing mea-
surements on the maxillary sinuses [model according to Fig.
2(b)]. The mask radius was about 2.5 mm in both simulations
and experiments. Each simulated data point consists of
launching 10° rays into the model.

Again, very good agreement between the experimental and
simulated data can be seen. The obtained L, for the different
scatterer parameters increases with increasing air-gap dis-
tance. This can be understood, since in the case of the trans-
mission detection geometry, all photons detected must have
traveled over the air gap. This is in contrast to the backscatter-
ing detection geometry, where the short-cut photons (photons
that have only been scattered in S| before being detected)
dilute the observed L,,. The signal behavior is explained in
more detail in Ref. 3.

It can be seen that the photon statistics are not as good as
for the backscattering detection geometry. For the transmis-
sion geometry, the percentage of detected photons in relation
to the number of incident photons is much lower than for the
backscattering case, despite the fact that all photons are car-
rying information of the sinuses. A much longer simulation
time is needed to achieve good photon statistics. Again, the
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Fig. 4 The equivalent mean path length L., as a function of air-gap
distance in phantom experiments and simulations for the transmission
detection model shown in Fig. 2(b), representing measurements on
the human maxillary sinuses. The optical properties of the primary
and secondary scatterers in the simulations are in the simulations set
to g=0.87, =14 mm~', and u,=0.0005 mm~'. (a) Fixed primary
scatterer thickness /; =10 mm. (b) Fixed secondary scatterer thickness
=10 mm.

deviation between the experimental and the simulated data
can be due to many reasons, as discussed before.

The number of multiple passes was also investigated in the
transmission detection geometry for the models representing
measurements on the human maxillary sinuses. Table 2 shows
the number of times the detected photons pass the air gap, for
[;=10 mm and /,=10 mm, and for different air distance. In
this geometry, only odd number of passes are possible. Simi-
lar results were observed for the other thicknesses discussed
in Fig. 4.

Table 2 Distribution of the number of passes through the air gap for
;=10 mm and ,=10 mm and different air-gap distances in the trans-
mission detection geometry according to Fig. 2(b).

Air distance [mm] 1 5 10 30 70

1 passes [%] 35 49 61 81 88
3 passes [%] 22 23 20 14 10
5 passes [%] 14 11 9 4 2

7 passes [%] 9 ) 4 1 1

9 passes [%] ) 4 2 0 0
11 passes [%] 4 3 2 0 0
13 passes [%] 3 1 1 0 0
3 [%] ~93 =97 =100 =100 =100
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Fig. 5 Simulated equivalent mean path length L., as a function of
air-gap distance, using backscattering detection geometry according
to Fig. 2(a), with a primary scatterer thickness of 10 mm and a sec-
ondary scatterer thickness of 30 mm. An annular detection aperture
with an inner radius r; of 6 mm and another radius r, of 10.5 mm, and
optical properties of primary and secondary scatterer according to
Table 3 were used in the simulations.

Again, as in the case of backscattering detection geometry,
it can be seen that signals due to multiple passes can be sig-
nificant. It can also be seen that for a larger air-gap distance,
fewer multiple passes occur. As discussed before, this phe-
nomenon can be understood from the finite size of the detec-
tor. It was also observed that a thicker S, results in more
detected multiple pass rays. This can be understood, since
more oblique rays will be collected by the finite size of the
detector. The inverse argument is applicable to explain why a
thicker S| results in less multiple passes.

3.2

The scattering coefficient and the thickness of the facial bone
may vary between different humans, especially with age.” The
scattering coefficient of bone is significantly smaller for chil-
dren than for adults. In our model, a lower scattering coeffi-
cient has similar influence as a smaller thickness of the pri-
mary scatterer, i.e., a lower scattering coefficient of S results
in a higher probability for the photons to reach S, be scattered
back and be detected by the finite size of the detector.
Figure 5 shows the influence of the scattering coefficient of
S; and S,. The simulations were performed for the back-
scattering detection geometry shown in Fig. 2(a), with an an-
nular detection aperture of dimensions r,=6 mm and r,
=10.5 mm. The optical properties used in the simulations are
taken from different sources and presented in Table 3.'%'2 In
all simulations, except for Delrin, p,~0 mm~' was used. For

Influence of the Scattering Coefficient

Table 3 Optical scattering properties used in the simulations taking
from different sources.'*'?

Optical s . Mo \
properties [mm~'] [mm~'] [mm7'] g [nm]
Delrin 14 1.8 0.0005 0.87 760
Adult skull in vitro 16 2.0 NA 0.87 800
Adult skull in vivo 13 0.9 NA 0.93 674-849
Neonate skull 9.3 0.65 NA 0.93 761

in vivo
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Fig. 6 Simulated equivalent mean path length L., as a function of the
air-gap distance for different annular detection apertures in the case of
backscattering detection geometry according to Fig. 2(a). The simula-
tions were performed for a model with a primary scatterer thickness of
5 mm and a secondary scatterer thickness of 30 mm, and with optical
properties corresponding to neonate (Table 3). (a) The inner radius of
the annular detection aperture r; is kept constant at 4 mm, while the
outer radius r, is varied between 5 and 10 mm. (b) The outer radius of
the annular detection aperture r, is kept constant at 10.5 mm, while
the inner radius r; is varied between 4 and 9 mm.

each trial with a set of optical properties, simulations were
performed with the same air-gap intervals as in Figs. 3 and 4,
and by launching 10° rays into the model for each air-gap
distance.

From the simulations it was observed that only the reduced
scattering coefficients w1, and u, influence the result. The
difference between optical properties corresponding to adult
skull in vivo and neonate skull in vivo is only the reduced
scattering coefficient. By comparing the curves obtained for
these cases in Fig. 5, it can be seen that a lower ,u,:_ results in
a larger air-gap distance needed to obtain the maximum sig-
nal. This is because a decrease in u, can also be seen as a
decrease in the thickness of the primary scatterer. This phe-
nomenon can also be seen in Fig. 3(a). The influence of the
absorption coefficient can be seen by comparing the simulated
curves obtained for Delrin and adult skull in vitro. A lower u,
gives rise to a higher integrated signal.

3.3 Annular Detection Aperture

In the experiments, the choice of annular detection aperture
was done intuitively. Here we investigate the influence of the
aperture geometry using the simulations.

In Fig. 6, L, is plotted as a function of the air-gap distance
for different annular detection apertures in the case of the
backscattering detection geometry. The thicknesses of S; and
S, were set to 5 and 30 mm, respectively. The simulations
were done with neonatal optical scattering properties (shown
in Table 3). Again, the simulations were performed with the
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same air-gap intervals as in Figs. 3 and 4, and by launching
10° rays into the model for each air-gap distance.

In Fig. 6(a), it can be seen that increasing r, while keeping
r; constant increases the signal. This is because a larger r,
allows more photons traveling over the air gap to reach the
detector. This also gives rise to a larger photon flux reaching
the detector. In Fig. 6(b), r, is kept constant while r; is varied.
It can clearly be seen that increasing r; results in a higher L.
This is equivalent to blocking out more of the short-cut pho-
tons that have only been scattered in the first medium, and
thus only influence L, by diluting it. As can be seen in the
figure, an increase in r; also pushes the maximum of the sig-
nal toward larger air-gap distances. This might be very impor-
tant for preventing two different air-gap distances giving rise
to the same L,, value.

The conclusion from these different curves obtained with
different annular detection apertures is that an outer detection
aperture as large as possible should be used. In the current
setup, a photomultiplier (Hamamatsu 5070A) with a radius of
10.5 mm is used, which limits the outer radius. The simula-
tions also show that an inner radius as large as possible should
be used with an upper limit set by the experimental signal-to-
noise ratio. Increasing the power of the diode laser used
should thus be advantageous. Similar results were obtained
and the same conclusion was drawn for scattering properties
according to an adult, and are discussed in detail in Ref. 8.

A study of the influence of the detection aperture in the
transmission detection geometry was also performed. In this
detection geometry, the size of the aperture did not have the
same influence on the signal as in the backscattering detection
geometry. As mentioned before, all photons reaching the de-
tector have traveled over the air gap distance, and short-cut
photons need not to be blocked. This is discussed in more
detail in Ref. 8.

3.4 Frontal Imaging

To investigate the feasibility of imaging the human frontal
sinuses, a model according to Fig. 7(a) was studied. The two
frontal sinuses were represented by two air-filled ellipsoids
(25 mm high, 20 mm wide, 10 mm deep) separated by 5 mm
and embedded at a depth of 10 mm in a scattering material,
with optical properties corresponding to adult in vitro (Table
3). The backscattering detection geometry used in the simula-
tions is shown in Fig. 2(a). Figure 7(b) shows the results of
the simulations when using an annular aperture with r;
=5 mm and r,=10.5 mm. The whole image consists of 1000
simulated data points with the light and detection arrangement
scanned across the model. For each position, 0.5X 10° rays
were launched into the sample. The locations of the ellipsoids
are also indicated. The figure clearly shows the possibility of
spatially resolving the cavities.

Many factors might be considered to determine what con-
stitutes a “good” image. It might be important to maintain the
largest possible contrast between maximum and minimum
signals, e.g., corresponding to the centers of the ellipsoids (the
sinuses), and the center gap between them. To be able to
resolve the two sinuses, it might also be critical to use a
sufficiently small detection aperture to not blur the image.

In Fig. 8, the cross sections of the simulated backscattered
image are shown for different detection apertures. In Fig. 8(a),
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Fig. 7 (a) Model used in ASAP™ to simulate imaging of the frontal
sinuses. (b) Simulated equivalent mean path length L., obtained when
scanning over the model using backscattering detection geometry ac-
cording to Fig. 2(a) with an annular detection aperture with an inner
radius r; of 5 mm and another radius r, of 10.5 mm. Optical proper-
ties according to adult in vitro in Table 3 were used.

r; was kept constant at 4 mm, while r, was varied between 5
and 10 mm. The real cross section is also included for the
sake of clarity. It can be seen that selecting a larger outer
detection radius results in a higher L., value. In Fig. 8(b), 7,
was kept constant at 10.5 mm, while r; was varied between 4
and 9 mm. It can be seen that the spatial resolution is rather
independent of the chosen detection radii. Then it is important
to obtain a sufficiently large L., value while maintaining a
large photon flux.

4 Conclusion and Outlook

The power of Monte Carlo simulations in understanding and
optimizing the experimental conditions for human sinus
monitoring is demonstrated. The possibility of working with
arbitrary geometries in the ASAP™ approach is particularly
valuable. The simulations agree well with experimental data
for the limited setup conditions studied so far. This gives us
confidence in using the simulations presented in the process
of developing a new and clinically relevant modality for hu-
man sinus diagnostics.

In particular, realistic insight in the imaging capability for
the frontal sinuses is obtained, showing that the main features
of the cavities can be retrieved noninvasively. The geometry
is complex and more difficult to test experimentally, but can
be illuminated in the simulations. Since we deal with highly
scattering media, only an equivalent air path is retrievable
from the experiments, but this parameter seems to relate well
to the factual geometry. Insight into how sensitive the oxygen
signals are to the detailed probe positioning is obtained, which
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Fig. 8 Simulation of frontal sinus imaging using backscattering detec-
tion geometry according to Fig. 2(a) with different apertures. (a) The
inner radius of the annular detection aperture r; is kept constant at
4 mm, while the outer radius r, is varied between 5 and 10 mm. (b)
The outer radius of the annular detection aperture r, is kept constant
at 10.5 mm, while the inner radius r; is varied between 4 and 9 mm.

is valuable in nonimaging applications. Among these, the
measurement of gas-dynamic changes through the channels
connecting the sinuses to the nasal cavity, and the measure-
ment of concentration ratios between two gases, such as oxy-
gen and water vapor, are of particular interest, since they yield
information on the conductivity and absolute oxygen concen-
tration, independent of the scattering properties.
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Appendix

In the simulations presented, Fresnel reflection below the
critical angle was not taken into account. It was observed that
the influence was of minor impact in initial simulations, and
therefore time consuming in the simulations and could be
avoided. For example, 200 injected rays result in about
200 000 rays to track when simulating the backscattering de-
tection geometry for the case of 10-mm-thick Delrin plates
spaced by 10 mm, including Fresnel reflection. This is due to
the fact that at each surface, the rays get divided up into one
transmitted ray and one reflected ray with different weights
according to Fresnel’s laws. In Table 4, numerical values are
given for the phantom simulations when employing the back-
scattering detection geometry. Data are presented for the case
of 10-mm-thick Delrin plates (index of reflection equal to
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Table 4 Numerical values for the phantom simulations when em-
ploying the backscattering detection geometry (/;=/,=d=10 mm).
The different cases are explained in the text. For each case, 0.5-10°
rays were launched into the sample. In case 3, the criterion that each
ray was allowed no more than two divisions was set.

Case 1 Case2 Case 3
Total number of detected rays 8670 59163 67676
Detected oxygen rays 22 1788 3188

Log [mm] 0.074  1.46 1.59

1.48) spaced by 10 mm (index of reflection equal to 1). In the
table, the total number of detected rays, the number of rays
detected that have traveled over the air gap (oxygen rays), and
the resulting simulated L,, values are shown. Numerical val-
ues from three different cases are presented.

Case 1. No Fresnel reflection is taken into account in the
simulation, but refraction according to Snell’s law is included.

Case 2. Total internal reflection is taken into account in
the simulations, but Fresnel reflection is excluded below the
critical angle. Snell’s law refraction is included.

Case 3. All reflection and refraction phenomena according
to the Fresnel and Snell formulas are taken into account in the
simulations. For each case, 0.5 X 10° rays were launched into
the sample.

It can clearly be seen that by not taking Fresnel reflection
into account (Case 1), no detectable simulated L., is obtained.
It can also clearly be seen that the important effect, which
needs to be taken into account in the simulations, is total
internal reflection (Case 2). By comparing Case 2 with a “cor-
rect” (and extremely time-consuming) calculation (Case 3), an
error on the L, of only about 8% when excluding Fresnel
reflection below the critical angle from the simulations is
obtained.
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ABSTRACT The advantage of a new scheme for balanced de-
tection has been investigated to reduce the influence of optical
interference fringes when performing diode laser gas absorp-
tion spectroscopy employing lock-in amplifiers and pigtailed
lasers. The influence of the fringes has been reduced by com-
paring the lock-in 2 f signal due to the gas sample with that
of a reference beam. The frequency regions outside the ab-
sorption feature have been used to obtain information on the
interference fringe impact on the signal of interest. We have
demonstrated an efficient way to reduce the influence of such
fringes by employing this technique combined with non-linear
signal processing methods. The different steps of the algorithm
are presented. In the experimental arrangement presented, a re-
duction of the optical interference fringes by about 10 times is
achieved, as demonstrated in measurements on molecular oxy-
gen around 761 nm. The new technique is compared with an
analog technique for balanced detection and certain advantages
of the computer algorithm are pointed out. In particular, the
emerging field of gas spectroscopy in scattering solid media
strongly benefits from the technique presented.

PACS 42.55.Px; 39.30.+w; 42.25.Hz

1 Introduction

Diode laser absorption spectroscopy is increas-
ingly used for monitoring gases in environmental, biologi-
cal, and medical contexts [1,2]. In many applications the gas
concentration is in the sub-ppm (part-per-million) range, i.e.
when dealing with trace-gas detection. As a result, measure-
ments are heavily influenced by noise, interfering signals, and
drifts. Different modulation techniques have been introduced
to reduce the detrimental effects of noise. These techniques
are based on imposing a high-frequency modulation signal to
the injection current of the light source. The signal is then
detected using phase-sensitive techniques at some harmonic
of the modulation frequency [2,3]. Even though such tech-
niques may cancel out the effect of excess laser noise and
reduce background fluctuations, they do not compensate for
optical interference fringes. Seldom discussed in the litera-
ture, interference fringes constitute in practice the real lim-
itation in low-level gas analysis. Interference fringes appear

B Fax: +46-46-222-4250, E-mail: linda.persson @fysik.Ith.se

in light being partially reflected at optical surfaces. A light
beam vertically impinging from air onto a common optical
material of refraction index n undergoes a fractional reflection
of R=((n—1)/(n+ 1))> ~ 4%. The reflected light from dif-
ferent surfaces can interfere causing a complex pattern inten-
sity Fabry—Pérot fringes. Even if surfaces are anti-reflection
coated or tilted, residual intensity variations easily occur on
the per mille intensity scale. Clearly, this is of no concern for
substantial absorption signals, but can become critical in the
case of very weak absorptions, for which the sensitive modu-
lation techniques have been developed.

Interference fringes can originate from various parts of the
optical path between the laser and the detector. The fringes
may obscure weak absorption signals if the free spectral range
of the optical fringes is in the same order as the line width
of the absorption signal, the half width of the fringes be-
ing also in this range due to the low finesse (Imax/Imin =
((14+R)/(1 — R))> ~ 1.2 for R = 4%) [4]. Several techniques
have been introduced over the years to reduce the influ-
ence of optical interference fringes. Specific examples include
signal averaging, mechanical vibration, and balanced detec-
tion [5—8]. Mechanical vibrations, however, are not applica-
ble when using a fixed-optical-surface pigtailed laser, which is
attractive for different reasons to be further discussed.

Balanced detection is commonly used to cancel out laser
intensity fluctuations such as optical interference fringes. The
general idea is to split the initial laser beam into two, where
one beam, called the sample beam, passes through the sample,
and the other beam, called the reference beam, goes directly
to a detector. The analog balanced detection techniques can be
divided into two groups. The first is based on subtraction of
small currents (LA range) from photodiodes [9, 10], while the
second is based on subtraction of voltage signals created by
two identical transimpedance amplifiers [11—14]. Both tech-
niques commonly use a feedback loop in order to minimize
the difference between the detector signals. Subtraction of
current signals should give better performance but requires
careful design and closely mounted matched detectors. In
practice this may be hard to implement and therefore solu-
tions based on subtraction of signals from transimpedance
amplifiers have been introduced. While these methods clearly
improve the signal recovery they have certain drawbacks. The
two detectors should be placed close to each other, in order to
minimize additional noise and to optimize performance. The
analog balanced detection method also frequently assumes
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that the reference beam power is larger than the sample beam
power, as well as that matched detectors and matched tran-
simpedance amplifiers are used. In many applications these
conditions are not feasible, as discussed below.

Historically, diode laser spectroscopy has been performed
on well-defined atmospheric beam paths, frequently in ab-
sorption cells, where the conditions with regard to the geom-
etry and transmission are very stable (see [ 14] for an extensive
review of molecular oxygen diode laser spectroscopy per-
formed under such conditions). Then the cell can be evacu-
ated allowing a subtraction of persistent fringes. In contrast,
in applications recently developed in our group [15—-19], the
gas cell is replaced by a test sample that attenuates and scat-
ters light differently during the measurements or on a day
to day basis, which puts new demands on the detection- and
signal-processing systems. In [17], wood-drying processes
were studied by spectroscopic measurement of oxygen and
water vapor. It turned out that the sample beam intensity
varied by a factor of 10-100 depending on the water con-
tent. Spectroscopic measurements on pharmaceutical tablets
put similar demands due to the differences of thickness and
density of the tablets [18]. Further applications resulting in
similar demands are measurements for medical diagnostics.
In [19], spectroscopic measurements on human maxillary si-
nuses were described. It turned out that the intensity of the
sample beam varied by a factor of 20 depending on the per-
son that was studied even if the measurement procedure was
the same. Thus, it is not enough to calibrate the system for
a limited intensity range or use commonly known techniques
to suppress non-linear disturbances, fringes, etc. The situa-
tions with sample beam intensity varying by several orders of
magnitude depending on the state of the test sample is vastly
different from the conventional trace-gas measurements in an
absorption cell.

We largely use pigtailed lasers since it is not practical
to measure on solid test samples with ordinary lasers. Back-
scattered light from the sample that enters the laser, fringes
due to fibre coupling based on lenses, and handling laser heads
close to a test sample at measurement all can be problematic.
The present paper focuses on applications based on pigtailed
lasers which are easy to implement in portable measurement
systems for a variety of spectroscopic studies.

In the present paper, we describe a specific way of using
software-based balanced detection to remove optical interfer-
ence fringes in strongly varying measurement situations as
described above. Our approach is based on using parts of the
recorded signals falling in the frequency range outside the
absorption region in order to estimate imperfections of the
measurement system. In the reference beam, unaffected by
gas absorption, fringe structures are also recorded in the fre-
quency region of the gas absorption. The regions outside the
absorption can be used to estimate the fringe contribution to
the gas signal. In addition, the algorithm presented compen-
sates for possible non-linear effects in the response of the
two different detection arms as well as different offsets. This
method can be applied to any system and be combined with
other customary techniques such as mechanical vibrations to
further reduce fringes not related to the common light path.

In Sect. 2 the experimental arrangements for this study are
described. The different artifacts that occur in typical diode

laser absorption spectroscopy experiments are then discussed
together with an explanation of the presented software-based
method and a previously discussed analog method for achiev-
ing balanced detection. The procedure to evaluate the gas
content from the balanced-detection signals is then discussed.
Results from both the software-based balanced detection and
the balanced detection achieved by the electronic circuit are
then shown and discussed. Finally, conclusions are drawn.

2 Experimental arrangements

Schematic drawings of the experimental arrange-
ments used in the software-based and the analog balanced
detection approaches are shown in Fig. 1. Common for both
cases (Fig. 1a), a single-mode fibre-pigtailed thermoelectri-
cally cooled DFB laser diode (Nanoplus, Germany) was used
as a light source. The laser delivered about 4 mW at around
760 nm, where the molecular oxygen A-band is located. The
wavelength of the light was tuned across the R11Q12 absorp-
tion line by supplying a4 Hz saw-tooth ramp to the laser driver
current. A 10 kHz sine wave was also superimposed on the
laser driver current in a wavelength-modulation scheme to
achieve sensitive detection.

The light was split 90%/10% with a single-mode fibre-
coupled beam splitter (Laser2000, Sweden) with an insertion
loss of about 5%. The fibre carrying about 10% of the light
was directly guided to a silicon detector (UDT 10DP/SB) via
an attenuation filter (x 10). Thus, about 0.035 mW light en-
ters the detector, which was connected to a transimpedance
amplifier. The other fibre carrying about 90% of the output
from the laser was connected to a collimating lens package
(Thorlabs CFC-5-760). The light then travels over a certain air
distance, or an absorbing and scattering medium, before being
detected with a second identical silicon detector or a pho-
tomultiplier tube (PMT), which is connected to an identical
transimpedance amplifier as the one used for the reference de-
tector. An attenuation filter was mounted in between the fibre
and the detector for the case of a non-scattering sample. The
collimating package was mounted on a z-translator provid-
ing variable air distances. For the amplification, Hamamatsu
C7319 units were available and used.

2.1 Setup for software-based balanced detection

In the left-hand part of Fig. 1b the arrangement
to perform software-based balanced detection is shown. The
reference signal was sent to an oscilloscope via a lock-in am-
plifier (EG&G Princeton Applied Research 5209), where the
2 f signal was recorded. This signal will be referred to as the
reference signal. The signal from the sample detector was
split into two parts; one part directly was connected to the os-
cilloscope (referred to as the direct signal) while the second
part was sent via a second lock-in amplifier (EG&G Princeton
Applied Research 5209) before being connected to the oscil-
loscope where the 2 f signal was recorded. This signal will be
referred to as the sample signal.

2.2 Setup for analog balanced detection

In order to test the performance of an auto balanced
detection approach, based on differential transimpedance am-
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Common setup

FIGURE 1 (a) Schematic draw-
ing of experimental arrangement
for diode laser gas absorption spec-

La_se" 90% troscopy providing balanced detec-
mdg"l’e"T DFB SM fibre tion. (b) In the left-hand part the
$—t - arrangement for software-based bal-
Laser Collimator anced detection is shown and in
N the right-hand part the arrange-
[ o Variable ment for analog balanced detection
9 kHz Reference i ; Air Distance is shown [11]. The following com-
CE Detector , _‘_\ or ponents were used in the device: QI
% | “: sé:‘:;‘::;"ﬂ:é‘i‘: m and Q5 — OP470 low-noise op-amp,
§ Ref. Amplifier P Q2 — LF356 low-noise op-amp, Q3
Sample —INA105 unity-gain differential am-
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generator| Amplifier
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Software based balanced detection |

Ref.
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- Sample
Loclf-}n Signal "
Amplifier|
Reference
Lock-in Signal "
Amplifier|
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plification, we implemented an electronic cancellation device,
according to [11], shown to the right in Fig. 1b. The sample
signal is buffered by Q1 and fed into a unity-gain differential
amplifier (INA105). The reference signal was connected to
the unity-gain differential amplifier via a field-effect transistor
(Q4). A feedback loop consisting of Q2 and Q5 controls the
input level of Q4 (attenuation factor), trying to minimize the
output of the differential amplifier. Thus, the output of the dif-
ferential amplifier is proportional t0 Usample — Ureference- The
time constant of the feedback loop (# = 0.001 s) is set by the
1 k€2 resistor and the 1 uF capacitor mounted closely to Q2.
The output of the noise cancellation circuit was led into a lock-
in amplifier of the same type as used in the software-based
balanced detection scheme, and the 2 f signal was recorded on
an oscilloscope.

3 Data analysis

Inorder to achieve optimal signal retrieval for weak
gas absorption signals we need to handle (a) interference
fringes, (b) laser intensity noise, (c) non-linear detector re-
sponse, and (d) different zero detector offsets.

Analog based balanced detection

v
Coup FROKO) Oscilloscope

Offset
adjustment

Offset
adjustment

Fringes mimicking real signals are most critical. They can
be eliminated by studying spectral regions outside the ex-
pected absorption imprint. This could in principle be done
in an exact way from the reference signal if the detection
channels (detectors, amplifiers, and lock-ins) were identical,
linear, and with a correct zero level. Since this might not be the
case — Fig. 2 — the differential behavior between the two sig-
nals is described by a set of parameters corresponding to linear
and non-linear phenomena, as discussed below.

3.1 Software-based method for non-linear artifact
suppression

As mentioned above, two outputs from two detec-
tors are measured; one detecting the light which has traveled
over the gaseous sample to be analyzed and one measuring the
reference light level. We will here denote the sample signal
Psamp(V) and the reference signal pi¢(v). Ideally, psamp(v) and
Pret(v) should be identical for v-values outside the region of
oxygen absorption. Hence, by considering the difference be-
tween the two signals we can determine the amount of oxygen
in the measurement sample, since only effects of oxygen ab-
sorption should remain. The difference between the sample
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Detection by minimizing the residual of the matrix equation (1 is the
Response column vector containing 1 as elements)
A
Wpsamp ~ W(Pref{v —vo} o prert{v; — vo}{(v; — Vo)z})h
P =WAHR, (3)
- - Sample signal .
-~ where vy is the center frequency and where o denotes
- - the Hadamard product [20]. Note that (3) is largely over-
determined.
We solve (3) in a (weighted) least-squares sense by form-
?‘/» ing and solving the normal equations:
| h= (ATWA) ™' AT W pgyp -
|
co With these h-parameters at hand, we define the balanced-
Intensity

FIGURE 2 Schematic drawing of imperfections in detection arm response
(heavily exaggerated)

signal and the reference signal will thus give us the balanced-
detection signal, which we will denote pngs(v). However,
there are several practical measurement effects that need to be
suppressed before constructing the balanced-detection signal.

Let w(v) be a window function that vanishes in the neigh-
borhood of the oxygen absorption region, and goes smoothly
to 1 outside the region. We assume that data are sampled at
points v = {v;}, and introduce column vectors Psamp, Pref, and
Pbds» containing samplings of psamp, Pref. and pugs at {v;}, re-
spectively. Furthermore, let W be a diagonal matrix with the
values of w(v;) as entries. In the case of no difference in offset
or in amplification, one would expect that

ey

However, due to imperfections of the measurement system,
effects from various components bring degradation of the pro-
cessing. This can be accounted for by considering non-linear
effects and different background offsets in the two detectors
and the downstream processing. We account for the effects by
estimating their impact outside the oxygen absorption region.
We expect deviations from (1) due to the effects mentioned
above. Hence, we assume that

psamp(v)w(v) ~ pref(v)w(v) .

Pramp@)w(0) & (o + 1 {v = o) prer(¥)

+ko+ki{v—vo} k2 { =10} Jw(v).
6)

The constants introduced have the following interpretation:

— lp: Amplification compensation

— [1: Non-linear response compensation

— ko: Background offset compensation

— ki: Intensity-dependent laser stray-light compensation

— k»: Residual non-linear intensity compensation
all of which are due to the differential behaviors of the two in-
dividual detectors and imperfections in the subsequent signal
handling.

‘We can thus estimate the parameters

h= (1011 ko ky kz)T

detection signal as

Pbds = Psamp — ((l() + ll{v - VO})pref

+ko+ki{v—wo} +hkaf(v—10)}) . )

3.2 Standard analog artifact suppression

The analog balanced detection device, based
on [11], is in principle a PI controller (integrator with a pro-
portional gain) that adjusts the attenuation of the signal from
the reference detector by changing the dynamic resistance
of a field-effect transistor (FET). The aim is to minimize the
output level of the device and thus suppress low-frequency
noise caused by the laser, detector, and fringes. The time con-
stant of the feedback loop is set by two components (C and R
in Fig. 1b to the right) and is on the order of 1 ms. Thus, the
feedback loop is not affected by the 2 f signal at 20 kHz that is
transferred more or less without any distortion. An additional
advantage is that the need for lock-in amplifiers with high dy-
namic range has decreased due to lower signal amplitudes in
the low-frequency range.

33 Gas content evaluation

The gas concentration is evaluated using the Beer—
Lambert law stating that

1) = (e "Mt

where Iy(2) is the initial intensity and 7(A) is the intensity of
the light that has traveled a distance L over a sample with the
gas concentration ¢ and the absorption cross section o(1) [4].
Beer-Lambert’s law also states that for low absorptions the
fractional absorption is proportional to the concentration and
the optical path length. Therefore, the balanced-detection sig-
nal must be normalized to the amount of light reaching the de-
tector (direct signal). The amplitude of the balanced-detection
signal is proportional to the gas content in the sample and is
therefore the parameter of central interest in the gas analysis.
When starting a measurement, an ideal experimental ab-
sorption profile, pi(v), is first measured where the noise is
much smaller than the detected oxygen signal. This signal is
obtained by measuring over an air distance of several meters.
Once a clean balanced-detection signal is obtained, we can
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match it against our computed ppqs(v). In the matching pro-
cess, we compensate for drifts in the frequency scale. Thus,
we match the balanced-detection signal against the ideal func-
tion with regard to both location and amplitude. This is
done by mimicking an autocorrelation function; we convolve
Poas(v) with p;(v) and detect the resulting peak position, de-
noted v,. Once the peak position is known, we repeat a similar
approach as for the construction of the balanced-detection sig-
nal with the algorithm; we form

(1=W)pi=(1=W) (poasl)m

=WBm, %)
and solve it for parameters m by forming and processing the
corresponding normal equations. The global intensity param-
eter is then estimated (peak-to-peak value of the fit), which
corresponds to the gas content after calibration.

4 Results and discussion

Several measurements were performed with differ-
ent added air distances to investigate the performance of the
implemented software-based balanced detection method. To
investigate the influence of the different components in #,
(3) was solved with different h-parameter combinations. Fig-
ure 3a shows signals obtained during measurements with an
air distance of about 10 mm. This corresponds to an oxygen
fractional absorption of 2.5 x 107 on the R11QI12 line at
760.445 nm (vacuum wavelength). Two identical photodiodes
were used to detect the sample signal and the reference sig-
nal. In the left-hand part of Fig. 3a, the unprocessed sample
signals together with the fitted reference signals are shown.
The balanced-detection signals obtained according to (4) are
shown in the right-hand part of the figure together with the fit-
ted ideal experimental absorption profile. As can be seen in
the figure, all components of & are needed to obtain a satis-
factory balanced-detected signal. However, the influence of /;
is very small, i.e. the non-linear amplification response com-
pensation is not of great influence when using two identical
detectors in our experimental setup.

The same procedure was carried out after changing the
sample detector to a PMT. The reference signal was still
recorded by a photodiode. The influence of the different h-
parameter combinations is shown in Fig. 3b. In this figure it
can be observed that/; is of greater influence when employing
detectors of different types to record the sample signal and the
reference signal than when two identical detectors are used.

The observations in Fig. 3 and our general experience can
be summarized in the following points:

— Inthe case with identical detectors it is sufficient to param-
eterize with fewer variables, while in the case of different
types of detectors all parameters discussed are significant.

— In applications where the light intensity varies widely
(large dynamic range) residual differences between simi-
lar detectors are more important and again call for more
detailed parametrization. Thus, we retain all parameters
for general purposes.

To compare the presented software-based method with
the analog method [11], measurements with both approaches
were performed with an air distance of about 6 mm (fractional
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FIGURE 3 Typical curves obtained during software-based balanced detec-
tion with 10 mm of air distance. To the left: the gray curves show psmp and
the black curves the fitted pyer. To the right: the gray curves show the corres-
ponding pyys and the black curves the fitted p;. The influences of the different
h-parameter combinations are presented. (a) Two identical detectors have
been used to detect the sample beam and the reference beam. (b) Two dif-
ferent types of detectors have been used to detect the sample signal and the
reference signal

absorption of 1.5 x 10™#). An attenuation filter was placed
in front of the sample detector to provide a reference beam
power 100 times the sample beam power ( Pref/ Psamp =~ 100).
This was done to optimize the performance of the analog
device. In Fig. 4a obtained balanced-detection signals from
both methods are shown when using two identical detectors.
The measured unprocessed sample signal is also included. It
can be seen that when performing analog balanced detection
a large offset remains. Attempts were made to compensate
for this by adjusting the offset in the device, but no differ-
ence could be seen. An ‘ideal’ experimental absorption profile
was fitted to the software-based balanced-detection signal.
The global intensity parameter, i.e. the peak-to-peak value of
the fitted ideal experimental absorption profile, was estimated
to be 0.44 scale units. This corresponds to an air distance of

189



Approach to optical interference fringes reduction in diode laser absorption

spectroscopy

528 Applied Physics B — Lasers and Optics
| ErPrE—— | Py r——
1.5 T T - - Identical detectors 1.2 T T T T Identical detectors
1 | 3
S,
= E
S 051 =)
S, B
z g
® S
g 8
£ o
— hel
5 o5 3
» Y Sample § 02l 1
g
m
-1 | 0 g
,1 5 L L L L L L _02 L L L L L L
20 25 30 35 40 45 20 25 30 35 40 45
a Frequency displacement [GHz] Frequency displacement [GHz]
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FIGURE 4 Achieved balanced-detection signals by using the software-
based algorithm, pygs, and the analog device. The unprocessed sample signal
measured, psump, is also shown. No collimator package was used on the sam-
ple beam. (a) About 6 mm of added air distance. Two identical detectors were
used to detect the sample signal and the reference signal (Prer/ Psamp = 100).
(b) About 10 mm of added air distance. Two different types of detectors were
used to detect the sample signal and the reference signal (Pref/ Psamp = 4).
The curve with darkest tone is an ‘ideal’ experimental curve, p;, fitted to the
data

6.3 mm (calibration information is provided in Fig. 7 in the
appendix).

Figure 4b shows signals obtained for a 10-mm air distance
when using detectors of different types. The reference signal
power was now only a factor of four larger than the sample sig-
nal power (Pret/ Psamp ~ 4). It can be seen that both methods
are able to retrieve the oxygen signal; however, the software-
based method is more successful. The peak-to-peak value of
the fitted ideal experimental absorption profile was estimated
to be 0.07 local scale units. This corresponds to an air dis-
tance of 10 mm. In Fig. 4a and b, an optical interference fringe
reduction of about 10 times by the use of the algorithm ap-
proach can be seen compared to the sample signal. In the case
of the analog method a baseline correction is needed, which
would require a software approach. Then the full computa-
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tical detectors were used to detect the sample signal and the reference signal.
No collimator package was used on the sample beam
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FIGURE 6 Achieved balanced-detection  signals by using the
software-based method, ppgs, and the analog device measured through the
maxillary sinus on a human volunteer. The unprocessed sample signal
measured, psamp, is also shown. The curve with darkest tone is an ‘ideal’
experimental curve, p;, fitted to the data

tional technique put forward in the present paper rather would
come to mind.

To study the noise level remaining after performing bal-
anced detection, and thereby the limitations of the experimen-
tal arrangement together with the algorithm, measurements
were done with no air distance between the light source and
the sample detector. Ideally, this should result in a zero sig-
nal, since the sample signal should not contain any oxygen
imprint. Figure 5 shows the balanced-detection signals ob-
tained with the software-based and the analog methods when
using two identical detectors. In this figure it is again ob-
vious that the analog noise reduction device does not fully
compensate for offset differences between the sample signal
and the reference signal. A noise level of about 0.15 scale
units remains after the data are processed by the algorithm.
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This corresponds to a signal of about 2 mm of air distance
(a fractional absorption of 5 x 107°), which is a measure of
the resolution of our experimental setup together with the
algorithm.

As a final and most critical example we present data from
a case where the sample is strongly scattering and attenuat-
ing. Here there is an unknown intensity relationship between
the sample and the reference signals. Measurements on an air-
filled human maxillary sinus cavity, located within the cranial
skeleton below the orbital floor [19], are shown in Fig. 6. The
fibre end is then placed inside the mouth on the palate and the
multiply scattered light is detected externally on the cheek-
bone by a handheld probe containing the PMT. The achieved
balanced-detection signal in the software-based approach cor-
responds to an air distance of about 10 mm. In the figure it
can clearly be seen that a larger ‘noise floor’ of the balanced-
detection signal remains in the analog approach compared

Freq. displacement [GHz]

to the software-based method even though correction of the
baseline would be performed.

The calibration of the system is discussed in detail in the
appendix.

5 Conclusion

In theory, intensity perturbations from laser and fi-
bres, before the fibre coupler, should be canceled out by the
analog noise cancellation device used in the study for compar-
ison. However, due to detector channels’ imperfections with
regard to non-linearities and offsets, electronic cancellation of
noise, based on the design described in Fig. 1b, is, in practice,
imperfect. Figure 4 shows that the performance of the ana-
log device was a factor of about two worse than achieved in
the software-based approach as evaluated by comparing the
remaining ‘noise floor’ in the absence of an absorption signal.
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The new approach is, in contrast to the analog technique,
forgiving in terms of signal levels, gain settings, and offsets,
since the technique adjusts for all these factors. In particular,
it was demonstrated (Fig. 3b) that quite different detectors can
be used and still a very satisfactory balanced detection can be
achieved. However, we note that two lock-in amplifiers were
employed in the software-based method in contrast to only
one in the analog approach. Since intensity drifts due to op-
tical interference fringes can be expected to occur on a slow
time scale, the use of one lock-in amplifier sequentially for
recording the sample and the reference signals should be feas-
ible. Then, signal averaging individually for the two signals
could be performed as customarily done in, for example, dif-
ferential absorption lidar (DIAL) [21].

Clearly, the techniques presented here only compensate
for ‘upstream’ fringes generated in and close to the laser
source, while differential fringe effects in the two detector
paths remain untreated. This is also the case for the analog
approach.

However, major sources of such differential fringe gen-
eration (e.g. absorption cells) are not present in most of our
applications. Rather, we deal with cases of free-air propaga-
tion (long-path-absorption remote sensing) or gas pores or
cavities embedded in scattering media [15—19].

Our experience shows that substantial and very valuable
improved signals are observed in practical measurements.
As already mentioned, the technique described is particu-
larly useful when pigtailed lasers are employed and customary
fringe elimination by shaking is not possible. Possible fringes
between the two detectors can still be eliminated, for example
by mechanical vibration.
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Appendix

Calibration measurements

The standard addition method (see e.g. [4]) was used in order
to further investigate the algorithm presented, and to calibrate
our measured signals and thereby be able to estimate the air
distance from a recorded peak-to-peak value. The method is
based on adding known path lengths of air and measuring the
peak-to-peak value for each distance. The measured values
are then plotted as a function of added air. These values should
be linear with regard to the added air distance, since the ab-
sorption is so low that the fractional absorption is proportional
to the concentration and the distance the light has traveled.
A collimator package, described in Sect. 2, was placed on the
fibre end of the sample part. Due to the design of the pack-

age, an unknown air distance was added between the fibre tip
and the sample detector. The collimator package was moved
away from the light source, in 5-mm steps, and the peak-to-
peak values of the obtained processed signals were estimated
for the different air distances. Three different sensitivities
(I1mV, 3mV, and 10 mV) of the lock-in amplifier were used
at each added air distance. In Fig. 7 the results can be seen.
In the figure, six obtained balanced-detection signals, from
0 mm to 60 mm of added air distances, are also shown together
with their estimated peak-to-peak values. As can be seen, the
values follow the expected linear relationship with regard to
the added air distance. The slope of the curves was estimated
and can then be used as a calibration factor (included in the
figure). The relationship between the different sensitivities
can also be seen. The peak-to-peak values from a fixed air dis-
tance for different sensitivities of the lock-in amplifier should
scale with the sensitivity of the unit. Our estimated slopes of
the curves agree with this to a high precision. The unknown air
distance, Airy, in the collimator package could be estimated
to be about 12 mm. Measurements from all sensitivities gave
approximately the same value (also included in the figure).
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We present a flexible and compact, digital, lock-in detection system and its use in high-resolution
tunable diode laser spectroscopy. The system involves coherent sampling, and is based on the
synchronization of two data acquisition cards running on a single standard computer. A software-
controlled arbitrary waveform generator is used for laser modulation, and a four-channel A/D board
records detector signals. Gas spectroscopy is performed in the wavelength modulation regime. The
coherently detected signal is averaged a selected number of times before it is stored or analyzed
by software-based, lock-in techniques. Multiple harmonics of the modulation signal (1f, 2f, 3f, 4f,
etc.) are available in each single data set. The sensitivity is of the order of 107°, being limited by
interference fringes in the measurement setup. The capabilities of the system are demonstrated by
measurements of molecular oxygen in ambient air, as well as dispersed gas in scattering materials,

such as plants and human tissue.

PACS numbers: 07.05.Bx,39.30.+w,42.55.Px,42.62.Fi,42.60.Fc

I. INTRODUCTION

Analog lock-in techniques for tunable diode laser spec-
troscopy have been used for decades to improve the per-
formance in the detection of trace gases [1-4]. Origi-
nally, desk-top, lock-in amplifiers were used in combina-
tion with mechanically chopped light. Today, external
signal generators are used to superimpose sinus modula-
tion signals on the laser operation current. The modula-
tion signal also acts as phase reference and is fed to an
analog, lock-in amplifier. This lock-in amplifier is then
capable of filtering out harmonic components generated
when light passes an absorbing sample/gas cell. Absorp-
tion lines are scanned across by superimposing a low-
frequency triangular or saw tooth ramp on the operating
current of the laser. The major reason for using lock-in
detection is to suppress noise by moving the detection
frequency to a range that is normally less affected by
noise (above 1 kHz) [5]. In the 1980s, modulation tech-
niques such as wavelength- [6], frequency- [7], and two-
tone frequency [8] modulation schemes were developed.
Normally, direct absorption measurements (baseband de-
tection) gives a detection limit of 107 to 10, while
modulation techniques such as wavelength and frequency
modulation give a detection limit of 1075 or better [9].
Over the past 10 years digital amplifiers have been used
and currently small digital-signal-processing based lock-
in solutions are being developed and used [10, 11].

Even if the use in spectroscopy of modulation tech-
niques, based on phase-sensitive detection, is straight
forward, it is normally not easy to analyze and probe
the raw signal, due to sources of error that affect the

*Electronic address: sune.svanberg@fysik.lth.se

gas imprint signal before the lock-in detection has been
implemented. This is because the detected gas imprint
signal is weak and markedly affected by noise. Thus,
data from the lock-in amplifier need to be averaged for
several seconds or minutes in order to achieve the needed
signal-to-noise ratio (SNR). It is often not possible to av-
erage the raw signal without degradation. This is due to
unavoidable trigger jitter. Moreover, since lock-in detec-
tion normally takes place in real-time, another drawback
is that the influence of a change in lock-in settings (for
example, the selection of harmonic) cannot be evaluated
later on. In addition to the lock-in technique, methods to
improve the signal include balanced detection [12], coher-
ent sampling [13], waveform averaging [14] and high-pass
filtering prior to lock-in detection [13].

Coherent sampling is a well-known technique, com-
monly used in spectrum analysis and signal processing
for acoustics and telecom research and development. In
coherent sampling, a master clock is used to create mod-
ulation waveforms and to control the sampling process
of the detector signal. Coherent sampling requires that
an integer number of wanted waveforms exist in the ac-
quired data set and that the ratios between the sampling
and the modulation frequencies (both laser scanning and
laser modulation signals) are integers [15-17]. With this
technique a number of scanned signals can be averaged
before the lock-in detection is carried out. Periodic noise
such as power supply ripple and external optical noise
from fluorescent lamps, etc., which does not fulfill the re-
quirements above, is averaged out (the coherent sampling
process acts as a comb filter) together with non-periodic
noise. It should be noted that coherent sampling facil-
itates complete post-data processing. For example, this
means that applications which previously required sev-
eral lock-in amplifiers, can now be realized using coher-
ent data acquisition and subsequent harmonic demodu-
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FIG. 1: The direct-coupled and the fiber-coupled experimen-
tal setups for measurement on ambient air by the use of VC-
SEL lasers. The lasers are modulated by an arbitrary wave-
form that is generated in a data acquisition board (CH-3150,
Exacq Technologies). The amplified and high-pass filtered sig-
nals from the sample and the reference detectors are sampled
coherently and synchronically by a four channel A/D board
(NI-6132, National Instruments). See text for more details.

lation at desired harmonics (e.g. 1f and 2f). In addition,
high-pass filtering can increase the dynamic range fur-
ther, since it suppresses most of the low-frequency con-
tent (e.g., below the 1f frequency).

This paper describes the construction of a compact
and flexible digital lock-in detection system based on two
plug-in boards for a standard computer. By employ-
ing coherent sampling, raw data storage and post-data
processing in the time- or frequency domain are made
possible. The system can be used for both traditional
trace gas analysis, and the more recently introduced high-
speed combustion gas analysis requiring scan rates of 100
Hz or more. Experimental arrangements and data acqui-
sition architecture are described in Sect. II. The required
A /D resolution is also discussed. The calibration and ap-
plications of the system are presented in Sects III and IV.
Finally, advantages of using a detection system based on
coherent sampling and plug-in boards are discussed, and
several examples of measurements are given.

II. MATERIALS AND METHODS
A. Optical Setup

An overview of the optical setup is shown in Fig. 1.
Two different VCSELs (Vertical Cavity Surface Emit-
ting Laser) are used alternatingly, and correspond to
two different experimental configurations. The direct-
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coupled setup is based on a standard single-mode VCSEL
(ULM763-03-TN-S46FOP, Ulm Photonics) with a maxi-
mal output of 0.3 mW, operating at 0.25 mW at the sam-
ple. The wavelength is scanned across the P11P11 oxygen
line at 764.281 nm (vacuum wavelength). The second
configuration is referred to as the fiber-coupled setup,
and employs a pigtailed, single-mode VCSEL (L2K-
P760-LD-SM, Laser2000, Sweden) with a maximum out-
put power of 0.2 mW, operating at 0.085 mW at the
sample. The wavelength is scanned across the R15Q16
oxygen line at 760.094 nm (vacuum wavelength). After
the pigtailed laser, the light is split by a 10/90(%), single-
mode fiber splitter (Laser2000, Sweden). The smaller
fraction is guided to a reference detector, while the main
part is either propagated through ambient air (for cali-
bration purposes; see Sect. III), or guided to a scattering
and absorbing sample. A collimating lens package (CFC-
5-760, Thorlabs) is used in the case of measurements in
ambient air.

The laser frequency is scanned over the absorption lines
by ramping the operating current, which is provided by a
standard VCSEL current controller (LDC200, Thorlabs).
This is done by using a triangular waveform of 130 Hz.
A temperature controller (TED200, Thorlabs) ensures
general temperature stability. Wavelength modulation
is achieved by superimposing a sinusoidal modulation of
133 kHz on the triangular ramping signal. The ramping
and modulation signals are created in a PCl-based, 12-
bit arbitrary waveform generator (CH-3150, Exacq Tech-
nologies). Its internal clock is used not only to clock out
such waveforms, but also to externally clock the A/D
converters (2.496 MHz), via a short coax cable, on a sec-
ond computer board (NI-6132, National Instruments). It
is this manoeuvre that implements coherent sampling.

In the fiber-coupled setup, the light beams enter two
detectors with built-in transimpedance amplifiers (UDT-
455LN, OSI Optoelectronics). In the direct-coupled
setup only one of the above-mentioned detectors is used.
In the present case, the gain of the amplifiers is set to
10 in order to fulfill a bandwidth of about 1 MHz. Both
the sample and the reference signals are amplified by a
factor of up to 1000 by an external amplifier in order
to minimize external noise and for full utilization of the
dynamic range of the AD converter. The reference and
the sample signals are also filtered by a second-order,
high-pass filter (50 kHz cutoff frequency), and amplified
once more by a factor of 100. Measurements on scatter-
ing samples, such as bamboo or human tissue, require a
large area detector due to the fact that incident light is
scattered and absorbed by the sample. In this case, the
default sample detector is replaced by a cooled, large-area
(?=10 mm) avalanche photodiode module (SD 394-70-
72-661, Advanced Photonix).

The advantage of using wavelength modulation tech-
niques was estimated by measuring the relative intensity
noise (RIN) of the direct-coupled laser and comparing the
noise floor level at low frequency and at the laser mod-
ulation frequency. RIN is defined in a 1 Hz bandwidth,
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FIG. 2: Laser relative intensity noise (RIN) measurement
with a spectral resolution of 1 Hz. Sensor data are recorded
by a 14-bit data acquisition card at 600 kS/s over 100 seconds.
The figure shows a power spectrum (RIN measurement) of the
recorded detector data with and without unmodulated laser
light turned on.

and expressed in decibel, as

RIN =20 x log,, VVL

average

where Vjise is the spectral noise root-mean-square
(RMS) voltage and Vyperage is the averaged RMS volt-
age corresponding to the averaged optical power recorded
at the optical detector [18]. The RIN measurement was
done by measuring the noise spectrum of the recorded de-
tector signal with the laser turned on without any modu-
lation or ramp signal. As shown in Fig. 2, the noise level
at 133 kHz, is about 20 dB (10 times) lower than the
low-frequency noise level and gives information on the
expected improvement in performance when the wave-
length modulation technique is used. The decrease in
the performance of a tunable diode laser system based
on direct detection is due to flicker noise from the laser.
In Fig. 2 the dynamic range achieved is about 126 dB
(2.0 x 10%) at 133 kHz frequency. According to the data
sheet of the laser the RIN value at 1 GHz is about -120 to
-130 dB/Hz which sets the performance limit of a spec-
troscopy system based on this laser. As can be seen in the
figure, any further improvement of the dynamic range is
limited by the 14-bit data acquisition card since the noise
floor is almost the same when the laser is turned off. Fur-
ther, a detection limit of 1076 requires the system to have
a dynamic range of about 120 dB (1 x 105). To be able to
resolve such a weak signal, a high-pass filter is mounted
close to the detector to suppress any signal below the
modulation frequency.

B. Data Acquisition

A software program, based on LabVIEW, controls the
arbitrary waveform acquisition board (CH-3150). First
the scanning and modulation signals to the laser are cre-
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FIG. 3: Typical behavior of the recorded signal for a measure-
ment of oxygen, based on wavelength modulation techniques,
for 10 cm of air; 130 (1s) synchronous averages. Figure 3(a)
shows the signal from the detector when the laser is scanned
about 25 GHz, Fig. 3(b) shows the bandpass-filtered detector
signals (3-pole Butterworth, 4 kHz bandwidth) of the detector
signal, and Fig. 3(c) shows the spectral peak voltages based
on an FFT of the detector signal presented in Figure 3(a).
The spectral resolution of the FFT is 130 Hz. See text for
more details.

ated and loaded to the board. During the run, the com-
puter central processing unit (CPU) is free to carry out
other tasks since the workload of the arbitrary waveform
generator is handled by the board itself. All signals are
sampled synchronously and coherently to the laser mod-
ulation waveforms by the externally-clocked, four chan-
nel, 14-bit A/D converter PCI board (NI-6132). Sample
data blocks that correspond to one scan are added in a
data vector created in LabVIEW. Normally 130 — 7800
scans (1 — 60 s) are carried out before averaged data,
which are vector data divided by the number of scans, are
stored on disc and /or are lock-in detected by a lock-in de-
tection software module (Lock-in Toolkit for LabVIEW,
National Instruments) executed in the computer. The
phase reference, used by the lock-in detection module, is
created by software. The first and the second channels
record the signals from the sample detector (raw signal
and high-pass filtered raw signal), while the third and
the fourth channels record the signals from the reference
detector (reference signal and high-pass filtered reference
signal). These two last channels are used only in the
fiber-coupled setup; see Fig. 1.

To illustrate the potential of a digital lock-in detection
system, based on wavelength modulation and coherent
sampling, a measurement based on the direct-coupled
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setup was performed over a distance of 10 cm in am-
bient air. Fig. 3(a) presents the direct signal recorded,
where the residual amplitude modulation (RAM) signal
is clearly seen as a sinus signal that is present during a
scan [20]. The RAM signal occurs because the change
in frequency is caused by a change in diode driving
current and so altering the output power of the diode
laser. In the middle of the frequency scan, the absorption
line (P11P11) is crossed, resulting in amplitude changes
of the direct signal and overtones are created (2f, 3f,
4f...). The amplitude of the RAM signal (40 mV,,) is
about 1.5 percent of the DC level of the signal (2.7 V).
The recorded, direct signal was filtered by four software-
based, band-pass filters (center frequency at 1f, 2f, and
4f) and the data are presented in Fig. 3(b). This figure
shows that the 2f signal (4 mV),) is weaker than the 1f
signal (6 mV,,) but still of similar amplitude compared
to the dip in the direct signal since the amplitude of the
2f signal is about 0.1 percent of the amplitude of the
direct signal. The amplitude of the harmonic signals is
highly dependent on the modulation index that in this
case is set to 2.2 [6]. The modulation index is the ratio
between the modulation excursion in frequency and the
half width at half maximum of absorption feature. The
expected fractional absorption can be used to calculate
the dynamic range of the system required. The absorp-
tion fraction for 10 cm of air corresponds to 2.45 x 1073,
Tt is also shown that the 3f and 4f signals (1.8 mV,, resp.
0.7 mV,,) are weak and that the RAM signal is strong
compared to the peak-to-peak of the 1f signal.

To get an overview of the signal spectrum recorded,
an FFT of the data presented in Fig. 3(a) was carried
out and is presented in Fig. 3(c). The figure shows that
the 1f signal (20 mV, at 133 kHz) is about a factor of
100 weaker than the averaged signal from the detector
(2.7 V). It is also shown that the system SNR, for 130
averages, is about 3 x 10°. The SNR is measured at
133 kHz and with a measurement bandwidth of 130 Hz.
Normally, SNRs are expressed on a logarithmic (dB) scale
according to

SNR = 20 x log L2iamal
where Viignai is the averaged detector RMS voltage level
and V0 1s the RMS voltage level of measured noise. An
SNR of 3x10° corresponds to an SNR of about 110 dB. If
a high-pass filter is introduced, which suppresses signals
below the 1f frequency, the A/D dynamic range required
decreases by a factor of about 100, as shown in Fig. 3(c).

C. The Impact of the A/D Converter Resolution

The direct-coupled setup was used to study the im-
pact the resolution of an A/D converter has on a coher-
ent measurement system for spectroscopy. A number of
streaming and scanning 2f detection measurements were
performed for a distance in ambient air of 10 mm. This
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FIG. 4: Streaming measurements on 1 cm of ambient air (frac-
tional absorption of 2.45x 10™%) with the direct-coupled setup
based on different A/D resolutions and signal filtering. The
2f signal for the P11P11 oxygen line at about 764.3 nm is
measured for two different average settings; 1 (grey line) and
100 averages (black line). On the left the 2f signal, based on
2f detection of the sample signal, is shown for different A/D
resolutions and measurement times. On the right similar data
based on 2f lock-in-detected, high-pass filtered, sample signals
are shown.

corresponds to a fractional absorption of 2.45 x 1074,
Four measurements, each recording for 1 minute (7800
scans) were done. The sample signal and high-pass sam-
ple signal were streamed to a hard disc at 2.469 MS/s.
Raw data were stored for each measurement, with dif-
ferent resolutions corresponding to 8, 10, 12, and 14 bits
of the A/D converter. By default, the A/D board has a
14 bit resolution but this can be decreased by software
during a streaming measurement (based on an applica-
tion example provided by National Instruments). Thus,
the impact of different A/D converter resolutions could
be studied. The streamed data were read from the disc,
averaged, and lock-in detected. In Fig. 4 the 2f signals
for a resolution of 8 and 14 bits are presented.

As can be seen on the left-hand side of Fig. 4, an 8-bit
A/D converter cannot resolve the oxygen absorption line
even though 100 averages are performed. An absorption
dip of 2.45 x 10~* requires a dynamic range of the A/D
converter of about 72 dB (20 x log(1/2.45x10™%) to reach
an SNR of one. However, an 8-bit A/D converter has a
dynamic range of only about 48 dB and this is too poor
to resolve absorption lines in this test setup even though
long time averaging is used. If more bits are used the
absorption dip can be resolved, even with few or no data
averages. 14 bits are enough to resolve an absorption
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dip of 2.45 x 10~* since its theoretical dynamic range is
about 86 dB. 100 averages increase the dynamic range
by an additional factor of 10 (20 dB).

The performance can be increased by the use of dither-
ing [21] or high-pass filtering [19] as shown on the right-
hand side of Fig. 4. It can be seen that similar per-
formance is reached regardless of whether an 8-bit or a
14-bit AD converter is used. If high pass filtering is used
it should be possible to detect a weak absorption line
(1x 1075 to 1 x 107®) by using a 14-bit or a 16-bit A/D
converter. On the right-hand side of Fig. 4, it can also be
seen that single scan data are not a priori improved by
introducing more bits. This is due to the fact that data
from one scan are greatly affected by mechanical vibra-
tions introduced by vibration motors. Small vibration
motors are mounted in the test setup in order to shake
the laser and the detector to minimize persistent opti-
cal fringe generation, a well known detrimental factor in
diode laser spectroscopy [22].

III. CALIBRATION OF THE SYSTEM

The standard addition method was used to calibrate
and to test the linearity and noise behavior of the sys-
tem. The method is based on adding a known distance
through ambient air between the laser and the detector
and monitoring the amplitude of the 2f signal, divided by
the DC level of the direct signal [22]. The signal increases
linearly as is also shown in Fig. 5. The estimated air off-
set of 4 mm, in the direct-coupled setup, is due to the
fact that it is not possible to mount the detector directly
connected to the laser in the direct-coupled setup. The
estimated air offset of 14 mm in the fiber-coupled setup is
due to air inside the collimator package used. It is pos-
sible to evaluate 1f — 4f signals from one measurement
data file, since data are recorded synchronously almost
20 times for each period of the modulation signal. The
figure also shows typical recorded signals of the 2f sig-
nal for a distance through air of about 35 mm for the
fiber-coupled and the direct-coupled setups. As shown
in Fig. 5(b), the 2f sample signal in the fiber-coupled
setup is markedly distorted. The distortion is due to
optical interference effects which occur frequently in pig-
tailed lasers. Periodic noise and fringes can be handled
by using balanced detection [22]. By detecting both the
sample and reference beams synchronously, a balanced 2f
detection signal is evaluated, as shown in Fig. 5(b).

IV. APPLICATIONS

A. Gas Discharge Measurements on a
Bamboo Stalk

To show the strength of using the digital lock-in detec-
tion system, we performed test measurements. The oxy-
gen content inside a bamboo stalk was measured. Sim-
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FIG. 5: a) Standard addition measurement results from the
direct-coupled and fiber-coupled measurement setups. Ten
measurements (20 s measurement time) were made at each
air distance, ranging from 0 to 65 mm. b) Typical behavior of
the 2f signal in the fiber-coupled setup for a distance through
air of about 35 mm. The figure shows the 2f signal of the
sample signal (thin line) and the evaluated balanced signal
(bold line). ¢) Typical behavior of the 2f signal in the direct-
coupled setup for a distance through air of about 35 mm.

ilar studies on wood have been carried out previously,
using a traditional spectroscopy setup, based on desk-
top analog lock-in amplifiers [23, 24]. The purpose of our
measurements was to show how the hollow compartment
inside a bamboo stalk, interacts with ambient air. The
stalk of a bamboo consists of hollow, jointed compart-
ments. We performed measurements on a 23 cm long
stalk with an inner diameter of 11 mm. The external
diameter was approximately 18 mm. Before the mea-
surement was started the bamboo stalk was exposed to
a non-ambient gas by placing it for 72 hours in a bag
containing nitrogen. Figure 6 shows the direct-coupled
setup measurement arrangement and also experimental
data, showing that the discharge of nitrogen has a time
constant of about 30 minutes.

The light reaching the APD detector is in the range of
only 0.3 uW or 0.1 percent of the emitted light from the
laser. Initial measurements showed noisy signals, and no
pure 2f signal could be detected for 20 s of averaging.
This is due to interference fringes that appear between
the laser, the bamboo stalk, and the detector. Small
vibration motors were mounted on the laser and the de-
tector in order to shake the test setup to minimize per-
sistent fringe generation that otherwise overrides the 2f
oxygen signal. Even though each measurement point in
Fig. 6 is based on 20 s of averaging (2600 scans), mea-
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FIG. 6: Measurement on nitrogen discharge in a bamboo stalk
with a diameter of 18 mm. As shown in the figure the 2f signal
starts at an offset that corresponds to 37 mm of ambient air.
This is partially because the stalk is mounted at a certain
distance from the laser and the detector. Thus, light also
passes through ambient air, not only through the stalk.

surement data still fluctuate. This could be the result of
changing motor speed, backscattered light, interference
fringes, etc., which add noise and intensity fluctuations.

B. Measurements on the Human Frontal Sinus

Human frontal sinuses are air-filled cavities in the
frontal bone. Measurements on these sinuses, on a
healthy volunteer, were performed with the fiber-coupled
setup. This setup was chosen since the measurement re-
quires a device that can be positioned at any point on
the human body. The tip of the fiber was positioned
onto the caudal part of the frontal bone while the APD
detector was positioned on the forehead about 3 cm from
the fiber. The light that reaches the APD detector, was
in the range of only 0.15 uW or 0.2 percent of the emitted
light from the laser. Measurements, based on 60 s of av-
eraging, show a 2f signal that corresponds to an distance
through ambient air of 13 mm. The result is in agreement
to that reported in Ref. 25. As expected, the SNR of the
2f signal is higher than for the 3f, and 4f signals as shown
in Fig. 7. A measurement time, to produce a signal of
an acceptable signal, should be 10 — 30 s. Commonly,
fringes dominate the noise floor and in some cases the
4f signal contains less such noise than the 2f signal [26].
Thus, the 4f signal may be a better choice for data analy-
sis in the case of large interference fringes. However, the
4f analysis requires more light or less attenuation by the
sample. This is due to the fact that the signal level of
the 4f signal is lower than the 2f signal by a factor of 5,
as shown in Fig. 3.

V. DISCUSSION

The CH-3150 board was chosen because it has a fast
arbitrary generator onboard, which can be used to mod-
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FIG. 7: Measurement on frontal sinuses on a healthy volun-
teer. The strength of the signal corresponds to a distance
through ambient air of 13 mm. The figure shows the behav-
ior of the 2f — 4f signals for one measurement (60 s averaging).
See text for more details.

ulate the laser. Any modulation frequency from DC to
several MHz can be created without loading the com-
puter central processor unit (CPU). The two analog in-
put channels onboard can be used to coherently sam-
ple the detector signals at the same time. Thus, this
board would be adequate to develop a flexible, power-
ful, cheap, and compact system for trace gas analysis.
This system can be used in general gas spectroscopy and
in applications with fast changing environments such as
in combustion, requiring a ramping frequency of the or-
der of 1 kHz. However, since four input channels were
required for balanced-detection to suppress fringes, a sec-
ond board was introduced (NI-6132) that contains four
synchronized A/D converters clocked by the CH-3150
board. The clock signal and the waveform sync sig-
nal were fed to the A/D board via two coaxial cables
mounted inside the computer. This action was taken to
suppress noise and prevent crosstalk between the clock
and the detector signals.

Even though this system can be run incoherently, like
an ordinary, PC-based, lock-in detection system, coher-
ent sampling is used since this avoids the requirement
that lock-in data are real-time data. Data can thus be
averaged in real-time coherently and can be processed
after the averaging is finished or stored for later analy-
sis. The user is free to analyze the data in the time or
the frequency domain. This provides the possibility of
analyzing signals from several channels and performing
baseband analysis and lock-in detection (1f — 4f) on the
same data set. The current solution corresponds to the
performance of standardized, digital lock-in amplifiers.
However, with this setup, baseband detection, 1f — 4f de-
tection, and fast ramp frequencies (4 Hz to 1 kHz) could
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be used by running different software applications with-
out any changes having to be made in the hardware. The
solution is compact and installed in an ordinary PC.

If higher performance is needed, high-pass filtering of
the detector signal increases the dynamic range of the
signal detection, since most of the low-frequency signals
(below 1f) are thus suppressed. When this technique is
used, the resolution requirement of the A/D converter
is not critical. A 12 — 16 bit A/D converter should be
adequate even for applications requiring a fractional ab-
sorbance of about 1 x 10~7. The output resolution of
the D/A converter is 12 bits, which adds quantization
noise even though the CH-3150 board has analog recon-
struction filters onboard. It is difficult to estimate how
this limitation affects the resolution of the system since
amplitude noise at the laser input is converted into am-
plitude and frequency variations in the laser at the same
time.

Another way to improve the performance of the system
is to replace the current DAQ boards with boards with
higher resolution. As an example a second measurement
was performed to measure the laser noise using a 24-bit
data acquisition board (NI-4472, National Instruments).
The use of this board resulted in lowering the noise floor
at 10 kHz by an additional 30 dB. However, this board
is too slow (about 100 kHz sampling frequency) for com-
bustion measurements, for instance, and it is not possible
to clock it externally. Thus, this board cannot be used
in a coherent sampling system. It is also possible to add
input channels by replacing the A/D board with a board

with eight input channels, for example. If a cheaper solu-
tion is needed, standardized external sound cards can be
used. Today, these devices have excellent performance
with 24-bit resolution A/D and D/A converters. The
only drawbacks are that the sampling clock is limited to
196 kHz and no DC level can be measured. However, this
solution may be adequate for some applications.

VI. SUMMARY

By the use of plug-in boards for standardized com-
puters, a powerful and flexible detection system for gas
spectroscopy was developed. One of the greatest advan-
tages of the system is that raw data, from a number of
channels, can be streamed and stored on disc by the use
of standardized software. There is no need for specially
designed computers, field-programmable gate arrays, or
embedded solutions. Coherent sampling allows the raw
data to be analyzed in real-time or post-processed in the
time- or frequency domain. In our experience the current
system is limited by interference fringes in the optical
setup.
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The reliability of diode lasers used in spectroscopic applications is limited by their intrinsic
multimode and mode-jump behavior when wavelength-tuned by current or temperature. We report
on a scheme for gas analysis based on temporal correlation between absorption signals from an
unknown external and a known reference gas concentration, simultaneously recorded when the
diode laser wavelength is temperature-tuned across absorption features of the gas of interest. This
procedure, which does not require any knowledge of the exact spectrum, also eliminates light
intensity fluctuations due to mode competition. The method is illustrated for atmospheric oxygen

absorption applied to diffusion measurements.

© 2005 American Institute of Physics. [DOI: 10.1063/1.1921351]

Gas concentrations can be conveniently measured by
high-resolution absorption spectroscopy employing single-
mode tunable laser sources, especially diode lasers. The
narrow-band laser radiation is scanned over an isolated ab-
sorption line, specific for the species to be studied, and the
concentration is retrieved from the measured absorbance ac-
cording to Beer—Lambert’s law. The technique, commonly
referred to as tunable diode laser absorption spectroscopy
(TDLAS), has applications ranging from, e.g., long-path ab-
sorption measurements of environmental pollutan’[s1 to prob-
ing of gas confined in porous materials.”

However, semiconductor diode lasers have intrinsic
properties that often impair their spectroscopic applicability.3
For example, several longitudinal modes can oscillate simul-
taneously, since the width of the spectral gain profile is much
broader than the separation between adjacent longitudinal
modes. The mode competition leads to interfering gas ab-
sorption signals from the submodes. Additionally, the tuning
range of diode lasers is often not continuous and mode-hops
occur, which causes light intensity fluctuations that can be
misinterpreted as absorption. To cope with these problems,
essentially single-mode operation can be achieved by em-
ploying distributed feedback, distributed Bragg reflector, or
external cavity arrangements. All these technologies increase
the degree of complexity and the cost of the systems. Addi-
tionally, the wavelength characteristics of the laser can
change over time due to aging. Diode laser system realiza-
tions are frequently subject to thermal drift and active stabi-
lization may be needed. These inconveniences as well as the
need of expert operators have been major obstacles for the
widespread application of TDLAS.

Another approach is used in the gas filter correlation
(GFC) technique,4 in which, frequently passive, broadband
radiation is either passed directly through the external gas
that is analyzed, or is additionally filtered through an opti-
cally thick reference cell filled with the target gas. The direct
recording is strongly dependent upon the presence of the
target gas in the external path, whereas the signal from the
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reference cell is essentially the same, since the light at all
characteristic wavelengths is anyway absorbed. The differ-
ence in spectral transmittance between the two paths is thus a
sensitive indicator of the target gas concentration. Due to the
inherent “holistic” property of the GFC technique, which
matches out the unique spectral signature of the target gas,
the presence of interfering gases does not affect the analysis.
Notably, no knowledge of the gas spectrum is needed, which
has been effectively used in, e.g., lidar gas monitoring5 and
gas imaging.("7

In this letter a scheme for gas analysis, denoted temporal
gas correlation spectroscopy (TEGACOS), is proposed. The
technique combines the superior sensitivity and selectivity of
the high-resolution TDLAS technique with the simplicity
and robustness of a GFC spectrometer. The technique is par-
ticularly suited for analysis of gas with sharp absorption
characteristics, and allows employment of multimode diode
lasers. Similarly to the GFC technique, the radiation is split
into one beam transmitted through the external gas, and an-
other beam passed directly through a reference cell with a
well-calibrated concentration of the target gas, as illustrated
in the schematic setup shown in Fig. 1. Generally, the diode
laser wavelength can be tuned across absorption structures of
the target gas by changing the diode temperature or current.
The simultaneously recorded signals from the two optical
paths may contain gas absorption imprints, as well as inten-
sity variations due to mode competition and mode hops,
background fluctuations, and interference fringes. If the tar-
get gas is present in the external path, the gas signatures will
correlate in time. Oppositely, mode-instability-induced fluc-
tuations of the laser output will correlate differently, since
they are independent of the presence of the gas. Thus, in
order to discriminate between gas-related absorption and
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FIG. 1. Experimental setup for temporal gas correlation spectroscopy.
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mode instability, at each point in time both the external and
the reference signals are normalized to the laser output
power, which is conveniently monitored using the integrated
photodiode in the diode laser case.

In conclusion, if the diode laser operates in a single lon-
gitudinal mode when scanned through the gas absorption
structures, the temporal recording obtained constitutes the
actual absorption spectrum of the gas. This is the ideal case
used in conventional TDLAS. Oppositely, if the laser mode
is unstable, the detected signal no longer corresponds to the
actual spectrum. By using the temporal correlation scheme,
information about the gas absorption can still be retrieved. It
should be noted that the influence of laser frequency fluctua-
tions due to thermal drift are automatically eliminated with
the temporal correlation scheme, due to the simultaneousness
of the measurement. Note also that external background and
internal optical variations, including changes in the optical
system alignment, and interference fringes generated by ex-
ternal feedback from optical surfaces, should be minimized,
as in conventional TDLAS. If the perturbation widths are
comparable to the linewidth of the absorbing species under
investigation, they can obscure the detection and reduce sys-
tem performance. Increased sensitivity is achieved with the
suggested method, as in conventional GFC, in wavelength
regions with strong differential absorption, i.e., where the gas
spectrum has high contrast.

To demonstrate the TEGACOS concept, preliminary
proof-of-principle measurements were performed on atmo-
spheric oxygen, which has close-lying and well-resolved ab-
sorption lines in the A-band around 760 nm. An AlGaAs
Fabry—Pérot-type diode laser (Sharp LTO31MDO) with a
nominal wavelength of 757 nm at 25 °C and a free running
output power of 7 mW was scanned across a wide wave-
length range including several oxygen absorption lines, by
changing the laser temperature about 12 °C. Although tem-
perature scanning by a Peltier element in a standard laser
mount was slow (~20 s per scan), a faster method based on
photothermal heating of the diode laser by pulsed radiation
from an external laser’ was also investigated. Many commer-
cially available diode lasers are notoriously emitting light at
multiple longitudinal modes. Enhanced multimode behavior
of the diode laser used in our experiments was obtained by
operating it at an injection current close to the lasing thresh-
old. The widely tunable but spectrally noisy diode laser
source, not suitable to use in conventional TDLAS, was di-
agnosed using a spectrometer. The output spectrum obtained
had discontinuities and mode hops, as illustrated in Fig. 2(b).
The experimental setup, shown schematically in Fig. 1, con-
sisted of an external path of variable length and several ref-
erence paths, corresponding to different absorbancies, uti-
lized for calibration. Figure 2(a) shows the simultaneously
recorded direct-absorption signals normalized to the monitor
current and divided by a fitted third order polynomial for
display purposes. The signals displayed correspond to 138,
304, and 830 g/m? path-integrated concentration of oxygen,
respectively. The absorption features observed (counted from
left to right) correspond to the P3P3, P3Q2, R13Ql4,
R15R15, R15Q16, and R17R17 lines of the oxygen A band.
However, it should be stressed that such a detailed spectral
knowledge is not required using the present technique, which
functions for any combination of gas absorption signals ob-
tained when the diode laser source exhibits arbitrary fre-
quency shifts or mode competition.

Appl. Phys. Lett. 86, 184102 (2005)
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FIG. 2. (a) Simultaneously recorded single-scan time-correlated oxygen sig-
nals. The curves correspond to 138, 304, and 830 g/m? path-integrated con-
centrations of oxygen, equivalent to path lengths in air of 0.5, 1.1, and 3 m,
respectively; (b) typical multimode diode laser spectrum around 760 nm; (c)
evaluated vs set path-integrated oxygen concentrations in air, plotted with a
linear fit.

Similarly to the broadband GFC technique, the reference
cell provides an ultrasharp matching signature of the target
gas. However, owing to the spectral sharpness of the laser
source used in the temporal correlation scheme, the absorbed
radiation is detected in a narrow wavelength interval at the
time, and not integrated over all wavelengths as in the con-
ventional case. Thus, in this scheme the reference cell is
preferably not totally absorbing, and can also be used for
calibration purposes. Since the reference gas concentration is
well known, the external gas concentration can be related to
it in a way that resembles the standard addition method. An
important difference is that the standard addition calibration
is usually not performed simultaneously, but in a time mul-
tiplexing procedure. To avoid line shape discrepancies of the
absorption lines that would impair the correlation, the tem-
perature and pressure in the reference path are kept as similar
as possible to the conditions in the external gas. This can be
achieved, e.g., by long-term temperature stabilization and
pressure equilibrium in nonsealed reference cells.

The simple data processing consisted of initial subtrac-
tion of the background level, assessed by temporarily switch-
ing of the laser, followed by normalization of the signals to
the laser output power. In order to remove the influence on
the signals caused by path-differential variations due to, e.g.,
slowly wavelength-dependent transmission, a sliding
pointwise-symmetric division was performed. The loga-
rithms of the signals obtained were subject to a sliding cor-
relation interval with a width corresponding to the expected
width of the gas absorption features, resulting in a pointwise
time-interval-integrated ratio between the signals. In a cali-
bration procedure, a pair of reference signals of known con-
centration was used to single out points in time having the
expected time-interval-integrated ratio, thus corresponding to
the gas signature. Subsequently, the pointwise time-interval-
integrated ratio between one of the reference signals and the
external signal was used to determine the unknown gas con-
centration in the external path. The evaluated path-integrated
concentrations obtained by the TEGACOS method versus
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FIG. 3. Recording of the reinvasion of ambient air into a previously
nitrogen-flushed glass container covered by polystyrene foam slabs of (a)
20 mm and (b) 10 mm thickness, respectively. An offset path-integrated
concentration of 73 g/mz, due to the air outside the container, was sub-
tracted from the signals.

the corresponding set values from a multipath experiment are
displayed in Fig. 2(c). The detection scheme was used to
monitor gas exchange through differently thick slabs of poly-
styrene foam covering a glass container placed in ambient air
after previously being flushed with pure nitrogen gas. The
temporal variation of the path-integrated oxygen concentra-
tion in the container is shown in Fig. 3. Although the mea-
surement lasted several hours, thermal drifts do not affect the
measurement.

Improved signal-to-noise ratios can be achieved by av-
eraging the concentrations evaluated from several wave-
length scans. With the proposed temporal correlation
scheme, as in conventional TDLAS, several orders of mag-
nitude higher sensitivity compared to direct absorption could
be obtained by employing modulation techniques. A large
modulated signal proportional to the species concentration is
generated, which can be temporally correlated in a similar

Appl. Phys. Lett. 86, 184102 (2005)

way as in the case presented. Multivariate statistical meth-
ods, such as the powerful partial least-squares (PLS)
technique,9 are expected to further improve the accuracy and
speed of data processing.

Although demonstrated for oxygen, it is evident that the
TEGACOS technique works in any wavelength region and
for any gas with close-lying and fairly sharp absorption lines.
For example, in the mid-IR region, molecular band heads of
several environmentally and biologically important gases
could be monitored using the proposed scheme in combina-
tion with quantum cascade lasers. The requirements on the
system are less stringent, facilitating use of cheaper, high-
power multimode diode lasers without need for frequency
stabilization. Although the detection sensitivity is lower than
for conventional TDLAS, its robustness and relaxed stabili-
zation requirements promise to make the technique very ver-
satile.
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Abstract—Free gases are characterized by their narrow line width, and they can conveniently be studied by
laser spectroscopy. The present paper discusses the monitoring of such ambient pressure gases, which are dis-
persed in scattering media such as aerosol-laden atmospheres, solids, or liquids. Atmospheric work basically
constitutes the well-known field of differential absorption lidar (DIAL), while the study of free gas in solids and
liquids was initiated more recently under the name of GASMAS (GAs in Scattering Media Absorption Spec-
troscopy). We discuss the connections between the two techniques, which are extensively used in our labora-
tory. Thus, we span the field from trace-gas mapping of gases in the lower atmosphere to gas studies in con-
struction materials, food products, and the human body. We show that the basic ideas are very similar, while the

spatial and temporal scales vary greatly.

PACS numbers: 87.64.Je, 89.60.-k, 87.80.-y, 34.50.-s, 81.05.Rm
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1. INTRODUCTION

Media with strong optical scattering are extremely
common in the real world, and are often encountered in
everyday life. Examples of scattering media are clouds,
fog, ice, snow, foams, food products, wood, and human
tissue. Two major aspects pertain when light is propa-
gating in such media. First, the light path traveled by
the light becomes undefined with a distribution of path
lengths, which results in the absence of a well-defined
Beer—Lambertian law, directly applicable for determin-
ing the concentration of an absorbing species in the
scattering material. Secondly, imaging through scatter-
ing media becomes blurred. Many techniques have
been developed to alleviate the detrimental effects of
scattering as discussed, e.g., in [1-3].

The influence of scattered light in imaging can be
removed, e.g., by gated viewing and coherent gating,
where the unique feature of the shortest traveling time,
and the preserved coherence, respectively, for nonscat-
tered light is taken advantage of [4, 5]. The problem of
concentration evaluation can be addressed by using
time-resolved measurements, where a histogram of the
path lengths of individual photons is recorded, allowing
a modified Beer-Lambertian law to be established [6].
In this way, it becomes possible to determine the con-
centration of molecular species, e.g., in tissue related to
sensitizer concentration evaluation in photodynamic
therapy [7], for breast tissue characterization in optical
mammography [8], or for the concentration evaluation
of active components in pharmaceutical tablets [9, 10].

These types of measurements were extended to the

study of free gas in scattering media using a technique
which was named GASMAS (GAs in Scattering Media

Absorption  Spectroscopy) [11]. The technique,
although operating on samples on millimeter to centi-
meter scales, has a clear resemblance to laser radar
(lidar, or light detection and ranging) measurements in
the atmosphere, where the scales are up to several kilo-
meters [12—-14]. Single-scattering events strongly dom-
inate in clear air, allowing a straight-forward evaluation
of gas concentrations to be performed using the so-
called differential absorption lidar (DIAL) technique
[15, 16], which, for air pollution studies, was pioneered
by Walther and collaborators [17] and Grant and collab-
orators [18]. However, in the presence of fog or clouds,
multiple scattering frequently occurs, especially when
operating at short wavelengths. The field of multiple-
scattering lidar is extensive and has been covered in a
series of international conferences (see, e.g., [19]). The
situation in multiple-scattering lidar is very similar to
GASMAS measurements, except that the spatial scale
is different. In our group, DIAL as well as GASMAS
studies are being pursued, and, in the present paper, we
show their close connection. Laser spectroscopy
applied to environmental and medical research has
much in common [20], which is also illuminated, as is
the power of multidisciplinary multispectral imaging
[21].

The present paper is organized in the following way.
Experimental arrangements for lidar and GASMAS
measurements are presented in the next section. Then,
some results from different types of experiments are
presented. Finally, in a concluding section, the tech-
niques are discussed and new fields of investigation are
proposed.
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Fig. 1. (a) Schematic arrangement for lidar monitoring of atmospheric gases (left) and (b) the schematic arrangement for measure-
ments of gases in solid or liquid scattering media (right) (from [3]).

2. EXPERIMENTAL ARRANGEMENTS
2.1. Lidar

A schematic diagram of the Lund lidar system used
for range-resolved trace-gas element DIAL mapping in
the atmosphere is shown in Fig. 1a. Short pulses from a
tunable high-power laser are transmitted into the atmo-
sphere, and the laser is switched between two different
wavelengths—one on an absorption peak and one
slightly off. The laser radiation is scattered by particles
and molecules in the atmosphere and backscattered
light is collected with a 40-cm-diameter Newtonian
telescope and directed to a detector. The telescope has
a very small viewing angle (about 1 mrad) defined by
an aperture stop in the focal plane. The viewing angle
matches the divergence of the laser beam, which is
transmitted through a beam expander, and is mounted
on the same optical axis as the receiving telescope.
With this “tunnel-vision” arrangement, the probability
of multiply scattered photons is strongly reduced—to
the extent it is possible to be neglected in the absence of
fog or clouds. The detected laser-radar signals will, for
a uniform atmosphere, show a typical 1/r> dependence,
reflecting the diminishing solid angle of the receiving
telescope presented to the scatterers along the propa-
gating beam. This is true for the off-resonance wave-
length, whereas the on-resonance signal will be addi-
tionally attenuated by absorption related to the gas of
interest. Division of the on-resonance by the off-reso-
nance curve will also eliminate the influence of nonuni-
form scattering particle distributions, and the slope of
the ratio curve indicates the gas concentration.

The Lund lidar system [22] is housed in the cargo
compartment of a Volvo truck and can easily be trans-
ported to measurement sites. The system is fully self-
contained with an autonomous source of electricity. A
20 Hz Nd:YAG-pumped optical parametric oscillator

(OPO) system (Spectra Physics MOPO-730), modified
to make fast wavelength switching possible is used as
the lidar transmitter. The OPO can be widely tuned,
and, in combination with nonlinear frequency conver-
sion techniques, the spectral range 220 nm to 3.4 um
can be covered. The vertically looking arrangement in
Fig. 1a is normally complemented by a rooftop dome
with a computer-controllable folding mirror to direct
the radiation in any direction desired. Collected back-
scattered light is passed through a narrow-band inter-
ference filter, which transmits only the elastically scat-
tered radiation onto a photomultiplier tube (PMT),
while suppressing most of the ambient light.

Ultraviolet laser radiation is preferably used, since
these wavelengths are essentially eye safe (below
400 nm) and a sufficiently strong backscattering is
attained, which is not necessarily true in the infrared
region, which otherwise is also eye safe beyond 1.4 um.

Our group has performed measurements on several
pollutants, including sulphur dioxide (SO,), nitrogen
dioxide (NO,), nitric oxide (NO), and mercury (Hg),
the last of which was recently studied in a major inter-
disciplinary project concerning chlor-alkali factories
[23]. During these measurements, the absorption peak
for Hg at 253.65 nm was used, where 5 mJ laser pulses
with 4-5-ns length could be produced. The laser wave-
length is switched on a shot-to-shot basis, such that
there is not time for the atmosphere to change apprecia-
bly between the on- and off-resonance measurements.

2.2. GASMAS

A schematic setup for GASMAS is shown in
Fig. 1b. It is employed to measure molecular gases
inside scattering media by using tunable diode laser
absorption spectroscopy. The laser is scanned across an
absorption line of the gas to be studied by repetitively
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modifying the laser driver current by supplying a saw-
tooth ramp. Our work has been focused on molecular
oxygen [11, 24-26], which has its conveniently located
A-band around 760 nm. Furthermore, water vapor
around 980 nm [27] has been studied for moisture
assessment. In principle, any gas with absorption lines
situated at a wavelength available with a suitable laser
can be investigated, provided that the bulk material is
sufficiently transparent. Thus, there is a practical limi-
tation to the optical region below 1400 nm for samples
containing large concentrations of liquid water (biolog-
ical tissue, fruits, foods, etc.), and from 600-1400 nm
for human tissue due to the additional absorption of
hemoglobin at lower wavelength.

In order to achieve sensitive detection, lock-in
detection techniques are used. The laser driver current
is, then, modulated by a 10-kHz sine wave. The light is
fiber optically guided to the sample, which, for oxygen
monitoring, has the additional advantage of suppress-
ing a strong background signal from ambient air. In the
arrangement shown in Fig. 1b, a right-angle prism is
positioned in front of the fiber, centrally located over a
large area photomultiplier tube (PMT) detector. The
backscattered light from the sample is collected
through an annular aperture, which has the function of
suppressing the strong light backscattered close to the
injection point of the sample, allowing deeper levels of
the sample to be probed. A high-pass filter with a cut-
off wavelength at 715 nm is mounted on the detector in
order to reduce the influence of background light. The
sharp sensitivity cut off of the PMT towards the IR
region provides the matching low-pass filter function.
The signal from the detector is split into two parts. One
part is directly connected to a digital oscilloscope,
while the other part is fed to a lock-in amplifier, where
the amplitude at twice the modulation frequency is
phase sensitively detected and fed to a second channel
of the oscilloscope. The lock-in signal normalized to
the amount of light reaching the detector is used as a
measure of the gas content. The standard-addition
method, where known pathlengths of ambient air are
added into the laser beam, is used to calibrate the sys-
tem. By doing so, a so-called equivalent mean path-
length, L, can be estimated for the sample, corre-
sponding to the distance light has to travel in ambient
air to obtain the same signal as in the sample, where
multiple scattering produces a distribution of path-
lengths. We note that L., depends on both the sample
scattering properties and the concentration of the dis-
tributed gas.

2.3. Comparison

By comparing Figs. 1a and 1b, we notice the close
resemblance between the lidar and GASMAS tech-
niques, which typically operate at kilometer and milli-
meter ranges, respectively. In the second case, strong
multiple scattering can cause the effective pathlengths
to be centimeters up to meters in rare cases. Thus, while
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a lidar system operates at photon travel times on the
order of microseconds, the latter system is character-
ized by pico- and nanosecond time scales. Both sys-
tems can, in principle, be operated in pulsed mode
yielding time resolution, or in a continuous-wave (CW)
mode. The former system is normally a pulsed one,
while the latter is frequently a continuous one. In con-
tinuous operation, the overwhelming signal at short
range must be suppressed by a ring-shaped aperture
arrangement suppressing the on-axis signal. Pulsed
operation in short-range applications (high temporal
resolution) is not compatible with a high spectral reso-
lution, due to Fourier broadening. However, the phase-
shift method, where a CW laser is amplitude modu-
lated, may be compatible with spectral as well as spatial
resolution in a certain parameter range.

The CW detection scheme can also be seen as a
long-path absorption arrangement where the range res-
olution is lost. Two scenarios are depicted in Figs. 2a
and 2b. An arrangement for long-path absorption mea-
surements of air pollutants is shown in Fig. 2a, where a
retroreflecting mirror, placed at a distance far away is
used to effectively throw the light back to the receiver.
In Fig. 2b, a magnetic resonance image (MRI) indicat-
ing the frontal human sinus cavities is shown together
with a light path for probing the gas content in the
sinuses. This can be considered as equivalent to a long-
path absorption measurement. Here, the very nonopti-
mal laser transmitting optics is the frontal bone, the ret-
roreflector is the diffusely scattering underlying tissue
(i.e., the brain), and the receiving optics, again, corre-
spond to the inefficient “frontal-bone” telescope fol-
lowed by the large-area detector. Still, it is possible to
measure the pathlength traveled through air in the
sinuses. As compared to the atmospheric monitoring
case, a huge amount of light is wasted in the sinus case
due to diffuse scattering.

3. MEASUREMENT EXAMPLES

Many different aspects of applied molecular spec-
troscopy are pursued in our research group. Different
techniques are used; however, they are frequently
closely related, as pointed out in this paper. Atmo-
spheric long-path absorption measurements can be per-
formed using single-mode diode lasers. Frequently,
cheap and easily accessible diode lasers do not neces-
sarily emit light at wavelengths corresponding to the
strongest gas absorption lines, but rather, at weak over-
tone or combination spectral bands. To compensate for
this, sensitive frequency-modulation techniques can be
used, bringing down the sensitivity to the shot-noise
limit. As an example, we performed road traffic mea-
surements of nitrogen dioxide concentrations with a
cheap laser emitting around 635 nm, rather than
employing the commonly used blue spectral region
[28]. The two-tone frequency modulation technique,
which combines a large frequency modulation, match-
ing the pressure-broadened lines, with convenient elec-
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Frontal sinus

Fig. 2. The upper part (a) shows a schematic setup for a
long-path absorption measurement employing a retroreflec-
tor. The lower part (b) shows an MRI image of the senior
author indicating the location of the frontal sinuses. A light
path illustrating the GASMAS technique measurement is
also included (from [3]).

tronic detection around 10 MHz, was employed. A
well-known problem with diode lasers is their tendency
to mode hop if not accurately controlled. We have
developed a new temporal correlation technique, where
an uncontrolled multimode laser can be employed for
gas concentration measurements. Observed intensity
spikes related to modes hitting absorption lines of the
atmospheric gas are correlated to the spikes observed
from a laboratory cell containing the same gas [29].

As an example of a typical DIAL measurement, the
signals received from a DIAL measurement on atmo-
spheric mercury are shown in Fig. 3. The lidar beam
was directed downwind from a chlor-alkali plant inter-
secting the atomic mercury plume. The upper part
shows the on- and off-resonance lidar signals as a func-
tion of the range. We note that the signals are equal at
short distances, indicating that no pollutant has been
encountered. The curves run apart at about the 300-m
range, indicating that the on-resonance light has been
attenuated. The absolute intensity of the recorded sig-
nals depends on many different factors, including non-
uniform distributions of scattering particles as dis-
cussed above, and range-modulated amplification of
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Fig. 3. Results from an atomic Hg lidar measurement: the
top part shows the raw data for on- and off-resonance wave-
lengths, the middle part is the ratio between the two curves,
and the bottom part is the evaluated range-resolved concen-
tration (from [3]).

the detector. However, these factors are cancelled when
forming the ratio between the on- and off-resonance
signals, as can be seen in the middle part of Fig. 3. From
the slope of the ratio curve, the range-resolved concen-
tration shown in the bottom part of the figure can be cal-
culated. Data from any measurement direction obtained
in a fan-like scan through the plume can be merged into
a cross-section image, such as the one shown in Fig. 4.
Here, vertically and horizontally integrated values are
also shown. By multiplying the area-integrated value
by wind speed perpendicular to the cross section, the
total flux of mercury from the plant can be evaluated.
This was done in an extensive project at different Euro-
pean plants [23].

As a further DIAL example, we show data from
ship-borne vertically sounding measurements of sul-
phur dioxide at the Italian volcano Mt. Etna in Fig. 5.
Examples of on- and off-resonance lidar recordings
around 300 nm are shown, and, also, the extension of
the SO, plume from the volcano, recorded in a traverse
under the plume. Passive measurements of the inte-
grated SO, absorption using the blue-sky radiation as
the light source were also performed. Due to the
extended light source, passive measurement can be
influenced by multiple scattering. Actually, the passive
measurements were compared with nonaffected lidar
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Fig. 4. Cross section of atomic mercury concentration
through the emission plume from a chlor-alkali plant. Verti-
cally and horizontally integrated values are also shown. By
multiplying the total integrated value with the wind velocity
perpendicular to the cross section, the total flux from the
plant can be evaluated. Typical values for the case shown
are around 70 g/h (from [23]).

data, and the scattering situation was also theoretically
modeled [30].

The examples given constitute “conventional” sin-
gle-scattering lidar cases. The data analysis is based on
the time of the arrival of a photon, which is interpreted
as a distance—that is, to and from its only scattering
event. However, measurements through fog or clouds
would be affected by multiple scattering. Multiple scat-
tering lidar measurements—which, in fact, could be
considered as large-scale GASMAS experiments—
could be performed by spatially resolved measure-
ments. In such a case, the lidar transmitter and receiver
optical axes would not be aligned, but translated with
respect to each other. Alternatively, the central part of
the detector could be blocked with an annular aperture
being left open as discussed above. In such a measure-
ment arrangement, only the multiply scattered photons
could be detected. If a DIAL measurement would be
made on oxygen, the concentration is known and, thus,
the optical pathlength could be calculated. Of particular
interest would be to perform such measurements both
at an A-band transition at about 760 nm, as mostly dis-
cussed in this paper, and at a transition around 254 nm,
as encountered in [31]. Due to the strong wavelength
dependence of both the dominant Mie scattering and
the Rayleigh scattering, quite different behavior can be
expected and the influence of multiple scattering could
be further elucidated.

We will now discuss short-range lidar measure-
ments of free gas, i.e., GASMAS experiments. The
general principle is shown in Fig. 6, where transillumi-
nation and backscattering geometries are shown. Fur-
thermore, the very narrow gas signal on a spectrally
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Fig. 5. Data from vertical lidar sounding of the sulphur
dioxide flux from Mt. Etna, Italy. Examples of on- and off-
resonance lidar curves are shown, illustrating the onset of
SO, absorption at a height of about 3 km. The evaluated

data from a ship-borne full scan under the volcanic plume
are also shown (from [22, 30]).

broad background absorption is highlighted. As a first
example, a recording of molecular oxygen inside an
apple is shown in Fig. 7 [25]. Here, an arrangement of
the kind shown in Fig. 1b was used. The directly
recorded backscattered light is shown, and the scanned
absorption line around 760 nm is too weak to show up.
However, the corresponding 2f-lock-in signal (resem-
bling the second derivative of the true absorption line
shape) is clearly seen.

Gas transport can be studied by first immersing the
sample, in this case an apple, in an atmosphere of pure
nitrogen (e.g., in a sealed-off plastic bag). The reinva-
sion of normal air (with oxygen) can then be studied as
shown in Fig. 8 [25]. We note that the invasion is faster
when the apple is pealed, and that the final concentra-
tion value, then, becomes almost double, illustrating
the active functioning of the skin. Theoretical consider-
ations regarding the GASMAS-based measurement of
gas diffusion are given in [32].

Wood is a complex material with cellulose cells,
which are partially water-filled and partially air-filled,
depending of the state of drying (Fig. 9, upper part). We
have studied wood-drying processes by measurements
of gaseous water molecules and oxygen. In addition,
liquid water, characterized by much broader absorption
bands, was studied. Soaking wet balsa wood, placed on
scales during the entire drying process, was used and
GASMAS signals were recorded in transmission for

215



Laser spectroscopy of gas in scattering media at scales ranging from kilometers to millimeters

8

216

98

Source

Detector T T T

ANDERSSON et al.

Source

T T T Detector

l
iR

Vi

Detector

Diffuse
transm.
—

Line width
0.010-0.001 nm

A

Fig. 6. The principles of GASMAS. The sharp absorptive features of free gas and the transmission and reflection measurement

geometries are illustrated.

Signal, a.u.

Filter

PMT

1
Detuning

Fig. 7. GASMAS measurement of oxygen in an apple using backscattering geometry. Please note that the separations of the com-
ponents are heavily exaggerated for clarity; in practice, they are touching each other. Direct transmission and 2f lock-in recordings

of an oxygen line are also shown (from [25]).

both gases. The results are shown in the middle part of
Fig. 9 [27]. The oxygen signal is seen to increase up to
a maximum value reached when the wood is com-
pletely dry. The gaseous water signal is also increasing,
because of the larger pore volumes where saturated
water vapor builds up. However, when no more liquid
water is available (the wood is dry), the saturation value
cannot be maintained and the humidity gradually

reaches that of the surrounding air. The ratio between
the water and oxygen molecule signals is partly com-
pensated for by the scattering effects and provides a
useful drying diagnostic.

The lower part of the figure shows the total intensity
curves for 980 and 760 nm, placed on- and off-reso-
nance, respectively, of a broad liquid water peak. The
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Fig. 9. Spectroscopic study of the drying of wood. Top: Schematic diagram of wood cells with different amounts of liquid water
during the drying process. Middle: Recording of water vapor and oxygen GASMAS curves during drying and ratio curve (right).
Bottom: Recording of total light transmission at 980 and 760 nm, corresponding to liquid water absorption and a reference wave-
length, respectively. The ratio curve is also displayed (right) (from [27]).
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ratio curve is the differential absorption curve with par-
tial compensation for scattering.

We will finish this section by showing how oxygen
in the sinus cavities, as shown in Fig. 2b, can be

ANDERSSON et al.

detected. Here, the gas is not distributed in pores like it
is in, e.g., wood, but rather a localized cavity, sur-
rounded by strongly scattering tissue, is probed. A
setup of the kind shown in Fig. 1b was used. Figure 10
shows an X-ray radiogram of the senior author with the
frontal sinuses clearly visible. Recordings show the
presence of oxygen in both cavities and a zero signal
outside the sinus areas [33]. The case can be seen as a
short-range lidar experiment, where, however, time res-
olution was not utilized. Instead, it was ensured that the
signal was sampled from sufficient depth by blocking
the close-range signal with the annular aperture.

Below the floor of the orbital cavity, the maxillary
sinuses are located. They can be studied in backscatter-
ing, but also in transillumination, because of their loca-
tions. Thus, diode laser radiation can be launched
through the mouth into the chin from a fiber held
against the mucosa. Now, the PMT detector is placed
on the outside against the cheek bone. Very distinct sig-
nals can be observed on a healthy volunteer as shown in
Fig. 11 [34]. A stable amplitude is observed in repeated
measurements. However, when the ipsilateral nostril is
briefly flushed with nitrogen gas, a fast reduction of the
signal is observed, showing that the sinus is connected
to the nasal cavity by an open venting channel. When
the nitrogen is taken away after 20 s, the sinus again
“charges up” with oxygen. Clearly, an interesting new
type of ear-nose-throat (ENT) diagnostic tool is in
sight.
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Fig. 11. Oxygen signal from the maxillary sinus of a healthy volunteer recorded in transmission. The laser light was launched fiber
optically from the mouth, while the PMT detector was placed against the cheek bone. The signal change following a 20-s flushing
of the nasal cavity with nitrogen is shown together with signal recordings (from [34]).
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4. DISCUSSION AND OUTLOOK

Several examples showing the close connection
between the lidar and GASMAS techniques were
given. Multiple scattering differential absorption lidar
(DIAL) measurements, i.e., large-scale GASMAS
measurements, are of interest for many applications.
For example, they could closely relate to studies of the
Earth’s radiation budget. As solar radiation passes
through a cloud, it is multiply scattered. This leads to a
larger gas absorptive imprint than otherwise expected.
If a lidar beam is directed into a mass of distant snow or
ice, the internally scattered radiation will emerge dif-
fusely and can be picked up at a distant point, where the
receiving telescope can be directed in a large-scale vari-
ety of the geometry shown in the right hand-side of
Fig. 6. In particular, an annular detection geometry,
such as that in the frontal sinus example, could be
adopted. Gas composition in aged polar ice might be
studied noninvasively. Furthermore, and more con-
cretely, avalanche victims might be located from a heli-
copter-borne or stationary remote-sensing GASMAS
system, detecting with high contrast exhaled carbon
dioxide distributed in the strongly scattering snow.

Returning to small-scale GASMAS applications,
the field of food packaging and food inspection appears
interesting, in particular, since much of the consider-
ations in this field regard the assurance that oxygen is
kept away from foodstuffs. Modified atmosphere pack-
aging is widespread. Gas penetration through plastic
enclosures could readily be studied. Likewise, gas pen-
etration through surface coatings, such as paints and
veneers, could be studied for the characterization of
products.

In the medical field, non-ENT applications might
include nonintrusive monitoring of lung function in
premature and neonatal infants. Pharmaceutical appli-
cations of GASMAS have already been demonstrated
[35].

It could be noted that, by monitoring the ratio
between the GASMAS signals for two gases, the influ-
ence of scattering may be eliminated and absolute con-
centration values for one gas may be given if the con-
centration of the other gas is known. Thus, water vapor
might be normalized on oxygen in moisture measure-
ments, and oxygen might be normalized on water
vapor, having a known concentration in a naturally
thermostated human sinus cavity.

As already pointed out in the introduction, the inter-
play between absorption and scattering, and gas analy-
sis on different spatial scales, constitute an exceedingly
rich field of phenomena of both basic and practical
interest. In particular, environmental and biomedical
applications are very closely related, and differences
mainly pertain to the spatial scales and to the mindset
of the investigator. Further research and developmental
efforts within the field of study in the present paper
should be worthwhile.
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DEDICATION

This paper is dedicated to the memory of Professor
Herbert Walther, who passed away on July 22, 2006. He
served as the Faculty opponent at the senior author’s
dissertation in Goteborg in 1972. As one of the pioneers
in laser spectroscopy, he provided great stimulus to the
initiation of this field in Sweden in 1973, and, through
his early work on laser radar, published in 1974, he also
gave stimulus to the lidar work initiated in the senior
author’s group in 1975. Out of this program, laser appli-
cations in the fields of combustion diagnostics and
medicine were also developed, and are now vigorously
pursued at the Lund Laser Center.
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