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ABSTRACT

Absorption spectroscopy constitutes a chemical analysis tool which
can be applied to various samples and application fields. This the-
sis focuses on gas absorption spectroscopy with the means of diode
lasers - tunable diode laser absorption spectroscopy, TDLAS. In
particular, the absorption of gases inside porous scattering solids
and liquids, referred to as GASMAS - gas in scattering media ab-
sorption spectroscopy, has been studied. The spectrally sharp
wavelength from a diode laser is scanned over the absorption finger-
print of the studied gas, and the transmitted intensity is detected.
Although the light is heavily absorbed and scattered by the bulk
material, the gas absorption imprint can still be distinguished.
The free gas, in contrast to the bulk material which is made out of
perturbed molecules, exhibits narrow absorption lines and its ab-
sorption can thus be isolated although the light has been heavily
absorbed by the solids and liquids. The diffuse light propagation
demands alternative solutions to extract gas concentration, which
otherwise is obtained through the Beer-Lambert law using the in-
teraction distance. Water vapor sensing in samples with liquid
water present has shown to be a feasible way to achieve informa-
tion about the effective distance through gas inside the sample
even though the light is heavily scattered.

Applications studied in this thesis work include gas sensing
within the human body for medical diagnostics, gas monitoring
inside food packages for quality assurance, and fundamental stud-
ied of gas in nanoporous ceramics.

Investigations of GASMAS as a diagnostic tool for the paranasal
sinuses, subject to the common rhinosinusitis have been carried
out. Correlation between obstruction and ventilation of the si-
nuses diagnosed by computer tomography and GASMAS data has
been demonstrated. Diagnostic useful data from the air cell sys-
tem in the mastoid bone, located behind the ears, have also been
obtained. Furthermore, possibilities of gas sensing in the lungs
of premature born babies have been demonstrated in a feasibil-
ity study on a realistic model made out of animal lung tissue and
gelatin based phantoms.
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Sensing of the gas non-intrusively by GASMAS has been demon-
strated on packages of minced meat, bread as well as on the
headspace of translucent containers with milk or orange juice.
Food packages are to an increasing extent filled with a modified
atmosphere where the Os concentration is suppressed. Traditional
gas detectors for food packages are intrusive or demand direct op-
tical access. GASMAS constitutes an alternative interesting ap-
proach with high potential.

Gas detection in nano-porous samples allows fundamental stud-
ies of the gas molecules. Broadening of absorption lines of O and
H>O due to tight confinement in nano pores in ceramics has been
studied, as well as diffusion of the gases. In addition to fundamen-
tal physical interest the study of broadening and diffusion allows
for assessment of material parameters.



POPULARVETENSKAPLIG
SAMMANFATTNING

Ljus véxelverkar med materia pa ett mycket specifikt satt och ar
anledningen till att saker har farger, himlen ar bla, var spegelbild
reflekteras i en spegel och att solljus kan delas upp i en regnbage
genom vattendroppar. Laran om hur ljus véxelverkar med ma-
terial - spektroskopi - anvands inom astronomi, kemi, fysik och
medicin. Absorptionsspektroskopi studerar just hur olika material
absorberar elektromagnetisk stralning, och gor det mojligt att av-
bilda genom rontgenstralning och kvantitativt bestamma gaser i
atmosfiren. Inom kemisk analys ar absorption av ljus (UV, synliga
och IR omradet) ofta anvént. Varje atom och molekyl absorberar
ljus pa ett unikt sétt, vilket &r ett resultat av dess inre struk-
tur. Overgéngar mellan de diskreta energinivaerna, ett resultat av
kvantmekaniken, leder till absorptionslinjer. Da ljus absorberas
av en molekyl exciteras denna, vilket innebér att den &ndrar sin
elektronkonfiguration, d.v.s. elektronorbital, vibration och/eller
rotation.

Denna avhandling avser absorptionspektroskopi genom
att studera absorptionen av ljus emitterat fran diodlasrar
- diodlaserspektroskopi. Laserljus ar en ytterst lamplig ljuskalla
for absorptionsspektroskopistudier da ljuset fran en laser ar har
alldeles specifika egenskaper. Sérskilt intressant ar diodlasern for
absorptions-spektroskopi, da den ar svepbar. Diodlasern bestar av
ett halvledarmaterial som man skickar en strom igenom. Genom
att andra diodlaserns temperatur eller drivstréom sa dndras den
utsdnda vaglingden - man kallar detta att diodlasern ar svepbar
i vaglingd. Typiskt sveps vaglingden Gver en absorptionslinje av
den studerade gasen genom att strommen till diodlasern snabbt
rampas. Diodlasrar &r kompakta sma enheter, som &r enkla
att styra och reglera, vilket ytterliggare bidragit till deras stora
anvandning inom absorptionsspektroskopi.

Avhandlingen syftar till utveckling av diodlaserspektroskopi-
tekniken och ett sarskilt fokus har varit att studera gaser inuti
fasta prover som sprider och absorberar ljus kraftigt. Sprid-
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ning innebér att ljusets utbredningsriktning dndras, jamfor t.ex.
laserljus som passerar genom ett glas med vatten (det gar rakt
igenom) och laserljus som gar genom ett mjolkglas (det blir
diffust). Mojligheten att méta gas fastan den ar lokaliserad inuti
ett fast absorberande och spridande material ar en relativt ny diod-
laserspektroskopiteknik (har funnits i 10 ar) och har givits namnet
GASMAS - gas in scattering media absorption spectroscopy. Den
fundamentala skillnaden mellan GASMAS och traditionell diod-
laserspektrosopi ar att ljuset inte gar rakt igemom provet och
vaxelverkar med gasen, utan istéllet studsar runt inuti provet
och vixelverkar med gas nér det stoter pa denna. Den diffusa
ljusutbredningen som spridningen orsakar leder till att vagstrackan
genom gas ar okdnd och att endast mycket sma méangder ljus kan
detekteras. Klassiskt anvands vagstrackan for att bestamma kon-
centrationen pa gasen genom Beer-Lamberts lag. Den okénda
gas-vaglingden i GASMAS-fallet leder till en mer komplex kon-
centrationsanalys. For att detektera det spridda ljuset anvénds
en detektor med stor kinslig yta, 25 — 400 mm?. Typiskt detek-
teras 1 nW — 1 yW da laserljus med effekten 0.5 — 1 mW sénds
in i provet. Tranmissionen av provet ar en avgorande begransning
for GASMAS-tekniken.

Mbojligheten att detektera absorptionen fran gasen (typiskt ab-
sorberas 1 av 10 000 fotoner) fastdn provet kraftigt absorberat och
spritt ljuset beror pa att gasen spektralt sett absorberar mycket
skarpare an bulkmaterialet. Till skillnad fran fria molekyler - gas -
upplever molekyler i flytande och fast fas storningar av narliggande
molekyler vilket gor att deras absorption blir mer bredbandig.

I detta avhandlingsarbete har GASMAS-tekniken undersokts
for medicinsk diagnostisering, livsmedelsforpackningsanalys samt
fundamentala gas- och material-studier.

Gasmonitorering 1 manniskokroppen &r begransad till
vavnadens transmission av ljus och tillgdngliga absorptionslinjer.
Vivnad absorberar ljus kraftigt, men i omradet fran 600 nm
till 1400 nm (optiskt vdvnadsfonster) ar det méjligt f6r ljus att
passera igenom. Inom det optiska vavnadsfonstret har syre,
05, och vattenanga, HyO, absorptionslinjer och kan déarmed bli
detekterade. 1 detta avhandlingsarbete visas hur detektion av
O och HyO i ménskliga kik- och pann-bihalor samt gaskaviteter
i mastoidbenet, med hjilp av icke-invasiv GASMAS-teknik ger
klinisk relevant information. Mastoidbenet, lokaliserat bakom
orat, ar en gasfylld benstruktur som kan bli igensatt vid sjukdom.
Bihalorna som i ett friskt tillstand &ar gasfyllda kavitier som ven-
tileras via néskaviteten blir i ett sjukligt tillstand blockerade och
igensatta. Inga enkla tillforlitliga diagnostiseringsmetoder finns
vilket leder till stora overforskrivningar av antibiotika. GASMAS-
teknikens icke-invasiva natur och kompakta instrumentering
utgor ett intressant alternativ med stor klinisk anvandbarhet.
Genom en klinisk studie, da GASMAS-data och annan klinisk
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data (utvérdering av datortomogafibilder) jamforts, har god
korrelation av diagnostisk 6verensstammelse visats. Absorptionen
av HoO ger hur stor gasméngd som laserljuset gatt igenom
(koncentrationen av HoO &r kénd eftersom gasen ar méttad med
vattenanga och kroppstemperaturen ar kénd) - d.v.s. relaterar
till hur stor gasméngd som finns i bihalan. Genom att anvinda
denna kénda parameter (vigstriacka genom gas) dr det mojligt att
extrahera Os-koncentrationen i bihdlan genom att méta Os- och
HsO-absorptionen simultant.

Vidare har GASMAS-tekniken undersckts som mdojlig metod
for att monitorera gas i lungorna hos for tidigt fodda barn - ett
hogst kritiskt fall som skulle nyttjas av en icke-invasiv teknik.
GASMAS-métningar har utforts pa en realistisk modell bestaende
av lungvavnad fran djur och gelatinfantomer (med absorbtion och
spridning som vivnad), i rimliga dimensioner. Resultaten visar att
gasmonitorering av for tidigt fodda barns lungor bor vara mojligt
bade i transmissions- och reflektions-geometri.

Att mata gasen i livsmedelsférpackningar utan att punktera
dem ar en annan intressant applikation av GASMAS-tekniken. Be-
hovet att méata gas i forpackningar &r stort da manga livsmedel
forpackas i en modifierad atmosfér, d.v.s. syrekoncentrationen &r
reducerad. Med diodlaserspektroskopi ar det mojligt att maéta
gasen i en forpackning om det finns fri optiskt tillgang, d.v.s.
en passage dar ljuset kan g& rakt igenom. GASMAS-tekniken
expanderar anvandingsomradet till forpackningar dér ljuset kan
ga genom spridande férpackningsmaterial och livsmedel. Demon-
stration av tekniken har gjorts genom kottfarspaket och brod
paketerade i en modifierad atmosfér. Ytterliggare har studier av
gas inuti mjélkpaket och olika syrgasinnehall for juice-paket med
olika hallbarhetsdatum utforts.

Analys av gas i nanoporfsa material &r en ny applikation av
GASMAS. Ljusabsorptionen av den instdngda gasen paverkas av
molekylernas kollisioner med véiggarna, vilket leder till breddning
av absorptionslinjerna. Forutom fundamentala intressanta aspek-
ter, ger denna breddning ocksa mdojlighet att studera material-
egenskaper, sasom porstorlek.
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INTRODUCTION

CHAPTER 1

Optical spectroscopy, i.e. the study of how light interacts with
matter, provides an effective way to obtain information on a
sample. Light interacts with matter in a particular way, dependent
on the specific molecule or atom and its environment, allowing
assessment of various parameters such as abundance, concentra-
tion, temperature, phase, pressure etc. Optical spectroscopy is
today used in an enormous number of applications within fields
such as analytical chemistry, environmental monitoring, medical
diagnosis, and process control.

This thesis focuses on absorption spectroscopy of gases located
inside scattering condensed matter and the use of diode lasers. By
analyzing the absorption of light with a specific wavelength, infor-
mation on the gas can be obtained even when the light is heavily
attenuated by the solids or liquids, both by absorption and scatter-
ing. Molecules in gas phase are free and exhibit narrow absorption
profiles while perturbed molecules in liquids and solids absorb light
in a broad manner. This fundamental difference between molecules
in different phases allows gas even inside a bulk medium to be stud-
ied, e.g. bubbles of water vapor can be monitored inside a glass of
water or an ice cube. The study of gas within scattering media is
such a special niche that it has been given the name GASMAS, gas
in scattering media absorption spectroscopy. Scattering media, or
turbid media are samples where the light does not propagate in
a straight forward manner; compare, e.g., the passage of sunlight
through a clear sky and through a white cloud. When light passes
though a scattering medium, such as a cloud, the light is scattered
around and the emerging light is diffuse.

The thesis work has involved gas sensing within the human
body for medical diagnosis, monitoring of gas inside food packages
for quality assurance, as well as technical and fundamental work
within tunable diode laser absorption spectroscopy, TDLAS.



The outline of the thesis is as follows. After this introductory
chapter the principle of absorption spectroscopy is described. The
molecular structure and how they absorb light are covered. The
applications and the instrumentation of absorption spectroscopy
based on diode lasers - tunable diode laser absorption spectroscopy,
TDLAS - is presented in a succeeding chapter. Chapter 4 describes
how light propagates through turbid, or scattering matter. Ab-
sorption spectroscopy in the regime of diffuse light propagation,
referred to as GASMAS, is covered in the succeeding chapters. In
Ch. 5 the principle of GASMAS is given and a review of the pub-
lications within this field is given. In Ch. 6 the applications of
GASMAS in focus for this thesis work are presented and put into
a context. The chapter also includes outlooks into future work.

The scientific papers are found at the end of the thesis. The
papers are arranged in the order they are treated in the thesis text.
Papers 7?7 — III present improvements to the TDLAS field, and
ranges from zero-background spectra, gas sensing with a widely
tunable diode laser, and a miniature gas cell based on strongly
scattering media. Fundamental studies of gas (O and H5O) inside
porous samples are presented in Papers IIT — V. The application
work towards the food packaging field is presented in Papers VI
— VIII, where remote detection, proof-of principle gas monitoring
in food packages, and further investigations are reported. GAS-
MAS applied for medical applications are presented in the remain-
ing papers; Papers IX — XIV. The first four, Papers IX — XII,
cover the work carried out on GASMAS as a tool to diagnose the
paranasal sinuses. Laboratory measurements are reported, and in
particular the results from a clinical trial are presented. Further-
more, new application areas of gas sensing within the human body
using GASMAS are presented in Papers XIII and XIV. Monitor-
ing of gas inside the air cell cavities in the mastoid bone, shows
diagnostic relevance in a clinical trial. A feasibility study of gas de-
tection in lungs of premature born children, based on a lab-model,
is demonstrated.



CHAPTER 2

ABSORPTION SPECTROSCOPY

Atoms and molecules absorb light in a unique manner due to their
quantum mechanical nature, providing us with a useful method to
analyze them. From the light intensity reductions at specific wave-
lengths, information on species presence as well as concentration,
pressure and temperature can be obtained with high sensitivity
and specificity. This chapter describes the fundamentals of ab-
sorption spectroscopy and its applicability. The chapter starts out
with a description of the atomic and molecular structure, i.e. the
energy levels studied with absorption spectroscopy. Further, spec-
tral transitions, i.e. the origin of the change in energy configuration
of an atom or a molecule, and specifically the induced transitions
due to absorption of light are discussed. The characteristics of
the absorption line, i.e. the line intensity and profile, as well as
the application of them for chemical analysis are presented. The
chapter is concluded with a description of the database HITRAN.

2.1 Atomic and molecular structure

Each atom has a unique set of electronic energy levels, springing
from the electromagnetic force acting on the electrons. According
to quantum mechanics the levels are discretized, a result of the
wave nature of the electron. Only standing-waves states described
by the wave function, v, are allowed and constitute stationary
energy states. The state of an electron in an atom is described
by a set of quantum numbers' and the atom configuration with
all present electrons is given by the term symbol?® using capital
letters. The electron occupation of the states is governed by the
Pauli exclusion principle, stating that two electrons cannot have
the same set of quantum numbers.

The energy splitting for molecules is more complex than for
atoms. Firstly the electron configuration in molecules can be ref-

1 Atomic quantum number

Principal: n, nx1l

Azimuthal: L, 0>2l>n-—1
(angular momentum)

Magnetic: my, —l>m;p>1
(projection of 1)

Spin: ms, ms==+1/2

(projection of s)

2 Term symbol
QS+1L 7

L= 1;8=) s,J=>Y j

L= 0, 1, 2, 3,

0 4
S, P, D, F, G



2.1 Atomic and molecular structure

3 Molecular quantum number
Electronic: n, L, my, mg
Vibrational: v, v=0
Rotational: J, J=0

4 Term symbol

22 +1 Asymmetry
Q, (parity)

Q=|A+3

A= ml, B =1 mail
[ i

Y= 8§5-1,5-2,...,-S
A= 0, 1, 2, 3,
Y, I, A, &

parity: (for similar charged nuclei)
g: gerade
7/)(—@’7 Y _Z) = ¢(x7 Y, Z)
u: ungerade

7,/)(—1’, Y _Z) = _w(z7y7 Z)

symmetry: (for X-states)
+: even
’llJ(—% -y, Z) = w(l", Y, Z)
-: odd
’L[J(*{L‘, Y, Z) = 71/)(‘%’ Y, Z)

5 The electronic states are labeled
in rising energy order with X, A, B,
C, ..., where X is the ground state.

Ground state of Oa.
Dy: 5.080 eV, Do: 1580.361 cm ™1,

Figure 2.1.

Doxe: 12.07 cm™!, Be:
cm™ !, re: 1.207 AL

1.446

erenced to an internal field, e.g. the internuclear axis for a di-
atomic molecule. This results in the use of other electronic quan-
tum numbers® than for the atomic case, and the use of capital
Greek lettering in the term symbol.* Further, molecules exhibit
additional quantized energy levels due to internuclear vibration
and rotation, with two individual quantum numbers. These states
do not exist in atoms because of their symmetry. The vibration
and rotation of the molecule result in splitting of the energy lev-
els originating from the charge of the electron, i.e. the electronic
state (Felec), into a set of vibrational energy states (Eyip) with
an inner structure of rotational energy states (Eyot). The Born-
Oppenheimer approximation declares that each of these energy
constituents can be treated independently, i.e. with individual
wave functions.

w = welec¢vibwrot7
Etot = Eelec + Evib + Erot-

(2.1)

The magnitudes of the individual energy components are typically
Fuec ~1—10eV, Eyip ~ 0.1 eV, and E,o ~ 1 x 1073 eV.

The potential curve in a molecule, or the electronic state, is
often described by the Morse potential, a function of internu-
clear distance, r, which increases infinitely as r approaches zero
(Coulomb repulsion) and falls off to the dissociation energy, D,
as r increases.

2

E(req — 1) = D, (1 - e—ﬁ“eq—”) : (2.3)
where 7.4 is the internuclear distance at equilibrium, i.e. the min-
imum of the potential, and 3 is a molecular specific constant with
the unit m~!. The Morse potential for the ground state® of Os,
X 329_ is presented in Fig. 2.1. Around the r.q the Morse potential
can be approximated by a harmonic oscillator (HO), yielding an
equidistant vibrational splitting:

EHO — hy (v +1/2),
B0 — p(v+1/2),

v=0,1,2,... [9]] (2.4)
[em™']  (2.5)

where h is the Planck constant (6.62606896-10~3* kgm?/s), and v
and 7, are the oscillation frequency in Hz and cm ™", respectively.
Historically, molecular specific constants are given in cm™!; F =
hv = he/X = hev = hw/27, and € = E/hc. The anharmonicity of
the potential can be incorporated - anharmonic oscillator (AO) -
by including higher-order correction terms, x. and ye:

A0 — D0+ 1/2) = Do (v + 1/2)% + Deye(v + 1/2)*

As each electronic level splits up into vibrational levels, each of
these states have a finer structure due to rotations. Similarly as
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the vibrational levels, the rotational energy is usually first derived
from a simple model, which for the rotation case is the rigid rotor
(RR) model for a diatomic molecule, and is later improved by
adding distortion terms.

h2
ERR — EJ(JJrl), J=0,1,2,... [3]] (2.6)
h
RR _ _ -1
Erot = 87TQICJ(J +1)=BJ(J+1), [em™ ] (2.7)

B is the rotational constant. The non-rigid rotor model (NR) of
the rotation includes a distortion factor, the centrifugal distortion
constant D;
enn = BJ(J +1) — DJ*(J + 1) (2.8)

The distortion constant is connected to the vibration of the
molecule, and is given by D = 4B3 /2.

For further studies of molecular structure the reader is referred
to [1] for a general description and to [2] for extensive material.

2.2 Spectral lines

A spectral line® arises from a transition between an initial state,
|1), to a final state, |2), by interaction with electromagnetic radi-
ation. Detailed descriptions can be found in Refs [2, 3]. Briefly,
the light induces dipole moments which alter the wavefunctions of
the states and may cause a transition. The major contribution of
the dipole moment originates from the electric field,” E(t) of the
light:

E(t) = Ey cos(2nvt)é, (2.9)

where Fjy is the amplitude of the field and & the direction of the
oscillating field. The Hamiltonian can be written as H' = er-E(¢),
giving a transition rate (probability of transition per unit time) as:

Ty o< |(2]r - &[1)? (2.10)

When the frequency of the light is in resonance with the energy
separation between the levels a transition can take place. For gases
this transition is sharply defined whereas in solids and liquids the
perturbation causes the formation of energy bands instead of sharp
energy levels, resulting in broader absorption profiles.®

2.2.1 Line intensity

The intensity of the spectral line is both dependent of the tran-
sition probability and the population of the state. At thermal

6 The name spectral line originates
from the use of spectrographs with
a slit entrance.

7 Magnetic dipole and higher or-
der electric dipole moments also
induce transitions, but these are
generally much weaker.

8 Rare-earth atoms within a solid
matrix also exhibit sharp absorp-
tion lines, due to shielding by outer
electrons.
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Figure 2.2. Rotational population
distribution for different J quan-
tum numbers.

9 This is a consequence from the
Poisson distribution having a vari-
ance At being the same as the life-
time 7 itself.

equilibrium the states are occupied according to the Boltzmann
distribution function:

Ny —AE/KT
= 2.11
Ny € ’ ( )

where NN; is population number at energy level i, AFE is the energy
between the states, T is the thermodynamic temperature in K,
and k is the Boltzmann constant. For rotational energy levels
Eq. (2.11) is modified to include the degeneracy:

Ny o (20 4 1)eAE/RT = (2] 4+ 1)eBIUHD/RT, (2.12)

The J(J + 1)-degeneracy of rotational states results in an occu-
pation of the states, where the lowest energy state does not have
the largest occupation, see Fig. 2.2. The relation between different
transitions can be used to determine the temperature.

2.2.2 Line profiles

An absorption line always has a finite width, the half width at half
maximum, HWHM. How wide it is and the shape of the line profile
depend on the sample temperature, pressure, and the surrounding
materials.

Natural broadening

Every absorption line has a natural line width, Avy, related to
the lifetime of the upper state. As indicated by the Heisenberg
uncertainty principle

AE - At > (2.13)

)

N | St

states have an uncertainty in time, At, and in energy, AFE, and
thus frequency.
The natural line width is given by:°

1
2AvNy = — 2.14

N 2nT ( )
The natural broadening gives rise to a Lorentzian lineshape and
has a width which is - under standard conditions - only of the order
of 0.1 - 100 MHz.

Doppler broadening

The broadening due to thermal motion of the atoms or molecules,
the Doppler broadening, usually dominates over the natural line
broadening. In the visible region the Doppler broadening is about
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0.5 GHz. The Doppler broadening, Avp, depends on the temper-
ature, T', and molecular mass, M, of the studied gas:

2./2R1In(2
AVD=$()VO T (2.15)

M

The broadening has a Gaussian profile, which can be derived from
classical gas kinetics, through the Maxwell velocity distribution of

the molecules:
[ M _ 2
f(U) = me (]\/I/QRT) (216)

The Doppler shift is Av = v — vy = vyv/e, where v is the Doppler
shifted frequency that the particles experience and vy the fre-
quency for a system at rest. The Doppler shift is directly propor-
tional to the velocity and the profile follows a Gaussian lineshape.

The Doppler broadening is an inhomogeneous broadening,
meaning that each molecule individually affects the lineshape. The
Doppler lineshape function, fp is

Vin 2 e~ In2(v/Avp)? )

fo(v) = NGNS

(2.17)

Pressure broadening

Pressure broadening originates from a random time-dependent
perturbation caused by intermolecular collisions. The perturbation
induces both a probability of phase shift and transition, resulting
in an alternation of the lifetime and thus a broadening.

P T
Avp(P,T) = Aoy / 70 (2.18)
0

/ ™
Ayg = 40’3011 RT],,OPO (219)

Similarly as the natural linewidth the pressure broadening also
follows a Lorentzian lineshape. This can be derived by studying
the exponential decay of an excited state due to intermolecular
collisions. The pressure broadening lineshape function, fp(v) is:

o AVP
fe(v) = ~(DETNEFwIVEY (2.20)

The Voigt lineshape

At atmospheric pressure, the broadening due to intermolecular
collisions dominates over the natural and Doppler broadenings.'?
At intermediate pressures, 10 - 500 Torr, the resulting profile is a

R : general gas constant

v: velocity

v%: vp at standard conditions
Py: standard pressure

To: standard temperature
ocoll: collision cross-section

10 Ex: O, transition at 760 nm

Avp ~ 1.5 GHz
Avp ~ 0.4 GHz

Avn ~ 0.01 Hz - This state has

an extremely long life time (7
7.1s).



2.3 Chemical analysis

11 For liquids the absorbance is de-
fined using base 10 instead of e.

I: detected intensity
Ip: incident intensity

convolution of a Gaussian and a Lorentzian profile, called a Voigt
profile:

Felw) = I} o) = [ T o — )y (221)

Insertion of Eqs (2.17) and (2.20) into Eq. (2.21) gives:

o0 A In2 ,
)= [ e VIN2 (v suo)’ g,

oo 7V = 10)2 + A1) VA .

Change of variable [4]:

v = -2,

gives

fvv) =

In2Avp [ -
n I/P/ _ € ot (2:22)
A — )2 4 vz Avp

T 3/2,,2
™ 14 _ —_—
D J/—oo (AVD/\/E Av

Additional broadening effects

Additional broadening effects that may contribute to the absorp-
tion lineshape are, e.g. instrumental factors and perturbations
causing shortened lifetimes. An instrumental factor which is im-
portant to consider is the linewidth of the laser, which otherwise
degrades the signal by broadening and reduces the SNR. Pertur-
bations decreasing the lifetime can, e.g. be hard collisions. In
Papers III — V, gas confined in nano-cavities has been studied.
The tight confinement causes wall collisions, decreasing the life-
time of the states and results in broadened lines.

2.3 Chemical analysis

With absorption spectroscopy it is possible to investigate a sample
quantitatively and qualitatively from the fingerprint created by
the energy levels in the atom or the molecule. The concentration,
temperature, and pressure can be extracted.

The absorption is governed by the Beer-Lambert law stating
that the light is attenuated exponentially as it passes through an
absorbing sample.

o(v): abs. cross-section [cm?/molecule]

N: number density [molecules/cm?]

L: interaction length [cm]
ta: absorption coefficient [cm™1]

I = Iye "WINL — [ o=Hal (2.23)

Often the absorbance, a = o(v)NL,'! is used to quantify an ab-
sorbing medium. The concentration can be deduced through N by
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the use of the ideal gas law,'? and ¢ = N/Ny, with Ny being the
Loschmidt number.

The frequency dependency of the absorption cross section, o(v)
is given by:

o(v)=S5"-f(v), (2.24)

where f(v) is the lineshape function discussed in Section 2.2.2 and
S is the linestrength of the absorption line [(cm?/molecule)Hz],

S = /OOO o(v)dv. (2.25)

2.4 HITRAN

HITRAN (high-resolution transmission molecular absorption
database) is a database with molecular constants which are useful
for absorption spectroscopy [5-8]. The HITRAN data can be
used to simulate, predict and analyze the measured absorption.
The majority of the constants are theoretically calculated. The
database itself is free (http://www.cfa.harvard.edu/HITRAN/),
and one can develop softwares to utilize it. However, a couple
of different compilers, using the HITRAN data already exist.
Spectralcalc (http://spectralcalc.com/) is a versatile web-
based compiler that allows easy visualization of the absorption.
Options like pressure, path length, and instrumental function
are incorporated. Parts of Spectralcalc are open to public and
part only to subscribers (low subscription fee). Another compiler
software is HITRAN PC (developed by Prof. D. Killinger and
Dr. W. Wilcox at the University of South Florida) which can be
purchased through Ontar Corporation (http://www.ontar.com).

The parameters included in HITRAN:
M: Molecular number
I: Isotopologue number
v: Vacuum wavenumber [cm ]
S: Intensity [(cm?/molecule)em™!] (linestrength)
A: Einstein A coefficient
Yair: Air-broadened HWHM (pressure broadening)
Yselt: Self-broadened HWHM
E": Lower-state energy
Nair: temperature-dependency exponent for vy,
Oair: Air-pressure-induced line shift
VI V", Q' Q": Vibrational and rotational quantum number

HITRAN refers to the linestrength as intensity and gives it in the
unit relevant when using cm~! units instlead of Hz, as it was defined
earlier in this thesis, SH% = 100c - S°™ .

12 1deal gas law
pV = NkT

p - pressure
V' - volume

k - Boltzmann constant
T - temperature.
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Figure 2.3. Absorption lines simulated through Spectralcalc.

2.4.1 Wavelength regions of interest

From HITRAN one can see that the MIR, mid-IR (3-15 pm), is a
rich spectral region where many interesting trace gases have their
fundamental rotational-vibrational modes, yielding strong absorp-
tions, Fig. 2.3. However, the high presence of HyO requires good
spectral resolution. In the NIR (0.8-3 pm), the first and second
overtones of rotational-vibrational modes are located, with room-
temperature operated diode lasers available. However, the absorp-
tion is one or two magnitudes lower.



CHAPTER 3

TUNABLE DIODE LASER ABSORPTION

SPECTROSCOPY

Already two years after the first laser was demonstrated in 1960
[9], the semiconductor laser or diode laser was invented. The diode
laser was early recognized as a good light source for absorption
spectroscopy due to its easy tunability, compactness and low cost,
and was demonstrated for gas sensing in the mid 70’s [10, 11].
Today the diode laser is a natural component in an optical gas
sensor which are used for an enormous number of applications.
In this chapter the now frequently used method for absorption
spectroscopy based on diode lasers, namely tunable diode laser
absorption spectroscopy, TDLAS, will be presented. The chap-
ter will describe the technique, its applications together with its
limitations and advantages. The instrumentation and technical
challenges are also given. For further reading on TDLAS, several
good review papers exist. Two recent general TDLAS papers are
Refs [12, 13]. Application oriented TDLAS review papers are; for
industrial applications [14-17], combustion diagnostics [18], envi-
ronmental monitoring [17, 19, 20], and more general [21]. Further-
more, technique-related review papers are Refs [22-26].

3.1 Principle

Absorption spectroscopy with the use of a frequency-tuned diode
laser is a common technique for analyzing a gas quantitatively.
Besides being inexpensive, small, and available at many inter-
esting wavelength regions, the diode laser has nice spectroscopic
characteristics! and can be tuned in frequency by changing the
temperature or injection current.

The standard procedure for pursuing TDLAS is to scan the
sharp frequency of the diode laser over an absorption line of the

1 Single-mode operation: side-
mode-suppression-ratio  (SMSR),
and narrow enough linewidth.
Typical values for a diode laser
are: SMSR: 30 dB and a linewidth
of about 10 MHz.
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3.2 Advantages and disadvantages
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Figure 3.1. The principle of TD-
LAS. The key components are a
tuned diode laser, an absorbing gas
and a detector system.
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studied gas and monitor the intensity reductions in time, Fig. 3.1.
From the reductions in transmission the concentration can be ex-
tracted if the interaction distance and absorption cross section are
known, using the Beer-Lambert law:

I(v) = Iy(v)e o W9v=—ro)NL (3.1)

This equation is the same as given earlier, Eq. (2.23), with the
modification that the intensity is altered as the diode laser wave-
length is scanned. Thus, Iy(v) is the transmitted diode laser in-
tensity with no absorption present and I(v) the true transmitted
intensity.

Besides species concentration, other measurable properties
with TDLAS include temperature (through Boltzmann distribution
or line broadening), pressure (through line broadening), velocity
(through Doppler shift), and flux (combination of concentration
and velocity) [27].

3.2 Advantages and disadvantages

Linnerud et al. [16] list the characteristics of an ideal gas sensor
for industrial process monitoring:

(i) measure correctly without influence from other gases or dust

(ii) automatically compensate for temperature and pressure ef-
fects

(iii) measure continuously with short response time

(iv) require little maintenance with few or no consumable parts

be insensitive to vibrations and mechanical instabilities

)
)
(v) have high reliability and availability
(vi)
)

(vii) use components operating near room temperature

According to these demands TDLAS possesses several favorable
characteristics. It has a high sensitivity and selectivity. The in-
strumentation can be small and robust, and operate in harsh en-
vironments. Continuous in situ data acquisition in real-time is
supported. Furthermore, TDLAS instrumentation is cost-effective.
The disadvantages of TDLAS are mainly connected to the diode
laser sources. The available spectral ranges and the tuning range
of the diode laser are two limitations. As discussed in Section 2.4.1
most gases exhibit their strongest absorption lines (the fundamen-
tal lines) in the MIR. Diode lasers and detectors operating in this
region, e.g. Pb-based diode lasers, require cooling. Large efforts
are now invested in the development of a new type of diode laser,
i.e. quantum cascade lasers, which emit in MIR. An alternative



Tunable diode laser absorption spectroscopy

approach to reach the MIR is the use of DFG, difference frequency
generation [19, 28, 29]. Such systems have shown high sensitivity
(an absorption fraction of 2 x 10~7 [30]), but are more complex
and costly.

The tuning of the diode laser, typically below one nm for a
current-tuned diode laser, limits the instrument to only monitor
one or two absorption lines. For many applications this is not a
concern, but there are cases where one desires a larger tunability;
multi-species detection, temperature sensing etc.

3.3 Applications

The TDLAS technique is applied in several fields. Here follows
short descriptions of a couple of application fields for TDLAS.

Environmental Atmospheric sensing was one early appli-
cation of TDLAS, and already in 1975 absorption of CO in a long
open path (610 m) was measured in the MIR with a Pb-based
diode laser [31]. Today, TDLAS is used in a variety of different
environmental applications, both for industrial purposes and for
atmospheric research with TDLAS instrumentation incorporated
into fixed emission sites, balloon platforms, and into aircrafts.

The results from TDLAS spectrometers have made a large
impact on the understanding of atmospheric chemistry. Both
trace-gas sensing (ppt - parts per trillion) and isotopic ratio
measurements have played important roles. Considering envi-
ronmental applications of TDLAS, one does not only refer to
monitoring of trace gases in the atmosphere, but also monitoring
of the emission from pollutant sources, such as traffic, industry
and agriculture [21].

Combustion Detection of combustion gases was also an
early application field of TDLAS and is closely related to the
environmental field [18]. The applications within the combustion
field have expanded and include in situ sensing of gases and
temperature in combustion engines [32, 33], NO, sensing in
coal-combustion exhausts [34], and CO sensing in burners [35].
TDLAS for combustion applications is highly suitable due to the
possibility to sense gas in situ non-invasively. A high interest
for widely tunable diode lasers to monitor several properties and
species simultaneously is present within the combustion field [36].

Medical Within the medical field the breath analysis appli-
cation is where the TDLAS has had the largest impact. Diagnosis
based on breath analysis carries high potential and a variety
of gas sensors have been used, including TDLAS-based ones
[37]. Examples of gases that have been monitored with TDLAS

Gases of interest
CO, HCI, NOs3, HNOs3s,
N3O, etc.

Gases of interest
CO, COz, CHy4, NOxy,
H2O, etc.

Gases of interest
COg2, NO, CO2, C2Hg, etc.

CHy,

027

13
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Gases of interest
O3, CO, NHs, HCI, HF, NO, etc.

2 The diode laser are typically
packaged in metal transistor cans
[TO-3, TO-5, TO-8 (9 mm), and
TO-72 (5.6 mm)].
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in exhaled air are ethane (CpHg) at 3.4 pm for cell damage
investigation [38], simultaneous monitoring of nitric oxide (NO)
and carbon dioxide (CO2) at 5.2 pm for airway inflammation
analysis [39], and '3C and 'C urea isotope monitoring. Urea
test, i.e. analysis of the isotope ratio of carbon in exhaled CO4
after swallowing a calibrated capsule, is utilized for identification
of the bacteria Heliobacter pyloria [40, 41].

Industrial The TDLAS technique possesses several qualities
(in-situ monitoring, fast response, low maintenance, etc.) for
industrial gas sensing, such as emission monitoring, process
control, and safety systems. Gases interesting to monitor include
O2 (760 nm), CO (1560 nm), NH3 (1510 nm), HCI (1740 nm),
HF (1280 nm, 1300 nm), and NO (1810 nm) [16]. Examples of
applications are O, and CO detection for combustion control at
chemical and petrochemical plants, and NH3 detection at power
plants to reduce the emissions of NOy [16].

3.4 Instrumentation

The key components in a TDLAS instrument are the diode laser,
the detector and the gas interaction assembly, typically a gas cell.
Here short overviews are given together with detection schemes
and methods to minimize the optical interferences, often limiting
the sensitivity of a TDLAS instrumentation.

3.4.1 Diode lasers

Diode lasers have proven to be good light sources for absorption
spectroscopy due to their stable and smooth wavelength tunability,
as well as being easy to handle and control. Changing the current
or temperature of the laser diode results in an altered wavelength
(modification of the band gap, the refractive index, and the gain
curve). Review papers on diode lasers are Refs [42, 43].

The diode lasers are produced using advanced material process-
ing techniques, and the materials used depend on the wavelength
the laser is intended for. The majority of the diode lasers are made
of doped materials from group IIT (e.g. Al, Ga, In) and group V
(e.g. N, P, As, Sb) in the periodic system. Diode lasers fabricated
from these materials emit light in the wavelength range of approx-
imately 375 — 2700 nm and are operated at room temperature.?

Three common diode laser types are; Fabry Pérot (FP),
distributed-feed back (DFB), and vertical cavity surface emitting
lasers (VCSEL). The FP diode laser is the most common type and
is based on a Fabry-Pérot resonator. The cavity is formed by
having a reflectance of about 30-40% on the cleaved faces of the
semiconductor material. FP diode lasers exist in the UV, NIR and
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IR regions and can be found with high output powers. The main
problem with the FP diode lasers is that they suffer from poor
continuous tuning range due to mode jumps, originating from the
multiple cavity modes. Contrary, the DFB diode laser exhibits a
larger continuous tuning and a more narrow linewidth (~ 1 MHz
instead of ~ 10 — 100 MHz). The resonator is made out of diffrac-
tion or Bragg gratings® resulting in narrow feedback to the laser
[44]. For a DFB, temperature tuning results in a wavelength shift
of 0.1 nm/K or -25 GHz/K, and current tuning results in a shift
of 1 — 10 GHz/mA. Practically, this means that the temperature
is used for coarse tuning and the injection current for fine tuning
of the wavelength. The DFB diode lasers were first presented in
1972 [45] and are today used for several applications [46]. The
DFB diode lasers can today be found from 640 nm to 2900 nm.*

The VCSEL was invented in 1977 [47] and is becoming more
and more popular in TDLAS [36, 48-52]. As the name implies,
the laser cavity in VCSELs is oriented perpendicular to the active
region, contrary to FP and DFB diode lasers. The resonator is
like in the DFB case based on feedback from a grating structure,
but in the VCSEL case built above the active medium. The de-
sign allows a more convenient manufacturing process resulting in a
lower price. The short cavity results in other tuning and operating
characteristics as well as a lower optical power (~ 0.5 — 1 mW)
compared to DFB and FP diode lasers [53]. The injection currents
are typically much smaller and the current tuning is larger than for
a DFB diode laser (a factor of 10 in difference) [54]. VCSELs can be
found in the 670 — 2300 nm spectral region [55, 56].5 The VCSEL
generally exhibits smaller drifts over time compared to DFB and
FP diode lasers; see Fig. 3.2 [16].

A concern for the TDLAS community is the tuning range of
the diode laser. Normally the tuning range of diode lasers limits
the detection to only one absorption line, or a couple of lines that
coincide [57]. Multiplexing of several diode lasers, either in time or
in frequency, allows multi-species detection, but increases the com-
plexity and the cost of the system. Efforts have been invested into
enlarging the tuning range of diode lasers [58, 59]. An example of
a widely tunable diode laser solution is the fabrication of an array
of parallel diode lasers monolithically [55]. For spectroscopy such
an array of quantum cascade DFB diode lasers, each individually
driven and with a filter controlling which laser to output, ranging
from 8.7 — 9.4 pum, has been demonstrated [60]. Another solution
to enlarge the tuning range is to use of an external cavity. Mechan-
ically tuned gratings do not allow repeatable diode laser control
and is thus often not feasible for absorption spectroscopy. Instead
efforts have been invested into incorporating a grating on the laser
chip. Examples of such a construction is the use of MEMS, micro-
electromechanical system, and the tuning of a VCSEL has in such
a way been expanded to 60 nm (A = 1550 nm) [61]. Additional

3 It is also possible to place the
diffraction Bragg reflector outside
the cavity and operated separately.
This is called a DBR diode laser.

4 DFB diode laser providers:

Nanoplus: 760-2900 nm
Eagleyard: 760-1080 nm

Toptica: 640-685 nm, 760-2880 nm

Roithner: 760-2735 nm

5 VCSEL providers:
ULM photonics: 760-90 nm
Roithner: 670-980 nm

3
! r . ——
e e CSEL

AV

I 0 %

A RN

e

s ot Ay

iy ey

g a3t \ -

g o4l .. DFB

e A .
o P
7 L L L oy L L

0 1020 30 40 50 60 70

Time (days)
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6 The NEP is dependent on the
modulation of the laser and is thus
typically given in [W/vHz] at a
specific wavelength and modula-
tion frequency.

7 Spectral response
Si: 190 - 1100 nm,
Ge: 400 - 1700 nm,
InGaAs: 800-2600 nm,
PbS: <1000-3500 nm,

8 Shot-noise arises from the sta-
tistical dispersion of the de-
tected photons and is limited by
the amount of detected photons:

(in) = V2ei [A/vHz].
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approaches to obtained a large tuning range with one single laser
is the use of the Vernier effect, i.e. two differently spaced scales
that together give a higher precision. Superimposing two reflection
spectra with different peak separations and seeding into the diode
laser allow large tunability by the combination to align different
peaks. Possible reflectors for such cases are Fabry-Pérot cavities
or gratings. Sampled gratings, SG, superstructured gratings, SSG,
and binary superimposed gratings, BSG, have been demonstrated
- first on DBR diode lasers and later on DFB diode lasers [62]. For
a DFB diode laser with a BSG reflector, giving a tunability of 21
nm, sensing of H,O and HCI has been shown [62].

3.4.2 Detectors

In order not to affect the sensitivity of a TDLAS measurement
careful considerations of the photon detector should be taken. A
review of this topic can be found in Ref. [63].

Two commonly used detectors in TDLAS are the photo-
multiplier tube (PMT) and the photodiode (PD), both based on
the photoelectric effect. As light is impinging onto the detector
material electrons are released and create a current - a photo cur-
rent. In the PMT the photo current is amplified by letting the
electrons pass through a series of dynodes creating an avalanche
of electrons. In the PD case the photo current is most often con-
verted to a voltage by the use of a trans-impedance amplifier, TIA
(which also demands careful selection with respect to, e.g. noise
and bandwidth).

Important properties of the detector are the quantum efficiency,
responsivity, signal-to-noise ratio (noise-equivalent power, NEP),
spectral response, bandwidth, dynamic range, dark current, etc.
The quantum efficiency, QE or 7, defines the ratio of the created
number of electrons from the incident number of photons. If every
photon creates an electron the QE is 1 or 100%.

The responsivity, R, of the detector is the amount of current
created for every incident unit power:

nMe

R:
hv

[A/W], (3.2)
where M is the gain factor (one for PD).

The noise of the detector is often described in terms of noise-
equivalent power (NEP), and states the amount of optical power
required to achieve an SNR of 1 (for the detector bandwidth).®
The spectral response of a detector is the quantum efficiency or
the responsivity for different wavelengths.” PMTs usually have a
more narrow spectral response than photodiodes.

The dark current of the detector is the current from the de-
tector when no light is detected. With optimal detector selection,
shot-noise limited performance can be expected.®
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3.4.3 Gas cells

In TDLAS the absorption of a gas can be measured in various ways
and common approaches include a long-absorption path length of
open air by the use of a retro-reflector, a glass cell, or a multi-pass
cell with the studied gas. By reflecting the light back and fourth
using spherical mirrors, multi-pass cells can achieve path lengths
enhancements up to two orders of magnitude. A couple of different
configurations of multi-pass cells exist, e.g. Herriott [64, 65] and
White [66].

The choice of gas cell is dependent on the application of the
TDLAS instrument. Important properties for gas cells include
the light transmission, alignment characteristics, fast gas dynamic
properties, low gas volume, and the introduction of optical noise
(scattering and interferences). Integrating spheres have been pro-
posed as a way to reduce the size of gas cells and also possess good
alignment properties. In Paper III a highly scattering porous ce-
ramic is demonstrated as a miniature gas cell, with small gas vol-
ume, easy alignment and extremely small size.

3.4.4 Interference reductions

The sensitivity of a TDLAS instrument is most often limited by
interference fringes and feed back to the laser [67, 68]. Optimiza-
tion approaches include the use of isolators and reduction of op-
tical interferences originating from reflected light, giving etalon
effects. The reflections from gas cell windows usually constitutes
the largest problem [69]. When the etalon fringes have a similar
free spectral range as the studied absorption feature, these can be
detrimental to the sensitivity, e.g. a 10 cm spacing will result in a
1 GHz free spectral range, comparable to absorption linewidths at
ambient conditions. Standard procedures to overcome the optical
interferences include wedged surfaces [70] and anti-reflection coat-
ings, but these actions are often not sufficient to fully eliminate
the fringes. Large efforts have been invested into minimizing the
optical interferences and the solutions can be divided into three
categories [71]:

(i) Diode laser: Jitter of the laser diode output frequency [72],
or optimization of the modulation parameters (discussed in
the next section) [73-75].

(ii) Signal processing: Post-detection filtering [76, 77] and dual
beam approaches [78].

(iii) Optical system: Mechanically modulating the fringe spacing
by, e.g. a Brewster plate spoiler [79], or a modulated mirror
position [67], or movement of the laser beam [80].
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9 For direct absorption measure-
ments the detection limit is 10~% —
10~3 while corresponding numbers
for modulation spectroscopy are
10-7 —1078.

10 1t is also possible to move the
detection band with a fast direct
absorption scheme [36].

Transm.

. Second harm.

Time

Figure 3.3. The principle of WMS
[16]. a) As the wavelength is
scanned over the absorption pro-
file the higher frequencies are in-
troduced into the detected trans-
mission signal. b) The detected
signal (top) is filtered with dou-
ble modulation frequency yielding
the second harmonic component,
whose envelope is the WMS 2 f sig-
nal (bottom).
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In addition to these approaches interference reduction can also be
achieved by alternating the absorption line with, e.g. pressure [81],
external magnetic [82, 83] or electric fields [83, 84].

Different approaches of signal filtering to eliminate the optical
interferences can be made. A fitting model of the detected signal,
Ydet (t), typically includes a background component, ynig(t), and
an absorption component, yabs(t):

Ydet (t) = ybkg(t) + yabs(t) (33)
The background component can consist of, e.g. a polynomial and
an interference or background pattern. Such a background signal
can be obtained by a dual beam configuration where the back-
ground is monitored simultaneously with a second detector, em-
ployed in Papers IV, VII — X, and XII — XTIV, or by flushing the
gas assembly with zero concentration of the sensed gas, employed
in Paper II.

3.5 Modulation techniques

In TDLAS, modulation techniques are typically used to enhance
the detection of small absorption signals. By adding a high-
frequency sinusoidal modulation to the carrier signal (scan over
the absorption line) and studying the generated harmonics, the
detection band is moved to a region where the 1/ f-noise from the
laser is minimized.'? Frequently, the phase-sensitive detection and
filtering is accomplished by the use of lock-in amplifiers, but digital
approaches, e.g. employing coherent sampling and software-based
post processing, is becoming more common.

The modulation techniques are divided into two categorizes
depending on the modulation frequency used; frequency modula-
tion (larger than the absorption line HWHM, ~ GHz) and wave-
length modulation (much smaller than the absorption line HWHM,
~ kHz). The modulation technique applied in this thesis work
is wavelength modulation spectroscopy, WMS, also referred to as
derivative spectroscopy, and is the one which will be further elab-
orated here.

The principle of WMS is that the non-linear response, when
scanning over the absorption line, induced generation of higher
harmonics, see Fig. 3.3. The strength of the absorption signal de-
creases for higher harmonics, but are less affected by background
effects, such as etalon fringes [85-87]. Standard studied WMS har-
monic is the second, the 2f signal. The major reason for this
is that the first harmonic, 1f is accompanied with an offset due
to amplitude modulation. As the frequency of the diode laser is
modulated the output intensity is also altered. This is referred to
as a residual amplitude modulation, RAM, and is often unwanted.
The 2f signal is positioned at a zero background level, and does
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not demand large dynamic range, which otherwise is the case in
1f and direct absorption measurements. However, there are situa-
tions where the RAM can be useful, e.g. intensity normalization of
the detected signal. This approach was applied in the developed
TDLAS instrument in this thesis work which detects both Oy and
H50O simultaneously, Paper XI.

The theory of WMS generation has been deeply investigated
throughout the years and relies on a couple of different approaches;
Taylor expansion [88, 89] , numerical integration [90, 91], Fourier
analysis [92-94]], and based on the same formalism as FM spec-
troscopy, i.e analyzing the modulation of the phase and the elec-
trical field [69, 95-97]. Here a derivation based on the Fourier
analysis is given.

According to the Beer-Lambert law, Eq. (2.23), the detected
signal, S(v), can be written as

S(v) = BT (V)L (v)e “WEN, (3.4)

For a small absorption, Eq. (3.4) can be expanded by Taylor series
(truncating after the second term) to

S(v)
where I(v) = T(v)I(v). Rewriting Eq. (3.5) yields

S(v) =pI(v)— BI(v)LNo(v), (3.6)
S(l/) = Sbkg(V) -+ Sabs(’/)~ (37)

= BI(v)[1 — o(v)LN], (3.5)

Within modulation spectroscopy, v = v + v, cos(27 fnt), resulting
in a modulated signal,

S(”ca Va, t) = Sbkg(Vm Va, t) + Sabs(l/w Va, t)7 (38)
where
Sbkg(z/c,ya, t) = BI(ve, Va, t) =

Z (Ve, Va) o827 fint) +ZI (Ve, va) sin(2mn fint )), (3.9)

n=0

and

Sabs(Vm Va, t) = _BI(Vca Va, t)LNU(Vm Va, t) =

—BLN| i It (Ve, Va) cOS(2mn frnt)+
n=0

i I2 (Ve, va) sin(27 fit) ] - i oy (Ve, va) cos(2mn fmt),  (3.10)

n=0 n=0

[B: instrumental factor
T: transmission factor

I1,: intensity from the diode laser

o: absorption cross section [m?2]
L: path length [m]
N: number density [m™3]

ve: center frequency [Hz]
Va: modulation amplitude [Hz]
fm: modulation frequency [Hz]
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11 Since the signal is in phase with
the lineshape-dependent o, no odd
terms appear.

7: set to be 1/ fm
Oro: Kronecker’s delta
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using Fourier series expansion of ¢ and I given by,!!

0(Vey Vayt) = Z oy (Ve, Va) cos(2mn fint),

n=0
I(ve, Va,t) = Z IS (Ve,y Va) €OS(27 fint) + Z I2 (Ve Va) sin(27n frat).
n=0 n=0

This leads to generation of harmonics in the signal of the modula-
tion frequency. In the general case, Eq. (3.8) can also be expanded
into a Fourier series,

S(Ve, Va, t ZSQVG“ (Ve, Va) cos(k27 finl)+

+ZS (Ve, Va) Sin(k27 fint). (3.11)

The k:th Fourier coefficients in Eq. (3.11) can be calculated as,

Seven(y, ) = 2Ok / S(ve, vas 1) cos(k2m fut)dt,  (3.12)
0

S (v, v,) = g/ S(Vey Va, t) sin(k2m frnt)dt.  (3.13)
T Jo

In the framework cast by Fourier theory, the detected signal can
be described by inserting Eqgs (3.9) and (3.10) into Eqs (3.12) and
(3.13). Each harmonic of the background signal can thus be di-
vided into an even term and an odd term,

Stkgk = Bli(ve, va), (3.14)
Stk k = BI(Ves va)- (3.15)
From these expressions it is possible to see that the first back-

ground harmonic includes an offset with a linear intensity depen-
dency (v = v + Vs cos(27 fint) gives I = I + I, cos(2m fint)).
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The even term in the absorption signal is,

2—-90
Sk (v, va) = —BLN =2

/T {i I, (Ve, va) cos(2mm fnt)+
0

m=0

i I (Ve vg) sin(27rmfmt)}

m=0

Z 05 (Ve, Vo) €0S(2mn fit) cos(2mk fint)dt =

n=0

= —,6’LN2 —T5k0 [i i ID (Ve,va)oy,

n=0m=0

/T cos(2mm fint) cos(2mn fint) cos(2mk fint)dt+
0

S 18 (e ) )

n=0m=0

/T cos(2mm fint) sin(27n fit) cos(kafmt)} . (3.16)
0

The integrals can be rewritten using trigonometric relations'? into ' cos(a) cos(b) cos(c) =
i(cos(a +b+c)+cos(a+b—c)+
cos(a — b+ c¢)cos(a—b—c))

1 T
/ cos(2mm fint) cos(2mn fint) cos(2wk fint) =
0

T

1

i((sn—m—k:,o + 6n—m+k70 + 6n+m—/€,0 + 6n+m+k:,0); (317)

and

1 / " cos(2mm funt) Sin(2mn funt) cos(2rk fut) =0, (3.18)
T Jo

since the integration limit is set to an integer number of periods.
The even term of the signal then becomes

k

1
S = —BLN 7 [o5I50k0 + (2 = 0k0) Y of Lt
m=0
(2= 0k0) 3. Ol + (2= 0k0) D Ohalsn],  (319)
m=0 m=0
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which can be consolidated into
11 & 1 >
S = —BLN G| Y ofl + (L= 30k0) Y b bt
m=0 m=0

1 . e e
(1- §5k0) Z 0m+k—’m}~
m=0
(3.20)

In a similar fashion, the odd term can be expressed as
1< 1S
S = =BLN |3 3 0f T = 5 Y Obumlint
m=0 m=0

1 - (¢] (e}
5> aml,ﬁm] (3.21)
m=0

Analyzing the expressions in Eqgs (3.20) and (3.21) is a powerful
way to understand WMS. By simply glancing at the expression, it
is obvious that even while only examining a fixed k, for example,
using a lock-in amplifier, the signal will contain harmonics of both
higher and lower orders. By expanding the sums, more detailed
information can be discerned. The first and second harmonics will
be provided below.

Time For the first harmonic (k = 1), Sgveh and Sgid, are

Detected Signal

1
absa = —ALNG [20‘5‘18 + (208 + oIS + (0% + oIS + .. ] ,

1
Sy = —BLN [zagfg + (205 + 09I + (05 + 05) I + .. }

FFT(Detected Signal)

As seen, the main components in the expressions are the modu-
KHz lated first harmonics of the absorption cross-section, which is a
line-shape dependent factor. However, as mentioned above, higher

order terms also couple into the expression, with decreasing am-
k‘ m\ plitude with respect to k. The coefficients for the second harmonic

are

1
St = —BLNZ (20515 + (05 + 05) 1% + (205 + o) I5+

(0% + oI5 + (o5 + oI + .|

. | 1
Sady = —BLN3 (05 — o) I+

2f
4

(208 — oIS + (05 — o) IS + (05 — o) IS + .. ] .

Figure 3.4. Simulated WMS sig- DY the same token, the second harmonic of the absorption cross
nals using Fourier based retrieval. section will be the main contributor to the signal.
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3.5.1 Digital wavelength modulation spectroscopy

Traditionally, WMS was carried out with the use of a lock-in am-
plifier, but the use of digital alternatives are growing and are re-
ferred to as dWMS. Typically, dWMS is performed by digitizing
the detected signal and performing post-detection signal process-
ing. Here a description of dWMS based on coherent detection of
the detected signal and demodulation by filtering out the wanted
harmonic in the Fourier domain is given. This approach was first
demonstrated in 2002 [98] and is used in Papers IT, IV, VII, VIII,
and XII - XIV.!3

Coherent sampling of the detected signal allows harmonic anal-
ysis to be performed post-detection. Coherent sampling refers to
careful choice of operating and sampling parameters, enables av-
eraging of several sampled segments without loosing information
about certain frequency components.

studie Ncccs
ftdd _ yel (322)

fsampling Nsamples

The idea is to sample a full amount of cycles of the studied fre-
quencies which means that the next sampled segment does not
interfere with the previous one. Coherent sampling is a common
tool when analyzing data with means of Fourier analysis. Typically
the number of cycles are chosen as a prime number to eliminate
errors originating from, e.g. bit errors, but this is not a concern in
TDLAS since the laser exhibits RAM. Furthermore, the sampling
number is chosen to be 2N to minimize computational resources
for the FFT (Fast Fourier Transform).

Demodulation of the detected signal, u(t), is achieved by study-
ing the Fourier components of the filtered and translated positive
frequency harmonic from the spectral representation of the de-
tected signal, see Fig. 3.4. The detected signal can be expressed
as a Fourier series:

u(t) = Z ay(t) cos(k2mvt) + Z by (t) sin(k27mvt)

k=0 k=0
_ - 1 -\ k27t - 1 -\ —ik2mt
= kz:jo 5 (@ (t) = (D))" + kzzjo 5 (ax(t) + by (t)i)e

The Fourier coefficients (aj and by) can be obtained from the
positive k:th harmonic frequency (k - v) component. This compo-
nent is filtered out with a window function, w(v), of the spectral
representation of the detected signal:

Up+ (v) = F(u(t))w(v). (3.23)

The filtered harmonic is translated to zero frequency, U}, (v) =
Ui+ (v+k-v), yielding the envelope of the harmonic. A translation

13 A version of AWMS was also ap-
plied in Paper X based on a lock-in

toolkit in LabVIEW.

Sstudiea: studied frequency
fsampling: sampling frequency
Neycles: number of cycles
Nsamples: number of samples
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Figure 3.5. The complex representation of the WMS signals in phase-
amplitude plots together with projected WMS signals. The detected
signal (left) includes a background originating from optical interfer-
ences. The extracted absorption signal (middle) is used to evaluate
the absorption and plot the WMS signal (right).

of the (k- v) in the Fourier domain is equivalent to a division by
et in the time domain.

The inverse Fourier transform gives a complex representation
of the k:th WMS signal, uy(¢).

we(t) = 2F Y(Ups (v) = an(t) + be(t)i, up(t) €C  (3.24)

The factor of 2 compensates for only the positive frequency being
filtered out. A good way to visualize the complex WMS signal is
in a phase-amplitude plot. In contrast to the traditional lock-in
WMS signals the complex representation provides further useful
information. Information of the out-of-phase and in-phase compo-
nents can be obtained simultaneously. Furthermore, the complex
WMS signal allows easy decomposition of the amplitude modula-
tion signal, AMS, and the wavelength modulation signal, WMS.
The AMS signal provides a way to study direct absorption signals
with the advantages that modulation spectroscopy holds, i.e. mov-
ing of the detection to a higher frequency where the 1/f noise is
low. The use of AMS signals for calibration-free concentration and
pressure assessments has been studied in Refs [99, 100].



CuapTER 4

LIGHT PROPAGATION IN TURBID
MEDIA

As light passes through a medium it becomes attenuated by ab-
sorption and scattering. Absorption of light is governed by the
Beer-Lambert law, as described in Section 2.3. Scattering is the
process when the direction of the light is altered as it travels
through the medium. Continuous scattering of light results in
a diffuse light propagation.

A strongly scattering medium, or a turbid medium, is a ma-
terial where the scattering is larger than the absorption. Typical
every-day turbid media include white paint, milk, and clouds, all
which appear whitish. Figure 4.1 shows scattering of light with
varying concentrations of scatterers. In these cases, the fat par-
ticles in the milk introduce inhomogeneities causing the light to
scatter.

This chapter gives a brief introduction to the scattering pro-
cess and in particular to Mie and Rayleigh scattering, i.e. elastic
scattering processes. Methods to model the resulting diffuse light
propagation and a way to measure the optical properties (absorp-

Figure 4.1. Pictures of a laser beam passing through media of varying
scattering. As the concentration of scatterers increase (left to right),
the light becomes more and more diffuse.
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tion and scattering) of a material are also introduced. The chapter
is concluded with a description of the turbid media of interest for
this thesis work, i.e. biological tissue and porous materials.

4.1 Scattering

For light propagating through a medium with varying refractive
indices, classical theory dictates that it will become refracted at ev-
ery interface. Within the field of diffuse optics, the optical proper-
ties of the material of interest are typically divided into the scatter-
ing coefficient, s, and the absorption coefficient, p,, which deter-
mine the distance the light travels before it is attenuated. However,
many materials exhibit forward (anisotropic) scattering, i.e. the
probability for a scattering event to result in a forward direction is
the most probable. Thus the anisotropic factor, g = {cos8), is usu-
ally introduced, giving the reduced scattering coefficient ) = gpus.

The scattering phenomena are usually divided into two cases,
known as the Mie and Rayleigh scattering. For particles with di-
mensions comparable with the wavelength of the light, Mie scatt-
ering occurs. As the dimension of the particles decreases, such
that it is much smaller than the wavelength of the light, Rayleigh
theory can be used to describe the scattering phenomena. Such
scattering typically falls off as a function of the wavelength to the
power of four (~ A™%).

4.2 Diffuse light propagation

Light propagation inside scattering materials is a highly complex
problem to model. In principle, using the Maxwell equations, the
problem can be solved, accounting for all the wave properties of
the light. However, such a model would involve a very well de-
fined geometry, which is, in most cases very hard or practically
impossible to obtain. Thus the problem is often solved without
considering the wave nature of the light. Two of the commonly
used models are based on the radiative transport equation, RTE,
and the diffusion equation.

The RTE relies on the particle nature of light [101]. It can be
derived by considering the flux of particles inside a small volume
within the medium. Analytical solutions to this equation are at
best very scarce, even for the simplest geometries, and numerical
methods, such as Monte-Carlo simulations must often be used to
obtain an internal photon distribution. The diffusion equation can
be derived from the RTE by expanding it into a set of suitable
basis functions and truncating the higher order terms. However,
this implies that fast transient phenomena and sharp gradients
cannot be resolved when using the diffusion equation [102].
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Simulation of diffuse light propagation

Since the RTE describes a transport problem, it can be expressed
and modeled to a high degree of accuracy using, for example,
Monte-Carlo simulations.! Such simulations have been used in a
variety of fields, typically dealing with transport problems [103—
105]. Monte-Carlo simulations within the field of diffuse optics are
typically initialized by sending in a large number of photon packets
into a predefined geometry. A robust random-number generator
is then used to determine the fate of each packet as it propagates
inside the material, i.e. if they are to be absorbed, scattered or re-
fracted for every discrete step length. Since the method is based on
the statistical results of the launched photon packets, the accuracy
is dependent of the number of photons used. The method is thus
also highly demanding in terms of computation operations. How-
ever, due to the linearity of Monte-Carlo simulations, they are very
suitable for multi-threading, and parallelized implementations uti-
lizing parallel graphics processing units (GPU) have been reported
[106, 107].

Several open-source software packages exist to perform Monte-
Carlo simulations, with multi-layered structure (MCML) and GPU-
accelerated MCML being two of the most commonly used ones
[106-108]. It is also possible to use commercial ray-tracing soft-
wares to solve the transport problem. Ray-tracing is typically used
to model light propagation through optical components in an op-
tical system, for example, a laser oscillator. They can, however,
be modified to resemble Monte-Carlo simulations by inserting ran-
dom scattering and absorption events. Two common softwares are
ASAP and FRED. Unfortunately, such softwares are generally not
designed for Monte-Carlo simulations, thus the computation time
required to perform a simulation using a ray-tracing software, as
compared with specialized softwares, such as MCML, is typically
magnitudes upon magnitudes longer.

As mentioned above, Monte-Carlo simulations are highly de-
manding in terms of computation time. Since light propagation
within a turbid material is a diffusive-transport problem, the diff-
usion equation,

(iaat + o — V- K(f)V) D(r,t) = Q(r, 1), (4.1)
can also be used to describe the light propagation.? In Eq. (4.1),
k = 1/3(ul + pa) denotes the diffusion coefficient; ® denotes the
distribution of the fluence rate [W/m?]; while @ is the source term.

Equation (4.1) can be solved analytically for some simple homo-
geneous geometries, such as, semi-infinite media or slabs, using
Q = 6(r — y)d(t — s). This leads to the Green’s function.® Such
functions obviously do not describe the true physical problem due
to its point-like definition. However, it is possible to convolve the

1 It is worth to notice that Monte-
Carlo simulations are actually only
a discrete version of the RTE.

2 It is obvious that this only
applies for regimes where the
light is propagating diffusively, i.e.
(1l > pa. In addition, transient re-
sponses and sharp gradients can-
not be accurately described, which
means that solutions close to the
source with respect to both the
time and spatial domains may be
invalid.

3 Green’s function is a type of
function used to solve inhomoge-
neous differential equations sub-
ject to specific initial conditions or
boundary conditions.
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4 By using absolute fluence mea-
surements it is also possible to use
spatially resolved methods [111,
112].
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Green’s function to account for a source that has a finite range
both in the time and the spatial domain. For more complicated
geometries, the diffusion equation can be solved using numerical
methods, such as the finite element method, FEM. This method
discretizes the domain into small elements and approximates a so-
lution using a polynomial function in each element [109].

4.3 Measuring the optical properties with
time-of-flight spectroscopy

Since both the scattering and the absorption of a material results
in attenuation of light, the separation of them is a nontrivial task.
Over the years, large efforts have been invested into the devel-
opment of methods to separate the scattering and absorption, on
the macroscopic scale. It has been shown that the Green’s func-
tion in the frequency or the time domain can be used to separate
ph and p,, without the need for absolute fluence measurements
[110].# Using an integrating sphere, it is, in addition, possible to
not only separate scattering from absorption, but it is also possible
to obtain the g-factor.

Time-of-flight spectroscopy has been used to extract u} and
1 from both biological and ceramic materials, which are used in
this thesis work. The method relies on fitting the point-spread
function of a short pulse to a model. The model used was the
time-dependent Green’s function. By performing a fit of the ex-
perimental data to the predicted data by the Green’s function us-
ing the Levenberg-Marquardt optimization algorithm, the optical
properties from the materials of interest were measured [110].

4.4 Turbid media

Biological tissue

Biological tissue can be considered to be an inhomogeneous
medium containing absorbing particles in water. As light propa-
gates within tissue, the mismatch of the refractive indices of these
particles relative to their surrounding, causes the light to scatter
heavily. In addition, the organelles within the cells also contribute
to the scattering of light. However, it should be noted that the
origin of the scattering effects is not yet fully understood [117].
Since the composition within tissue is relatively well known,
it should, in principle, be possible to model the light scattering
using, for example, Mie theory [118, 119]. Such a model mainly
investigates the scattering on the cellular level, by modeling the
individual cells (scatterers) as spherical or oblate spherical parti-
cles. Practically, this method is tricky to realize since it relies on
detailed geometrical structure found within tissue. Instead, tissue
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Table 4.1: Summary of the optical properties of biological and ceramic materials of interest within this thesis
measured using time-of-flight spectroscopy (TOFS) and frequency-domain photon migration (FDPM) methods.

Ref. Material Wavelength pa [cm™1] pl fem™1] Technique
Torricelli [113] Forehead 760 nm 0.085 10.2 TOFS
n vivo 820 nm 0.0925 9.3
935 nm 0.215 8.0
Matcher [114] Skull 760 nm - 9.6 TOFS
N Vivo 820 nm - 9.1
935 nm - 8.8
Bevilacqua [115] Skull 674 nm 0.208 11.9 FDPM
i Vivo 849 nm 0.215 9.1
956 nm 0.355 7.7
[116] Polystyrene foam 760 nm 0.002 40 TOFS
Paper II1 TiO2 (79 nm) 760 nm 0.12 1.21 x 10* TOFS
Paper III ZrO2 (43 nm) 760 nm < 0.01 8.28 x 103 TOFS
Paper III ZrO2 (115 nm) 760 nm < 0.01 9.27 x 102 TOFS
Paper III AlyO3 (69 nm) 760 nm < 0.01 1.80 x 103 TOFS
Paper ITI Al2O3 (3.6 pm) 760 nm < 0.01 1.29 x 103 TOFS

is often modeled as random continuous segments, each with its
own designated absorption coefficient, scattering coeflicient and g-
factor [120]. Typical values of the optical properties for the tissue
types of interest within this thesis are given in Tab. 4.1.

Porous materials

Within the scope of this thesis, porous materials are defined as ma-
terials which have an internal geometrical structure that contains
gas. The investigated materials are composed of sintered ceramic
powders of Al;Os, ZrO,, and TiOs. Depending on the sinter-
ing parameters, such as, temperature, pressure, time and particles
sizes, ceramic tablets with varying internal pore-size distributions
can be fabricated. The bulk material within such tablets has a
relatively high refractive index, typically in the 1.7 — 2.5 range,
causing the light to scatter heavily.> The optical properties for
the ceramic samples of different pore diameters, which have been
investigated within this thesis, are given in Tab. 4.1.

One of the most interesting aspects of the ceramic tablets is
that they can be fabricated to create pore structures of the nm-
scale as shown in Fig. 4.2, which opens up new possibilities to
study physical phenomena. The optical properties within the ce-
ramic tablets as well as their potential to be used as gas-sensing

Figure 4.2.
sample.

SEM image of ZrOg

5 Fresnel reflection gives:

A

2
ni—ng
ni+ngz )
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cells, due to their long gas-interaction path lengths, have been in-
vestigated in Paper III. However, in order to use such materials
as gas cells, an important aspect to grasp is the gas-diffusion dy-
namics. For example, HyO is usually termed a ’sticky’ gas, which
easily adheres to surfaces. This leads to a slow exchange of gas
with the surrounding as compared with relatively inert gases, in
the diffusion sense, such as Oy. Thus the gas diffusion dynamic
properties were investigated in Paper IV.

Recently, it was proposed and shown that gases confined within
nanoporous materials exhibit major line broadening effects due
to wall collisions [121]. Confined molecules of course experience
wall collisions regardless of the dimensions of the confinements.
However, within nanoporous materials, the intermolecular colli-
sion times and the wall collision times become comparable and
thus constitutes a major source of perturbation, e.g. broadening.
In order to better understand and model the broadening effect,
studies under reduced pressures were performed in Paper V.



CHAPTER D

(AS IN SCATTERING MEDIA
ABSORPTION SPECTROSCOPY

Applying absorption spectroscopy to porous or hollow gas-filled
samples with large scattering and absorption properties is such
a special case that it has been given the name: GASMAS. The
technique can be seen as a fusion between the topics dealt with
in the previous chapters, i.e. absorption spectroscopy, TDLAS,
and light propagation in turbid media. The name GASMAS is an
abbreviation of GAs in Scattering Media Absorption Spectroscopy,
and as the name implies, it is the sample or the medium that is the
fundamental difference. The GASMAS concept was first introduced
in 2001 by our group and has since been shown to be applicable
for sensing of Oy and H,O in various samples and environments.*

Considering the fact that GASMAS is a new domain of spec-
troscopy where gas for the first time can be sensed within absorbing
and scattering solids and liquids, it is easy to realize that the ap-
plications are tremendous. This chapter presents the principle of
the GASMAS technique with its special demands for concentration
extraction. A review of the GASMAS activities, both instrumental
and application wise, up to this point is given at the end of the
chapter.

5.1 Principle

The fundamental principle that GASMAS relies upon is the intrin-
sic difference between absorption of light by free molecules and
atoms and perturbed ones. As the molecules and atoms are held
together in a solid or liquid the energy levels form bands, result-
ing in broad-band absorption. In contrast, molecules and atoms
in gas phase exhibit sharp transitions,? about a factor of 10 000
in difference. Due to the narrow absorption of gases they can be

1 Since 2009 GASMAS has an en-
try at Wikipedia:
http://en.wikipedia.org/wiki/GASMAS

2 A free molecule in ambient
air typically experience an ab-
sorption which is ~ 1 GHz
in HWHM. Corresponding num-
ber for molecules in a solu-
tion is ~ 20 nm (~ 10 400 GHz at
760 nm).
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5.1.1 Equivalent mean path length

Figure 5.1. GASMAS principle
and three types of GASMAS sam-
ples; small gas filled pores sur-
rounded by scattering media, small
scatterers surrounded by gas, and
a large pore surrounded by turbid
material.
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Figure 5.2. Standard addition
of an unknown HsO absorption
measured with a pigtailed-DFB
GASMAS setup.
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monitored even in a surrounding of absorbing solids. The gas ab-
sorption in a GASMAS measurement can typically be of the order
of 1 x 107* (one out of 10 000 photons gets absorbed), while the
bulk medium absorbs and scatters such that only one per mille of
the injected light reaches the detector. This means that although
only a fraction of the light passes through the sample and reaches
the detector, the small absorption dip can still be distinguished
due to its spectrally sharp absorption nature. The GASMAS prin-
ciple is illustrated in Fig. 5.1 and shows as light passes through a
scattering and absorbing sample the light gets attenuated by the
bulk medium to a varying degree, dependent on the wavelength. If
the light travels through a gas pore the light exhibits an alternative
absorption - this is the spectrally sharp gas absorption.

The gas-embedded samples can be of various forms. It can be
a large gas cavity surrounded by a scattering medium, such as a
sinus cavity surrounded by tissue. It can also be a sample of many
small pores surrounded by a scattering medium, such as alveoli
in the lung. Furthermore, it can also be a sample constructed of
scatterers with gas in between, e.g. a sintered ceramic material.
With the GASMAS technique gas embedded in pores ranging from
the nm to cm regime has been studied.

Since the GASMAS technique studies diffuse light both trans-
mission and reflection detection geometries are feasible.

It should be noted that GASMAS does not need to be based on
a diode laser such as in TDLAS, but is applicable with any gas-
absorption spectrometry. In Paper VI the LIDAR, (light detection
and ranging, laser radar technique) technique DIAL (differential
absorption LIDAR - an on-off resonance range-resolved gas sensing
method) was employed to perform large-scale remote GASMAS.

5.1.1 Equivalent mean path length

As described in the previous chapter, traditional TDLAS utilizes
the Beer-Lambert law, Eq. (2.23), to extract species concentration.
Prerequisites then are known path length and a molecular specific
absorption coefficient (which can be found through, e.g. the HI-
TRAN database). The diffuse light propagation in GASMAS, with
a distribution of photons traveling through unknown gas distances,
demands an alternative approach. Already in the first presented
GASMAS paper, the parameter equivalent mean path length, Leg,
was introduced. As the name implies, this parameter is a measure
of length, namely the distance the light needs to pass through a
reference gas, typically ambient air, to experience an equivalent
absorption as when traveling through the sample. This means
that if the gas within the sample is under the same conditions as
in the referenced ambient air, i.e. same temperature, pressure, and
mixing ratio, Leq corresponds to the true mean distance the pho-
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Table 5.1: Typical Leq of O measured and reported in the GASMAS literature.

Sample Thickness Leg Comment Ref.
Polystyrene foam 19 mm 600 mm [122]
10 mm 100 mm [116]
70 mm 5000 mm [116]
Epoxy 19 mm 5 mm Turbid due to air bubbles [122]
Sintered ceramic 7.2 mm 5410 mm ZrOg2 - 115 nm pores Paper ITI
7.0 mm 860 mm ZrOg2 - 43 nm pores Paper II1
5.5 mm 833 mm Al203 - 69 nm pores Paper ITI
9.9 mm 595 mm Al30O3 - 3700 nm pores Paper II1
1.4 mm 190 mm TiOg - 79 nm pores Paper ITI
Pharmaceutical tablet 3.4 mm 17 mm [123]
3 -4 mm 5 — 50 mm Compression variation [123]
Wood 10 mm 123 mm Dry pine [122]
6 mm 80 mm Balsa [124]
6 mm 35 mm Birch [124]
18 mm 65 mm Bambo stalk [125]
Apple 26 mm 10 mm [122]
70 mm 60 mm Full apple - transmission [126]
10 mm Full apple - reflection [126]
Mushroom - 13 mm Reflection geometry [126]
Avocado - 3 -8 mm Reflection geometry [126]
Orange - 4 mm Reflection geometry [126]
Aubergine 57 mm 300 mm [127]
Sugar 12 mm 20 mm Lumped [122]
Salt 18 mm 170 mm Granulated [122]
Flour 18 mm 380 mm Wheat [122]
Bread - 175 mm Bake-off bun Paper VII
Minced meat - 20 - 40 mm  Including polystyrene foam tray Paper VII
Headspace - 220 mm Milk carton Paper VII
(liquid container) - 10 - 50 mm  Orange juice container (intact) Paper VIII
- 55 -85 mm  Orange juice container (perforated) Paper VIII
Sinus - 1 mm Frontal sinus - reflection [128]
(healthy) - 10 - 23 mm  Frontal sinus - (semi) - transmission Paper IX
- 20 - 30 mm  Maxillary sinus - reflection Papers IX-XII
- 8 — 35 mm Maxillary sinus - transmission Papers IX-XII

tons have passed through the gas in the sample. The L., values
obtained for various samples are presented in Tab. 5.1.

Determination of the Lqq-parameter can be made in a couple of
different ways. The first approach used was based on the principle
of standard addition, which is a common technique to determine
the concentration in an unknown sample. By sequential addition
of known concentrations the start-point can be extracted. Fig-
ure 5.2 shows the standard addition for the GASMAS case, where
known distances of air are added and the absorption monitored.
Extrapolation to the x-axis yields the Leq, in this case 18 mm.
Standard-addition curves are obtained for GASMAS systems both
with the intent to estimate the resolution of the systems and for
calibration purposes.
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5.1.2 Concentration extraction

Yunknown = K X Yabs.ref.
Leq = kX Laps.ref.

4 An absorption signal from a sam-
ple with a gas concentration of 20%
and an gas-interaction distance of
25 mm and an absorption signal
from a concentration of 10% and
an interaction distance of 50 mm
gives the same Leq.

5 co,-extraction assumption 1

LY? = L

Cair X Leq = ¢s X Ls
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The second Leq-extraction method relies on fitting the mea-
sured absorption signal, Yunknown, tO a single large-absorption sig-
nal, Yabs.rer., referred to as the absolute-reference signal.® The
absolute reference signal is typically a distance of ambient air,
Laps ret., with known properties of relative humidity, pressure, and
temperature.

It should be noted that the L.y is dependent on both the mixing
ratio of the gas in the sample and the gas-interaction distance of
the detected photons.* An interpretation of Le, is thus non-trivial
and demands further knowledge of the sample. As already stated,
for a sample with equal gas conditions as in the absolute reference
(or with known relation) the Leq correspond to the average dis-
tance traveled through gas of the photons. Such information can
be valuable in material analysis, such as porosity, and research on
this topic has been carried out at our division [116, 129]. The mean
traveled gas-interaction distance can also be used as a measure of
the amount of gas present in a sample, e.g. if a sinus is obstructed
or not (Paper XII). Further, it can also be used as a calibration
for a second sensed gas with an unknown concentration, assuming
they probe the sample similarly. This has been used both for the
food packaging (Paper VII) and the sinus diagnosis (Papers IX
and XI) applications and is described in detail in Section 5.1.2.
It is worth mentioning that if both the gas concentration and the
gas-interaction distance in the sample are unknown, the L.4 can
still be a useful measure. Examples of this are when monitoring
relative changes, e.g. diffusion or time courses, or if knowledge of
the presence of a gas is sought for.

5.1.2 Concentration extraction

As described in the previous section, straight-forward quantifica-
tion of the concentration, using the Beer-Lambert law is not appli-
cable in the GASMAS case. Instead, the parameter Leq, with the
unit mm, is used to measure the absorption. Different ways to ex-
tract the mixing ratio of a sensed gas (Oz) from the L.y parameter
have been applied. The first method used relied on measuring the
traveled photon distances with time-resolved spectroscopy [116].
The concentration of the sensed oxygen gas, co,, was extracted
by the assumption that the oxygen gas-interaction distance, LgQ,
was the full length traveled by the detected photons in the sample,
L,®

Later an alternative O, concentration extraction method,
based on the sensing of HoO, was applied. As already noted, with
known concentration of a detected gas the L.y corresponds to the
mean traveled distance through gas. In samples with closed cavi-
ties and liquid water present (such as cavities in the human body,
liquids in containers, and wet samples) the water concentration is
given by the temperature of the sample. The H5O saturation point
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is dependent on the temperature and can be described by, e.g. the
Arden-Buck equation [130].
_3 A17.502T
p =6.032 x 107" 240,97+ T (5.1)
Assuming that the laser light sensing HoO and Os travels through
the sample in a similar manner, and thus probe the same amount
of gas, the Og concentration can then be extracted by normal-
ization with Hy0.% This assumption corresponds to that the gas-
interaction distance of the HyO-sensing light, L?ZO (which is the
same as its Leq ,
same as the gas-interaction distance for Oa, Lg2. The assumption
is valid if the optical properties of the sample, u, and pug, are the
same for the two laser wavelengths used. Table 4.1 lists literature
values. Up to now 760 nm has been used to detect O5 and 980 nm
and 935 nm to measure H5O.

Furthermore, it is also possible to extract a gas concentration
with GASMAS by using an internal sample reference measurement.
This approach was utilized in Paper VIII and is based on a second
measurement, where the gas concentration in the same sample
is known. In Paper VIII the gas composition in headspace of
juice containers was studied. By perforating the package, allowing
ambient air to enter, a reference for concentration extraction was
obtained.

Lgfo, since the concentration is known)” is the

5.2 Limitations

The GASMAS technique measures gas embedded in solids and lig-
uids, but for the technique to be applicable the sample needs to
be translucent.® Opaque materials are not possible to investigate,
and thus limit what samples and which wavelength regions that are
feasible, e.g. samples with liquid water present can not be studied
above 1400 nm. For every GASMAS sample one must consider the
absorption of the bulk absorption and the available gas absorption
lines in the region where the sample is translucent.

Optical interference is always a concern in TDLAS, and in the
special case that GASMAS constitutes one must take the speckle
and fringes originating from inside the sample into account. Ap-
proaches to minimize the sample-induced optical interferences have
been developed and include vibration and rotation of the sample
as well as dithering the laser light injection spot [131], see Fig. 5.3.

A further limitation of the GASMAS technique is, as already
noted in Section 5.1.1, the unknown gas interacting length. The
distance of the light probing the gas in the sample will be a dis-
tribution, where some detected photons may not have traveled
through any gas. Such photons do not carry any gas imprint, and
results in a dilution of the measured absorption. This aspect is of
high importance when studying samples in reflectance geometry

p: H2O partial pressure
T: temperature

6 co,-extraction assumption 2

H2O  _ H2O
Lg - Leq
O _ HyO
Lg - Lg
O H2O
Cair X Loq2 = COqy X Lg 2

7 Conversion of the absolute-
reference measurement to the con-
ditions in the sample is needed for
this to apply.

8 Translucent means that the light
travels through the sample, but
diffusely.

2 0 1
= Relative optical frequency (GHz)

Figure 5.3. An example of opti-
cal fringes removed by the means
of beam dithering using tracking
coils.
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5.3 Review

9 AMSRS is the Applied Molecular
Spectroscopy and Remote Sensing
Group lead by Prof. Sune Svan-
berg.
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since a large portion of the detected light will then be of this kind,
which we refer to as short-cut photons, only holding small gas
absorption signals or none.

5.3 Review

The GASMAS concept was introduced in 2001 by Sjcholm et al.
[122] and has since then been a research focus for the AMSRS
group? at the Atomic Physics Division in Lund. Here the technique
has been further developed and applications of the technique have
been investigated. An overview of the published GASMAS papers
and their content is presented in Tab. 5.2.

The first report of GASMAS was on Oy absorption of embed-
ded gas inside, among others, wood, apple, and polystyrene foam
[122]. These samples have been further investigated in succeeding
publications. Different types of woods were investigated in [124]
and the drying of wood was studied in [132].

The gas-exchange in apples as well as in other fruits and veg-
etables were studied in [126, 127] with the aim to demonstrate the
GASMAS technique for packaging technology applications. Later
the GASMAS technique was also applied to packaged food prod-
ucts, such as packaged minced meat, bake-off bread, and milk and
juice containers, where it was shown that the technique can be
used as a non-intrusive tool for quality control of modified atmo-
sphere packaging (Papers VII and VIII) - further discussed in
Section 6.1.

Polystyrene foam has been the subject of investigations with
regards to concentration and porosity. By combining GASMAS
data with time-of flight spectroscopy data, the Oy concentration
was measured inside polystyrene foam and the deviation to am-
bient air was used for porosity assessment [116]. The GASMAS
technique as a tool for porosity has thereafter been further inves-
tigated on pharmaceutical tablets [129], which has also been an
application field of focus for GASMAS [123]. The combination of
GASMAS and LIDAR was also demonstrated on polystyrene foam.
O, was then detected by the DIAL technique to illustrate the poss-
ibility to study embedded gas remotely (Paper VI).

A GASMAS application that has been extensively investigated
is sensing of gas inside the human body, and a review of this is
given in Section 6.2.4. Focus has primarily been on the paranasal
sinuses ([78, 133] and Papers IX — XII), but the technique has
also been applied to the mastoid bone (Paper XIIT) and models
of neonatal lungs (Paper XIV).

In addition to application-oriented research, technical improve-
ments of the GASMAS technique and instrumentation have also
been made. The first GASMAS setup or version of it was used
in [116, 122, 124, 126, 128, 132] and was based on an O,-sensing
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Fabry-Per6t diode laser. At first the laser was coupled into a multi-
mode fiber and collimated before entering the sample. Nitrogen
gas was flushed in the laser passages through ambient air to remove
absorption offsets. In 2006 a setup sensing HoO at 980 nm with
a Fabry-Perot diode laser was assembled and used simultaneously
with the previous setup to monitor Oy and HyO in drying wood
[132].

To eliminate the absorption offset from ambient air and to get
mode-hop free diode lasers, the use of pigtailed DFB lasers'® was
later employed ([78, 123, 133] and Papers IX — XIV, and IV).
Since the light then travels through a fiber from the laser to the
sample no influence of absorbtion of ambient air is expected. The
pigtailed fiber-coupled lasers were accompanied with large interfer-
ence effects and demanded a balanced detection scheme, presented
in Ref. [78], and further improved in Papers VII and XI. VCSEL
diode lasers, both pigtailed and non-pigtailed, have also been used
in GASMAS setups; [121, 125, 129, 131] and Papers III and V.

In 2007 a new signal-detection scheme, based on the use of syn-
chronized plug-in computer boards and software-based wavelength
modulation, dWMS, was introduced [125]. This opened up for
compact and flexible GASMAS instrumentation, which was a pre-
requisite to perform studies outside the laboratory. Two setups,
sensing Oz and H5O, respectively, and based on pigtailed-DFB
diode lasers, were then merged and clinically adapted (Papers X
and XTI).

Absorption by gas confined in nano-porous ceramics was pub-
lished as late as this year for the first time [121], but has al-
ready presented additional interesting results (Papers IIT — V).
Studies of gas confined in nano-porous ceramics with GASMAS
possess several interesting characteristics. The confinement of
the molecules in nm-sized pores disturbs the energy levels of the
molecule through wall interactions, causing broadening and minor
shifts of the absorption line. Gas analysis of confined molecules
thus provides a way to do fundamental studies of these mecha-
nisms, as well as applications. Since the effects are dependent on
the size of the confinement, the broadening could, e.g. provide
information about the pore size, as shown in Paper V. Further-
more, the extremely high scattering of the nano-porous ceramics,
yielding large path lengths, also makes them suitable as a small
gas cell, presented in Paper III.

The first reported broadening of confined gas in nm-sized pores
was from O in Alumina, Al,O3 [121]. Broadening of gas in 70 nm
and 18 nm pores was presented. A gas-interaction path length of
78 cm, for a 6 mm thick sample with 70 nm pores and with a
porosity of 35%, was obtained.

Later the broadening of H,O in alumina was also demonstrated,
Paper IV. The diffusion of HoO was studied by monitoring the
decrease in HyO absorption from a sample that had been placed

10 Pigtailing means that the laser
is coupled directly from the gain

medium to a fiber.
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11 An integrating sphere is a hol-
low cavity coated for high diffuse
reflectivity with small entrance and
exit ports and is typically used to
measure a samples optical proper-
ties [134].
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in an environment of 100% relative humidity. The diffusion of Oo
and HoO was compared by flushing a sample with nitrogen gas and
measure the absorption of Oy and H5O simultaneously. In contrast
to the Og molecules that rapidly diffuse out of the sample, the
H>O diffusion is much slower and consists of over-layered diffusion
curves.

Studies of gas in nano-porous ceramics have been further stud-
ied under reduced pressure, Paper V, demonstrating how the wall-
collision related broadening becomes more significant at lower pres-
sures.

5.3.1 Similar work

Up to this point all GASMAS papers published have included mem-
bers of the AMSRS group, but the interest of pursuing TDLAS
in the diffuse optical regime is growing. The use of integrating
spheres!! as gas cells has been around since the 80’s [135, 136] and
is still an active field [137, 138]. Here the light is sent into the
sphere where it scatters around in a diffuse manner and interacts
with the gas. Although the absorption path length is unknown
and the interaction path length is a distribution, the advantages
are a high tolerance for misalignment and the small size. From
a 50 mm integrating sphere, an effective path length of over one
meter can be achieved [137]. Models of the light-path distribution
in integrating spheres have been made [139, 140].

Other gas cells with diffuse light propagation include the ones
with diffusers as reflectors [141]. Similarly as the integrating
spheres, these cells or open paths have the advantages of high
tolerance for misalignment, which, e.g. can be applicable when
studying combustion processes when temperature changes induce
alignment problems or the harsh environments degrade the optical
windows over time [142]. Hodgkinson et al. studied the effect of
transmissive and reflective optical diffusers inside gas cells and con-
cluded that the diffusers can be used to reduce optical interference
fringes [71, 143].

Absorption measurement of diffuse light is also carried out in a
number of additional fields, e.g. atmosphere optics, where the path
lengths through clouds are enhanced [144, 145], and gas sensing
inside aerogel with the use of Fourier spectrometry [146].

The GASMAS technique has gained a high interest from the
ISP, International Science Programme, which has enabled spread
of the technique. Today GASMAS setups are present in Ghana,
Kenya, Sri Lanka, Zimbabwe, and Ecuador.
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Table 5.2: Overview of content in publications using the GASMAS technique.

Year Ref Covers

Analysis of gas dispersed in scattering media

2001 Sjoholm et al. Introduce the GASMAS principle
Opt. Lett. [122] Defines the Leq parameter.

Tllustrates internal pressure assessment: epoxy with 300 mbar gas pores.
Measured on wood, apple, sugar, salt, flour, polystyrene foam, and epoxy.
Dynamic process of Oz diffusion in an Na-exposed polystyrene foam studied.
Noted that line broadening due to nano-sized confinement can be expected.
Instrumentation:

Studied lines: Oz at 759.95 nm (R17Q1s and R19Q19) 761.003 nm (R7R7)

Fabry-Pérot diode laser coupled into fiber and collimated out to sample.

Offset elimination with Na-flushing

Analog lock-in detection

Photomultiplier tube (PMT) - active surface 2000 mm?

Sensitivity: 2.5 x 10™% > 1.2 mm

Concentration measurement of gas embedded in scattering media by employing absorption and
time-resolved laser spectroscopy

2002 Somesfalean et al. Combine GASMAS and TOF'S for Os-concentration extraction
Appl. Opt. [116] Measured 20.4% Os in polystyrene foam.
Calculated the porosity to 98% by assuming 20.8% O3z concentration in the
sample.

Reports an Leq o d?-dependency, where d is sample thickness.

Laser spectroscopy of free molecular oxygen dispersed in wood materials
2003 Alnis et al. ‘Wood materials analysis
Appl. Phys. B [124] GASMAS and TOFS measurements.
Fiber-structure and gas-diffusion parameters investigated.
Studies of different types of woods.

Studies of gas exchange in fruits using laser spectroscopic techniques
2005 Persson et al. Analysis of gas-exchange in fruits
Proc. FRUTIC [126] Apples, oranges, mushrooms, and avocados studied.
Illustrates the applicability to MAP.
O diffusion for peeled and film-wrapped apples.
Og diffusion for an apple and mushroom in a plastic bag.
Reflection and transmission geometries applied.

Diode laser absorption spectroscopy for studies of gas exchange in fruits
2006 Persson et al. Fruit analysis
Opt. Laser Eng. [127] Different types of apples studied.
Gas-exchange in apples and aubergines investigated.

Spectroscopic studies of wood-drying processes
2006 Andersson et al. O3 and H>O studied in drying wood
Opt. Express [132] Time series of drying processes.
Og2 and H2O simultaneously detected at two different sample locations.
Investigation of bulk absorption of the two wavelengths used.
Instrumentation updates:
Two simultaneous measuring setups
Studied lines: O2 at 761.003 nm and HoO at 978.509 nm
Fabry-Pérot diode lasers (7 mW and 200 mW)
Photodiode detector - active surface 100 mm?

On the potential of human sinus cavity diagnostics using diode laser gas spectroscopy
2006 Persson et al. Proof-of-principle of Osz-sensing in human sinuses
Appl. Phys. B [128] Measurements of a phantom modeling the frontal sinuses.
Investigation of varying tissue-phantoms, and air-gap thicknesses.
Transducer-detector separation investigated on sinus phantom.
Human frontal sinuses studied in a reflection geometry.
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Approach to optical interference fringes reduction in diode laser absorption spectroscopy
2007 Persson et al. Implementation of dual-beam O3-GASMAS instrument
Appl. Phys. B [133] Reduction of interferences originating from the laser source.
Comparison between hardware and software balanced detection schemes.
Instrumentation updates:
Pigtailed DFB diode laser (4 mW)
Fiber-carried dual-beam scheme
Sensitivity: about 6 x 10™% <> 2 mm

Gas monitoring in human sinuses using tunable diode laser spectroscopy

2007 Persson et al. O3 and H>O sensing in human sinuses
J. Biomed. Opt. Maxillary and frontal sinuses investigated.
(Paper IX) Monte-Carlo simulations with ASAP performed.

Measurement geometries investigated.
Data from healthy and unhealthy volunteers presented.
Monitoring of gas-dynamics demonstrated.
Normalization of O2 with H2O introduced.
Instrumentation updates:
Two pigtailed DFB diode lasers (4 mW)
Studied lines: O2 at 760.445 nm and HsO at 935.686 nm.

Flexible lock-in detection system based on synchronized computer plug-in boards applied in sensitive
gas spectroscopy
2007 Andersson et al. 02-GASMAS instrument based on dWMS and VCSEL
Rev. Sci. Instr. [125] Compact flexible instrumentation.
Gas-dynamic monitoring of bamboo stalk demonstrated.
WMS-signals (2f-4f) retrieved from human frontal sinus.
Instrumentation updates:
Implementation of synchronized DAQ cards
LabVIEW-based WMS retrieval
Software lock-in analysis
Pigtailed and non-pigtailed VCSEL diode lasers (0.3 mW and 0.15 mW)
Studied line: O2 at 760.445 nm

Monte Carlo simulations related to gas-based optical diagnosis of human sinusitis
2007 Persson et al. Monte-Carlo simulation of human sinus model
J. Biomed. Opt. [133] Simulations of measurements on phantom model presented in [128].
Imaging possibilities simulated.

Noninvasive characterization of pharmaceutical solids by diode laser orygen spectroscopy
2007 Svensson et al. Characterization of pharmaceutical tablets
Appl. Spectrosc. [123] Leg-dependency of compressed tablets.
Instrument: DFB-based O2-sensing

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

2008 Persson et al. Simultaneous detection of O3 and H2O
Appl. Opt. Frequency multiplexing employed for dual-gas sensing.
(Paper X) Intensity normalization with 1f-RAM signal.

Cross-talk between sensed gases investigated.
Initial clinical tests reported.
Instrumentation updates (DFB-based fiber based):
Implementation of a synchronized DAQ card
LabVIEW-based WMS retrieval
Pigtailed DFB diode lasers, laser light coupled together into a single fiber
Studied lines: O2 at 760.445 nm and HoO at 935.685 nm

High sensitivity gas spectroscopy of porous, highly scattering solids

2008 Svensson et al. System characterization of high-sensitive VCSEL O, GASMAS
Opt. Lett. [131] Fourier based dWMS introduced.
Interference-elimination methods investigated: tracking coil vs. sample rota-
tion.

Instrument: VCSEL-based, dWMS
40 Sensitivity: 3 x 1075 ¢+ 0.1 mm (60 s)
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Food monitoring based on diode laser gas spectroscopy

2008 Lewander et al. O3-and-H>O sensing in food packages
Appl. Phys. B Proof-of-principle on minced meat, bake-off bread, and milk-carton headspace.
(Paper VII) Gas dynamics monitored.

Temperature compensation of HyO-Leq introduced.
Instrument: DFB-based, dWMS (Fourier based)

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

2008 Guan et al. Remote O3z-sensing in polystyrene foam and snow
Appl. Phys. B LIDAR and GASMAS combined.
(Paper VI) O2 line studied at 760 nm.

DIAL technique applied.

Gas in scattering media absorption spectroscopy - GASMAS
2008 Svanberg GASMAS review
Proc. of SPIE [147]

VCSEL-based oxygen spectroscopy for structural analysis of pharmaceutical solids
2008 Svensson et al. Structural analysis of pharmaceutical tablets
Appl. Phys. B [129] Thorough description of Fourier based dWMS.
Combining GASMAS and TOFS for material analysis.
Introduces the concept of optical porosity.
Fast gas-dynamics (7 = 1.6 s) reported.
Instrument: VCSEL-based, dWMS

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

2009 Lewander et al. Clinical GASMAS system sensing Oz and H>O simultaneously
Opt. Express Technical description of instrument used in clinical trial.
(Paper XI) Improved balanced detection scheme.

Fitting of complex time-representation of WMS signals introduced.
Human sinus TOFS measurements reported.
Clinical data with good SNR presented.
Instrument: DFB-based, pigtailed, dWMS
Sensitivity: 3 x 1075 < 1 mm (O3)
Detection limit: 2 mm (O2 and H20)

Optical analysis of trapped Gas - Gas in Scattering Media Absorption Spectroscopy
2010 Svanberg GASMAS review
Laser Physics [148]

Laser spectroscopy of gas confined in nanoporous materials
2010 Svensson and Shen O2 confined in nano-porous alumina studied
Appl. Phys. Lett. [121] Broadening of O absorption line due to tight confinement.
Unfamiliar lineshape reported.
Large absorption studied in direct absorption.
Instrument: VCSEL-based, dWMS

Laser absorption spectroscopy of water vapor confined in nanoporous alumina: wall collision line
broadening and gas diffusion dynamics

2010 Svensson et al. H>0 confined in nano-porous alumina studied
Opt. Express Broadening of HoO absorption lines due to tight confinement.
(Paper IV) Large absorption studied in direct absorption.

Diffusion of O3 and H2O studied.
Instrument: DFB-based, pigtailed, dWMS

Non-invasive diagnostics of the maxillary and frontal sinuses based on diode laser gas spectroscopy
2010 Lewander et al. Results from clinical trial
(Paper XII) Correlation study between Oz and H2O Leq:s with findings from CT images.
Maxillary and frontal sinuses studied.
40 sinus patients examined.
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Non-intrusive gas monitoring in neonatal lungs using diode laser spectroscopy - Feasibility study
2010 Lewander et al. Proof-of-principle of gas sensing in lungs
(Paper XII) Oz and H20O monitored in neonatal lung models made out of boar lungs and
tissue phantoms.
Transmission and reflection geometries studied.
Position study.
Instrument: DFB-based, pigtailed, dWMS

Disordered strongly scattering porous materials as miniature multipass gas cells
2010 Svensson et al. Ceramics as compact multi-pass cells
(Paper III) O2 absorption of gas embedded in zirconia, alumina, and titania.
Instrument: VCSEL-based

Wall collision line broadening at reduced pressures: towards non-destructive characterization of
nanoporous materials

2010 Xu et al. Broadening of absorption lines of Oz in nano-porous ceramics for
different pressures
(Paper V) Pressures from 75 Torr to ambient studied.
Shows additive behavior of wall-collision broadening to the pressure broaden-
ing.

Instrument: VCSEL-based, pressure chamber
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CHaPTER 0O

APPLICATION OF GASMAS

As described in the previous chapter, GASMAS has been applied to
a variety of fields. The applications which this thesis are based on
are further elaborated in this chapter. Background, applicability,
and a review of the GASMAS work carried out within two areas;
food packaging and medical applications, are presented. Although
the scattering is different and the pores range from pm to cm scale,
the gas inside food and the human body cavities can all be studied
with GASMAS. Each sample requires specific considerations, such
as applicable wavelengths, gases present in the sample, and the op-
tical power needed. Both the presented applications are concluded
with an outlook to future work.

6.1 Food-packaging applications

The desire of fresh food has set an increased demand on the packag-
ing technology since it is more sensitive to deterioration. Modified
atmosphere packaging, MAP, is a well developed packaging tech-
nique, based on the control of gas composition inside the package.
MAP is today used for a number of food stuffs to increase the shelf-
life. Following the new packaging techniques, sensing methods are
developed to ensure food safety and quality. Many developed sens-
ing techniques are intrusive, requiring gas to be extracted through
needles for further analysis, or gas-reacting objects to be placed
inside the packages. Monitoring of food packages with GASMAS
constitutes an interesting non-intrusive alternative. GASMAS can
provide information about the gas in the food stuff or in a surr-
ounding headspace, even for packages which do not appear trans-
parent for the naked eye.
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1 Already as early as in the 30’s,
fruits and vegetables were trans-
ported in a modified atmosphere.

2 Examples of commercial sensors
are; PBI Dansensor, Wilco etc.
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6.1.1 Modified atmosphere packaging - MAP

Modifying and controlling the surrounding ambient gas in food has
been shown to be an effective way to prolong the shelf time of the
produce,! and is frequently used [149]. Typically, the gas composi-
tion is altered by lowering the Oy concentration and replacing the
gas by either Ny or CO5. Os is a highly biologically active gas that
can hasten chemical breakdown and microbial growth, while Ny is
considered an inert gas and COy can slow the bacterial growth
rate [150, 151]. The gas composition is actively changed at the
time of packaging, either by flowing gas during the packaging or
by first subjecting the product to vacuum followed by an inlet of
the desired gas mixture [152]. Examples of food items packaged
in a modified atmosphere are cured meat, bread, pasta, fruit, and
vegetables. Furthermore pharmaceutical drugs are also sometimes
packaged in a modified atmosphere.

6.1.2 Current gas-sensing techniques

Present techniques to monitor gas in packages can be divided into
three main tracks; spectroscopic techniques on transparent pack-
ages, gas extraction with needles and subsequent gas analysis, and
the use of markers within the packages. The first track includes
TDLAS techniques applied to glass vials for medical drugs [153],
and wine bottles [154]. These methods are non-intrusive in nature,
but require known optical path length and optical access to the
headspace. The second gas-sensing method is based on extraction
of gas and subsequent gas analysis with, e.g. gas chromography,
mass spectrometry [155, 156], or IR sensors [157].2 These well es-
tablished techniques are flexible, and do not require large sample
volumes. However, since the gas is extracted through needles, the
technique is intrusive. This causes waste of samples, do not allow
repetitive measurements, and is accompanied with gas-extraction
issues. The last method, with the placing of sensor discs, reactive
to either Oy or COy [158], has not become a well spread sens-
ing technique [157]. The sensor discs are costly in handling, need
transparent packaging material, and are intrusive in the sense that
they are inside the sample. However, this method enables repeti-
tive studies.

6.1.3 Review

Already in the first publication of GASMAS it was reported on
sensing of gas within food products, such as apples, sugar, salt,
and flour [122]. Later the gas inside fruits (apples and oranges)
and vegetables (mushroom, avocado, and aubergine) was further
investigated [126, 128]. It was then shown that the gas could be
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monitored in a reflection geometry, Fig. 6.1, and that the diffusion
of gas intrusion could be measured.

The GASMAS technique was later expanded towards the area
of packed food due to the demanding need to non-intrusively
access information of the product. Proof-of-principle gas mea-
surements (O and H0O) in packaged minced meat and bake-off
bread, as well as headspace gas measurements of a gable-top milk
container, demonstrated the applicability of GASMAS to packaged
food products; Paper VII. The modified-atmosphere headspace of
plastic-top juice containers were further analyzed in Paper VIII.
Variations in Og concentration between samples with different
expiration dates and storage times were studied as well as larger
sample sets.

Minced meat

Minced meat, placed in a white polystyrene-foam tray and
covered by a transparent thin plastic film, was studied both in
a reflection and transmission detection mode; Paper VII. To
demonstrate the possibility to monitor temporal slow changes, a
time dependence measurement was performed during 3 days. To
account for changes in probed gas volume, HoO was measured
simultaneously, feasible since liquid water was present inside the
sample. The temperature dependency of the HoO signal, resulting
in a concentration change, was accounted for by logging the
internal temperature (measured in a parallel sample) and using
the Arden-Buck equation (Eq. (5.1)), Fig. 6.2. The temperature-
compensated HyO data were then used for normalization of the Oq
data yielding data corresponding to the Oy concentration, under
the assumption that the Os and HyO sensing laser light probes the
sample similarly. The time series showed small changes in prob-
ing volume and that the oxygen is consumed by the meat.

Bake-off bread

Temporal measurements of a bake-off bun in a modified atmo-
sphere were also demonstrated in Paper VII. As the package was
punctured it was noted that the Os and HsO signals increased.
For O4 this is expected due to the sealed packages holding a close
to zero Oy concentration. For HoO this indicated that saturation
was not achieved in the sealed package due to lack of liquid water.
The result shows that the technique described can be used to
check package integrity.

Headspace of liquid containers

The assessment of information about the gas inside the headspace
of containers for liquids and made out of translucent material,
Fig. 6.3, was first demonstrated on a milk carton, Paper VII.
Absorption signals of both Os and HyO with good SNR were
obtained. Punctuation measurements verified that the headspace
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atmosphere was similar as ambient air, and the need of normal-
ization of Oy with HoO was clear.

To investigate the suitability of the technique for headspaces
with modified atmosphere, further studies were performed on juice
containers, laminated carton packages with a polyethylene plas-
tic top and cap, and with a modified atmosphere headspace;
Paper VIII. In total 60 samples with three different expiration
dates (20 samples of each date) were studied. No large variation
was noted between the samples with the same expiration date.
However, distinct changes in Os content were seen between the
different expiration-date sets. The Oy concentration was deduced
by perforating samples and monitoring the increase as ambient air
flowed into the headspace.

6.1.4 Outlook

The current work within the food packaging application is mainly
focusing on liquid translucent containers in a joint project together
with TetraPak. The project includes further verification of the
technique and comparison with another standard technique. To
optimize the applicability of GASMAS as a quality tool for liquid
containers, additional investigations of the transmission of the bulk
material, the need to normalize the Os signals with HyO, and
optimum detection geometry are needed.

Future research work also includes the expansion to other food
products, or other packaged goods where the monitoring of the gas
composition is of interest.

To make GASMAS a standard gas analysis tool for MAP
analysis, the applicability for in-line monitoring should also be
further investigated.

6.2 Gas sensing in the human body

Gases are fundamental for the human body and are important in
certain types of medical diagnostics; see, e.g. Section 3.3, where
TDLAS is utilized. Such current diagnostic techniques require that
the gas is extracted, for example, through breathing, and then an-
alyzed. The alternative diagnostic technique, GASMAS, provides
a way to analyze the gas within the human body in situ.

Free gas exists in the human body at a number of locations.
These obviously include the respiratory tract organs such as the
nose and mouth cavities, the lungs, the paranasal sinuses, and the
middle ear. Furthermore, free gas also exists in the stomach, in
the intestines, and in some bone structures.

Monitoring of gas inside the human body is limited by the
transmission of light in the tissue, restricted by the strong absorp-
tion of liquid water (above 1400 nm) and blood (below 600 nm);
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see Fig. 6.4, as well as by large scattering properties. In the tissue
optical window or the therapeutical window, i.e. the transmission
region between 600 nm and 1400 nm, where the tissue appears
translucent and light to a low extent can pass up to centimeters,
a couple of gases exhibit absorption lines; Fig. 6.5. Oz and HyO
absorb in this wavelength region and have been studied within the
human body, presented in Papers IX — XIII.

05 is an important physiological gas and therefore important
to quantify within the human body. However, the diffuse light
propagation in tissue prohibits direct evaluation of gas concen-
tration through the Beer-Lambert law, which requires known gas
interaction length (further discussed in Section 5.1.1). A solution
to this has been shown to be simultaneous monitoring of HoO at
a wavelength close to the one used for Os sensing. The absorption
of HoO can be used as a measure of mean probed gas distance due
to known gas concentration through the saturated humidity and
known body temperature which the cavities in the human body
exhibit (Paper IX). Information about the gas filled volume can
thus be obtained through HoO monitoring and the ventilation of
the cavity can be achieved through diffusion measurement or Og
and H5O sensing.

Sensing of free gas in human body cavities with GASMAS was
first demonstrated in 2005 and has since been investigated as a tool
to monitor the paranasal sinuses ([128, 133, 161] and Papers IX —
XII), and the mastoid process (Paper XIII).
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6.2.1 Paranasal sinus diagnostics
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Figure 6.6. Anatomy of the
paranasal sinuses in the skull.
Adapted from [162].

48

" mol” cm2)

cm mol

(

log,, intensity

»' W
l L

0.6 0.8 1.0 1.2
wavelength (um)

E 42
(cm mol cm”)
N

log,, intensity
N

-26
0.6 0.8 1.0 1.2 14
wavelength (um)

Figure 6.5. Absorption lines of gases that absorb within the optical
tissue window (top) as well as only the absorption lines of O2, H2O,
and CO2 (bottom).

6.2.1 Paranasal sinus diagnostics

The paranasal sinuses, Fig. 6.6, are air-filled cavities located in
the human skull, which are connected to the nasal cavity via small
ventilation channels. The function of the sinuses is debated and
suggestions include serving as a way to humidify and heat the air
passing into the lungs, being resonators for the speech, or stabiliz-
ing the skull.

The sinuses are divided into four subgroups:

e Frontal sinuses - Located behind the frontal bone

e Maxillary sinuses - Located under the eyes behind the cheek
bone

e Ethmoid sinuses - Located behind the eyes and the nose

e Sphenoid sinuses - Located further back in the skull behind
the nose and in front of the hypophysis
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Table 6.1: Factors indicating rhinosinusitis. Adapted from [164].

Major factors
Facial pain/pressure (in the presence of other major symptoms)
Facial congestion or fullness
Nasal obstruction or blockage
Nasal discharge, purulence, or discolored postnasal drainage
Hyposmia or anosmia (lack of smelling)
Fever (in the presence of other major symptoms)

Minor factors
Headache
Fever
Halitosis (bad breath)
Fatigue (tiredness)
Dental pain
Cough
Ear pain, pressure, or fullness

Rhinosinusitis

The small ventilation channels between the nasal cavity and the
sinuses easily get clogged, prohibiting drainage of mucus inside the
sinus. Such a state can lead to rhinosinusitis or sinusitis, i.e. an
inflammation of the nose and/or the paranasal sinuses. The origin
of the rhinosinusitis is mainly viral but can also be bacterial or
due to an allergic reaction, as well as swelling from cold. The
definition of rhinosinusitis is thus broad and covers many sinus
conditions [163].

The rhinosinusitis is classified according to its duration, where
an acute sinusitis persists less than 4 weeks and a chronic more
than 12 weeks [163, 164]. Furthermore, a recurrent acute rhinosi-
nusitis is defined as an acute rhinosinusitis if it occurs at least four
times during one year [165].

The incidence of rhinosinusitis shows large numbers, with es-
timates that 15% of US population are affected annually [166].
Rhinosinusitis thus constitutes a major socio-economic and health
issue with substantial costs including doctor visits, tests, and med-
ical treatments, as well as indirect costs like restricted active days.
The cost for treatment of a patient with chronic rhinosinusitis is
estimated to be $2,600 per year [167].

An additional issue related to rhinosinusitis is the prescription
of antibiotics. In 2002 rhinosinusitis was the cause for over 20% of
the prescriptions in the US [163]. The alarming reports about the
increased resistance due to over-prescription of antibiotics are thus
highly related to rhinosinusitis and its diagnosis, often without
objective facts related to bacterial origin.
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3 CT, computer tomography, is a
medical tool based on X-rays and
tomography yielding 3D images.

4 Endoscopy is a medical tool to
look inside hollow organs in the
body by inserting a flexible tube
with a camera.
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Table 6.2: Diagnostic techniques for rhinosinusitis. Adapted from [172].

Basic diagnostic tools
Case history and clinical examination
Endoscopy
CT scan
X-ray

Supplementary diagnostic tools
Allergy diagnosis
MRI
Ultrasound
Microbiological studies
Leukocyte count and differentiation
Antineutrophilic cytoplasmic antibody
Cytology and nasal mediator
Saccharin test, electron microscopy studies
Nasal biopsies

Current diagnostic techniques

The majority of the diagnosis of rhinosinusitis is not usually based
on objective instrument; instead symptoms and physical exam-
inations, usually made at the general practitioners’ offices, are
employed [165, 168]. Such diagnoses have shown to lead to a
large over-diagnosis of bacterial rhinosinusitis causing an over-
prescription of antibiotics. A standardized definition has been de-
sirable to facilitate diagnosis of rhinosinusitis and the prevalence of
it, and has resulted in that international consensus meetings have
defined rhinosinusitis; Tab. 6.1 [167]. Since most of the patients
with suspected rhinosinusitis are diagnosed in a primary care set-
ting where no diagnostic tools like CT3 or endoscopy? are routine,
such guidelines are helpful. However, studies report on a large
over-diagnosis of symptom-defined rhinosinusitis and suggest the
addition of objective signs given by, e.g. CT or endoscopy [169].
The European Position Paper on Rhinosinusitis has thus expanded
the recommendation of diagnostics to include objective signs found
though nasal endoscopy or CT scan. Table 6.2 gives an overview
of the used diagnostic tools. Although endoscopy is standard at
oto-rhino-laryngological clinics, it is not used in the primary care
clinics [170]. Ultrasound imaging is a technique which can aid
the diagnosis of rhinosinusitis, but the technique has suffered from
weak diagnostic correlation studies [171]. Although it has the fa-
vorable characteristics such as being cost effective, noninvasive,
and often present at the primary clinics, it is also associated with
high operator dependency.

Sinus culture can also be used to verify bacterial acute rhino-
sinusitis and is standard in pharmaceutical trials. However, due to
the discomfort of a trocar or needle it is usually not used in these
easier cases, and is only applied to more complex cases [170].
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Clinical applicability of GASMAS

New diagnostic tools for diagnosis of the paranasal sinuses are of
high interest due to the common and hard-diagnosed rhinosinusi-
tis, or sinusitis. With the inflammation follows obstruction of the
sinus cavity and blockage of the ventilation to the nasal cavity.
It has been shown that by using the GASMAS technique, the gas
composition can be evaluated and yields data that correlate to
the gas-filled volume and the Os concentration inside the sinus,
meaning the obstruction and ventilation, respectively.

The GASMAS-based diagnosis opens up for the possibility to
assess diagnostic valuable information non-intrusively with a sim-
ple instrument. The instrumentation can be incorporated into a
small device with practical usability. The technique is cost effec-
tive and the instrument can be used at the general practitioner’s
office. The unharmful and non-intrusive nature allows repeatable
investigations, making it possible to study the course of the disease
as well as recurring problems.

Review

Investigation of GASMAS as a diagnostic tool has so far been pur-
sued mostly to the maxillary and frontal sinuses. The technique
was first demonstrated on a sinus phantom made out of plastic
Delrin slabs [128], Fig. 6.7. It was shown that the O3 in the air
gap between two slabs could be detected both in a transmission
(slabs up to 10 mm) and reflection geometry (through a slab of
10 mm). Monte-Carlo simulations with the software ASAP, based
on these geometries was also pursued [133]. Through this work
it was demonstrated that when the light scatters back and forth
between the scattering slabs. In a transmission geometry with two
10 mm slabs with 10 mm air gap inbetween, about 60% of the
detected transmitted light passes only once through the air cavity.
The remaining 40% of the photons have additional passages, even
up to 13 passages.

The first gas-sensing inside human sinuses was conducted in
a backscattering geometry on the frontal sinuses [128]. Although
very weak signals were obtained, about 1 mm, they demonstrated
communication with the gas inside the sinus. Later, better de-
tection geometries of the frontal sinuses, Fig. 6.8, were found and
larger gas absorption signals, about 10 — 20 mm, were obtained.

The possibility to study gas inside the maxillary sinuses was
shown on volunteers, first in a transmission geometry [161] and
later in a reflection geometry (Paper IX); Fig. 6.8. Reflection
mode implies that the light transducer and detector are both posi-
tioned on the cheek, separated by a distance, while a transmission
mode refers to the light transducer positioned inside the mouth
and the detector on the cheekbone. However, it should be noted

Filter - Filter

- ™ - ™
a b

Figure 6.7. Reflection and
transmission measurement on slab

model. [128]

MAXILLARY SINUS

Transmission geometry

fiber probe

Reflection geometry

fiber probe

FRONTAL SINUS

detector position

fiber probe

Figure 6.8. Detection geometries
for maxillary and frontal sinuses.
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that a transmission geometry from the outside could perhaps also
be possible.

The differences in measured O L.y on the right and left side
and for different detector positions were shown to be possible to
compensate for by normalizing with Le, for HoO (Paper IX). As
discussed in Sections 5.1.1 and 5.1.2, H,O can serve as a calibra-
tion of the probed gas interaction distance if liquid water is present
and the temperature is known. First two parallel Oy and HsO
sensing setups were used and careful markings of light injection
and detector positions were needed. Later (2006) a more clinically
adapted system with simultaneous detection of Os and HoO was
built (Papers X and XI). The system is based on two pigtailed
DFB diode lasers operating at 760 nm and 935 nm for sensing O2
and H5O, respectively. A LabVIEW controlled synchronized sam-
pling card provides the scanning of the laser wavelengths as well
as the sampling of the detected signal. Digital wavelength mod-
ulation spectroscopic techniques, dWMS, are applied for sensitive
detection and also enables simultaneous dual-gas sensing by the
use of two different modulation frequencies, 9 kHz and 10 kHz
(presented in Paper X).

The system was used in a clinical trial on 40 patients, where
GASMAS data were compared with findings in low-dose CT scans.
Examples of the measured absorption signals from a healthy
patient’s frontal sinus can be seen in Fig. 6.10. The GASMAS
data for maxillary and frontal sinuses are shown in Fig. 6.11. The
clinical correlation was studied by comparing the L, values and
the findings from the CT scans. A radiologist evaluated each sinus
and graded the obstruction and ventilation according to a standard
classification scheme [173]. Obstruction grading: 0 — no abnormal-
ity, 1 — partial opacification, and 2 — total opacification. Ventila-
tion grading (Ostiomeatal complex): 0 — not obstructed and 2
— obstructed. Good clinical correlation was shown (Paper XII).
The transmission detection geometry is the one being investigated
and used the most so far, however, due to clinical and practical
reasons there is a strive to move over to the reflection geometry.
Work has been carried out to study the dependency of light in-
jection and detector position by Monte-Carlo simulations, model
experiments as well as studies on human maxillary sinuses. The
purpose was to compare the detection of gas inside the maxillary
sinus in a reflection and transmission geometry. A tissue phantom
with an enclosed gas cavity was constructed. The phantom was
constructed of gelatin, with absorbers (ink) and scatterers (TiOz),
and a gas-filled ping pong ball.

The obtained experimental results of equivalent path lengths
though gas for different detector positions were compared to
Monte-Carlo simulated data. The Monte-Carlo simulations were
made with a MATLAB script of a semi-infinity geometry with an
air-filled sphere (the ping pong ball). The results showed that the



Application of GASMAS

REFLECTION GEOMETRY

100 Oxygen 100 Water 25 Ratio
GASMAS data - .
T 80 = 80 — 20 .
£ £ ® .
S 60 Simulated datai l 5 60 S 15 . . .
E £ g . :
g 40 |\ = 40 t £ 10
X t =
20 { 20 05
i i ‘ [} .
0, - 0 = 0.0
10 20 30 40 10 20 30 40 10 20 30 40
Displacement [mm] Displacement [mm] Displacement [mm]
TRANSMISSION GEOMETRY
120 Oxygen 120 Water 25 Ratio
100 SRR RN 100} ¢t o+ & b} — 20
E g0 E 80 5
£ £ ® 15
S 60 5 60 &
& = 10} ¢ e e e e
<40 = 40 2
© 2
20 20 05
0 0 0.0

0 10 20

30

0 10 20 30
Displacement [mm]

0 10 30

Displacement [mm]

Displacement [mm]

Figure 6.12. Transmission and reflection gas measurements of a sinus
phantom and also Monte-Carlo simulated data for the reflection and

transmission geometry.

Figure 6.13. Result from reflection and transmission measurement of a

Oxygen [mm]

Water [mm]

.

Oxygen Water [mm]

LEFTSIDE RIGHTSIDE

Reflection close
Reflection far
Transmission

Reflection close
Reflection far
Transmission

pair of human sinuses. Two reflection positions were analyzed; detector
and fiber placed close (~ 1 cm) and far (~ 2 cm).
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Figure 6.14. Left: Human skull with the temporal bone, where the
mastoideus is located in the posterior part. Adapted from [174]. Right:
Mastoid air cell system. Adapted from [175].

transmission geometry provided reproducible information, and was
not sensitive to detector position or geometry variations, contrary
to the reflection geometry; Fig. 6.12. The results illustrate the dif-
ficulty of extracting oxygen concentration in a reflection measure-
ment geometry since it is sensitive to the position of the detector
and laser light transducer as well as the geometry of the sinus and
surrounding tissue. These results were also verified on a human
sinuses, Fig. 6.13.

6.2.2 Mastoid diagnostics

The mastoid is a part of the temporal bone in the skull and is
located right behind the ear; Fig. 6.14 left. It consists of hollow
air-filled cavities, mastoid cells; Fig. 6.14 right, connected to the
middle ear through the mastoid antrum. The mastoid process is
the outer tip of the posterior temporal bone. The mastoid air cells
are also considered a sinus in the skull.

Mastoiditis is an infection in the mastoid process, and is closely
connected to middle ear infection (otitis media). Mastoiditis even
constitutes one of the most common complications of otitis media.
Earlier mastoiditis was a common consequence from untreated oti-
tis, and was a cause of high mortality of children [176]. As antibi-
otics were introduced as a treatment of otitis, mastoiditis decreased
rapidly. However, today mastoiditis is still a present factor [177].
The majority of the mastoiditis cases occur for children.

Symptoms of mastoiditis include pain, tenderness, fever, and
swelling. Diagnosis of mastoiditis is generally based on medical
case history and physical examination. Imaging techniques, like
MRI and CT can provide additional information. Typical analysis
includes monitoring the size of the mastoid air cells system. The
volume of the mastoid cells is related to the status of the mastoid.

Seeking medical care early is important as serious consequences
can be caused by non-prompt treatment. Severe disease, such as
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spread to the brain, hearing loss, and facial nerve affection, can
occur. Mastoiditis is treated with antibiotics and also by drainage
with temporarily inserted tubes [178].

GASMAS provides a way both to monitor the presence of air
in the mastoid cells as well as a way to study the gas composition
within them, non-intrusively. The GASMAS approach allows a
potentially easy diagnostic tool as well as the possibility to do
repeated measurements to study, e.g. sick courses.

GASMAS work

The first mastoid process GASMAS measurements were conducted
in the laboratory on a healthy volunteer and were reported in Ref.
[162]. The light was guided with fiber and injected at the tip of
the mastoid process and a large area detector (18x18 mm?) was
placed at the flat part of the bone, see Fig. 6.15. The Oy signal
obtained is presented in Fig. 6.16. The demonstration of the proof
of principle measurements resulted in the inclusion of monitoring
of the mastoid in the already planned clinical trial comparing GAS-
MAS and CT data. Since the posterior part of the temporal bone
is part of the CT images it was possible to do comparative studies
also for the mastoid.

The mastoids of 30 patients were studied in the clinical trial
and the results were correlated with CT findings (Paper XIII).
From the CT scans both grading of the obstruction (0 - air filled, 1
- partially air filled, and 2 - obstructed) as well as the volume were
analyzed. A three dimensional box approximation was used to as-
sess the volume. Out of the 30 patients enrolled only 4 were found
to have totally or partially obstructed mastoid air cells. These
patients all exhibited low or no gas absorption, which is to be
expected. In addition, a few healthy mastoids also resulted in no
detected gas signal. This is believed to originate from the light not
passing deep enough into the bone to interact with the gas. Of the
healthy diagnosed mastoid air cells, a reduced oxygen concentra-
tion, compared to the ambient air was noted (a ratio of Oz/H20
of 0.7 instead of 1.0 which was observed for the paranasal sinuses
studied in these patients). This in accordance to the earlier re-
ported gas composition studied of the mastoid air cells system
[179]. Furthermore, correlation between the CT assessed volume
and measured HyO absorption was obtained.

6.2.3 Neonatal lung diagnostics

The lungs are among the last vital organs in the body to ma-
ture in a pregnancy. Prematurely born babies thus often suffer
from lung dysfunctions, such as lung injury or respiratory distress
syndrome. In Europe and in the US between 6 — 15% [180, 181]
of the deliveries are preterm and cause large intensive care costs
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fiber probe
position

Figure 6.15.

g

Detection geometry
for gas sensing in the mastoid air
cells. The fiber probe and detector
are placed behind the ear.
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Figure 6.16. Signal from the mas-
toid process in a healthy volunteer

[162].
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6.2.3 Neonatal lung diagnostics

Figure 6.17. Reflection (top) and
transmission (bottom) detection
geometry for gas sensing in the
lung model consisting of an animal
lung and a tissue phantom slabs.
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[182]. Care-taking at the neonatal intensive units includes several
sophisticated monitoring and regulating systems, controlling and
measuring the oxygenation, temperature, respiration, brain activ-
ity etc.

The respiratory distress syndrome, the largest cause of prema-
ture mortality [183] is caused by insufficient production of surfac-
tant as well as structural immaturity. Surfactant is a compound
that distends the alveoli (small air compartments that the lung
consists of) keeping them from collapse. The respiratory distress
syndrome is treated with respiratory support and surfactant ther-
apy. Continuous positive airways pressure, mechanical ventilation,
and the use of additional oxygen are also possible treatments. Al-
though these treatments are life-saving and needed to prevent dam-
age of the lungs, they also constitute an origin of chronical lung
diseases. Mechanical ventilation can cause alveolar collapse and
pneumothorax (assembling of gas in the pleura). Optimization of
the lung therapy is needed. Today, e.g. COg levels in the blood
and the breathing are monitored, but also X-rays images are used.
Using GASMAS to measure gas inside the lungs could provide an
additional monitoring tool that is non-invasive and utilizing non-
harmful radiation. The amount of gas as well as the Oy content
could be assessed. Measuring the lung volume, by impedance tech-
niques, to optimize the therapy has been reported earlier [184].
The hope is that GASMAS will be able to note regional differences
of the lung, monitor the treatment response, and study the gas
transport. Improvements of the respiration treatment could thus
help to reduce the formation of chronical lung diseases.

Review

The possibility to assess information on the gas inside the lungs
of premature babies has been evaluated in a feasibility study
(Paper XIV), and was the topic of Anders Bruzelius’ master’s
project [185]. The feasibility study included experiments on mod-
els as well as Monte-Carlo simulations. Lung models consisting of
an inflated boar lung covered by layers of tissue phantoms (gelatin
with added absorbers and scatterers), were studied. The dimen-
sion of the the lung segment and the thickness of the gelatin tissue
phantoms were chosen to correspond to the size of a 1 kg (6 mm
tissue slab) and a 3 kg baby (12 mm tissue slab). Large gas ab-
sorption signals (about an order of magnitude larger than for the
paranasal sinuses) were obtained both in transmission and reflec-
tion geometry; Fig. 6.17. It was shown that for the 1 kg babies
a transmission geometry would be feasible, whereas the larger ba-
bies might require that a reflection detection geometry is applied.
The reflection geometry is accompanied with some issues regarding
utilizing HoO as a reference for O concentration extraction. The
assumption that laser light at the wavelength (760 nm and 935



Application of GASMAS

nm) in both cases interacts with the same amount of gas can no
longer be hold, Fig. 6.18, which makes it not as straight forward
to retrieve the Oy concentration.

6.2.4 Outlook

The GASMAS technique shows great promise to become a power-
ful diagnostic tool in a clinical setting. However, further optimiza-
tions are needed regarding the clinical applicability, the clinical
interface, and the technique. Verification of the clinical applicabil-
ity requires further clinical studies where larger sets of clinical data
are analyzed. The work on user interface includes both the probe
system and the information produced. Technical improvements in-
clude optimization of the laser system (optical power, stable lasers,
noise reduction, improved data processing etc.) as well as opti-
mization of detection geometry (reflection, transmission etc.). The
detection-geometry dependency for Os concentration assessment
requires further knowledge. Up to this point the most investigated
detection geometry is the transmission or semi-transmission case,
which has shown good clinical correlation for the paranasal sinuses
(Papers IX and XII). However, due to clinical and practical rea-
sons as well as transmission limitations there is a strive to move
over to the reflection geometry. In the reflection geometry the
different optical properties of the tissue at the two wavelengths
might induce important aspects. One possibility to overcome the
problem is to utilize other absorption lines of the gases, where the
optical properties of tissue are more similar. To use an absorption
line of water vapor at 820 nm instead of at 935 nm is one possib-
ility. The absorption of HyO is lower here, but in the case of gas
sensing in the human body the absorption signal is of the same
order as the now sensed Os.

Furthermore, within the neonatal lung monitoring the next step
is to verify the technique on patients and to adapt the instrument.
The model experiments have shown that it should be possible to
measure the gas within premature born babies. It should also
be noted that the light transmission in the model is most likely
lower as compared to the patient case. The optical properties of
the neonatal tissue in the abdomen are not well known;® thus the
model may very well represent a more difficult transmission case
than the real situation.
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[1
Tissue \ /
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O, sensing laser - 760 nm
H,O sensing laser - 935 nm

Figure 6.18. Light penetration into
a lung in a reflection geometry.
The 760 nm and 935 nm laser light
interacts with the gas cavities to
different extent.

5 Compared to adults the thoracic
wall of neonatals is more trans-
parent, and diagnostic approaches
even include the use of transillumi-
nation with a flash lamp.
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Quasi zero-background tunable diode laser
absorption spectroscopy employing a balanced
Michelson interferometer

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

A novel absorption technique based on a balanced Michelson
interferometer is presented. As light is absorbed by the gas
the interferometer becomes unbalanced which results in a zero-
background spectrum. I took part in the planning of the work
and contributed significantly to the manuscript.

Fast and sensitive time multiplexed gas sensing of
multiple lines using a miniature telecom diode laser
between 1529 nm and 1565 nm

M. Lewander, A. Fried, D. Richter, P. Weibring, and L. Rippe
The paper presents fast multi-species detection using a widely
tunable MG-Y diode laser. Sequential scans over individual ab-
sorption lines separated by 30 nm are reported. High sensitivity
is achieved. I took part in the planning of the instrument. Rippe
and I assembled the instrument, and planned and performed all
experiments. I programmed the control software, did the data
analysis, and wrote the manuscript.

Disordered strongly scattering porous materials as
miniature multipass gas cells

T. Svensson, E. Adolfsson, M. Lewander, C. T. Xu, and S. Svan-
berg

The paper presents highly scattered porous ceramics as miniature
gas cells. Long gas absorption path lengths are reported from diff-
erent ceramics. I was active in the experimental work and took
minor participation in the manuscript preparation.
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VI

Laser absorption spectroscopy of water vapor
confined in nanoporous alumina: wall collision line
broadening and gas diffusion dynamics

T. Svensson, M. Lewander, and S. Svanberg

Broadening of absorption lines of HoO confined in nano-porous
alumina is presented. Simultaneous monitoring of Oz and H2O
when subjected to flow of nitrogen gas demonstrate the possibility
to measure gas diffusion of the sample. I and Svensson planned
and executed the experiments using the instrument presented in
Paper XI. I analyzed part of the data and prepared corresponding
figure for the manuscript.

Wall collision line broadening at reduced pressures:
towards non-destructive characterization of
nanoporous materials

C. T. Xu, M. Lewander, S. Andersson-Engels, E. Adolfsson,
T. Svensson, and S. Svanberg

The paper presents study of wall-collisions broadening within
samples of varying pore sizes. The broadening is investigated
under different pressures. I contributed in the planning, assem-
bling of the setup, and was part of all the experimental work. I
participated in the data analysis and manuscript preparation.

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

Z. G. Guan, M. Lewander, R. Gronlund, H. Lundberg, and
S. Svanberg

This paper combines GASMAS with LIDAR technique and mon-
itors Oz remotely in polystyrene foam and snow. The backscat-
tered diffuse light is filtered out in the focal plane of the telescope,
allowing detection of only the light that has penetrated into the
sample and interacted with the gas. The paper demonstrate the
feasibility for large-scale GASMAS and remote detection. I con-
tributed in the planning of the experiment, worked together with
Guan and Lundberg in the laboratory, and was involved in all
measurements. 1 took part in the manuscript preparation with
discussions.



Comments on the Papers

VII

VIII

IX

Food monitoring based on diode laser gas
spectroscopy

M. Lewander, Z. G. Guan, L. Persson, A. Olsson, and S. Svan-
berg

The paper demonstrates the possibility to assess information
about gas inside food packages non-intrusively. Principle mea-
surements of minced meat, bread and a carton liquid container
are reported. The use of H20O for quantitative Oz concentration
evaluation is discussed and presented. I was the main contributor
in all parts of the work; instrumentation, experimental work, data
analysis, and drafting of the paper.

Non-intrusive measurements of headspace gas
composition in liquid food packages made of
translucent materials

M. Lewander, P. Lundin, T. Svensson, S. Svanberg, and A. Ols-
son

The paper reports from a study of large sample sets of juice con-
tainers with a modified atmosphere and illustrates the feasibility
to measure the O2 concentration non-intrusively. Differences be-
tween samples of varying storage times are shown. The main
focus of the paper is toward the special need within the industry
of packaging. I contributed with the planning, experimental work
and data analysis. I prepared the figures and wrote parts of the
manuscript.

Gas monitoring in human sinuses using tunable
diode laser spectroscopy

L. Persson, M. Andersson, M. Lewander, K. Svanberg, and
S. Svanberg

Gas monitoring inside the frontal and maxillary sinuses using
GASMAS is presented. Deviations between different detection
geometries are eliminated by normalizing the O2 absorption with
H>O absorption, measured with two separate setups. It is demon-
strated that the ventilation of the sinus cavity can be studied by
flushing the nasal cavity with nitrogen gas and monitoring the
diffusion. I was part in the assembling of the H2O-sensing in-
strument and participated in the experimental work regarding
detection geometries and gas-exchange studies. I contributed to
the manuscript in discussions.
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X

XI

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

L. Persson, M. Lewander, M. Andersson, K. Svanberg, and
S. Svanberg

A compact transportable instrument detecting O2 and H2O in
human body cavities is presented. The system is fiber based and
couples the light from two diode lasers into a fiber probe and
utilizes one detector. The gases are distinguished by different fre-
quency modulations. No crosstalk between the detected gases is
shown. The paper includes early clinical data from one maxil-
lary and one frontal sinus. I participated in the assembling of
the instrument, wrote the control software, and was part of all
the experimental work. I contributed substantially to the revi-
sion of the manuscript as well as to discussions and a figure to
the manuscript preparation.

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

M. Lewander, Z.G. Guan, K. Svanberg, S. Svanberg, and
T. Svensson

The paper presents a clinical instrument using GASMAS for de-
tection of gas inside the human sinuses. The instrument is an
improvement from an earlier setup, regarding interfering noise,
data processing, and data acquisition. Digital wavelength modu-
lation with Fourier filtering is employed. Fitting procedures and
WMS retrieval through complex description of the absorption sig-
nals are implemented. TOFS data from volunteer sinuses are pre-
sented. Preliminary clinical data of O2 and H2O absorption signal
with good SNR are reported from the maxillary and frontal si-
nuses. [ was the main responsible for the assembling of the clinical
system, the characterization of it, the development of analyzing
algorithms, and all the experimental work regarding gas analysis,
as well as the drafting of the manuscript.
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XIV

Non-invasive diagnostics of the maxillary and
frontal sinuses based on diode laser gas
spectroscopy

M. Lewander, S. Lindberg, T. Svensson, R. Siemund, K. Svan-
berg, and S. Svanberg

The paper presents data from a clinical trial with 40 patients,
and investigates GASMAS as a diagnostic tool for the paranasal
sinuses. The absorption of Oz and H2O were shown to correlate
well with gradings of obstruction and ventilation found in com-
puter tomography images. I was the main responsible for the
GASMAS instrument, coordinating the clinical trial, performed
the examinations with GASMAS, analyzed all the obtained data,
did the correlation study, and wrote the manuscript.

Method for studying gas composition in the human
mastoid using laser spectroscopy

S. Lindberg, M. Lewander, T. Svensson, R. Siemund, K. Svan-
berg, and S. Svanberg

The paper presents data from a clinical trial with 40 patients,
and investigates GASMAS as a diagnostic tool for the mastoid
bone. The absorption of O2 and H2O were shown to correlate
well with gradings of obstruction found in computer tomography
images. I was the main responsible for the GASMAS instrument,
coordinating the clinical trial, performed the examinations with
GASMAS, and analyzed the GASMAS data. I wrote substantial
parts of the manuscript.

Non-intrusive gas monitoring in neonatal lungs
using diode laser spectroscopy - Feasibility study

M. Lewander, A. Bruzelius, V. Fellman, K. Svanberg, and
S. Svanberg

The paper reports of gas sensing inside a model of a premature
born baby. The model consisted of inflated animal lung tissue and
gelatine based tissue phantoms, with realistic dimensions. O2 and
H2O monitoring in both transmission and reflection mode were
demonstrated. I was the main responsible for the planning of the
work, the instrument, the experimental work as well as the data
analysis. I wrote parts of the manuscript and prepared figures.
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