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ABSTRACT

Laser spectroscopic techniques for gas analysis under various influences of
light scattering are explored in a wide spectral range from the ultraviolet
to the infrared. The techniques rely on spectrally narrow-band light
sources that are used in differential optical absorption measurements.

A differential absorption light detection and ranging (DTAL) applica-
tion for the monitoring of atomic gaseous mercury, utilizing ultraviolet
light from an optical parametric oscillator (OPO), is introduced. Re-
sults from six two-week field campaigns at chlor-alkali plants in Sweden,
Italy, and Poland, performed within a cross-disciplinary European Union
funded project concerning European mercury emissions from chlor-
alkali plants (EMECAP) are presented. The resulting time series of the
mercury flux and the animations showing the spatial concentration dis-
tributions constitute important input for the environmental community.
In addition, by employing a multiple-wavelength DIAL technique in the
infrared spectral region, simultaneous remote measurement of mixtures
of gaseous substances with overlapping spectra is achieved.

A diode-laser-based spectrometer comprising nonlinear frequency
mixing for the detection of sulfur dioxide in the ultraviolet region is
presented, as well as a temporal gas correlation procedure that does not
require any knowledge of the exact spectrum of either the gas or the
light.

Finally, a novel concept of non-intrusive, real-time tunable-laser-
based gas in scattering media absorption spectroscopy (GASMAS)
measurements is introduced. Sensitive detection of absorption is ob-
tained by utilizing wavelength modulation spectroscopy. Combined with
time-resolved measurements employing time-correlated single-photon
counting (TCSPC), the gas concentration in various porous materials
is estimated. Applications related to the food packaging industry, e.g.,
modified atmosphere packaging (MAP), are explored by studies of gas
exchange in horticultural produce. Furthermore, applications related to
the building industry are explored in studies on gas transport and drying
processes in wood by the detection of molecular oxygen and water vapor
in the near-infrared spectral region.






SAMMANFATTNING

Doften av blommor och mat férnimmer vi med nésan, vilken ar en finurlig
gassensor som aven kanner av mindre trevliga lukter fran exempelvis rok
och avgaser. Vara 6gon ser farger och former hos féremal genom att de-
tektera ljus som har reflekterats, brutits, spridits eller delvis absorberats
i var omgivning.

Denna avhandling beskriver i nagon mening en sorts konstgjorda
ogon som fungerar som kénsliga nésor, det vill sdga optiska tekniker
som utnyttjar ljus for att fornimma gaser. Den underliggande principen
bestar i att gaser absorberar ljus, vilket betyder att méngden ljus som
har passerat genom en gas &r lagre &n mangden som sants in. Selektiv
gasfornimmelse uppnas genom att varje gas har sitt eget karaktaristiska
fingeravtryck i termer av vilka farger, det vill sdga vaglingder, av ljuset
som den absorberar. Uppséttningen vagldngder som absorberas kallas for
spektrum och foljaktligen kallas vetenskapen att studera sadana spektra
for spektroskopi.

En speciell sorts ljus som endast bestar av en fiarg at gangen, det
vill séiga ljus i ett smalt intervall centrerat kring en vagliangd, har
anvénts i alla de tekniker som presenteras i denna avhandling. Ljuskéllan
som avger sadant ljus kinner vi under namnet laser, vilket &r en
forkortning av det engelska uttrycket for ljusforstiarkning genom stim-
ulerad utséndning av stralning. Foljaktligen kallas denna sorts teknik
for laserspektroskopi.

De laserspektroskopiska tekniker for analys av gas under olika infly-
tande av ljusspridning som hér utforskats i det breda spektralomradet
fran ultraviolett till infrar6tt delar alla principen for differentiell absorp-
tion. Det betyder att man jamfor ljus vid en vaglingd som paverkas
av den eftersdkta gasen med ljus vid en nérliggande vaglangd som inte
paverkas av gasen ifraga. Fordelen med denna metod ar att man elim-
inerar inverkan fran svagt vaglingdsberoende absorption och spridning
hos vardmaterialet i vilket den intressanta gasen finns.

Trots att de anvénda teknikerna &ar generella till sin natur har de har
tillampats pa nagra specifika gaser sasom syre, vattenanga, svaveldioxid,
kvicksilver, metan och andra kolvéten, som alla finns i atmosfaren. Syre
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och vattenanga har exempelvis betydelse for livets processer och vid be-
varande av mat. Svaveldioxid och kvicksilver dr miljémaéssigt problema-
tiska gaser och kolviaten och vattenanga &r industriellt viktiga gaser.
Saledes spanner studierna i de 13 inkluderade artiklarna, som utgor
grunden for avhandlingen, Gver ett brett omrade av gaser, som ar av
miljomassig, biologisk och industriell betydelse.

En tilldimpning som introduceras ar 6vervakning av kvicksilveratomer
i luften med ett laserradarsystem baserat pa en ljuskélla i det ultravio-
letta spektralomradet i form av en sa kallad optisk parametrisk oscillator.
Laserradarsystemet sander ut korta pulser av ljus som ute i luften studsar
mot molekyler och partiklar. En brakdel av ljuset studsar tillbaka fran
olika avstand och genom att tidsupplost méata mangden ljus som reflek-
terats kan man fa information om hur langt bort ljuset varit. Hur mycket
absorberande gas det finns pa olika avstand langs med den riktning som
ljuspulsen fardats i kan man klura ut pa ett finurligt sdtt genom att méta
differentiellt. Genom att sedan lysa i olika riktningar kan man skapa hela
kartor 6ver hur hog gaskoncentrationen &r pa olika stéllen i luften kring
exempelvis en fabrik. Om man dessutom maéter hur snabbt det blaser
vinkelratt mot det plan dar man har méatt upp koncentrationen, kan man
rakna ut hur stort flode av gas som slédpps ut fran fabriken.

Resultat presenteras fran sex tvaveckorlanga faltkampanjer vid klo-
ralkalifabriker i Sverige, Italien och Polen utférda inom ramen f{6r
ett tvérdisciplindart EU-finansierat projekt (EMECAP) om kvicksil-
verutslapp fran kloralkalifabriker. De erhallna tidsserierna av kvicksil-
verflode och filmer med rumsliga koncentrationsférdelningar &r viktiga
inparametrar for miljosamfundet. Dessutom presenteras en differentiell
laserradarteknik som utnyttjar flera vaglangder for samtidig fjarrméatning
av substanser med 6verlappande spektra sasom exempelvis kolvaten i det
infraréda spektralomradet.

Ett mindre, diodlaserbaserat system for detektion av svaveldioxid i
det ultravioletta omradet presenteras. Det ultravioletta ljuset fas genom
att blanda blaviolett ljus med nérinfrarétt ljus (som ar rodare &n rott) i
en speciell sa kallad icke-linjér kristall. Dessutom presenteras en metod
som bygger pa att man samtidigt méater pa en kand méngd av en viss gas
for att avslgja hur mycket av samma gas det finns pa ett annat stélle.
Det ar helt enkelt gasen sjalv som kanner sitt eget spektrum béast och
tekniken kan benamnas gaskorrelation i tiden.

Avslutningsvis introduceras ett nytt koncept (GASMAS) med icke-
forstorande, absorptionsspektroskopiska méatningar av gas i spridande
porosa material med laserljus vars vaglangd kan svepas Over en smal
gasabsorptionsprofil. Genom utnyttjande av en speciell teknik som
kallas vaglangdsmodulationsspektroskopi astadkoms sarskilt kénslig ab-
sorptionsdetektion. Det gors genom att man mérker ljuset pa ett speciellt
sitt sa att man kan kdnna igen det dven om det ar insvept i stérande
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brus. Det dr ungefdr som att man lattare kan uppfatta vad en viss per-
son 1 ett sorlande folkhav sdger om personen ar ensam om att tala pa en
sdaregen dialekt eller ett speciellt sprak, givet att man forstar dialekten
eller spraket. Att ett material &r spridande betyder att ljuspartiklarna
inte gar raka vigen igenom materialet utan att de istéllet studsar runt
och gar en mycket ldngre vdg &n den kortaste raka végen. Detta kan
liknas med den vag en berusad tar niar den raglar hem fran krogen.
For att uppskatta gaskoncentrationen i ett spridande, pordst material
behovs tidsupplosta méatningar dar man tar reda pa hur lang stracka ljus-
partiklarna studsat runt innan de detekteras. Tillimpningar relaterade
till férpackningsindustrin, till exempel forpackningar med modifierad at-
mosfar, utforskas genom studier av gasutbyte i tradgardsprodukter sasom
exempelvis dpplen efter skord. Dessutom utforskas tillimpningar rela-
terade till byggbranschen genom studier av exempelvis gastransport och
torkprocesser i tré genom detektion av syrgas och vattenanga i det néra
infraréda spektrala omradet.
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CHAPTER 1

INTRODUCTION

We sense the pleasant scent of flowers and food by our nose; a gas sensor
that also detects the usually unpleasant smells from other substances
such as smoke and exhaust fumes. Our eyes can see the colors and the
shapes of objects in the world around us by detecting light that has
been reflected, refracted, scattered or partially absorbed by those same
objects.

This thesis explores optical techniques that utilize light for gas sensing
which, in some sense, can be seen as a kind of artificial eyes acting as
very sensitive noses. The underlaying principle for gas sensing is light
absorption, which means that the amount of light after passage through
a gas is lower than the amount of light sent into the gas. Selective sensing
can be achieved since each gas has its own characteristic fingerprint in
terms of which colors, i.e, wavelengths, of the light that it absorbs. The
set of wavelengths absorbed is called a spectrum and thus the art of
studying such spectra is called spectroscopy.

A special kind of light that has only one color at a time, i.e., light
that is narrowly centered around one wavelength, has been used in all the
techniques presented in this thesis. A light source that generate this type
of light is known as a laser (light amplification by stimulated emission
of radiation). Consequently, the kind of spectroscopy described here is
known as laser spectroscopy.

All the laser spectroscopic techniques explored share the common
principle of differential absorption in that the gas absorption signatures
are measured relative to the light level just outside the narrow absorption
profile. The benefit of this approach is that it eliminates the influence of
slowly wavelength dependent absorption and scattering features of the
bulk medium in which the gas of interest is enclosed.

Although the techniques presented are general and can be applied
to the detection of any gaseous species, in this thesis focus has been on



gaseous substances that to different amounts are present in the atmo-
sphere. Examples of gases studied include oxygen (Papers VII, VIII, IX,
X, XI, XII, and XIII), water vapor (Paper XII), sulfur dioxide (Paper V),
mercury (Paper I, II, and III), methane and other hydrocarbons (Paper
IV). Oxygen and water vapor are essential for the processes of life and
of interest for food preservation. Sulfur dioxide and mercury are envi-
ronmental pollutants, and hydrocarbons and water vapor are important
industrial gases. Thus, the studies span over a wide range of gases that
are of environmental, biological and industrial importance.

The light-absorbing gases studied are present in media that both
absorb and scatter light to various extent. Several of the techniques
explored take advantage of this. For instance, range resolution in re-
mote mapping of air pollutants by laser-radar techniques is provided
by time-resolved detection of backscattered light pulses. Environmental
field monitoring of gaseous mercury emission around chlor-alkali indus-
tries in Sweden, Italy, and Poland based on this technique is presented in
Papers I, II, and III. Furthermore, a scheme for laser-radar measurements
of mixtures of gases with overlapping spectra is introduced in Paper IV.

Another benefit of scattering is present in the concept of gas in
scattering media absorption spectroscopy (GASMAS) [VII], where the
multiple scattering provides an increased absorption path length, result-
ing in a stronger absorption signal than without scattering. An approach
to gas concentration measurements in porous materials is explored in
Paper VIII and the assessment of gas transport in scattering porous ma-
terials is discussed in Paper XIII. The GASMAS concept has shown to
offer several application opportunities related to gas in porous materials.
In this thesis, issues related to the food packaging industry are illus-
trated by studies on gas exchange in fruits during the postharvest period
(Papers X and XI). Furthermore, in Papers IX and XII wood and its
drying processes are studied by the diode laser spectroscopic techniques
of GASMAS.

The thesis consists of an introduction and 13 original scientific Pa-
pers. After this introduction to the introduction, Chapter 2 presents the
tunable light sources used. In Chapter 3 light propagation under var-
ious influences of scattering are described. Chapter 4 presents various
laser-based spectroscopic techniques and show how the light sources in-
troduced in Chapter 2 can be employed to assess the optical parameters
discussed in Chapter 3. Finally, Chapter 5 places the work presented in
this thesis in a larger contemporary societal and industrial context.



CHAPTER 2

TUNABLE LIGHT SOURCES

Light from the sun is the driving force for most of the terrestrial life.
Through history, we have become familiar with different aspects of light
and even learnt how to produce it ourselves in various forms from fires
with broad-band radiation already in the childhood of mankind to high-
tech narrow-band tunable light sources of today. In this Chapter tunable
laser sources for spectroscopic applications are discussed.

2.1 The nature of light

1|0"’ 1|()15 1|012 1|09 Frequency (Hz)
' ! ' ' I ' ' ! ' ' ! '
1 nm 1um 1mm im Wavelength
<-— UV—->» «<— |IR——
X-ray— <—Microwave—<— Radio

Figure 2.1. The electromagnetic spectrum. The numbers indicated in the
enlarged spectral range from the ultraviolet to the mid-infrared correspond to
wavelengths in nanometers used for gas detection in this thesis.

Light exhibits both wave and particle features. The wave nature is
captured in the properties of wavelength, A\, and frequency, v, which are
related by ¢ = Av, where the constant c is the speed of the light wave.
Actually, visible light is only a specific range of the broad spectrum of
electromagnetic radiation as is illustrated in Figure 2.1. The particle
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nature is captured in the concept of light energy quanta, i.e., photons
carrying the energy E = hv, where h is Planck’s constant.

The light sources that we encounter in everyday life most often emit
light in fixed broad wavelength regions. This kind of light can be used
for spectroscopic studies provided that a wavelength selective detection
device, e.g., an optical grating or prism is used. However, light sources
that emit light of narrow spectral width around a specific wavelength
that easily can be tuned have become available during the last decades.
This has opened the opportunity for more sensitive spectroscopic mea-
surements without the need of wavelength selective detection devices.

The research presented in the papers of this thesis, uses narrow-band
light of various wavelengths. In Papers I, II, and III, ultraviolet radiation
of 254 nm was used. Ultraviolet light was also used in Paper V, where
light at 302 nm together with blue light at 438 nm and near infrared
light at 975 nm was in action. Papers VI, VII, VIII, IX, X, XI, and XIII
are all based on near-infrared light at 760 nm as is Paper XII, where also
near-infrared light at 980 nm was used. Finally, Paper IV deals with the
absorption of infrared light at around 3.4 pm.

2.2 Lasers

2.2.1 Historical introduction

Nowadays we take lasers for granted in our everyday life. We store
data, pictures, movies etc on optical storage media like CDs and DVDs
utilizing lasers. We go to the supermarket where the cashier uses bar code
readers based on lasers to collect the prices of the items we have bought.
If we get some disease like diabetes retinopathy, lasers are routinely used
for treatment. Even for cancer diagnostics and treatment, lasers are
present in the modality of photodynamic therapy. In manufacturing of
mechanical devices, powerful laser sources are responsible for cutting
and welding. Lecturers have abandoned the mechanical pointers and use
laser pointers, which in China can be bought for a fraction of a Euro.
Additionally, there is a large flora of laser applications in both basic and
applied science. One of these applications is laser spectroscopic detection
of gases, which this thesis treats.

Back in the fifties, the scene was different. A device for microwave
amplification by stimulated emission of radiation (Maser) had recently
been invented and the optical counterpart existed only in the minds of
some researchers. A proposal for building such an optical Maser, now
known as a Laser, was presented by Schawlow and Townes in 1958 [1].
Although there was some debate over the contribution of Gordon Gould
to the invention of the laser, which resulted in lengthy patent fights [2],
the laser, actually, was present long before that, since natural lasers have
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been observed in astronomical objects [3]. After the laser proposal, there
was a race of making the first laser. In 1960 Maiman succeeded. The
ruby laser emitting pulsed laser light at 694.3 nm was invented [4]. At
that time, the laser was a technology without a purpose and known as “a
solution looking for a problem”, as is often the case with results springing
from curiosity-driven basic research.

2.2.2 Operating principles of lasers

Although the first laser was invented in 1960, the underlaying concept of
stimulated emission was introduced already about half a century earlier
by Albert Einstein. Here, only a brief introduction to the physics of
lasers is given. For further reading, textbooks like for instance Refs [5, 6]
can be recommended.

Absorption and stimulated emission
E,_® (1 o

W W
E,_©_® e o e_o

Absorption Stimulated Spontaneous
emission emission

s

Figure 2.2. A schematic energy level picture of absorption, stimulated emission,
and spontaneous emission.

Light can be absorbed with some probability when propagating
through a medium of atoms or molecules having two energy levels F;
and Fo separated by the same energy as the energy of the light photon,
e.g. Ey — Ey = he/\, which is further treated in Section 3.1. In the
absorption process the energy of the vanishing photon is conserved by
exciting one atom to the upper state as illustrated in Figure 2.2. This
upper state has some finite lifetime and the excited system relaxes after
some time to the lower state by spontaneously emitting a photon. How-
ever, it could also be that the transition from the upper to the lower state
is stimulated by a resonant photon passing by. The stimulated emission
of radiation has the same wavelength, phase and direction of propagation
as the incident radiation, i.e., it is coherently radiated.
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Population inversion

E, LY,

Spontaneous
‘\emlssmn
E,. 000
Pump Stimulated
emission

o~ -~
. N AEREY
' [} '
1 (PR

Figure 2.3. A schematic picture of a three level laser.

The question is what determines if stimulated emission or absorption
of radiation occurs. According to the Einstein analysis, the probability
of absorption is proportional to the number of atoms in the lower state
N1 and the probability of stimulated emission is proportional, with the
same constant of proportionality, to the number of atoms in the upper
state Ns.

Systems in thermodynamic equilibrium tend not to be more excited
than necessary and thus the lower state is normally more populated than
the upper state. This results in a net absorption of the incident light.
However, if the upper state is more populated than the lower state, the
probability of stimulated emission becomes larger than the probability of
absorption, which is a prerequisite for laser action. One way to achieve
this is to employ a third energy level, denoted 3 in Figure 2.3, with
short lifetime that spontaneously relaxes to the upper level 2 of our laser
transition candidate. If the pump rate from level 1 to level 3 is fast
enough compared to the rate of spontaneous emission rate from level 2,
an inverted population between level 1 and level 2 can be achieved, as
illustrated in Figure 2.3.

Resonator

If we find an atomic system in which we can achieve an inverted popula-
tion, we have an optical gain medium. In order to generate a substantial
amount of coherent light we need to place the gain medium in a so-called
resonator. This can be as simple as two mirrors that make the light go
back and forth through the gain medium. The resonance criteria is that
the light interferes constructively, i.e., after one round trip in the cavity
the light should have the same phase as before the round trip. This
means that a resonant wavelength, A, fulfills the relation
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A
L= q%a
where L is the length of the cavity, n the refractive index in the cavity
and q is a large integer number. To make use of the laser light in exciting
applications, part of the laser light can be transmitted through one of

the cavity mirrors.

(2.1)

2.3 Diode lasers

Diode lasers are nowadays a widely used laser variety. In fact, their world
wide commercial sales revenue of $3,230 millions accounted for 59 % of
the total laser market in 2005. Optical-storage and telecommunications
segments are dominating and responsible for 54 % and 33 % of the diode
laser sales, respectively. The total number of the diode version of a
device, that 4 decades ago was “a solution looking for a problem”, sold
last year was amazingly 800 millions. The trade journal Laser Physics
World, that so far yearly has summarized the laser markets [7], provides
a source for following future trends.

Laser prices are continuously dropping and are for a high-volume
CD-type laser at 780 nm less than $1 and for 660-nm lasers used in
rewritable DVD applications around $5. Prices for telecommunication
lasers range from less than $50 for Fabry-Pérot devices to $500 - $1,000
for more advanced fiber pigtailed distributed-feedback (DFB) lasers [7].
However, diode lasers for spectroscopic applications at non commercial
wavelengths can be even more expensive.

This extreme diode laser development was initiated just two years
after the invention of the laser. Almost simultaneously in the autumn
of 1962, laser action in semiconductor junctions was announced by four
different research groups [8-11]. Those diode lasers and all other early
diode lasers shared the drawback of being of the so-called homostructure
type. This meant that they had high losses and had to be operated in a
pulsed mode at cryogenic temperatures in order not to be damaged.

Although already in 1963 a more efficient double-heterostructure
scheme was proposed by Kroemer and Alferov independently [12, 13],
it took all the time until 1970 before room-temperature operated
continuous-wave diode lasers based on this technology were fabricated
[14, 15]. An interesting aspect to note is that Kroemer first was refused
the resources to develop the technology on the grounds that “this device
could not possibly have any applications” [16]. By that, the possibility
for all different diode laser applications that continually emerge and drive
the diode laser development forward was opened up. Apparently, it was
“for great benefit on mankind”, since Herbert Kroemer [16] and Zhores
I. Alferov [17] were awarded the Nobel prize in physics in the year 2000.
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2.3.1 Operating principles of diode lasers

As other lasers, diode lasers need an inverted population, see Section
2.2.2, for the formation of stimulated emission of radiation. The inverted
population is located at the junction between semiconductor materials
of different types. To understand how this can occur, we might need
the small refreshment of the solid-state physics that follows. For further
reading, see for instance textbooks like Refs [18, 19].

A semiconductor material is characterized by an electrical resistivity
intermediate between that of an electrical conductor and of an insulator.
Especially, the resistivity is sensitive to impurities and temperature. In
a semiconductor crystal, the outer valence electrons of the atoms are
forming covalent bonds with the electrons of neighboring atoms. If all
electrons are bound, no electrical current can be transported through
the material and the material acts as an insulator. However, the valence
electrons can be released and become movable if the thermal energy
becomes large enough. If impurities have one extra electron that is not
covalently bond to the neighboring atoms, the material is said to be
n-doped and movable electrons are available. If, on the other hand,
the impurities do not have enough valence electrons, movable electron
vacancies called holes occur and the material is of p-type, i.e. p-doped.

It is at the junction of such p-doped and n-doped materials that the
active diode laser region is located. If the junction is part of an outer
electrical circuit such that the p-doped material is at a high electrical
potential and the n-doped material at a low electrical potential, i.e., the
junction is forward biased, a current flows from the p-region to the n-
region. Holes are moving from the p-region across the junction to the
n-region and electrons are moving from the n-region across the junction
to the p-region. At the junction, holes and electrons recombine and
the energy corresponding to the difference between the energy of the
conduction and valance band is emitted as a photon of light. So far, we
have described a light emitting diode (LED) of homojunction type.

Except from population inversion, the accomplishment of laser ac-
tion requires a resonant cavity, as discussed in Section 2.2.2. In fact,
the semiconductor crystal itself provides the cavity by the reflectivity
caused by the large change in refractive index between the crystal and
the surrounding medium. Laser action is obtained when the optical gain
exceeds the optical losses for one round trip of the light in the cavity.
If the injection current is increased, break-even between gain and loss
will, hopefully, eventually occur. This particular current is denoted as
the threshold current for laser action.

The problem with homojunctions used in the childhood of the diode
lasers was the high loss, which did not permit laser action at realistic
currents. Reduced losses were accomplished by the development of the
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heterostructure, which provided confinement of charge carriers and light
in the active region. In the heterostructure, the active region is sur-
rounded by a semiconductor material of higher bandgap, which forms
a potential that confines the charge carriers in the material of lower
bandgap as illustrated in Figure 2.4.

Active region
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Figure 2.4. Laser action in a pn-junction of a double-heterostructure, which
confines electrons and holes in the active region. Modified from [16].

The lifetime of a diode laser of today can be counted in tens of thou-
sands hours. However, laser diodes are delicate devices that might sud-
denly be destroyed due to electrostatic discharges or due to high injection
currents. Normally, the diodes are operated by an electronic driver that
safeguards against fast electrical transients and limits the injection cur-
rent. Special attention is required if the diode laser is directly modulated
at high frequencies without an active injection current limiter. Gener-
ally, diode lasers should be handled with care and ebonite clogs at catskin
carpets are prohibited.

2.3.2 Wavelength tunability

The emitted wavelength in diode lasers is roughly determined by the
bandgap of the semiconductor material used. Combinations of semicon-
ductor materials from groups III (Al, Ga, In) and V (N, P, As, Sb) of the
periodic table have bandgaps that correspond to visible and near-infrared
light.

Diode lasers emitting light in the near-infrared and red region of the
spectrum were the first to be commercially available. In fact, the red
color has become intimately connected with lasers to such an extent that
some flea-market sellers of laser pointers claim that the light has to be
red if it is a real laser. However, the wavelength coverage is increasing
and in 1996 Shuji Nakamura and collaborators at the Nichia corporation
demonstrated ITI-V nitride-based laser diodes emitting blue light [20,
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21]. Today diode lasers emitting violet light at 365 nm are commercially
available [22]. By adding aluminium to the gallium nitride the bandgap
can be increased, and short ultraviolet radiation down to 200 nm can be
achieved - at least in theory [23].

Wayvelength tuning

Since the bandgap is slightly temperature dependent, the temperature
can be used to tune the wavelength of the emitted laser light. The
tuning rate is typically about 0.3 nm/°C, which means that the emitted
wavelength can be changed about 10 nm by a reasonable temperature
scan.

The cavity length and the refractive index of the semiconductor ma-
terial are also changing with temperature. This results in that the reso-
nance frequency of the optical resonator is changing. Unfortunately, the
rate of wavelength change is different, typically 0.06 nm/°C, from the
corresponding rate for the bandgap change. This leads to mode hops,
i.e., the wavelength cannot be continuously scanned across the whole
wavelength region offered by the temperature change of the band gap.
In fact, a large part of the wavelength range is inaccessible due to this
drawback.

However, diode lasers with built-in distributed feedback (DFB) have
provided a remedy for mode hopping, but on the expense of an increased
device cost and limited tunable span. Enhanced tunability can also be
accomplished by placing the diode laser in an external cavity that has
some built in wavelength selective device, e.g., a grating that feeds back
light into the active medium. A third alternative is offered by the vertical
cavity surface emitting lasers (VCSELSs) that have an extremely short
resonance cavity.

For large wavelength scans, see for instance Paper VI, the tempera-
ture can be used to change the wavelength. However, this is usually a
slow process and most often the wavelength tuning is accomplished by
scanning the injection current of the diode laser. This approach was used
in Papers V, VII, VIII, IX, X, XI, XII, and XIII utilizing diode lasers.

2.4 Nonlinear optical frequency conversion

If we turn up the volume of a loud speaker system, the sound normally
sounds equally good as at lower volumes, but just louder. This means
that the amplification system has a linear response, i.e., if a signal at
one frequency is sent into the system, a signal at the same frequency
is sent out of the system. However, it might happen that the sound
becomes distorted if the volume is turned up too much. In that case, a
nonlinearity in the amplification process is present.
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Here, we will deal with the optical analogy of this phenomenon and
see how we can take advantage of it for converting light of certain wave-
lengths into light of other wavelengths. This approach provides an op-
portunity to generate light at wavelengths where no other light sources
are readily available. Only a short introduction is given and for a full
theoretical description, see for instance textbooks like Ref. [24]. A broad
fun-to-read historical survey of the developments in nonlinear frequency
conversion and solid-state lasers is given by Ref. [25].

2.4.1 Nonlinear optical media

Electrical dipoles in a material are swinging with the electrical field of
the light wave present, and the material becomes polarized. In turn, the
oscillating dipoles act as sources of light at the frequency of their oscilla-
tions as will be discussed in connection with Rayleigh and Mie scattering
in Section 3.2. If the oscillation amplitude of the electrical field is not too
high, the dipoles are swinging together at the same frequency and noth-
ing exciting happens. However, if the light is too intense, the oscillating
dipoles are not able to follow the oscillation closely and the generated
light field becomes distorted and gets other frequency components than
the initial.

The polarization P of a nonlinear optical medium can be expanded in
a power series of the electrical field strength, E, of the optical radiation
as

P(t) = eo(xaB(t) + 2B (t) + X3 E*(t) + .., (2.2)

where €y is the permittivity of free space and x; are the electric sus-
ceptibilities. The linear polarization term is dominating and is closely
related to the refractive index, n, of the medium (y; = n? — 1) responsi-
ble for classical linear optics phenomena. The higher order polarization
terms are much weaker, but nevertheless hide a large range of exciting
nonlinear optical phenomena of which only a few will be mentioned here.

We will focus on the second-order nonlinear polarization term and es-
pecially on how it affects the wavelength of the re-radiated light. Suppose
we have an incident optical field composed of two different sharp wave-
lengths corresponding to two optical frequencies wi and ws, respectively,
which can be expressed by

E(t) = Eycos(wit) + Eacos(wat) = (2.3)
=& (exp(iwlt) + exp(—z’wﬁ)) + &2 (exp(iwgt) + exp(—z’th)),

where the second row is just a reformulation of the first row, to make
the following calculations more transparent.

11
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The field E(t) given in Eq. (2.3) induces a second-order polarization,
Py(t), according to,

Py(t)

= E%*
€0X2 ( )

E2
= = (exp(i2wit) + exp(—i2wit) + 2)

E2
—1—?2 (exp(iZth) + exp(—i2wat) + 2)
By

(exp(i(wr + wa)t) + exp(—i(wr + wa)t) )
FE1FEs

2

E}+E} E} E3
_ Eit R + 71 cos(2wrt) + 72 cos(2wat)

_|_

(exp(i(r —w2)t) + exp(i(wr — wa)t))

2
OR SHG SHG
+ E1E5 cos((w1 + w2)t) + E1Ey cos((wr — w2)t), (2.4)

SFG DFG

where we see that light at all sum and difference frequency combinations
of the original frequencies are generated.

When powerful light sources in the form of the newly invented lasers
became available in the beginning of the sixties the first observations
of nonlinear optical frequency conversion phenomena were made. The
observation of second-harmonic generation (SHG) was reported in 1961
[26] followed by the optical rectification (OR) [27] and sum-frequency
generation (SFG) [28] by the same research group in 1962. Finally, op-
tical difference-frequency generation (DFG) was reported early in 1963
[29].

2.4.2 Phase matching

The frequency conversion process, of all those captured in Eq. (2.4), that
dominates in a particular case is determined by a phase matching crite-
rion. As the incident light propagates through a nonlinear crystal, polar-
ization is induced at different locations along the path. If there should
be some converted light delivered at the end of the crystal, the light
produced at different locations must not interfere destructively. This
poses the requirement that the light at the original wavelength has the
same phase velocity as the light at the generated wavelength. However,
this needs some precautions since most often materials are dispersive,
which is manifested by, e.g., the spectral decomposition of white light by
prisms, i.e., the refractive index is wavelength dependent.
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One way of fulfilling the phase matching criterion is to take advantage
of the birefringence present in some crystals, i.e., the refractive index is
dependent on the direction of polarization relative to some axes of the
crystal. Thus, phase matching can be achieved by adjusting the polariza-
tion and the angle of the beam relative to the nonlinear crystal. Another
approach is offered by the concept of quasi-phase-matching in which the
nonlinearity of the crystal is periodically poled along the direction of
light propagation.

2.4.3 Optical frequency conversion applications

Radio-frequency mixers are commonly used devices in the telecommu-
nications business. With the introduction of optical communication,
there is a need for an optical counterpart, which is offered by nonlin-
ear optical frequency conversion [30]. Nowadays sensing applications
in the terahertz spectral range are reported and such radiation can be
generated by optical rectification. Sensing applications in the interme-
diate mid-infrared region using available laser sources in the visible and
near-infrared region are also a reality by the help of nonlinear difference-
frequency generation [31]. Sum-frequency generation can be used to
reach into the other end of the spectrum, i.e., the ultraviolet region.
For instance, mercury has been detected at 254 nm by an all-diode-laser
based spectrometer utilizing sum-frequency generation [32].

In this thesis, nonlinear frequency conversion was used to achieve light
for optical sensing of gases. Difference-frequency generation was used for
generating infrared radiation at about 3.4 um for hydrocarbon measure-
ments in Paper IV. In Papers I, IT and III second-harmonic generation
was used to achieve light at 254 nm for mercury monitoring. Finally,
in Paper V sum-frequency generation of near-infrared light at about 980
nm and blue light at 437 nm was used to produce ultraviolet light at 302
nm for sulfur dioxide detection. These applications are summarized in
Figure 2.5.

2.5 Optical parametric oscillators

The optical gain by population inversion of lasers have a relatively lim-
ited wavelength tunability for a particular laser and in order to reach
wavelengths in a broad range several lasers are often needed. Contrary
to this, there exist light sources that have such a wide tuning range
that the whole spectral range from the ultraviolet to the infrared can
be covered by a single device. The light source we are talking about is
the optical parametric oscillator (OPO), which first was demonstrated
in 1965 [33]. Since then, an extensive flora of OPOs based on various
nonlinear materials and schemes have been developed [34].

13
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Figure 2.5. Some optical frequency conversions used for generation of light at;

a) 253.6 nm for mercury monitoring by second-harmonic generation in Paper II,

b) 302 nm for sulfur dioxide detection by sum-frequency generation in PaperV,

¢) 3.4 um for hydrocarbon measurements by difference-frequency generation in
Paper IV.

2.5.1 Operating principles of OPO

The gain mechanism in the laser-like light source we are discussing is
not population inversion between physical energy levels as for the laser.
Rather, it is a nonlinear phenomenon called parametric gain. This con-
cept was utilized in the microwave region in electrical circuits well before
the optical counterpart was considered.

We can understand the parametric gain by considering Eq. (2.4).
If an intense laser pump beam of frequency w, is sent into a nonlinear
crystal together with a weak signal at frequency wy, light at the differ-
ence frequency w; might, under appropriate phase matching conditions,
be generated. As the formed idler light of frequency w; propagates to-
gether with the pump light, more light at the signal frequency w, will be
generated at the expense of the pump light. If the pump light is much
stronger than the signal and idler light, it can support a considerable
gain of the signal and idler light and optical parametric amplification is
accomplished.

As we saw in Section 2.2.2 two key components in the laser concept
are the gain and the resonator. Similar to this, an OPO is formed by
placing the nonlinear parametric gain process, just described, inside an
optical cavity resonant with, e.g., the signal light. In the OPO, the signal
starts from spontaneous noise and only strong pump light is needed. The
next Section briefly describes the OPO implementation used in Papers
I, IL, III, and IV. For further reading about general aspects of optical
parametric oscillators, the reviews presented in Refs [34, 35] are suitable
starting points.
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2.5.2 The implementation used

Here, a brief description of the OPO-based light source used for the
remote measurements of mercury and hydrocarbons presented in Papers
I, IT, III, and IV is given. More details about the system performance
can be found in Refs [36, 37].

A pulsed Nd:YAG laser (Spectra Physics GCR-290) emits near-
infrared light at 1064 nm, which can be frequency doubled and mixed
to supply frequency tripled ultraviolet pump light at 355 nm. The light
pulses are delivered 20 times per second and last only a few nanoseconds.

The beam of the 355 nm laser light is sent into an OPO (Spectra
Physics MOPO-730), where a smaller part goes into the master oscillator
and a larger part into the power oscillator. For a schematic picture of the
OPO, see figure 2 of Paper II. The master oscillator is a Littman cavity
with a nonlinear (-barium borate (BBO) crystal in which an ultraviolet
pump photon is converted to a signal photon and an idler photon of
longer wavelengths.

The crystal angle and the angle of the tuning mirror determine which
wavelengths the signal and idler actually get. For coarse wavelength
changes this is adjusted by stepper motors, which provide a relatively
slow tuning rate. For faster but smaller wavelength changes piezoelectric
adjustment is beneficially used and allows a shot-to-shot shift of up to
160 cm ™.

The signal light generated in the master oscillator propagates into
the power oscillator where it interacts with the larger part of the original
pump light in order to boost the pulse energy. The generated signal is
in the wavelength range 440-690 nm whereas the idler is in the range
730-1800 nm.

For the mercury measurements, Papers I, II, and III, ultraviolet light
of 254 nm was achieved by frequency doubling of the light generated by
the OPO, which extends the tuning range all down to 220 nm. In the
other end of the spectrum the absorption lines of hydrocarbons could be
accessed, see Paper 1V, by a difference-frequency generation scheme.

Infrared light in the wavelength range 2600-4300 nm is achieved by
difference-frequency generation of the idler light (1370-1800 nm) and
the Nd:YAG light (1064 nm) in a nonlinear LiNbOg crystal. The light at
the difference frequency is amplified by optical parametric amplification
(OPA) in a second LiNbOg crystal pumped by 1064 nm light rendering
an output pulse energy of up to 20 mJ [36].
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CHAPTER 3

LIGHT PROPAGATION

In this chapter the basic principles of light propagation in the presence of
absorption and scattering are discussed. We will start by light absorption
only and then as the chapter proceeds, first add single scattering, and at
the end include multiple scattering.

All Papers of this thesis deal with light absorption by gases under
various influences of light scattering. Papers V and VI are solely about
light absorption aspects. Papers I, 11, III, and IV all rely on the pres-
ence of some backscattered light, whereas the regime of heavy multiple
scattering is present in Papers VII, VIII, IX, X, XI, XII, and XIII.

3.1 Light absorption

Suppose we place an ordinary broad-band incandescent lamp inside a,
e.g., blue armature. Then, the part of the white light that propagates
through the armature will look blue. This is a manifestation of slowly
wavelength dependent absorption with lowest absorption in the blue
range of the spectrum.

Similarly, white light that is sent through a cloud of nitrogen dioxide
gas will appear brownish. Although light sent through most gases will
not have any particular color that can be seen by the naked eye, with the
aid of spectroscopic instrumentation with much more specific sensitivity
for a particular change, we can resolve the imprint of various gases upon
light that has passed by. For instance, watching the sky radiation with
a spectrometer will reveal several dark wavelength regions that is due to
wavelength selective absorption by various gases. In this Section, we will
discuss absorption of light, especially by gases.

17
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3.1.1 Optical transitions

The electrons of atoms and molecules can only be arranged in certain
well-defined configurations, which can be described by quantum mechan-
ics [38]. Each configuration has an energy associated with it and often
the atomic or the molecular system is represented by an energy level dia-
gram that depicts the energy levels of various configurations. The energy
structure can in some sense be seen as a staircase, where electrons tend
to have as low energy as possible, but not the same as another electron,
because they are asocial fermions.

E2 --m <-— Line 1profile
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Figure 3.1. Absorption of light by an optical transition involving a diffuse
energy level gives rise to an absorption line profile.

Let us take a look at two such energy levels with energies F; and Ej,
respectively, as seen in Figure 3.1. If the energy of an impinging photon
of light fits this energy gap, i.e., F5 — E; = hc/)A, the photon might be
absorbed and the energy of the photon is used to change the configuration
from energy Fp to energy Es as already discussed in Section 2.2.2. The
energy level structures are different for different substances, which means
that the corresponding spectra of wavelengths that are absorbed act as
atomic or molecular fingerprints.

3.1.2 Line shapes

The absorption does not occur at infinitely sharp wavelengths although
we often talk about absorption lines of gases. Rather, the absorption lines
are broadened and have finite extension around their central frequency,
Vg, of maximum absorption as illustrated in Figure 3.1. This frequency
dependent absorption is described by line profiles, g(v—1y), that describe
the relative absorption strength at different frequencies, v. The line
broadening is due to several different mechanisms as we will see soon.
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Natural broadening

The minimal linewidth of an absorption transition is fundamentally set
by the Heisenberg uncertainty principle due to the finite lifetime of the
upper state of the transition. This gives rise to the so-called Lorentzian
line shape, which basically is the Fourier transform of an exponential de-
cay. However, in most practical situations the linewidth is much broader
than this so-called natural linewidth due to other broadening mecha-
nisms.

Doppler broadening

When we are approached by, e.g., an ambulance, the frequency of the
sirens drops at the moment of passage, i.e., the frequency is higher when
the sound source moves towards us than when it moves away from us.
This phenomenon is called the Doppler effect of sound. The optical
counterpart means that the frequency of light has to be lower for the case
when atoms or molecules are moving towards the light source compared
to if they are at rest in order to be resonant with a specific transition.

Gaseous atoms and molecules are moving around due to thermal mo-
tion, with various velocities given by the Maxwellian velocity distribution
[39]. Thus, a sharp absorption line becomes Doppler broadened. This
broadening is said to be inhomogeneous since different atoms contribute
to different parts of the line shape. From the Maxwellian velocity dis-
tribution we can derive the Gaussian Doppler line profile, gp(v — 1vp),
according to

gp(v —1p) = (3.1)

1 [In(2) exp <ln(2)(y - ,,0)2)’

2
Avp T Avy,

where the width, Avp, defined as the Half Width at Half the Maximum
value of the line profile (HWHM) is given by

2kT 1|7
Avp =1y Wln(Q):l.OM-lOH/\—O 7 (3.2)

Here, A\ is the wavelength [nm] at line center, M is the molecular
mass, and 7T is the temperature [K]. In the case of molecular oxygen at
760 nm and room temperature this means that Avp ~ 600 MHz.

Pressure broadening

The natural line profile due to the finite lifetime of the upper state of
the transition is, as previously discussed, Lorentzian. Another mecha-
nism that reduces the effective lifetime is collisions with other atoms or
molecules. As the pressure increases, the collision probability increases

19



3.1.2. Line shapes

20

and the linewidth becomes larger. Consequently, this broadening is called
pressure broadening and results in a Lorentzian line profile,

gr(v —1p) = ! , (3.3)

TAvy, (1 + (ﬁ)Z)

with a halfwidth, Avy, , that depends upon pressure according to

Avp = vipi, (3.4)

where p; is the partial pressure of the gas species ¢ and ~; is the corre-
sponding pressure broadening coefficient.

The pressure-induced linewidth is also temperature dependent ac-
cording to the following expression

Tp

Bvn(1) = An() (1) (3.5)

where Tj is a reference temperature and n is a coefficient that has dif-
ferent values for different gas transitions. For instance, it assumes the
value of 0.70 in the case of molecular oxygen.

Combined broadening

From what we have discussed so far in this Section, Doppler broadening
dominates at low pressure, whereas pressure broadening dominates at
high pressure. In the intermediate pressure regime, the contributions
from these two mechanisms are of the same order of magnitude and
the line profile becomes the convolution between the Lorentzian and the
Gaussian line profile. This general Voigt line profile, gy (v — 1p), is given

by
1y e exp(=€Y)
v = el P e

1
\/%TI/,DV(%?J)
1

ﬁTbee[w(m,y)], (3.6)
where the normalized parameters z = (v — 1) /Av}, and y = Avp/Av),
are introduced and Avj, is the Doppler halfwidth at 1/e intensity, i.e.,
Avp = \/EAV}). The Voigt line profile is in essence the real part of
the complex probability function w(z,y), and can easily be calculated
using an algorithm given by Humlicek [40, 41].

In Figure 3.2 a comparison between the line shapes discussed is given.
An experimental recording of the influence of pressure on absorption lines
in sulfur dioxide can be found in Figure 3 and 4 of Paper V.
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Figure 3.2. The complex probability function, Eq. (3.6), is evaluated in dif-
ferent broadening regimes. y=0.1 and y=10 approximately corresponds to a
Gaussian and a Lorentzian line profile, respectively.

Applications

The summary of this Section about line shapes is that the absorption
line shape carries information that offers the opportunity of remote non-
invasive contact-free assessment of temperature and pressure. For in-
stance, in Paper VII an illustration of pressure assessment by the use of
the line shape can be found.

3.1.3 Beer-Lambert’s law

Lambert’s law

The Swiss-German natural scientist Johann Heinrich Lambert (1728-
1777) found that light of incident intensity Iy attenuates to I(r) after
passing through an absorbing slab of thickness r according to what is
now known as Lambert’s law

I(r) = Iy exp(—jiqr), (3.7)

where the linear absorption coefficient 1, [m~!] depends on both the
absorbing material and the wavelength of the light. In modern math-
ematical language we see that Eq. (3.7) is the solution to the simple
differential equation

d{;:) - _Mal(r)7 (3'8)
which expresses that the amount of light absorbed in an infinitesimal
short distance dr is proportional to the amount of incoming light with
an absorption probability per unit path length of p,.
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Beer’s law

Another German physicist, August Beer (1825-1863), found that p, in
Lambert’s law in the case of stain colored solutions is proportional to the
concentration c of the absorbing stain, i.e.,

fa = OC, (3.9)

where the constant of proportionality is often denoted o and called the
cross-section, although in some cases the constant of proportionality ap-
pears as an absorptivity or extinction coefficient. This relation is gener-
ally true for a wide range of absorbing systems provided that there is no
saturation in the absorption.

Beer-Lambert’s law

The combination of Eq. (3.7) and Eq. (3.9),

1(r) = Iyexp(~o(Ner), (3.10)

is naturally called Beer-Lambert’s law, although other names exist.

The fraction of the incident light that is transmitted through a dis-
tance r of the absorbing medium is called the transmittance and is given
by T'(r) = I(r)/lo. Correspondingly, the fraction that is absorbed is
called the absorption and is given by A = 1 — T. However, it is often
convenient to have an absorption quantity that is linear with the con-
centration of the absorber. Such a quantity is the absorbance, a, which
can be introduced by

A=1—exp(—a). (3.11)

The linear regime

In cases where the absorption, A, is small, it is approximately equal to
the absorbance, a, which easily can be seen from a Maclaurin expansion
of Eq. (3.11),

A=1—-exp(—a)=1-— (1 + —(—a) + = (—a)* + .. ) a, (3.12)

as illustrated in Figure 3.3.

3.2 Light scattering

Scattering means that the direction of propagation of light is changed in
some way. Scattering can be caused by reflection, refraction and diffrac-
tion of light from macroscopic borders between regions of different re-
fractive indices. Another origin involves the absorption of light by atoms
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Figure 3.3. The absorption as a function of absorbance according to Beer
Lambert’s law and a linear approximation corresponding to Eq. (3.11) and

Eq. (3.12), respectively.

or molecules that after the absorption event re-radiates light in other
directions than the direction of the incident light.

Due to scattering, a collimated beam of light will be attenuated sim-
ilar to the absorption attenuation given by Eq. (3.7), i.e.,

I(r) = Ipexp(—pusr), (3.13)

where the linear scattering coefficient y, [m~!] expresses the probability
per unit path length that light is scattered out of the collimated beam.
Note, that this description assumes that the light initially scattered out
of the beam will not be scattered back into the beam. However, multiple
scattering will be further discussed in Section 3.4.

Scattering of light by particles much smaller than the wavelength
is called Rayleigh scattering whereas scattering by particles larger than
the wavelength of the light is denoted Mie scattering. Here, only a brief
overview will be given. For further reading about single light scattering
by small particles see, e.g., Refs [42, 43].

3.2.1 Rayleigh and Raman scattering

The mechanism of Rayleigh scattering is that the oscillating electric field
of the light wave induces oscillating dipoles in the particles, which act
as sources of re-radiated light. The most probable process is that the
re-emitted light has the same wavelength as the incident light, which
means that the scattering is elastic. The Rayleigh scattering is stronger
at shorter wavelengths and has a wavelength dependence in the form of
A~%, which shows its manifestation in the blue color of the sky.
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Although much weaker, slightly wavelength shifted inelastic scatter-
ing might also occur. This so-called Raman scattering involves the in-
teraction between the incident light and vibrational or rotational energy
levels of molecules. The frequency of the incident light is high compared
to the small frequency separation between vibrational or rotational lev-
els. Analogous to the process of nonlinear frequency conversion, see
Section 2.4.1, light at the sum and difference frequencies are generated.
Scattering resulting in re-emitted light of longer wavelength than the
wavelength of the incident light is called Stokes. Correspondingly, anti-
Stokes is the name for scattering resulting in a wavelength shift towards
shorter wavelengths.

3.2.2 Mie scattering

Scattering by particles considerably larger than the wavelength is de-
noted Mie scattering. Although Gustav Mie only considered scattering
by homogenous spherical particles in his original work 1908, generaliza-
tions to other shapes of scatterers can be made. Typical Mie scatterers
for visible light are aerosol particles, cloud droplets and ice particles.

Mie scattering has the property of being stronger for shorter wave-
lengths in common with Rayleigh scattering. Although the exact
strength of this wavelength dependence is related to several factors, such
as the wavelength, refractive index mismatch between scatterer and sur-
rounding medium, probability of absorption, particle shape etc in a com-
plicated way, an often useful approximation is o(\) ~ A72.

3.2.3 Scattering phase function

e
-

Figure 3.4. The Henyey-Greenstein function, Eq. (3.14), evaluated for g=0,
0.5, and 0.75.

In a scattering event the direction of propagation of the light is often
altered in some way characteristic for the specific scattering process. This
angular deviation is described by a scattering phase function, P(s,s’),
that gives the probability of scattering from direction s to direction s’. A
widely used analytical scattering phase function is the Henyey-Greenstein
function [44],
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P 0) =
(cosf) 47(1 4 g% — 2gcos)3/2’

(3.14)

which only depends on one parameter g describing the asymmetry or
anisotropy of the scattering. The parameter ¢ is defined as the mean
value of the cosine of the scattering angle, i.e.,

1
g = (cosb) = %/1 P(cos ) cosOd cos . (3.15)

Isotropic scattering is described by a g-value of zero, whereas g-values
close to 1 describe forward scattering as can be seen in Figure 3.4.

3.2.4 Reduced scattering

Even if the scattering is strongly forward-peaked it can be treated as
isotropic if we study the scattering process on another length scale. Such
a re-scaling is captured in the concept of the reduced scattering coeffi-
cient,

fs = (1~ g)ps- (3.16)

The meaning of the reduced scattering coefficient is illustrated in Fig-
ure 3.5.

(a) (b)
']/uS 1/].1'8 ']/ps 1/
H L I | I |

Figure 3.5. Although a) depicts a forward scattering process and b) an isotropic
scattering process, both processes can be considered isotropic on a length scale

defined by the reduced scattering coefficient, which is the same in both cases.
Modified from [45].
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3.3 Light absorption and scattering

3.3.1 Spatial dependent attenuation

Absorption and scattering both lead to attenuation of a collimated beam
that is sent through a scattering or absorbing medium as was expressed
by Eq. (3.7) and Eq. (3.13), respectively. The obvious generalization of
Lambert’s law for the case of spatially dependent simultaneous absorp-
tion and scattering is,

Ip(\,r) = Ipexp (— /OT (,ua()\, s) + ps(A, 8))ds>, (3.17)

where the absorption coefficient, p,, in the general case is due to the
absorption of a mixture of absorbing species i, i.e.,

= Zaf()\)ci(s). (3.18)

The scattering coefficient,
ps(A, s) = A)em (s +/ S\, x)ca(s, x)dz, (3.19)

contains contributions from molecular Rayleigh scattering as well as the
integrated contribution of Mie scattering from a size distribution of scat-
terers.

3.3.2 Range-resolved absorption

So far, we have been dealing with the transmitted part of a colli-
mated beam after propagating a distance r in a scattering and absorbing
medium. However, in a scattering event a distance r from the light source
there might be some probability for the light to be scattered within an
angle element close to the opposite direction of the initial direction of
propagation.

The backscattered light will as it propagates back be attenuated in
the same way as prior to the scattering event and in addition be spread
out over an area proportional to the square of the distance traveled.
Thus, the backscattered light detected at a position near the light source
is given by

A)A r
n07) = OV DBV (< [ (a0 5) + o) s ).
(3.20)
where the probability of backscattering within a short range Ar at r is

dependent on the cross-section for backscattering, oj(A), and the con-
centration of scatterer, c,(r), i.e., the probability is ¢, (r)op(A)Ar.
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A special laser spectroscopic technique that deals with the assessment
of spatial distributions of for instance gases in the atmosphere is the light
detection and ranging technique (lidar) that has been utilized in Papers
I, IL, III, and IV and is further presented in Section 4.2.

3.3.3 Differential absorption

In the various forms of Beer-Lambert’s law presented above, the detected
amount of light compared to the initial amount of light prior to passage
of a scattering and absorbing medium has been treated. However, it is
often difficult to measure the incident amount of light.

In this context, it is beneficial to note that the cross-section for scat-
tering in the atmosphere as well as in for instance porous materials has
a slow wavelength dependence. This property is shared also with the
cross-section for absorption by solid and liquid materials. In sharp con-
trast to this, free atomic and molecular gases have sharp energy levels
and thus absorption features of very narrow wavelength width, which
can be summarized in,

Biotat = (7% 4 8 o, (321)

This separation of the total attenuation coefficient used in the Beer-
Lambert law-like Eq. (3.17) gives

Ir(\,7) = 18rovd () exp( / pg T (A s)ds) (3.22)

where all slowly wavelength dependent factors have been lumped together
in

Igroad()\) :I()eXI)(—/O ( broad()\ S)—I—,LLZToad()\,S))dS). (3_23)

This representation highlights the fact that the absorbance due to a
narrow absorption feature can be determined without the knowledge of
the incident amount of light. If the light is detected at a wavelength A,y
just outside a narrow absorption line, the p[}*"°" is zero meaning that
I8r°ad is measured. Since the wavelength dependence of I§7°%¢
the measured value is practically the same as within the nearby gaseous
absorption feature. Thus, the differential absorbance profile due to the
gas of interest can be calculated as:

is slow,

IT(A, 7“)
Ir(Aogg;)
The concept of differential absorption is used in various forms in all
Papers included in this thesis.

a(A\,r) =—1In (3.24)
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3.4 Light transport in multiple
scattering media

So far, we have considered single scattering out of a collimated beam
with basically no probability for the light to be scattered back into the
original direction of propagation. However, during certain atmospheric
conditions such as fog, heavy plumes and clouds, multiple scattering does
occur. Light propagating in porous materials, living tissue or similar
scattering media is also subject to heavy multiple scattering, which will
be treated in this Section.

3.4.1 Radiative-transport theory

From simple conservation principles, we can often in physics derive a
partial differential equation that describes the problem at hand. One
fundamental quantity that is conserved is energy or some quantity related
to energy. Here we will make use of a quantity denoted radiance, L, which
is the radiant energy per unit time and unit solid angle that flows in a
certain direction s through a unit area perpendicular to s, i.e,. L has the
unit of [W/(m?sr)].

Considering the conservation of energy expressed as radiance, we note
that in a small volume there are several contributions to the change of
the radiance. One contribution is due to the difference between inflow
and outflow of radiance over the borders of the volume. The radiance
can be changed due to absorption within the volume or scattering out of
the propagation direction within the volume. Furthermore, there is the
possibility that light propagating in another direction is scattered into
the direction treated. Finally, there can be a source inside the volume.
If we set up this balance and let the volume be infinitesimally small, we
obtain the radiative transport equation,

10
—aL(r, s,t) = —s-VL(r,s,t) —paL(r,s,t) — usL(r,s,t)
C
Influx Absorption Scattering—out
—i—us/ L(r,s' t)p(s,s")dQ + S(r,s,t), (3.25)
4 N—_——
Source

Scattering—in

where the time derivative of the radiance (left side) is the sum of the net
influx due to the spatial gradient, the negative contribution from radiance
absorbed or scattered out of direction s, radiance of another direction s’
scattered into s with a probability given by the phase function p(s,s’),
and, finally, the production of radiance by a local light source.
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3.4.2 The diffusion approximation

The general transport equation, Eq. (3.25), most often becomes difficult
to solve analytically. However, physics is in a sense the art of approx-
imations and therefore we make an approximation in this case too. If
the light is multiply scattered, there is basically no preferred direction of
propagation and it can be anticipated that a good approximation could
be obtained by expanding the radiance in spherical harmonics,

0o l
20+ 1
L(r,s,t) = Z Z 1 Ly (v, )Y (s)
=0 m=— T
~ Lrt) + St (3.26)
¥ gt dr PP S '

where the radiance is described by one isotropic term, ¢, and one term,
F, describing the angular dependence of the radiance, with higher terms
neglected.

The radiant energy fluence rate ¢ [W/m?] [46] is the integral of the
radiance over all angles at a point r at time ¢, i.e.,

o(r,t) = , L(r,s, t)dS, (3.27)

and the radiant flux vector F(r,t) [W/m?] [46], i.e. the flow of the power
per unit area, is introduced as,

F(r,t) = Aw L(r,s,t)sdQ. (3.28)

Within this so-called diffusion approximation of the radiative-
transport equation, the Fick law of diffusion,

F = —DV¢, (3.29)
is applicable. Here, D is the diffusion coefficient defined as [47],

1
D = 3.30
3(pa + (1 = g)pus) (330
Thus, the radiative transport equation, Eq. (3.25), simplifies to the
more manageable lossy diffusion equation for the photon fluence rate
[47],

%%gﬁ(r, t) = DV¢(r,t) — padp(r,t) + S(r, ). (3.31)

29



3.4.3. Time-dependent solutions

30

3.4.3 Time-dependent solutions

Here, some solutions to the time-dependent diffusion equation for light
transport in scattering media, Eq. (3.31), are presented.

Infinite medium

We start by the generic solution for an isotropic point source in an infinite
medium, which gives the Green function for free light diffusion [47],

2

_ ~3/2 _ __r
¢(r,t) = c(4w Dct) exp< ot 4Dct>' (3.32)

Boundary conditions

Most often the scattering media studied have finite extension and at the
boundary there are some conditions that have to be fulfilled. A boundary
condition often used is to let the fluence rate be zero at the boundary or
at an extrapolated boundary a small distance, z.,, outside the physical
boundary [48].

Infinite half space

In reflection measurements, the medium probed can often be approxi-
mated as a half space, e.g. infinite extension in the x and y directions
and extending from a boundary at z = 0 to infinity. If a light beam
enters such a medium, the incident light can be modeled as an isotropic
point source at a depth z = zy corresponding to one mean free path for
isotropic scattering, i.e.,

20 = 1 #, (3.33)

/

s (1= g)us
where p, is the reduced scattering coefficient discussed in Section 3.2.4.
This problem can be solved by making use of the solution for an
isotropic point sources in an infinite medium, Eq. (3.32). The secret is
to reflect the point source in the boundary or the extrapolated boundary
in order to fulfill the boundary conditions. By introducing a negative
isotropic point source at z = —2z., — z9p and sum this contribution to
the contribution of the positive source at z = zy the boundary condition
of zero fluence rate is fulfilled. Thus, the fluence rate in the half space
discussed can be expressed as [47]:

B(p,2,t) = c(ArDet) ™% exp(—pqct)
{ex (_ (z —20)2 + p2) Cex (_ (2 + 22ep + 20)% + p2>}
P 4Dct P 4Dct '

(3.34)
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Diffuse reflectance

Most often it is convenient to measure the diffusely transmitted or re-
flected light at the boundary. This diffuse remittance is basically the
output flux [47], which can be found by using Fick’s law for light diffu-
sion, Eq. (3.29). Thus, for the half space discussed, we can express the
diffuse reflectance as

9 3/2,-5/2 (_ p* )
R(p,t) = Da (4 De)™272t7°7% exp(—pgct) exp 1D
o (2261) + Z0)2
{zo exp( 1D t> + (22ep + 20) exp< ~iDa >}

(3.35)

Infinite slab
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Figure 3.6. A schematic view of image sources. The detailed locations of the
positive and negative sources are determined by Egq. (3.36) and Eq. (3.37),
respectively.

If we would like to measure light transmitted through a scattering
medium, a slightly more complicated geometry than the infinite half
space is needed. An appropriate model is provided by a slab of thickness
d in the z direction and infinite extensions in the x and y directions, which
presents an additional boundary at z = d. The first pair of sources that
was introduced for the infinite half space are now mirrored in this new
boundary. In turn, this new pair of mirrored sources are mirrored in the
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first boundary at z = 0 and so on, as illustrated in Figure 3.6, where the
positive and negative sources, respectively, have the z-coordinates

Zkp = 2]€(d + 2261,) + 20 (3.36)
and
Zkn = 2k(d + 2z¢p) — 22ep — 20, (3.37)
where k=...,-3,—-2,—-1,0,1,2,3,....

The fluence rate in slab geometry, thus, can be expressed as

2
_ -3/2 _ __P
o(p, z,t) = (4w Dct) exp(—pqct) exp( 4Dct)

X f: {exp(—%) — exp (—%)} (3.38)

k=—o00

Diffuse remittance from an infinite slab

Following the same procedures as for the infinite half space, we obtain
the diffuse reflectance from an infinite slab according to

2
R(p,t) = D% = 1(471'Dc)73/27575/2 exp(—pqct) exp| — P
82 z2=0 2 4Dct
0o 2 2
kp Zkn
X Zpexp| — — Zpn expl — .
2 { kp p( 4Dct> b p( 4Dct)}
k=—o00
(3.39)
) u=2000m" | 10° u =4000m1] 10° 1, = 4000 m-"
& u,=1m’! g, =1m!
[ =
o
K 10" 107
% \
% “ -2 -2
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Figure 3.7. Time dispersion curves for transmission in a multiple scattering
slab according to Eq. (3.40) are displayed for three combinations of scatter-
ing and absorption coefficients. FEach curve is compared with a dashed curve

corresponding to !, = 2000mtand i, = 0.1m™*.
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The transmittance is described by a similar expression,

T(p,t) = —Da—¢ = l(471']_?0)_3/275_5/2 exp(—pqct) exp (— r >
’ Ozlz=d 2 “ 4Dect
o J _M) (4 GM)
X kgoo {(d Zkp) exp( Dot (d — zgn) exp Dt .

(3.40)

In Figure 3.7 the influence of scattering and absorption on the tem-
porally resolved transmission in a heavily scattering slab calculated by
Eq. (3.40) is given. Similar experimental recordings can be found in, e.g.
Paper VIII.

3.4.4 Steady-state solutions

For continuous wave applications, the steady-state form of the diffusion
equation Eq. (3.31),

0= DV2¢(r) — padp(r) + S(r), (3.41)

is of interest. Similar to the time-dependent case, the solutions in simple
geometries can be found by the use of the relevant Green’s function for
infinite space together with appropriately placed mirror sources to fulfill
the boundary conditions.

Infinite medium

The Green function for steady-state diffusion of light from an isotropic
point source in infinite space is given by [49]

1 exp(—fiessr)
47D r ’

o(r) = (3.42)

where the solution depends on only one single effective attenuation co-
efficient,

m
Heff = 3#@(#(1 + ,U/s) - ﬁ’ (3-43)

that entangles the scattering and absorption coefficients.

Infinite slab

Following the procedure outlined for the time-dependent solution, we can
solve the corresponding steady-state problems. An entering light beam
is still represented by an isotropic point source at the depth of one mean
free path for isotropic scattering, z = zg. The fluence in a scattering slab
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of thickness d in the z-direction and infinite extensions in the x and y
directions can thus be expressed as

¢(P, Z) o i i (exp(—ﬂefkap(P, Z)) B exp(—ueffrkn(p7 ,z)))7

- ArD = Tkp(P; 2) Tkn(p, 2)
(3.44)
where
Trp(ps 2) =\ (2 = 21p)° + p? (3.45)
and
Thn(p:2) =\ (2 = 2kn)” + p? (3.46)

are the distances from the point of of interest, (p, z), to the positive and
negative sources placed at p =0 at

Zkp = Qk(d + 2Zeb) + 29 (347)

and
Zkn = Qk(d + QZeb) — 2Zep — 20, (3.48)

respectively.
The solution for the infinite half space is obtained by retaining only
the sources placed in z = zp, and z = 2gy.

Diffuse remittance from an infinite slab

-
o
=)

Transmission (a.u.)
—
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10
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Figure 3.8. The influence of the effective attenuation coefficient upon the spa-
tial dependence of the steady-state transmission in a multiple scattering slab
calculated by Eq. (3.50).
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As in the time-dependent case, the reflectance is found by the use of
Fick’s law for light diffusion, Eq. (3.29). Following that procedure, we
obtain the reflection,

0o
= D— =
R(p) 92 oo
1 & exp(—peffrp(p,0))
= +-= Zhp (1 + pefsrip(p, 0
47.‘_ k:z_:oo P( ff P( )) 7"}31)(07 0)
1 & exp(—HessTkn(p; 0))
- 1 .
e :Z_OO 2kn (1+ fefsrin(p,0)) T (o0)

(3.49)

Correspondingly, the transmittance is described by a similar expres-
sion,

_ _p9% _
T(p) = —Da ed
& exp(—peffTep(p; d))
= i :Z;OO (d = 21p) (1 + pregrip(p, ) 7 (pod)
_L . . eXp(—,lLefkan(P,d))
I k;m (d— zkn) (1 + ttefrin(ps d)) 3 (o d) .

(3.50)

In Figure 3.8 the influence of scattering and absorption on the spa-
tially resolved steady-state transmission in a heavily scattering slab, as
calculated with Eq. (3.50), is given. Similar experimental recordings can
be found in, e.g., Paper VIII.

3.4.5 Absorption path length

If the differential absorption coefficient, see Section 3.3.3, is small, the
differential absorbance from a multiply scattering sample is the prod-
uct of the path length traveled and the absorption coefficient. For an
experimental elucidation of this, see for instance Paper VIII.

Generally, the mean time of flight for diffusely remitted light is given
by
_ fooo tr(&, t)dt
B fOoo F(gv t)dt ’

where £ is a point on the boundary of the scattering sample and I" is the
remittance, e.g., transmittance or reflectance.

() (&) (3.51)
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The mean traveled distance for light transmitted through a scattering
slab is given by

00 exp(—pleffr, ,d exp(—pe f ren (p,d
oo {( d = 23 SR 0 _ (g gy SRSt Tinlo >>}

fet) = 87DT(p) 5 52)’

where T is given by Eq. (3.50).
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Figure 3.9. The thickness dependence of the absorption path length and the
transmitted amount of light in slabs of white polystyrene foam is presented
in the upper and lower part of the figure, respectively. Experimental data
obtained by continuous wave tunable diode laser spectroscopy are given together
analytical curves based on Eq. (3.52) and Eq. (3.50) for the path length and
the transmission, respectively.
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In the limit of small absorption, the mean time of flight is proportional
to the square of the slab thickness d,

(t) o d?, (3.53)

whereas the transmitted amount of light is inversely proportional to the
cube of the slab thickness,

T %. (3.54)
The experimentally obtained thickness dependence of the absorp-
tion path length and the transmitted amount of light in slabs of white
polystyrene foam are given in Figure 3.9. Further information about the
experimental techniques used are provided in Section 4 and Paper VIII.
A collection of solutions to the diffusion equation of light for various
simple geometries, including expressions for the mean time of flight, is
compiled in Ref. [50].
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CuapTer 4

SPECTROSCOPIC TECHNIQUES

Optical spectroscopy has long traditions. Since this thesis work was ac-
complished at Lund University, we recognize the well-known Johannes
(Janne) Robert Rydberg [51], who more than 100 years ago analyzed
emission spectra of hydrogen and other simple atoms and found a the-
oretical description of the spectra that is still applicable. This thesis
focuses on optical absorption spectroscopic techniques, which for a long
time were based on broad-band light sources combined with wavelength
selective detection schemes, e.g. gratings or prisms. However, the inven-
tion of the laser offered the opportunity to use non-wavelength selective
detection systems. Instead, the wavelength selectivity is on the source
side in the form of tunable narrow-band light.

In this Chapter we will make use of the tunable narrow-band light
sources introduced in Chapter 2 and apply these sources for spectroscopic
analysis of atmospheric gases under various influences of scattering. The
techniques presented rely on the framework of light-matter interactions
outlined in Chapter 3. The focus of the presentation in this Chapter
is on the laser-based spectroscopic techniques applied in the Papers ac-
companying this thesis. For a comprehensive survey on most aspects of
spectroscopic techniques see, e.g., Ref. [39].

4.1 Tunable diode laser spectroscopy

As we saw in Section 2.3.2, diode lasers can be easily wavelength tuned
by changing the injection current or the temperature. This forms the
basis for tunable diode laser spectroscopy, which this Section treats. The
International Conference on Tunable Diode Laser Spectroscopy (TDLS)
devoted to this field has been held biannually [52] five times and attracts
an increasing number of researchers. Proceedings are published as special
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issues in Spectrochimica Acta: Part A, and give glimpses of the ongoing
activities within this research field.

The current trends are towards the exploration of the infrared region
by the relatively recently introduced quantum cascade lasers. Schemes
for lowering the detection limits of various gases are a constant theme
in this field of research. Obviously, there are two ways of increasing the
signal-to-noise ratio (SNR). Either the signal can be increased or the
noise decreased. The absorption signal can be increased by choosing a
stronger transition of the atoms or molecules of interest, longer absorp-
tion path length, higher gas concentration or by increasing the amount of
detected light. In practice, the concentration and path length is often de-
termined by the non-ideal sample under investigation. Further, the light
source emits a limited amount of light and the transition strengths of the
gas species are quite often low, which means that there is a demand for
low levels of noise in order to obtain an acceptable signal-to-noise ratio.

4.1.1 Modulation techniques

The observation that noise is lower at higher frequencies has led to the
popularity of a number of modulation techniques that all share the prop-
erty of shifting the detection band to higher frequencies. Already Moses
performed wavelength modulation spectroscopy together with Tang [53].
Since then, a number of different modulation schemes have emerged [54—
56]. At the Atomic Physics Division in Lund there is also a tradition
in using various modulation techniques in combination with diode lasers
[57-60]. Generally, the modulation techniques can increase the detection
sensitivity several orders of magnitude compared to direct absorption.

4.1.2 Phase modulation

Diode lasers are particularly convenient to use when performing modula-
tion spectroscopy since the emitted wavelength can easily be modulated
by varying the injection current of the diode laser as we discussed in
Section 2.3.2. If the injection current is sinusoidally modulated at a fre-
quency vV, the modulated optical field E(t) with carrier frequency vy
emitted can generally, neglecting amplitude modulation, be expressed as
61]

E(t) = Epexp (i(27r1/0t +4 Sin(27r1/mt)))
+00
= FEpexp (i27ru0t) Z Jn(0B) exp (in27rumt) , (4.1)

where (3 is the frequency modulation index and the optical field has been
expanded into a series of nth-order Bessel functions J,(3).
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By examining the Bessel functions J,, (), we realize that higher side
bands at frequencies v,, = vy + nv,, become more significant if the modu-
lation index ( is increased. Further, the spacing between the side bands
obviously increases with the modulation frequency vi,.

The effect of the gas sample under investigation on each frequency
component of the optical field, Eq. (4.1), can be characterized by a com-
plex transmission function T'(v,), where v, = vy + nvy,. Thus, the
resulting transmitted optical field is given by

Ep(t) = Eyexp <i27r1/0t) —iOT(z/n)Jn(ﬂ) exp (in27r1/mt>. (4.2)

— 00

The detector does not record the electrical field but rather the in-
tensity, which is proportional to |E7(t)|? that varies in time due to the
differential absorption. By the use of a phase-sensitive detector, e.g.,
a lock-in amplifier or a radio frequency mixer, it is possible to detect a
Fourier component of the transmitted intensity at a multiple of the mod-
ulation frequency v,,. This component can, theoretically, be calculated
by taking the square of Eq. (4.2) and only retaining the terms that vary
in time with the desired harmonic of the modulation frequency.

By this, we have a general description of the modulation spectroscopy.
However, the general modulation formulas obtained often become very
complex to handle [57], and different approximations are normally made
[61]. Depending on the value of the ratio between the modulation fre-
quency and the half width of the absorption feature, different approx-
imations can be made and, correspondingly, different names have been
given to the general modulation technique. Techniques using modulation
frequencies much smaller than the width of the absorption feature are
normally denoted wavelength modulation spectroscopy (WMS) [53]. On
the other hand, techniques using modulation frequencies larger than or
comparable to the width of the absorption feature are normally called
frequency modulation spectroscopy (FMS) [55].

4.1.3 Wavelength modulation

In Papers VII, VIII, IX, X, XI, XII, and XIII a modulation frequency
in the kHz range was applied for sensitive detection of gas absorption
features having spectral widths in the GHz range. Thus, the modulation
techniques used are classified as wavelength modulation spectroscopy
(WMS). In this Section we will discuss why the WMS signals present in
the Papers mentioned have their characteristic appearance.
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f ~kHz

Figure 4.1. An intuitive schematic illustration of 1f wavelength modulation
spectroscopy signal generation. Rapidly wavelength modulated light is slowly
tuned through an absorption profile resulting in a signal at the modulation
frequency with an amplitude that is dependent on the derivative of the profile.

Derivative spectroscopy

The general approach presented above becomes complicated in the case
of WMS since there is a large number of sidebands separated by the
modulation frequency only. Instead, WMS is preferably described by
an intensity based model, where the closely spaced discrete sidebands
instead are seen as a wavelength continuum.

We start the description by introducing the momentary frequency,

v = %% (2771/0t + ﬂsin(27r1/mt)> =1y + AF cos(2mvpmt), (4.3)
as the time derivative of the phase seen in Eq. (4.1) [61]. Here AF =
By, is the maximum frequency deviation from the carrier frequency vy.
Typically, the carrier frequency vy is swept across a gas absorption profile
at a Hertz rate while the momentary frequency v; is rapidly oscillating
around the carrier frequency at a kHz rate. An intuitive picture of the
generation of signals that resemble the derivative of the profile probed
is shown in Figure 4.1.  The intensity I(r) detected can, inspired by
[61], be expanded into a Taylor series around the carrier frequency vy
according to

1 d?I o 1d3I

dl
I(V)ZI(V0)+— (V—Vo)—i—iw VO(I/—V()) +§W "

3
v, (v—19)....

(4.4)



Spectroscopic techniques

-0.2 0.05
< 04 =
N~ v‘_ o
©-0.6 e
-0.8
1 -0.05
6 -4 2 0 2 4 6 6 -4 2 0 2 4 6
x10 X x10™ X
4
) Z 0
I I
0
-2
6 -4 2 0 2 4 6 6 -4 2 0 2 4 6
X X

Figure 4.2. The direct signal together with the first, second and third derivative
of a Lorentzian lineshape.

Inserting Eq. (4.3) into Eq. (4.4) and by using the Euler relations
and the binomial theorem [62], it is simple to expand the powers of the
cosine functions which yields

1) = Iw)+ 2

o AF cos(2mvpt)

Yo

1 d?I 51
A2 VO(AF) 5(1 + cos(2mupt))
1 d*1 1
+=—=| (AF)*2(3cos(2mumt) + cos(2m3vmt))+ . .. .
3ldv3|,, 4

(4.5)

If all terms oscillating at the same frequencies are collected in
Eq. (4.5), it can be written as

I(v) = I(vg)+Ao(vo)+ Au,, (10) cos(2mvmt) + Aay,, (1) cos(2m2umt) +. ...

(4.6)
where the perturbation amplitudes are given by
I 1 o d] 1 4 dSI| 1 6
A = —| S(AF)’+—| —=(AF)*'+—| —(AF)"+...
o) = gpa|, 3B F gl AF) | s (A
dI I 1 s &Il 1 5
A, = — —| S(AF)Y +—=| —(AF)°+...
w0) = s, 8 A T g, 102 AT
I 1 o d] 1 4 dST 1 6
Ay, = —| S(AF)+—| —(AF)'+—| —(AF)°+...
2 (0) = Ga| GAEN G| A G| 1es6 AT T
(4.7)
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The intensity detected, Eq. (4.7), is a series of cosine terms, i.e., it
is in a sense a Fourier expansion.

Provided the frequency deviation AF is sufficiently small, the signal
at the nth harmonic of the modulation frequency is proportional to the
nth derivative of the detected intensity, which is illustrated in Figure 4.2.
This property has given wavelength modulation spectroscopy, in the limit
of small modulation, the additional name derivative spectroscopy [63].

Larger modulation
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Figure 4.3. Experimentally obtained direct and WMS signals from long-path
absorption of the molecular oxygen R7R7 line at around 761 nm together with
theoretical signals. Left column: low modulation. Right column: high modula-
tion.

From the intensity expansion, Eq. (4.7), we also learn that the har-
monic signals increase with increasing modulation index. In the case
of second-harmonic detection, the detected signal is proportional to
the modulation squared at low modulation amplitudes. With increas-
ing modulation, however, terms of higher order become prominent and
the second-harmonic signal is no longer proportional to the pure second
derivative of the absorption feature as can be seen in Figure 4.3. Al-
though the signal is similar to the derivative, it is broader and other less
transparent modeling approaches is normally used.

More general theoretical WMS curves are presented in Figure 4.3
together with experimental curves of both direct signals and second-
harmonic WMS signals. The experimental signals originate from an
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oxygen absorption line at about 761 nm and were recorded in a long-
path setting using two different modulation amplitudes. The theoretical
model used was the zeroth and second-order Fourier component of a
wavelength modulated Lorentzian line profile at sloping baseline given
by Ref. [64]. (Please note that an exponent of 2 is obviously missing in
the expression provided in [64]).

The nth harmonic component of an arbitrary line profile at any mod-
ulation strength can be calculated numerically by a Fourier integral ap-
proach [65]. However, it is always reassuring to have an analytical ex-
pression, and such expressions have been presented for the second and
nth harmonic component of the Lorentzian line profile without sloping
baseline by Reid and Labrie [66] and Arndt [65], respectively. An ex-
pression for the more general case of linear baseline and a Voigt line
profile has been given [64], where the Voigt function was approximated
by something called a generalized Lorentzian function [67, 68]. Recently,
a general Fourier-series-based formalism capable of providing analytical
solutions for all harmonics of the three commonly used line profiles was
presented by a research group in Umea. A comprehensive review of this
formalism is provided by Ref. [69].

Intensity normalization

The WMS signals are proportional to the amount of light detected, which
has to be accounted for in the case of varying light attenuation. This
can be accomplished by normalizing the WMS signal to the amount of
light detected, e.g., the direct signal. A practical measure of the gas
absorbance is provided by the ratio of the peak-to-peak value of the
WMS signal to the interpolated light intensity at the peak absorption
wavelength.

4.2 Light detection and ranging (lidar)

In Section 3.3.2 Eq. (3.20) for the amount of light backscattered at a
distance r from the source in an atmosphere with spatially dependent
scattering and absorption was introduced. Here, the laser spectroscopic
technique called lidar, i.e., light detection and ranging, that remotely can
assess these spatially dependent absorption and scattering distributions
range-resolved is presented.

The acronym lidar directs the association towards the similar
acronym radar that is the radio-frequency counterpart to lidar. How-
ever, what is now called radar, was before 1947 known as radiolocation,
which had a break through in the aircraft warning service during the
second world war [70]. Actually, lidar is sometimes called laser radar
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or optical radar. In some rare occasions ladar is the acronym used to
emphasize that a laser is in use.

Early lidar experiments were focused on ranging applications like
measuring the distance to the moon [71]. Since then a number of so-
phisticated lidar applications comprising the monitoring of air pollution,
temperature and wind velocities have emerged. The International Laser
Radar Conference (ILRC) has been held biannually 23 times and attracts
hundreds of contributions.

The essence of the lidar principle is that a short pulse of light is
sent out in the atmosphere and the backscattered light is detected time-
resolved. Since the light has a known velocity, the distance from where
the light was scattered can be calculated. Although most lidar applica-
tions utilize backscattering from atmospheric constituents, topographic
targets can also be used as back reflectors [72].
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Figure 4.4. The principle of DIAL. From the spatial slope of the ratio between
the intensity on an absorption line and the intensity slightly off that resonance
line, the range-resolved gas concentration can be determined. The data are
from field measurements of mercury presented in [73].

The concept of differential absorption introduced in Section 3.3.3
is fruitful in a vast number of spectroscopic applications. In the lidar
branch the technique of differential absorption lidar (DIAL) was pro-
posed by R. M. Schotland in 1966 [74].

In DIAL measurements, see Figure 4.4, light pulses are emitted al-
ternately at a wavelength that is on an absorption feature and a nearby
wavelength that is off that absorption feature. If the wavelength differ-
ence between the on and off wavelengths is small, the optical properties
of the atmosphere, except the absorption due to the gas of interest, are
the same for the two wavelengths. This provides the opportunity to
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eliminate several of the factors in Eq. (3.20) resulting in
I(Aon,T)
IQogs:7)

from which the range-resolved concentration profile can be assessed by
differentiation, i.e.,

_ exp(—2(00n — 6up;) /0 ' c(s)ds), (4.8)

_d 1 I(Nofg.m)
c(r) = %(2A0 In TOwn.7) ) (4.9)

For some environmental DIAL applications see, e.g., Papers I, 1T, TII,
and IV.

4.2.1 The lidar system

Figure 4.5. (a) The lidar truck and its crew are ready for field measurements
of mercury. (b) Schematics of the mobile lidar lab, modified from Ref. [37].

The light pulses in the DIAL system used in Papers I, II, III, and IV
are generated by the optical parametric oscillator described in Section
2.5.2. The few nanosecond long light pulses are sent through a Galilean
beam expander and directed out into the atmosphere by a folding mirror
that can be tilted and rotated by computer controlled stepper motors.

Backscattered light from the atmosphere is collected by a Newtonian
telescope that focuses the light into a photo multiplier tube detector. The
electrical signal from the detector is digitized by a 12 bit 20 MHz analog
transient digitizer, corresponding to an atmospheric range resolution of
7.5 meters.

The whole lidar laboratory is 6 mx 2.3 m and is housed in a Volvo
F610 truck, see Figure 4.5, that is accompanied by a trailer containing a
Diesel-powered electric generator allowing true field monitoring. Stable
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operating conditions for the laser system are assured by the climate con-
trol system that keeps the indoor temperature within 2°C in the outdoor
temperature interval between -20°C and 30°C [37]. For further technical
reading about the lidar system, see Refs [36, 37].

Except from remote differential absorption measurements of atmo-
spheric gases, e.g., Papers I, II, III, and IV, the lidar system is capa-
ble of remote fluorescence assessments of both historical buildings, e.g.,
[75, 76] and high voltage insulators [77-79]. The system has recently also
been adapted for remote imaging and cleaning of historical monuments
by laser induced breakdown spectroscopy (LIBS)[80].

4.2.2 Flux measurements

With the tilting mirror in a fixed position, the lidar system provides
the concentration profile along the laser beam direction. However, by
changing the angles of the tilting mirror, concentration profiles along
several lines can be obtained and a two dimensional concentration map
can be generated.

In environmental surveillance not only the concentration distribution
of a certain pollutant is of interest. The total flux emitted by the source
under investigation is often the crucial information, which can be assessed
by multiplying the integrated concentration in the measurement plane
with the wind velocity orthogonal to that plane. For instance, assume
that a concentration map is obtained in a yz-plane at a certain x, then
the total flux through that plane is given by

F:/ / vz (y, 2)c(y, z)dydz, (4.10)
z=0 Jy=0

where v, (y, z) is the x-component of the wind velocity and ¢(y, z) is the
concentration of the pollutant in the point (y, z).

Wind measurements

The wind velocity can be measured by various more or less complex meth-
ods ranging from simple and cheap combined wind vanes and anemome-
ters to expensive and advanced laser Doppler or sound based Doppler
systems (SODAR) [81].

In Papers I, II, and III the wind was measured by wind vanes and
anemometers and the data were acquired by an analogue data acquisi-
tion card in a standard computer. The approach used did not provide
the spatially resolved wind velocity but rather velocities only at a few
locations close to the center of gravity of the mercury plume. In order
to elucidate the influence of altitude dependent velocities, a comparison
with a Doppler lidar system provided by Michael Bennett from University
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of Manchester was undertaken during a mercury measurement campaign
in Italy. The inter-comparison suggested that the flux determinations
obtained by using wind vanes and anemometers agreed with the Doppler
lidar based results to within 20 % [82].

4.3 Calibration techniques

In direct absorption measurements, the absorbance can be assessed in
a straight-forward manner from the recorded signals. If the absorption
cross-section is known, then, the concentration can be calculated. Cross-
sections are available in the literature and in spectroscopic data bases,
although the effective cross-sections depend on the instruments used, e.g.,
the linewidth of the light source. Additionally, modulation techniques
are not providing direct information about the absorbance. However, the
fact that “Nobody knows a molecular absorption spectrum better than
the gas itself” [83] can resolve the problem as we briefly will see in this
Section.

4.3.1 Wavelength calibration
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Figure 4.6. Etalon fringes can provide a frequency scale in tunable laser spec-
troscopy. Here, oxygen lines at around 760 nm are assessed by diode-laser-based
wavelength modulation spectroscopy. The tuning range is, as indicated, inter-
rupted by a mode jump.

Before we focus on the absorbance and concentration calibrations, we
will discuss something about calibration along the wavelength axis. A
rough estimate of the wavelength can be obtained by the naked eye by
determining the color of the light. Obviously, this method has its limi-
tations and calibrated spectrometers and wavemeters can provide more

49



4.3.2. Concentration calibration

50

accurate wavelength determinations. However, for absolute calibration
of wavelength the most accurate result is provided by the position of a
known absorption line combined with a precise relative wavelength scale
generated by, e.g., an etalon, as illustrated in Figure 4.6. An etalon has
two parallel surfaces between which the light is reflected as in a resonance
cavity and the light transmittance varies periodically in wavelength with
a period equal to the free spectral range of the etalon given by Eq. (2.1).

4.3.2 Concentration calibration
Standard addition

Most often reference cells with well-defined concentrations of the gas of
interest are used in order to establish an effective cross section that can
be used to calculate unknown concentrations. A commonly employed
approach is the method of standard addition, where known amounts
of the gas of interest are added to the original unknown amount. If
the recorded signal, e.g., absorbance, responds linearly with the added
known amounts of gas, the original unknown amount can be calculated.
Typically, cells of various lengths containing a well-defined concentration
of the substance under investigation are inserted in the light path. An
example of such a linear response can be seen in, e.g., Figure 5 of Paper
V. In the case of oxygen in porous materials, different long paths in the
ambient standard air were the “reference cells” readily available. These
kinds of linear standard-addition curves are shown in, e.g., Figure 2 of
Paper VII, Figure 5 of Paper VIII, and Figure 2 of Paper X.

Univariate techniques

A quantity of an isolated absorption line that is linear with the concen-
tration is, e.g., the peak absorbance at line center in the case of direct ab-
sorption measurements or the peak-to-peak value of the second-harmonic
WMS signal in the case of modulation spectroscopy. Under noisy con-
ditions, increased precision can be obtained by making use of the whole
spectral profile by fitting a theoretical expression to the experimentally
recorded wavelength scan. The fitting factor, then, is a linear measure
of the concentration. However, the influence of instrumental effects on
the theoretical curve is not always simple to deal with. An alternative
is to record, with identical instrumental settings, the spectral absorption
profile under the condition of high signal-to-noise ratio and use this curve
as a fitting function. Such an approach was used for, e.g., detection of
isolated oxygen and water vapor absorption lines in Papers IX, X, XI,
XII, and XIII.
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Multivariate techniques

An extension of the calibration method based on an experimental fitting
function previously discussed is the concept of partial least squares (PLS)
in multivariate analysis. This concept is especially useful in situations of
overlapping spectra where it is not, a priori, obvious how the recorded
complex spectral signature is related to each of the absorbing constituents
present. However, by performing calibration measurements of various
combinations of the absorbing species present, a PLS model can be built
for predicting the concentrations in an unknown mixture of absorbers.
In Paper IV the PLS method was successfully used for concentration
determination of light hydrocarbons in a remote gas mixture.

4.4 Optical techniques for scattering media

In Section 3.4 multiple light scattering was treated. Here some experi-
mental techniques for retrieving optical properties of multiple scattering
media are described. The techniques can be divided into three different
categories; continuous wave spatially resolved measurements, time do-
main measurements and frequency domain measurements. Main appli-
cations of these techniques are within the biomedical field, e.g., optical
mammography [84-86], dosimetry for photodynamic therapy [87], and
concentration determinations for tissue and blood constituents [88, 89].

4.4.1 Temporal domain techniques
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Figure 4.7. Time dispersion curves for light transmitted through polystyrene
slabs of different thicknesses measured by the time-correlated single-photon
counting technique.
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One approach of assessing the scattering and absorption properties
of scattering media is to send a short pulse of light into the material and
record the escaping diffuse light time-resolved. The absorption and the
reduced scattering coefficients can then be obtained by fitting analytical
expressions, see Section 3.4.3, to the time dispersion curves recorded. A
benefit of time-resolved techniques is that they provide direct information
about the mean time spent by a photon in the sample, which is of interest
in some applications, see e.g. Section 4.5.

These kinds of time-resolved measurements are commonly accom-
plished by the time-correlated single-photon counting technique (TC-
SPC) [90] employed in Paper VIII. The operational principle is that
short pulses of light are repetitively sent into the scattering medium un-
der study and part of the escaping light is directed into a sensitive and
appropriately fast detector. It is made sure that the light is attenuated to
such a low level that no more than one photon per pulse is detected. The
electrical pulse originating from the detection of a photon is sent into a
constant fraction discriminator (CFD) which provides a well-defined time
for the pulse. Then, a time-to-amplitude converter (TAC) produces a
signal with an amplitude proportional to the time difference between
the pulse originating from the sample and a pulse originating from light
sent directly from the light source to a detector. This time-to-amplitude
converted signal addresses a certain channel in a multi-channel analyzer
(MCA). The count of the channel addressed is increased by one unit and
together with a large number of other pulses a distribution of arrival
times, i.e. a time dispersion curve, will build up.

In Figure 4.7 TCSPC recordings of light diffusely transmitted through
polystyrene foam slabs of various thicknesses are displayed. However,
TCSPC techniques are not only used for studies of multiple light scat-
tering [84], but also for measurements of fluorescence lifetimes and decay
rates in various atomic and molecular systems [91].

4.4.2 Frequency domain techniques

Generally, a system can be described equivalently in the time domain and
in the frequency domain and the descriptions are linked by the Fourier
transform. This is also true for the description of light transport in
scattering media offering an alternative to the time-resolved techniques
treated in the previous Section.

The principle of the phase-sensitive frequency domain techniques is
that amplitude modulated light is sent into the multiple scattering sam-
ple under study and the phase shift and attenuation of the diffuse escap-
ing light are measured [92]. For instance, the frequency domain coun-
terparts to the theoretical expressions presented in Section 3.4.3 can be
fitted to the frequency dependent phase shifts recorded in order to re-



Spectroscopic techniques

trieve the absorption and reduced scattering coefficients of the scattering
medium. Such measurements related to gas in scattering media, see Sec-
tion 4.5, have been initiated and promising results are so far presented
in Ref. [93].

4.4.3 Spatial domain techniques

In the previous Sections we encountered the time domain and the fre-
quency domain techniques. Here, a third simpler alternative based on
continuous-wave light will be presented briefly.

These steady-state techniques rely on the spatial dependence of the
diffuse escaping multiple scattered light [49]. For instance, theoretical ex-
pressions for the escaping light at a series of different injection-detection
separations, see Section 3.4.4, can be fitted to the corresponding record-
ings rendering information about the optical parameters as was done,
e.g., in Paper VIII. However, the method only provides the effective at-
tenuation coefficient ji. s if the injection-detection separation is large.

4.5 Gas in scattering media absorption
spectroscopy (GASMAS)

This final Section about spectroscopic techniques is devoted to a concept
denoted GASMAS, developed within this thesis work, that deals with

absorption spectroscopy of gases in scattering media.

4.5.1 General aspects

The GASMAS concept is based on the fact that gas absorption features
are extremely sharp compared to the spectral absorption and scattering
structures of solids and liquids. Traditionally, such materials have only
been studied at low spectral resolution not revealing any gas absorption
signatures. However, the gas can readily be measured in situ by the use of
spectrally narrow-band laser light that is scanned across an absorption
line of the gas of interest. Since a short wavelength range of only a
fraction of a nanometer is scanned, the slowly varying absorption and
scattering properties of the bulk material stays constant and the gas
concentration can be assessed by a differential approach. The benefit
of the method is that the optical path length inside the absorbing and
scattering medium becomes long compared to the geometrical dimensions
of the sample, which means that the gas absorption is enhanced.
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4.5.2 The small case

In Paper VII the GASMAS concept was first introduced by proof-of-
principle measurements on various organic and manufactured porous ma-
terials. In a second publication, Paper VIII, time-resolved measurements,
see e.g. Section 4.4.1, were employed to study the path distribution of
diffusely transmitted multiply scattered light and the gas concentration
in a porous material was estimated. The method of measuring gas in-
side porous materials introduced in Paper VII was in addition picked up
by, e.g., a research group in Potsdam that later reported in Technisches
Messen about gas absorption measurements in porous foams incorporat-
ing frequency domain techniques instead of temporal domain techniques
[94].

So far, the spectroscopic absorption detection technique used by us
has mainly been wavelength modulation spectroscopy, see Section 4.1.3,
with modulation frequencies in the kHz range. Several applications have
been reported in Papers IX, X, and XI using an absorption line of oxygen
at about 760 nm, and in Paper XII water vapor was also measured at
about 980 nm in studies of wood drying.

Gas exchange processes are of particular interest and such studies
have been illustrated in several of the Papers mentioned, in particular
in Paper XIII. The principle is that a porous sample is subjected to an
anomalous atmosphere and the dynamics of the transient gas signature
are studied.

Other opportunities of the concept discussed are assessments of tem-
perature and pressure inside porous materials by analyzing the gas ab-
sorption lineshapes. An experiment on pressure assessment inside a
porous glue is for instance presented in Paper VII. Tomographic studies
of GASMAS type, possibly incorporating means of spatially varying the
absorption profile, could be a prosperous modality.

Issues regarding the influence of the interactions between the gas and
the hosting porous material in extremely tiny pores upon the absorption
line shape are of fundamental interest. Resulting absorption line broad-
ening and shifts can be expected to carry diagnostic information about
the porous material. Another fundamentally interesting issue is how var-
ious parameters affect the light partitioning between the different phases
of a porous medium.

4.5.3 The large case
Large absorption

The previous subsection discussed the case of relatively small samples,
on the length scale of centimeters, and small fractional absorptions, often
orders of magnitude lower than a percent. In that case, the absorption is
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basically the same as the absorbance and the absorption signal obtained
is in essence the product of the gas concentration and the path length
traveled by the diffusing light inside the scattering medium, which was
utilized in, e.g., Paper VIII. In particular, the path length traveled by
light at the line center of a gas absorption profile is the same as for light
at the wings of the profile. This is true since the differential absorption
coefficient is small compared to the total absorption coefficient.

If the gas-related differential absorption coefficient is large, however,
the path length traveled by the multiple scattered photons will vary
with the wavelength position within the absorption line shape of the gas
transition. This, since the path lengths traveled become longer if the
absorption is low. Line shape analysis could then, possibly, reveal in-
formation about the path length traveled within the scattering medium.
Studies on a strong absorption line of gaseous rubidium in a scattering
slab of porous aluminium oxide are now pursued [95].

Large spatial scale

So far, we have discussed GASMAS measurements on a small spatial
scale with small differential absorption as well as large differential ab-
sorption. Another regime is the one occurring on a large spatial scale
under influence of either small or large relative differential absorption.
Such large-scale studies in the atmosphere can preferably be performed
utilizing active lidar techniques.

Normally, lidar measurements are performed using a small detection
field of view directed coaxially with the direction of the light transmitted.
By this procedure, multiply backscattered light is efficiently rejected.
Additionally, most often in ground based tropospheric applications the
volume probed is clear, which further makes the measurements truly
single scattering with the detection geometry used.

However, fog and clouds are inherently heavy scattering media in
which the light is multiply scattered. If the coaxial part of the backscat-
tered light is blocked and larger fields of view are used, the detected
part of the light will be increasingly more multiply scattered. The men-
tal step from the small scale spatially resolved measurements of gas in
multiple scattering slabs of polystyrene foam presented in Paper VII to
off-axis large scale lidar measurements of, e.g., stratus clouds is small.
These kind off measurements are planned [73] and have prospects of be-
ing helpful in the elucidation of the earth’s radiation budget, which is
the essence of the climate change issue, see e.g. Section 5.1.1.
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CHAPTER D

(AS IN NATURE AND INDUSTRY

The gases dealt with in the Papers included are important in the
larger contemporary societal and industrial contexts as outlined in this
Chapter. This is not a complete survey of all aspects related to the
gases, but rather a review of some prospective gas application areas of
the techniques presented in the thesis.

5.1 Atmospheric pollution

The environmental concerns have increased dramatically in the Western
world during the last half century. Here, three major environmental
issues, i.e., climate change, acidification, and release of heavy metals in
the ecosystems, all related to atmospheric gases studied in this thesis,
are considered.

5.1.1 Climate change

Change of the climate in the form of global warming is a frequently
discussed environmental issue. The consequences of an increased global
average temperature is not only limited to environmental changes, but
also include human health issues [96]. However, the global warming is a
complex problem encompassing debate about the origin of the increased
average temperatures observed, i.e., either natural fluctuations or an
effect of anthropogenic activities [97, 98], which calls for further research.

Generally, the global warming phenomenon is about the radiative
balance of the atmosphere and is often called the extended greenhouse
effect [99], since short wavelengths of the sun light are transmitted down
to the earth whereas certain compounds in the atmosphere block, like
a glass window of a greenhouse, the longer wavelengths of terrestrial
radiation from escaping.
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Monitoring techniques

To understand the mechanisms of global warming, the large-scale com-
plex interplay between light absorption and scattering at various wave-
lengths in the atmosphere has to be fully understood. Similar to the
small-scale laboratory experiments on gas in scattering media absorp-
tion spectroscopy presented in, e.g., Paper VIII, a large scale counterpart
utilizing lidar techniques could have prospects of revealing interesting as-
pects of light transport in the atmosphere.

Compounds in the atmosphere contributing to the warming are in-
frared absorbing species such as carbon dioxide and methane. An inter-
esting aspect in studying the origin of green-house gases is to investigate
the amount of different carbon isotopes in atmospheric carbon dioxide,
see e.g. [100] or hydrocarbons, see e.g. [101]. These amounts could be
studied by for instance high resolution diode laser spectroscopy. The
origin of the compounds can in this way be revealed, since the isotopic
ratio is different for carbon originating from fossil fuels than for carbon
fixated in recent biological processes.

Lidar techniques, e.g. the one presented in Paper IV, for remote
range-resolved measurements of gas species, e.g. hydrocarbons like
methane, ethane, propane, etc, that absorb radiation in the infrared
spectral region can find fields of application in this global warming con-
text. They are tools that can reveal emission sources and also quantify
the emission, as was done in Papers I, II, and III in another context.

5.1.2 Acidification

The acidity of many aquatic and terrestrial ecosystems has increased due
to human activities during the last century [102]. Acidification effects are
visible on, e.g., trees that are displaying symptoms such as discoloration,
defoliation, growth decline, and increased vulnerability to stress caused
by, e.g., drought, cold, and various diseases [103].

The main cause of acidification is the deposition of sulfur and nitrogen
compounds, i.e., nitric and sulfuric acid from the atmosphere. Although
the atmosphere naturally has more acidic gases than basic gases, exten-
sive fossil fuel combustion has led to anthropogenic emissions of nitrogen
oxides and sulfur dioxide that exceed the natural emissions by about an
order of magnitude [102]. This calls for emission allowance trading of
nitrogen oxides and sulfur dioxide [104] as well as efficient monitoring
techniques.

Monitoring techniques

Remote range-resolved measurements of sulfur dioxide emissions from
volcanoes around the Mediterranean sea have been performed by lidar
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techniques [105]. In Paper V a diode laser based spectrometer for sulfur
dioxide is introduced. In addition, the system presented has the op-
portunity of simultaneous nitrogen dioxide and water vapor detection.
Cheaper systems for sulfur dioxide detection utilizing broad-band light
sources are also currently emerging in China [106].

5.1.3 Heavy metals

Heavy metals, e.g., mercury (Hg), lead (Pb), cadmium (Cd), chromium
(Cr), nickel (Ni), and arsenic (As) are of concern for the public health
due to their toxicological effects. They are released into the atmosphere
from, e.g., volcanoes, mines, geothermal fields, deposits, and industrial
activities. For instance, elemental mercury is extracted from cinnabar
(HgS), which occurs in, e.g., mines in Almaden (Spain), Abbadia S. Sal-
vatore (Italy), and Idrija (Slovenia). In the industry, mercury has been
employed for various purposes such as chlor-alkali production, instrument
components, dental fillings and pesticides.

Actions to reduce the anthropogenic emission of heavy metals are
taken, e.g., the United Nations Economic Commission for Europe (UN-
ECE) Aarhus protocol on heavy metals from 1998 targeting cadmium,
lead and mercury emissions [107]. Currently a European Union financed
project about the estimation of willingness-to-pay to reduce risks of
exposure to heavy metals and cost-benefit analysis for reducing heavy
metals occurrence in Europe (ESPREME) is pursued [108].

Mercury from the chlor-alkali industry

Mercury monitoring is of general interest [109] and another European
Union financed project exactly focused on mercury and in particular
European mercury emission from chlor-alkali plants (EMECAP). In
that industry, mercury is used as an electrode in electrochemical cells
producing sodium hydroxide and chlorine from salt solution, see Fig-
ure 5.1. The objective of the project was to provide decision makers
with an innovative and integrated tool, including both technologies and
methodologies, for the understanding of the atmospheric mercury pollu-
tion problem [110, 111].

The project was truly cross-disciplinary and international, encom-
passing participants from Italy, Norway, Poland, Romania, Slovenia,
and Sweden with a large spectrum of competencies within epidemiology,
chemical mercury analysis, sensor and instrument design, laser spectro-
scopic monitoring, dispersion modeling, software development, etc. [112].

In this context, remote mapping of elemental gaseous mercury emis-
sions at chlor-alkali plants in Bohus (Sweden), Rosignano Solvay (Italy),
and Tarnow (Poland) were performed and are presented in Papers I, II,
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Figure 5.1. A mercury cell chlor-alkali plant (Tarnéw, Poland).
Photo: Stanistaw Hlawiczka.

and III. Based on the actual measurements, dispersion models includ-
ing the weather influence were used to predict yearly average values of
mercury in the surroundings of the industries [113].

5.2 Gases of life

Several gases are essential for the life processes and in this Section a few
of them are reviewed with special emphasis on their relation to porous
living structures.

5.2.1 Gas in porous plants
Porous structures

Plants contain substantial amounts of gas since their structures are
porous to various extent. The gas filled volumes are either intracellu-
lar spaces present in, e.g., dead wood and cork or intercellular spaces
found between living cells in for instance mesophyllic and aerencymatic
tissues [114-116].

The pore volume fraction of plants spans over a large range of values
from less than one percent in potato tubers to above 70 percent in the
leaves of some Doronicum species [117]. Intermediate leaf porosities of
20 percent and 40 percent are found in Phaseoulus vulgaris and Oryza
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sativa, respectively [118]. Apple fruits, which have been studied in Papers
X and XI, have porosities of around 15-25 percent [119].

One function of the gas filled porous structure is its mechanical ben-
efit in that the construction becomes relatively light weighted in relation
to the mechanical strength provided [120]. For instance, water plants
like the Water Hyacinth (Eichhornia crassipes) are mainly built up of
extremely porous aerencymatic tissue that provides excellent floatabil-
ity.

Another function of porous structures is found in the mesophyllic
tissue of leaves where the light distribution within the leaf is optimized by
light reflections at the airspace boundaries [121], which has been studied
by time-resolved light transmittance techniques, see Section 4.4.1, [122].
Probably, however, the most important function of the intercellular air
space is related to the exchange of life gases.

Gas exchange

Plants are known for their ability to store the energy of light in com-
plex organic molecules formed in several steps starting from atmospheric
carbon dioxide and water vapor under the release of oxygen. Thus, this
photosynthetic process demands an efficient inflow of carbon dioxide and
water vapor and an outflow of molecular oxygen.

If the gas exchange between the active cells and the surrounding at-
mosphere had relied only on gas diffusion in liquid phase, the gas trans-
port had been a severely limiting factor in the ongoing processes. How-
ever, gas diffusion in gas phase is several orders of magnitude faster than
gas diffusion in liquid phase. Thus, plant tissues with internal continuous
networks of air-filled spaces have better gas exchange capabilities.

The reverse of the photosynthetic process is the respiration process,
in which the living cells release energy from organic molecules under the
consumption of molecular oxygen and release of carbon dioxide and water
vapor. The respiration process is dominating in the dark and in bulky
storage organs and its metabolic pathways are profoundly influenced by
the rate of gas exchange.

Plant physiological processes

Various organic substrates can be degraded by different metabolic path-
ways in the respiration process. The difference related to gas exchange is
the ratio between the amount of carbon dioxide deliberated and oxygen
consumed. This ratio is denoted the respiratory quotient (RQ) and is
less than 1 for lipids, about one for carbohydrates, and larger than 1 for
organic aids. Thus, if there is a deficiency in oxygen supply the degra-
dation of organic substrates of high RQ is preferred. If extremely low
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levels of oxygen are available, i.e. anaerobic conditions, the metabolic
pathway can even become fermentative resulting in alcohol production
from carbohydrates.

The respiration rate is for instance important for the postharvest
degradation rate of produce. It is traditionally assessed by measuring
the accumulated gas outside the plant tissue placed in a sealed container.
The crucial internal gas composition has, so far, been assessed intrusively
by analyzing removed plugs of tissue, or gas sucked out by the use of
hypodermic needles [123]. By such methods it has been found that the
concentration of carbon dioxide in the air inside ripening apples can be
as high as 5-10% [124]. However, these methods destroy the tissue and
disturb the internal gas environment. Alternative non-intrusive in vivo
techniques for internal gas measurements are introduced in Papers X and
XI.

5.2.2 Gas of human health

Contrary to plants, humans do not rely on gas diffusion from the skin
through porous structures to the respiring oxygen consuming living cells.
Instead, oxygen is supplied bound to hemoglobin by the blood vascular
system. However, during certain physiological states free gas might occur
in human tissue.

A disease called decompression sickness is caused by rapid decrease
in ambient pressure, which can affect divers, and pilots of unpressurised
aircraft. When the ambient pressure is decreased, the gas solubility is
also decreased resulting in gas release in the tissue. Other gas generating
diseases are, e.g., gas gangrene, which is an infection caused by Clostrid-
1um perfringens. There might be prospectives for diode-laser-based gas
absorption techniques in monitoring the onset of such diseases.

Although free gas is not normally distributed throughout the human
tissue, there are gas filled cavities inside the human body. Such cavities
are the sinuses, whose mucosa often is affected by inflammations, i.e.,
sinusitis. The diagnostic tools used so far for sinusitis are cost consuming,
e.g. x-ray, ultrasound and computerized tomography. This has attracted
some attention to the possibility of human sinus cavity diagnostics using
non-intrusive cost effective diode-laser-based gas spectroscopy [125, 126].

5.3 Prospectives of performed porous projects
In this Section a few final applications using diode-laser-based techniques

for gas assessment in porous materials mainly related to industrial pro-
cesses are presented.
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5.3.1 Pharmaceutical physics
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Figure 5.2. Experimental correlation between the GASMAS signal and the
conventionally measured hardness of several pharmaceutical tablets. Adopted
from [127].

The content of active substances in pharmaceutical samples, e.g.
tablets, powders etc, are routinely analyzed by conventional near-infrared
spectroscopy. Developments in scattering media techniques, see e.g. Sec-
tion 4.4, now also offer the opportunity to account for multiple light
scattering influence on the spectra recorded [128].

Contrary to the analysis of chemical content, there is still a lack
of fast, non-destructive, and flexible analysis techniques for physio-
mechanical properties such as structure, hardness, density, porosity, dif-
fusivity of gas, dissolution ability, compressibility, flowability etc of a
sample. Several of these properties are cumbersome to measure, but
they can often be correlated to other more conveniently measured prop-
erties. For instance, it is time consuming to measure the property of
disintegration and release of active substance in vivo, which is of utmost
importance. A faster, but still slow, off-line and destructive, alternative
is to measure the hardness by mechanical means, since the hardness, in
some way, is related to the disintegration ability.

However, a prospective alternative optical technique that is fast, non-
destructive and flexible is offered by the concept of GASMAS, introduced
in Paper VII, [127, 129]. For instance, Figure 5.2 displays an exper-
imental correlation between the hardness, obtained by a conventional
mechanical testing procedure, and the GASMAS signal, related to light
absorbance of molecular oxygen, of porous pharmaceutical tablets.
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5.3.2 Drying diagnostics

Drying processes are present in a large range of settings, e.g., agricul-
tural, food processing, pulp and paper, pharmaceutical, textile, wood,
and building industries. The removal of moisture by various means such
as, for instance, thermal heating, microwave radiation heating, and freez-
ing are energy consuming and thus there is an economic incentive to make
the drying processes more efficient [130].

Automatic control is routinely used in many industrial operations to
improve their performance and has prospects of optimizing drying pro-
cesses also. However, drying research is still mainly only on the level of
understanding drying mechanisms and their influence on product quality
[131, 132]. Nevertheless, for on-line control especially, the availability of
accurate, fast and reliable sensors is crucial.

In this perspective, the in Ref. [133] and Paper XII recently in-
troduced diode-laser-based non-destructive, in situ, and possibly remote
spectroscopic technique offers an interesting moisture and water vapor
sensor alternative. In Paper XII the technique was applied to wood dry-
ing and, for instance, the point in time when all free water is evaporated
is readily provided.

5.3.3 Packaging processes

The respiration rate in, e.g., fruits during postharvest storage is crucial
for the shelf life of the product. Generally, the respiration rate is lower
at lower temperatures and can in addition be controlled by the ambient
oxygen and carbon dioxide concentrations. For instance, lower oxygen
concentration and higher carbon dioxide concentration lower the respi-
ration rate. However, if the oxygen levels are too low, fermentation is
induced which is often a disadvantage in fruit storage. From these facts
we recognize refrigeration as an obvious and simple method of prolonging
the shelf life.

More advanced methods take notice of the gas influence on the res-
piration rate and use, e.g., an actively controlled ambient storage at-
mosphere (CA) of relatively high carbon dioxide concentration and low
oxygen concentration.

The gas composition approach is also used in a passive implemen-
tation in the form of modified atmosphere packaging (MAP), where the
produce is sealed by a semi-permeable plastic film that makes the sur-
rounding atmosphere modified due to the the ongoing respiration process.
These packages can also be pre-filled with a certain gas mixture in order
to optimize the internal atmosphere. Additionally, the plastic film pre-
serves the moisture in the produce and guards against bacterial access.
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Not only fruits, but also other foodstuffs such as meat and beverages are
packaged products of importance.

Prediction of the resulting atmosphere in MAP is a complex problem,
since the respiration rate is most often not constant in time. Rather, the
respiration rate in ripening fruits follow a time pattern dependent on the
maturity as well as ambient factors. Especially so-called climacteric fruits
such as apple, banana, tomato, pear, plum and avocado are sensitive to
ethylene gas and has a pronounced rise in respiration rate during ripening
[123, 134].

In this context non-intrusive, in situ measurement techniques for the
internal gas composition make large impact. As demonstrated in Papers
X and XI, diode-laser-based GASMAS techniques have prospects in this
area.

5.3.4 Developing devices

A Dbenefit of diode-laser-based techniques is the affordability. This has
made it possible to transfer, e.g., GASMAS research systems to scientist
in developing countries such as Zimbabwe, Ecuador, Ghana, Kenya, and
Sri Lanka for exploration of various local applications. A compact diode
laser based fluorescence system [135] was also transferred to each of these
places except for Sri Lanka but instead also to Sudan and Senegal.

The concepts were introduced at a training workshop at the Atomic
Physics Division at Lund University [136] and later on African PhD stu-
dents, i.e., Benjamin Anderson, Kimari Wangai, and Robinson Ndegwa
Gathoni started to sandwich their PhD studies between Lund and their
laboratories at home. Furthermore, the establishment of the Ecuadorian
laboratory for diode-laser-based gas studies was facilitated by a Master’s
Thesis project of students from Lund Institute of Technology [137].

So far fluorescence studies for tropical plants, and fluorescence based
crop yield assessment of cowpea have been reported from Senegal [138]
and Ghana [139], respectively. Future results from, e.g., tropical applica-
tions might be presented at the International Workshop on the Physics
and Modern Applications of Lasers that so far has been organized seven
times by The African Laser, Atomic, Molecular and Optical Sciences
Network (LAM Network) [140].

Another aspect of developing devices is related to the business ex-
ploration of diode-laser-based techniques for gas in non-pharmaceutical
scattering porous materials. This is pursued in the recently founded
spin-off company GasPorOx AB, which stems from research presented in
Papers VII-XIII and Ref. [125].
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SUMMARY OF PAPERS

Paper 1.

Paper II.

Atmospheric mercury near a chlor-alkali plant in Sweden

The results from the first field measurement campaign within the
cross-disciplinary European Union funded project about mercury
emission from chlor-alkali plants (EMECAP) are presented. An
intercomparison between the lidar system and mercury point mon-
itoring instruments (TEKRAN and GARDIS) showed excellent
agreement.

Contribution:

Substantial part of preparations and the lidar field measure-
ments. I. Wangberg, R. Ferrara, E. Lanzillotta, J. Munthe, and J.
Sommar were responsible for the point monitoring. Minor part of
manuscript preparation.

Atomic mercury flux monitoring using an optical
parametric oscillator based lidar system

The application of an optical parametric oscillator (OPO) based
differential absorption lidar (DIAL) system to the monitoring of
atomic gaseous mercury is introduced. Approaches to meet the
spectral stability demands on the light source are presented to-
gether with field results from measurement campaigns at chlor-
alkali plants in Bohus (Sweden) and Rosignano Solvay (Italy). The
Paper includes some time series of mercury flux and animations
of vertical and horizontal concentration distributions that all are
important input parameters for the environmental community.

Contribution:

Substantial part of preparations and lidar measurements during all
field campaigns. Responsible for data evaluation and manuscript
preparation.
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Paper III.

Paper 1V.

Elemental mercury emission from chlor-alkali plants
measured by lidar techniques

The Paper summarizes the lidar measurements of elemental
gaseous mercury performed within the cross-disciplinary European
Union funded project about mercury emission from chlor-alkali
plants (EMECAP). Results from in total six two-week field cam-
paigns at chlor-alkali plants in Bohus (Sweden), Rosignano Solvay
(Italy), and Tarnow (Poland) are presented. The results indicate
large differences in mercury emission between summer and winter
as well as between different industries.

Contribution:

Substantial part of preparations and lidar measurements during all
field campaigns. Minor part of data evaluation and manuscript
preparation.

Multi-component chemical analysis of gas mixtures using
a continuously tuneable lidar system

The Paper introduces an extension of the two-wavelength differ-
ential absorption lidar method, see e.g. Paper II, to a multiple-
wavelength counterpart, which allows simultaneous remote mea-
surement of substances with overlapping spectra in, e.g., the in-
frared spectral region. The method relies on a frequency agile op-
tical parametric oscillator based light source combined with genetic
variable selection and multivariate statistical techniques. Valida-
tion measurements on mixtures of hydrocarbons both in reference
cells and in a remote artificial smokestack are presented.

Contribution:

Substantial part of the experimental work. Responsible for the
remotely controlled gas handling. Minor part of manuscript prepa-
ration.
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Paper V.

Paper VI.

All-diode-laser ultraviolet absorption spectroscopy for
sulfur dioxide detection

A diode-laser-based scheme for high-resolution detection of sulfur
dioxide at a wavelength of 302 nm is presented. The ultravio-
let light is generated by sum-frequency mixing of blue and near-
infrared diode laser light in a nonlinear crystal of beta-barium bo-
rate. The spectra are evaluated by a differential absorption method
and the spectra recorded at various low pressures as well as am-
bient atmospheric pressure reveals the pressure influence on the
sulfur dioxide absorption lineshape.

Contribution:
Responsible for data acquisition and evaluation. Part of
manuscript preparation, discussions on experimental issues and
measurements.

Temporal correlation scheme for spectroscopic gas analysis
using multimode diode lasers

The Paper reports on a scheme for gas analysis based on temporal
correlation between absorption signals from an unknown external
gas concentration and, simultaneously recorded, known reference
gas concentrations. The concept is illustrated by temperature in-
duced diode laser wavelength scans in the molecular oxygen A-band
around 760 nm. A discussion about the benefit, that the procedure
does not require any knowledge of the exact spectrum of either the
gas or the light is also presented.

Contribution:

Developed the LabVIEW based control, data acquisition and
evaluation software. Part of the measurements, evaluation and
manuscript preparation and minor part of system integration.
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Paper VII.

Paper VIII.

Analysis of gas dispersed in scattering media

A novel concept of tunable-laser-based gas in scattering media
absorption spectroscopy (GASMAS) measurements is introduced.
Proof of principle diode-laser-based measurements on molecular
oxygen embedded in porous materials like wood, apple, sugar, gran-
ulated salt, wheat flour, and polystyrene foam are presented. Sen-
sitive detection is allowed by utilizing wavelength modulation spec-
troscopy. The prospective ability for characterization and diagnos-
tics in organic and synthetic materials are illustrated by internal
gas pressure and gas exchange measurements on porous materials.

Contribution:
Substantial part of system integration, measurements, data evalu-
ation and manuscript preparation.

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

A procedure for gas concentration assessment in porous materials
by laser spectroscopic techniques is presented. The light absorption
caused by the gas of interest is measured by the GASMAS tech-
nique introduced in Paper VII. The gas concentration is estimated
from the gas absorption measurements provided the path length
traveled by the multiply scatted light is known. Time-resolved
measurements employing the time-correlated single-photon count-
ing technique (TCSPC) provides this information. It is shown that
the mean path length of the multiply scattered light is proportional
to the square of the straight distance between the light source and
the detector.

Contribution:
Substantial part of system integration, theory, measurements, data
evaluation and manuscript preparation.
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Paper IX. Laser spectroscopy of free molecular oxygen dispersed in
wood materials

The GASMAS technique introduced in Paper VII is applied to the
study of wood. Molecular oxygen is sensitively detected by wave-
length modulation diode laser absorption spectroscopy. Anisotropy
related to the fibre structure of wood, influence of the material den-
sity, and gas diffusion properties are studied. Finally, prospective
extensions of the GASMAS techniques related to, e.g., the building
industry are also discussed [141].

Contribution:

Substantial part of system integration, measurements, data evalu-
ation and manuscript preparation. Developed the LabVIEW based
data acquisition and evaluation software.

Paper X. Diode laser absorption spectroscopy for studies of gas
exchange in fruits

Non-intrusive in vivo studies of gas inside fruits and its exchange
with the surrounding is presented. In particular transport of molec-
ular oxygen in apples is assessed by wavelength modulation diode
laser absorption spectroscopy. The applicability of the techniques
is demonstrated by studies of the influence on the internal oxygen
balance by the natural apple skin and an artificial cling film, re-
spectively. Furthermore, applications within food packaging, e.g.,
studies of modified atmosphere packaging processes are discussed
[141].

Contribution:

Substantial part of manuscript preparation, discussions on experi-
mental issues and measurements. Developed the LabVIEW based
data acquisition and evaluation software.
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Paper XI.

Paper XII.

Studies of gas exchange in fruits using laser spectroscopic
techniques

The gas content and transport in horticultural produces, e.g.,
fruits are studied, in relation to modified atmosphere packaging,
non-intrusively in real-time by diode laser based absorption spec-
troscopy. Preliminary studies of non-intrusive maturity determi-
nation of avocados are also presented. The prospects of compact
devices, based on the techniques presented, for providing new types
of information in postharvest fruit management are discussed.

Contribution:

Substantial part of system integration, measurements and
manuscript preparation. Developed the LabVIEW based data ac-
quisition and evaluation software.

Spectroscopic studies of wood-drying processes

A non-intrusive in situ technique for studying drying processes of
porous materials by diode laser based absorption spectroscopy is
introduced [133]. Wavelength modulation spectroscopy of water va-
por and molecular oxygen absorption lines at the wavelengths 980
nm and 760 nm, respectively are employed in the implementation
presented. The results suggest that the technique demonstrated
can give information that are not provided by commercially avail-
able moisture meters. In particular, the time when all the free
water has evaporated from the wood can be readily identified.

Contribution:

Developed the LabVIEW based data acquisition and evaluation
program with Graphical Object Oriented Programming (GOOP).
Part of system integration and experiments and minor part of
manuscript preparation.
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Paper XIII. Gas diffusion measurements in porous media by the use of

a laser spectroscopic technique

The assessment of gas diffusion properties of porous materials by
the GASMAS technique, i.e., wavelength modulation diode laser
absorption spectroscopy of gases in scattering media, is treated. A
porous sample is exposed for an anomalous atmosphere and the
transient time-dependent gas absorption is recorded. A theoretical
attempt to understand the time dependence of these transient gas
signals is introduced and directions for further research are indi-
cated.

Contribution:

Substantial part of system integration, theory, measurements, data
evaluation and manuscript preparation. Developed the LabVIEW
based data acquisition and evaluation program.
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Abstract

Atmospheric mercury species/fractions were measured near a chlor-alkali plant in Sweden during August 28 to
September 4, 2001. The concentration of total gaseous mercury in the plume from the plant was measured using
TEKRAN and GARDIS instruments. Gaseous elemental mercury was measured using a light detection and ranging
(LIDAR) technique. From vertical LIDAR sweeps through the plume from the chlor-alkali plant mercury emission
rates could be calculated. The concentrations of reactive gaseous mercury (RGM) in the plume and also inside the
cell house were measured using annular KCl coated denuders. The RGM emission constitutes 0.5-1.0% of the total
mercury emitted from the plant. The mercury concentration adsorbed on particles was measured as well as the
mercury flux from soil. The data presented also include an intercomparison showing an excellent agreement between
TEKRAN/GARDIS and LIDAR gaseous mercury measurements.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Atmospheric mercury; Chlor-alkali; Emission rates

1. Introduction Canada, within the framework of the LRTAP

convention of the UN-ECE (UN-ECE, 1998). As

Pollution of the environment by mercury the requirements on industry and utilities to reduce

remains a major concern in many regions. Meas- mercury emissions to the atmosphere increases,

ures to control releases to air and water have been the demand for quantitative descriptions of
implemented in many countries in Europe and source—receptor relationships increases.

North America. Despite this, mercury levels in Mercury is an atmospheric pollutant with a

freshwater fish remain elevated and further cuts
may be warranted. Recently, an international agree-
ment on emission controls of mercury has been
signed by 32 countries from Europe, the USA and

complex biogeochemical cycle. The atmospheric

cycling includes chemical oxidation/reduction in

both gaseous and aqueous phases, deposition and

re-emission from natural surfaces in addition to

* *Corresponding author. Fax: +46-31-725-6290. emissions from both natural and anthropogenic
E-mail address: Ingvar.Wangberg@ivl.se (I. Wingberg). sources (Schroeder and Munthe, 1998).

0048-9697/03/$ - see front matter © 2003 Elsevier Science B.V. All rights reserved.
PII: S0048-9697(02)00554-5
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Fig. 1. The river valley of Gota alv.

In the atmosphere, mercury exists in three dif-
ferent forms; elemental mercury vapour (Hg®);
gaseous divalent compounds [Hg(II)]; and asso-
ciated with particulate matter [Hg(p)]. The three
different species have different atmospheric behav-
iour and lifetimes. Hg" is stable with a lifetime in
the range of 0.5-2 years and is thus capable of
distribution on a global scale. Hg(II) and Hg(p)
are more readily deposited on local to regional
scales via wet or dry processes.

The results presented here are the outcome of a
measurement campaign made at the Eka Chemicals
in Bohus, Sweden. The measurements were made
within the on-going EU-project EMECAP (Euro-
pean Mercury Emission from Chlor-Alkali Plants).
The mercury emission from chlor-alkali industry
in Europe constitutes 14% of the total anthropo-
genic mercury emission (Pacyna et al., 2001). Part
of the project is aimed at investigating the envi-
ronmental impact of mercury emission within the
local environment of one chlor-alkali plant in
Sweden and one in Italy.

The Eka Chemicals plant in Bohus, is situated
in the river valley of Gota alv, 20-km north of the
city of Goteborg (see Fig. 1). The company is part
of the great Akzo Nobel nv concern with head-
quarters in the Netherlands. Apart from the chlo-
rine and alkali production, bulk industrial
chemicals for pulp and paper, pharmaceutical and
plastic industry are also manufactured. The indus-
trial unit consists of many factories as well as

administrative and laboratory buildings located on
a 200 000 m? large area along the Eastern Shore
of the Gota alv River.

The chlor-alkali production in Bohus started
1924 and uses the mercury method. Today the
annual chlorine production amounts to 80 000 t.
Great efforts have been made to reduce the emis-
sions of mercury. Hence, the direct emission of
mercury to air from the chlor-alkali production is
according to the companies own measurements,
approximately 0.4 g per ton of chlorine produced.
This number is low in comparison to 1.5-2 g per
ton of chlorine as reported to be valid for European
chlor-alkali producers (Ayres, 1997; Ferrara et al.,
1992a).

Here we present the result from measurements
of mercury in the plume from the cell house of
the chlor-alkali unit as well as some measurements
made inside of the cell house. Elemental gaseous
mercury, oxidised and particulate mercury was
measured. Mercury degassing rates from soil at
two selected places is also presented.

A LIDAR technique was used to measure the
concentration of mercury in the plume from the
plant. With this method the total atomic mercury
flux from the plant can be measured. The result of
this measurement will be presented and compared
with Eka Chemicals own regular measurements.

Three different techniques were employed to
measure mercury vapour (Hg) and based on the
data an intercomparison is presented.

2. Methods

A small part of the Eka Chemicals industrial
area is shown in Fig. 2. The cell house building
where the chlor-alkali is produced is indicated as
well as the sampling site where mercury air sam-
ples were collected. Mercury vapours are exhaust-
ed via an opening in the ceiling. The ceiling vent
is 13 m above the ground and is protected by a
roof, see Fig. 2. The air is ventilated out on both
sides of the long ceiling vent. The distance
between the measurement site and the cell house
is approximately 70 m. Since, the buildings imme-
diately to the left of the sampling site are low
(only 4 m), the mercury plume from the cell house
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Fig. 2. The Northern end of the Eka Chemicals plant. The measurement site where TGM, TPM and RGM measurements were
performed is indicated as (x). Also shown is a frequency plot shoving the prevailing wind directions during the measurement

campaign.

occasionally passes over the measurement site
without interferences.

2.1. Sampling and analysis of total gaseous mer-
cury (TGM) and gaseous elemental mercury
(GEM)

Total gaseous mercury (TGM) refers to gaseous
elemental mercury (Hg° hereafter denoted GEM)
and small contributions, in this context <1% (see
below), from other gaseous mercury species that
also may be trapped by the sampler and detected
as Hg®. To measure TGM two different instruments
were used, the TEKRAN and the GARDIS instru-
ments, both of which utilises the Au-amalgamation
principle during accumulative sampling cycles.
Additionally, a mobile LIDAR set-up was
employed to measure GEM. These three tech-
niques are described below.

The Tekran mercury vapour analyser (Model
2537A) is an automatic instrument. The pre-fil-
tered sample air stream is pulled through gold
cartridges where the mercury is collected. The
mercury is then thermally desorbed in an argon
gas stream and detected by an integrated atomic
fluorescence spectrophotometer (AFS) (Tekran,

1998). The instrument utilises two gold cartridges
in parallel, with alternating operation modes (sam-
pling and desorbing/analysing) on a predefined
time base of 5 min. A 47-mm diameter Teflon pre-
filter protects the sampling cartridges against con-
tamination by particulate matter. A sampling flow
rate of 1.5 1 min~! was used. Under these condi-
tions the detection limit is roughly 0.15 ng m~3
and the precision +10% calculated as 1 S.D. The
accuracy and precision of this instrument has
recently been assessed in measurements intercom-
parisons performed at various locations (Schroeder
et al., 1995; Munthe et al., 2001). TGM data with
5-min time resolution were continuously obtained
during the campaign.

The mercury vapour analyser GARDIS-3 is a
portable automatic instrument. The sampled air is
pre-filtered using a 25-mm diameter PTFE
membrane filter to protect the analyser gas inlet
from contamination by aerosol particles. Atmos-
pheric mercury is collected on a concentrating
gold trap, thermally desorbed and recollected on
an analytical gold trap. A second thermal desorp-
tion step allows mercury determination by atomic
absorption spectrophotometry. A sampling flow
rate of 0.5 1 min~! and a sampling time of 10 min
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were used. The time interval between two consec-
utive mercury determinations was 30 min. Under
these conditions the detection limit was 0.1 ng
m 3. The accuracy and precision of this instrument
has recently been assessed in measurements inter-
comparisons performed at various locations (Ebin-
ghaus et al., 1999; Munthe et al., 2001).

The GARDIS and the TEKRAN instruments
were operated in parallel measuring at the same
spot, 1.5 m above ground, 70 m north-east of the
cell house, as indicated in Fig. 2, throughout the
whole campaign. Both instruments were calibrated
on site by injecting known amount of elemental
mercury saturated air from a mercury vapour
generator kept at a constant temperature of
4.040.02 °C using a 50 pl Hamilton gas-tight
micro-syringe.

The mobile LIDAR system was most of the
time positioned approximately 350 m south of the
main cell-house. This enabled measurements to be
performed at low heights along the main street
within the plant, Centralgatan, and with a possi-
bility to perform vertical scans through the plume
during southwest/northwest wind directions.
Another position at Strandgatan near the Gota alv
River was occasionally used during easterly winds.

Basic descriptions of the LIDAR system and
measurement technique have been published (e.g.
Edner et al., 1995; Weibring et al., 1998). Differ-
ential absorption LIDAR (DIAL) measurements
were performed during this campaign using an
optical parametric oscillator as the tuneable laser
source. The laser transmitter operates at 20-Hz
repetition frequency with wavelength switching for
the on- and off-resonance transmission between
every shot. After frequency doubling a pulse ener-
gy of typically 5 mJ was achieved in the UV
region. The mercury resonance line near 254 nm
was used as the absorption wavelength, which
means that only the atomic form of mercury, i.e.
GEM is detected. An internal calibration unit using
small Hg cells with known lengths and tempera-
tures was used to monitor and compensate for
small laser wavelength and linewidth changes. The
outgoing laser beam is directed coaxially with a
vertically mounted telescope and transmitted into
the atmosphere via a large flat mirror in a retract-

able transmitting/receiving dome on the roof.
Stepping motors are used to turn the dome and to
tilt the mirror. The DIAL measurements resulted
in range-resolved data of the mercury concentra-
tion profile along the laser beam direction. Two-
dimensional images of the mercury distribution in
the spreading plume can be produced by scanning
the laser beam in a vertical plane. Combined with
wind data, such vertical scans were used to eval-
uate the mercury flux from the plant. The mercury
emission obtained was compared with Eka Chem-
ical’s own emission measurements. Two separate
systems are in use in the ceiling vent. With the
first, air is drawn through impingers containing
KMnO,/H,0, aqueous solutions. Six such imping-
ers are placed along the narrow ceiling vent. The
airflow and the temperature at each measurement
point is also measured. A 24-h sample is collected
once a week and the total flux is calculated based
on the mercury concentrations and airflows at these
six points along the ceiling vent. Hence, 52 such
24-h average emission values are obtained per year
and used to calculate annual average mercury
emission values. In addition to this, an UV-absorp-
tion Hg-detector (HG-Monitor 3000, Seefelder
Messtechnik), allowing high time resolved contin-
uous Hg measurements, is mounted on a mobile
system. Normally, the Hg-detector is slowly mov-
ing back and forth along the ceiling vent. Mercury
concentrations together with airflow and the air
temperature are also continuously monitored with
the mobile unit. Mercury concentrations, the mer-
cury flux and the position of the monitor are
displayed in the control room of the cell house.
This system is mainly used to quickly detect
leaking cells etc.

During some hours in the end of the campaign
a comparison was made using GARDIS, TEKRAN
and the LIDAR set-up. During this experiment the
GARDIS and TEKRAN instrument were fed with
air from 3 m above ground at a location 30 m
north of the cell house. The LIDAR was adjusted
to measure the average concentration of GEM in
a volume centred close to same spot as the intake
of the two other instruments. An open circle in
Fig. 2 indicates the location of this place.
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2.2. Sampling and analysis of total particulate
mercury (TPM)

A new method for sampling and analysis of
TPM was used. The method is based on the AES
mini trap developed by Lu et al. (1998). A quartz
micro-fibre filter (Munktell MK 360), of 7-mm
diameter is housed in a quartz glass tube of 140-
mm length. The filter is supported by a pure Ni-
screen grid. The sampling device serves as both
particulate trap and pyrolyzer for airborne partic-
ulate species. Air is drawn through the quartz tube
at a flow rate of 4—6 1 min~"'. After sampling, the
Hg content is analysed via pyrolysis where the
trap is heated to 900 °C in a stream of argon or
nitrogen. In this step, the Hg is reduced to GEM
and is subsequently transferred to the gas phase
and detected by conventional amalgamation—ther-
mal desorption-atomic fluorescence spectrometric
detection or alternatively using atomic absorbtion.
To bring down blanks to a minimum the TPM
traps were cleaned by pyrolysis at the sampling
site prior to sampling. Parallel samples were col-
lected and analysed at the site using atomic fluo-
rescence spectrometric detection (IVL) and atomic
absorbtion detection (CNR). Sampling periods
were varied between 1 and 21 h.

2.3. Methods for the determination of reactive
gaseous mercury (RGM) in ambient air

RGM is an operational defined gaseous mercury
fraction present in ambient air. However, it is
believed that RGM to the most part consist of
mercury dichloride (HgCl,), but other divalent
mercury species are also conceivable. In the vicin-
ity of the plant, RGM is likely to mainly constitute
of mercury chlorides like HgCl, and Hg,Cl,. The
term reactive mercury refers to mercury com-
pounds that easily undergoes reduction to elemen-
tal mercury in the analysis step. These species
adsorb to solid KCl matrixes and RGM can,
therefore, be sampled using KCl coated denuders.
Tubular as well as annular denuder techniques
have previously been used. The analysis of RGM
trapped on denuders may consist of extraction with
MQ-water, followed by SnCl, reduction, pre-con-
centration and measurement by CVAFS. Alterna-
tively, the denuder can be analysed by heating to
500 °C, which converts the RGM to GEM, which
is subsequently measured using the standard
CVAFS procedure. Automated sampling tech-
niques with annular denuders and thermo-reduc-
tion-CVAFS detection are also in use (Tekran
1998; Sommar et al., 1999). Mist chambers, con-

TEKRAN
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Fig. 3. TGM measured with two different automated instruments. The values were obtained 1.5 m above the ground on the site 70-

m north-east of the cell house building as indicated in Fig. 2.
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Fig. 4. Mercury time series obtained using three different measurement techniques.

taining a KCI/HCI solution may also be used to 2.4. Determination of mercury degassing rate
trap RGM. With this approach air is drawn through (MDR) from soil
a glass chamber containing a fine dispersed liquid

aerosol that continuously is formed from a reflux- Mercury flux from soil was measured using the
ing KCI/HCI solution. The solution is then ana- flux chamber technique (Xiao et al., 1991; Kim
lysed by SnCl, reduction and CVAFS. During the and Lindberg, 1995). A small area of soil surface
campaign both manual and automated denuder is covered by a box. The increase in mercury
techniques (Sommar et al., 1999) were used as concentration inside the box is measured as a
well as mist chambers. The denuders were pur- function of time. An inlet port allows ambient air
chased from University Research Glass, USA. to enter into the chamber. An outlet port serves

Fig. 5. TGM concentration (logarithmic scale) as a function of wind direction (a) TGM values obtained at wind speeds >1.5 m
s~!. (b) TGM values obtained at wind speeds <1.5 m s~ '
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both as sampling port for collection of mercury on
a gold trap and to maintain a constant flow rate
inside the chamber. Both the air from the chamber
and part of the airflow entering into the chamber
are drawn through gold traps by means of
membrane pumps. The chamber, placed on the
ground, was carefully sealed using surrounding
soil to limit the infiltration of outside air.

Two different flux chambers were used:

Teflon chamber: dimension 30 X 60X 30 cm?; sam-
pling time 4 min; mercury sampling flow rate 0.25
1 min~!; flushing flow rate 8 1 min~*;

Plexiglas chamber: a semi-cylinder (diameter: 19.0
cm, length: 62.0 cm); mercury sampling flow rate:

0.05 1 min~"; flushing flow rate: 10.6 1 min~".

Fluxes (F) were calculated according to:

_fc=cy
A

F ngm 2h! @)

where f and A are the flushing flow rate through
the chamber and the soil area covered, respectively.
C and C, are the mercury concentrations in the air
leaving and entering the chamber, respectively. An
automated system, employing a Gardis mercury
analyser, was used in conjunction with the Teflon
chamber measurements. Mercury in air leaving
and entering the chamber was measured in
sequence. The sampling times for C, and C were
varied to obtain optimal detection. At contaminated
sites, 4- and 1-min sampling time were used to
measure C and C,, respectively. With this set-up a
semi continuous flux value was obtained every 13
min. Measurements with the Plexiglas chamber
was made manually, with sampling periods of 8
min.

3. Results

Due to the proximity to the cell house TGM
concentrations at the measurement site sometimes
reached concentrations two orders of magnitude
greater than the ambient. TGM concentrations
obtained at the measurement site is shown in Fig.
3. As shown, an excellent agreement between
TEKRAN and Gardis data was obtained. The

TEKRAN instrument sampled air continuously for
5-min durations, while the GARDIS data consist
of a 10-min long active sampling interval every
30 min. The two data sets were also compared by
calculating averages of two adjacent 5-min TEK-
RAN values to obtain 10-min averages correspond-
ing to the same time intervals as the GARDIS
data. A set of 220 such individual TGM data were
examined by linear regression analysis yielding a
straight line with the slope 0.94+0.03. The pre-
cision given is random and expressed as the 95%
confidence limit.

In order to make a comparison between TEK-
RAN/GARDIS and the LIDAR instrument, the
laser beam was directed close to the inlet position
of the stationary instruments. The actual beam
height over the ground was measured to 6 m,
which was 3 m over the air intake of the instru-
ments. The LIDAR data were evaluated with a
time resolution of 1 min, but also averaged to 5-
min values to match the other instruments. The
measured values are the mean concentration of
GEM over a horizontal path of 40 m (420 m
around the air intake position). Fig. 4 shows the
results of all three instruments during a 2.5-h
period. The LIDAR result compares favourably
with that from Gardis and TEKRAN. Furthermore,
considering that the LIDAR values corresponds to
the average concentration of mercury in a much
larger volume than with the other two instruments.
The somewhat lower concentrations obtained with
the LIDAR, is not likely to be due to difference
between TGM and GEM that will be discussed
below.

As can be seen in Fig. 3 and Fig. 4, the TGM
concentration show a strong variation with time.
In Fig. 5a and b, TGM concentrations are plotted
as function of wind direction. High TGM values
are obtained with winds within the southwest to
west wind sector. That is the direction towards the
cell house building. Hence, the high values are
likely to correspond to the TGM concentration in
the plume from the cell house. According to Eka’s
own measurements of the air leaving the cell house
via the ceiling vent the mercury concentration is
varying between 3 and 15 wg m~> during the
measurement period. Hence, the mercury concen-
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Fig. 6. Concentration map of the Hg plume, evaluated from a vertical LIDAR scan.

tration in the plume leaving the ceiling vent is
approximately 50 times higher than the highest
value measured at the outdoor sampling site. As
is shown in Fig. 5b, during occasions with zero or
very low wind speeds a more random distribution
is obtained. The cell house is probably the princi-
pal source also in this case, but diffuse sources of
mercury may also contribute. As also is shown in
Fig. 5a, intrusion of ambient levels of TGM (<2
ng m~>) to the site appears to be restricted to
conditions with easterly advective flows.

Some LIDAR measurements of the mercury flux
from the plant were performed during the meas-
urement campaign. Unfortunately, most of the days
the wind conditions were not favourable for such
measurements, with unstable and too low wind
speeds. Therefore, only one period was considered
good enough to accurately evaluate the flux. Fig.
6 shows the result of a 3-min vertical sweep

downwind from the cell house. The concentration
levels in the plume cross-section are displayed
together with the horizontal and vertical integrated
values. Fig. 6 shows that most of the plume could
be measured. Only a limited area in the bottom of
the plume escaped detection. However, as is evi-
dent from Fig. 6 the concentration in this part of
the plume is low. For the flux determination, the
area-integrated concentration is multiplied with the
wind speed normal to the vertical plane. Due to
changes in the wind field during individual scans,
the results of several scans are then averaged to
produce hourly mean flux values. Wind direction
and speed were received from a monitor at a single
height inside the factory area. This was positioned
approximately 800 m south of the cell house at
30-m height, which is higher than the normal
plume height of approximately 15 m (vertical
centre of gravity). Since the flux calculated is
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Fig. 7. Mercury flux obtained with the LIDAR system.

directly proportional to the wind speed, this param-
eter preferably should be measured at the same
place and height as the plume. Therefore, the wind
data was modified by help of a later comparison
of the wind fields at the two positions. The
resulting mercury emission is displayed in Fig. 7.
As shown a mean flux of 10.5 g h™! was obtained
which can be compared with 5 g h™' as was
obtained from Eka Chemicals own flux measure-
ments. This number is from the mobile system in
the ceiling vent and was obtained during the same
time period. Hence, the flux obtained with the
LIDAR is approximately a factor of 2 higher in
comparison to company’s measurements. The dis-
crepancy may partly be due to an overestimation

of the wind speed of the plume. On the other
hand, the LIDAR measurement covers a greater
source area. The present and an earlier measure-
ment (Edner et al., 1989) clearly identified signif-
icant mercury emissions from surrounding
buildings, i.e. a former cell house. The additional
plume is clearly seen in Fig. 6.

The result from the TPM measurements is
shown in Fig. 8. Very high TPM values were
occasionally measured. As a comparison the aver-
age background concentration in this part of Swe-
den is 10 pg m 3. The parallel measurements were
made using the same type of sampling traps, but
analyses were carried out on two different systems.
An examination of the data reveals that the TPM
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Fig. 8. Parallel TPM (total particulate mercury) samples measured at the sampling site (X) in Fig. 2. As is discussed in the text
the TPM values are occasionally greatly overestimated due to adsorption of RGM.
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Table 1
RGM trapped on TPM traps

Sampling Place Date Start time Stop time TPM RGM
method pgm~? pgm~’
TPM At the sampling site 01-09-01 15:00 16:55 882 -
RGM/TPM At the sampling site 01-09-01 15:00 16:55 69 380
TPM “In the cell house 01-09-02 15:34 15:45 86 965 -
RGM/TPM “In the cell house 01-09-02 15:34 15:45 4365 43 062
RGM/TPM Inside the ceiling vent 01-09-03 13:35 13:37 4622 101 655

" Measurements were made in the stairway inside the cell house leading to the ceiling vent.

values varies with wind direction in the same
manner as for TGM. Hence, the high wvalues
correspond to the concentration in the plume from
the cell house building. As is shown individual
measurements often differ significantly. Some sep-
arate measurements were made using RGM denu-
ders and TPM traps in series. With this set-up
RGM was removed by adsorption on the KCI
denuder before the particles were trapped on quartz
glass filter. The result is shown in Table 1. The
sampling methods RGM/TPM and TPM denote
sampling with and without RGM denuder, respec-
tively. One test was made at the outdoor sampling
site and two inside the cell house. The result
indicates that more than 90% of the measured
TPM corresponds to RGM. As also is shown in

Table 1, TPM +RGM obtained with the RGM/
TPM method only corresponds to 50% of TPM
obtained with the TPM method. We have no
explanation for this difference at the present. It is
concluded that especially the high TPM values are
erroneous due to the presence of RGM. This
artefact may also explain the difference between
paired samples shown in Fig. 8. Moreover, since
the agreement between sample pairs corresponding
to background concentrations (sample 2, 5 and 8)
is good.

RGM was measured using both mist chamber
and a denuder technique. Unfortunately the mist
chamber measurements failed. The reason is likely
to be contamination of the mist chamber at the
site. Therefore, only denuder data is presented.
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Fig. 9. RGM measured with a time resolution of 1.5 h at the outdoor measurement site. Simultaneous TGM values are also included

in the plot.
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Table 2
Mercury degassing rates from soil
Date Site Institute Starting Hg flux Soil temp. Air temp.
time (ngm2h~1) (°C) (°O)
30/08/01 Behind the cell house CNR-IB 14:30 3857 29.3 29.0
CNR-IB 14:50 2367
CNR-IB 15:15 2154
CNR-IB 15:40 2535 26.3
CNR-IB 16:00 1747 25.1 233
CNR-IB 16:45 1151 23.7 22.5
CNR-IB 17:30 1943 22.8 21.5
VL 13 700
31/08/01 Grass lawn CNR-IB 11:00 39.2 17.9 171
CNR-IB 11:30 22.3
CNR-IB 12:30 18.5 18.1 19.7
CNR-IB 14:00 18 19.3 20.7
CNR-IB 15:30 53 21.3 20.5
CNR-IB 16:15 7.71
IVL 97.5

RGM time series measured with the automatic
denuder set-up is shown in Fig. 9. The temporal
correlation with TGM shows that RGM also stems
from the cell house. According to Fig. 9, RGM
concentrations in the plume above the measure-
ment site may reach 600 pg m~3. This value is
approximately 50 times higher than the average
background concentration in this area. Moreover,
the divalent mercury only constitutes 0.1-0.2% of
the total mercury. The origin of RGM is not
known, but it may be formed in the electrolysis
process or by photolytical-induced reactions
between chlorine gas and elemental mercury in
the cell house. Comparing the ratio between RGM
and TGM measured inside and outside the cell
house, (i.e. 0.01 and 0.0015, respectively), RGM
appears to be depleted to a much larger extent
than TGM. In contrast to TGM, RGM is likely to
undergo removal due to deposition. However, dep-
osition alone cannot account for this large differ-
ence. More work is needed to solve this
inconsistency.

The soil around a chlor-alkali plant is generally
highly contaminated by mercury partly because of
deposition of mercury from the plume from the
cell house but mostly from spread of mercury
containing waste in the past. Mercury degassing
rates are reported in Table 2. The data consist of
values measured with the Teflon and Plexiglas flux

chamber at two sites (gravel covered soil on the
west side of the cell house and on grass near the
measurement site). The area near the cell house
constitutes a source of mercury with a high degas-
sing rate (Teflon chamber: 1950 ng m~2 h™*;
Plexiglas chamber: 13700 ng m~2 h~!). The
mercury concentration in the soil at this area was
determined to 8.5 wg g~ '. A much lower mercury-
degassing rate was obtained at the grass lawn.
Mean values of 18.5 ng m~2 h™! and 97.5 ng
m~2 h™! were obtained with the two chambers,
respectively. It seems like very high mercury con-
centration in the soil makes flux measurements
difficult. This first approach to measure mercury-
degassing rates calls for modifications of the meas-
urement technique. However, it seems like the
continuous measurement method employed by
CNR is favourable since it allows a series of
measurements where the collecting time can be
optimised—thereby avoiding risk of contamination
from manual handling Au-traps as with the IVL
method.

4. Conclusions

An excellent agreement between different TGM
and GEM measurements techniques was obtained.
A comparison between LIDAR mercury measure-
ments and mercury sampling on Au-traps using a
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manual method has been reported previously (Fer-
rara et al., 1992b). However, this is for the first
time a direct comparison between LIDAR and
other automatic measurements techniques like
TEKRAN or GARDIS is reported. The cell house
and some nearby buildings constitute the principal
mercury source at the plant from which air with
high mercury content is emitted. However, the
plume from the cell house is rapidly diluted.
Hence, at the sampling site 70-m north-east of the
cell house the TGM concentration already is
reduced by a factor of approximately 50. The
emission of TGM is likely to have a negligible
impact on the local environment, as it quickly will
be mixed into the troposphere. The mercury emis-
sion from the ceiling vent of the cell house was
monitored during a 5-h long period using a LIDAR
system and the result was compared with Eka
Chemicals own measurements covering the same
time period. The flux obtained by the LIDAR was
a factor of two higher in comparison to the
company’s measurement. This difference may part-
ly be explained by that the LIDAR measurements
covered a greater source area. However, this work
as well as an earlier investigation (Edner et al,,
1989) indicates that the emission from this chlor-
alkali plant is comparatively low.

Reactive gaseous mercury (RGM), most likely
mercury chloride homologues, is also present in
the air leaving the cell house. Some additional
measurements made in the cell house indicated
that the formation of RGM corresponds to 0.5—
1% of the total mercury. However, it should be
mentioned that the RGM fraction might vary
considerably from time to time. In contrast to
TGM, RGM easily dry deposits to ground and
vegetation and due to its great water solubility it
is efficiently being washed out by precipitation. A
significant part of the RGM is, therefore, likely to
be deposited in the local environment.

The experiments show that the TPM sampling
method gives erroneous values in the presence of
RGM. During occasions with high RGM concen-
trations more than 90% of the TPM signal seem
to be due to RGM. The RGM fraction is likely to
be trapped on the quarts glass fibre filters. This
artefact may also explain the somewhat poor cor-
relation between IVL and CNR TPM samples.

Consequently, background air samples with low
RGM content compared favourably. The overall
TPM result suggests that the particulate mercury
fraction that was emitted during the measurement
period was very small, contributing less than
0.05% to the total mercury emission.

Measurements of mercury degassing rate from
soil around the chlor-alkali plant reveals very high
fluxes from some surfaces. The experiments also
indicated that automatic sampling is preferable
since it prevents manual handling of samples,
something that is likely to be crucial at contami-
nated sites. An estimation of the flux from the soil
of the whole area taking the average of the CNR
measurements at the contaminated site gives a
value of 0.045 g h™!. This number, as should be
considered as an upper limit, suggests that the flux
from soil is negligible in comparison to the total
flux from the plant.

One interesting aspect of this work is the emis-
sion of RGM. It appears that the RGM/GEM ratio
from Eka Chemicals is very low. The RGM frac-
tion from other European chlor-alkali plants has
been estimated to be 30% of the total atmospheric
emission (Pacyna et al., 2001). Although, RGM
constitutes a small fraction of the total mercury
emitted from Eka Chemicals, its ability to readily
deposit makes it unique. It is likely that the
deposition of RGM constitutes the greatest impact
on the environment close to chlor-alkali plants. A
study aiming to investigate how RGM is formed
in the process is required since such findings may
give a hint as to how further reduction could be
accomplished.

Acknowledgments

Goran Andersson and Janne Pettersson and their
co-workers at Eka Chemicals are greatly acknowl-
edged for their valuable support during the meas-
urements. The EMECAP project is supported
financially by the European Commission DG XII.

References

Ayres R. The life-cycle of chlorine, part-1, chlorine production
and the chlorine-mercury connection. J Ind Ecol 1997;1:81—
94.



Paper I

1. Wangberg et al. / The Science of the Total Environment 304 (2003) 29—41 41

Ebinghaus R, Jennings SG, Schroeder WH, Berg T, Donaghy
T, Guentzel J, Kenny C, Kock HH, Kvietkus K, Landing
W, Munthe J, Prestbo EM, Schneeberger D, Slemr E
Sommar J, Urba A, Wallschlager D, Xiao Z. International
field intercomparison measurements of atmospheric mercury
species at Mace Head Ireland. Atmos Environ
1999;33:3063-3073.

Edner H, Faris GW, Sunesson A, Svanberg S. Atmospheric
atomic mercury monitoring using differential absorbtion
lidar technique. Appl Opt 1989;28:921-930.

Edner H, Ragnarson P, Wallinder E. Industrial emission control
using lidar techniques. Environ Sci Technol 1995;29:330—
337.

Ferrara R, Maserti BE, Edner H, Ragnarsson P, Svanberg S,
Wallinder E. Mercury emissions into the atmosphere from a
chlor-alkali complex measured with LIDAR technique.
Atmos Environ 1992a;26A:1253-1258.

Ferrara R, Maserti B.E, Edner H, Ragnarsson P, Svanberg S,
Wallinder E. Atmospheric mercury determinations by
LIDAR and poin monitors in environmental studies. Select-
ed papers from the Fourth IAEAC Workshop on Toxic Metal
Compound (Interrelation between Chemistry and Biology)
at Les Diables (Switzerland), March 4-8, 1991. Merian E,
Haerdi W editors. Sci Technol Lett 1992b; Nortwood,
Middlesex, 29-37.

Kim KH, Lindberg SE. Design and initial tests of a dynamic
enclosure chamber for measurments of vapour-phase mer-
cury fluxes over soils. Sci Total Environ 1995;80:1059—
1068.

Lu JY, Schroeder WH, Berg T, Munthe J, Schneeberger D,
Schaedlich E. A device for sampling and determination of
total particulate mercury in ambient air. Anal Chem
1998;70:2403 -2408.

Munthe J, Wangberg I, Pirrone N, Iverfeldt A, Ferrara R,
Ebinghaus R, Feng X, Gardfeldt K, Keeler G, Lanzillotta
E, Lindberg SE, Lu J, Mamane Y, Prestbo E, Schmolke S,
Schroeder WH, Sommar J, Sprovieri F, Stevens RK, Stratton
W, Tuncel G, Urba A. Intercomparison of methods for
sampling and analysis of atmospheric mercury species.
Atmos Environ 2001;35:3007-3017.

Pacyna EG, Pacyna JM, Pirrone N. European Emissions of
atmospheric mercury from anthropogenic sources in 1995.
Atmos Environ 2001;35:2987-2996.

Schroeder WH, Keeler G, Kock H, Roussel P, Schneeberger
D, Schaedlich FE International field intercomparison of
atmospheric mercury measurement methods. Water Air Soil
Poll 1995;80:611-620.

Schroeder WH, Munthe J. Atmospheric mercury—an over-
view. Atmos Environ 1998;29:809-822.

Sommar J, Feng XB, Gardfeldt K, Lindqvist O. Measurements
of fractionated gaseous mercury concentrations over north-
western and central Europe 1995-1999. J Environ Monit
1999;1:435-439.

Tekran. Tekran home page; Model 2357A-Principles of oper-
ation; http://tekran.com/2357/2357poi.html, 1998.

UN-ECE. Protocol on heavy metals. Convention Long-range
Transboundary Air Pollution, United Nations Economic
Commission for Europe, 1998.

Weibring P, Andersson M, Edner H, Svanberg S. Remote
monitoring of industrial emissions by combination of lidar
and plume velocity —measurements. Appl Phys
1998;B66:383-388.

Xiao ZF, Munthe J, Schroeder WH, Lindqvist O. Vertical
fluxes of volatile mercury over forest soil and lake surfaces
in Sweden. Tellus 1991;43B:267-279.

105






PAPER 11

Atomic mercury flux monitoring using an
optical parametric oscillator based lidar system
M. Sjoéholm, P. Weibring, H. Edner, and S. Svanberg.

Optics Express 12, 551-556 (2004).






Paper I1

Atomic mercury flux monitoring using an optical

parametric oscillator based lidar system

Mikael Sjoholm, Petter Weibring, Hans Edner and Sune Svanberg

Atomic Physics Division, Lund Institute of Technology, P.O. Box 118, 221 00 Lund, Sweden
http://www-atom.fysik.lth.se

Abstract A newly developed optical parametric oscillator (OPO) based
differential absorption lidar (DIAL) system has been applied to the
monitoring of atomic mercury emissions at several chlor-alkali plants in
Europe. The versatility of the system is illustrated by measured time series
of mercury flux and movies of vertical and horizontal concentration
distributions, which yield important input parameters for the environmental
community. Long term measurements of the resonance absorption of
mercury at 253.65 nm poses special demands, i.e. long term stability, on the
light source that often have been hard to fulfill, in different respects, for
standard OPO and dye laser based systems. Here, approaches to meet these
demands are presented.

©2004 Optical Society of America
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1. Introduction

The increased awareness of the impact of mercury on the environment and human health has
caused stronger regulations against mercury emissions [1,2]. This calls for more powerful
measurement techniques for surveillance of the emissions from different sources and for
monitoring the local dispersion of the mercury released. In the most commonly employed
chlor-alkali production scheme in Europe, mercury is still used as a liquid cathode in the
electrolytic cells where chlorine, sodium hydroxide and hydrogen are formed in the
electrolysis of sodium chloride. Due to the high vapor pressure of mercury already at low
temperatures, considerable amounts of mercury are released into the atmosphere in the
process. Thus, the chlor-alkali industry constitutes a large mercury polluter, responsible for
about 12% (41 tonnes/year) of the anthropogenic total mercury emissions in Europe [3]. In
this context a large cross-disciplinary project, financed by the European Union, concerning
the European mercury emission from chlor-alkali plants (EMECAP) has been initiated. The
goal of the project is to provide decision-makers with an improved tool for evaluating the risk
to the human health and the environment around mercury cell chlor-alkali (MCCA) plants [4].
Two key inputs in this assessment are the initial plume extension and the emitted flux of
gaseous elemental mercury at the source industries. Such measurements, performed within the
EMECAP project, utilizing the DIAL (DIfferential Absorption Lidar) technique [5], are
treated in the present paper.

DIAL measurements of mercury have been performed for a long time using dye laser
systems [6,7], that have the disadvantage of having a fast degrading gain medium needing
frequent service. A more convenient alternative in this respect is an all-solid-state laser
system. However, the drawback of such systems is that they generally have problem
producing light with stable and narrow linewidth, which is important for measurements of
spectrally sharp absorption features like the one in atomic mercury. One way of dealing with
this problem is by injection seeding with a narrow-banded light source, e.g. a diode laser, at
the desired wavelength [8]. Unfortunately, the availability of such narrow-banded laser
sources is limited to certain wavelength regions, which makes that solution not always
feasible. However, a general approach to deal with the linewidth problem was recently
implemented in an all-solid-state lidar system in Lund. The new system, developed on the
same mobile platform as an earlier dye laser based lidar system, employs a Nd:YAG pumped
Optical Parametric Oscillator (OPO) that, combined with frequency doubling and mixing
stages, can generate pulsed radiation ranging from the deep-UV to the mid-IR regions [9]. The
system has the possibility to present concentration maps and flux in real time during the
measurement. Movies of the concentration distribution are easily made to study the temporal
variation of the emission pattern during long times.

Fig. 1. The mobile lidar system in a field campaign in Rosignano Solvay, Italy.
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2. The system

The measurements presented in this paper were performed with the newly developed mobile
lidar system, Fig.1, at Lund University [9]. A key component of the system is the light source,
which is a modified Optical Parametric Oscillator laser system (Spectra Physics MOPO-730)
that is pumped by a frequency-tripled injection seeded Nd:YAG laser (Spectra Physics Model
GCR-290) and equipped with doubling and mixing crystal units.

The main modification of the OPO is the introduction of piezo-electric control of all
nonlinear crystals and the mirror in the Littman cavity master oscillator, as illustrated in Fig.
2. This modification makes it possible to tune the wavelength up to 160 cm™ between each
shot, i.e. within a period of 50 ms, in the wavelength ranges 220-690 nm, 730-1800 nm and
2600-4300 nm [10].

Although the average spectral linewidth of the generated pulses is better than 0.2 cm™,
the linewidth can reach 0.4 cm™” due to fluctuations in the Littman cavity, which allows
several modes to be simultaneously amplified. If the linewidth becomes broad compared to
the width of the spectral feature under study the measurement is impaired. Therefore, the
system is equipped with two on-line surveillance systems for monitoring the spectral quality
of the emitted light. One Fabry-Pérot based system monitors the wavelength, linewidth and
power in real time. Based on the linewidth measured, the backscattered light pulse from the
atmosphere can be sorted into an appropriate linewidth category, which can be individually
evaluated with an appropriate absorption cross-section, and if the pulse is too broad the
corresponding data is not used in the evaluation process.

Moderate linewidth and wavelength fluctuations can also be handled by splitting off a
small fraction of the UV pulse to an internal gas cell system, where the light is divided into
two paths. One beam is passing through an absorption cell with a drop of mercury at
atmospheric pressure, and the other one is passed through a cell without mercury. By
measuring the mercury cell temperature, the internal mercury vapor concentration can be
calculated [11]. This, together with the length of the cell and the mercury cell absorption
detected gives, in real time during the DIAL measurement, the effective absorption cross
section, which compensates for fluctuations in wavelength and linewidth.

220-440 nm |
—
_440-690 nm

730-1800 nm

Fig. 2. Schematic overview of the master oscillator (MO) and power oscillator (PO)
transmitter.

The mercury probing UV-light pulse duration is about 3-4 ns and the typical pulse energy
is 12 mJ. However, the energy is normally lowered to about 5 mJ and a comparatively large
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beam divergence of about 2 mrad (full angle) of the transmitted light is set by a variable
Galileian beam expander to avoid stimulated emission on the atomic line, which would result
in a different effective absorption cross-section. Proper operation conditions were determined
in a separate investigation [7]. The laser pulses are directed into the atmosphere by the use of
a computer controlled optical dome, and a coaxial receiving Newtonian telescope collects the
back-scattered photons. Before the received probing light enters a photo multiplier tube
(PMT), an interference filter attenuates the background light. Furthermore, the gain of the
PMT is modulated in order to suppress the signal due to intense light coming from closer
distances. A 12-bit analogue digitizer unit (Licel) operating at 20 MHz, corresponding to a
7.5-m spatial resolution, then digitizes the signal from the PMT.

The mobile lidar system is accompanied by a 45 kVA diesel powered electrical generator,
which makes it possible to select the appropriate measurement positions during field
campaigns without being limited by stationary electrical supply facilities.

3. Measurements and results

DIAL measurements at the resonance absorption line at 253.65 nm of gaseous elemental
mercury were performed with the mobile lidar system, during several field campaigns at
different MCCA plants in Europe. The purposes of the measurement campaigns were to
estimate the total emission of elemental mercury into the atmosphere and to make an inter-
calibration with other mercury monitoring techniques as well as to provide input for the
modeling of mercury dispersion. To achieve this the lidar light beam was scanned in 7-15
directions in a vertical plane, down wind of the mercury emitting cell houses, and in a
horizontal plane, resulting in 2-D concentration maps. The detection range was limited to
about 800 m or less depending on the scattering and absorption properties of the local
atmosphere at the UV wavelengths used. Each map was, in most cases, acquired during 3-5
minutes in order to obtain a good signal to noise ratio. The radial concentration distributions
were evaluated by locally weighted polynomial regression [12] using a global bandwidth [13].
The resulting radial concentration distributions for different angles of direction was then
transformed into a Cartesian (X,y) coordinate system and interpolated to give 2-D
concentration maps.
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Fig. 3. (417 KB) Movie of horizontal concentration maps from the MCCA plant in
Rosignano Solvay 2002-02-03, 12:11-12:38.

As an example of a concentration map, a horizontal mercury plume distribution at the
MCCA plant in Rosignano Solvay (Italy) is given in Fig. 3, where a movie based on three
horizontal concentration maps, recorded within half an hour with interpolated maps in
between, is presented. It can be seen that the peak concentration in the plume is in the order of
pg/m’ and that the concentration level decreases a whole order of magnitude within a few
hundred meters.
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An insight into the mercury plume dynamics is given in Fig. 4 and Fig. 5, where movies
of consecutive vertical concentration maps, without time interpolation, from the MCCA plants
in Bohus (Sweden) and Rosignano Solvay (Italy), respectively, are presented for
measurements of a few hours. The concentration (ug/m’) was integrated to give an area-
integrated concentration (ug/m), which was multiplied by the wind component orthogonal to
the measured plane to render the flux (g/h).
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Fig. 4. (611 KB) Movie of vertical concentration Fig. 5. (467 KB) Movie of vertical concentration maps
maps from the MCCA plant in Bohus 2002-01-18, from the MCCA plant in Rosignano Solvay 2002-02-
12:00-15:27. 04, 14:35-17:57.

The over-all accuracy in the flux measurements is limited by the accuracy of the wind
measurements [14]. Since the accuracy is decreased for wind directions nearly parallel with
the direction measured, the system was moved to the most appropriate positions regarding the
mercury source and the prevailing wind directions. However, the wind direction unavoidably
is changing and because there is a certain set up time after the system has been moved there
are still flux data from less favorable wind conditions. For this reason, the results of
measurements during wind directions more parallel to the scan direction than 25 deg was
excluded from the final flux compilation. A wind vane and anemometer, placed on the roof of
the cell house, monitored the wind at approximately the center height of the mercury plume
with a time resolution of 30 s. Due to the lower accuracy of this instrument at lower wind
speeds, data obtained at wind speeds less than 1 m/s was excluded from the final compilation
also.

As examples, time series of mercury flux, evaluated as mentioned above, from Bohus and
Rosignano Solvay, respectively, are presented in Fig. 6. In the lower part of the figure hourly
mean values are presented. The mean values were only calculated if there were more than
three accepted flux measurements during the period, since it is important that the wind
conditions is fairly stable during the averaging period. The influence of wind fluctuations can
be seen in the large variation in the flux during the first half of the measurement period on
January 30. Later that day, the wind became more stable and also more perpendicular to the
laser beam, resulting in more stable flux data. During the winter campaigns average fluxes of
6 g/h and 20 g/h were measured at the two MCCA plants in Bohus and Rosignano Solvay,
respectively.

An inter-calibration between the lidar system and two point-monitoring systems was
performed during an initial autumn campaign at the MCCA plant in Bohus [15]. The two
point monitors were based on gold amalgamation of the mercury followed by thermal
desorption and atomic fluorescence spectrophotometry (TEKRAN) and atomic absorption
spectrophotometry (GARDIS), respectively. During the inter-comparison the GARDIS and
TEKRAN instrument were sampling air in a point located 3 m above ground, while the lidar
sampling volume (~40m *0.5m’, in this particular case) was placed as near (6 m above
ground) that sampling point as obstructing building elements made possible. Remembering
the slight difference in sampling volumes, an excellent agreement between the instruments
could be seen [15].
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Fig. 6. Typical mercury fluxes from Bohus (left) and Rosignano Solvay (right), respectively.
4. Conclusions

The OPO based lidar system has proven to be an efficient tool for measurements of mercury
in the field. Long time series of flux and concentration distributions can readily be obtained,
constituting an essential input for dispersion modeling of the pollutant. The concentration
values measured by the lidar system are in good agreement with corresponding values
obtained by standard point monitoring systems and the accuracy in the flux measurements is
normally limited by the accuracy of the wind field measurements.

Acknowledgments

The authors gratefully acknowledge Romano Ferrara, Enrica Lanzillotta, John Munthe, Jonas
Sommar and Ingvar Wingberg for their collaboration during the field campaigns. The
EMECAP project is supported financially by the European Commission DG XII. We also
acknowledge the Knut and Alice Wallenberg Foundation for generous support.

#3614 - $15.00 US Received 5 January 2004; revised 2 February 2004; accepted 3 February 2004
(C) 2004 OSA 23 February 2004 / Vol. 12, No. 4 / OPTICS EXPRESS 556

114



PAPER 111

Elemental mercury emission from chlor-alkali
plants measured by lidar techniques

R. Gronlund, M. Sjéholm, P. Weibring, H. Edner, and
S. Svanberg.

Atmospheric Environment 39, 474-7480 (2005).






Paper II1

Available online at www.sciencedirect.com

SCIENCE@DIHECT' ATMOSPHERIC

ENVIRONMENT

www.elsevier.com/locate/atmosenv

Atmospheric Environment 39 (2005) 7474-7480

Elemental mercury emissions from chlor-alkali plants
measured by lidar techniques
Rasmus Grénlund™, Mikael Sjéholm, Petter Weibring,

Hans Edner, Sune Svanberg

Department of Physics, Lund Institute of Technology, P.O. Box 118, SE-221 00 Lund, Sweden
Received 15 October 2004; accepted 23 June 2005

Abstract

Differential absorption lidar (DIAL) techniques have been utilized to measure elemental gaseous mercury fluxes from
mercury cell chlor-alkali (MCCA) plants as a part of the European Union funded European mercury emissions from
chlor-alkali plants (EMECAP) project. Three plants have been selected as study objects and a total of six measurement
campaigns have been performed, one intercalibration campaign and five flux evaluation campaigns, in both winter and
summer. The measurements were carried out using the Swedish optical parametric oscillator- (OPO) based mobile lidar
system developed at Lund Institute of Technology. The study shows large differences in the mercury emissions
measured in winter or summer and at the different plants. The average values for the campaigns ranged from 6 gh™" in

the winter campaign at the Swedish plant to 54 gh™! in the summer campaign at the Italian plant.

© 2005 Elsevier Ltd. All rights reserved.

Keywords: DIAL; Atmospheric mercury flux; EMECAP; Chlor-alkali plant; OPO

1. Introduction

Mercury cell chlor-alkali (MCCA) plants use liquid
mercury as a cathode in electrolytic cells to produce
chlorine, sodium hydroxide and hydrogen by electrolysis
of brine solution. In this process, very large quantities of
mercury are handled and because of the high-vapor pre-
ssure of mercury already at low temperatures, considerable
amounts of mercury is emitted to the atmosphere, due to
spills, leakage from mercury cells or pumps, maintenance
activities, etc. (Southworth et al., 2004). Although the
MCCA technique is in many places being replaced by
alternatives, it is still the most commonly used in Europe.

*Corresponding author. Tel.: +46462224138;
fax: +46462224250.
E-mail address: rasmus.gronlund@fysik.Ith.se
(R. Gronlund).

Over the last decades, increased awareness of the
environmental and human health impacts of mercury
has led to stronger regulations against mercury emis-
sions, leading to decreased emissions (Schroeder and
Munthe, 1998). However, the chlor-alkali industry still
constitutes a large mercury polluter, in 1995 responsible
for about 12% (41.3 tonnes year ™) of the anthropogenic
total mercury emissions in Europe (Pacyna et al., 2001).
More recent estimates reports emissions from the chlor-
alkali industry to be responsible for about 17%
(40.4 tonnesyear™') of anthropogenic total mercury
emissions in the year 2000 (Pacyna, 2003). A report
from the Euro-Chlor Association (Anon, 2001) shows
constantly decreasing, but still significant, emissions
from chlor-alkali plants.

In this context a large cross-disciplinary project,
financed by the European Union, concerning the
European mercury emission from chlor-alkali plants

1352-2310/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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(EMECAP) has been pursued. The goal of the project is
to provide decision-makers with an improved tool for
evaluating the risk to the human health and the
environment around MCCA plants (Mazzolai et al.
2004; http://www.emecap.com). Within the project,
epidemiological studies of people living in the vicinity
of MCCA industries are performed (Barregérd et al., to
appear) and linked to the levels of mercury in the
environment, which are assessed by point monitoring of
mercury in air, soil and living organisms around the
mercury emitters (Wéngberg et al., 2003). These data are
managed by a data mining-based software (Fayyad
et al., 1996) which, interrogating dedicated epidemiolo-
gical and environmental data bases, provides high-level
information in terms of health risk.

For understanding the regional atmospheric disper-
sion of mercury a mathematical model is being devel-
oped (Munthe et al., 2001). Two key inputs in this model
are the initial plume extension and the emitted flux of
gaseous elemental mercury at the source industries. Such
measurements, performed within the EMECAP project,
utilizing the Differential absorption lidar (DIAL)
technique (Svanberg, 1994), are treated in the present
paper. The model also needs input on the chemical
composition of the emitted mercury, i.e. elemental
mercury (Hg®) versus reactive gaseous mercury (RGM,
Hg?"), etc. Such measurements were also performed
and are presented in Wingberg et al. (2005).

Although flux estimation is an important issue, few
techniques for flux measurements exist. Recently,
Differential optical absorption spectroscopy (DOAS)
measurements in the air vent from a US MCCA plant
combined with wind measurements were used to assess
mercury flux from the cell house (Kinsey et al., 2004).
Here, the concentration is integrated over the measured
path between the light-source and the detector. Using
the DIAL technique, range-resolved measurements of
atomic mercury concentrations and fluxes can be
measured. Our group has previously reported on this
kind of measurements from MCCA plants, employing
different laser systems, but the same mercury absorption
line at 253.65 nm (Edner et al., 1989; Ferrara et al., 1992;
Edner et al., 1995; Wéngberg et al., 2003; Sjoholm et al.,
2004). In the present report mercury fluxes from summer
and winter campaigns at three different European
MCCA plants, Eka Nobel in Bohus, Sweden, Solvay
in Rosignano Solvay, Italy and Zaktady Azotowe in
Tarnow, Poland, are presented.

2. Measurement technique

DIAL measurements were performed on atomic
mercury, using two wavelengths, one on the absorption
line (253.65nm) and the other slightly off. The off
wavelength was chosen at a longer wavelength than the
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on wavelength to avoid interference with a close-lying,
weak oxygen absorption line (Edner et al., 1989). Some
unsaturated hydrocarbons and aromatic compounds
absorbs light in the same wavelength region, but these
elements have quite slow absorption features compared
to the on/off-wavelengths and are not considered to be
abundant enough to affect the signal. This was verified
by measurements outside the plume not showing
elevated mercury concentrations. The lidar signal was
collected time-resolved to obtain a range-resolved
measurement. By forming the ratio between the on and
off signals, the DIAL curve is obtained, being flat where
no mercury is present and sloping downwards in the
presence of mercury. Since the on and off wavelengths
are chosen close to each other, no other differences than
the mercury absorption are expected. The output energy
may be slightly different for the two wavelengths;
however, this does not matter since the slope of the
normalized DIAL curve is the only pertinent factor
when analyzing the mercury concentrations. Particulate
mercury and different Hg(II) species do not have any
absorption of light at 253.65 nm, thus not being detected
by the technique presented.

Each DIAL measurement, in a certain direction, gives
the range-resolved mercury concentration along the
laser beam. By vertical scanning of the laser beam
downwind from a pollution source, in this case a chlor-
alkali plant, a concentration cross-section of the
mercury plume is found. The mercury flux is estimated
by area integration of the concentration and multi-
plication by the wind speed component perpendicular to
the cross-section surface.

The measurements were performed using the Swedish
optical parametric oscillator- (OPO) based mobile lidar
system, built inside a Volvo F610 truck (Weibring et al.,
2003). The OPO (Spectra-Physics MOPO-730) is
pumped by a pulsed (20 Hz) frequency-tripled Nd:YAG
laser at 355 nm and gives output in the wavelength range
440-1800 nm which can be frequency doubled to reach
wavelengths down to 220 nm. The OPO is modified with
piezo-electric elements so that the wavelength can be
switched within a range of 160cm™" between consecu-
tive shots. The average linewidth of the transmitter is
normally better than 0.2cm™' and the pulse length is
typically 3—4ns. An absorption cell system is used to
compensate for fluctuations in wavelength and linewidth
of the emitted laser light pulses.

The laser radiation is sent into the air through the
dome, hoisted to the roof of the truck, which can be
rotated 360° and by using a folding mirror the beam can
be tilted vertically from —10° to 55°. The backscattered
radiation is collected using the on-axis, 40-cm-diameter
Newtonian telescope and focused onto a photomulti-
plier tube. An interference filter is used to suppress
background light, since only elastic scattering is of
interest. The retrieved signal is then digitized at a
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sampling frequency corresponding to a range resolution
of 7.5m. The entire system is controlled by a LabVIEW-
based computer program, which also is used for data
analysis.

3. Measurements

A total of six measurement campaigns have been
performed at the three test sites. Initially, intercalibra-
tion measurements were performed during a campaign
at the Swedish test site in September 2001. In this inter-
comparison, a good agreement between lidar and
conventional mercury point-monitoring concentration
measurements was shown (Wingberg et al., 2003).
DIAL measurement campaigns of the flux have been
performed in Sweden, Italy and Poland in summer and
additionally, in winter in Sweden and Italy. Each
measurement campaign lasted for about 2 weeks and
in this time a substantial number of scans were
performed, rendering an average value representative

Eka Chemicals, Bohus

for the campaign period. Maps over the measurement
areas along with a picture of the mobile lidar system are
seen in Fig. 1.

A single sweep is gathered in 3-5min, yielding a
concentration map and, combined with wind data, a flux
value. Over the course of each measurement campaign,
the wind velocity was measured using wind vanes and
anemometers, placed as close as possible to the center of
the pollution plume. The horizontal direction of the
sweep was not held constant over the entire measure-
ment campaign, as indicated in Fig. 1, due to fluctua-
tions of the wind direction, as it is always desired to have
the measurement direction as perpendicular to the wind
direction as possible.

All the different flux values were then averaged to give
a mean flux value for each hour and ultimately for the
measurement period. In the averaging, sweeps where the
wind speed was less than 1ms~' or the wind direc-
tion was in a too acute angle to the measurement
direction, giving rise to a large sine correction, have been
excluded.

Y o
‘Solvay, Rosignano

Fig. 1. Maps over the measurement sites (a) Bohus, (b) Rosignano Solvay, (¢) Tarnow, with measurement directions indicated.

(d) shows the lidar system on location in Rosignano Solvay.
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4. Results

Each vertical sweep gives a cross-section of the
mercury plume, an example of which is given in Fig. 2
where the area-integrated concentration (gm™") can also
be seen. The daily elemental mercury flux averages from
the different campaigns are given in Fig. 3. For each
campaign a total average flux value was calculated, the
result is given in Fig. 4. Here, the uncertainty bars
correspond to one standard deviation of the different
hourly averages and should not be considered solely as
the error of the measurement technique, as the emissions
most probably were not constant over the measurement
campaign. For comparison, the fluxes may be normal-
ized with respect to the chlorine production, as has been
done in Fig. 5. However, it should be kept in mind that a
substantial part of the flux may be independent of the
chlorine production due to gassing from spills, as
discussed below.

5. Discussion

The results in Fig. 4 can be compared with earlier
measurements by our group at the same plants rendering
average elemental mercury flux values of 43gh™! in
Rosignano Solvay in a september measurement cam-
paign in 1990 (Ferrara et al., 1992) and 31gh™! in
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Bohus in a may measurement campaign in 1992 (Edner
et al., 1995). The present results indicate that, particu-
larly in Bohus, new technologies and environmental
awareness has decreased the emissions significantly.

It should be noted that the accuracy in the measured
flux depends equally on the precision in the integrated
mercury concentration obtained in the lidar vertical scan
and on the accuracy in the wind speed determination.
Wind speed assessment is clearly an important issue and
in the present work data from vane anemometers
appropriately placed were used. In order to estimate
the accuracy of this procedure some joint measurements
comparing vane anemometer data with data obtained
with a Doppler lidar set-up, in which the Doppler-shifts
in particulate backscattering were determined. The
intercomparison suggests that the procedure adopted
in the present flux determination project is good to
about 20 percent (Bennett et al., to appear).

Emissions from the cell building may have a number
of different origins, as discussed earlier (Southworth
et al., 2004). However, it seems logical that there would
be two types of emissions: forced leakage from pumps,
cells, valves, etc. and gassing from spills. The second
type is expected to be dependent on the wind speed over
it, reducing the vapor pressure and thus allowing faster
gassing, whereas a forced leakage is not expected to have
this behavior. In respect of this it should be noted that
the Ttalian plant has an open structure, ventilated by the
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Fig. 2. Cross-section of the mercury plume, recorded at the Solvay plant in Italy, 04-07-2003, 11:29—11:34, corresponding to a mercury

flux of 74gh~".
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Fig. 4. Average mercury flux from the different campaigns. The
error bars correspond to the standard deviation of the hourly
measured values.

wind blowing through the cell house, whereas both the
Swedish and Polish plants are closed buildings with
forced ventilation. The wind dependence is clearly
largest at the Italian site as can be seen by comparing
Fig. 6a—c where the flux as a function of the wind speed
is given for the Italian, Swedish and Polish plant,

Fig. 5. Average mercury flux from the different sites, normal-
ized to the chlorine production during the different campaigns.

respectively. It could be argued that the large emissions
from the Italian plant are only due to the fact that the
wind speed happened to be particularly high at the time
of the campaign. Assuming the fit in Fig. 6a—c are
correct, the emissions if the wind conditions would have
been the same at all sites can be calculated and are seen
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Fig. 6. Mercury flux as a function of wind speed at the different
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(the squares represent single sweep results) and the solid lines to
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in Fig. 7, assuming the wind speed to be 3ms~'. As can
be seen, by comparing Fig. 7 with Fig. 4, only the Italian
summer campaign is affected significantly by this
normalization, in the other campaigns the wind depen-
dence was not very pronounced. This indicates that it
was only in the Italian summer campaign that the
gassing from spills gave a large contribution to the
total flux.

6. Conclusions

Total atomic mercury emissions to air from three
mercury cell chlor-alkali plants were successfully
assessed using the differential absorption lidar techni-
que. It was found that the total fluxes from the three
different plants differ widely, also when normalized on
the chlorine production. This reflects differences in the
technology being used. A hitherto undescribed wind
velocity dependence of the total flux was also observed
especially during high-ambient temperatures on the
open cell house structure of Solvay. This is interpreted
as indicative of a strong emission component from
mercury spills in the electrolytic cell environment.
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ABSTRACT Differential absorption lidar (DIAL) measurements
are usually made on single compounds by alternately switch-
ing the wavelength between on and off a resonance line. The
selection of more than two wavelengths is a mathematical ne-
cessity for simultaneous measurement of multiple species or for
resolving interference effects between a compound of interest
and a background gas such as water vapour or carbon diox-
ide. This is especially true in the mid-IR region, where many
hydrocarbon compounds have important spectral features. We
present a method for remote measurement of gas mixtures in
the mid-IR region based on a newly developed fast-switching,
frequency-agile optical parametric oscillator lidar transmitter.
A multivariate statistical procedure has also been applied for
this system, which combines a genetic algorithm for wavelength
selection with a partial least squares method for identifying in-
dividual compounds from their combined absorption spectrum.
A calibration transfer is performed for compounds of interest
using reference spectra from an absorption spectra database.
Both indoor absorption cell measurements and outdoor remote
range resolved measurements of hydrocarbon mixtures were
performed to explore the performance of the method.

PACS 42.62 Fi; 42.79 Qx; 02.50 Sk

1 Introduction

The increased awareness of the environmental im-
pact of certain industrial activities, and more stringent reg-
ulations on emissions, call for more powerful measurement
techniques for air pollution monitoring. Especially interesting
are the hydrocarbons due to their absorption of terrestrial radi-
ation in the infrared wavelength region, which contributes to
the greenhouse effect [1]. The amount and composition of the
anthropogenic hydrocarbon emissions from sources such as
petrochemical industries, pipelines, road transportation, use
of solvents, rice paddies, and biomass burning are also crucial
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for understanding their impact on the chemistry of the atmo-
sphere on regional and global scales.

In this context, optical remote sensing techniques [2]
are particularly advantageous, allowing large-area monitor-
ing and avoiding sample extraction and preparation difficul-
ties. The mid-IR wavelength region is an important spectral
range where many hydrocarbon compounds have fundamen-
tal rotational—vibrational transitions while major constituents
such as N; and O, do not. In Fig. 1 the absorption spectra of
some simple n-alkanes and water vapour are presented. It can
be concluded that there are significant overlaps in the absorp-
tion spectra of the hydrocarbons, as well as interference ef-
fects from water vapour. Spectrometers have frequently been
used for multiple-species detection over long atmospheric
paths, utilising different multivariate techniques to overcome
these interference effects. In these cases, the whole spectral
signature, containing hundreds of measurement wavelengths,
is utilised for the detection. In the case of lidar systems, it
would be possible to scan the entire wavelength range using
a tuneable, pulsed transmitter, but this is not feasible due to
the limited repetition rate of most lasers. Still, a substantial
number of different wavelengths need to be employed in the
multi-species lidar measurement, rather than just a pair of on-
and off- resonance wavelengths, as is customary in differential
absorption lidar (DIAL). The multi-wavelength lidar concept
raises new considerations, such as how many wavelengths and
which wavelengths should be used during a particular meas-
urement. In addition, the signal obtained from a single laser
pulse in a lidar measurement is not sufficient for data ex-
traction. On the contrary, a large number of shots have to be
averaged for each measurement wavelength in order to get
an acceptable signal-to-noise ratio. Thus, for a concentration
measurement the total number of transmission wavelengths
must be weighed by the time required to obtain a sufficient
signal for each wavelength.

A few laser-based techniques have been proposed for
remote measurements of spectrally overlapping species. Kas-
parian et al. applied a femtosecond white-light source and
a time resolved spectrometer to record whole spectral sig-
natures, ranging over hundreds of nanometers [3]. Presently,
available intensity in the mid-IR wavelength region makes
hydrocarbon monitoring impractical using this approach.
Robinson et al. used a hybrid approach, consisting of DIAL
measurements and gas sampling, to determine range resolved
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concentrations of hydrocarbon mixtures [4]. Quagliano et al.
employed a CO; laser in the wavelength range from 9 to
11 wm to make long-path absorption measurements [5]. In
that case the discrete nature of the tuning of this laser necessi-
tates the limitation of a set of compounds that have interesting
spectral features coinciding with the emitted laser wave-
lengths. The same group chose to use partial least squares
techniques, which we also have explored, for analysing the
composition of hydrocarbon mixtures from their combined
absorption spectra. The most important distinction between
previous papers on the subject and the present one is that our
system can be tuned to any wavelength, in any order, in arange
of 160cm™!, and on a shot-to-shot basis providing on-line
range resolved measurements of compound mixtures [6]. The
systems overall tuning range, 220-4300 nm, enables meas-
urements of a major part of the important trace gases in the
atmosphere.

The quantitative identification of multiple, coexisting
compounds from their combined spectrum requires not only
a measurement system that has the ability to transmit and
detect light at multiple wavelengths, but also the implemen-
tation of the appropriate evaluation tools and measurement
procedures. To manage these requirements, we will present
a method, based on a frequency agile transmitter, genetic
variable selection and multivariate statistical techniques. The
method is tested by absorption measurements in the labora-
tory and range resolved outdoor measurements on a remote
artificial smokestack.

Measurement procedure

The task of the multivariate regression technique is
to create a mathematical model that relates the absorption of
the measurement wavelengths to the concentration of individ-
ual components in a gas mixture. This model can then be used
to predict the composition of new gas samples.

The multivariate analysis starts with the acquisition of
spectra from gas samples with known compositions. A re-
gression model is then built, with the important constraint
that the model should be built up using the individual and
combined spectra of all compounds and concentrations that
one would likely encounter in future measurements. Vari-
ous methods exist for building a regression model, includ-
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ing the well known multiple linear regression technique that
is based on ordinary least squares regression. The problem
with applying this technique to spectroscopic measurements
is the requirement that the variables (spectra) must be lin-
early independent. In addition, ordinary least squares regres-
sion tends to over-fit noisy data. The partial least squares
(PLS) technique [7] overcomes most of these problems by the
virtue of being a projection technique, i.e., the PLS technique
projects the information onto a lower dimensional subspace.
The model is built in such way that the first component con-
veys as much of the variations in the data as possible, at the
same time as it finds the relation between the two data blocks
(spectra and gas concentrations). If a one-component model is
not good enough, more components are added until the varia-
tions modelled by the last component is regarded as noise. The
quality of the model is evaluated by predicting the gas concen-
trations of the samples in a test set and thereby calculate the
mean prediction error (RMSEP) value:

RMSEP = (1)

where y; is the predicted, ¢; is the real concentration value
of the sample and n is the total number of samples. In most
studies that have been performed up to date, the multivariate
regression technique of PLS has been shown to provide the
most accurate predictive models [8] that are the least sensitive
to background noise, and therefore this technique will be used
for analysing the data in this work.

A recording of the whole spectrum would be desirable,
but due to the limited repetition rate of the laser, such meas-
urements could not be carried out in a reasonable time scale,
during which the atmospheric circumstances and the com-
pounds present could be considered as constant in the absorp-
tion path. Therefore there is a need to reduce the number of
measured wavelengths, which is easily done when measuring
mixtures containing only a few compounds. When the number
of compounds increases, the selection of suitable measure-
ment wavelengths gets more and more difficult, and in the case
of severely overlapping spectral structures, it is not possible
by the eye to determine which wavelengths to choose. There-
fore a genetic algorithm (GA) can advantageously be used as



Paper IV

WEIBRING et al. Multi-component chemical analysis of gas mixtures using a continuously tuneable lidar system

527

guidance when selecting which wavelengths to measure. The
GA has proven to be a valuable tool for automated variable
selection [9—11]. The drawback with GA is normally the sub-
stantial set-up preparations that have to be considered. For the
present application only some basic set-up properties of the
GA were explored, since the goal is not to optimise the GA but
just to get some guidance when selecting wavelengths. The
wavelengths selected by the GA could then be used as a base
when measuring with the system.

For a fixed number of wavelengths the GA consists of four
basic steps, where steps 2—4 are performed until a stop crite-
rion is fulfilled:

1. A number of chromosomes (different wavelength sets) are
constructed randomly. This is called the initial population.
The number of wavelengths in each chromosome is locked
to a certain number during the entire wavelengths selec-
tion procedure.

2. For each chromosome the response associated with the
corresponding experimental conditions is evaluated. This
is done by making a PLS model for each chromosome. The
model is then evaluated by means of predicting a test set
and thereby calculating the RMSEP-value. This value is
used as the fitness value and is the criterion for guiding the
GA to the global optimum.

3. The reproduction step creates a new population that can
be considered as the next generation. The new generation
of chromosomes is made up by recombination of the ori-
ginal chromosomes. The chromosomes with a good fitness
value have a higher probability to reproduce than a chro-
mosome with a bad fitness value, all in order to improve
the overall fitness of the population. The chromosome
with the best fitness value is always transferred unchanged
to the next generation.

4. Mutations are necessary to overcome some problems that
may occur. The most essential problem to be solved is that
if a wavelength should not be selected in any of the original
chromosomes, it would never be selected in the coming
generation if mutations were not present. Another import-
ant aspect is that the mutations help the GA not to find
local minima, but to find the global minimum. A muta-
tion is simply an exchange of one of the wavelengths in the
chromosome to a randomly chosen one.

Although it is optimal to experimentally record these absorp-
tion spectra using gases in a test cell, this is not practical for
such a large set of compounds that normally can be found
in a polluted atmosphere. A better alternative is to use spec-
troscopic databases, which include most species in the atmo-
sphere. The database approach also has the advantage that it
will allow the multivariate model to be modified in the field if
a previously unidentified compound would be found to exist
in the gas mixture. Itis though important to adjust the database
data so it also takes the instrumental parameters into account.
For example, since field experiments are associated with noisy
signals, white noise has to be added to the spectra included in
the model. In addition, differences in laser linewidth, wave-
length stability, wavelength offset, and wavelength slope lead
to further differences in the recorded spectra. All above stated
parameters can be taken into account through a calibration

transfer procedure, which establishes a relationship between
the instrument and database responses.

Due to the above-mentioned considerations, a measure-
ment must sometimes be performed in an iterative way, espe-
cially if there is no detailed knowledge about the composition
of the pollution.

A systematic way of dealing with this is proposed in the
following procedure.

— Building a model based on experience and basic know-
ledge of the source’s emission inventory and atmospheric
conditions. For instance, a petrochemical industry emits
a wide range of hydrocarbons. Based on this knowledge
the model is built on the expected existing compounds in
the emission.

— A GA is used to select the appropriate wavelengths for
later PLS determination of the concentrations of the differ-
ent pollutants. The wavelength selection is made based on
database spectra, with added noise etc.

— A PLS model is built from database spectra, with the GA
selected wavelengths.

— The lidar measurement is performed with the required
number of shots to reach the desired signal-to-noise ratio.

— Calibration transfer is performed between the instrument
recording at the selected wavelengths and the database
spectra.

— Prediction of the individual concentrations of the com-
pounds in measured mixtures by importing the calibration
transferred data to the model.

— Checking the model prediction error statistics. If the meas-
urement gives large residuals, probably the compounds
included in the model do not match the composition of the
emission. The model is then rebuilt, based on experience,
by either increasing or decreasing the number of included
compounds until the residual information not described by
the model is minimised.

3 Experimental set-up

Experiments for this investigation were performed
with the Lund University mobile lidar system [12], which is
shown schematically in Fig. 2. The key element of the system
is a fast tuning lidar transmitter, using all-solid-state technol-
ogy, providing range- and temporally resolved atmospheric
measurements of gas concentrations. The instrument is based
on a commercial OPO laser system (Spectra Physics MOPO-
730) which has been redesigned introducing piezoelectric
transducers mounted on the wavelength tuning mirror and on
the crystal angle tuning element in the OPO. A piezoelec-
tric transducer similarly controls the frequency-mixing and
doubling stages, which have been implemented to extend sys-
tem capabilities to the mid-IR and UV regions. The system
is able to produce radiation, with an average linewidth bet-
ter than 0.2cm™! and a shot-to-shot tunability of 160 cm™!,
with an accuracy better than the linewidth. For instance,
this means that the fast tuning ability is within a range of
170 nm in the mid-IR wavelength region. The output power
in the wavelength regions 220-1800 nm and 2600-4300 nm
reaches 100 mJ and 20 m], respectively [12]. The system per-
formance in terms of wavelength, linewidth and power sta-
bility is monitored on a shot-to-shot basis in real time by
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a surveillance system based on a Fabry—Pérot interferome-
ter. If the desired requirements are not met for a specific light
pulse the system discards the corresponding collected data
and repeats the measurement until the requirements are ful-
filled. For concentration and wavelength reference purposes,
an absorption cell system is incorporated in the lidar system,
enabling different reference mixtures to be measured at the
same time as the lidar measurement is performed. The out-
going beam from the lidar system is expanded by a variable
beam expander and transmitted out into the atmosphere by
a computer controlled transmitting/receiving unit; see Fig. 2.
A 40 cm diameter Newtonian telescope is used as a receiver.
Two parallel detection channels enable full spectral coverage
in the UV, VIS and mid-IR regions by utilizing both a PMT
and a liquid-nitrogen-cooled InSb detector. A filter system in
front of the detectors enables high signal-to-background ra-
tios for compounds in the whole wavelength region. For an
optimally adjusted IR lidar system, a measurement range of
about 400 m can be estimated.

To test the potential of the measurement procedure in de-
termining the concentration of different compounds in a mix-
ture, two test stations were built. One station consisted of
an ordinary absorption cell arrangement simulating an ideal
measurement situation. The other test station consisted of an
open-ended remote gas cell simulating a remote plume.

The absorption cell arrangement consisted of a 2 cm long
cell. All optics including the cell windows were made of CaF, .
To eliminate interference fringes and achieve a similar power
at both detectors, the beams for the cell and reference paths
were split off by reflection from the beam line with separate
wedged beam splitters. The detectors (PbSe) were tested to as-
sure that the experiment was conducted in the linear regime
of their response. To create a gas mixture the following steps
were carried out: The absorption cell was flushed with nitro-
gen and then evacuated, after which it was filled with differ-
ent partial pressures of methane, ethane, propane and butane
(> 99% purity) using a pressure gauge. Following this, the
cell was filled with nitrogen to atmospheric pressure resulting
in concentrations of 0—140 ppm m of the above stated hydro-
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carbons. For validation purposes a gas mixture was meas-
ured using a FTIR instrument (Mattsson Instruments), which
showed a good agreement with the lidar system measurement.

In order to simulate a real-life measurement, an outdoor
open-ended flow cell was built for testing the lidar system
under conditions that closely resemble emission sources such
as factory smokestacks. The facility was located 60 m from
the lidar system, and consisted of a 3 m long, 40 cm diam-
eter pipe, through which ambient air was forced from a side
pipe using a fan. At the inlet of the fan, controlled flows of
methane, ethane and propane were added to a controlled flow
of carrier gas consisting of ambient air. This mixed gas was
then introduced into the center of the main flow cell and al-
lowed to pass out each open end of the pipe, as shown in
Fig. 2. The total flow of the gas mixture was measured by
a pressure gauge inserted in the side pipe. The concentration
of the different gases in the cell was calculated by dividing
the flow of the individual gases by the total flow. All flows
could be set and monitored from a computer at the lidar sys-
tem. The average flow data of the gases and air were stored on
the computer disc every 10 s. The mass flow controllers were
tested to have a maximum error of 15%, and the variation of
the air flow was constantly measured and found to be within
2% which results in a total concentration error of approxi-
mately 15%. By firing the lidar beam through the open-ended
flow cell, range resolved absorption measurements were per-
formed. The maximal range-resolution allowed by the system
is 7.5 m. The integrated gas contents (ppm m) due to the gas
released was evaluated from the size of the resulting steps in
the lidar curves, evaluated with some smoothing of the raw
data, using an effective range interval of 15 m.

4 Results

The measuring and analysis procedure for both the
absorption cell and the open ended flow cell was performed
according to the multivariate concept described above. To
make a PLS model, first database spectra of methane, ethane,
propane, butane and water were utilised to make 150 resulting
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spectra, spanning the expected concentrations of the com-
pounds (0—200 ppm m). Also 40% of white noise and a wave-
length jitter of 0.2 nm were added to the spectra to enable
amodelling resistant to noisy data and laser wavelength jitter.
A GA was utilised to select the most significant wavelengths
to use in the PLS model according to the procedure described
above. The GA input properties were kept constant at 100 sep-
arate chromosomes (wavelength sets), 100 generations and
a 5% mutation rate, with the exception of the number of se-
lected wavelengths in order to examine the effect of that fac-
tor. Four different sets of wavelengths were compared: 10 and
20 wavelengths selected by the GA, 20 wavelengths selected
manually based upon experience of a spectroscopist, and 20
wavelengths selected by a combination of the GA and a spec-
troscopist. These four sets of wavelengths and a fifth case,
utilising all scanned wavelengths, were then used to build sep-
arate PLS models.

To validate the wavelength selection procedure and the po-
tential of the different PLS models in determining the concen-
tration of different compounds, an experiment with the indoor
absorption cell was performed. The gas cell was filled with
0-140 ppm m of methane, ethane, propane and butane span-
ning all encountered concentration situations. After the cell
was filled, a complete wavelength scan from 3305 to 3385 nm,
with a resolution of 0.1 nm, was performed. A simple calibra-
tion transfer was then performed, consisting of re-scaling and
offset adjustment in order to match the measured spectra to
the resolution and spectral response of the database spectra.
These data were then used to validate the above described PLS
models created from the database. The result from this ex-
periment is summarised in Table 1. Also the models based on
wavelength selections for 20 wavelengths selected by a spec-
troscopist (manual) and 20 wavelengths selected by a com-
bination of the GA and a spectroscopist (GA & manual) are
shown in Fig. 3. It can be concluded that a PLS model using
10 wavelengths based on a GA selection gives quite large
residuals, but a PLS model based on a 20 wavelength GA

selection improves the predictive abilities. Further increase
of the number of wavelengths, to e.g. 30-40, does not sig-
nificantly increase the prediction capabilities. The automated
GA selection of 20 wavelengths performs actually better for
ethane than a manual selection of 20 wavelengths based on
the selection of a spectroscopist. The GA & manual model
with 10 wavelengths selected by a GA and 10 wavelengths
added afterwards by a spectroscopist gives the best results,
thus achieving a robust model with predictive powers only
succeeded by the model based upon the complete spectrum.
The prediction error in the combined model is about 7 ppmm
for methane, and between 20 and 25 ppmm for the other
species. The main improvement in accuracy of the combi-
nation model compared to the manual model is achieved for
ethane and propane. For ethane, the selection of measurement
wavelengths is completely different among the two models
while for propane the number of measurement wavelengths
around the main peak is increased in the GA & manual model.
Here the aid from GA proves to be superior due to the fact
thatitis difficult to determine by eye only the wavelengths that
enable a good de-convolution of the interference among the
different species.

The sharp-featured substances can be modelled in a more
accurate and robust way, as in the case of ethane, using a few
wavelengths rather than using complete spectra, due to the
fact that the errors introduced by varying interfering sub-
stances could be minimised. It can also be seen that substances
with sharp features, such as methane and ethane, are easily
modelled using just a few wavelengths whereas heavier com-
pounds with broader spectral features such as propane and
butane need a larger set of wavelengths to be modelled in
a proper way.

The cell experiment showed that the combination of GA
and manual selection gave the best wavelength selection;
therefore, these 20 wavelengths were used when measuring on
the outdoor cell. The outdoor cell system was set to deliver
0-100 ppm m of methane, ethane and propane for the differ-

TABLE 1  Average errors (RMSEP)
RMSEP methane RMSEP ethane RMSEP propane RMSEP butane from the predictions of the samples
(ppm m) (ppm m) (ppm m) (ppmm) measured in the indoor cell with vari-
ations of the different compounds
10 wavelengths GA 15 37 43 32 0-140 ppmm, showing the differ-
20 wavelengths GA 9 21 37 25 ences between the various wavelength
20 wavelengths manual 9 35 33 25 selection cases
20 wavelengths GA & manual 7 23 19 26
Complete spectra 6 27 14 15
Methane
0.1 - l;thanc
ropane

Butane
20 GA & manual
20 manual

o |||

Absorbance

FIGURE 3 Spectra of the four
measured substances, with the se-

Wavelength (nm)

lected wavelengths for the different
wavelength selection cases marked

131



Multi-component chemical analysis of gas mixtures using a continuously tuneable lidar system

530 Applied Physics B — Lasers and Optics
TABLE 2  Set values for the mass flow controllers and lidar system response for methane, ethane and propane
Mixture Set methane Predicted methane Set ethane Predicted ethane Set propane Predicted propane
concentration concentration concentration concentration concentration concentration
(ppm m) (ppm m) (ppmm) (ppmm) (ppmm) (ppm m)
1 0 18 50 46 50 64
2 50 53 100 104 0 0
3 0 10 100 118 0 -2
4 0 5 100 127 100 120
5 100 929 100 99 0 -7
6 100 120 100 120 0 14
7 100 101 100 107 100 109
8 50 56 50 63 50 53
9 0 24 0 -7 50 38
10 100 145 100 105 100 129
Average error 13 10 11

ent measurements. On this occasion the typical pulse energy
of the emitted IR radiation was 8—10 mJ. The range resolved
data were then used to calculate the absorption at the dif-
ferent wavelengths through the cell. The natural background
concentration of methane was measured and taken into ac-
count during the calculations. The results from the outdoor
cell measurements are summarised in Table 2. The prediction
errors are comparable between the lidar and the indoor cell
measurements, with some exceptions. The major factor for the
disagreement is probably the wind conditions. The fact that
the range resolution of the lidar system is only 7.5 m and that
the wind speed and direction affects the effective length of the
absorption path introduces large errors. The length of the ab-
sorption path could typically vary from 3 to 6 m between the
extremes of the wind conditions. This was confirmed by in-
troducing smoke to the inlet of the cell system and studying
the resulting plumes out of the cell openings for different wind
conditions.

Discussion

The concept of a multi-wavelength lidar system
with multivariate analysing techniques for measuring hydro-
carbon gas mixtures has been successfully implemented and
tested. The tests were carried out with the light hydrocarbons
methane, ethane, propane and butane. When larger hydro-
carbons such as heptane, hexane, and octane are measured,
the spectral overlap will be more severe and it can be dif-
ficult to determine the individual concentrations of the dif-
ferent hydrocarbons without increasing the number of wave-
lengths substantially. Recording all spectral structures over
arange of hundreds of nanometers is not possible due to pro-
longed measurement time compared to the time constants of
source emission and atmospheric variability. Thus establish-
ing the concentration of different groups of hydrocarbons,
using fewer wavelengths, could be the target for such a meas-
urement. The extension of the multivariate techniques em-
ployed in the current study to other classes of compounds is
thus one area for future development.
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Multi-wavelength measurements can be advantageously
applied in other spectral regions as well. In the ultravio-
let wavelength region, overlapping aromatic hydrocarbons
are more easily measured due to less interfering species.
High accuracy measurements of sulphur dioxide with inter-
ference of ozone in the ultraviolet wavelength region have
been performed with specially designed three wavelength
systems [13]. By utilising even more wavelengths, an in-
crease in the accuracy of both sulphur dioxide and ozone
could be expected. In the same way one could achieve higher
measurement accuracy for isolated species that have been
traditionally measured by standard two wavelength measure-
ments (DIAL).
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ABSTRACT Ultraviolet radiation around 302nm was pro-
duced by sum-frequency generation in beta-barium borate
employing a blue and a near-infrared diode laser. The diode-
laser-based spectrometer has a mode-hop-free tuning range
of 50 GHz and was used for high-resolution spectroscopic
detection of sulfur dioxide. Differential measurements of sev-
eral gas concentrations, at low pressure as well as at ambi-
ent atmospheric pressure, were demonstrated. The detection
limit in the first implementation of the instrument was about
20 ppm m at atmospheric pressure, essentially limited by in-
terference fringes. Methods for greatly improving this limit
are suggested.

PACS 42.55Px; 42.65.Ky; 42.62.Fi; 42.68.Ca; 33.20.Lg

1 Introduction

Strives to extend the available wavelength range of
semiconductor lasers have led to the development of new
laser types, which have become useful tools for spectro-
scopic measurements. For instance, a wide access to the
mid-infrared (mid-IR) wavelength region (2-15 um), where
most molecules have fundamental rotational—vibrational tran-
sitions, has been achieved by the recent introduction of quan-
tum cascade lasers [1]. Presently, diode laser and LED sources
for direct generation of blue and violet radiation down to
365 nm are readily available by use of InGaN and GaN ma-
terials [2]. However, at shorter ultraviolet (UV) wavelengths
(200-350 nm), there is still a need for efficient continuous-
wave (cw) light generation by compact and comparatively
inexpensive semiconductor lasers. This would facilitate the
widespread application of UV absorption spectroscopy for
in situ and remote gas measurements, which has so far been
largely prevented by the size, weight, cost, power consump-
tion, and complexity of existing sources. The UV region is im-
portant for spectroscopy since electronic transitions of most
atoms and molecules occur in this spectral range, and the line
strengths of these transitions are several orders of magnitude

= Fax: 446-46-2224250, E-mail: sune.svanberg@fysik.lth.se
*Permanent address: Department of Applied Physics, Harbin Institute of
Technology, P.O. Box 406, Harbin 150001, PR. China

larger than those of rovibrational transitions in the infrared
[3].

A common approach to generate light in wavelength re-
gions not accessible by direct laser sources is to use different
non-linear optical frequency conversion procedures. A partic-
ularly powerful approach is a mixing scheme where both the
primary pumping laser wavelengths and the generated mixing
wavelength can be simultaneously tuned to absorption lines
of several species. Such a three-gas-monitoring scheme em-
ploying diode lasers has previously been demonstrated for
difference-frequency generation (DFG) at 3.4 um (methane)
by mixing a 760 nm (oxygen) and a 980 nm (water vapor)
source [4]. In the UV range, recently available blue/violet
diode lasers have been successfully employed in frequency
mixing with visible and near-infrared diode lasers to pro-
duce 254 nm for mercury spectroscopy [5] and 309 nm for
hydroxyl radical detection [6], respectively. Alternative diode
laser strategies for producing tunable sources of UV light
have been demonstrated utilizing second-harmonic genera-
tion to 325nm for copper spectroscopy [7] and to 308 nm
for hydroxyl radical detection [8]; and by a combination of
frequency doubling and sum-frequency mixing to 283 nm for
absorption measurements of lead [9].

In the present work, we report the generation of 6.9 nW
of tunable UV radiation in the wavelength interval between
302 and 303nm by sum-frequency generation (SFG) in a
B-BaB,04 (BBO) crystal employing an external cavity blue
diode laser emitting light at 437.84 nm, and a near-infrared
(near-IR) Fabry—Pérot diode laser operating around 975 nm.
Ultraviolet light, with a continuous 50-GHz mode-hop-free
tuning range, was used for spectroscopic detection of molec-
ular sulfur dioxide (SO;). The moderately strong absorption
band around 300 nm has absorption cross sections about 100
times higher than above 365nm available today for direct
diode laser and LED sources. Additionally, in this spectral
region no essential interferences from ordinary constituents
of air are present [10], except for ozone (O3), formaldehyde
(H,CO), and nitrogen dioxide (NO;), which have one to two
orders of magnitude smaller absorption cross sections than
SO, [11].

To our knowledge, this is the first all-diode-laser-based
UV spectrometer used for SO, detection. An interesting
aspect of our optical-frequency-conversion scheme is that in
addition to monitoring of the UV-absorbing pollutant SO,,
the two driving lasers can be made resonant with transitions
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also be accounted for by monitoring the concentration of
NO; in the blue wavelength region.

2 Experimental

The experimental setup used for SFG and subse-
quent SO, detection is shown schematically in Fig. 1. The
blue diode laser (Nichia NDHB500APAE1) had a nominal
operating wavelength at room temperature of 438 nm and a
maximum cw output power of 5mW. It was assembled into
a home-made monolithic brass holder in a Littrow-geometry
arrangement with active temperature control to ensure stable
single-longitudinal-mode operation. While coarse wavelength
tuning was performed by changing the temperature around the
diode laser capsule, fine tuning to the desired wavelength was
accomplished by changing the angle of the 2400 lines/mm
holographic grating (Edmund Scientific 43224) by means of
a high-accuracy piezo-translator and driver (Thorlabs MDT-
690). With the present coupled-cavity configuration and the
particular diode laser type used, the blue laser light could be
tuned without mode hops only over limited spectral intervals,
probably due to insufficient optical feedback from the grating,
and the wavelength was therefore held fixed at 437.84 nm. In
order to achieve stable lasing conditions, the operating current
op, blue = 35.5 mA was chosen just below the threshold of the
free-running laser Iy, pe = 36.3 mA, resulting in an output
power off the grating of 2.2 mW.

The 980-nm Fabry—Pérot-type diode laser (Power Tech-
nology LD1313) with a maximum output power of 200 mW
was mounted in a thermoelectrically cooled holder (Thorlabs
TCLDMY). The temperature and current variation of the near-
IR diode laser wavelength are shown in Fig. 2. As displayed
in the figure, a total discontinuous tuning range of about
10nm for a temperature change of 30°C is achieved, corre-
sponding to the frequency-converted wavelengths of the SFG
scheme shown on the right-hand vertical axes. The most sta-
ble single-mode-operation conditions with the laser operat-
ing free running were found at a set temperature of 12°C.
Wavelength scanning was performed by ramping the cur-
rent (Hewlett-Packard 33120A) with 20-Hz repetition rate
and 76-mA peak-to-peak amplitude symmetrically around the
operating current /o, n-ir = 120 mA. This resulted in a con-
tinuous tuning range of more than 50 GHz, limited by mode
hops, as indicated by the plateau in Fig. 2. At these operating
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FIGURE 2 Variation of the wavelength output of the near-IR Fabry—Pérot
laser with current (open circles, lower horizontal scale) at a temperature
of 12°C, and with temperature (filled circles, upper horizontal scale) at a
current of 120 mA. Mode hops are seen as discontinuities in the wavelength-
tuning range occurring at specific temperatures. The current ramping for a
continuous tuning range of 50 GHz used in the present study is indicated as
a solid line. In the inset, the typical single-mode characteristic of the laser is
shown

conditions, the average output power of the near-IR laser was
130 mW.

The temperature and current of both lasers were con-
trolled by low-noise diode laser drivers (Melles Griot 06DLD
103), and the divergent output beams were collimated by
anti-reflection-coated molded glass aspheric lenses (Geltech
C230TM). The emitted radiation was diagnosed by a home-
made and a commercial wavemeter (Burleigh WA-4500) for
precise measurements of the diode laser wavelengths, and
by a Czerny—Turner spectrometer (Jobin-Yvon, 1-m instru-
ment) with CCD read out, in order to ascertain that the
lasers were operating in a single longitudinal mode during
the measurements. The inset in Fig. 2 illustrates the typ-
ical single-mode characteristic of the near-IR diode laser
output.

Both lasers were vertically polarized, acting as ordinary
beams in type I phase matching for a negative uniaxial crystal.
The blue and the near-IR beams were combined and spatially
overlapped through a dichroic beam splitter and then focused
by an achromatic lens (f = 60 mm) into a 13-mm-long BBO
crystal, which was cut for type I phase matching at 6 ~ 37°
and ¢ = 90°. Since both primary beams had comparable el-
liptical beam sizes, no circularization of the beam profiles was
needed. After re-collimation by a plano-convex fused-silica
lens with a focal length of 50 mm (Thorlabs LA4148-UV),
the generated UV radiation was transmitted through an inter-
ference filter (centered at 300 nm), which was slightly tilted
for accurately matching the produced UV wavelength, and
through a colored glass filter (Schott UG11), before entering
a large-area photomultiplier tube (PMT) (Hamamatsu R331).
Thus, the non-converted blue and near-infrared radiation,
as well as the background light, were effectively blocked
from entering the detector. The signal from the PMT was
sent via a preamplifier to a signal-averaging oscilloscope
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(Tektronix TDS520B), from where the data was transferred
to a computer for processing and evaluation.

In the experiments, the crystal was slowly rotated horizon-
tally until phase matching was observed. Since the BBO crys-
tal was cut at a slightly different angle than the one required for
this particular combination of wavelengths, the primary beams
were not incident normally on the crystal surface. This had
the advantage of reducing the back reflections into the lasers.
Additionally, all other transmissive optics were carefully an-
gled by a few degrees. Since laser instabilities that might have
been caused by optical feedback were not observed, no optical
isolation in either beam path was required. The reflected part
of the near-IR beam coming from the dichroic beam splitter
was directed through a low-finesse solid-glass etalon, which
allowed relative calibration of the frequency scale by the free
spectral range between the fringes.

A 30-cm-long gas cell, equipped with quartz windows
at Brewster angle, and connected to a gas-mixing manifold,
could be inserted in the light path in front of the detector
for high-resolution measurements of SO, at low and ambient
atmospheric pressures. The sulfur dioxide, supplied in a steel
cylinder as a 2% mixture in dry air (Air Liquid), was diluted
with air to required concentrations and introduced into the
absorption cell.

The primary generated UV light was estimated by photon
counting, and yielded n = 0.15 x 10° pulses per second. Al-
lowing for losses through the interference filter, the colored
glass filter, and the quartz lens, which had transmissions
of 0.09, 0.82, and 0.92, respectively, and accounting for
the quantum efficiency of the PMT at 302nm (n = 0.21),
means that approximately 6.9 nW was generated inside the
crystal.

From the theory of SFG using focused Gaussian beams
[12, 13] and assuming a lossless crystal, the UV power can be
expressed as

_ 46!)1(4)26!)3 desz P] P2 lh
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where w; (w; < wy < ws) are the angular frequencies, P; are
the powers, n3 = 1.59 is the refractive index of the crystal at
302 nm, d, is the effective non-linear coefficient, / is the crys-
tal length, and / is a dimensionless focusing parameter. Using
input powers measured before the crystal of P; = 1.6 mW
and P, = 108 mW, d.y = 1.24 x 10712 m/V according to the
expressions in [14], and 47 = 0.02 estimated from the plots
presented in [12], and accounting for the approximately 7%
reflection losses at the crystal input and output facets, a the-
oretical UV output of P3; = 27 nW was calculated. The devi-
ation between measured and calculated UV powers could be
attributed to imperfect beam overlap of the two input beams,
inferior beam profile of the blue diode laser (caused by diffrac-
tion in the collimating lens), and deviation from the optimal
cutting angle of the crystal.

The bandwidth of the generated UV radiation is expected
to be dominated by that of the near-IR laser, because blue
lasers in similar configurations were found to have bandwidths
of 5MHz [15] and 8.3 MHz [16], while the bandwidth of the
Fabry—Pérot near-IR diode laser is estimated to be less than
100 MHz.
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FIGURE 3 a Etalon fringes from a 2.44-GHz Fabry—Pérot etalon used for
frequency calibration. b Sulfur dioxide spectra recorded around 302 nm at
low pressure (20 mbar) and at ambient atmospheric pressure. The recordings
are 1024 scan averages, corresponding to a total sampling time of 52 s for each
curve. ¢ The wavelength location of the spectra in the broad UV absorption
region of SO, is indicated in a spectral overview, obtained with a Fourier-
transform spectrometer [17]

3 Measurements and results

The UV radiation wavelength was continuously
scanned across a 50-GHz interval by tuning the near-IR laser,
while the blue laser was kept at a fixed frequency. Data was
averaged over 1024 scans on the digital oscilloscope, corre-
sponding to an acquisition time of 52s with the repetition
rate of 20 Hz used. Attempts to reach higher repetition rates
resulted in a decrease of the mode-hop-free tuning range.
A portion of the SO, absorption spectrum around 302 nm
was recorded, as shown in Fig. 3b. Comparison can be made
with a Fourier transform spectrometer measurement, shown
in Fig. 3c, which indicates the wavelength location of the
selected UV scan, and presents an overview of the broad
structures of the SO, absorption band in the 260-320-nm
spectral region [17]. The differential absorption of the slowly-
wavelength-dependent SO, structures is suitable to be probed
with broad laser sources and has been utilized in, for example,
differential absorption lidar (DIAL) measurements, where the
on/off-resonance wavelength pair 300.5 nm/299.3 nm is nor-
mally chosen to achieve maximum contrast [18].

However, the pronounced band spectrum of SO, in the
UV also has very sharp rotational structures visible only at
high spectral resolution [11]. Until now, very few studies
of the SO, absorption spectrum have been performed using
high-resolution instruments. The best available data has a
wavelength accuracy of about 0.01 nm and a resolution of
2cm~! (60 GHz) [17], which is more than 600 times broader
than a usual diode laser bandwidth (10~100 MHz). There is
a great interest in increasing the accuracy and the resolution
of the spectrum, especially at temperatures and pressures
that are different from NTP, where extremely little data has
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been collected. These kind of data, needed for computation
of the variation of the absorption cross sections with both
temperature and pressure, are collected in spectroscopic
databases such as HITRAN [3], and can potentially be
useful for separation of stratospheric and tropospheric gas
absorption in atmospheric spectra.

Recorded SO, spectra at the top of the 302-nm peak are
shown in Fig. 3b for a low-pressure gas (20 mbar of a 2%
SO, gas mixture in dry air) and at atmospheric pressure, in
both cases for the same partial pressure of SO,. The effect of
pressure broadening, with consequent reduction of the differ-
ential absorption, can be clearly seen. Given the absorption
line density of about 10 lines/cm ™!, visible in the low-pressure
spectrum, lines are partially overlapped at atmospheric pres-
sure due to broadening. However, as evident from the record-
ing, the features remain sufficiently resolved to allow spectro-
scopic detection.

The spectra displayed were obtained by initial lineariza-
tion of the slightly non-linear frequency scale using si-
multaneously recorded interference fringes from an etalon
(Avpsg = 2.44 GHz in the near-IR region). The frequency-
linearized etalon fringes corresponding to the 975-nm radia-
tion are displayed in Fig. 3a. Subsequent data evaluation con-
sisted of subtraction of the corresponding background levels
from all the signals, followed by normalization of the gas-
related signals to signals recorded using an empty gas cell.
The negative value of the natural logarithm of this ratio is
proportional to the path-integrated concentration, i.e. the ab-
sorbance, according to the Beer—Lambert law. By subtracting
the mean value of this quantity over the interval studied, a
differential spectrum was obtained, as displayed in Figs. 3b
and 4.

Differential spectra recorded at several low pressures (2,
5, 10, 20, 40, and 80 mbar, respectively) of a 2% SO, gas
mixture are presented in Fig. 4. They demonstrate the good re-
producibility of the spectral measurement, and the absence of
a major pressure-broadening influence in this pressure range.

0.1

Differential absorbance (a.u.)

-0.1

20 30 40 50
Frequency (GHz)

0 10

FIGURE 4 Differential spectra of sulfur dioxide at several low gas pres-
sures (2, 5, 10, 20, 40, and 80 mbar, respectively). The absorption cell was
filled with a 2% sulfur dioxide gas mixture. The spectra were normalized to
their mean values in the interval presented and the natural logarithm was used
to calculate the differential absorbance
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FIGURE 5 Direct absorption as a function of sulfur dioxide concentration
recorded at atmospheric pressure (lower plotr) and at low pressures (upper
plot), respectively. The calculation of the differential absorbance is based
on the relatively large structure seen in Fig. 3 between 20 and 25 GHz.
The slopes of the lines fitted to the experimental points were estimated to
be 5.0 x 10’2/(g/m2) and 1.5 x 10’1/(g/m2) for high and low pressures,
respectively

As a measure of the path-integrated SO, concentration, the
ratio (i.e. the difference in the spectra of relative absorbance
presented) between the signal on and off a gas absorption
feature was formed, similarly to the procedure used in differ-
ential absorption lidar (DIAL) [18]. In this particular case the
spectral feature between 20 and 25 GHz, seen in Fig. 3, was
selected and the resulting differential absorbance was found
to depend linearly on the path-integrated SO, concentration,
as can be seen in Fig. 5. It can also be seen in the figure
that the sensitivity is about three times higher at low pres-
sures than at ambient atmospheric pressure. It was found that
the SO, differential signals at atmospheric pressure and at a
path-integrated concentration of about 50 mg/m?, equivalent
to 20 ppmm, became comparable to the magnitude of un-
wanted interference fringes generated in the optical system,
thereby defining the present detection limit of the diode-laser-
based spectrometer.

4 Discussion and conclusions

We have demonstrated high-resolution spectro-
scopic detection of molecular sulfur dioxide using a sum-
frequency-generation scheme. Our detection scheme relies on
the fact that the absorption spectrum of sulfur dioxide in the
wavelength region around 300 nm consists of a complicated
line structure superimposed on the typical broader structure
that is normally used. The sensitivity of the diode-laser-based
spectrometer in its present configuration is limited by inter-
ference fringes, induced by spurious reflections and scattering
in the optical system. No attempt to minimize the influence of
this type of noise was done so far. This can be performed by
extensive use of anti-reflection coatings on the optical com-
ponents, use of wedged windows (especially on the gas cell),
dithering of optical components, and filtering techniques. Al-
though the reported detection limit for SO, is too high for use
in environmental monitoring, the present sensitivity could be
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sufficient for industrial or volcanic SO, emission measure-
ments. For example, average integrated gas concentrations
around 100 ppmm and above have been readily observed in
volcanic plumes [19].

As mentioned, the detectivity of the present setup was pri-
marily limited by experimental circumstances, which implies
that the interference fringes should be eliminated first. Con-
secutively, however, the fundamental noise sources should be
reduced to achieve the best possible detection performance.
Alternatively, the signal could be enhanced, for instance by
increasing the UV power available. In the following, a survey
of possible sensitivity-enhancement schemes is presented.

Since only direct absorption measurements were presently
performed, the sensitivity can be improved by at least one
order of magnitude using modulation schemes, which effec-
tively reduce the influence of noise by moving the detection
band to much higher frequencies, where the flicker (1/f) noise
is strongly reduced. In particular, frequency-modulation (FM)
spectroscopy or two-tone frequency-modulation spectroscopy
(see e.g. [20]) performed at 10 MHz or higher frequencies
eliminates this type of noise, leaving the quantum shot noise
as a fundamental limitation. FM spectroscopy in the UV re-
gion was demonstrated in [5]. With the UV intensities gen-
erated in the present experiments, modulation techniques are
expected to improve the detectivity considerably.

Alternative sensitive detection schemes such as cavity
ring-down spectroscopy (CRDS), intracavity laser absorption
spectroscopy (ICLAS), and White cells are based on multi-
pass arrangements which require comparatively high optical
power in order to reduce the detection noise. In our case the ad-
vantage of such schemes would be limited due to the low UV
laser power available. However, more careful overlapping of
the beams by, for example, use of anamorphic prism pairs and
collimation optics designed for the proper laser wavelength,
and use of high-power blue diode lasers currently available
(30mW), have the potential to increase the emitted UV in-
tensities. A very promising alternative is to use quasi-phase
matching (QPM) in a periodically poled non-linear crystal to
increase the efficiency of the frequency conversion. This has
been demonstrated for frequency doubling of the 650-nm out-
put of a dye laser using a QPM crystal [21]. At present, how-
ever, QPM crystals with short poling period — necessary for
these short wavelengths — are not yet commercially available.

Inspecting Fig. 2 we notice that, by using the full tun-
ing of the near-IR diode laser, a 1-nm UV tuning range can
be achieved, thus accessing the large-scale differential effect
available in the SO, spectrum. Clearly, this cannot be achieved
without severe mode-jump problems. This would suggest
great difficulties in achieving sensitive detection. However,
as recently pointed out and demonstrated by us, a ‘misbehav-
ing’ diode laser can still be utilized when applying a temporal
gas correlation scheme, where fluctuations in the sample sig-
nal are correlated to a simultaneously recorded reference cell
signal [22]. For large UV tuning ranges several tandem non-
linear crystals achieving together broadband phase matching,
or a multiple-period periodically poled non-linear material,
must be used.

As mentioned in the introduction, the original idea was to
detect three different gases — sulfur dioxide, nitrogen dioxide,
and water vapor — simultaneously. Due to difficulties in scan-
ning the blue diode laser, this was, however, not achieved here.
With improving performance of the blue diode lasers, possibly
by using an anti-reflection-coated device presently commer-
cially available [23], the implementation of the proposed
multi-species spectrometer should be possible. A less ambi-
tious scheme would allow simultaneous NO, and SO, detec-
tion by frequency doubling of 635-nm radiation. As recently
demonstrated, radiation at 635nm weakly interacts with
NO;, and by using FM spectroscopy realistic detection limits
can be reached [24]. Simultaneous 317-nm FM spectroscopy
efficiently addresses the weak bands of SO,, as indicated in
Fig. 3.
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The reliability of diode lasers used in spectroscopic applications is limited by their intrinsic
multimode and mode-jump behavior when wavelength-tuned by current or temperature. We report
on a scheme for gas analysis based on temporal correlation between absorption signals from an
unknown external and a known reference gas concentration, simultaneously recorded when the
diode laser wavelength is temperature-tuned across absorption features of the gas of interest. This
procedure, which does not require any knowledge of the exact spectrum, also eliminates light
intensity fluctuations due to mode competition. The method is illustrated for atmospheric oxygen

absorption applied to diffusion measurements.

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

Gas concentrations can be conveniently measured by
high-resolution absorption spectroscopy employing single-
mode tunable laser sources, especially diode lasers. The
narrow-band laser radiation is scanned over an isolated ab-
sorption line, specific for the species to be studied, and the
concentration is retrieved from the measured absorbance ac-
cording to Beer—Lambert’s law. The technique, commonly
referred to as tunable diode laser absorption spectroscopy
(TDLAS), has applications ranging from, e.g., long-path ab-
sorption measurements of environmental pollutants1 to prob-
ing of gas confined in porous materials.?

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

Another approach is used in the gas filter correlation
(GFC) technique,4 in which, frequently passive, broadband
radiation is either passed directly through the external gas
that is analyzed, or is additionally filtered through an opti-
cally thick reference cell filled with the target gas. The direct
recording is strongly dependent upon the presence of the
target gas in the external path, whereas the signal from the

“Present address: Department of Applied Physics, Harbin Institute of Tech-
nology, P.O. Box 406, Harbin 150001, People’s Republic of China.
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reference cell is essentially the same, since the light at all
characteristic wavelengths is anyway absorbed. The differ-
ence in spectral transmittance between the two paths is thus a
sensitive indicator of the target gas concentration. Due to the
inherent “holistic” property of the GFC technique, which
matches out the unique spectral signature of the target gas,
the presence of interfering gases does not affect the analysis.
Notably, no knowledge of the gas spectrum is needed, which
has been effectively used in, e.g., lidar gas monitoring5 and
gas imaging.(”7

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

Dicde PD External gas
laser ¥
| Lol 3

| Reference e

cells reflector

FIG. 1. Experimental setup for temporal gas correlation spectroscopy.

© 2005 American Institute of Physics
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mode instability, at each point in time both the external and
the reference signals are normalized to the laser output
power, which is conveniently monitored using the integrated
photodiode in the diode laser case.

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

To demonstrate the TEGACOS concept, preliminary
proof-of-principle measurements were performed on atmo-
spheric oxygen, which has close-lying and well-resolved ab-
sorption lines in the A-band around 760 nm. An AlGaAs
Fabry—Pérot-type diode laser (Sharp LT031MDO) with a
nominal wavelength of 757 nm at 25 °C and a free running
output power of 7 mW was scanned across a wide wave-
length range including several oxygen absorption lines, by
changing the laser temperature about 12 °C. Although tem-
perature scanning by a Peltier element in a standard laser
mount was slow (~20 s per scan), a faster method based on
photothermal heating of the diode laser by pulsed radiation
from an external laser® was also investigated. Many commer-
cially available diode lasers are notoriously emitting light at
multiple longitudinal modes. Enhanced multimode behavior
of the diode laser used in our experiments was obtained by
operating it at an injection current close to the lasing thresh-
old. The widely tunable but spectrally noisy diode laser
source, not suitable to use in conventional TDLAS, was di-
agnosed using a spectrometer. The output spectrum obtained
had discontinuities and mode hops, as illustrated in Fig. 2(b).
The experimental setup, shown schematically in Fig. 1, con-
sisted of an external path of variable length and several ref-
erence paths, corresponding to different absorbancies, uti-
lized for calibration. Figure 2(a) shows the simultaneously
recorded direct-absorption signals normalized to the monitor
current and divided by a fitted third order polynomial for
display purposes. The signals displayed correspond to 138,
304, and 830 g/m? path-integrated concentration of oxygen,
respectively. The absorption features observed (counted from
left to right) correspond to the P3P3, P3Q2, R13Ql14,
R15R15, R15Q16, and R17R17 lines of the oxygen A band.
However, it should be stressed that such a detailed spectral
knowledge is not required using the present technique, which
functions for any combination of gas absorption signals ob-
tained when the diode laser source exhibits arbitrary fre-
quency shifts or mode competition.
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FIG. 2. (a) Simultaneously recorded single-scan time-correlated oxygen sig-
nals. The curves correspond to 138, 304, and 830 g/m? path-integrated con-
centrations of oxygen, equivalent to path lengths in air of 0.5, 1.1, and 3 m,
respectively; (b) typical multimode diode laser spectrum around 760 nm; (c)
evaluated vs set path-integrated oxygen concentrations in air, plotted with a
linear fit.

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

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

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

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

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

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

Although demonstrated for oxygen, it is evident that the
TEGACOS technique works in any wavelength region and
for any gas with close-lying and fairly sharp absorption lines.
For example, in the mid-IR region, molecular band heads of
several environmentally and biologically important gases
could be monitored using the proposed scheme in combina-
tion with quantum cascade lasers. The requirements on the
system are less stringent, facilitating use of cheaper, high-
power multimode diode lasers without need for frequency
stabilization. Although the detection sensitivity is lower than
for conventional TDLAS, its robustness and relaxed stabili-
zation requirements promise to make the technique very ver-
satile.
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Monitoring of free gas embedded in scattering media, such as wood, fruits, and synthetic materials, is demon-

strated by use of diode laser spectroscopy combined with sensitive modulation techniques.

Gas detection

is made possible by the contrast of the narrow absorptive feature of the free-gas molecules with the slow

wavelength dependence of the absorption and scattering cross sections in solids and liquids.

An absorption

sensitivity of 2.5 X 107#, corresponding to a 1.25-mm air column, is demonstrated by measurements of dis-

persed molecular oxygen.

including internal gas pressure and gas-exchange assessment, in organic and synthetic materials.

Optical Society of America
OCIS codes:

We demonstrate, for what we believe to be the first
time, how free gas dispersed in scattering materials
can be detected and characterized by use of diode laser
spectroscopy. The technique, provisionally denoted
gas in scattering media absorption spectroscopy (GAS-
MAS) opens up new possibilities for characterization
and diagnostics of scattering solids and turbid liquids.

Many substances, frequently of organic origin,
are porous and contain free gas that is distributed
throughout the material. For instance, wood, plants,
fruits, cheese, powders, sintered materials, and foams
can be considered. A common way to analyze gas
in situ is to use absorption spectroscopy that employs
a sufficiently narrow-band light source in combina-
tion with the Beer—Lambertian law. However, the
straightforward application of this method fails for
turbid media, since the radiation is heavily scattered
in the material containing the gas. Thus there
are no well-defined path lengths as required by the
Beer—Lambertian law, but light emerges diffusely.
This situation has been much discussed in connection
with light propagation in living tissue, which has
applications to optical mammography,'® dosimetry
for photodynamic therapy,! and concentration deter-
minations for tissue and blood constituents.>S

In this Letter we consider solid or fluid bulk ma-
terials containing pockets or small bubbles of gas.
Light scattering is caused by inhomogenities in the
optical properties of the medium. Even in the case of
a clear liquid containing fine bubbles of gas, e.g., beer,
a diffuse refraction occurs.” In the case of strong
scattering, which is the most interesting aspect of
the proposed gas-detection technique, a long effective
path length is achieved, giving rise to a strong gas sig-
nature. Clearly, the gas-containing medium should
not have substantial absorption of radiation in the
wavelength range needed for monitoring of the par-
ticular gas. A consequence of this restriction is that
materials containing liquid water, e.g., substances de-
rived from living organisms, can be investigated only
up to a limiting wavelength of ~1.4 um. Generally,
absorption and scattering properties of solids and
liquids have a very slow wavelength dependence. In
contrast, free gas exhibits extremely sharp absorptive

0146-9592/01/010016-03$15.00/0

These techniques open up new possibilities for characterization and diagnostics,

© 2001
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features. Thus bulk material will not influence the
detected radiation when the frequency of a single-mode
probing laser is slightly changed, whereas embedded
gas gives rise to a tiny but narrow signal that can be
picked up by use of modulation techniques even in the
presence of a large background.

Diode lasers are particularly convenient sources
of tunable radiation. Tunable diode lasers can
easily be wavelength modulated by addition of an
ac component to the driving current and are very
suitable for monitoring of small but sharp absorptive
features.®  Modulation techniques can be used to
increase detection sensitivity by typically several
orders of magnitude compared with that of direct
absorption.*°

Two basic geometries can be considered when
one is performing measurements with the proposed
technique. In Fig. 1(a), a transillumination arrange-
ment is presented, and in Fig. 1(b), a backscattering
detection scheme is shown. In both cases optical
fibers can be used for light injection and for collection
of scattered radiation. In a medium with a homoge-
neous distribution of gas, the “history” of the photons

S:}urce‘ Suume‘ TDetEGlor

Detectory  (a) (b)

Nitrogen-flushed

5L < chamber Fiber  (©)
/| Collimator

11 Filter =y Sample
Photo-

|Laser driver |Osci|]osmpe| l
A

Function .
generator

Ramp
generator

Fig. 1. (a), (b) Basic geometrical arrangements for moni-
toring of free gas in scattering media. (c) Experimental
setup of the initial experiments. DL, diode laser; I, cur-
rent; T, temperature control; Ref., reference.

© 2001 Optical Society of America
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can partially be followed by measurement of the
relative amplitude of the sharp gas-absorption signal,
which increases with the path length. The absorp-
tion and scattering properties of the bulk material
can be deduced independently by spatially resolved,
time-resolved, or frequency-domain measurements, as
is frequently done in tissue optics studies.> Thus a
mean path length of the impinging photons through
the scattering material can be estimated, which
together with the magnitude of the gas absorption
determines the concentration of the dispersed gas.

In our exploratory proof-of-principle measurements
we used the setup shown schematically in Fig. 1(c).
A tunable diode laser with a nominal wavelength of
757 nm at 25°C and a free-running output power of
7 mW was used as a spectroscopic source for molecular
oxygen monitoring. The spectroscopic measurements
were performed on a double line near 759.95 nm
(R17Q18 and R19R19) as well as on a strong isolated
line at 761.003 nm (R7R7). These lines belong to
the oxygen A band and were within the wavelength
range of the diode laser that we used. Since oxygen is
abundant in normal air, we placed the laser and a lens
that focused the radiation into a 600-um quartz fiber
in a nitrogen-flushed chamber to eliminate spurious
oxygen signals. At the other end of the fiber, the
output light was collimated by another lens fixed in
a nitrogen-flushed adapter. Since the transmitted
light intensities through the samples were usually
very low, it was important to ensure high detection
sensitivity. Thus a photomultiplier tube with a
50-mm-diameter photocathode was used for detection.
The ambient room light was effectively suppressed
by a Schott RG695 colored-glass long-pass filter
attached directly to the photocathode, in combination
with the sensitivity falloff of the photomultiplier
tube toward longer wavelengths. The samples were
placed directly between the colored-glass filter and the
collimating lens, which could be freely positioned by a
fine translation stage. The diode laser was operated
in a thermoelectrically cooled mount and was current
and temperature controlled by a precision diode laser
driver. Wavelength scanning was achieved by repeti-
tive application of a current ramp with a repetition
rate of 4 Hz to the drive current, whereas a sinusoidal
current at 55 kHz was superimposed for wavelength
modulation of the diode laser. The photomultiplier
tube signal was picked up phase-sensitively by a
lock-in amplifier. The extracted second-harmonic
component and the direct signal were then accumu-
lated for 256 scans in a digital oscilloscope.

Experiments were performed on a variety of samples
of different thicknesses. Data for a piece of dried
pine wood are shown in Figs. 2(a) and 2(b). Mea-
surements were performed with the collimator lens of
the transmitter initially in contact with the surface
of the sample and then retracted to add several free
air paths of well-defined lengths. The oxygen con-
tained in the scattering medium could be evaluated as
illustrated in Fig. 2(a) by use of the standard addition
method, which is well known from physical chemistry.
Since the absorption is of the order of a few percent,
the signal is expected to depend linearly on the
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concentration. An equivalent mean path length in
the sample, i.e., the mean distance that light travels
through air dispersed in the sample, can be evaluated.
For determination of the sensitivity of the oxygen
concentration measurement, the specific absorption of
oxygen was also measured in air with the laser beam
strongly attenuated by a neutral-density filter. We
also calibrated the wavelength-modulation signal by
use of long-path direct absorption in air (measurable at
a path length of 4.5 m), given the atmospheric oxygen
concentration of 20.8%. In the present experiments
we were able to detect an absorbance of 2.5 X 1074,
which corresponds to a 1.25-mm column of air.

The signal that was due to oxygen dispersed in a
26-mm-thick slice of apple is displayed in Fig. 2(c),
which shows that liquid water does not pose problems
for measurement in this wavelength region. Finally,
Fig. 2(d) shows signals from a bulk of turbid epoxy glue
containing air bubbles embedded at an ambient pres-
sure of 300 mbars. The pressure dependence of the
line shape can clearly be seen, illustrating the poten-
tial of the technique for internal pressure assessment,
e.g., in porous mineral samples or sintered ceramics.
Measurement data for different samples are compiled
in Table 1, in which the thicknesses of the samples
are also given. Note that the evaluated air equiva-
lent mean path lengths through the different samples
are often several times longer than the geometrical di-
mension but can also be shorter, as in epoxy.

Our experiments show that it is possible to moni-
tor small and sharp absorptive features that are due
to free gas in strongly scattering solids by use of sen-
sitive diode laser spectroscopy. Many applications of
this new type of scattering spectroscopy for solids and
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Fig. 2. Experimental data for lines in the molecular
oxygen A band obtained by wavelength-modulation
diode laser spectroscopy. (a) Standard addition plot
for a 10-mm-thick piece of wood, (b) corresponding
recorded line shape for wood only, (¢) spectral recording
for a 26-mm-thick slice of apple, and (d) spectra for a
19-mm-thick bulk of turbid epoxy containing air bubbles
at low pressure and when 50 mm of background air is
added. The isolated molecular oxygen line was used in
these last two recordings.
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Table 1. Equivalent Mean Path Lengths
for Oxygen-Containing

Porous Media of Various Thicknesses

Thickness Equivalent Mean Path
Material (mm) Length (mm)
Wood 10 123
Apple 26 33
Lump sugar 12 20
Granulated salt 18 170
Wheat flour 18 380
Polystyrene foam 19 600
Turbid epoxy 19 5
60 p—— -
3 e
S a0
s - =44 min
o -~
» 204~
0 } }
0 20 40 60 80 100

Time {min)
Fig. 3. Recording of the oxygen-signal increase of a
19-mm-thick piece of polystyrene foam while it is kept in
ambient air but after it has been stored in a pure nitrogen
atmosphere.

liquids can be envisaged. By use of these techniques
it would be possible to monitor in situ physiological
and degradation processes in various biological sub-
stances. Such measurements have been limited to ex-
traction of emitted gas from, e.g., plants, fruits, and
insects, measured by normal gas spectroscopic tech-
niques.'™* The largest challenge would be to develop
methods for monitoring minute amounts of free gas in-
side human tissue, possibly allowing development of
new diagnostic techniques for diseases.

The new possibility of observing free gas in scatter-
ing media allows not only static gas assessment but
also the study of dynamic processes, i.e., how embed-
ded gas is exchanged with the environment. For in-
stance, an object can be surrounded by a gas, and the
successive gas penetration into the object can be stud-
ied. This example is demonstrated in Fig. 3. A piece
of polystyrene foam was first subjected to a pure ni-
trogen atmosphere for 4 h. Invasion of oxygen into
the material was observed to occur with a time con-
stant (1/e) of 44 min. This experiment suggests that
radioactive labeling can sometimes be replaced by the
new technique.

In the limit of very small (nanometer-scale) enclo-
sures of free gas, additional collisional broadening and
shifts of diagnostic value can be expected. Note also
that tomographic reconstruction of the gas distribu-

tion in the material is possible by use of multiple fibers
placed around the object.

Quantifying and fully exploiting diagnostic aspects
of gas in scattering media require full modeling of the
multiple-scattering material. The theoretical and
experimental techniques developed for medical appli-
cations are useful in this respect.>’® Time-resolved
measurements are particularly powerful, provid-
ing a direct and independent assessment of photon
history.141®
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Concentration measurement of gas embedded in
scattering media by employing absorption and
time-resolved laser spectroscopy

Gabriel Somesfalean, Mikael Sjoholm, Janis Alnis, Claes af Klinteberg,
Stefan Andersson-Engels, and Sune Svanberg

Diode-laser-based absorption spectroscopy for the evaluation of embedded gas concentrations in porous
materials is demonstrated in measurements of molecular oxygen dispersed throughout scattering poly-
styrene foam, used here as a generic test material. The mean path length of light scattered in the
material is determined with the temporal characteristics of the radiation transmitted through the
sample. This combined with sensitive gas-absorption measurements employing wavelength-modulation
spectroscopy yields an oxygen concentration in polystyrene foam of 20.4% corresponding to a foam
porosity of 98%, which is consistent with manufacturing specifications. This feasibility study opens
many possibilities for quantitative measurements by using the method of gas-in-scattering-media ab-

sorption spectroscopy. © 2002 Optical Society of America

OCIS codes:

1. Introduction

Embedded gas is often found in porous materials of
both organic and synthetic origin. Monitoring the
distributed free gas can convey the internal gas con-
centration, pressure, and temperature and can re-
veal useful information about the bulk material,
e.g., internal structure and diffusion characteris-
tics. Recently, we demonstrated a new technique,
called gas in scattering media absorption spectros-
copy (GASMAS),! used for the characterization and
diagnostics of free gas in scattering solids and tur-
bid liquids. Initial demonstrations included proof-
of-principle measurements of the embedded oxygen
concentration relative to an equivalent column of air
and of the internal gas pressure as well as assess-
ment of the gas exchange. We analyzed the dis-
persed gas in situ by using absorption spectroscopy,
employing a single-mode probing diode laser tuned
over a sharp absorption feature of the free gas mole-
cule. The absorption and scattering cross sections of
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the bulk material display slow wavelength depen-
dence; thus these properties can be assumed to be
constant over the wavelength range tuned. Wave-
length modulation techniques? are used to increase
the detection sensitivity and to discriminate effec-
tively against background signals, allowing for detec-
tion of around 10 *~105 absorption fractions of the
light received.

Owing to inhomogeneities on the microscopic scale
in the optical properties of the turbid medium, the
radiation is scattered multiple times in the material.
This prevents a straightforward application of the
Beer—Lambert law, which requires well-defined path
lengths. However, using a temporally resolved tech-
nique, as is routinely done in tissue optics studies,34
a mean path length of the diffused light can be esti-
mated, which together with the strength of the gas
absorption determines the concentration of the dis-
persed gas. In this paper we demonstrate the possi-
bility of quantitative concentration measurements by
using polystyrene foam as a generic test material.

2. Theoretical Background

To extract the concentration of gas embedded in a
turbid sample, we employ two independent mea-
surements to obtain the gas absorbance a and the
absorption path length L, respectively. The Beer—
Lambert law yields the transmitted intensity over a
free path length L of a species with a concentration
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¢ and a wavelength-dependent absorption cross sec-
tion o(\) according to

I(N) = Iy(\M)exp[—a(N)eL] = Ij(Nexp(—a), (1)

where (M) is the initial injected intensity and I(\) is
the recorded intensity of the transmitted light. One
obtains the gas absorbance using Eq. (1) by measur-
ing the transmitted intensity through the sample at
wavelengths on and off the gas absorption line. The
expression cL can thus be determined from the trans-
mission measurement, assuming that the absorption
cross section is known. The optical path length in a
scattering medium L, is, however, not simply the
thickness of the sample but is determined by the
absorption and scattering properties of the material
as well as by measurement geometry. Independent
measurements of both the absorbance and the optical
path length are thus necessary to obtain the concen-
tration. The absorption of the gas is often small
compared with the bulk material absorption, and will
thus essentially not influence the optical path length.
The influence of gas absorption on the optical path
length is neglected below.

The absorption path length can be estimated as the
mean path length traveled by the photons (/). Two
different approaches can be used to determine the
path length, by a direct time-resolved measurement
or indirectly by assessing the optical properties of the
medium, making it possible to calculate L, with the
use of a transport model for the light propagation
within the sample. In the limit of small absorptions
the mean traveled path length can be estimated from
the experimentally determined average time of flight
of the photons (#) according to

Lo =) = v(0), 2

where v is the velocity of light in the scattering ma-
terial. The material optical properties can be as-

slab with finite thickness and infinite expansion, the
most common approach is to mirror an infinite set of
imaginary positive and negative isotropic sources in
an extrapolated boundary at some distance beyond
the actual surface, to insure that the fluence rate of
photons is fully canceled. It yields an analytic ex-
pression for the transmitted pulse shape in terms of
the absorption coefficient ., and the reduced scatter-
ing coefficient p, of the sample material. In the
case of an infinitely extended slab of scattering ma-
terial the time-dependent transmitted intensity can
be expressed as’

I(p, d, t) = (4wDv) % %2

2
Xexp(—p.,,vt— P )

4Dvt
+oo 2
T
x _ —
% [z ’ exP( 4th)
r+k2 (3)
Z.p €Xp 4Dvt) |’

where p is the lateral injection—detection separation,
d is the slab thickness, D = [3(n, + w.)] 'is the
diffusion coefficient, z, = (u,') "' is the mean free path
of isotropic scattering, z., = (2k + 1)d * z, is the
depth of the imaginary sources used to fulfill the
boundary conditions, and ., = (p% + z.,2)"? is the
distance between the detector position and the
sources used in the calculations. One can evaluate
the optical properties of a sample by fitting such an
analytical expression to the experimentally acquired
temporal dispersion curve by adjusting the free pa-
rameters: the absorption, and reduced scattering
coefficients. For a slab of thickness d the expression
for the average time of flight of the photons, calcu-
lated by integration of Eq. (3), is given by®

I Z_p
E f exp(—egr 1) — f exp(— Megr 7' 1)
= — k=0 | T4k 71; , @
2vD Z { +k3 (1 + Wer 7+2)€XP(— Megr 715) — ;]; (1 + ot 7—1)€XP(— Pegr r—k)]
k=0 [ T+k g

sessed experimentally in three different ways: by
time-resolved, spatially resolved, and frequency-
domain measurements.

In this research the powerful technique of time-
resolved measurements utilizing ultrashort light
pulses and fast optical detection was used for study-
ing photon propagation in multiple-scattering mate-
rials.3* The analysis of the time-resolved data was
based on the diffusion approximation to the
radiative-transfer theory. When solving the diffu-
sion equation, one must specify the boundary condi-
tions. In the case of simple geometries, such as a
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where pog = (1 /D)Y? is the effective attenuation
coefficient. If the distribution of gas in the porous
material is assumed to be homogeneous and the
absorption is of the order of a few percent, the de-
tected gas absorption signal can be considered the
integrated contribution from all exiting photons.
A typical theoretical time-dispersed curve for light
transmitted through a 39-mm-thick sample with
the optical parameters u, = 0.002 cm™ ! and p,’ =
40 cm™ ! is shown in Fig. 1. The broad time-of-
flight distribution of the photons, corresponding to
the absorption path lengths through the embedded

20 June 2002 / Vol. 41, No. 18 / APPLIED OPTICS 3539



Paper VIII

; 2
N : [awar
3 0.8 ! <t>= (:c
cos [ 1
- 0
z
‘® 0.4
c
g
£02
o \
0 5 10 15 20

Time (ns)
Fig. 1. Analytical time dispersion curve obtained for transillumi-
nation of a 39-mm-thick slab with optical parameters p, = 0.002
em ™! and p,’ = 40 cm ™! by using short-pulsed light. For clarity
the direct absorption signals corresponding to photons that have
traveled distances of different lengths in the material are inten-
tionally exaggerated. The mean traveling time in the limit of
small absorptions is shown in the inset.

gas, gives rise to varying absorption signal
strengths, which are also schematically shown in
Fig. 1. Thus the gas absorption can be used as a
means to track the history of the photons in the
material.

A simpler alternative to the time-resolved mea-
surement technique, also explored in the present re-
search, is to use a cw laser source and to spatially
monitor the diffuse light-intensity distribution at the
sample surface.”8 When the recorded light inten-
sity is plotted versus, e.g., the injection—detection
separation distance, the final slope of the curve at
large distances is found to be determined by the ef-
fective attenuation coefficient w4 The spatially re-
solved measurement method also requires that the
absolute intensities of the injected and scattered light
be measured, which may be difficult to perform ex-
perimentally because of unknown conditions regard-
ing the coupling of light at the medium boundary.
Solving the diffusion equation in the steady-state
case yields a transmitted intensity for an infinite slab
of scattering material:

1 & |z
Ip, d) =5 > r—’; (1 + Rer”-)exXD(— pen2)
k=0

—k

z
. +kg (1 + pegrsr)exp(—pegr i) | - (B)

+k

In our previous research on measurements of molec-
ular oxygen,! we expressed the concentration of the
gas in a scattering medium by introducing an equiv-
alent mean path length L.,. It is defined as the
distance traversed by light in air, yielding a detected
signal of the same magnitude as that from the ab-
sorption of photons by oxygen embedded in the po-
rous material according to

CairLeq = CsmLsm’ (6)
where c,;, is the oxygen concentration in air and ¢, is
the oxygen concentration in the scattering medium.
The purpose of the present paper is to demonstrate
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Fig. 2. (a) Direct absorption and (b) second-harmonic component
of the WMS spectrum for the R7R7 line in the oxygen A band
measured along a 10-m-long path in air. (c) Low-finesse fringes
from a 2.43-GHz free spectral range Fabry—Perot etalon used for
calibration of the frequency scale.

quantitative gas concentration measurements. Thus
determination of an effective absorption path length
can be performed by means of time-resolved and spa-
tially resolved measurements.

3. Experiment

The experimental setup for GASMAS measure-
ments has been described in detail.! Basic exper-
iments of the GASMAS type are conveniently
performed on molecular oxygen, because this gas is
normally diffused from the surrounding atmo-
sphere into porous materials. A near-IR single-
mode diode laser (Sharp LT031MDO) was placed in
a nitrogen-flushed chamber, and the light was
brought to the sample through a 0.6-mm-core-
diameter optical fiber to ensure that the ambient air
did not influence the measurements. A transillu-
minating geometry was chosen, in that the samples
were placed on a long-pass colored-glass filter
(Schott RG 695) attached directly to the cathode
surface of a photomultiplier tube 2 in. (~50 mm) in
diameter (EMI 9558 QA). A very high sensitivity
and a large dynamic range were achieved with this
detector setup, which is necessary when only small
and variable amounts of light seep through the scat-
tering materials under observation. In the mea-
surements performed in this study, relatively high
transmitted light intensities were available, and it
was thus possible to spatially limit the detection
area by using a mask with a circular aperture 3 mm
in diameter. Thus spatially resolved measure-
ments could also be performed.

The experiments were performed on the strong,
isolated R7R7 line at 761.003 nm in the oxygen A
band. Wavelength-modulation spectroscopy (WMS)
employing lock-in techniques was used to pick up the
second-harmonic component, which produces a signal
similar to the second derivative of the original ab-
sorption line shape. An experimental signal for oxy-
gen in free air is shown in Fig. 2, where a direct
absorption recording is also included. In our case
modulation at 55 kHz (Philips PM5139) effectively
discriminated the background signals by shifting the
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Fig. 3. Experimental setup used for time-resolved measure-
ments: PD, photodiode; PMT, photomultiplier tube; Amp, ampli-
fier; CFD, constant fraction discriminator; TAC, time-to-amplitude
converter.

detection band to a high-frequency region where the
noise level is low.2 An absolute absorption calibra-
tion was established by performing a long-path mea-
surement in free atmosphere, where the direct
absorption signal could also be observed. Curves (a)
and (b) in Fig. 2 are recordings obtained for a 10-m-
long absorption path length in air. To compensate
for variations in the detected light intensity, the ex-
perimental WMS signal Syys was normalized
against the interpolated intensity of the diffused light
at the line center Sp;,, defining a GASMAS differen-
tial absorption signal

S WMS
B
SDir

g= (7)

determined for the selected modulation parameters.
The Fabry—Perot etalon fringes in Fig. 2(c) allow the
oxygen linewidth to be evaluated to ~3.6 GHz.
Figure 3 shows a schematic diagram of the exper-
imental setup used for the time-resolved measure-
ments. Two different laser sources were used for
generation of picosecond-long light pulses: a diode
laser with a repetition rate of 10 MHz (Mitsubishi
ML4405 with a Bios Quant DL4040 driver) and a
mode-locked Ti:Sapphire laser with a repetition fre-
quency of 76 MHz (Coherent MIRA 900). Diode la-
sers are particularly convenient to use in such
applications because of their simple operation, com-
pact size, and ability to produce short light pulses
when high-frequency components are applied to the
driving current. The average output power of the
diode laser was less than 1 mW, while only a small
fraction of the available radiation of the Ti:Sapphire
laser was used. Both lasers were tuned near the
selected absorption wavelength of oxygen around 761
nm. Owing to the broadened linewidths of the
short-pulsed lasers and low gas absorption, the gas
has no significant influence on the photon propaga-
tion through the scattering medium. A transillumi-
nation arrangement was used, as shown in Fig. 3,
although a backscattering detection scheme can in
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Fig. 4. Recorded time dispersion curve obtained when transillu-
minating a 39-mm-thick slab of polystyrene foam by using a diode
laser source pulsed at 10 MHz. A fit of a theoretical curve and the
instrumental transfer function are also depicted.

certain cases be more appropriate. Optical fibers
with a core diameter of 0.6 mm were employed for
light injection and for collection of scattered radia-
tion, with the samples placed between the fiber ends.
The injector—detector separation could be varied by
translating the collecting fiber. The transmitted
light was detected with a microchannel plate photo-
multiplier tube (Hamamatsu R2566U-07), which
ensured high detection sensitivity. The time-
correlated single-photon detection technique was em-
ployed, including a constant fraction discriminator, a
time-to-amplitude converter TAC, and a multichan-
nel analyzer.4® The photon arrival time distribu-
tion was recorded, and the overall temporal response
function of the system was ~140 ps for the diode laser
and ~60 ps for the Ti:Sapphire laser. The latter
number corresponds essentially to the electronic re-
sponse time, since the Ti:Sapphire laser has a subpi-
cosecond pulse length.

Spatially resolved gas absorption measurements of
GASMAS type combined with transmitted light in-
tensity measurements were also performed with
transilluminating geometry. The incident beam di-
ameter was 3 mm, and the receiving photomultiplier
tube, with a detection area masked down to 3 mm in
diameter, could be translated sideways.

The measurements were performed on polystyrene
foam samples of different thicknesses but of the same
kind. We have chosen polystyrene foam as a model
scattering material, owing to its relatively high ho-
mogeneity, strong scattering properties, and high gas
content, i.e., factors that contribute to a strong gas
signature. This material also has a great industrial
and commercial importance since it is extensively
used as an insulation and packaging material.

4. Results

Figure 4 shows the recorded photon-arrival-time dis-
tribution curve for a 39-mm-thick slab of polystyrene
foam measured with the diode laser. The time re-
sponse of the system itself, the apparatus function,
was obtained at time ¢ = 0 by using a separate fiber,
transmitting part of the laser pulse directly to the
detector (see Fig. 3). This signal also provided a
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Fig. 5. Standard-addition plot for molecular oxygen obtained
with the GASMAS setup showing the extrapolated equivalent
mean path length for a 9.4-mm-thick slab of polystyrene foam.
The WMS signal obtained with the light-injecting collimator in
direct contact with the sample is shown in the inset.

time reference during the measurement. As can be
seen from the time distribution curve, a certain frac-
tion of the photons has traveled more than 15 ns
through the material, i.e., corresponding to a path
length of 4.5 m, although the physical thickness of the
slab is only 0.039 m. The absorption and scattering
coefficients of the polystyrene foam were determined
by first convolving the solution of the diffusion equa-
tion, Eq. (3), to the impulse response of the system
and then fitting the resulting curve to the detected
time dispersion curve, as shown in Fig. 4. Note that
the scale is logarithmic, causing small discrepancies
in the low-intensity region at late times to be clearly
visible. No extrapolated boundary condition was
employed in the model owing to the resulting
negligible corrections. In principle, laser-induced
fluorescence could perturb the measurements.
However, because of the long excitation wavelength,
the fluorescence is negligible compared with the di-
rectly scattered light. The evaluated absorption co-
efficient is p, = 0.002 cm™ !, and the transport
scattering coefficient is p,’ = 40 cm™?, yielding an
effective attenuation coefficient .z = 0.5 cm™ 1.

Gas-absorption spectroscopy data for a 9.4-mm-
thick slab of polystyrene foam embedded with at-
mospheric oxygen are shown in Fig. 5. It
illustrates the amplitude variation of the GASMAS
signal for several added free columns of air and is
used to estimate an extrapolated equivalent mean
path length in polystyrene foam according to the
standard-addition method. Since the fraction of
light absorbed by the gas within the medium is
small, corresponding to only a few percent of the
incident light, the absorption signal g is approxi-
mately linearly proportional to the concentration.
We denote the slope of the curve

g
k=7 8
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Fig. 6. (a) Recorded mean time of flight through a 9.4-mm-thick
slab of polystyrene foam measured with a pulsed Ti:Sapphire laser.
Solid curve, theoretical curve corresponding to the evaluated op-
tical parameters (p, = 0.002 cm ™!, p,’ = 40 cm ™). (b) Dotted
line, quotient between the GASMAS signal and the mean traveling
time of the photons together with a least-squares fit of the factor
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where L is the absorption path length in air. The
oxygen concentration in the polystyrene foam can
now be estimated as

¢ _ cairLeq _ i Cair
v @) vk

9

where Egs. (2) and (6) and substitution of L = L., in
Eq. (8) have been utilized. To minimize the influ-
ence of material inhomogeneities, temporal disper-
sion curves were also recorded for various lateral
positions of the detector. The pulsed Ti:Sapphire
laser was employed in such a measurement on a 9.4-
mm-thick polystyrene foam slab. An experimental
plot of the directly evaluated mean photon arrival
time versus various injector—detector separations is
shown in Fig. 6(a), derived from these measurements.
A theoretical curve corresponding to the evaluated
optical parameters is also plotted according to Eq. (4).
In Fig. 6(b) the experimental value at different
injection—detection separations of the ratio between
the GASMAS signal and the mean time of flight, &, =
g/(#), is shown together with a least-squares fit. %‘he
uncertainty in the ratio was 1.3%, evaluated by using
a 95% confidence interval of the experimental values.
The only unknown factor left is the index of refraction
of the scattering material ng,,, which determines the
light velocity in the medium according to v = ¢y/ngy,
where ¢, is the light velocity in vacuum. Owing to
the homogeneous and isotropic nature of the porous
material, the macroscopic index of refraction was es-
timated as a weighted mean of the refractive indices
of the individual compounds contained, i.e.,

Ngm = Png, + (1 — P)ny, (10)
where P is the material porosity, n,;,. and n, are the
indices of refraction of air and of the bulk material,
respectively. In the case of gas equilibrium with the
surrounding atmosphere we can derive the foam po-
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Fig.7. Spatially resolved transmission recordings measured with
the GASMAS setup on two polystyrene foam slabs (a), (b) 9.4 mm
and (c), (d) 39 mm thick: upper curves, transmitted intensity;
lower curves, detected oxygen absorption signal amplitude for dif-
ferent injector—detector separation distances. Fits according to
the evaluated effective attenuation coefficient (. = 0.5 cm ™) are
also indicated. A schematic of the transillumination setup is
shown in the insets, and dashed lines at the zero position mark the
symmetry axis.

rosity P from the embedded gas concentration by us-
ing

P= Vgas _ Csm
-3 . >
Vtot Cair

(11

where V. is the volume of gas in the porous material
and V., is the total volume of the porous material.
With an index of refraction of the polystyrene bulk
material, n, = 1.4, and an atmospheric oxygen con-
tent of 20.8%, the oxygen concentration in the poly-
styrene foam can be evaluated accordingly with Egs.
(9)-(11) to yield cg,, =~ 20.4% and the corresponding
foam porosity P ~ 98%.

The mean time of flight of the photons, and conse-
quently the embedded gas concentration, can as de-
scribed above also be evaluated indirectly by spatially
resolved measurement techniques. Experimental
curves recorded with the GASMAS setup are shown
for a 9.4-mm-thick [Figs. 7(a), 7(b)], and a 39-mm-
thick [Figs. 7(c), 7(d)] slab of polystyrene foam. Fig-
ures 7(a) and 7(c) show the total transmitted light
intensity as a function of lateral displacement, where
the zero separation corresponds to the position where
the injector and the detector are placed opposite to
each other. Figures 7(b) and 7(d) display the GAS-
MAS signal of the embedded oxygen. Note that the
transmitted light intensity falls off laterally as the
GASMAS signal increases. The distributions are, as
expected, broader in the case of the thicker slab.
The experimental points are plotted in Fig. 7 together
with theoretical curves [Egs. (4) and (5)] where the
effective attenuation coefficient evaluated above is
used. Inthe general case the mean time of flight can
thus be evaluated when we insert the obtained opti-
cal parameters into the analytical formula, Eq. (4).
However, a fit of the theoretical curve to the spatially
resolved steady-state data measured at long
injection—detection separation (p >> z,) can provide
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Fig. 8. Plot of the equivalent mean path length corresponding to
oxygen absorption measured through slabs of polystyrene foam
with different thicknesses by using a diode laser. The mean time
of flight is proportional to the square of the slab thickness. Solid
line, theoretical curve evaluated with w, = 0.002 cm ! and p,’ =
40 cm™ .

only an unambiguous value for the lumped coefficient
Meogr @and not for p, and p,’ separately. The embed-
ded gas concentration can thus not readily be as-
sessed by using only these kinds of steady-state
measurements.

Measurements on polystyrene foam slabs of differ-
ent thicknesses were also performed, and the varia-
tion in the equivalent mean path length with the slab
thickness is plotted in Fig. 8. It can be seen in Fig.
8 that in the case of polystyrene foam, which has
weak absorption and strong scattering properties, the
mean time of flight related to the equivalent mean
path length is proportional to the square of the thick-
ness of the slab, i.e., (t) = d2, as predicted by Eq. (4) for
the case of low gas absorption. A similar relation-
ship was also obtained by considering the related
topic of light propagation through clouds.1©

5. Conclusions and Discussions

We have shown that the embedded gas concentration
can be estimated by using time-resolved measure-
ments together with the newly developed GASMAS
technique. The proof-of-principle measurements
were performed on atmospheric oxygen at a wave-
length characterized by weak absorption. The gas
was embedded in polystyrene foam, which is a model
material with high porosity and strong scattering
properties. The evaluated porosity of polystyrene
foam is comparable with manufacturing specifica-
tions. However, in the more general case of moder-
ate porosity or of substantial gas absorption, it is still
a subject for further investigation whether there is
any preference for the photons to travel through the
diffused gas or through the bulk material when being
multiply scattered inside the porous material. This
is a research topic that might reveal novel insights
into the field of light propagation through confining
media.

Note that some aspects of the GASMAS technique
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do not require detailed knowledge about light prop-
agation, as in the present case of an absolute concen-
tration measurement. For example, gas pressure,
temperature, and ratios between gas concentrations
are quantities that can be readily evaluated, being
largely independent of light scattering inside the po-
rous medium.

Gas tomography is another possible application of
the technique. This extension corresponds to the
one done for optical mammography and skull hema-
toma detection.

An alternative to the time and spatially resolved
techniques presented in this paper is to perform
phase-sensitive measurements in the frequency do-
main.'%-12 A major advantage of such a method is
that it needs only one single diode laser both for the
GASMAS measurements and for determination of op-
tical properties of the bulk material by using modu-
lation techniques.

This research was supported by the Swedish Re-
search Council for Engineering Sciences (TFR), the
Knut and Alice Wallenberg Foundation, and the
Swedish Institute.
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ABSTRACT The recently introduced Gas in Scattering Media
Absorption Spectroscopy (GASMAS) technique is applied to
the study of various wood samples. Molecular oxygen in the
pores of the strongly scattering material is detected using diode
laser spectroscopy around 760 nm. Diffuse light propagation in
these media is studied by time-dispersion measurements. Fur-
thermore, anisotropy related to the fibre structure of wood and
gas diffusion properties are studied. Promising extensions of the
experiments are discussed.

PACS 42.55.Px; 42.62.Fi; 81.05.Rm; 81.70.Fy; 87.64.Cc

1 Introduction

Solid-state and liquid materials exhibit only broad
features in optical absorption spectroscopy due to the complex
interaction of the atoms. Thus, the requirements for resolution
in spectroscopic instrumentation are moderate in the study
of such materials. On the other hand, many natural and ar-
tificial materials contain pores filled with gas, for which the
associated absorptive signals are typically 10* times narrower,
rendering them invisible in standard spectroscopy of solids
and liquids. However, by using single-mode diode laser ra-
diation combined with modulation techniques [1], even very
weak and narrow gas absorption signals in open air can be
retrieved. Recently, we demonstrated the first measurements
with the Gas in Scattering Media Absorption Spectroscopy
(GASMAS) technique [2] of gas embedded in porous media.
In our first demonstrations, atmospheric oxygen was moni-
tored in samples as diverse as wheat flour, polystyrene foam,
and apple. Diode laser spectroscopy combined with sensi-
tive modulation techniques was performed on an A-band line
around 760 nm. Gas diffusion in polystyrene was studied by
first placing the sample in pure nitrogen for several hours and
subsequently observing the time constant for the re-invasion
of the ambient air into the material.
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A porous medium by nature scatters light, resulting in
many different trajectories for the photons penetrating a sam-
ple. Thus, absorption experiments cannot be evaluated by
a straightforward use of the customary Beer-Lambert law.
Instead diffuse light propagation as encountered in tissue or
cloud optics has to be considered. Concentration determin-
ation requires the effective path length through the medium to
be known, an aspect that has been addressed in [3], where ex-
perimental techniques and theoretical approaches well known
in the field of medical tissue optics [4—6] were employed.
The distribution of short and long path lengths could be deter-
mined in time-resolved transillumination measurements and
verified in continuous-wave experiments, in which the dis-
tance between the points of light injection into the sample and
the photon pick-up by the receiver was altered.

Further aspects of the GASMAS technique are explored in
the present paper, which focuses on gas in an important class
of porous natural materials, wood, which has been addressed
by others, although using intrusive methods (see, e.g. [7]).
As in previous work, we restrict our gas studies to molecu-
lar oxygen, and use a diode laser source, although virtually
any gas within the reach of tunable lasers with narrow enough
linewidths can be used. The experimental arrangements and
the measurement techniques presently used are briefly de-
scribed in the next section. Then, measurements are described
in Sect. 3, where a comparative study of eight different types
of common woods is performed, and a study of the anisotropy
induced by the orientation of the annual rings is presented. Air
diffusion into wood is also elucidated, showing differences
between wood of different types. Finally, a concluding sec-
tion discusses the results and suggests some extensions to the
techniques.

2 Experimental arrangements and procedures

2.1 Continuous wave GASMAS spectroscopy

The experimental setup for GASMAS, shown
schematically in Fig. 1a, has been described in detail else-
where [2,3]. The diode laser and the lens that coupled light
into the fibre were placed in an enclosure flushed with ni-
trogen to eliminate oxygen from the ambient air. A 600-pum
fibre was used to bring the probe light via a collimating lens
to the sample, which was illuminated with a 3-mm-diameter
beam. In order to obtain a high photon collecting efficiency
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FIGURE 1 a Schematic of the GASMAS setup. b WMS signal of oxygen
recorded for a 10-m column of air and corresponding pure absorptive imprint

and a high dynamic range, the sample was placed directly on
a photomultiplier tube (PMT; EMI9558 QA) cathode, which
was protected from visible light by a blocking coloured glass
filter (Schott RG695).

A diode laser (Sharp LT031MDO) with an output power of
7 mW was temperature tuned to the molecular oxygen line at
761.003 nm (R7R7 of the A-band). The laser injection current
was swept at a repetition frequency of 4 Hz, allowing a linear
scan over the absorption line. A 55-kHz sine-wave modulation
was superimposed on the current ramp, and the absorption
signal was detected by the use of a lock-in amplifier (EG&G
Princeton Applied Research 5209) at the second harmonic of
this modulation frequency, rendering a wavelength modula-
tion spectroscopy (WMS) signal that was similar to the second
derivative of the absorption profile. Signal averaging, of be-
tween 32 and 1024 scans depending on the level of noise, was
performed on a computer-controlled digital oscilloscope. The
maximum wavelength drift was less than 500 MHz/h. Thus,
with a pressure-broadened oxygen linewidth of about 3.5 GHz
at ambient pressure, the drift of the laser wavelength was neg-
ligible even during substantial averaging.

The wavelength modulation spectroscopy (WMS) signal
of the absorbing oxygen in a 10-m column of air and the
corresponding pure absorptive imprint are shown in Fig. 1b.
The slight asymmetry of the WMS signal was caused by
a variation of the modulation depth during the laser scan. The
peak-to-peak value of the signal (Swms) was, in the absorp-
tion regime explored, linearly proportional to the gas-related
differential absorption and to the light intensity reaching the
detector. Hence the WMS signal was always normalised by
dividing it by the interpolated light intensity at the peak ab-
sorption wavelength (Spji;). The optical densities of the sam-
ples varied by several orders of magnitude and so did the
light levels reaching the detector. The PMT gain was adjusted
by changing the supply voltage to achieve high amplification
and linearity in the detected signal. Clearly, oxygen concen-
tration measurements in optically dense samples have less
sensitivity because the weak signals vanish in the noise. In
this case in particular, enhanced accuracy can be achieved by
first performing a least squares linear fitting of an ideal WMS
curve to the noisy recorded WMS curve. Thus, instead of di-
rectly using the peak-to-peak value of the noisy curve, the
corresponding fitting factor constitutes a measure of the gas
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absorption. One simple method for obtaining the ideal WMS
curve is to use an experimental curve recorded with a good
signal-to-noise ratio.

It could be checked that no spurious oxygen signal oc-
curred and that the flushing with nitrogen of the diode laser
chamber was adequate by replacing the sample with an appro-
priate absorptive filter, which attenuated the transmitted light
to a level that could be detected linearly by the PMT, and by
ensuring that there was no air gap between the filter and the
collimator.

The oxygen concentration in the sample could be related
to the oxygen in the ambient air by deliberately introduc-
ing an air gap between the fibre collimator and the sample
(the standard addition method of analytical chemistry). The
WMS signal, normalised to the intensity detected, could, in
the regime of low absorption, be considered to be linear with
the absorption path length.

2.2 Time-resolved photon propagation spectroscopy
The setup used for time-resolved measurements of
photon path lengths in wood samples has been described pre-
viously [3] and is shown schematically in Fig. 2a. A 760-nm
laser diode (Mitsubishi ML 4405) was used to generate
short pulses having an average optical power of 0.3 mW at
a 10-MHz repetition rate. Light from the laser was passed
through a 600-pum-thick optical fibre to one side of the sam-
ple and another similar fibre collected light on the opposite
side and conveyed it to a cooled PMT (Hamamatsu R2566U-
07). Part of the laser output was divided by a beamsplitter into
areference fibre coupled directly to the PMT to provide a time
fiducial. The response function of the detection system, as-
sessed by the use of sub-picosecond laser pulses, had a full
width at half maximum of 60 ps. When using the diode laser,
the corresponding width was found to be 140 ps.

A recorded photon distribution after passage through
a 9-mm-thick sample of Portuguese marble, and the reference
pulse, are shown in Fig. 2b. There were essentially no pho-
tons that got through the material directly (ballistic photons),
and there were only a few photons that exited the sample very
late because many were absorbed or scattered in the material.
The evaluation of the photon mean path length in the mate-
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FIGURE 2 a Schematic of the time-resolved measurement setup. b Pho-
ton distribution after transillumination of a 9-mm-thick slab of marble. The
apparatus function is also included for the pulse only
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rial requires an estimate of the effective index of refraction
of the material, i.e. the local light velocity. Assuming that the
mean light velocity in the sample is 2/3 the velocity of light,
close to the values for glass and water, we note that 1 ns cor-
responds to 200 mm in the sample. For the 9-mm-thick sample
illustrated, it is obvious that the mean photon path length was
several times longer than the geometrical distance between
the injection and detection fibres, emphasising the important
role of scattering. For the natural samples we studied in the
present investigation, the scattered photon distribution was
only a few times broader than the apparatus function. In this
case, the mean photon dwell time in the material can be ob-
tained by a deconvolution of the apparatus function from the
measured temporal distribution.

The linewidth of the pulsed laser is much larger than the
absorption linewidth of the gas, and for the case of oxygen
the differential absorption due to gas in the sample is less
than a few percent. Thus, when studying the time delay and
attenuation of light pulses in the bulk material, it does not
matter whether the laser is tuned to the oxygen absorption
line or not. However, the scattering properties are strongly
wavelength dependent, meaning that the continuous wave and
time-resolved measurements should be performed at approxi-
mately the same wavelength.

3 Measurements and results

Basic measurements of different aspects related to
light propagation and embedded gas in wood were performed.
By shining light through the samples and adding known dis-
tances of ambient air, the gas content in the porous samples
could be expressed as an equivalent mean path length, that
is, the path length in air rendering the same absorption as the
encountered oxygen in the material. First, measurements of
6-mm-thick slabs of wood of different species and different
densities were performed. In Fig. 3, the equivalent mean path
lengths of oxygen in eight different types of wood are plot-
ted versus the density of the material (ten different densities).
The different species are listed in the figure caption. The an-
nual rings in the measured samples had a uniform inclination
of approximately 45° to the primary impinging laser beam.
Each sample was measured at three different points, and at
each point three different averages consisting of 512 individ-
ual scans were acquired using a circular detection area with
a diameter of 25 mm. The error bars indicated correspond to
+2 standard deviations. Note that the density of wood is an
average of the whole sample, and that there could be local
variations within the sample. However, it can clearly be seen
that with increasing wood density the oxygen absorption de-
creased. Clearly the signal depends on both the gas content
and the light transport properties (i.e. the effective path length)
of the material. Measurements were also performed on denser
species, Pear, Norway Maple, Beech, Pedunculate Oak, Wych
Elm, Wild Cherry and Hornbeam, but the emerging light in-
tensities were too low and consequently the gas absorption
signals too noisy with the present detection system. The most
optically dense sample that still gave a measurable gas absorp-
tion signal was that of Ash (see curve 8 in Fig. 3b).

The orientation of the annual rings relative to the direc-
tion of the impinging light could be anticipated to influence

693

=100 ; ; ; ~ 10
£ 2 : : 5 02 N
= by : s N VT
£ 80t t--joc TEETE L EEETETE =10
= i 4 6 ]
g 1'5[ £ 105
€601 Ly & 0\
© . . 0 _10
e ! 8 s
5 40 R =108
g 0T R WA
E 11 8
€ 110 %-10

20 T 10
% ' :l E 10
2 : ' 2 O~
& 0 | 1 — -10
w 0 200 400 600 800 0 51015

Density (g/liter) Frequency (GHz)
b

a

FIGURE 3 a Equivalent mean path lengths of oxygen for eight different
types of wood plotted versus the density of the material. The annual rings
in the measured samples had an inclination of approximately 45° to the pri-
mary impinging laser beam. Data are given for Balsa (Ochroma pyramidale,
curves 1-3), Norway Spruce (Picea abies, curve 4), European Larch (Larix
decidua, curve 5), Alder (Alnus glutinosa, curve 6), Aspen (Populus tremula,
curve 7), Ash (Fraxinus excelsior, curve 8), Birch (Betula sp., curve 9), and
Scots Pine (Pinus sylvestris, curve 10). b Corresponding WMS signals for
some of the samples together with fitted waveforms

the light transport. Therefore, the inherent anisotropy of wood
was investigated using cubes of 15-mm side length. The oxy-
gen light absorption and the light transmission were meas-
ured through a cube of Norway Spruce wood (Picea abies)
(0 = 387 g/dm?), letting the laser beam enter in the three dif-
ferent principal directions (radially through the annual rings,
longitudinally along the annual rings along the stem, and
tangentially along the annual ring layers, respectively). The
results are presented in Fig. 4. Each principal direction was
measured from both sides, and on each side three different av-
erages consisting of 512 individual scans were acquired using
a circular detection area with a diameter of 6 mm. The error
bars indicate the 95% confidence interval and it can be seen
that the spread in, as well as the level of, gas absorption meas-
ured increased with decreasing amount of light transmitted.

The same measurements were also performed on a similar
cube of Scots Pine (Pinus sylvestris) (o = 668 g/dm?), render-
ing the same relative difference between the three orientations
but with equivalent mean path lengths approximately half the
corresponding values for the less dense cube. The lowest gas
absorption, and the highest light transmission, was found for
the case in which the light was guided along the fibres, that is,
when the light path in the wood was shortest.

In the measurements presented in Figs. 3 and 4 it can be
seen that the equivalent mean path lengths were about one
order of magnitude longer than the geometric distance be-
tween the points of light injection and detection. Since wood
obviously contains a smaller fraction of oxygen than the am-
bient air, the distance travelled by the light inside the material
is even longer than that. This fact is highlighted in Fig. 5, in
which a time dispersion curve recorded for a 6-mm-thick slab
of Ash wood (Fraxinus excelsior), with annual rings at an in-
clination of about 45° to the primary impinging laser beam, is
displayed.

Dynamic processes related to gas diffusion in wood were
also investigated, by measuring the light absorption of oxygen
in samples of wood directly after they were brought out into
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FIGURE 5 Time dispersion curve recorded for a 6-mm-thick sample of
Ash wood (Fraxinus excelsior). The apparatus function is also included for
the pulse only

ambient air from an environment of pure nitrogen. As shown
in Fig. 6, the period of previous oxygen-free storage affected
the amount of gas exchanged in the sample; the signal started
from a lower level for longer periods in the oxygen-free en-
vironment. However, the time constant of re-invasion seemed
not to be affected by the length of the pre-treatment, and was
found to be approximately three hours. The curves presented
were measured on the same 10-mm-thick slab of Balsa wood
(Ochroma pyramidale) (o = 71 g/dm?) using a circular de-
tection area with a diameter of 25 mm. Each data point was
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FIGURE 7 Recordings of the diffusion of oxygen into 10-mm-thick sam-
ples of Norway Spruce (¢ = 431 g/dm?), Balsa (¢ = 150 g/dm?), and Balsa
(o =T1g/dm’)

obtained by averaging 64 individual scans on the oscilloscope,
an integration time of 16 s.

Further measurements revealed that the time scale of gas
re-invasion was different in different samples of wood. In
Fig. 7, the diffusion of oxygen into 10-mm-thick slabs of Nor-
way Spruce (o =431 g/dm?), Balsa (¢ = 150 g/dm?), and
Balsa (0 = 71 g/dm?®) are presented. Somewhat unexpectedly,
the gas penetration was found to be fastest in the densest ma-
terial. It was observed that both long and short time constants
govern the gas transport. It seems that gas spreads quickly
through coarser structures, while penetration through the cell
walls of the balsa wood was slow. For long times the equiva-
lent mean path length approached an equivalent mean path
length that was longer than that in Fig. 3, in which a thickness
of 6 mm was used instead of one of 10 mm.

Gas absorption measurements were also performed on
marble. However, with the present setup, it was not possible
to unambiguously assign the oxygen signal to air inside the
sample, due to the very low amount of enclosed gas.

4 Discussion and conclusions

The GASMAS technique provides new opportu-
nities for studying gas enclosures in natural and synthetic
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materials. The present study illustrates different aspects of the
technique used in the investigation of wood of different kinds.
Different species of wood yield widely differing integrated
oxygen signals, which are shown to have a relation to the mass
density of the wood. The annual ring structure leads to strong
signal anisotropy due to differences in light transport. A de-
termination of the gas concentration in materials is possible
in principle, as shown in our earlier work [3], but requires
a combination of GASMAS data and data obtained in tem-
porally resolved measurements for assessing the mean optical
path length. In this way, a generalised Beer—Lambert relation
can again be established in the spectroscopy of gas in porous
media. However, obtaining accurate values for the index of
refraction (i.e. the velocity of light) in the studied materials
is particularly difficult. Another aspect that calls for further
investigation is the relative distribution of light between the
solid phase and the gas phase of the scattering media.

On the other hand, the concentration ratios of gases, and in
particular, changes in concentration ratios, can readily be de-
termined if the same approximate wavelength is used for the
absorption lines of the two species, so that the same scattering
conditions prevail. This scheme can be of particular impor-
tance for the study of, for example, physiological processes in
plants.

Measurements of the GASMAS type can be an important
tool for analysing the gas diffusion properties of porous ma-
terials. By monitoring the rate at which atmospheric oxygen
re-invades a sample previously exposed to a different ambi-
ent atmosphere, such as nitrogen, diffusion coefficients can
be evaluated [8]. Gas transport studies using the GASMAS
technique are also expected to be useful in studies of gas ab-
sorption in, for example, catalysts embedded in zeolites.

Although diffusion in wood was addressed in this paper,
we will also mention several related possibilities of consider-
able practical interest.

Wood, wood-chip, and gypsum boards are important
building and construction materials, which are most fre-
quently covered with paints for protection and aesthetic rea-
sons. The varying gas exchange related to different types of
paints can be assessed by the present technique. Of particu-
lar interest is water vapour and water, with building damage
due to moisture being a major consideration. For low levels
of moisture, the gaseous water in the pores can be studied
(a saturation clearly occurs for higher levels), while for high
levels, liquid water replacing the gas in the pores can also be
studied in an indirect way, since it will depress the oxygen sig-
nal [9]. The related effects due to scattering suppression by the
presence of an index-matching fluid have to be elucidated.

Marble and other porous stone materials used in the con-
struction of historical buildings and sculptures suffer damage
due to weather exposure, particularly when combined with in-

creasing levels of atmospheric pollutants. Protective surface
coatings, which are ideally invisible, are therefore being intro-
duced. Due to the strongly differing properties of the coating
and the stone, fluorescence techniques are a powerful tool for
detecting such coatings [10]. Recently the Lund group partic-
ipated with its mobile lidar system in the remote fluorescence
imaging of the Parma Cathedral and Baptistery, with spec-
tacular manifestations of facade treatments [11]. GASMAS
measurements on untreated and treated surfaces of porous
stone might help to elucidate the functioning of the protec-
tive coatings in a similar way to that discussed for studies of
painted wood. The concentration of oxygen in porous marbles
can be expected to be much lower than in wood, but sensitive
equipment should be able to pick up the relevant signals.

In the preservation of foodstuffs it is important to keep at-
mospheric oxygen away, which is frequently accomplished by
using plastic films or laminates. This is the case with, for ex-
ample, meats packaging, where the film also has the additional
purpose of preventing drying out and bacterial access. Related
techniques are used for beverages, especially milk. It can be
anticipated that the GASMAS technique will also find appli-
cations in these contexts.

In conclusion, the GASMAS technique opens up many
new diagnostic and analytical possibilities, some of which
have been experimentally demonstrated in the present paper,
while others could be addressed in further investigations.
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Abstract

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

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

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

1. Introduction

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

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

Techniques for assessing the gas content in the air around horticultural produces
are readily available, although the implementation might be complicated. A common
technique is to use a flush-through system in which the gas exchange can be
estimated from the concentration difference between the inlet and outlet gas flow. In
order not to make systematic errors, the flow has to be relatively high [8,9]. However,
this requires sensitive detection techniques to be able to monitor the small
concentration differences, which is often accomplished by a gas chromatographic
system combined with unselective detectors, or more selective spectroscopic devices
like laser-based photoacoustic trace gas detectors [10]. When it comes to
measurements of the internal gas contents and its dynamics, intrusive electrode-
based probes or extraction of gas from the fruit interior by syringes are normally
used [10-12]. These methods destroy the tissue, which might affect the ongoing
physiological processes.

A non-intrusive, compact and easily implemented technique for measuring gas
exchange inside fruits would thus be of interest for assessments of internal gas
dynamics relevant to, for instance, the optimisation of CA storage and MAP of
fruits. The aim of the present work is to introduce a new non-destructive in-situ
technique to study gas inside fruits, based on diode laser absorption spectroscopy on
highly scattering media, rather than to reveal new knowledge about fruit physiology
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in itself. In the present study, we focus on oxygen content and gas exchange
measurements in fruits, although other gases such as carbon dioxide and water can
be considered. We show the possibility of studying gas exchange in apples through
their natural skins. The technique also makes it possible to determine the effect on
the gas exchange due to the protective action of cling film, and to study the
permeability of different films used in MAP. Although the present study is focused
on measurements on fruits, in particular apples, the methodology is general and can
be applied to a large number of problems concerning gas exchange in foods and in
food packaging.

2. Experimental technique
2.1. Gas absorption measurements

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

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

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

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

2.2. Set-up

A key component in the measurement set-up, see Fig. 1, is the diode laser, Sharp
LT031MDO, with a nominal output power of 7mW, which was used to generate the
probing light. The wavelength of the light was scanned, with a repetition rate of
28 Hz, across the R7R7 oxygen line, with the vacuum wavelength 761.003 nm.
Additionally, sinusoidal modulation of 55kHz was superimposed on the diode laser
injection current to achieve a modulation of the light that could be used to perform
sensitive WMS detection. A Tefzel covered optical fibre with a core diameter of
600 um was used to guide the light to the sample under study. Before entering the
sample, the light was collimated by a collimating lens package, Thorlabs F230SMA-B.

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

Nitrogen flushed chamber
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b Q
T |
Filter
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Ramp generator Functlon generator

Fig. 1. Schematic layout of the GASMAS set-up used for molecular oxygen detection.



Paper X

L. Persson et al. | Optics and Lasers in Engineering 44 (2006) 687-698 691

Recovery 7280 DSP. This lock-in signal, referred to as the 2f signal, was sent to the
other channel of the oscilloscope, which was computer controlled through GPIB
communication by a LabVIEW program.

2.3. Evaluation

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

3. Measurements and results
3.1. Introductory studies

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

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

3.2. Gas transport studies

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

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

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

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

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

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

3.3. Packaging measurements

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

An experiment to show the possibility of studying the impact of packaging on the
respiration rate was also done. A Granny Smith apple was placed in a sealed plastic
bag with limited access to oxygen. In Fig. 7 the diffusion curve is shown, and again
each data point is an average based on 15000 wavelength scans. The time constant
for this particular gas exchange was estimated to be around 300 min. However, the
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Fig. 6. The rate of gas exchange in freshly cut slices, 15 mm thickness, of Royal Gala apple in ambient air
after a pre-immersion of the slices in nitrogen gas for 24 h are shown. One of the two slabs was wrapped in
cling film before it was released into ambient air and measured (+) while the other one was not (V).
Exponential functions fitted to the data together with the estimated time constants are also included.
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Fig. 7. The figure shows how an apple consumes oxygen in an enclosed atmosphere. A Granny Smith
apple was placed in a sealed plastic bag with limited access to oxygen and measurements were performed.
An exponential function fitted to the data together with the estimated time constant are also included.

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

4. Discussion

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

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

INTRODUCTION

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

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

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

EXPERIMENTAL PROCEDURE

Experimental arrangements for GASMAS measurements are shown in Figs 1 and
2a. The optics and electronics used are similar in the two arrangements and have been
described more in detail by Persson et al. (2005). Two measurement geometries have
been used; transillumination (Fig. 1) and backscattering (Fig. 2a). The spectroscopic light
source used was a diode laser, Sharp LT031MDO, with a nominal output power of 7 mW.
The wavelength of the diode laser was scanned by ramping the driving current at a
repetition rate of 4 Hz across the R7R7 molecular oxygen line, which is situated at
761.003 nm (vacuum wavelength). Additionally, sinusoidal modulation of about 9 kHz
was superimposed on the diode laser injection current to achieve a wavelength
modulation of the light allowing sensitive wavelength modulation spectroscopy (WMS)
using a lock-in amplifier. The laser radiation was guided to the sample by a 600 um core
diameter optical fibre.
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Fig. 1. Schematic layout of the GASMAS setup used for molecular oxygen detection in
scattering porous materials such as fruits.

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

The DC and AC signals from the photomultiplier tube were detected separately.
The DC signal, referred to as the direct signal, was sent to a digital oscilloscope,
Tektronix TDS 520B. A high pass filter isolated the AC part and phase sensitive detection
was performed with a lock-in amplifier. The component of the signal oscillating at the
modulation frequency is similar to the first derivative of the direct signal, and,
correspondingly, the component oscillating at twice the modulation frequency is similar
to the 2nd derivative, etc. Since the direct signal is sloping, due to the simultaneous
change in both wavelength and intensity as a function of injection current, the 1f signal is
subject to a disadvantageous offset. This gives an advantage in using higher order
components. However, the amplitude normally decreases by increasing the harmonic
order. Thus, the component of the signal oscillating at twice the modulation frequency,
i.e. 18 kHz, was selected as the output from the lock-in amplifier. This lock-in signal,
referred to as the 2f signal, was sent to a second channel of the oscilloscope, which was
computer controlled through GPIB communication by a LabVIEW program. An example
of an oxygen signal recorded in backscattering geometry for the case of a 67-mm Granny
Smith apple is shown in Fig. 2b.
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Fig. 2 (a). Modification of the GASMAS setup for backscattering (single-sided)
measurements. (b). Direct absorption and second-harmonic component of the absorption
for the R7R7 line in the oxygen A-band recorded from an Granny Smith apple in
backscattering geometry.

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

RESULTS AND DISCUSSION

Before presenting our new data, recorded mostly using backscattering geometry,
we would like, in Fig. 3, to review some pertinent data obtained in our recent study
(Persson et al., 2005). The recordings were performed in transillumination on Granny
Smith apples using a setup of the type shown in Fig. 1. The gas content inside an intact
fruit and the exchange of the gas was followed in real-time.
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Fig. 3. Measurements of the gas exchange through differently treated Granny Smith

apples in ambient air; untreated intact apple (+), intact apple pre-treated by immersion in

nitrogen gas for 24 hours ([), pealed apple immersed in nitrogen gas for 12 hours (O) and

another apple pre-exposed to an atmosphere with higher concentration of oxygen than in

ambient air for 12 hours (). Exponential functions fitted to the data together with the

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

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

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

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

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

Gas exchange into an orange, with and without peal, was measured after nitrogen
exposure. In Fig. 7 the diffusion curve for the intact orange is shown, where the time
constant was estimated to approximately 2.5 hours. No change in the GMS values with
time could be observed for the equally treated pealed orange, which could be due to the
low signal obtained compared to the background noise. However, the results indicate the
possibility to study oxygen dynamics in the peal of an orange.

193



Studies of gas exchange in fruits using laser spectroscopic techniques

194

Information and Technology for Sustainable Fruit and Vegetable Production

FRUTIC 05, 12-16 September 2005, Montpellier France

(A) N, exposed orange

6 Backscattering
_ =150 min
£ /
5 4ﬁAA»Qéﬂqﬁfﬂﬁfmrﬁﬁfﬁyﬁﬁ**HkA%
o
o
-

0O 100 200 300 400 500
Time (min)

Fig. 7. Measurements of the gas exchange in backscattering geometry on an orange; intact

orange pre-treated by immersion in nitrogen gas for 24 hours. Exponential function fitted

to the data together with the estimated time constant is also included.

CONCLUSION

As illustrated by the preliminary work reported in the present paper and by
Persson et al. (2005) the GASMAS technique has potential to non-intrusively and in real-
time provide information on the conditions of horticultural produces. In contrast to other
techniques, the gas is measured non-intrusively inside the tissue rather than as gas
extracted from the fruits. Applications regarding basic plant physiology as well as in
controlled atmosphere fruit storage and in modified atmosphere packaging processes can
be foreseen. Also different stages of processing, including fermentation, could be studied.
We presently aim at developing compact and realistic equipment for GASMAS studies
also in the field.
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Abstract: By the use of wavelength-modulation diode laser spectroscopy,
water vapor and oxygen are detected in scattering media nonintrusively, at
980 nm and 760 nm, respectively. The technique demonstrated is based on
the fact that free gases have extremely sharp absorption structures in com-
parison with the broad features of bulk material. Water vapor and oxygen
measurements have been performed during the drying process of wood.
The results suggest that the demonstrated technique can give information
about the drying process of wood to complement that of commercially
available moisture meters. In particular, the time when all the free water has
evaporated from the wood can be readily identified by a strong falloff in
the water vapor signal accompanied by the reaching of a high-level plateau
in the molecular oxygen signal. Furthermore, the same point is identified
in the differential optical absorption signal for liquid water, with a sharp
increase by an order of magnitude in the ratio of the signal intensities at
980 nm and 760 nm.
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1. Introduction

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

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

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

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

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

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

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

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

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

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

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

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

2.2. Wood drying processes

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

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

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

Heat Heat Heat

BB

——— P Drying time

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

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

3. Commercially available moisture meters

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

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

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

Although the resistance type of moisture meter is easy to produce and operate, precautions
should be considered. At first this measurement method is intrusive. Secondly, the resistance
curve for wood is affected by temperature. Thus, a temperature sensor is included in some of
the meters. Other disadvantages are the limited measurement range and that the result depends
on whether the pins are inserted in parallel or perpendicular to the wood fibers. The upper
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limit is set by the fact that above the fiber saturation point (about 25-30% moisture content),
the resistance measurement data are not reliable. The lower limit (about 7% moisture content)
depends on the difficulties to measure resistance in the order of 10° MQ and above.

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

4. Setup for diode laser spectroscopy on wood

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

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

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

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

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

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

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

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

200
= Scales
- = Resistance
150 = Dielectric
\

100} = = = =

T\ FSP30%

50

Moisture content [%]

o \%’v-
0 100 200 300 400 500 600
Time [min]

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

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

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

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

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

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

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

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

So far we have been discussing the fractional absorptive imprint of the gas (intensity on
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the absorption line compared to the intensity off the line), which is decisive for concentration
measurements based on the Beer—Lambert law. However, it is also interesting to study the
dynamics of the total light (off the narrow absorptive features) at the two wavelengths used
(980 nm and 760 nm, respectively). Such measurements were performed and the results are
shown in Figs. 6(c)—(d) and in Fig. 7. The curves in Fig. 6(c) show a very different behavior
with the water signal increasing in the final phase of drying from an almost constant initial level
to a final value about 2.5 times higher. On the contrary, the 760 nm signal starts at a high level
and, with acceleration, reaches a steady value about 5 times lower when the wood is dry. The
ratio of detected direct signal for water and oxygen is shown in Fig. 6(d). In explaining these
phenomena it is important to note that liquid water has quite a strong broadband absorption
around 980 nm, as detailed in Fig. 7(a) and already noted in the Introduction. We note that
this absorption influences the on- and off-resonance frequencies for the narrowband water-
vapor signals alike, and does not influence the fractional absorption determining the water-
vapor concentration. However, the laser beam is clearly attenuated by the water contents. The
initial flat response of the 980 nm curve for the drying wood can be interpreted to mean that the
reduction of water during the initial drying is compensated by the increased light path length
due to the developing gas-filled pores. Finally, the absorbing liquid water disappears and the
detected light settles on a level determined by the attenuation of the light-scattering dry wood.
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Fig. 7. (a) Absorption spectrum of 1 cm pure water reproduced from the measurements by
Matcher et al. [23]. (b) Images of the sample on the detection side for oxygen (760 nm)
and water vapor (980 nm) during its drying process.

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

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

paper.
6. Conclusions and discussion

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

It is thus clear that optical spectroscopy can be a valuable tool for the practical monitoring of
drying processes while also yielding additional information on specifics of drying. For the prac-
tical application of the method, measurements in back-scattering geometry (as already applied
in our sinusitis monitoring [15]) is of great interest. In order to further elucidate the interplay
between scattering and absorption, time-resolved measurements of the photon history in the
wood for the two wavelengths would provide independent information on the scattering of the
material and the liquid water contents. Such measurements can be performed using white light
[6,9], capturing the full spectrum, or employing a number of pulsed diode lasers selected at
appropriate wavelengths [24].
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Gas diffusion measurements in scattering porous media by tunable laser absorption spectroscopy
is presented. The porous sample is exposed to an anomalous ambient gas mixture during a pro-
longed time period and the transient signal of gas inside the sample is followed spectroscopically
by monitoring molecular oxygen. It is shown that the transient gas signal depends on both the
spatial distribution of the internal gas and the volume sampled by the diffuse multiply scattered
light detected. The light sampling is modeled by Monte Carlo simulations and the gas distribution
by the diffusion equation. The concept presented has prospects of becoming a compact tool for
non-intrusive, real-time in situ measurement of gas transport in porous materials.

I. INTRODUCTION

Gas contents inside porous materials has for a few
years been measured by a diode-laser-based spectroscopic
technique entitled GASMAS (gas in scattering media
absorption spectroscopy). The technique was first in-
troduced in Ref. [1], and combined with time-resolved
measurements the concentration of the gas could be esti-
mated [2]. Already in the initial paper a transient gas sig-
nal from a porous sample after exposure to an anomalous
ambient gas mixture was recorded and the transient gas
signal seemed to follow a simple exponential curve. Sim-
ilar measurements were also performed on oxygen inside
wood [3] and fruits [4, 5]. In occasions of good signal-to-
noise ratios it was observed that the transient gas signal
could slightly deviate from the simple exponential curve.

The present communication reports on a theoreti-
cal description of the time dependence of the transient
GASMAS signal from a porous sample after exposure to
different ambient gas mixtures. Experimental results are
compared with the theoretical description. It is found
that the GASMAS signal depends on both the internal
gas distribution and the volume sampled by the light
detected. We focus on the sample geometry of infinite
slabs since it is relevant for several practical applications
and has the additional benefit of being relatively easy to
model theoretically. However, numerical methods can be
used for treating more complex geometries.

In the next Section, gas transport is modeled. Section
IIT describes how the sample is probed by the light and
in Section IV it is related to the gas signal detected. In
Section V the experimental procedures are outlined and
in Section VI the experimental results are compared with
theoretical models. Finally, some conclusions are made
and directions for future research are outlined.

II. GAS TRANSPORT MODELING

The most commonly used approach to model gas diffu-
sion is Fick’s second law of diffusion, which captures the
temporal and spatial evolution of the gas concentration

C in a one-dimensional case along the z-axis according
to

2

o7t 1)

ot 022
where D is the diffusion coefficient. By the method of
variable separation, solutions to the diffusion equation
in various simple geometries can be obtained [6]. For
one-dimensional diffusion in a slab, that initially has a
concentration Cy and is surrounded by a constant con-
centration C1, one solution is
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where L is the thickness of the slab. In Fig. 1 concentra-
tion profiles according to Eq. (2) are displayed for several
times after the onset of the dynamic process. This solu-
tion is especially convenient at the later stage of the dif-
fusion process, which is well described by only one term
in the series. However, at shorter times a series of error-
functions provide a more efficient solution [6]. A practi-
cal delimiter between the two regimes is provided by the
Fourier number,

Dt

: 3)
O
For instance, if we try to approximate the full solution
by only one term in the series, the deviation from the full
solution is the same for both series at a Fourier number
of about 0.25. At longer times, the use of only the first
term in Eq. (2) provides the best approximation with
a maximum deviation from the full solution of only a
fraction of a percent.

Although the diffusion equation, in a strict sense, is
valid only for free diffusion without the influence of con-
fining walls [7], it is an appropriate model for gas trans-
port in porous media under certain conditions. For in-
stance, the time evolution of spatial gas concentration
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profiles in slabs of polyurethane foam has successfully
been modeled by Fick’s law of diffusion [8]. In that study
the spatial concentration profiles were measured by intru-
sive gas extraction techniques.

Concentration (a.u.)

-10 -5 0 5 10
Distance (mm)

FIG. 1: The change of spatial concentration distribution in a
20 mm thick slab according to Eq. (2) with D=1.5-10"% m?/s.
The curves correspond to time delays of 1, 2, 4, 8, 16, 32,
64, 128 and 256 minutes after initiation. Inside the slab the
concentration starts from an initial value of C' = 0, and as
time goes on approaches the concentration C' =1 of the gas
outside the sample.

III. LIGHT SAMPLING MODELING

In order to understand the gas imprints detected in
the multiply scattered diffuse light, knowledge about the
history of the light detected is needed. The quantity
of interest is the probability function, P(r;ry,rs), which
defines the probability that light detected in position ry
has passed a certain position r within the sample while
propagating from a light source placed in position ry.
Within the framework of photon hitting density [9], this
can be formulated as

P(r;r1,12) o ¢(r1, 1) E(r, 12). 4)

Here, the factor ¢(ry,r) is the photon fluence rate in
position r due to a light source in ry. The factor E(r,rz)
is called the escape function and is the probability that
the light present in r will escape to a detector in position
ro. This probability can in principle be calculated from
analytical solutions of the diffusion approximation to the
radiation-transport equation, which is commonly used to
describe propagation of light in multiple scattering media
(10]. However, such a solution is not valid in the vicinity
of a point light source.

A more general approach is provided by simulations
based on the Monte Carlo concept, which was used in
this study [11]. Multiple light scattering was simulated

in slabs of polystyrene foam and the slab locations passed
by the light detected were stored. The material was mod-
eled by the optical parameters provided by Ref. [2], i.e.,
an absorption coefficient of 0.2 m~! and a reduced scat-
tering coefficient of 4000 m~!. A transmission geometry
of detection with no lateral separation between the injec-
tion and detection point was utilized. In Fig. 2 results
from simulations on different slabs of thicknesses 10, 20,
30, 40, and 50 mm are shown. The value of a sampling
distribution profile in Fig. 2 at a particular z was ob-
tained by integrating the sampling probability provided
by the Monte Carlo simulation over that particular zy-
plane. The distance along the z-direction has after the
calculation been normalized to the thickness of the slab
to allow simultaneous presentation of the relative sam-
pling probabilities as a function of the location along the
z-direction. The results indicate that for this particular
geometry there is no pronounced thickness dependence
of the spatial shape of the sampling probability.
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Relative sampling probability (a.u.)
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FIG. 2: The relative sampling probability, obtained by Monte
Carlo simulations, in slabs of thicknesses 10, 20, 30, 40 and
50 mm.

IV. LIGHT SAMPLING OF GAS TRANSPORT

The time-dependent gas absorption imprint, S(t), de-
tected in the multiply scattered diffuse light is consti-
tuted by the spatially integrated contribution of gas
present at different locations within the sample multi-
plied by the local sampling probability. In an infinite
slab this can be expressed one-dimensionally as

L

S(t) = k‘/_E C(zzt)P(z;f%,g)dz, (5)

L
2

where C(z,t) is the time dependent spatial concentration
distribution given by, e.g., Eq. (2) and P(z; —%, %) is the
sampling weight for position z given that the light enters
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at the surface of the slab satisfying z = —% and leaves at
z= %, i.e. at the opposite surface of the slab. If Eq. (5)
is integrated using the spatial concentration distribution
C(z,t) given by Eq. (2), the gas signal will have a time

dependence according to,

St)y=A- ni::an oxp(7#>

where 7 is the longest time constant in the series expan-
sion, n is an odd integer value and the other coefficients
can be seen as free parameters in the model.

Within this framework, it is possible to understand
why transient gas signals are well described already by
only one simple exponential function. The spatial distri-
bution of the term having longest time constant in the
series given by Eq. (2) is a cosine function with nodes
on the surfaces of the slab and is closely resembling the
spatial shape of the sampling weight provided in Fig. 2.
Indeed, they have a large overlap meaning that the first
term in the series expansion is dominating. However,
the spatial weight is relatively somewhat higher nearer
the surfaces than the cosine function mentioned, mean-
ing that the distributions corresponding to shorter time
constant also contribute to the time dependent gas sig-
nal. In addition, we notice that the longest time constant
in the series expansion satisfies,

(6)

L2
= —, 7
T Dr2 ™
which means that the time constant depends quadrati-
cally on the slab thickness.

V. EXPERIMENTAL PROCEDURES

A. Gas in scattering media absorption
spectroscopy

The GASMAS technique relies on the fact that the
spectral absorption features of gases are several orders
of magnitude sharper than the absorption and scattering
structures of solid and liquid materials. Therefore, the
gas can be assessed by spectrally narrow-band laser light
employed in a differential measurement mode.

B. The experimental set-up

Although the experimental setup has been described
in detail earlier, e.g. in Ref. [5], a short overview is given
here. Fig. 3 presents a schematic layout of the experi-
mental setup, in which an absorption line, e.g. the RTR7
line of the molecular oxygen A band around 760 nm,
could be spectrally scanned by periodically ramping the
injection current of a diode laser at a rate of 4 Hz. Dif-
fusely transmitted multiply scattered light was detected
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LLaser ‘ \ Sample
[
»—()/

Cz 9 kHz
:

Oscilloscope

T

1010912Q

4 Hz I
Ramp Lock-in
Generator| Ref. [Amplifier

FIG. 3: A schematic layout of the diode-laser-based experi-
mental setup.

by a sensitive photomultiplier tube masked down to a
circular detection area of 5 mm diameter. To allow sen-
sitive detection, a wavelength modulation spectroscopy
(WMS) scheme was employed. The injection current of
the diode laser was modulated in the kHz range and the
part of the detected signal oscillating at twice the mod-
ulation frequency was picked-up phase-sensitively by a
lock-in amplifier and subsequently acquired by a com-
puter controlled oscilloscope. In order to compensate for
intensity fluctuations, the WMS signal obtained was nor-
malized against the direct intensity detected. 64 single
wavelength scans were averaged giving a new gas signal
value about three times per minute.

C. The porous samples

As a model material, slabs of white expanded
polystyrene foam (EPS) was used due to its high gas con-
tent and pronounced light scattering. All samples were
slowly band sawn from one single large slab of EPS into
slabs of lateral dimensions 300x300 mm? and thicknesses
10, 20, 30, 40, and 50 mm.

The slabs of polystyrene foam were placed in nitrogen-
flushed bags for at least 24 hours. After the storage pe-
riod in nitrogen gas the samples were brought back out to
the ambient normal atmosphere and the transient gas ab-
sorption signals were recorded during several hours until
equilibrium was reached.

In all the measurements it was made sure that the
light injection and detection equipment did not disturb
the gas exchange of the sample, i.e., the detector and the
injector were positioned at a distance from the surface of
the sample. The surrounding of the sample was assumed
to be normal air, since the diffusion of gases in the large
volume outside the sample was relatively rapid compared
to within the sample. However, this could be of influence
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if the surrounding volume is limited and mixing is slow,
i.e. nitrogen is accumulated and oxygen is depleted in
the proximity of the sample.

VI. MEASUREMENTS AND RESULTS
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FIG. 4: Experimental transient oxygen signals from a 20 mm
thick polystyrene foam slab. Left: fit with one term of Eq. (5).
Right: fit with two terms of Eq. (5). The fitting residuals are
included in the lower graphs.

The re-invasion of oxygen after the nitrogen treat-
ment previously described was followed spectroscopically.
Light diffusely transmitted through the sample was de-
tected with no lateral displacement between the light in-
jection and detection point. Such a recording for a 20 mm
thick slab together with a fit of one single exponential
term and a sum of two exponential terms, are displayed
to the left and to the right, respectively in, Fig. 4. In
the lower part of the figure the residual is provided. In
particular, at high level of noise even the influence of the
second exponential term would have been obscured.

These results indicate good agreement between the
model and the experimentally recorded transient gas sig-
nals. However, in order to test the model further, mea-
surements were done on slabs of different thicknesses, as
described above. From the light sampling model, we un-
derstand that as the thickness increases the relative sam-
pling distribution within the slab will be unchanged. This
combined with the gas diffusion model employed means
that the longest time constant is anticipated to increase
quadratically with the thickness.

The experimentally recorded transient oxygen signals
from five slabs of thicknesses 10, 20, 30, 40, and 50 mm
are displayed in Fig. 5. Each diffusion process was stud-
ied for about 12 hours until it had settled at the steady-
state level for some time. The steady-state gas signal
values are approximately increasing with the square of
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FIG. 5: The normalized transient oxygen signals from

polystyrene foam slabs of thicknesses 10, 20, 30, 40 and
50 mm.

the sample thickness, however here the curves are nor-
malized to the steady-state value evaluated during the
last hour of measurement to make the time dependence
easier to compare between the curves. As expected, it
can clearly be seen in Fig. 5 that the transient gas sig-
nals reaches the steady state level faster the thinner the
sample is. However, the longest time constant does not
increase quadratically with the slab thickness as expected
from Eq. (7).

VII. DISCUSSION AND CONCLUSIONS

Gas diffusion measurements in porous materials with
the GASMAS technique presented result in transient
temporal gas signals. A general modeling approach of
these gas signals as a spatially integrated product of the
sampling probability, related to the diffuse multiply scat-
tered light detected, and the time-dependent gas distri-
bution inside the porous material is introduced. This
modeling approach brings together knowledge from two
separate research fields dealing with transport in porous
materials and biomedical optics, respectively.

As a first case, gas transport in slabs of expanded
polystyrene foam was studied. The sampling probability
was obtained from Monte Carlo simulations and the time-
dependent gas distribution was modeled by the diffusion
equation. In case only a slab of a particular thickness is
studied, experimental and theoretical transient gas sig-
nal curves show good agreement. For practical purpose,
transport parameters of porous materials are often de-
termined for a particular sample size and the behavior of
samples of other sizes are inferred from, e.g., the diffusion
equation [12]. For instance, the longest time constant is
expected to increase quadratically by the slab thickness.
However, the presented GASMAS studies of gas trans-
port in expanded polystyrene foam reveal that the time



Paper XIII

constant does not show the characteristic quadratic de-
pendence on thickness for this particular material.

This non-Fickian behavior could be due to the presence
of open structures between the otherwise closed cells of
the foam resulting in faster gas transport to deeper lay-
ers of the slab than diffusion through the closed cells
could offer. To fully describe this phenomenon, other gas
transport models than the gas diffusion equation are re-
quired. More research is thus needed to further develop

and evaluate the model to fully agree with experiments.
Experiments on slightly more homogenous materials of,
for instance, truly closed cell structures are planned as
well as other detection geometries providing means of
sampling the gas transport at various depths from the
surface of the sample. The techniques discussed provide
prospects for real-time nondestructive in situ gas diffu-
sion studies of porous materials with simple equipment.
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